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ABSTRACT

A population of Echinochloa colona from the northern region of Western Australia
evolved glyphosate resistance after 10 years of glyphosate selection and the expression
of associated fitness costs in this population was studied. When assessing fitness costs
associated with resistance, it is crucial to ensure that glyphosate-susceptible (S) and resistant (R) individuals share a similar genetic background, except for the resistance
alleles. A plant cloning technique followed by phenotypic identification and glyphosate
selection was the experimental approach employed to identify S and R phenotypes
within the segregating glyphosate-resistant E. colona population. For selection of R
plants, seedlings were treated with 2,160 g ha-1 of glyphosate (Roundup 540 g L-1) at the
two- to three-leaf stage and the survivors were allowed to produce seeds. For selection
of S plants, 300 g ha-1 of glyphosate (Roundup 540 g L-1) was applied and the clones of
the killed plants were used for seed production. Plants from these seeds served as the
materials for whole-plant dose response and resistance mechanism studies as well as
evaluation of fitness costs associated with glyphosate resistance in this E. colona
population. Estimations of LD50 (dose causing 50% mortality) and GR50 (dose causing
50% reduction in growth rate) showed an eightfold glyphosate resistance in this
population. More shikimate accumulated in leaves of the S phenotype than in the R
phenotype after glyphosate treatment. Glyphosate resistance was not found to be due to
any resistance endowing target site EPSPS gene mutation. It is also unlikely that the
resistance mechanism is due to amplified EPSPS gene expression or enhanced
glyphosate metabolism as no differences were found between the S and R phenotypes.
Similarly, there were no differences in leaf glyphosate uptake and translocation at the
whole plant level between the S and R phenotypes. However, there is evidence
suggesting a reduced cellular glyphosate uptake in the R phenotype. The glyphosate
iii

resistance mechanism in this R phenotype of E. colona remains to be elucidated and
non-target-site based resistance mechanisms (such as vacuole sequestration and/or
membrane uptake) should be explored. Seeds of the S and R phenotypes kept at warmer
temperatures (after-ripening dry storage at 15-35C) or on the ground surface outdoors,
germinated better than those seeds kept for the same period (14 days) at lower
temperature (8C). Light and longer dry after-ripening times increased the rate of seed
dormancy release and germination of both S and R phenotypes. Equal decline in
seedling emergence with increasing soil burial depth was observed in both S and R
phenotypes. Thus, the S and R phenotypes exhibited similar characteristics of seed
dormancy release and germination, and seedling emergence. Under non-competitive
conditions, plants from the S phenotype showed greater leaf area, vegetative
aboveground biomass and root biomass as well as higher relative growth rate compared
to plants of the R phenotype during the vegetative growth stage. At the reproductive
stage, plants of the S phenotype also produced more reproductive biomass than plants
from the R phenotype. A physiological fitness cost of 31 (seed mass) or 22 (seed
number) was associated with the R phenotype. The results clearly suggest there is an
evolutionary trade-off between glyphosate resistance and vegetative and reproductive
growth in resistant E. colona plants when grown in glyphosate-free environments.
Plants of the S phenotype were also stronger competitors with a rice crop than plants of
the R phenotype, and allocated more resources to reproductive organs than the R
phenotype. An ecological fitness cost of 60 was expressed in the R phenotype under
interspecific (vs rice) competitive conditions. Similarly, a greater reduction in seed mass
and number was exhibited by R plants when competing with S plants. In addition, a
significant decline of 14% in the phenotypic frequency of glyphosate resistance was
estimated after two generations in field conditions under no glyphosate selection.
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Overall, results from the present investigation demonstrate that there is a significant
fitness cost associated with glyphosate resistance in the studied E. colona population. It
is possible to speculate that under no further glyphosate selection, the frequency of
glyphosate resistance is likely to remain low or even be eliminated in agroecosystems.

v

TABLE OF CONTENTS

Page
iii
vi
x
xi

ABSTRACT
TABLE OF CONTENTS
ACKNOWLEDGEMENTS
DECLARATION OF THESIS
CHAPTER 1: General introduction
1.1 Herbicide resistance in agroecosystems
1.2 Glyphosate
1.2.1 History and mode of action
1.2.2 Evolution of glyphosate resistance
1.2.3 Mechansims of glyphosate resistance
1.3 Echinochloa colona
1.3.1 Taxonomy and nomenclature
1.3.2 Habitat, distribution, biology and its importance
1.3.3 Herbicide resistance in Echinochloa colona
1.4 Fitness costs associated with herbicide resistance genes
1.4.1 Costs of adaptation
1.4.2 Design of fitness cost studies in the context of herbicide
resistance
1.4.3 Examples of fitness costs associated with herbicide
resistance
1.5 The rationale and objectives of the study
1.6 Layout of the Thesis
References

1
1
6
6
8
10
11
11
15
19
20
20
22

CHAPTER 2: Glyphosate resistance in Echinochloa colona:
phenotypic characterisation and quantification of selection intensity
Preamble
Abstract
2.1 Introduction
2.2 Materials and methods
2.2.1 Plant material
2.2.2 Identification and selection of glyphosate-susceptible and
glyphosate-resistant E. colona individuals from within the
field-collected population
2.2.3 Glyphosate resistance profile in the selected glyphosatesusceptible and glyphosate-resistant E. colona phenotypes:
progeny test
2.2.4 Phenotypic characterisation of glyphosate resistance:
survival, growth and fecundity
2.2.5 Evaluation of other-mode-of-action herbicides
2.2.6 Statistical analysis
2.3 Results
2.3.1 Selection of glyphosate-susceptible and glyphosateresistant E. colona phenotypes

40

vi

24
26
27
28

40
41
41
42
42
42
42
43
43
43
44
44

2.3.2 Plant survival, growth and fecundity of glyphosatesusceptible and glyphosate-resistant E. colona phenotypes
under glyphosate selection
2.3.3 Assessment of fitness and selection intensity
2.3.4 Effect of alternative herbicides
2.4 Discussion
2.4.1 Glyphosate resistance level (resistance index)
2.4.2 Fitness and selection intensity for glyphosate resistance
References
Supporting information

44

CHAPTER 3: Non-target-site glyphosate resistance in Echinochloa
colona from Western Australia
Preamble
Abstract
3.1 Introduction
3.2 Materials and methods
3.2.1 Plant material
3.2.2 Shikimic acid measurement
3.2.3 Evaluation of target-site resistance mechanisms
3.2.3.1 EPSPS gene mutation
3.2.3.2 EPSPS gene expression
3.2.3.3 EPSPS cDNA sequencing
3.2.4 Evaluation of non-target-site resistance mechanisms
3.2.4.1 Leaf uptake and translocation of glyphosate
3.2.4.2 Efflux and net glyphosate uptake in leaf discs
3.2.4.3 Glyphosate metabolism
3.3 Results
3.3.1 Differential shikimate accumulation in the S and R
phenotypes
3.3.2 Absence of target-site EPSPS gene mutations or
overexpression
3.3.3 No difference in foliar uptake and translocation of 14Cglyphosate
3.3.4 Lower glyphosate uptake at the cellular level in the R
phenotype
3.3.5 No major glyphosate metabolism
3.4 Discussion
References

52

CHAPTER 4: Physiological fitness cost associated with glyphosate
resistance in Echinochloa colona (I): seed dormancy release, seed
germination and seedling emergence
Preamble
Abstract
4.1 Introduction
4.2 Materials and methods
4.2.1 Effect of seed storage temperature (dry after-ripening) on
seed dormancy release
4.2.1.1 Seed source and preparation
4.2.1.2 Seed after-ripening and germination conditions

