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ABSTRACT

A Palmer amaranth population (seeds collected in the year 2000; Washington Co., MS) suspected to be susceptible to
glyphosate was examined as a population and as individual plants and found to exhibit varying tolerance or resistance to
glyphosate. Whole plant spraying of glyphosate (0.84 kg-ha™') to the population revealed that approximately 40% of
this population were resistant to glyphosate and an LDs, of 0.75 kg-ha™' was determined. Spray application of gly-
phosate indicated that some plants displayed varying degrees of resistance 14 days after treatment. Initial tests using
leaf disc bioassays on 10 individual plants selected randomly from the population, allowed characterization of gly-
phosate resistance using both visual ratings of injury and quantitative measurement via chlorophyll content analysis.
After initial bioassays and spray application, five plants with a range of tolerance to glyphosate were selected for clon-
ing so that further studies could be accomplished on these individuals. Q-PCR analysis of these clones showed that re-
sistance was not due to elevated EPSPS gene copy number. Shikimate levels were lower in the resistant and higher in
the susceptible clones which correlated with varying degrees of resistance demonstrated in bioassays and spray applica-
tion of glyphosate of these clones. Results demonstrate that individuals in a population can vary widely with respect to
herbicide resistance and suggest that uptake, translocation, sequestration, metabolism or altered target site may contrib-
ute to the resistance in some individuals of this population.

Keywords: Amaranthus palmeri; EPSPS (5-Enolpyruvylshikimate-3-phosphate Synthase); EPSPS Gene Copy Number;
Glyphosate-Resistance; Herbicide Tolerance; Population Variance; Pigweed

1. Introduction major problems in rangelands, natural settings and rights-
of-way.

Glyphosate-resistance in Palmer amaranth (Amaranthus
palmeri) was first reported in Georgia [3] and following
this event, glyphosate resistant Palmer amaranth was dis-
covered in several other southern states [4,5]. Gly-
phosate-resistant Palmer amaranth is now widespread in
the southern U.S. where it has been deemed one of the

most troublesome weeds of agronomic crops [6]. Palmer

The broad-spectrum, systemic herbicide glyphosate (N-
phosphono-methylglycine) was introduced in the early
1970s and about twenty years later (1990s) genetically
engineered glyphosate-resistant crops became available.
Presently glyphosate is not only widely used on non-agri-
cultural areas, but as a burn-down agent of cover crops
and to control various weeds on millions of acres of gly-
phosate-resistant soybeans, cotton and corn. Initially,

most weeds were efficiently controlled with glyphosate,
but as early as 1997, glyphosate resistant weeds were re-
ported and presently there are about 24 species reported
to be resistant to glyphosate [1]. The glyphosate resis-
tance problem has been exacerbated by its increased use
for weed control in genetically modified crops such as
corn, cotton and soybeans [2]. These resistant weed bio-
types exist in nearly all countries of the world creating
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amaranth [dioecious plant (either male or female)] can
grow tall, has a rapid growth rate [7] and produces abun-
dant seeds [8,9]. These traits render it extremely com-
petitive with crop plants and the management of glypho-
sate-resistant Palmer amaranth is very challenging with
the herbicide technology presently available [10-12].

The mode of action of glyphosate in plants is competi-
tive inhibition of 5-enolpyruvylshikimate-3-phosphate
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synthase (EPSPS; E.C. 2.5.1.19), a chloroplastic enzyme
of the shikimate pathway [13-15]. Inhibition of EPSPS
causes depletion of aromatic amino acid (phenylalanine,
tyrosine and tryptophan) pools, and shikimate levels in-
crease after glyphosate application to susceptible plants
[16,17].

The major resistance mechanism in glyphosate-resis-
tant Palmer amaranth has been reported as elevated copy
number of the EPSPS gene [18]. This high level of EPS-
PS gene copy number allows synthesis of sufficient EPS-
PS to promote aromatic amino acid production even after
exposure to glyphosate. Since elevated EPSPS gene copy
number is inherited, rapid spread of resistance can occur
by pollen movement [18]. Pollen movement of up to
1000 feet from resistant male plants to susceptible female
Palmer amaranth plants has been demonstrated [19].
Other mechanisms of glyphosate resistance include target
site mutations, and altered translocation [20].

