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Abstract: Seven imazapyr-tolerant mutant sugarcane plants, previously gener-
ated by in vitro mutagenesis, were studied. The imazapyr concentrations re-
quired to inhibit their acetolactate synthase (ALS basal activity) (IC50 as μmoles 
acetoin h-1 mg-1 protein) were 0.77 – 5.36 times greater than that of the N12 
‘parent’. The basal ALS activities of Mut1 and Mut6 were 1.4-fold higher than 
that of N12. When the mutants were sprayed with Arsenal® GEN 2 (312 and 624 
g a.i. imazapyr ha-1), 2 months after field planting, and evaluated 9 months later, 
live stalk height and number were significantly lowest in Mut2, Mut3 and the 
control N12. No differences in sucrose, fibre and estimated yield were observed 
amongst lines in untreated plots. Mutant plants germinated and grew in soil 
treated with the herbicide (at the lethal dose of 1248 g a.i. ha-1). The Mut lines 
tested in this study offer improved options for weed control.
Key words: Acetolactate synthase, ethyl methanesulfonate, imidazolinone, 
mutation breeding.

Crop Breeding and Applied Biotechnology
17: 107-114, 2017

Brazilian Society of Plant Breeding.
Printed in Brazil

http://dx.doi.org/10.1590/1984-
70332017v17n2a17

ARTICLE

*Corresponding author:
E-mail: wattm@ukzn.co.za

Received: 25 June 2015
Accepted: 11 December 2015

1 School of Life Sciences, University of 
KwaZulu-Natal, Westville campus, Private Bag 

X54001, Durban, 4000, South Africa
2 South African Sugarcane Research Institute, 

Private Bag X02, Mount Edgecombe, KwaZulu-
Natal, 4300, South Africa

INTRODUCTION

Weeds can drastically reduce cane and sugar yields (Millhollon 1992). 
The application of herbicides is therefore a well-established necessity and 
is most crucial during plant cane establishment and subsequent ratoon crop 
regeneration (Campbell 2008). Herbicides must be carefully selected and 
applied as they disrupt essential processes (e.g. photosynthesis, amino acid 
biosynthesis) shared by crops and weeds. In sugarcane, this is especially 
difficult, as a many of the weeds are also graminaceous species, e.g. Cynodon 
dactylon and Digitaria longifolia (Campbell 2008).

One approach to herbicide phytotoxicity is the development of cultivars 
resistant to broad-spectrum herbicides. In sugarcane, as in most crops, this 
can be achieved by conventional plant breeding, genetic transformation 
(Leibbrandt and Snyman 2003) and induced mutagenesis (Rutherford et 
al. 2014). Because of the lengthy plant breeding and selection process in 
sugarcane, legislative restrictions, licensing costs and public opposition to 
transgenesis, our preferred approach is the generation of herbicide-resistant 
variants of proven elite genotypes using mutagenesis. Hence, cultivar N12 was 
selected for generating variants resistant to the herbicide imazapyr (Koch et 
al. 2012). N12 is known to be hardy (McIntyre and Nuss 1998) and is a favored 
cultivar of emerging small-scale farmers in South Africa, who operate under 
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low input conditions, on predominantly strongly acid (pH<5) soils, with weed pressure as a major production constraint 
(Cockburn et al. 2012). 

The active ingredient imazapyr, an imidazolinone (IMI) compound, is registered in South Africa [no. L8817; Arsenal® 
GEN 2; BASF South Africa (Pty) Ltd] for the control of grass and broadleaf weeds prior to sugarcane re-planting. 
Imidazolinone herbicides are active against the enzyme acetolactate synthase (ALS; EC 2.2.1.6), also known as 
acetohydroxyacid synthase (AHAS; EC 4.1.3.18), which catalyses the first step in the biosynthesis of isoleucine, leucine 
and valine. 

