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Summary   Glyphosate is the world’s most widely used 
herbicide, being used in crop, pasture, horticulture and 
industrial situations. Intensive use of glyphosate has 
resulted in the evolution of resistance in nine different 
weed species. The evolution of glyphosate resistance 
in weeds is a concern, as it could detract from the 
usefulness of this important herbicide. Glyphosate in-
hibits 5-enolpyruvylshikimate-3-phosphate synthase, 
which in turn leads to the accumulation of shikimate 
in leaf tissue. This raises the possibility that shikimate 
accumulation in leaf tissue could be used as a non-
destructive assay to genotype glyphosate resistant 
and susceptible individuals in populations. Such an 
assay would prove extremely useful for population 
level studies as well as studies of gene flow in weeds 
with a non-target site mechanism of resistance. A 96-
well plate assay was adapted to examine shikimate 
accumulation in leaf disks from glyphosate-resistant 
and susceptible Amaranthus palmeri S.Watson and 
Lolium rigidum Gaudin to provide a rapid and non-
destructive assay for shikimate accumulation and 
hence glyphosate resistance. There were significant 
differences in shikimate accumulation between resist-
ant and susceptible biotypes of A. palmeri; however, a 
field population expected to contain both homozygous 
and heterozygous resistant individuals, behaved in 
identical fashion to resistant plants. Susceptible L. 
rigidum plants accumulated more shikimate than re-
sistant plants. Shikimate accumulation of heterozygous 
individuals of L. rigidum was intermediate between 
that of resistant and susceptible individuals.

Keywords    Glyphosate,  shikimate,  herbicide 
resistance,    Lolium rigidum,  Amaranthus palmeri.

INTRODUCTION
Glyphosate is the world’s most widely used herbicide, 
finding a wide variety of uses in orchards, vineyards, 
non-crop situations and to control vegetation prior to 
crop seeding (Baylis 2000). Glyphosate is a broad-
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spectrum herbicide with no soil activity, making it an 
ideal product for a range of uses. More recently, the 
introduction of glyphosate-tolerant Roundup ReadyTM 
crops has allowed glyphosate to be used to control 
weeds in annual crops like soybeans, canola, cotton and 
maize in various parts of the world (Shaner 2000).

The intensive use of glyphosate for weed control 
has led to the evolution of glyphosate resistant weeds. 
Resistance has evolved in a variety of locations, in-
cluding orchards, vineyards, plantations, irrigation 
channels, no-till crops and in Roundup Ready soybean 
and cotton crops (Powles et al. 1998, Van Gessel 2001, 
Wakelin et al. 2004). The evolution of resistance to 
glyphosate is a concern as it may compromise the 
usefulness of this important herbicide.

Glyphosate inhibits the enzyme 5-enolpyruvyl-
shikimate-3-phosphate synthase (EPSPS), a key 
enzyme in the shikimate pathway (Steinrücken and 
Amhrein 1980). Inhibition of this enzyme by glypho-
sate results in an accumulation of shikimate within the 
affected tissue (Singh and Shaner 1988). Therefore, 
measurements of shikimate can determine whether 
glyphosate has reached the target site within the leaf 
and inhibited EPSPS. It is possible to use shikimate 
accumulation to detect glyphosate spray drift and 
glyphosate resistance (Koger et al. 2005, Perez-Jones 
et al. 2005, Wakelin and Preston 2006).

In population genetic studies of herbicide resist-
ance, it would be extremely useful to have a cheap, 
rapid and non-destructive assay to establish the geno-
type of every individual in the study. For glyphosate 
resistance, an assay of shikimate accumulation within 
leaves provides an opportunity to do this. The purpose 
of this work was to examine whether such an assay 
is feasible to use for this purpose. A variation of a 
previously developed rapid assay for shikimate accu-
mulation (Koger et al. 2005) was tested on glyphosate 
resistant and susceptible populations of Amaranthus 
palmeri S.Watson and Lolium rigidum Gaudin.
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MATERIALS AND METHODS
Resistant and susceptible A. palmeri seed were 
obtained from Georgia. The resistant seed sample 
came from a cross between two resistant individuals 
originally obtained from a cotton field in Georgia, 
where resistance to glyphosate had evolved (Culpep-
per et al. in press). This seed sample was expected to 
be homozygous resistant. The susceptible population 
came from a field in a nearby area and was shown to 
be susceptible to glyphosate. In addition, a sample 
of seed from the field where resistance evolved, and 
expected to contain both homozygous and hetero-
zygous resistant individuals, was collected. Seed of the 
resistant population of L. rigidum was obtained from 
a vineyard in South Australia and was determined to 
be resistant to glyphosate (Wakelin et al. 2004). The 
susceptible population was obtained from a pasture 
in Victoria where herbicides had never been used. An 
F1 population resulting from a cross between a single 
resistant individual and a single susceptible individual 
was also available.