Weeds possess immense genetic diversity. Although
individual plants from a population of a given weed spe-
cies may appear similar, high genetic variability at the
molecular level of individuals from a localized area or
among populations from different locations may exist.
Conversely, plants of the same species may possess ob-
vious outward physical differences. Since Palmer ama-
ranth is distributed over a large geographic area, major
differences (morphological and molecular) among plant
sources or biotypes may be present. Thus characteriza-
tion of growth characteristics and molecular traits among
these populations are important in the full understanding
of the development, competitiveness, spread, and control
of resistant weeds. A wide range of tolerance levels to
glyphosate using leaf disc bioassays of numerous Palmer
amaranth plants has been observed [21,22]. Recently,
preliminary studies on seedlings of a glyphosate suscep-
tible population of Palmer amaranth from seeds collected
in 2000 in Washington County, Mississippi (WC) dem-
onstrated a range of tolerance to glyphosate in leaf disc
bioassays. To further characterize this population the
objectives were 1) to use bioassays and spray application
of seedlings to further characterize the variation in gly-
phosate tolerance; 2) correlate EPSPS gene copy number
of individual plants with glyphosate tolerance; and 3)
evaluate shikimate accumulation in response to gly-
phosate exposure. To accomplish this, groups of seed-
lings from the seed population were selected for propa-
gation by cloning so that long term studies could be car-
ried out on cloned plants that maintain unaltered genetic
traits.

2. Materials and Methods
2.1. Sources of Seeds and Chemicals

Glyphosate (99.8% pure, free acid) was obtained from
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Chem Service (Chem Service, Inc., West Chester, PA).
All other chemicals were reagent grade or higher purity.
Seeds were obtained from field-grown plants as follows:
Palmer amaranth seeds were collected from plants along
a roadside in Washington County, MS in the year, 2000.

2.2. Culture of Plant Seedlings

Seeds of the Palmer amaranth source were planted in a
commercial potting mix Jiffy-mix (Jiffy Products of
America, Inc., Batavia, IL 60510) contained in plastic
trays (12 cm by 12 cm). These trays were placed into
larger sub-irrigated trays placed on greenhouse benches.
Greenhouse temperatures ranged from 28°C to 32°C with
40% - 90% relative humidity (RH). The photoperiod was
12 - 14 h with 1650 pEm *'s™' photosynthetically active
radiation measured at midday with a light meter (LI-
COR, Inc., Lincoln, NE). The plants were thinned about
one week after emergence (6 - 8 per tray) and the young
seedlings were fertilized with Miracle-Gro (The Scotts
Company LLC, Marysville, OH) on a weekly cycle. Two
weeks after emergence, plants were selected and trans-
planted into planting trays (12 cm by 12 c¢cm) containing
potting mix (described above). A density of 5 plants (4 to
5 leaf stage) per tray was used. Plants were grown to
appropriate age for testing.

2.3. Plant Cloning

To test and characterize individuals from this population
in a variety of tests over a long time period, selected in-
dividual parent plants were cloned as described else-
where [22]. Briefly, excised petioles from branch points
(~10 - 20 mm long) of mature plants were immediately
placed in deionized water. Each excised plantlet was re-
moved from the water, blotted (absorbent paper towels),
the cut end coated with rooting hormone powder (Hor-
mex; 1.6%) (Brooker Chemicals, Hollywood, CA), and
planted in moistened vermiculite/peat/loam mixture con-
tained in plastic trays (6 cm x 14 cm). The planted cut-
tings (8 to 10 plantlets per tray) were maintained at 21°C
- 23°C under low continuous light (~150 pE-m2-s ") for
6 to 7 days to allow root initiation and growth, and then
transferred to a greenhouse (28°C - 34°C, a 14/10 day/
night cycle at ~1650 pE-m>-s' during the day) or
growth chamber at similar environmental conditions.
Plants propagated by this method were grown to the de-
sired growth stage and then used in various tests.

