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Reduced control of Italian ryegrass in California with herbicides has raised concerns about the evolu-
tion of populations with resistance to multiple herbicides. The goal of this study was to investigate
variation among populations in plant response and resistance to glyphosate and glufosinate in Italian
ryegrass from vineyards and orchards in northwest California. Population resistance screening using
field-collected seed revealed up to 56.9% of individuals surviving glyphosate treatment at 1,678 g ae ha−1,
and 53.5% of individuals surviving glufosinate treatment at 2,242 g ai ha−1 in the same population.
Frequencies of surviving plants within populations varied among screening times, particularly for
glufosinate. Treating vegetatively propagated, genetically identical tillers with each herbicide pointed
to separate mechanisms of resistance rather than cross-resistance to glyphosate and glufosinate.
Dose–response experiments were conducted for each herbicide at two different screening times using
a subset of populations, field-collected seed, and 10 herbicide rates. Plant survival and biomass were
evaluated for each population at 3 wk after treatment and for plant regrowth 1 wk thereafter.
Log-logistic regression models fit to the data were used to estimate LD50, GR50, and RD50 values and
calculate resistance indices (R/S ratios). Based on LD50 values, the most highly resistant population
was 14.4- to 19.2-fold more resistant to glyphosate than the most susceptible population tested but
only 1.6- to 2.0-fold more resistant to glufosinate than the most susceptible population tested. Levels
of resistance to both herbicides varied with screening time period and variable measured. Results
indicate high frequencies of glyphosate-resistant plants but an early stage in the evolution of glufosinate
resistance in some Italian ryegrass populations of northwest California.
Nomenclature: Glyphosate; glufosinate; Italian ryegrass, Lolium perenne L. ssp. multiflorum (Lam.)
Husnot LOLMU.
Key words: California, herbicide resistance, herbicide response, orchard, vineyard.

The evolution of resistance to herbicides in weeds
has become a major problem in agricultural systems
that has caused major crop and economic losses to
farmers and poses a serious threat to global food
security (Pimentel et al. 2005). To date, more than
480 cases of herbicide resistance across a broad range of
sites of action have been documented in 252 species
worldwide (Heap 2017). Resistance evolves in weed
populations in response to repeated use of herbicides,
which creates a strong selection pressure for the adap-
tive trait (Délye et al. 2013; Jasieniuk et al. 1996; Neve
et al. 2009; Powles and Yu 2010). Genetic variation in
herbicide susceptibility allows initially rare resistant or
less susceptible individuals to survive herbicide treat-
ment and pass selectively advantageous traits to the
next generation (Délye et al. 2013). Over time, the
resistance trait increases in frequency in the population

and has the potential to spread to other populations
through pollen or seed movement (Busi et al. 2008).

The annual ryegrasses Italian ryegrass and rigid
ryegrass (Lolium perenne ssp. rigidum) are econom-
ically significant arable weeds worldwide that have
evolved resistance to many herbicides (Heap 2017;
Preston et al. 2009). The propensity of ryegrasses to
evolve herbicide resistance has been attributed to high
genetic variation within populations resulting from
large population sizes and obligate outcrossing
(Balfourier et al. 1998; Busi and Powles 2009).
Because of these characteristics, multiple different
alleles conferring resistance to one or more herbicides
may exist within a population and among popula-
tions in an agricultural region (Karn and Jasieniuk
2017; Neve and Powles 2005). Thus, it is important
to examine resistance in many individuals per popu-
lation and in multiple populations across an agri-
cultural landscape in species with such heterogeneity.

Worldwide, populations of annual ryegrasses have
been confirmed resistant to herbicides with 13
different sites of action, including glyphosate,
acetolactate synthase inhibitors, and acetyl-CoA
carboxylase inhibitors (Délye et al. 2009; Gaines
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et al. 2014; Heap 2017). Recently, resistance to
glufosinate was identified in Italian ryegrass from
Oregon (Avila-Garcia and Mallory-Smith 2011;
Avila-Garcia et al. 2012). This was the first case of
glufosinate-resistant ryegrass in the world. Resistance
to glufosinate has since been reported in Italian rye-
grass populations from New Zealand (Ghanizadeh
et al. 2015) and Japan (Kurata et al. 2017).

In California, resistance to glyphosate in annual
ryegrass was first identified in 1998 (Simarmata et al.
2003), and has since become widespread in perennial
cropping systems of the Central Valley (Jasieniuk et al.
2008). In 2013, an Italian ryegrass population sus-
pected of containing individuals resistant to both gly-
phosate and glufosinate was identified in a vineyard in
northwest California, west of the Central Valley, after
2 yr of failed control with glyphosate followed by failed
control with glufosinate.