Seven putatively imazapyr-resistant sugarcane mutant plants (Mut1-Mut7) were generated from N12 by callus 
exposure to 16 mM ethyl methanesulfonate, and selection on imazapyr-containing medium (Koch et al. 2012). This 
report describes subsequent studies on these mutants grown in the field addressing their imazapyr resistance, basal 
activity of the ALS enzyme and the imazapyr concentration required to inhibit it by 50 % (IC50), and plant characteristics 
and yield, compared with the ‘parent’ N12. 

The mutant genotypes were also tested for their tolerance to the persistent herbicide residual activity in the soil. 
For other crops (Santos et al. 2014), and as per herbicide label instructions, a 4-month waiting period and at least 600 
mm of precipitation are necessary before planting to avoid suppression of sugarcane sett germination and growth. 
However, the ability to replant during the herbicide soil residual period would afford the sugarcane farmer improved 
weed control, as the crop would attain full canopy before any significant weed pressure. Setts of the mutant genotypes 
were, therefore, also tested for germination and growth shortly after the soil was sprayed with imazapyr. 

MATERIAL AND METHODS

Plant material, field trials and imazapyr application
The Mut1-7 obtained by Koch et al. (2012) and N12 control plants were bulked-up in vitro (Ramgareeb et al. 2010). 

After 3 months (30 - 40 cm in height), they were planted in field areas A, B and C. Stalks from 11-month-old plants 
from area A were cut into 3-budded setts and planted in area D. The field (lat 29° 42’ 24.5585’’ S, long 31° 02’ 45.1735 
E’’; long-term mean annual rainfall 1023 mm) was divided into four areas (A-D); A, B and C were subdivided into three 
replicated plots (1 x 3.5 m row, 10 plants per row) in a randomized complete block design. Two months after planting 
(4-6 leaf stage), Arsenal® GEN 2 [240 g a.i. ha-1 imazapyr; BASF, Ago BV Arnhem, Switzerland] was applied directly over 
the top of the plants at 312 and 624 g a.i. ha-1 in areas B and C, i.e. ¼ and ½ of the lethal dose, with a gas-regulated 
sprayer and flat-fan nozzle (Albuz APE 110°) at 194.2 l ha-1 and 1.515 l min-1. Area A was unsprayed. Area D was halved 
(8 x 9.5 m each) and the soil of one half was treated with Arsenal® GEN 2 at 1248 g a.i. ha-1 (lethal dose), 3 weeks prior 
to planting. Both halves were planted with 3-budded setts from mutant (Mut1-Mut7) and N12 control plants, as 90 - 
100 buds per 9.5 m. Rainfall was 78 mm between herbicide application and planting. Germination (per genotype in the 
treated section as % germination in the corresponding untreated one) was determined after 3 weeks and shoot length 
after 12 weeks. 

Yield component and quality of field-grown plants
Stalk number per plot and stalk height and diameter were determined (on 20 randomly chosen 

stalks per plot) for mutant and N12 plants in areas A, B and C, 11 months after planting. Estimated 
cane yield was calculated by ndpr2L/1000 (Miller and James 1974, Gravois et al. 1991); where:  
n = number of stalks.plot-1; d = density at 1.00 g cm-3; r = stalk radius (cm) (radius was calculated from the diameter 
divided by 2); L = stalk height (cm).

In addition, the plants in the unsprayed area A were cut back and allowed to re-grow (ratoon) to maturity, and assessed 
again for yield. Sucrose and fiber contents were analyzed in a mill room of the South African Sugarcane Research Institute 
(SASRI) (Schoonees-Muir et al. 2009). All data were analyzed using a One-way ANOVA and Holm-Sidak test (P < 0.05).
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Acetolactate synthase enzyme and IC50 determinations
Leaf ALS enzyme activity (μmol acetoin h-1 mg-1 protein) was determined colorimetrically (530 nm) by acetoin 

formed (Yu et al. 2010, Koch et al. 2012) and total protein the method of Bradford (1976).