2.4. Spray Application of Glyphosate to Plants

Glyphosate spray treatments were applied using a track
spray system equipped with mobile nozzles (8002E noz-
zles) (Generation III Research Sprayer, DeVries Manu-
facturing; Hollandale, MN) delivering 187 L-ha ' at 190
kPa to Palmer amaranth plants averaging 15 cm (five to
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seven leaf growth stage). Glyphosate at 0, 0.05, 0.17,
0.32, 0.53 and 0.84 kg-ha ' was applied to random selec-
tions of seedlings (5 per set and 4 replicates) grown from
the general seed population (see seed source above) and
to a set of selected cloned plants exhibiting a range of
susceptibilities to glyphosate as measured in leaf disc
bioassays [21]. A visual health rating was conducted at
multiple time points (0 time, and at 24 h intervals) and
each plant in the study was tracked and assayed over a
period of 14 days. Rating scale: 7 = no effect, 6 = slight
wilting, 5 = moderate wilting, 4 = severe wilting, 3 =
slight necrosis, 2 = moderate necrosis, 1 = severe necro-
sis, 0 = dead.

2.5. Leaf Disc Bioassay for Tolerance to
Glyphosate

Discs were cut from plant leaves using a cork borer (4
mm) and placed in 12-well micro-titer plates with each
well containing 3 discs and 2.5 ml deionized H,O (con-
trol), or solutions of various concentrations (0, 0.25, 0.50
and 1.0 mM) of glyphosate as described earlier [21].
Plates containing leaf discs were placed under continuous
light (150 wE-m *s') in an environmental chamber at
28°C for 96 h. Each treatment was visually rated for in-
jury (chlorosis and necrosis) at 24 h intervals utilizing a
rating scale of 0 to 10, where 10 = no injury/good health
and 0 = total chlorosis (mortality). Injury was quantified
by determining chlorophyll content in discs 96 h after
treatment as described below.

2.6. Chlorophyll Extraction and Quantification

Chlorophyll content in the leaf disc bioassays above was
used as a measure of injury caused by glyphosate at
various concentrations and exposure times. The pigment
was extracted with dimethyl sulfoxide and quantitatively
determined spectrophotometrically [23,24] using a Nano-
Drop™ spectrophotometer (Thermo Scientific, Wilming-
ton, DE) [25].

2.7. Shikimate Assay after Exposure to
Glyphosate at Various Concentrations

Shikimate accumulation relative to glyphosate dose-re-
sponses was carried out in assays using 96-micro-titer
well plates as outlined previously [26]. Discs from each
clone (1 disc per well) were incubated in 1.0 ml ammo-
nium phosphate (10 mM) plus Tween 80 surfactant
(0.1%; v/v) containing glyphosate (0 to 100 uM). After
leaf-discs were wetted and submersed the plates were
placed under fluorescent lights (150 pE-m s ") for 24 h
at 22°C - 25°C. Following incubation, plates were imme-
diately frozen and stored at —20°C pending assay for
shikimate. The frozen plates were removed from the
freezer, allowed to thaw at room temperature, and 0.25
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ml of 1.25 M HCI was added to each well, and then in-
cubated at 60°C, 15 min. A 25 pL aliquot of the 0.25 M
HCI extract was pipetted into each of three wells of a
micro-titer plate so that three replicate extract samples
were assayed per clone. Then 100 pL periodate: meta-
periodate (0.25% each; v/v) was as added to each well
and the plate incubated at 37°C, 40 min. This reaction
was quenched by adding 100 pl NaOH (0.6 M): Na,SO,
(0.22 M) solution to each well and the optical density
(380 nm) of each well determined using a plate reader
(BioTek Instruments, Inc., Winooski, VT). High purity
shikimate at a range of concentrations was utilized to
prepare a standard curve. Data were analyzed by analysis
of variance of fixed effects with differences presented as
Least Squares Means (Software, Statistical Analysis
Systems®, Version 9.1, SAS Institute, Inc., SAS Campus
Drive, Cary, NC).

2.8. Q-PCR Analysis

DNA was isolated from fresh leaves of Palmer amaranth
according to a modified method of the DNeasy Plant
Mini Kit (QIAGEN Inc., Valencia, CA), quantified spec-
trophotometrically by means of a NanoDrop™ 2000C
and analyzed for quality (lack of fragmentation or deg-
radation) using gel-electrophoresis. Quantitative PCR
was conducted using gene specific primers for EPSPS,
EPSPSF (5’-CAACAGTTGAGGAAGGATCTG-3’, EP-
SPSR (5’-CAGCAAGAGAGAATGCCAT-3’) and aceto-
lactate synthase (ALS), ALSF (5’-GCTGCTGAAGGCT-
ACGCT-3"), ALSR (5’-GCGGGACTGAGTCAAGAAG-
TG-3) [18] and primer efficiency was determined [27].
EPSPS genomic copy number was quantified relative to
the low copy control ALS gene, with known monogenic
inheritance in other Amaranthus species [28]. Relative
copy number in each plant was determined using the for-
mula for threshold cycle calculated by the (274
method [27].