The overall goal of this study was to examine
variation in population response and resistance to
glyphosate and glufosinate in Italian ryegrass from
northwest California. To accomplish this goal, we
cloned (i.e., vegetatively multiplied) plants from
multiple populations and treated separate clones of a
genotype with glufosinate, glyphosate, or water to
assess the frequency of plants surviving each herbi-
cide and to determine whether resistance to the two
herbicides may be conferred by a common under-
lying mechanism (cross-resistance) or by distinct
mechanisms (multiple resistance). The efficacy of
glyphosate and glufosinate at three different
screening times was compared, and population-scale

dose–response experiments were conducted, to
determine the level of resistance to glyphosate and
glufosinate in a subset of the populations sampled.

Materials and Methods

Population Sampling. Italian ryegrass populations
from orchards and vineyards in Sonoma and Lake
Counties in northwest California were sampled for
seed in 2013 (Table 1). Sampling sites were selected
while driving through the area and identifying orch-
ards and vineyards containing ryegrass at a stage at
which plants had both green leaves and mature seed.
For comparison, a single population (Population 1)
from Butte County was sampled from the area where
glyphosate resistance was previously characterized
(Jasieniuk et al. 2008), confirmed as containing resis-
tant plants, and used as a glyphosate-resistant reference
population. Mature panicles were collected from 30 to
40 randomly selected individuals in each population.
Seeds of each individual were stored separately in paper
envelopes at 20 C for 3 mo to overcome dormancy
before testing for resistance (Karn and Jasieniuk 2017).
Because an entirely herbicide-susceptible ryegrass
population could not be identified in the area, the
susceptible reference (Population S) consisted of seeds
from a previously characterized susceptible population
that was sampled from a northern California wheat
field in 2005 (Jasieniuk et al. 2008).

Population Resistance Screening. Eight seeds
from each of the 30 to 40 plants sampled in each

Table 1. Italian ryegrass populations sampled in California and the numbers of plants tested for resistance at each screening
time.

Number of clones tested

Population County Latitude Longitude
Cropping
system

Fall
2013

Spring
2014

Spring
2015

—°N— —°W—
1a Butte 39.80 121.98 Orchard 128 151 162
2 Sonoma 38.23 122.52 Vineyard 128 139 137
3 Sonoma 38.24 122.42 Vineyard 171 145 161
4 Sonoma 38.24 122.36 Vineyard 212 186 204
6 Sonoma 38.359 122.502 Vineyard 123 157 146
7 Sonoma 38.214 122.457 Vineyard 65 81 123
8 Sonoma 38.587 122.829 Vineyard 176 111 191
9 Sonoma 38.662 122.825 Vineyard 150 132 156

10 Sonoma 38.673 122.811 Vineyard 55 96 82
11 Sonoma 38.761 122.976 Vineyard 166 236 190
12 Lake 38.989 122.821 Vineyard 91 86 183
13 Lake 38.997 122.834 Pear orchard 186 183 336
14 Lake 38.996 122.84 Pear orchard 153 172 336
15 Lake 39.086 122.943 Pear orchard 145 146 129

a Population 1 is used as a glyphosate-resistant reference population.
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population in 2013 were germinated on moistened
filter paper in petri dishes at 20 C and a 12-h
photoperiod with light intensity of 160 µmol
m−2s−1. Germinated seedlings were transplanted into
8 by 8 cm square pots (2 seedlings pot−1) filled
with University of California soil mix (1 part sand, 1
part compost, 1 part peat, 1.8 kg/m3 dolomite),
grown in a greenhouse set to 25/15 ± 3 C day/
night temperature with ambient light conditions,
and watered and fertilized as needed. Locations of
pots were randomized in the greenhouse at the time
of transplanting and following herbicide treatment
to account for random effects that may result from
environmental differences among locations inside
the greenhouse. Average daily humidity varied from
25/67% to 35/75% day/night relative humidity. At
the tillering stage, individual plants were divided
into three genetically identical clones, each consist-
ing of one tiller with 2.5 cm of root and 2.5 cm of
shoot, following the method described by Boutsalis
(2001). Clones were grown in the greenhouse, at the
conditions described above, to the 2- to 3-leaf stage
at 7.6- to 12.7-cm tall. Then, each clone of a gen-
otype was treated with one of three treatments:
(1) water, which served as a control, (2) glyphosate
(Roundup PowerMax®, Monsanto, St Louis, MO)
at 1,678 g ae ha−1, or (3) glufosinate (Rely® 280,
Bayer CropScience, Research Triangle Park, NC)
at 2,242 g ai ha−1 plus ammonium sulfate at
3,362.55 g ha−1, so that each genotype could be
tested for resistance to each herbicide. The labeled
(1X) field rates for annual ryegrass control by gly-
phosate and glufosinate are 867 g ae ha−1 and
1,147 g ai ha−1, respectively. The actual treated rates
correspond to 1.94X and 1.95X the labeled rates for
glyphosate and glufosinate, respectively. All treat-
ments were applied with an enclosed cabinet track
sprayer equipped with a TeeJet® 8002E nozzle
(Spraying Systems, Wheaton, IL) delivering 200
L ha−1. Two or three susceptible plants from the
susceptible reference Population S were included
during each herbicide application to verify that the
herbicide treatment was effective. All treatments
were applied between the hours of 10:00 AM and
2:00 PM to minimize time of day effects. Plants
from each population were tested for resistance at
three different time periods: (1) November to
December in 2013, (2) March to April in 2014, and
(3) February to March in 2015. Between 55 and
212 individuals from each population were tested
for herbicide response at each screening time
(Table 1) in a randomized block design. The
number of plants tested at each screening time