The concentration of imazapyr required to inhibit ALS activity by 50% (IC50) was determined for the third leaf of Mut1-
Mut7 and control N12 from plot A, 5 months after planting. The fresh leaf mass to obtain a maximized initial absorbance 
at 530 nm for acetoin at 0 μM imazapyr was established per genotype, to correct for basal activity differences. The ALS 
activity was assayed with 0 - 30 µM imazapyr [PESTANAL® (Sigma-Aldrich)]. The IC50 values were calculated from the 
nonlinear regression analysis of log (inhibitor) vs. response (GraphPad Prism 5.0., GraphPad Software Inc., San Diego, 
CA, USA). Comparisons of plant IC50 values were performed using a One-way analysis of variance (ANOVA) and Holm-
Sidak test (P < 0.05). Field imazapyr resistance levels in Mut1, Mut6 and N12 control plants were evaluated by ALS 
assays at 1 and 3, 6, and 12 weeks after imazapyr spraying. 

RESULTS AND DISCUSSION

ALS activities and the effect of imazapyr on the enzyme and yield components
The basal ALS activities of Mut1-Mut7 lines and N12 

control plants were determined 2 months after planting 
and prior to herbicide spraying. Mut1 and Mut6 plants 
had significantly higher ALS activities (190.4 and 179.0 
μmoles acetoin h-1 mg-1 protein, respectively) than control 
N12 (1.48 and 1.39 times that of N12, respectively) and 
the other mutants (Table 1). Mutants exhibited 0.77 
– 5.36 times greater IC50 than N12 (Figure 1). The IC50 
value of Mut1 was significantly higher than those of 
Mut2 and control N12; no other significant differences 
were recorded. By way of comparison, two commercially 
released imidazolinone-resistant rice mutants have 
been shown to exhibit IC50 values of 13 and 369 times 
greater than non-mutant rice (Avila et al. 2005). These 
rice mutants were considered tolerant and resistant, 
respectively.

After 2 months in the field, plants were sprayed with 
0, 312 and 624 g a.i. imazapyr ha-1 (areas A, B and C, 
respectively). Six weeks later, all plants in the untreated 
area had normal green leaves (Figure 2a), as did those 
of Mut1, Mut4, Mut5, Mut6, and Mut7 in the sprayed 
areas B and C. However, the leaves of Mut2, Mut3 and 
control N12 turned reddish-brown with accumulated 
3-deoxyanthocyanidin luteolinidin (spectral identification 
not shown) (Figure 2b and c), a symptom of IMI herbicide 
phytotoxicity (Tan et al. 2006). Nine months after 
herbicide application, only a few Mut2 and Mut3 plants 
in the 312 g a.i. ha-1 treatment were alive; all of the 
N12, Mut2 and Mut3 plants sprayed with 624 g a.i. ha-1 
imazapyr had died. 

Mut1 and Mut6 were further investigated for their 
responses to imazapyr over 12 weeks (Figure 3). In the 
untreated area A, ALS activities were significantly higher 
(P < 0.001) than that of control N12 at week 12 (Figure 3a). 

Table 1. Basal ALS activities of mutant (Mut1-Mut7) and control 
N12 plants. a-b indicate  statistically significant differences among 
genotypes