94

vii

44
45
45
46
46
46
48

52
52
53
56
56
56
58
58
60
62
63
63
66
68
70
70
72
74
77
77
81
86

94
94
95
98
98
98
99

4.2.2 Seed germination of glyphosate-susceptible and -resistant
E. colona
4.2.3 Effect of burial depth on seedling emergence of
glyphosate-susceptible and resistant E. colona
4.2.3.1 Incubation of buried seeds
4.2.3.2 Seedling emergence
4.2.3.3 Seed viability test
4.2.4 Statistical analysis
4.3 Results
4.3.1 Seed dormancy release study
4.3.2 Seed germination study
4.3.3 Seedling emergence study
4.4 Discussion
4.4.1 Seed dormancy characteristics of E. colona
4.4.2 Comparison of seed dormancy and germination in the S
and R phenotypes
4.4.3 Management of the E. colona seed bank
References

101

CHAPTER 5: Physiological fitness cost associated with glyphosate
resistance in Echinochloa colona (II): growth and fecundity
Preamble
Abstract
5.1 Introduction
5.2 Materials and methods
5.2.1 Plant material
5.2.2 Growth analysis at the vegetative stage
5.2.3 Growth analysis at the reproductive stage
5.2.4 Statistical analysis
5.3 Results
5.3.1 Growth analysis at the vegetative stage
5.3.2 Growth analysis at the reproductive stage
5.4 Discussion
References

131

CHAPTER 6: Ecological fitness cost associated with glyphosate
resistance in Echinochloa colona
Preamble
Abstract
6.1 Introduction
6.2 Materials and methods
6.2.1 Seed source and plant materials
6.2.2 Interspecific competitive ability of glyphosate-susceptible
and -resistant E. colona phenotypes under rice competition
6.2.3 Intraphenotypic competitive ability between glyphosatesusceptible and -resistant E. colona phenotypes
6.2.4 Frequency of glyphosate resistance over time
6.2.5 Experimental design and statistical analysis
6.3 Results
6.3.1 Interspecific competitive ability of glyphosate-susceptible
and -resistant E. colona phenotypes under rice competition

147

viii

101
101
102
102
102
106
106
113
113
118
118
122
124
126

131
131
132
133
133
134
135
136
138
138
138
142
144

147
147
148
150
150
151
153
154
156
160
160

6.3.2 Intraphenotypic competitive ability between glyphosatesusceptible and -resistant E. colona phenotypes
6.3.3 Reduced frequency of glyphosate resistance traits in E.
colona progeny
6.4 Discussion
6.4.1 Comparison of traits
6.4.2 Dynamics of resistance frequency
References

163

CHAPTER 7: General discussion
References

182
186

Appendices
Appendix 1 Published paper (Title: No fitness cost of glyphosate
resistance endowed by massive EPSPS gene
amplification in Amaranthus palmeri)
Appendix 2 Thin layer chromatography (TLC) plates and related
solvent systems that were developed for studying
glyphosate metabolism in the extracts of the glyphosatesusceptible (S) and -resistant (R) Echinochloa colona
phenotypes

ix

171
171
171
176
178

188
197

ACKNOWLEDGEMENTS

This is the most remarkable and memorable journey of my entire life. I am deeply
grateful to have Prof. Stephen Powles, Dr. Martin Vila-Aiub and Dr. Roberto Busi as
my PhD supervisors. The research in this thesis could not have been accomplished
without their marvellous guidance, vast expertise and infinite compassion over the years.
A token of appreciation goes to Dr. Qin Yu and Dr. Heping Han for their endless
advice and assistance in the work of molecular biology and biochemistry. My sincere
thanks to Dr. Danica Goggin for her wonderful sharing and invaluable suggestions in
the thin-layer chromatography (TLC) and seed germination ecology studies. I also thank
Dr. Siva Sivapalan from DAFWA (Department of Agriculture and Food, Kununurra,
Western Australia) for providing the upland rice seeds. The support from other staff in
AHRI (Australian Herbicide Resistance Initiative) and the School of Plant Biology at
the University of Western Australia are also greatly appreciated.
I acknowledge the 4-year scholarship provided by the Malaysian Rubber Board.
My heartfelt gratitude to my colleagues in the Malaysian Rubber Board and friends
from Malaysia for their wishes and various forms of support. Thanks are also due to
many other friends for making my life in Perth enjoyable and unforgettable.
Lastly, I am indebted to my dad and mum, my lovely sisters and brother,
brother-in-law and niece for their continual love, support and encouragement
throughout my PhD.

x

DECLARATION OF THESIS

This thesis is presented as a series of scientific papers which includes one paper that has
been published. The bibliographical details of the work and where it appears in the
thesis are outlined below.

Chapter 2: Goh, S.S., Vila-Aiub, M.M., Busi, R. and Powles, S.B. 2016. Glyphosate
resistance in Echinochloa colona: phenotypic characterisation and quantification of
selection intensity. Pest Manag Sci 72(1): 67-73.

The work associated with the production of the paper or other chapters in this thesis is
my own. The contribution of the different co-authors in the paper is mainly associated
with the initial research directions and editorial input in various versions of the drafts on
the paper.

April 13, 2016

GOH SOU SHENG
21026401

xi

CHAPTER 1

General introduction

1.1

Herbicide resistance in agroecosystems

Compared to other plant pest, weeds are the most troublesome and consistent limitation
to crop production that farmers are facing. While insects and pathogens can cause very
spectacular damage to plants, weeds act in a less spectacular way. However, they are
more pernicious as they are consistently present at levels that reduce crop productivity.
If left unmanaged, they can lead to severe yield loss or complete crop failure (Oerke
2006; Oerke and Dehne 2004). The important and constant negative impact of weeds
has enticed growers to adopt affective control methods.
While there are many methods of weed control, herbicides are the most widely
used in major crop worldwide. Herbicides are the most cost-effective method for
controlling weeds and their use has contributed to maintaining food and fiber
availability during the last decades (Zimdahl 2010). There are, however, negative
aspects to the use of herbicides one of them being the development of resistance.
As a result of their efficiency, herbicides impose a very high selection pressure
on weeds. By being able to discriminate between resistant and susceptible individuals,
herbicides allow the enrichment of resistance alleles in a weed population (Maxwell and
Mortimer 1994). This will eventually make a population completely immune to
herbicides, greatly increasing the cost and difficulty of weed management (Powles 2008;
Powles and Preston 2006). Herbicide resistance is an evolutionary process in which
herbicide selection intensity is the mechanism through which resistance alleles are
enriched within weed populations. Under herbicide selection, individuals possessing
1

resistance trait(s) can survive and reproduce with their frequency increasing over time.
The basic simplicity behind the process of herbicide resistance evolution has caused this
phenomenon to parallel the introduction of various herbicides on the market.
Herbicide resistant weeds were first documented in 1957 in a wild carrot
(Daucus carota L.) population in Ontario, Canada (Switzer 1957) and spreading
dayflower (Comellina diffusa Burm.f.) in Hawaii (Hilton 1957), both resistant to 2,4-D.
Since then, no herbicide resistance cases were reported until a common groundsel
(Senecio vulgaris L.) population from a nursery evolved resistance to triazines in 1968,
more than 25 years after the introduction of triazine herbicides (Ryan 1970).
Nevertheless, persistent and continuous extensive use of herbicides after 70’s
has led to the selection of weed species resistant to dissimilar herbicide modes of action
and thus many cases of herbicide resistance have now been reported (Table 1.1).
Among these herbicide resistance cases, the highest number of herbicide resistant weed
populations has evolved in response to acetolactate synthase (ALS) inhibiting herbicide
selection accounting for 34 (156 cases) of the total reported cases of herbicide
resistant weeds, followed by resistance to acetyl Co-A carboxylase (ACCase) inhibiting
herbicides (16 or 73 cases), photosystem II inhibitors (triazines, 10 or 47 cases), 5enolpyruvylshikimate-3-phosphate (EPSP) synthase inhibitors (7 or 32 cases),
synthetic auxins (7 or 32 cases), photosystem I inhibitors (6.8 or 31 cases),
photosystem II inhibitors (ureas and amides, 6 or 28 cases) and other mode of actions
(MOA, each MOA < 15 cases) (Heap 2015; Table 1.1). Overall, a total of 246 weed
species have evolved resistance to 22 herbicide modes of action, which can be found in
86 crop types in 66 countries (Heap 2015). While it is useful to document the high
number of resistance cases, there is also interest in discovering the biochemical, genetic
and physiological causes of resistance.
2