3. Results and Discussion
3.1. Tests of General Plant Population

Initial tests on the susceptibility of seedlings from this
population, sprayed with several rates of high purity
glyphosate, indicated increasing growth reduction and
injury effects as the glyphosate rate increased (Figure 1).
This typifies the variance of this population as especially
noted at the highest glyphosate rate (0.84 kg-ha '), that
depicts one plant with reduced growth (but still viable),
and a second plant with extreme wilting, chlorosis and
necrosis. Similar variation in plant response was also
found in other treatment rates (0.32 - 0.53 kg-ha') (not
depicted in photo). Average health ratings (4 replicates of
5 plants each) of Palmer amaranth at 1, 4, 8 and 14 days
after treatment (DAT) with spray application of gly-
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phosate at five rates and an untreated control (Figure 2).
The highest herbicide rate applied was a recommended
field rate of 0.84 kg-ha'. Generally, herbicide injury
increased with increasing glyphosate rate and time. Es-
sentially no effect was noted at 1 DAT at any of the rates
used, but at 4 DAT some plants in the population began
to exhibit wilting, while others exhibited no visual symp-
toms. However at 8 DAT, most (but not all) plants
showed some effects (wilting and/or early signs of chlo-
rosis), and at the higher glyphosate rates, necrosis was
evident in the more susceptible plants. At 14 DAT a
range of effects were found including dead plants, severe
necrosis and wilting, but even at the highest rates a few
plants showed regenerative growth. This indicates some
degree of recovery, and perhaps the ability to survive.
Hence these plants are more resistant than other plants
from the general population.

The percentage of surviving Palmer amaranth plants

Control 0.05 0.17 032 053 0.84
Glyphosate application rate (kg ha™), 14 DAT
Figure 1. Effects of several rates of glyphosate spray appli-

cation to a population of Palmer amaranth plants, 14 days
after treatment (DAT).

7 M kg ha™!

6- m 084
o5 - | 0.53
E 4 m 032
<3 m0.17
é 2 4 m 0.05

14 m control

0 L

1 4 8 14
Days after glyphosate treatment

Figure 2. Health ratings of Palmer amaranth plants from a
population at 1, 4, 8 and 14 DAT after spray application of
glyphosate at various rates. Rating scale: 7 = no effect, 6 =
slight wilting, 5 = moderate wilting, 4 = severe wilting, 3 =
slight necrosis, 2 = moderate necrosis, 1 = severe necrosis, 0
= death/mortality. Error bars represent + 1 SEM.
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from this population decreased with increasing rate of
glyphosate (0.0 to 0.84 kg-ha™') 14 DAT (Figure 3).
Nearly all plants survived the 0.05 kg-ha™' application
rate, but 20% to 25 % of the sprayed plants succumbed to
the 0.32 and 0.53 kg-ha ' treatments, while the highest
rate of glyphosate caused death to nearly 65% of the
seedlings. Thus at the highest level of glyphosate nearly
40% of the plants treated showed re-growth and an abil-
ity to survive. The LDs, (lethal dose) value determined
on this Palmer amaranth population (Washington County,
MS) sprayed with several glyphosate rates (0 to 0.84
kg-ha'), 14 DAT was 0.75 kg-ha' (Figure 4). LDs,
values of glyphosate resistant and susceptible Palmer
amaranth have been shown to be ~2-fold higher in
field-grown versus greenhouse-grown plants [3]. LDsg
values of susceptible Palmer amaranth biotypes in Ar-
kansas ranged from 0.024 to 0.035 kg-ha™' glyphosate
and one resistant biotype had an LDs, of 2.82 kg-ha™'
when greenhouse experiments were conducted [29]. This
reported LDs, value range for susceptible plants is 20 to
30-fold lower than found in the present study on this
weed, which was tested as a population. The LDs, for the
population in the present study was nearly 4-fold lower

100

80 1

60 A

Survivors (%)