Genotype ALS activity (µmoles acetoin h-1 mg-1 protein)
Mut1 190.4 ± 10.3b

Mut2 120.3 ±   4.7a

Mut3 138.4 ± 11.5a

Mut4 111.4 ±   4.2a

Mut5 128.4 ± 10.7a

Mut6 179.0 ±   6.9b

Mut7 136.9 ±   5.0a

N12 128.8 ±   3.8a

One-way ANOVA and Holm-Sidak test, P < 0.05; n=12, mean ± SE

Figure 1. IC50 values as a measure of imazapyr resistance in mutant 
sugarcane genotypes. Plants were tested for ALS activity 5 months 
after planting. a-b indicate  statistically significant differences 
amongst genotypes. One-way ANOVA and Holm-Sidak test, P < 
0.05; n=3, mean ± SE. For analysis, data were log10-transformed; 
untransformed data are presented. 
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There was a small depression in ALS activity for Mut1 and 
Mut6 plants at week 6, but an increase at week 12. Over 
time, there were no significant differences in ALS activity 
between Mut1 and Mut6 plants, and the ALS activity in 
N12 control plants decreased significantly. In the treated 
areas B and C (312 and 624 g a.i. ha-1, respectively) 
(Figures 3b and c), the ALS activity for the Mut1 and Mut6 
plants at week 6 was significantly lower (P < 0.001) than 
that of the unsprayed plants (Figure 3a). The N12 control 
plants displayed decreased ALS activities at weeks 3, 6 
and 12 in the 624 g a.i. ha-1 area. These were significantly 
lower (P < 0.001) than those in corresponding weeks in 
the untreated area. Sprayed Mut1 and Mut6 exhibited 
larger depressions in ALS activity at 6 weeks than plants 
in the untreated area. Again, activity showed recovery at 
12 weeks, mirroring that seen in the untreated area. This 
suggests that the slight depression for Mut1 and Mut6, and the continued decline in activity for control N12 in the 
untreated area may have been due to herbicide drift from the adjacent treated plots. Eberlein and Guttieri (1994) 
reported that amounts as small as 1/50th of the normal agricultural imazapyr rate reduced potato yields by two-thirds 
and Bond et al. (2006) showed that a simulated drift rate of only 8 g a.i. ha-1 could reduce rice yield by 40%.

When sprayed with 624 g a.i. ha-1 imazapyr, ALS activities of Mut1 and Mut6 decreased significantly (P < 0.001) from 
weeks 1 to 6 (Figure 3c). However, at week 12, ALS activities of Mut1 and Mut6 plants were significantly higher (P < 
0.001) than that of control N12 (Figure 3c). The  ALS activity of the N12 control plants was close to zero by week 6, did 
not recover by week 12 and was always significantly lower (P < 0.001) than those of Mut1 and Mut6 (Figure 3c).  By 
harvest, all N12 control plants sprayed with imazapyr had died.

No significant differences in yield components were found between mutants and N12 within the untreated field 
area in both the plant (Table 2) and the ratoon crops (Table 3). Also, % fibre and % sucrose were not different between 
mutants and the parent (Table 3). This suggests that the mutation breeding approach did not significantly alter the 
yield component characteristics of the mutants. Within the sprayed areas, final live stalk numbers and stalk height were 

Figure 2. The effect of imazapyr on leaf appearance of plants 
Mut1-Mut7 and control N12 6 weeks after foliar application. 
Leaves were collected from (a) untreated; (b) 312 g a.i. ha-1; and 
(c) 624 g a.i. ha-1 sprayed areas.

Figure 3. The effect of imazapyr on ALS activity of Mut1, Mut6 
and control N12 in field material. Leaf material was collected 
from: (a) untreated; (b) 312 g a.i. ha-1; (c) 624 g a.i. ha-1 treated 
areas. (n=3, mean ± SE).
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significantly reduced in Mut2, Mut3 and in N12 (Table 2).

Imazapyr resistance in plants arising from setts planted in treated soil 
In the sprayed half of plot D (1248 g a.i. ha-1 imazapyr 3 weeks prior to planting), germination was 7 - 73% of that 

of the same genotype in the untreated area. Although statistical analysis was not possible due to limited material, 
germination was higher in Mut1 (61%), Mut4 (73%) and Mut6 (61%) than in the other genotypes (Table 4). By week 12, 
Mut1 and Mut6 were significantly taller (P < 0.001) than the other mutants and control N12 (Table 4). Mut1 and Mut6 
were also the least stunted relative to the shoot lengths in the untreated section (75 and 66% of untreated length, 
respectively). Mut2, Mut3 and control N12 had severely stunted growth compared with their untreated counterparts 
and the other genotypes.