depended on the number of seedlings available at
each time period. At 3 wk after herbicide treatment,
plants were scored as alive or dead.

Population Dose Response. Population dose–
response experiments were conducted in September
2014 and January 2016 using a subset of popula-
tions (Populations 8, 11, and 13 in Table 1). These
populations were selected because they represented a
range of frequencies of plants surviving herbicide
treatment from very low (Population 8) to high
(Population 13) in the population resistance
screening, as well as representing the geographical
range across Sonoma and Lake counties. The sus-
ceptible reference population (Population S) was
also included in each dose–response experiment.
Seeds from each population were germinated on
moistened filter paper in petri dishes at 20 C with a
12-h photoperiod. Germinated seedlings were
transplanted into pots as previously described and
grown in the greenhouses. The September 2014
experimental conditions ranged from 26/17 to 30/
17 C with 25/75% to 38/75% relative humidity and
natural light conditions of an approximately 12-h
photoperiod. The January 2016 experiment was
performed at 22/12 C with 55/89% relative
humidity, with natural light conditions of an
approximately 10-h photoperiod. In both experi-
ments, 2- to 3-leaf seedlings that were between 7.6-
and 12.7-cm tall were treated with a range of 10
doses of glyphosate from 0 to 13,872 g ha−1, corre-
sponding to 0X to 16X the labeled field rate of 867 g
ae ha−1, or with a range of 10 doses of glufosinate
from 0 to 18,352 g ha−1, corresponding to 0X to
16X the labeled field rate of 1,147 g ha−1. All
applications were made using the track sprayer and
methods described earlier with commercial for-
mulations, such that the applications consisted of
varying concentrations of the active ingredient and
other components in the same amount of spray
volume, except for the highest rate of glufosinate,
which was applied at a higher spray volume of 400 L
ha−1 because of its high viscosity. Each experiment
was conducted using a randomized block design,
with each block consisting of 30 or 32 replicate
plants of each population at each rate.

At 3 wk after treatment, all plants were assessed
for survival, cut at the soil surface, dried in an oven
at 60 C for 7 d, and then measured for dry weight.
Following the removal of aboveground biomass,
pots were kept in the greenhouse for an additional
7 d, and plants were visually scored for regrowth.
Any plant that had green tissue extending above the
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cut surface was scored as having regrowth. Pre-
liminary studies showed that nearly all plants that
regrew did so within 7 d (unpublished data),
whereas plants that had not shown regrowth by 7
d did not regrow and caused pest problems in the
greenhouse. All dose–response data (plant biomass,
survival, and regrowth) were analyzed using the ‘drc’
(dose–response curve) package in R v. 3.1.3 (R Core
Team 2013) by fitting log-logistic regression models
to the data, as described by Knezevic et al. (2007). A
four-parameter model for continuous data was fit
to dry biomass, and a two-parameter model for
binomial data was fit to plant survival and plant
regrowth. The herbicide dose required to kill 50% of
the population (LD50) was estimated from plant
survival data, and the dose required to reduce
average plant aboveground biomass by 50% (GR50)
was estimated from plant biomass data. The dose
required to prevent regrowth of 50% of the
population (RD50) was estimated from regrowth
data. Two resistance indices (R/S ratios) were
calculated. R/S1 was defined as the estimated LD50
or GR50 of a population divided by the estimate
corresponding to the susceptible reference popula-
tion. R/S2 was defined as the estimated LD50, GR50,
and RD50 of a population divided by the estimate
corresponding to the population with the lowest
estimate for that parameter.