Shikimate accumulation was measured in leaf 
discs using a variation of the method of Koger et al. 
(2005). For A. palmeri, five leaf discs (4 mm diameter) 
were taken from the centre of a newly expanded leaf 
for each plant. These were placed in a 96-well plate 
containing 100 µL of glyphosate solutions in water 
ranging from 0 to 500µM with one leaf disc in each 
herbicide rate. The plate was wrapped in plastic wrap 
and placed under lights (200 µmol m-2 s-1) for 16 h. 
At the end of the incubation period, 25 µL 2.5 N HCl 
was added to the wells and the leaves frozen at −20°C 
for at least 1 h. The samples were thawed at 60°C until 
all green material had been extracted from the leaves. 
A 25 µL sample of the resulting solution was reacted 
with 100 µL 0.25% (w/v) periodic acid + 0.25% (w/v) 
sodium meta-periodate at room temperature for 1 h. To 
this was added 100 µL 0.6M NaOH + 0.22M Na2SO3 
to develop colour. The solutions were read immediately 
in a spectrophotometer at 380 nm. The absorbance 
of the sample from the leaf incubated in the absence 
of glyphosate was subtracted from the absorbance of 
all other samples to give accumulation of shikimate 
caused by glyphosate. A standard curve of known 
shikimate concentrations in the same solutions was 
used to determine shikimate amounts. For L. rigidum, 
a similar procedure was used, except that 5 mm leaf 
pieces were used, the incubation time was 6 h and the 
light intensity was 510 µmol m-2 s-1. There were four 
replicate experiments for each individual assayed. 

RESULTS
Shikimate accumulated readily in leaf discs of the 
susceptible population of A. palmeri in response to 

incubation in glyphosate (Figure 1). In contrast, there 
was very little accumulation of shikimate in the leaf 
discs of the resistant plants over the glyphosate con-
centrations used. There was considerable variation in 
the final amount of shikimate accumulated in suscep-
tible plants (data not shown). This variation occurred 
between plants rather than between leaves of the same 
plant, suggesting a genetic basis for this variation. 

Heterozygous resistant plants contain one copy 
of the resistance allele and one copy of the suscepti-
ble allele. Therefore, EPSPS in heterozygous plants 
should be inhibited more by glyphosate than that of 
fully resistant plants and less than susceptible plants. 
The large difference in shikimate accumulation be-
tween leaf discs of susceptible and resistant plants 
of A. palmeri suggests heterozygotes might be easily 
detected with this assay.

In the absence of F1 seed, seed collected from 
the field was used, as it was expected to contain both 
heterozygous and homozygous resistant individuals. 
Leaf discs from a total of 13 plants from the field 
were individually tested along with a known resist-
ant plant and a known susceptible plant. Shikimate 
accumulation in the leaf discs from the field plants 
was not different to that of the known resistant plant, 
but was very different to the known susceptible plant 
(Figure 2). There was very low variability in shikimate 
accumulation among the 13 field plants.

For L. rigidum, shikimate accumulated to lower 
concentrations than for A. palmeri leaf discs, partly, 
but not entirely, as a result of a shorter incubation 
time. As the glyphosate concentration increased, there 
was an increase in the accumulation of shikimate in 
leaf pieces from the susceptible plants (Figure 3). 
Glyphosate caused a lower accumulation of shikimate 

Figure 1.   Accumulation of shikimate by susceptible 
(�) and resistant (�) leaf discs from A. palmeri fol-
lowing incubation with glyphosate.
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in leaf pieces of the resistant plants. Shikimate ac-
cumulation in the F1 plants was intermediate between 
resistant and susceptible plants, but overlapped both 
parental types.