Table 1.1 The worldwide incidence of herbicide resistance (Heap 2015)
Mode of action

Year first documented
with related herbicide

Acetolactate synthase (ALS) inhibitors
Photosystem II inhibitors (triazines)
Acetyl Co-A carboxylase (ACCase)
inhibitors
5-enolpyruvylshikimate-3-phosphate
(EPSP) synthase inhibitors
Synthetic auxins
Photosystem I inhibitors
Photosystem II inhibitors (ureas and
amides)
Microtubule inhibitors
Lipid inhibitors
Protoporphyrinogen oxidase (PPO)
inhibitors
Carotenoid biosynthesis (unknown
target)
Photosystem II inhibitors (nitriles)
Carotenoid biosynthesis inhibitors
Long chain fatty acid biosynthesis
inhibitors
Cellulose biosynthesis inhibitors
Antimicrotubule mitotic disrupter
4-hydroxyphenylpyruvate dioxygenase
(HPPD) inhibitors
Glutamine synthetase inhibitors

1982 (chlorsulfuron)
1970 (simazine)
1982 (diclofop-methyl)

Mitosis inhibitors
Cell elongation inhibitors
Nucleic acid inhibitors
Unknown

Total
resistance
cases
156
73
47

1996 (glyphosate)

32

1957 (2,4-D)
1980 (paraquat)
1979 (methabenzthiazuron)

32
31
28

1973 (trifluralin)
1982 (triallate)
2001 (acifluorfen)

12
10
7

1982 (clomazone)

5

1995 (bromoxynil)
1998 (diflufenican)
1982 (metolachlor)

4
4
4

2011 (quinclorac)
1993 (flamprop-methyl)
2009
(mesotrione/tembotrione)
2009 (glufosinateammonium)
1982 (chlorpropham)
1989 (difenzoquat)
1985 (DSMA/MSMA)
2009 (endothal)

3
3
2

3

2
1
1
1
1

Some weed species have evolved resistance to particular herbicide modes of
action while others have evolved broad cross- and/or multiple herbicide resistance.
Cross resistance occurs when a biochemical mechanism endows resistance to more than
one herbicide within the same herbicide mode of action (Beckie and Tardif 2012; Hall
et al. 1994; Yu and Powles 2014). For example, cross-resistance to various
cyclohexanedione (CHD) herbicides (e.g. clethodim, sethoxydim, tralkoxydim) and
aryloxyphenoxypropionate (APP) herbicides (e.g. fluazifop, fenoxaprop, haloxyfop), in
which both groups are ACCase-inhibitors, has been found in Avena fatua L., Avena
sterilis L., Digitaria sanguinalis (L.) Scop., Lolium rigidum Gaudin, Lolium
multiflorum Lam., Setaria faberi Herm. and Sorghum halepense (L.) Pers. (Burke et al.
2006; De Prado et al. 2000; Moss 2000; Stoltenberg and Wiederholt 1995; Tardif et al.
1993; Wiederholt and Stoltenberg 1995). The mechanism can be target-site based
(modification of site of action or target enzyme) so that the target is no longer inhibited
by the herbicide and non-target-site based (e.g. metabolism of the herbicide to a less
toxic compound) (Beckie and Tardif 2012).
Multiple resistance to dissimilar herbicide modes of action (e.g. glyphosate,
ALS inhibitors) is endowed by various herbicide resistance mechanisms (Beckie and
Tardif 2012; Heap 2014). Multiple resistance is more frequently observed in cross
pollinated weed species such as Alopecurus myosuroides Huds., Amaranthus spp., L.
rigidum or Kochia scoparia (L.) Schrad., in which the selected herbicide resistance
genes and alleles can be stacked within individuals over a number of plant generations
(Beckie and Tardif 2012). For instance, a biotype of L. rigidum (VLR 69) has evolved
multiple resistance to at least nine different herbicide groups across five different modes
of

action,

i.e.

phenylureas,

sulfonylureas,

triazines,

bipyridyliums

and

aryloxyphenoxypropionates (Burnet et al. 1994). The occurrence of multiple resistance
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in weed populations implies that only a few selective herbicides may remain effective in
controlling resistant weeds.
The biochemical and physiological mechanisms endowing herbicide resistance
in weeds, have been comprehensively reviewed in the literature (Beckie and Tardif
2012; Délye 2005; Délye et al. 2013a; Devine and Shukla 2000; Duggleby et al. 2008;
Duke 1990; Holt et al. 1993; Hu et al. 2009; Powles and Yu 2010; Tranel and Wright
2002; Warwick 1991; Yuan et al. 2007). Resistance mechanisms are generally grouped
as target- or non-target-site based. Target-site based mechanisms usually involve point
mutations and/or amplification of the gene encoding the herbicide target enzyme
(Powles and Yu 2010). In the first case, a point mutation at the DNA level leads to
amino acid changes in the target enzyme, thus minimizing herbicide binding (Heap and
LeBaron 2001; Patzoldt et al. 2006; Powles and Yu 2010). For instance, EPSP synthase
(EPSPS) gene mutations resulting in Pro106Ser, Pro106Thr, Pro106Ala or Pro106Leu
amino acid substitutions endow resistance to the EPSPS inhibitor glyphosate (Han et al.
2016; Nguyen et al. 2012; Powles and Yu 2010; Sammons and Gaines 2014). While the
point mutations are widely recognised, other target-site based mechanism such as
deletion of an amino acid (Gly210) in protoporphyrinogen oxidase (PPO) in
Amaranthus tuberculatus has also been reported to confer resistance to PPO-inhibiting
herbicides (Patzoldt et al. 2006).
Non-target-site based resistance (NTSR) is associated with any mechanism that
prevents the herbicide molecule from reaching the target enzyme and thus reduces the
herbicide concentration around the target enzyme (Délye 2013; Powles and Yu 2010;
Yuan et al. 2007). NTSR can be also caused by a plant detoxification pathway where
herbicide is degraded into non-toxic compounds (Délye 2013; Yuan et al. 2007). For
example, reduced herbicide uptake or translocation within plants, vacuolar sequestration
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or enhanced herbicide metabolism are different mechanisms that endow non-target-site
resistance (Sammons and Gaines 2014; Yuan et al. 2007).

1.2

Glyphosate

1.2.1

History and mode of action

The herbicidal activity of glyphosate [N-(phosphonomethyl) glycine] was discovered by
John E. Franz (Monsanto, St. Louis, USA) in 1970 after Henri Martin synthesized it
during his employment with Cilag, Schafffhausen, Switzerland in 1950 (Bader 1988;
Franz et al. 1997). Glyphosate was first commercialized as an agrochemical under the
trade name of Roundup by Monsanto in 1974 (Duke and Powles 2008). Initially,
glyphosate was introduced as a nonselective, post-emergent and systemic herbicide with
a broad spectrum of weed control. Later, in 1996, it became a selective herbicide due to
the introduction of transgenic glyphosate-resistant crops such as soybean, cotton, canola
and corn. With its low risk of toxicity towards mammals and the environment as well as
a drastic drop of its cost after the patent had lapsed, glyphosate is considered the most
important and widely used herbicide in many different agro-ecosystems (Duke and
Powles 2008; Woodburn 2000).
Glyphosate has a unique mode of action. It inhibits the enzyme 5enolpyruvylshikimate-3-phosphate synthase (EPSPS) (Steinrücken and Amrhein 1980).
The EPSPS enzyme catalyses the reaction between the substrate shikimate-3-phosphate
(S3P) and phosphoenolpyruvate (PEP) to form 5-enolpyruvylshikimate-3-phosphate
(EPSP) in the shikimate pathway (Boocock and Coggins 1983; Lewendon and Coggins
1983; Rubin et al. 1984). The presence of glyphosate prevents PEP from interacting
with the complex of enzyme:shikimate-3-phosphate (EPSPS-S3P) (Amrhein et al. 1980;
Nafziger et al. 1984; Figure 1.1). This ultimately causes plant mortality, due to
6