0.84 0.53 0.32 0.17 0.05
Glyphosate application rate (kg ha™")

control

Figure 3. Percentage of Palmer amaranth plants from a po-
pulation, surviving various glyphosate spray applications
(0.0 to 0.84 kg-ha"), 14 DAT. Error bars represent + 1
SEM.
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Figure 4. LDs, determination of a Palmer amaranth popu-
lation sprayed with various glyphosate rates (0.0 to 0.84
kg-ha), 14 DAT.
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than for the resistant biotype from Arkansas [29]. The
population in the present study was not separated into
susceptible and resistant groups for LDs, determinations,
which would have resulted in lower and higher LDs
values for the susceptible and resistant groups, respec-
tively. Furthermore, high purity glyphosate (without the
influence of adjuvants/surfactants) was used, whereas
most reports have determined LDs, values after spraying
with commercial formulations of glyphosate. Thus, it is
difficult to compare the degree of resistance due to dif-
ferences in experimental and growth conditions.

Growth (fresh weight and dry weight accumulation) of
the Washington County population of A. palmeri seed-
lings, was compared 14 DAT after spray application of
glyphosate at various rates (0.0 to 0.84 kg-ha™') (Figure
5). Fresh and dry weight data support the general trend,
that increasing glyphosate application reduces growth.
There was a significant decrease in fresh and dry weight
accumulation in the range of glyphosate treatments be-
tween 0.17 and 0.32 kg-ha™'. This effect was also ob-
served in the health rating (Figure 2), but is not as

prominent in plants surviving these treatments (Figure 3).

Although this treatment range (0.17 and 0.32 kg-ha™")
caused strong health (injury) and growth effects, all
plants were not killed.

3.2. Tests with Cloned Plants Selected from the
Population

When leaf discs of the cloned Palmer amaranth plants
from this population were bioassayed for resistance to
glyphosate, qualitative ratings over a time course re-
vealed a range of tolerance (Figure 6). Using visual in-
jury ratings assignments: 10 = good health to 0 = total
lack of pigment) the bioassays demonstrated that some
individual plants were very susceptible to glyphosate
while others were moderately tolerant or resistant (Table

7 -
6 m Fresh weight Dry weight
‘4—'
% : T L
o0 4 B [
% T | [ |
3 @ N N
£ 2 HE B B
£ . Hr N,
i = ] B N
ol B B B N N
0.84 0.53 0.32 0.17 0.05  control
Glyphosate application rate (kg ha™)

Figure 5. Growth (fresh weight and dry weight accumula-
tion) of a population of A. palmeri seedlings, 14 DAT after
spray application of glyphosate at various rates (0.0 to 0.84
kg-ha™). Error bars represent + 1 SEM.
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1). Comparison of the resistance ratings (Table 1) shows
that a glyphosate-resistant positive control (G2 clone;
high EPSPS copy number) from another Washington
county population [21] was more resistant than any other
individuals tested. Based on the results after exposure to
ImM glyphosate for 96 h, the WC clones can be ranked

Glyphosate [mM]
Control 0.25 0.5 1.0

WC1

wceC2

WC4

WC6

WCB

G2

Figure 6. Example of injury caused by increasing glypho-
sate concentration on leaf disks of selected Palmer ama-
ranth clones in a bioassay, 96 HAT. Bioassays were con-
ducted at 22°C and continuous light (150 pEm_z-s"l). Disks
were assigned a visual rating from 0 (high injury, mortality)
to 10 (no injury).

Table 1. Leaf disc health ratings in a bioassay of selected
cloned Palmer amaranth plants from a Washington County,
MS population, over a 96 h time course during exposure to
glyphosate.