Results and Discussion

Populations Sampled. Fourteen Italian ryegrass
populations were sampled for seeds in 2013
(Table 1). Population 1 was sampled from a
Central Valley orchard in the area where glyphosate
resistance was previously characterized (Jasieniuk
et al. 2008) and served as the glyphosate-resistant
reference population in the study. Nine populations
(Populations 2 through 4 and 6 through 11)
were sampled from Sonoma County vineyards in the
region where growers reported plants becoming
increasingly difficult to control with both glyphosate
and glufosinate. Four populations (Populations 12
through 15) were sampled from a vineyard
and three pear (Pyrus communis L.) orchards in Lake
County where populations were reported as
becoming increasingly difficult to control
with glyphosate. Glufosinate was not registered for
use in pears in California at the time of the
study, but the proximity to nearby vineyards
could have resulted in the spread of resistance
genes via pollen and/or seed dispersal to these
populations.

Population Variation in Herbicide Response. All
susceptible reference plants were killed by both
glyphosate and glufosinate at all three screening
times. In contrast, all populations sampled in 2013
had some survivors following herbicide treatment
during at least one screening time period. However,
the frequencies of plants surviving treatment with
glyphosate and glufosinate varied both across
screening times and geographical locations
(Figure 1). The percentage of plants that survived
treatment with glyphosate at 1,678 g ae ha−1 ranged
from 9.7% to 89.0% among populations in the
November to December 2013 screening period,
3.0% to 90.7% in March to April 2014, and 10.5%
to 92.0% in February to March 2015 (Figure 1A).
The glyphosate-resistant reference population
(Population 1) had a consistently high frequency
(>70%) of glyphosate-resistant individuals at all
screening times. The Sonoma County populations 2
through 11 displayed a gradient of plant survival
from a low percentage of surviving individuals in the
southern end to moderate survival in the northern
end of the county (Table 1; Figure 1A). In contrast,
Lake County populations 12 to 14 near Kelseyville,
where glyphosate resistance was first suspected in the
county, had uniformly high (>55%) frequencies of
surviving plants. Population 15 from outside the
Kelseyville area had a low frequency (<27%) of
survivors.

The differences in plant survival within a
population from one screening time to another
were much more pronounced in response to
treatment with glufosinate compared with glypho-
sate. Plant survival following glufosinate treatment at
2,242 g ai ha−1 varied among populations and
screening times, ranging from 0.0% to 38.9% in
November to December 2013, 0.0% to 18.0%
in March to April 2014, and 7.3% to 53.5% in
February to March 2015 (Figure 1B). The percen-
tage of plants from Sonoma County Population 11
that survived glufosinate treatment was high
(53.5%) in February to March 2015 but very low
(0.8%) in March to April 2014 (Figure 1B).
Population 10, also from Sonoma County, similarly
exhibited a large difference in plant survival between
screening periods from a high of 32.9% in
November to December 2013 to a low of 3.2% in
March to April 2014. Despite the large differences
in plant survival among screening times in these
populations, the large number of individuals surviv-
ing glufosinate at some time periods is perhaps a
consequence of the recent implementation of resistance
management practices that use glufosinate to control
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glyphosate-resistant weeds, resulting in increased
glufosinate use across the region. Many populations
(Populations 1 through 9 and Population 15) had a
low percentage of plants (<20%) surviving glufosinate
at all screening times (Figure 1B). Because glufosinate
is not as easily translocated through the plant as
glyphosate (Steckel et al. 1997), low percentages of
survivors in these populations may not necessarily
indicate evolved glufosinate resistance. However, the
higher frequency of survivors observed in Populations
10 through 14 suggests that resistance to glufosinate is
evolving in those populations.

Variability in weed response to glyphosate and
glufosinate treatment has been observed in previous
studies (Ge et al. 2011; Pline et al. 1999; Sellers
et al. 2003; Waltz et al. 2004 ). For instance,
temporal variation in the efficacy of glyphosate in
controlling hairy fleabane [Conyza bonariensis (L.)
Cronq.] and horseweed [Conyza canadensis (L.)
Cronq.] has been observed and suggested to be

related to seasonal changes in temperature, light
intensity, and/or day length (Ge et al. 2011; Moretti
et al. 2013). In this study, temperature was
controlled in the experimental greenhouses to the
extent possible. However, studies in more highly
environmentally controlled plant growth facilities
are needed to confidently rule out the role of
temperature in plant response to the herbicides.
Light conditions may also have affected the response
of Italian ryegrass plants to herbicide treatment,
because plants were grown under natural light in the
greenhouse. Differences in light intensity, light
quality, and/or day length among screening times
may have led to differences in plant photosynthetic
rates, which can alter the efficacy of herbicide
treatments, as was observed in velvetleaf (Abutilon
theophrasti Medik.) response to glufosinate (Sellers
et al. 2003). In a study of wild radish (Raphanus
raphanistrum L.), glufosinate efficacy was not
influenced by light intensity under low