Erythrose 4-phosphate + Phosphoenolpyruvate
3-deoxy-D-arabino-heptulosonate-7
-phosphate (DAHP) synthase
7-phospho-2-cheto-3-deoxy-D-arabino-heptonate
3-dehydroquinate
3-dehydroshikimate
Shikimate
pathway

Shikimate
Shikimate-3-phosphate (S3P)
EPSP synthase

PEP
glyphosate

5-enolpyruvylshikimate-3-phosphate
Chlorismate
(precursor for synthesis of aromatic amino acids)

Arogenate

Anthranilate

Phenylalanine and Tyrosine

Tryptophan

Protein

Secondary products
(eg. auxin)

Figure 1.1 The shikimate pathway and the site of glyphosate inhibition.
The arrow with the dotted line represents regulatory feedback inhibition
(adapted from Duke and Powles 2008).
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starvation of shikimate-based compounds such as aromatic amino acids (phenylalanine,
tyrosine and tryptophan) (Tran et al. 1999), and many secondary compounds (for
example, auxins, anthocyanins, lignin and phytoalexins) (Herrmann and Weaver 1999;
Kishore and Shah 1988) and unregulated carbon flow into the shikimate pathway by
diversion away from the photosynthetic pathway during the inhibition of EPSPS (Duke
and Powles 2008; Geiger and Bestman 1990; Orcaray et al. 2012; Siehl 1997).
Furthermore, potential phytotoxic effects derived from the accumulation of shikimate
and acids derived from shikimate in the chloroplast of plants treated with glyphosate
have also been reported (Cole 1985; Holländer and Amrhein 1980; Schulz et al. 1990).
As a non-selective systemic herbicide, glyphosate kills almost all plant species which
come into contact with the spray and then moving throughout the plant by translocation
once it penetrates the leaf cuticles.

1.2.2

Evolution of glyphosate resistance

It was postulated that there was a very low risk for weeds to evolve resistance to
glyphosate due to its unique mode of action and other properties such as its inability of
plants to degrade glyphosate and low residual activity in soil (Bradshaw et al. 1997).
However, glyphosate resistance was documented in L. rigidum in Australia after
approximately 20 years of usage (Powles et al. 1998; Pratley et al. 1996). To date,
evolved resistance to glyphosate has been reported in 32 weed species in 22 countries
(Heap 2015). Among these glyphosate-resistant weeds, ten species are found in
Australia with the highest number of resistant populations in annual ryegrass (L.
rigidum), followed by awnless barnyardgrass (Echinochloa colona (L.) Link) and then
hairy fleabane (Conyza bonariensis (L.) Cronquist) (Table 1.2; Preston 2015).
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Table 1.2 Glyphosate resistant weeds in Australia (adapted from Preston
2015)

Year first
documented

Life cycle
characteristic

Number of
confirmed
populations
(as at May 2014)

1996

Winter grass

574

Echinochloa colona (L.)
Link
(Awnless barnyardgrass/
Junglerice)

2007

Summer grass

98

Urochloa
panicoides
P.Beauv.
(Liverseed grass)

2008

Summer grass

4

Conyza bonariensis (L.)
Cronquist
(Hairy fleabane)

2010

Summer dicot

58

Chloris truncata R.Br.
(Windmill grass)

2010

Summer grass

11

Raphanus raphanistrum
L.
(Wild radish)

2010

Winter dicot

3

Bromus diandrus Roth
(Great brome)

2011

Winter grass

5

Sonchus oleraceus L.
(Sowthistle)

2014

Summer grass

4

Bromus rubens L.
(Red brome)

2014

Winter grass

1

Brachiaria eruciformis
(Sm.) Griseb.
(Sweet summer grass)

2014

Summer grass

1

Weed species
Lolium rigidum Gaudin
(Annual ryegrass)

9

1.2.3

Mechanisms of glyphosate resistance

Target- and non-target-site mechanisms endowing glyphosate resistance have been
found in weeds (Duke 2012; Powles and Preston 2006; Powles and Yu 2010; Sammons
and Gaines 2014; Shaner 2009; Yuan et al. 2007). A single target-site EPSPS gene
mutation causing a serine, threonine, alanine or leucine substitution at Pro-106 (Baerson
et al. 2002a; Kaundun et al. 2011; Ng et al. 2003; Yu et al. 2007) and a double EPSPS
amino acid substitution (Thr102Ile + Pro106Ser, also known as the TIPS mutation)
(Jalaludin et al. 2013; Yu et al. 2015) are responsible for endowing resistance in various
species. Similarly, gene amplification and/or overexpression of the glyphosate target
gene EPSPS are associated with glyphosate resistance. For instance, amplification of the
EPSPS gene was found in glyphosate-resistant Amaranthus palmeri S. Wats. (Gaines et
al. 2010, 2011; Mohseni-Moghadam et al. 2013), Amaranthus tuberculatus (Moq.)
J.D.Sauer (Cockerton 2013) and Lolium multiflorum Lam. (Salas et al. 2012). Higher
EPSPS mRNA expression was discovered in an Australian glyphosate-resistant L.
rigidum (Baerson et al. 2002b) and Conyza spp. from Spain and USA (Dinelli et al.
2006, 2008).
Non-target-site glyphosate resistance due to reduced leaf glyphosate uptake and
translocation within plants (Dinelli et al. 2008; Feng et al. 2004; Koger and Reddy 2005;
Lorraine-Colwill et al. 2003; Michitte et al. 2007; Perez-Jones et al. 2007; Preston and
Wakelin 2008; Vila-Aiub et al. 2012; Wakelin et al. 2004) and vacuolar sequestration
of glyphosate (Ge et al. 2010, 2012) have also been reported in various weed species.
Recently, a ‘rapid leaf necrosis response’ was found in glyphosate-resistant giant
ragweed (Ambrosia trifida L.) in which glyphosate-treated leaves died rapidly to
prevent translocation of the herbicide to the plant’s growing points (Tardif et al. 2013).
This rapid necrosis was closely related to the availability of light and a carbon source
(Christopher et al. 2013; Tardif et al. 2013). There was no point mutation found at the
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Pro-106 of EPSPS and glyphosate uptake for all studied populations was similar in
resistant and susceptible phenotypes (Christopher et al. 2013; Jeffery 2014). Evidence
also showed that both glyphosate-susceptible and -resistant A. trifida populations had
similar expression of EPSPS through the quantification of EPSPS protein levels by
western blotting (Christopher et al. 2013). However, reduced translocation from the
treated leaves (Green 2014; Robertson 2010; Segobye 2013) and shikimate data
suggests a translocation-based resistance mechanism may be involved in the rapid
necrosing resistant population (Christopher et al. 2013). The definitive molecular and
biochemical mechanistic bases associated with glyphosate resistance in A. trifida are yet
to be discovered.
To sum up, glyphosate resistance mechanisms in weed species are greatly
diverse and can differ even within a species from population to population (Table 1.3).
These (multiple mechanisms) in turn can affect the biology of specific R plants that bear
them.