Potential modes of herbicide resistance in the tested mutant plants 
Mut1, and perhaps Mut5, may have mutations in the als gene, conferring reduced inhibition of enzyme activity 

by imazapyr (increased IC50; Figure 1). To date, only one such mutation (Ala-559) in the als gene of sugarcane has 
been reported (Khruangchan et al. 2011). Other possible target site alterations could include increased ALS enzyme 
basal activity due to higher als gene transcript levels or gene copies (Boutsalis et al. 1999, Yu et al. 2003). Enhanced 
enzymatic activity is also possible due to post-transcriptional regulation, increased mRNA stability and/or reduced 
enzyme degradation (increased half-life) (Yuan et al. 2002). Mut1 and Mut6 showed 1.4-fold increase in basal ALS 
activities (Table 1). Overproduction of the target enzyme (per unit of protein or fresh weight) increases the number of 

Table 2. Yield components and estimated yield of field-grown plants after 11 months. Two months after planting, imazapyr was ap-
plied (312 and 624 g a.i. ha-1) to areas B and C; area A was untreated. a-d = statistical difference between each genotype

Field area Genotype Live stalk no. plot-1 Live stalk height (cm) Live stalk diameter (cm) Estimated yield (kg plot-1)
A-Untreated Mut1 133.67 ± 6.94 c 124.65 ± 11.38 def 2.02 ± 0.08 c 55.04 ± 11.92 de

Mut2 143.67 ± 21.94 c 123.58 ± 9.44 def 1.70 ± 0.11 bc 43.30 ± 12.73 abcde

Mut3 133.67 ± 3.84 c 138.97 ± 5.23 f 2.03 ± 0.05 c 59.79 ± 2.62 de

Mut4 126.67 ± 12.99 c 126.93 ± 2.41 def 1.96 ± 0.15 c 50.01 ± 11.59 bcde

Mut5 160.00 ± 20.00 c 136.45 ± 7.88 ef 2.10 ± 0.10 c 74.39 ± 6.58 e

Mut6 110.33 ± 10.27 bc 121.15 ± 11.49 def 1.90 ± 0.12 bc 40.30 ± 11.24 abcde 
Mut 7 109.33 ± 11.20 bc 123.08 ± 10.69 def 1.90 ± 0.11 bc 37.92 ± 4.73 abcde

N12 128.67 ± 5.61 c 135.88 ± 3.06 ef 1.97 ± 0.04 c 53.70 ± 4.54 de

Treatment 
mean 130.75 B 128.84 C 1.947 C 51.81 B

B-312 g a.i. ha-1 Mut 1 105.67 ± 12.68 bc 110.88 ± 11.49 cdef 1.70 ± 0.06 bc 27.54 ± 6.90 abcde

Mut 2 28.00 ± 16.17 ab 46.47 ± 13.69 ab 1.30 ± 0.10 b 2.80 ± 2.22 abc

Mut 3 11.00 ± 11.00 a 55.58 ± 14.04 abc 1.57 ± 0.13 bc 0.64 ± 0.64 ab

Mut 4 97.33 ± 17.02 bc 92.28 ± 9.05 bcdef 1.67 ± 0.03 bc 20.41 ± 5.60 abcd

Mut 5 142.67 ± 27.63 c 110.90 ± 15.78 cdef 2.07 ± 0.07 c 52.34 ± 12.25 cde

Mut 6 119.33 ± 8.11 c 112.45 ± 1.07 cdef 2.05 ± 0.10 c 43.98 ± 1.07 abcde

Mut 7 120.67 ± 9.13 c 115.62 ± 10.41 def 1.94 ± 0.03 c 41.41 ± 5.60 abcde

N12 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00  ±0.00 a 0.00 ± 0.00 a

Treatment 
mean 78.08 A 80.59 B 1.538 B 23.64 A

C-624 g a.i. ha-1 Mut 1 112.33 ± 19.43 bc 79.02 ± 15.25 bcde 1.78 ± 0.14 bc 26.02 ± 11.13 abcde 
Mut 2 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a