DISCUSSION
Glyphosate is known to cause shikimate accumulation 
when EPSPS is inhibited (Singh and Shaner 1988). 
This shikimate accumulation can be used to determine 
whether glyphosate has reached and inhibited EPSPS 
in leaves (Lorraine-Colwill et al. 1999). Incubating 
leaf discs in glyphosate under lights caused an accu-
mulation of shikimate in the leaf discs that could be 
extracted by acid and assayed. The amount of shiki-
mate accumulation was different between genotypes 
and species.

Shikimate accumulation was high in leaf discs of 
susceptible A. palmeri plants and increased with in-
creasing concentrations of glyphosate up to 500µM. In 
contrast, very little glyphosate accumulated in resistant 
plants. Leaf discs from A. palmeri plants grown from 
seed collected from the field all accumulated little 
shikimate on incubation with glyphosate. Shikimate 
accumulation in these plants was not different to the 
resistant plants, suggesting either the plants from the 
field collected seed were uniformly homozygous re-
sistant or that heterozygotes have the same shikimate 
accumulation patterns as homozygous resistant plants. 
Given the low variability among individuals (Figure 
2), it is likely that the field population was uniformly 
homozygous resistant.

The large difference in shikimate accumulation 
between leaf discs of the susceptible and resistant A. 
palmeri suggests the shikimate assay may be a rapid 
and reliable way of determining resistance genotypes 
in this species. This will need to be confirmed using 
known F1 plants rather than material from the field. The 
variation between individual susceptible plants means 
that measuring shikimate accumulation in response to a 
single concentration of glyphosate will not be a reliable 
method of determining genotype. However, the clear 
difference in response between genotypes to a range 
of glyphosate concentrations makes using a glyphosate 
concentration curve a more robust method.

Shikimate accumulation in leaf pieces from L. 
rigidum plants occurred to much lower concentrations 
than for A. palmeri. There was also less difference in 
shikimate accumulation between resistant and suscep-
tible plants. Shikimate accumulation by leaf pieces of 
F1 plants was intermediate between and overlapped that 
of the two parents. The different patterns of shikimate 
accumulation by the three genotypes suggest that it 
may be possible to use this shikimate assay to genotype 
L. rigidum plants from the field. However, given the 
high variability between individuals (data not shown), 
considerable development will be required for the as-
say to accurately predict the genotype of plants.

Perez-Jones et al. (2005) reported a small differ-
ence in accumulation of shikimate in leaf discs from 
susceptible and resistant Lolium multiflorum (L.) in 
response to glyphosate incubation. In that case, dif-
ferential shikimate accumulation occurred between 
2 and 50µM glyphosate. However, at concentrations 
between 100 and 3000µM glyphosate, no differences 
in shikimate accumulation were observed. The differ-
ences between the responses of glyphosate resistant 
L. rigidum from Australia and glyphosate resistant 
L. multiflorum from Oregon may due to differences 
in light intensity, incubation time or because the 
resistance mechanisms are different. This highlights 

Figure 3.   Accumulation of shikimate in leaf pieces 
of susceptible (�), resistant (�) and F1 (�) plants of 
L. rigidum, following incubation with glyphosate.

Figure 2.   Accumulation of shikimate in leaf discs of 
susceptible (�), resistant (�) and 13 field (�) plants of 
A. palmeri following incubation with glyphosate.
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the requirement to develop the shikimate assay for 
each species, resistance mechanism and laboratory 
conditions.

Koger et al. (2005) reported variability in the 
concentration of glyphosate required to elicit shikimate 
accumulation in different species. C. canadensis leaf 
discs accumulated shikimate at much lower concentra-
tions than corn or cotton leaf discs. Therefore, simply 
measuring shikimate to determine glyphosate resist-
ance is unlikely to be a good predictive tool unless the 
responses of the susceptible and resistant individuals 
are known. Using too high or too low a concentration 
of glyphosate may mask the differences between re-
sistant and susceptible individuals. In conclusion, the 
shikimate assay offers potential as a non-destructive 
assay for determining the genotype of glyphosate 
resistant and susceptible individuals. 
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