1.3

Echinochloa colona

1.3.1 Taxonomy and nomenclature
Echinochloa colona (L.) Link (Figure 1.2) is commonly known as awnless
barnyardgrass or junglerice. Based on the level of seriousness of weed in cultivated
fields and grasslands that affects productivity and yield, this species has been ranked
among the top four most important weeds in the world due to its widespread infestation
across six different continents (Holm et al. 1991; Table 1.4). Many studies have been
conducted to classify E. colona using morphological, molecular or isozyme approaches
(Asins et al. 1999; Costea and Tardif 2002; Danquah et al. 2002a, b; Hilu 1994; Ruiz-
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Table 1.3 Glyphosate resistance endowing mechanisms in weed species
(resistance mechanism can occur either alone or in combination within a
species)
Resistance mechanism
Weed species
Reference (example)
EPSPS
gene
mutation Amaranthus tuberculatus Nandula et al. (2013)
(Pro106Ser/Ala/Thr/Leu)1
Digitaria insularis
de Carvalho et al. (2012)
Echinochloa colona
Han et al. (2016); Nguyen
et al. (2015)
Eleusine indica
Baerson et al. (2002a)
Lolium multiflorum
Perez-Jones et al. (2007)
Lolium rigidum
Yu et al. (2007)
EPSPS gene double mutation
(Thr102Ile+Pro106Ser
or
TIPS)1

E. indica

Yu et al. (2015)

EPSPS gene amplification1

Amaranthus palmeri
Amaranthus spinosus
A. tuberculatus
Kochia scoparia
L. multiflorum

Gaines et al. (2010)
Nandula et al. (2014)
Tranel et al. (2010)
Wiersma (2012)
Salas et al. (2012)

EPSPS gene overexpression1

A. palmeri
Conyza bonariensis
Conyza canadensis
K. scoparia
L. multiflorum
L. rigidum

Ribeiro et al. (2014)
Dinelli et al. (2008)
Dinelli et al. (2006)
Wiersma (2012)
Salas et al. (2012)
Baerson et al. (2002b)

CP4-EPSPS gene transfer1

Brassica rapa

Warwick et al. (2008)

Reduced
translocation2

Ambrosia trifida
Chenopodium album
C. bonariensis
C. canadensis
L. multiflorum
L. rigidum
Sorghum halepense

Nandula et al. (2015)
Yerka et al. (2013)
Dinelli et al. (2008)
Dinelli et al. (2006)
González-Torralva et al.
(2012a)
Wakelin et al. (2004)
Riar et al. (2011)

Reduced glyphosate foliar
uptake/absorption2

L. multiflorum
S. halepense

Michitte et al. (2007)
Vila-Aiub et al. (2007)

Metabolism2

C. canadensis3

González-Torralva et al.
(2012b)
de Carvalho et al. (2012)
Marshall et al. (1987)

glyphosate

D. insularis3
Equisetum arvense
Vacuolar sequestration2

A. tuberculatus
C. canadensis
L. multiflorum
L. rigidum
1
Target-site based resistance mechanism
2
Non-target-site based resistance mechanism
3
Further verification is needed
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Tranel et al. (2010)
Ge et al. (2010)
Ge et al. (2012)
Ge et al. (2012)

Figure 1.2 Echinochloa colona. 1. habit; 2. inflorescence; 3. spikelet
(ventral view); 4. spikelet (dorsal view); 5. floret; 6. bracts; 7. portion of
culm; 8. portion of leaf base and blade; 9. grain; 10. grain (transverse
section); 11. Seedlings (Holm et al. 1991).
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Table 1.4 The world’s worst weeds1
Species

Family

Class

Cyperus rotundus L.
Cynodon dactylon (L.) Pers.
Echinochloa crus-galli (L.) Beauv.
Echinochloa colona (L.) Link
Eleusine indica (L.) Gaertn.
Sorghum halepense (L.) Pers.
Imperata cylindrica (L.) Beauv.
Eichhornia crassipes (Mart.) Solms
Portulaca oleracea L.
Chenopodium album L.
Digitaria sanguinalis (L.) Scop.
Convolvulus arvensis L.
Avena fatua L.
Amaranthus hybridus L.
Amaranthus spinosus L.
Cyperus esculentus L.
Paspalum conjugatum Berg.
Rottboelia exaltata L.f.

Cyperaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Pontederiaceae
Portulacaceae
Chenopodiaceae
Poaceae
Convolvulaceae
Poaceae
Amaranthaceae
Amaranthaceae
Cyperaceae
Poaceae
Poaceae

Monocotyledonae
Monocotyledonae
Monocotyledonae
Monocotyledonae
Monocotyledonae
Monocotyledonae
Monocotyledonae
Dicotyledonae
Dicotyledonae
Dicotyledonae
Monocotyledonae
Dicotyledonae
Monocotyledonae
Dicotyledonae
Dicotyledonae
Monocotyledonae
Monocotyledonae
Monocotyledonae

1

The importance of the weeds is in descending order (Holm et al. 1991)
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Life
cycle
Annual
Perennial
Annual
Annual
Annual
Perennial
Perennial
Perennial
Annual
Annual
Annual
Perennial
Annual
Annual
Annual
Perennial
Perennial
Annual

Santaella et al. 2006). Classification and nomenclature of this weed (Keng 1978;
Lawrence 1966) is shown in Table 1.5.

1.3.2 Habitat, distribution, biology and its importance
Echinochloa colona is a C4 (summer) annual species that grows aggressively in welldrained soil and under full sunlight (Chauhan 2013; Holm et al. 1991). It is widely
distributed in the warm regions of Asia, Africa, Australia and the northern part of South
America. It occurs commonly in rice fields and in plantation crops, orchards, and
vegetable farms, and in non-cropping areas such as along fence lines, railway rights of
way and roadsides (Holm et al. 1991). In Australia, E. colona grows mostly in the
northern regions of Western Australia and Queensland, east to New South Wales and in
south-eastern Victoria, South Australia and Tasmania (Figure 1.3). According to
Australia’s Virtual Herbarium, this species is most abundant in Queensland, accounting
for 61.4% of the total E. colona recorded in Australia, followed by Western Australia
(22.1%), New South Wales (11.4%), Victoria (2.5%), South Australia (2.4%) and
Tasmania (0.2%) (Australia’s Virtual Herbarium 2015).
This summer-growing grass has a prostrate ascending or erect habit. The
absence of a ligule and awns on the spikelets, an upper floret of 0.5 mm long and
spikelets less than 3.5 mm in length with arrangement in four rows on the primary
branches are unique characteristics of the species (Simon 1990; Webster 1987).
Echinochloa colona is characterized by 2n = 54 chromosomes (Gould et al. 1972;
Yabuno 1962), and it is a hexaploid. It can be propagated through seed and vegetative
parts, where rooting is often found at the lower nodes.
This weed species can produce as many as 42 000 seeds in a life cycle (Mercado
and Talatala 1977) and it is self-pollinating (Holm et al. 1991). At plant maturity, E.
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Table 1.5 The taxonomy of Echinochloa colona (Keng 1978; Lawrence
1966)
Taxon

Name

Kingdom

Plantae

Division

Spermatophyta

Subdivision

Angiospermae

Class

Monocotyledoneae

Order

Poales

Family

Poaceae

Genus

Echinochloa

Species

Echinochloa colona (L.) Link
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Queensland