Glyphosate (1 mM)

HAT 24h 48 h 72h 96 h
WC1 9.6 9.6 8.0 5.5
wceC2 9.5 9.5 1.0 0
WC4 10.0 10.0 8.0 7.7
WCé 9.6 9.6 6.0 1.0
WCB 9.6 9.6 7.5 7.5
G2 9.6 9.6 9.5 9.3

Health rating 10 (good health) to 0 (total chlorosis).
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in order of decreasing resistance to glyphosate: WCB =
WC4 > WCI>>> WC6 > WC2. Confirmation of the vis-
ual rating assignments was achieved by quantitative
analysis of chlorophyll content in glyphosate-treated leaf
discs from the above bioassay at 96 h after treatment.
The quantitative data substantiated the qualitative find-
ings, i.e., a wide variation in tolerance to glyphosate ex-
ists in these clones from the WC population (Figure 7).
Increases in shikimate levels generally occur in gly-
phosate susceptible plants after treatment with the herbi-
cide [16]. Shikimate accumulation in leaf discs of several
cloned individual A. palmeri plants exposed to various
concentrations of glyphosate and light (150 pE-m >-s™")
in an assay, 24 h after exposure to glyphosate at several
concentrations exhibited differences in the resistant and
susceptible plants (Figure 8). All of the resistant clones

Glyphosate ®0.25 mM 00.5 Mm 21.0 mM

100 1

>
(=]
1

60 1

40

Chlorophyll content
(Percent control)

[y}
(=]
1

0-

WCl1 WC2 WC4 WC6 WCB G2

Figure 7. Chlorophyll content of leaf discs in a bioassay of
cloned Palmer amaranth plants after exposure to glypho-
sate at several concentrations, 96 HAT. Error bars repre-
sent = 1 SEM.
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Figure 8. Shikimate accumulation in leaf discs of several
cloned individual A. palmeri plants exposed to several con-
centrations of glyphosate and light (150 pE-m >s™") in a
bioassay, 24 h after exposure. Leaf discs were exposed to
high purity glyphosate (99%) at 0 to 100 pM. Error bars
represent = 1 SEM.
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(WC1, WC4, WCB; determined via bioassay) accumu-
lated some shikimate, but at lower levels than the suscep-
tible clones (WC2 and WC6) after exposure to glypho-
sate. In horseweed, glyphosate has been suggested to be
partially excluded from the plastids of resistant plants
thus resulting in lower EPSPS inhibition than in suscep-
tible plant tissues, but still causing elevated shikimate
levels after herbicide exposure [30].

The varying level of resistance within this Palmer
amaranth population was further verified using these
selected individual, cloned plants after application of two
rates of glyphosate (0.32 and 0.84 kg-ha ') (Figure 9).
Results supported the bioassay data of cloned plants
(Table 1 and Figure 6) and data from the population
tests, i.e., some plants are very susceptible while others
are resistant.

3.3. Copy Number

Q-PCR analysis of the cloned set of these Palmer
amaranth plants showed that EPSPS copy number was
not elevated relative to a known glyphosate susceptible
Palmer amaranth population tested previously [22]. The
ALS gene was used as a low copy number control gene
since it possesses known mono-genetic inheritance in
other species of Amaranthus [28]. Therefore, the fact that
a range of tolerance to glyphosate was exhibited in these
cloned individuals (bioassayed against various glypho-
sate concentrations or treated with spray applications of
glyphosate at several rates), coupled with a lack of eleva-
ted copy number demonstrates that high copy number is
not an operative mechanism here and strongly suggests
that other resistance mechanism(s) are present. Altered
target-site (Pro 106) and non-target-site (translocation)
mechanisms have recently been found in a population of
a related Amaranthus species (tall waterhemp; Ama-
ranthus tuberculatus) [31]. Thus similar mechanisms

71 Oo32kgha —
.
61 Mos4kgha E =
oo 5 o —
£ | || |
T
=
33 || || |
T, | || || |
M || || |
1] I L || || |
o m @8 |8
wC2 WC6  WCI WC4  WCB

Figure 9. Effects of spray application of glyphosate at two
rates (0.32 and 0.84 kg-ha_l) on a set of cloned Palmer ama-
ranth plants, 14 DAT. Rating scale: 7 = no effect, 6 = slight
wilting, 5 = moderate wilting, 4 = severe wilting, 3 = slight
necrosis, 2 = moderate necrosis, 1 = severe necrosis, 0 =
death/mortality.
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could possibly be operative in the Palmer amaranth po-
pulation studied here since these two species are closely
related and have been shown to hybridize [32,33].