A

B

C

Figure 1. Percentage of plants surviving 3 wk after treatment with glyphosate at a rate of 1,678 g ae ha − 1 (A), glufosinate at a rate of
2,242 g ai ha − 1 (B), or water control (C) for three screening times. Locations of populations and numbers of plants tested at each
screening time are listed in Table 1.
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temperatures, but was enhanced under low light at
high temperatures (Kumaratilake and Preston
2005), indicating that the impact of light may be
confounded by other environmental variables. High
humidity at the time of herbicide treatment has also
been shown to increase the efficacy of both
glyphosate and glufosinate (Coetzer et al. 2001;
Ramsay et al. 2002; Sharma and Singh 2001).
However, this is unlikely to be a major factor in this
study, because humidity was similar in March to
April 2014 and February to March 2015 (75/35%
relative humidity), while herbicide response varied
widely (Figure 1). The large numbers of clones from
each population tested at each screening time
(Table 1) suggest that the variation in plant survival
observed among screening times was likely not due
to stochastic effects resulting from small sample sizes
of this genetically diverse outcrossing species.

It has been hypothesized that a single non–target
site based mechanism may affect translocation of
both glyphosate and glufosinate and confer resis-
tance in Italian ryegrass populations from Oregon
(Avila-Garcia and Mallory-Smith 2011). This does
not appear to be the case in the California
populations of Italian ryegrass examined in this
study. Treatment of clones of individual plants (i.e.,
distinct genotypes) with glyphosate and glufosinate
revealed that some individuals in a population were
only resistant to glyphosate or glufosinate, while
others were resistant to both herbicides (Table 2).
For example, based on the responses of clones of
individual plants from Population 10, 15% of the
individuals were resistant to glyphosate but not
resistant to glufosinate, 18% were resistant to
glufosinate but not glyphosate, while 21% were
resistant to both glyphosate and glufosinate and
46% were susceptible to both herbicides (Table 2).
A similar pattern was observed for Population 11.
The presence of all four possible phenotypic classes,
which was revealed by cloning individual genotypes,
indicates multiple resistance rather than cross-
resistance and suggests that the mechanism confer-
ring resistance to glyphosate differs from the

mechanism conferring resistance to glufosinate in
these populations. However, it is also possible that
more than one mechanism may be responsible for
resistance to either herbicide in different populations
or that some other general mechanism (e.g., general
stress response, increased metabolism, reduced
herbicide uptake) may impact resistance to both
herbicides.

Population-Average Level of Resistance. The
dose–response assays for glyphosate and glufosinate
were conducted in September 2014 and January
2016. At each screening time, there was no differ-
ence between blocks or difference in homogeneity of
variance between herbicide doses for each popula-
tion; data from the two blocks were therefore
combined for analysis. For glyphosate and glufosi-
nate, aboveground biomass, plant survival, and
regrowth of individuals in all populations decreased
with increasing herbicide dose (Figures 2 and 3). For
glyphosate, populations clearly differed in plant
response among the three variables and across
screening time periods (Figure 2). Plants from
Population 13 were less affected by herbicide
application than plants from the susceptible stan-
dard population (Population S) and the two other
populations (Populations 8 and 11) tested and
required a higher rate of glyphosate for substantial
reductions in biomass, survival, and regrowth. For
glufosinate, the differences in dose response among
populations for all three variables were far less pro-
nounced (Figure 3). The proportion of plants sur-
viving treatment with glufosinate was higher for
Population 13 than the remaining populations at
both screening times, and the proportion of plants
with regrowth was higher in this population in
2014, but differences were small. Plant response in
terms of the remaining variables did not differ much
among populations. The results point to a low fre-
quency of resistance and early stage of evolution of
resistance to glufosinate.

Selectivity indices (R/S ratios) calculated from the
dose–response assays indicate low to moderate levels
of resistance. Two selectivity indices were calculated
for each plant response variable, because some tested
populations showed lower GR50, LD50, or RD50
values than the susceptible standard (Population S).
R/S1 was calculated using the susceptible standard;
R/S2 was calculated using the most susceptible
population for each response variable. For glypho-
sate, Population 13 exhibited a significantly higher
level of resistance than the other populations tested
(Table 3). R/S1 values ranged from 2.2 to 14.1,

Table 2. Percentage of cloned plants from Populations 10 and
11 that survived treatment with herbicide in the November to
December 2013 population screening.