Western Australia
South Australia

Victoria

New
South
Wales

Tasmania
Figure 1.3 Distribution of Echinochloa colona in Australia (Australia’s
Virtual Herbarium 2015).
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colona seeds usually show primary dormancy which is gradually released within the
first two months under dry storage (Andersen 1968). Chauhan and Johnson (2009)
reported that germination of E. colona seed at harvest was generally lower than that of
seeds stored for up to 180 days. Previous germination tests of E. colona have shown
variable responses. Different protocols of breaking seed dormancy have been
recommended by the Association of Official Seed Analysis (AOSA 2012) and the
International Seed Testing Association (ISTA 2012). The former suggests that seeds
should be placed in darkness for germination tests while the latter proposes placing
seeds under light. Other findings showed that seed germination of this species is
triggered by light (Chauhan and Johnson 2009; Kovach et al. 2010; Vega-Jarquin et al.
2010) and warmer temperatures (i.e. more than 15C) (Kovach et al. 2010; Uremis and
Uygur 1999). Moist conditions favoured E. colona seed germination in the field whilst
soil pH ranging from 4 to 9 did not influence germination (Chauhan and Johnson 2009).
Seed germination rate decreased with increasing salinity (Chauhan and Johnson 2009).
Previous studies have shown that seedling emergence was optimum in the shallow
upper soil horizon at a range of 0 to 2 cm burial depths (Chauhan and Johnson 2009;
Walker et al. 2010). It was observed that seedlings of E. colona emerged between
October and March in the sub-tropical environment of north-eastern Australia where
average soil temperatures ranged from 21-23°C (Walker et al. 2010). Seed survival and
persistence increased with burial depth but persistence of this grass seed in soil was
short (Chaves et al. 1997; Uremis and Uygur 2005; Walker et al. 2010). Shade, water
stress and delaying E. colona emergence in a cropping system by implementing narrow
crop row spacing significantly reduced its growth and seed production (Chauhan 2013;
Chauhan and Johnson 2010a, b).
The presence of E. colona in rice fields can cause, through competition, severe
reductions in rice yield up to 62 and 86% in Latin America and India, respectively
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(Fischer et al. 1997; Mukherjee et al. 2009; Prasad Babu 2012). A yield reduction of
15% has reported in maize fields infested with E. colona (Fahad et al. 2014).
Echinochloa colona is also an alternate host of fungus, nematodes, viruses and diseases,
which can eventually lead to the infection and death of crop plants (Holm et al. 1991)
and its shoot exudates and the leachates obtained from dried biomass have allelopathic
potential (Gomaa and AbdElgawad 2012; Swain et al. 2012). On the other hand, it has
also served as animal forage (Heuzé and Tran 2012).
Since E. colona has emerged as a serious and persistent threat in farming lands,
herbicide has been used widely to control this weed species in many countries. Due to
the high selection pressure, E. colona has also evolved resistance to several herbicides
worldwide.

1.3.3 Herbicide resistance in Echinochloa colona
Globally, E. colona has evolved resistance to six herbicide groups (glycines,
photosystem II inhibitors, ACCase inhibitors, ALS inhibitors, urea and amide-based
photosystem II inhibitors and synthetic auxins) in 14 countries with five cases of
multiple resistance (Heap 2015). In Australia, E. colona has evolved resistance to
atrazine (photosystem II inhibitor) and glyphosate (glycine) (Cook et al. 2008; Dolman
et al. 2009; Gaines et al. 2012; Nguyen et al. 2012). Echinochloa colona with
glyphosate resistance was first documented in 2007 from a summer fallow, winter
cereal production situation near Moree, northern New South Wales, Australia (Storrie et
al. 2008) and resistance has since increased drastically, largely in the Northern Grain
Region of Australia (Cook 2012). In Western Australia, the first confirmed glyphosateresistant E. colona population was found in the Tropical Ord River Region of northern
WA (Gaines et al. 2012). It is estimated that the occurrence and development of
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glyphosate resistance could increase chemical fallow control costs by $50 ha-1 per
application (Storrie et al. 2008).
Since weed management cost is expected to rise due to the occurrence of
glyphosate-resistant weeds in cropping systems, any effort to diminish the risks of
glyphosate resistance and reduce the associated cost should be given a priority. One of
the measures is to understand the physiological and ecological fitness of glyphosateresistant weed. To date, the possible presence of a fitness cost associated with
glyphosate resistance in E. colona remains unknown although Pro106Leu, Pro106Ser
and/or Pro106Thr substitutions in the EPSPS protein of resistant plants have been
identified (Alarcón-Reverte et al. 2013; Dolman et al. 2009; Han et al. 2016; Nguyen et
al. 2015).

1.4

Fitness costs associated with herbicide resistance genes

1.4.1

Costs of adaptation

Evolution occurs when there are fitness differences and heritability on which natural
selection can act (Darwin 1859). Fitness is the quantitative measurement of survival and
reproduction of a species or population under a particular environment (Futuyma 2013;
Primack and Hyesoon 1989; Vila-Aiub et al. 2009a). A wealth of studies which
involves evolutionary biology, plant physiology and population genetics, is often
interpreted using the theory of cost of adaptation (Vila-Aiub et al. 2011). This theory
states that an adaptation to an environmental stress will result in pleiotropic effects on
fitness when the stress is absent (Bergelson and Purrington 1996; Fry 2003; Herms and
Mattson 1992). A fitness cost is defined as an impairment in a plant function or growth
trait that ultimately translates into reduced survival and/or fecundity rates. From an
evolutionary perspective a plant fitness cost is also seen as an “adaptation cost” to the
presence of herbicide selection in agroecosystems (Vila-Aiub et al. 2011).
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In plants, fitness costs can be attributed to several factors that all interplay
within a specific environment. Firstly, resistance-conferring mutations can impede some
plant functions or metabolism. For example, the target-site based mechanism(s) could
interfere with the normal function of the target enzyme (Délye 2005; Gronwald 1994;
Purrington and Bergelson 1999; Tranel and Wright 2002). By using nearly isogenic
lines of Brassica napus L. and S. vulgaris (Gressel and Ben-Sinai 1985; McCloskey and
Holt 1990) or segregating populations of Setaria italica (L.) P. Beauvois and S. vulgaris
(Darmency and Pernes 1989; Stowe and Holt 1988), it was observed that impaired
chloroplast function in the resistant plants caused by a mutation (Ser264Gly) in the
chloroplast psbA gene for triazine (photosystem II inhibitor) resulted in reduced
photosynthesis rate, growth and productivity at the whole plant level.
Secondly, fitness costs could also originate from ecological interactions. For
example, there may be pleiotropic effects of resistance because resistant plants may
become less attractive to pollinators and may be more susceptible to disease (Agrawal et
al. 1999; Strauss 1997). Thirdly, based on the theory of plant resource allocation, fitness
cost can also be associated with a trade-off between plant growth or reproduction and
defense such as herbivory protection. The production of secondary metabolites or the
formation of certain reinforced structures such as toughened leaves, trichomes and
spines that deter colonization and feeding to limit herbivory, constrains plant growth
(Bazzaz et al. 1987; Bjorkman et al. 2008; Coley 1986; Herms and Mattson 1992;
Lerdau et al. 1994). In the cases of metabolism-based herbicide resistance mechanisms,
plants could divert any resources for growth and reproduction to increase the production
of detoxification enzymes (Herms and Mattson 1992).
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1.4.2