Mut 3 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a

Mut 4 150.00 ± 10.26 c 94.02 ± 15.49 bcdef 1.86 ± 0.15 bc 41.61 ± 13.85 abcde 
Mut 5 117.00 ± 34.60 c 72.87 ± 13.73 bcd 1.78 ± 0.16 bc 27.21 ± 12.84 abcde

Mut 6 129.00 ± 11.24 c 77.58 ± 14.59 bcde 1.90 ± 0.19 bc 32.59 ± 13.53 abcde

Mut 7 139.00 ± 22.81 c 81.30 ± 13.03 bcdef 1.93 ± 0.11 c 36.30 ± 15.26 abcde

N12 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a

Treatment 
mean 80.92 A 50.60 A 1.155 A 20.47 A

REML analysis and Holm-Sidak test, P < 0.05; n=3; mean ± SE
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target sites that must be inhibited in order to block amino acid synthesis, diluting the effect of the herbicide (Powles 
2010). Alarcón-Reverte et al. (2015) characterized a glyphosate-resistant Echinochloa line that lacked known resistance, 
conferring mutations in the gene of the target enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), but they 
only sequenced part of the gene. That line was similar to susceptible ones in glyphosate absorption, translocation or 
metabolism, but had a 1.4-fold higher basal EPSPS activity and 5-fold higher LD50 than susceptible plants when sprayed 
with glyphosate. Thus, it may be possible that the increased basal ALS activities seen in Mut1 and Mut6 contribute to 
their increased imazapyr resistance (Table 1).

Plants also become resistant to herbicides via non-target-site (NTS)-based resistance (Yuan et al. 2007). Non-target-
site resistance appears to be controlled by multiple genes, each providing partial quantitative effects, which is difficult to 
study (Délye 2013). Also, it comprises a range of mechanisms that act to minimize the amount of herbicide reaching the 
target site, e.g. structural barriers to penetration, physiological exclusion by active transporters and reduced herbicide 
translocation, and increased metabolic detoxification (Yuan et al. 2007, Powles and Yu 2010). These mechanisms are 
possible in Mut4 and Mut7, which did not exhibit increased ALS IC50 levels or increased ALS basal activity. Similar 
to Mut1, Mut5 and Mut6, Mut4 and Mut7 were significantly better than the control N12 in terms of stalk survival 
and height when sprayed with imazapyr (Table 2), and in % germination and shoot height when planted in imazapyr-
treated soil (Table 4). Reduced absorption through the cuticle or other physical barrier and reduced translocation are 
unlikely to be involved as imazapyr resistance was generated in callus cells (Koch et al. 2012). However, in phase I of 
detoxification, herbicide molecules are activated and functional groups are exposed to phase II conjugation enzymes, 
and often to oxidation by cytochrome P450 monooxygenases known to participate in IMI metabolism (Manabe et al. 
2007). A reduction of herbicide resistance by the P450 monooxygenase inhibitor piperonyl butoxide has been reported 
for ALS inhibitors in maize and sunflower (Breccia et al. 2012).

The commercial success of IMI resistant mutants (Clearfield®) is partially due to less stringent regulations for mutants 
than for genetically modified (GM) organisms (Tan et al. 2005), e.g. ‘substantial equivalence’ requires demonstration 

Table 3. An assessment of quality and yield traits of the first ratoon crop of the mutated sugarcane genotypes (Mut1 – Mut7) and 
the commercial variety N12, for the field area not treated with imazapyr (area A) 