Population

Resistant to
glyphosate

only

Resistant to
glufosinate

only

Resistant
to both
herbicides

Susceptible
to both
herbicides

10 15% 18% 21% 46%
11 20% 18% 20% 42%
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while R/S2 values ranged from 4.1 to 19.2,
depending on the year and the variable measured.
With the exception of the GR50 estimates based on
biomass measurements in 2016, all estimates of
LD50, GR50, and RD50 for Population 13 were
substantially higher than the label rate of 867 g ae
ha−1 (Table 3), indicating resistance at a level
relevant to growers. However, contrary to the
response observed for Population 11 in the popula-
tion resistance screening, the population
dose–response assay showed that Population 11
was not resistant to glyphosate at either screening

time (Table 3). Population 11 was more variable in
its response to glyphosate among screening times
than Population 13 in the population resistance
screening study (Figure 1), which may also have
contributed to the differences observed between the
populations in the dose–response assay. The levels of
glyphosate resistance detected in Italian ryegrass
populations from northwest California are compar-
able with glyphosate-resistant populations from
other areas. R/S values ranged from 2.4 to 15.3
for populations shown to have target-site resistance
in the Central Valley of California (Jasieniuk et al.

A B

C D

E F

2016

2016

2016

Glyphosate dose (g ae ha-1) Glyphosate dose (g ae ha-1)

Glyphosate dose (g ae ha-1)Glyphosate dose (g ae ha-1)

Glyphosate dose (g ae ha-1)Glyphosate dose (g ae ha-1)

Figure 2. Nonlinear regression of plant response 3 wk after treatment with glyphosate measured in dry biomass in 2014 (A) and 2016
(B), plant survival in 2014 (C) and 2016 (D), and regrowth 1 wk after biomass harvest in 2014 (E) and 2016 (F) of the susceptible
reference (Population S) and Populations 8, 11, and 13. Symbols represent the mean measurement for a population at each rate (n = 30
or 32). Bars indicate the SE for the parameter estimate at each rate. Regression parameters are shown in Table 3.
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2008). On the basis of GR50 values, an Italian
ryegrass population from Oregon with non–target
site based resistance was 5-fold more resistant to
glyphosate than a known susceptible population
(Perez-Jones et al. 2007). Italian ryegrass popula-
tions with EPSPS gene amplification from Arkansas
had R/S values, based on GR50 estimates, ranging
from 7- to 13-fold more resistant than susceptible
populations (Salas et al. 2012). Outside the United
States, glyphosate-resistant rigid ryegrass populations
from Italy with a vacuolar sequestration mechanism
of resistance had LD50 values ranging from 1,700 to

2,200 g ae ha−1, while Italian ryegrass populations
from Brazil and Chile with the same mechanism of
resistance had LD50 values of 2,700 and 1,300 g ae
ha−1, respectively (Ge et al. 2012). In Australia,
estimates of R/S ratios for four rigid ryegrass
populations with altered translocation of glyphosate
ranged from 4 to 11 on the basis of LD50 values
(Powles et al. 1998; Wakelin et al. 2004).

The dose–response experiments conducted to
assess the level of glufosinate resistance in popula-
tions from northwest California were inconclusive
(Table 4; Figure 3A–F). In the 2014 experiment,

A B

C D

E F

Glufosinate dose (g ai ha-1) Glufosinate dose (g ai ha-1)

Glufosinate dose (g ai ha-1)Glufosinate dose (g ai ha-1)

Glufosinate dose (g ai ha-1) Glufosinate dose (g ai ha-1)

Figure 3. Nonlinear regression of plant response 3 wk after treatment with glufosinate measured in dry biomass in 2014 (A) and 2016
(B), plant survival in 2014 (C) and 2016 (D), and regrowth 1 wk after biomass harvest in 2014 (E) and 2016 (F) of the susceptible
reference (Population S) and Populations 8, 11, and 13. Symbols represent the mean measurement for a population at each rate (n = 30
or 32). Bars indicate the SE for the parameter estimate at each rate. Regression parameters are shown in Table 4.
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Population 13 had higher survival and biomass than
the susceptible reference Population S (Table 4;
Figure 3). Despite a 2-fold increase in LD50
compared with the most susceptible population,
the LD50 of Population 13 (552.0 g ha−1) was still
below the labeled rate for control of pre-tiller grasses
in tree, vine, and berry crops of 1,147 g ha−1. On a
population level, this is not a strong indicator of
resistance, although 7% of individuals (5 plants) did
survive the label rate. Based on GR50 values, the R/S
ratios are slightly lower than those previously
reported for populations of Italian ryegrass. R/S
ratios ranged from 1.9 to 3.2 among Italian ryegrass
populations from Oregon with non–target site based
resistance to glufosinate (Avila-Garcia and Mallory-
Smith 2011), whereas the R/S ratio was 2.8 for a

population with target site–based resistance (Avila-
Garcia et al. 2012). In goosegrass [Eleusine indica
(L.) Gaertn.], the only other weed species to be
identified with glufosinate resistance to date, a
population in Malaysia resistant to glufosinate had
an R/S ratio of 3.4 to 3.6 based on GR50 values
(Seng et al. 2010). In the populations of Italian
ryegrass studied here, glufosinate resistance appears
to be in an early stage of evolution. Thus, the alleles
conferring increased plant survival to glufosinate
may currently be rare and segregating in populations
of this obligate outcrossing species , and population-
level estimates of resistance using dose–response
experiments will not indicate resistance. However,
continued use of glufosinate on Italian ryegrass
populations in vineyards and orchards will likely