Design of fitness cost studies in the context of herbicide resistance

Experimental methods for studying fitness costs in herbicide resistant plants are timeconsuming and laborious as they involve the production of proper phenotypic and/or
genotypic lines for comparative purposes. Also evolutionary analysis includes
measurements of fitness traits over the whole plant life cycle such as in the stages of
seed germination, plant growth and development and seed production under different
environments and selection forces (Maxwell et al. 1990; Roush et al. 1990). The
experimental methods for such studies have been described by several authors in
comprehensive reviews (Bergelson and Purrington 1996; Vila-Aiub et al. 2009a, 2011,
2015a).
In brief, when assessing fitness costs associated with herbicide resistance genes,
it is crucial to ensure that the susceptible and resistant plants share a homogenous
genetic background, except for the resistance traits (Bergelson and Purrington 1996;
Cousens et al. 1997; Giacomini et al. 2014; Roux et al. 2004; Vila-Aiub et al. 2009a,
2011). The effect of different genetic backgrounds on relative fitness has long been
studied (Chaplin and Mann 1978; Cooper and Waranyuwat 1985; Legg et al. 1979;
Simons 1979) but this important factor is usually overlooked. Vila-Aiub et al. (2009a)
reported that three quarters of fitness studies on herbicide-resistant plants have failed to
control the genetic background appropriately and this has resulted in studies in which
allelic variation and differences at other loci, which can also affect the growth and
productivity of both susceptible and resistant phenotypes, have possibly flawed the
results. However, recently, considerable work has been done to highlight the importance
of genetic background in fitness cost studies (Bergelson 1994; Bergelson and Purrington
1996; Darmency et al. 2015; Giacomini et al. 2014; Neve et al. 2014; Paris et al. 2008;
Vila-Aiub et al. 2011, 2015a).
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The best plant material to be used in the study of fitness cost is a set of nearly
isogenic lines. However, alternative approaches have also been proposed (Vila-Aiub et
al. 2011, 2015a). These approaches include using resistant and susceptible plants from
segregating populations or selected from within a single population to minimize the
possibility of loci not related to the resistance allele(s) influencing the fitness of the
plants. It is also important that estimation of fecundity traits in resistant and susceptible
plants is conducted under identical growing conditions. It is noteworthy that the parent
plant environment can influence both the quantity and quality of its progeny (i.e. seed
size, germinability and maturity and its chemical compounds, pollen performance etc)
as well as the plant fitness in a later stage (Delph et al. 1997; Diggle et al. 2010; Elwell
et al. 2011; Fenner 1991; Gutterman 2000; Mazer and Gorchov 1996).
Additionally, the biochemical bases of herbicide resistance, wherever possible,
should be revealed beforehand. Previous studies have demonstrated that the impact of
herbicide resistance traits on plant fitness varies on a case-by-case basis, depending on
the specific resistance mutation, allele, and fitness dominance under specific biotic
and/or abiotic selective pressures (Délye et al. 2013b; Li et al. 2013; Snow et al. 2005;
Vila-Aiub et al. 2005b, 2015a).
Fitness costs can be expressed at different phases of a plant life history and
under particular abiotic environments (e.g. specific light, nitrogen, etc conditions) and
in response to ecological interactions such as plant competition. Thus, it is a good
practice to evaluate fitness costs during seed germination, seedling emergence,
vegetative and reproductive stages under non-competitive and competitive conditions
(Radosevich et al. 1997). Previous studies have shown that the magnitude of a cost
would be magnified under stressful environments (Jordan 1999). Evaluation of fitness
costs must encompass studies that assess plant survival and fecundity in both controlled
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environments and field conditions in order to obtain a true ecological measure
associated with the resistance trait.

1.4.3

Examples of fitness costs associated with herbicide resistance

Fitness costs associated with evolved herbicide resistance alleles in plants are
inconsistent and could be affected by herbicide resistance mechanisms, its modes of
action, weed species and the stages of plant growth and development across different
environmental or non-competitive/competitive conditions (Vila-Aiub 2009a; 2015a). A
fitness cost associated with the Ser264Gly mutation of psbA in triazine-resistant plants
has been well documented in different weed species as reviewed by Jasieniuk et al.
(1996), Powles and Holtum (1994), Powles and Yu (2010) and Vila-Aiub et al. (2009a).
For instance, impaired rates of photosynthesis under high light conditions has caused
the reduction in overall growth and this in turn has reduced the reproductive output in
triazine-resistant Amaranthus hybridus L., Datura stramonium L., S. vulgaris and
Solanum nigrum L. (Jacobs et al. 1988; Jordan 1996, 1999; McCloskey and Holt 1990;
Stowe and Holt 1988). In addition, work done by Gassmann (2005) has proven that
fitness cost of herbicide-resistant traits could be magnified by ecological interactions
such as herbivory. Their results showed that triazine-resistant A. hybridus plants with
the Ser264Gly mutations are also prone to both species of herbivorous insects, viz.
Disonycha glabrata and Trichoplusia ni. Meanwhile other study demonstrated that S.
vulgaris that evolved resistance to the same mechanism are more susceptibility to
fungal (Puccinia lagenophorae) infection (Salzmann et al. 2008).
Tardif et al. (2006) have documented that Amaranthus powellii S. Wats. with a
Trp573Leu substitution in the acetolactate synthase enzyme, conferring resistance to
sulfonylureas and imidazoline herbicides, had smaller leaves and an abnormal leaf
morphology and anatomy at the end of 20-day period when the plants were grown alone.
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These leaf characteristics have resulted in an average of 58% lower leaf area and 67%
less aboveground biomass in the R individual than in the S individual. More than 90%
reduction in the fitness of R individual was observed under competitive conditions due
to the S individual was highly competitive in the very early stage of plants’ life (Tardif
et al. 2006). This study was initiated from seeds and not transplanted seedlings which
could affect the competitive response of both genotypes (Tardif et al. 2006). In contrast,
Li et al. (2013) revealed that ALS target-site resistance mutations (Ala122Tyr,
Pro197Ser, Asp376Glu) do not have any negative pleiotropic effects on relative growth
rate (RGR) and photosynthesis in wild radish (Raphanus raphanistrum L.).
In the cases of plants with evolved resistance to ACCase, homozygous L.
rigidum carrying the Asp2078Gly mutation demonstrated reduced RGR and ACCase
activity, lower allocation of biomass to roots, shoots, and leaves, and was a weaker
competitor to wheat when compared to the homozygous susceptible individual (VilaAiub et al. 2015b). No pleiotropic effect was found in L. rigidum individuals with the
ACCase gene mutation Ile1781Leu (Vila-Aiub et al. 2015b). A negligible fitness cost
was also found in Leu-1781 or Asn-2041 ACCase-inhibiting herbicide-resistant A.
myosuroides (Menchari et al. 2008). In contrast, A. myosuroides with a homozygous
Asp2078Gly mutation was shorter and produced less biomass and fewer seeds
(Menchari et al. 2008). This indicates that the expression of fitness cost associated with
ACCase resistant traits is specific and those substitutions of amino acid that
significantly reduces the functionality or activity of ACCase enzyme may lead to
impairment in fitness (Powles and Yu 2010; Vila-Aiub et al. 2015b). Reduced ACCase
activity associated with the 2078 mutation likely results in insufficient enzyme products
(lipids) for normal metabolism.
Amaranthus palmeri plants with amplification of the EPSPS gene displayed
similar height, and biomass allocation to vegetative and reproductive traits under
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competitive conditions when compared to susceptible plants and thus there were no
significant fitness costs for plants with the resistance trait (Giacomini et al. 2014; Vila-

Aiub et al. 2014). Few studies have documented the fitness cost associated with nontarget-site resistance. However, studies conducted by Vila-Aiub et al. (2005a, 2005b,
2009b) have reported that a fitness cost is associated with cytochrome P450-mediated
herbicide metabolism in L. rigidum. Thus, it is noteworthy that the expression of fitness
cost associated with herbicide resistance traits is not universal and varies on a case-bycase basis.

1.5

The rationale and objectives of the study

Glyphosate is the world's most important herbicide in agroecosystems and it is essential
for global crop productivity. However, the evolution of glyphosate resistance in weeds
is a threat to world food production. The issue of glyphosate resistance has reached a
level where every effort needs to be made to combat this challenge and to preserve the
sustainability of glyphosate as an essential tool for agricultural technology in cropping
systems. Understanding the fitness costs associated with herbicide resistance can lead to
the design of appropriate weed management strategies which exploit those fitness costs
in glyphosate resistant populations. This knowledge is of prime importance in
developing new, innovative and effective weed management approaches, thereby
prolonging the life span of glyphosate for long term weed control.
No studies have been conducted on the impact of glyphosate resistance genes on
E. colona physiological (under relaxed environment) and ecological (under stress
conditions) fitness. The study presented in this Thesis provides inroads into an
evolutionary and ecological understanding of the fitness costs (viz. an impairment in
plant function that ultimately translates into reduced survival and/or reproduction)
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associated with glyphosate resistance. The scope of this study broadens our knowledge
of plant ecological fitness and glyphosate resistance traits.
The overall objectives of the study are:
1.