Genotype Stalk no. plot-1 Mass of 12 stalks (kg) Estimated yield (kg plot-1) Fiber % (w w-1) Sucrose % (w w-1)
Mut1 105.33 ±  9.68 7.390 ± 0.41 64.74  ± 6.61 13.18 ± 0.40 11.49 ± 0.29
Mut2 66.33 ±  6.64 5.723 ± 0.44 31.47  ± 3.14 12.80 ± 0.32 12.45 ± 0.31
Mut3 88.67 ± 13.35 6.363 ± 0.73 47.34  ± 9.93 13.34 ± 0.33 11.91 ± 0.46
Mut4 85 ±  7.02 5.680 ± 0.31 40.02  ± 2.84 13.41 ± 0.55 10.09 ± 0.55
Mut5 102.33 ± 24.55 7.777 ± 0.70 69.18 ± 21.97 14.17 ± 0.24 11.36 ± 0.71
Mut6 72.67 ± 13.42 7.167 ± 0.49 43.90 ± 10.15 13.15 ± 0.14 12.22 ± 0.63
Mut7 71 ±  3.46 6.573 ± 0.56 43.90   ± 2.58 13.19 ± 0.27 11.97 ± 0.88
N12 77.33 ± 22.24 7.257 ± 0.17 46.52 ± 13.23 13.83 ± 0.37 11.44 ± 0.84
P value 0.459 0.072 0.256 0.227 0.282

Data were analyzed using a One-Way ANOVA, P < 0.05, n=3, mean ± SE. There were no statistically significant differences amongst mutant genotypes and N12.

Table 4. Germination and shoot length in the tested mutants (Mut1-Mut7) and the control N12. The soil in the treated section was 
sprayed with imazapyr (1248 g a.i. ha-1) 3 weeks prior to planting. a-d denote a statistically significant difference between genotypes

Genotype Germination after 3 w (as % of that in 
untreated section)

Shoot length after 12 weeks (as % of 
shoot length in the untreated section)

Shoot length (mm) after 12 w of geno-
types in the treated section

Mut1 61 75 185 ±  8.8d

Mut2 27 20  43 ±  3.6a

Mut3 38 25   60 ±  6.5ab

Mut4 73 44 115 ±  5.2c

Mut5 48 34   88 ±  2.7bc

Mut6 61 66 179 ±  8.4d

Mut7 39 45   124 ± 13.5c

N12 7 16   42 ±  5.5a

One-way ANOVA and Holm-Sidak test, P < 0.001; n=10, mean ± SE
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that the GM and the non-GM wild-type lines are similar, except for the transgene (Cellini et al. 2004). However, 
mutation breeding might cause unintended pleiotropic phenotypes, due to mutation effects on more genes than only 
the desired one (Manabe et al. 2007). Equivalence between our imazapyr resistant lines and the parent cultivar is 
therefore being pursued. Thus far, no significant differences in yield and quality components have been identified in 
imazapyr-untreated lines (Tables 2 and 3). However, yield and quality effects due to mutations will have to be further 
studied across additional soil types and for an extended crop cycle.  

When sprayed with imazapyr, or planted into imazapyr-treated soil, Mut2 and Mut3 are the least resistant (Tables 
2, 3 and 4). However, some stalk survival to maturity at the low foliar imazapyr dose (Table 2) and possibly a higher 
germination rate than that of the control N12 in treated soil (Table 4) in Mut2 and Mut3 indicate a low level resistance 
to imazapyr by these mutants. Mut2 and Mut3 could be considered ‘escapes’ from the in vitro selection protocol. A 
more stringent in vitro selection protocol could be used in the future to increase the likelihood of obtaining mutants 
with greater levels of resistance, such as those seen in Clearfield® rice cultivars (Avila et al. 2005).

CONCLUSIONS

Five of the seven mutants tested showed greater imazapyr-resistance in the field than the control N12. Two had a 
1.4-fold increase in basal ALS activity. Multiple resistance mechanisms seem to be present across the tested mutants, 
e.g. point mutations in the als gene, increased basal expression, and may include exclusion by transporters and 
increased detoxification, elements which are being investigated. The demonstrated ability to plant setts of the mutant 
genotypes during the residual period of imazapyr in the soil will afford farmers improved weed control.  
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