Table 3. Parameter estimates and associated model statistics for log-logistic dose–response curves of plant biomass, survival, and
regrowth following treatment with glyphosate.a

Measure Regression parameter (± SE)

Year Population C D b LD50/GR50/RD50 R/S1 R/S2

2014 Biomass
S −0.004 (0.007) a 0.38 (0.01) a 1.9 (0.2) a 169.1 (13.9) a — 2.7
8 −0.004 (0.007) a 0.46 (0.01) b 1.5 (0.2) b 63.4 (5.3) b 0.4 —

11 −0.003 (0.003) a 0.50 (0.01) b 2.1 (0.2) c 81.9 (4.7) c 0.5 1.3
13 0.001 (0.01) a 0.40 (0.01) a 1.8 (0.2) a 1114.9 (90.0) d 6.6 17.6

Survival
S — — 2.9 (0.3) a 324.0 (20.3) a — 2.1
8 — — 3.4 (0.4) b 151.2 (8.7) b 0.5 —

11 — — 3.8 (0.4) c 165.8 (9.1) c 0.5 1.1
13 — — 1.5 (0.1) d 2172.2 (194.8) d 6.7 14.4

Regrowth
S — — 2.1 (0.2) a 291.5 (21.2) a — 1.8
8 — — 2.6 (0.3) b 164.5 (10.9) b 0.6 —

11 — — 2.7 (0.3) b 172.4 (11.2) b 0.6 1.0
13 — — 1.3 (0.1) c 2247.8 (213.1) c 7.7 13.7

2016 Biomass
S 0.001 (0.008) a 0.30 (0.01) a 2.1 (0.3) a 229.6 (23.9) a — 1.9
8 −0.003 (0.007) a 0.28 (0.01) a 2.0 (0.3) a 193.4 (21.3) b 0.8 1.6

11 0.007 (0.007) a 0.30 (0.01) a 2.4 (0.4) b 119.9 (11.2) c 0.5 —
13 0.016 (0.010) a 0.31 (0.01) a 1.6 (0.2) c 496.0 (61.6) d 2.2 4.1

Survival
S — — 2.8 (0.4) a 646.8 (57.5) a — 1.4
8 — — 3.9 (0.6) b 473.8 (36.0) b 0.7 —

11 — — 2.2 (0.3) c 653.8 (64.7) a 1.0 1.4
13 — — 1.1 (0.2) d 9114.5 (1853.1) c 14.1 19.2

Regrowth
S — — 1.6 (0.2) a 320.1 (38.3) a — 1.6
8 — — 3.4 (0.5) b 270.8 (21.9) b 0.8 1.3

11 — — 3.5 (0.6) b 203.1 (15.8) c 0.6 —
13 — — 1.6 (0.2) a 1662.9 (197.0) d 5.2 8.2

a For the parameters estimated, C is the lower limit of plant response, D is the upper limit of plant response, and b is the slope of the
regression equation around the LD50, GR50, or RD50 values. R/S1 is a population’s LD50, GR50, or RD50 divided by the value of the
same parameter estimated for the reference susceptible population (Population S). R/S2 is a population’s LD50, GR50, or RD50 divided
by the value of the same parameter estimated for the most susceptible population tested. Values in parentheses are ± 1 SE. Different
lowercase letters indicate statistically different parameter values among populations, as determined by a Fisher’s LSD test.
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increase the frequency of resistant or less sensitive
individuals. Population-scale dose–response assays
are limited in their ability to identify resistance in
populations at the early stages of resistance evolu-
tion, especially in highly diverse outcrossing weeds
like ryegrass.

Overall, our results indicate that resistance to
glyphosate is present in Italian ryegrass populations in
northwest California and that resistance to glufosinate
appears to be evolving. The response of Italian
ryegrass populations to these herbicides is variable,
especially in the case of glufosinate. The greater
variability in response to glufosinate than to
glyphosate in Italian ryegrass may relate to differences
in the physiology of how each herbicide acts within
the plant and the specific mechanisms that allow

plants to survive treatments of each herbicide. Very
few cases of glufosinate resistance have been identified
in weeds to date, and the physiological and genetic
mechanisms that underlie resistance are currently
poorly understood (Avila-Garcia and Mallory-Smith
2011; Avila-Garcia et al. 2012; Jalaludin et al. 2010,
2015, 2017; Seng et al. 2010). Based on our results,
populations with multiple resistance to glyphosate
and glufosinate are at an early stage of evolution, as
the frequency of plants surviving glufosinate treat-
ment at the labeled rate is low in populations, but
frequencies are likely to increase with continued
herbicide applications if no resistance management
strategies are implemented.