Several glyphosate resistance mechanisms in weeds
have been reported, including: reduced translocation [34],
altered EPSPS sequence [34], and sequestration [35]. We
are in the process of examining uptake and translocation
of glyphosate in the WC cloned Palmer amaranth bioty-
pes tested here, as well as EPSPS target site sequence
substitution and expression. A point mutation in the
EPSPS gene and reduced glyphosate translocation were
responsible for glyphosate resistance in a ryegrass popu-
lation from South Africa [36]. Recently, certain ryegrass
populations were shown to contain multiple glyphosate
resistance mechanisms [37,38]. An Italian ryegrass bioty-
pe exhibited a 23-fold increase in resistance with only a
6-fold increase in EPSPS activity, suggesting that eleva-
ted EPSPS gene copy number may not be the only resis-
tance mechanism [39,40]. It has been pointed out that
investigations of large populations of out-crossing spe-
cies (Palmer amaranth is one) can reveal broad trends in
resistance mechanisms, but mechanisms occurring at low
frequency may be overlooked [41]. Overall, the herbicide
resistance mechanism(s) of individual plants from a
given population is rarely investigated.

Within a given plant population, such as the Palmer
amaranth population studied here, a range of herbicide
tolerance and multiple mechanisms of tolerance/resistan-
ce to a single herbicide (glyphosate) may exist. Informa-
tion on the degree of tolerance and tolerance mechanisms
may remain obscure when only a single resistance me-
chanism is investigated, or when plants of a population
are not examined as subgroups or individuals. Several of
the most resistant and susceptible plants from this popu-
lation were chosen and propagated by cloning. Some
plants that survived whole plant spray applications at
high levels of glyphosate (resistant) were selected and
cloned, while susceptible plants were killed. The non-de-
structive method of leaf disc bioassays (versus herbicide
spray application) allowed parent plant survival, thus
enabling selection of both susceptible and more resistant
plants for continued study and propagation. Maintenance
of these clone lines allowed investigations of resistance
mechanisms by eliminating transfer of genetic traits
through crossing. Palmer amaranth plants are either male
or female (dioecious) and resistance traits can spread by
pollen transfer in these cross-pollinating plants. Palmer
amaranth has also been shown to cross with waterhemp
(Amaranthus rudis), thereby transferring herbicide
resistance traits [33].

4. Conclusions

These results are important because they demonstrate a
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wide diversity of individuals within a given weed popu-
lation that can obfuscate the characterization of herbicide
resistance mechanisms. Populations of weeds generally
lack genetic homogeneity. However, a given population
can be selectively classified and grouped using bioassays
for herbicide susceptibility/tolerance, herbicide spray
application, seed germination in herbicide solutions, etc.,
in order to divide a population into more homogeneous
groups. For example, selection for resistance and suscep-
tibility to the herbicide sulfometuron was achieved by
seed germination in agar containing the herbicide [41].

The seeds of the population used in the present study
were collected in 2000, which was about five years prior
to the first report of resistance to glyphosate in Palmer
amaranth [3], and about 10 years before resistance was
defined as elevated EPSPS gene copy number in this
weed [18]. The utilization of survivors from glyphosate
spray applications and non-destructive bioassays, ena-
bled the selection of a set of individual plants that pos-
sessed a range of herbicide tolerance to glyphosate. This
was followed by cloning of these plants so that long-term
testing could be pursued.

Several studies related to glyphosate resistance and
elevated EPSPS copy number in Palmer amaranth and
related species are available [18,22,31,42,43]. Elevated
EPSPS copy number has also been identified as a gly-
phosate resistance mechanism in ryegrass [40]. However,
the absence of the elevated copy number trait in these
cloned plants, coupled with relatively high tolerance of
some individuals, suggests that other tolerance mechani-
sms are operative. Similar results were found when
another susceptible Palmer amaranth population (C3;
non-elevated copy number), examined on an individual
plant basis, showed a range of tolerance to glyphosate
[22]. The most resistant plants (WC4 and WCB) exhi-
bited resistance comparable to the most glyphosate-to-
lerant clones of the susceptible (C3) population [21,22].
Indeed, results of this latter study led to the investigation
of the present research on this 2000 population. Future
work is needed to determine if possible differences in
glyphosate uptake/translocation, sequestration, or altered
target site (EPSPS) or EPSPS expression contribute to
the variation in responses to glyphosate demonstrated by
these individually characterized plants. Metabolism is
also a possible resistance mechanism, but as yet has not
been found in glyphosate resistance studies on several
weeds, e.g., horseweed [30], ryegrass [44,45] and goose-
grass [46].
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