The evolution of populations with multiple
resistance to glyphosate and glufosinate is problematic

Table 4. Parameter estimates and associated model statistics for log-logistic dose–response curves of plant biomass, survival, and
regrowth following treatment with glufosinate.a

Measure Regression parameter (± SE)

Year Population C D b LD50/GR50/RD50 R/S1 R/S2

2014 Biomass
S −0.001 (0.006) a 0.42 (0.01) ab 2.9 (0.4) a 263.7 (12.8) a — 1.4
8 0.004 (0.006) a 0.40 (0.01) ab 3.9 (0.6) b 248.5 (10.1) b 0.9 1.4

11 − 0.001 (0.006) a 0.45 (0.01) a 3.0 (0.3) ab 183.4 (8.5) c 0.7 —
13 − 0.001 (0.007) a 0.38 (0.01) b 2.2 (0.2) c 317.9 (21.1) d 1.2 1.7

Survival
S — — 3.2 (0.3) a 348.9 (20.5) a — 1.4
8 — — 4.1 (0.5) b 299.8 (15.2) b 0.9 1.2

11 — — 4.4 (0.5) b 256.2 (12.6) c 0.7 —
13 — — 2.9 (0.3) a 522.0 (32.3) d 1.5 2.0

Regrowth
S — — 2.9 (0.3) a 345.1 (21.2) a — 1.3
8 — — 3.5 (0.4) b 299.9 (16.7) b 0.9 1.1

11 — — 4.6 (0.6) c 264.6 (12.7) c 0.8 —
13 — — 3.4 (0.4) b 551.6 (31.6) d 1.6 2.1

2016 Biomass
S − 0.001 (0.006) a 0.26 (0.01) a 4.4 (1.3) a 305.4 (15.9) a — 1.6
8 − 0.001 (0.006) a 0.27 (0.01) a 4.2 (0.6) a 207.1 (13.5) bc 0.7 1.1

11 −0.001 (0.005) a 0.28 (0.01) a 3.0 (0.5) b 191.2 (13.4) b 0.6 —
13 0.000 (0.006) a 0.28 (0.01) a 2.5 (0.4) c 229.6 (18.1) c 0.8 1.2

Survival
S — — 3.6 (0.6) ab 392.9 (31.3) a — —
8 — — 3.8 (0.6) a 424.4 (32.5) b 1.1 1.1

11 — — 3.2 (0.5) b 424.4 (35.0) b 1.1 1.1
13 — — 2.5 (0.3) c 611.9 (57.2) c 1.6 1.6

Regrowth
S — — 3.3 (0.5) a 342.8 (28.2) a — 1.3
8 — — 4.0 (0.7) b 286.7 (20.8) b 0.8 1.1

11 — — 3.8 (0.6) b 263.9 (19.7) b 0.8 —
13 — — 3.9 (0.6) b 326.1 (24.3) a 1.0 1.2

a For the parameters estimated, C is the lower limit of plant response, D is the upper limit of plant response, and b is the slope of the
regression equation around the LD50, GR50, or RD50 values. R/S1 is a population’s LD50, GR50, or RD50 divided by the value of the
same parameter estimated for the reference susceptible population. R/S2 is a population’s LD50, GR50, or RD50 divided by the value of
the same parameter estimated for the most susceptible population tested. Values in parentheses are ± 1 SE. Different lowercase letters
indicate statistically different parameter values among populations as determined by a Fisher LSD test.
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from a management perspective. Glyphosate and
glufosinate are both important nonselective herbicides
for vineyard and orchard systems, and the evolution of
resistance limits the available options for chemical
weed control. Since the introduction of glyphosate-
tolerant annual crops in 1995, the number of weeds
evolving resistance to glyphosate has increased
dramatically (Powles 2008). Similarly, glufosinate-
resistant weeds may become more abundant in
glufosinate-tolerant crops as these crops become more
prevalent in agricultural systems. The variability in
response of plants to glufosinate may be especially
problematic, as the increase in survival may not appear
uniformly over time, thus making resistance monitor-
ing difficult. Development of alternative weed
management strategies incorporating herbicides with
different sites of action and nonchemical methods for
control of weeds is necessary for the management of
multiply resistant Italian ryegrass in both perennial
and annual cropping systems.
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