To select and identify glyphosate susceptible and resistant E. colona individuals
from within a single glyphosate resistant population and to quantify glyphosate
resistance levels in selected glyphosate susceptible and resistant E. colona subpopulations

2.

To examine the glyphosate resistance mechanism(s) in the resistant E. colona
phenotype

3.

To assess the physiological and ecological fitness costs associated with glyphosate
resistance in E. colona

1.6

Layout of the Thesis

This Thesis has been prepared as an integrated-article format with a series of five
chapters corresponding to potential scientific papers (one already published is included
as a PDF). In total there are seven chapters in this thesis, viz. a General Introduction,
five Experimental Chapters and a General Discussion. The five Experimental Chapters
(Chapters 2 to 6) are presented in the format of scientific papers that can be read
individually or as a part of the whole thesis. The Chapters are detailed as follows:
Chapter 1 describes the broad theoretical background of herbicide resistance and fitness
costs and the objectives of the present Thesis. A more specific review of the literature is
presented in the Introduction of each experimental chapter.
Chapter 2 deals with the phenotypic characterisation of glyphosate resistant E. colona.
Chapter 3 reports on the studies conducted to determine the glyphosate resistance
mechanism(s) present in E. colona.
27

Chapters 4 to 6 assess the physiological and ecological fitness cost associated with
glyphosate resistance in E. colona.
The final Chapter 7 contains a General Discussion of the obtained results and introduces
new questions to be explored in future studies.
Each Experimental Chapter is composed of an Abstract, Introduction, Materials
and Methods, Results, Discussion, References and Supporting Information (if any).
Unless otherwise stated, all references in this thesis were focused on studies that satisfy
the requirements of the control of genetic background related to fitness cost studies.
As part of my PhD training, a research study has been conducted to quantify
fitness cost and the glyphosate resistance associated with EPSPS gene amplification in
A. palmeri from Georgia, the United State, analysing segregating F2 populations (see
Appendix 1).
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CHAPTER 2

Glyphosate resistance in Echinochloa colona: phenotypic characterisation and
quantification of selection intensity

Preamble
To quantify the fitness cost of herbicide-susceptible and -resistant plants, it is important
to select, identify and characterise appropriate plant material which shares similar
genetic background, except for the resistance trait(s). For this purpose, a segregating
glyphosate-resistant Echinochloa colona population from the northern region of
Western Australia has been characterised for this study.

This Chapter was published as below, in 2015 in Pest Management Science (DOI:
10.1002/ps.4005).
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Supporting Information

Figure S1 Individual seed mass (% mean of the control) in glyphosatesusceptible (S,

) and -resistant (R,

) E. colona phenotypes in response

to increasing glyphosate doses. Symbol bars denote the standard error of the
mean. Regression lines represent the fitted exponential decay model.
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Table S1 Estimates of a, b and SYm50 parameters derived from the
exponential decay regression model (y = ae-bx) for glyphosate susceptible
(S) and -resistant (R) Echinochloa colona phenotypes1
Phenotype

a

b

R2

SYm50+

RI

S
R

100 (4)
95 (2)

0.002 (0.0004)
0.0002 (0.00002)

0.65
0.44

345
4010

12

1

a = the maximum plant response, b = the slope of curve. Values in parenthesis are
standard errors of the mean

+

SYm50: SY50 based on total seed mass plant-1
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Table S2 Estimated fitness (W) and selection intensity (SI) for glyphosatesusceptible (S) and -resistant (R) Echinochloa colona phenotypes based on
survival rate and fecundity (seed mass plant-1) under both glyphosate
treatment at 270 and 540 g ha-1

Glyphosate
dose
(g ha-1)

Phenotype

S
270

540

R

S
R

+

Survival
rate#

Fecundity
(Fm) +

Fitness
(W)+

0.34

0.58

0.20

Glyphosate
selection
intensity
(SI)+

4
0.88

0.91

0.80

0.12

0.34

0.04

0.77

0.87

0.67

17

Fm = fecundity based on total seed mass plant-1, W = survival rate x fecundity,
SI =

#

Glyphosate selection intensity (SI) based on plant survival at 540 g ha-1 =

50

=6

Table S3 Alternative modes of action herbicides treated on glyphosatesusceptible (S) and -resistant (R) Echinochloa colona phenotypes
Herbicide1

Field recommended dose
-1

(g ha )

Mode of action

Paraquat

350

Photosystem I inhibitor

Glufosinate ammonium

600

Glutamine synthetase inhibitor

Sulfometuron methyl

150

ALS inhibitor

Clethodim

77

ACCase inhibitor

Sethoxydim

225

ACCase inhibitor

Fluazifop-p-butyl

225

ACCase inhibitor

Haloxyfop

52

ACCase inhibitor

2520

Photosystem II inhibitor

75

4-hydroxyphenyl-pyruvate

Atrazine
Isoxaflutole

dioxygenase [HPPDs] inhibitor
Trifluralin

576

Microtubule assembly inhibitor

Pyroxasulfone

100

Very long chain fatty acids inhibitor

S-metolachlor

960

Very long chain fatty acids inhibitor

1

Paraquat (Gramoxone, Syngenta Crop Protection Ltd.), glufosinate ammonium (Basta,
Bayer CropScience Pty. Ltd.), sulfometuron methyl (Mako, Nufarm Australia Ltd.),
clethodim (Select, Sumitomo Chemical Australia Pty. Ltd.), sethoxydim (Sertin 186
EC, Bayer CropScience Pty. Ltd.), fluazifop-p-butyl (Fusilade Forte, Syngenta Crop
Protection Ltd.), haloxyfop (Verdict 520, Dow AgroSciences Australia Ltd.), atrazine
(Nufarm Australia Ltd.), isoxaflutole (Balance 750 WG, Bayer CropScience Pty. Ltd.),
trifluralin (Triflur X, Nufarm Australia Ltd.), pyroxasulfone (Sakura 850 WG, Bayer
CropScience Pty. Ltd.) and S-metolachlor (Dual Gold, Syngenta Crop Protection
Ltd.). Clethodim and sethoxydim were mixed with 1% v/v Hasten (704 g l-1 ethyl and
methyl esters of vegetable oil with 196 g l-1 non-ionic surfactants, Victorian Chemical
Co., Australia), whereas haloxyfop was mixed with 1% v/v spraying oil adjuvant
(Uptake Spraying Oil, Dow AgroSciences Australia Ltd.).
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CHAPTER 3

Non-target-site glyphosate resistance in Echinochloa colona from Western
Australia

Preamble
Several factors such as the specific resistance mutation, allele, and fitness dominance
under specific biotic and/or abiotic selective pressures have an impact on plant fitness
associated with herbicide resistance. Therefore an investigation of the molecular and
biochemical bases of the glyphosate-resistant Echinochloa colona population
characterised in Chapter 2 has been conducted and is reported in this Chapter.

Abstract
Glyphosate is a potent inhibitor of the essential chloroplastic enzyme 5enolpyruvylshikimate-3-phosphate synthase (EPSPS) and an important herbicide tool to
combat weed infestations in many cropping and non-cropping systems worldwide. Due
to the intensive use of glyphosate, many weed species have evolved resistance to this
herbicide. This study investigates the physiological, molecular and biochemical basis of
glyphosate resistance in population of Echinochloa colona from Northern Western
Australia (Kununurra). Nucleotide sequencing, the expression of the ESPSPS, the
movement pattern of radiolabelled glyphosate and the metabolism of glyphosate was
studied on this population, under laboratory and greenhouse conditions. More shikimate
was accumulated in leaves of the susceptible (S) phenotype than in the resistant (R)
phenotype after glyphosate treatment. Resistance was not found to be due to any
resistance endowing EPSPS gene mutation. Similarly, there were no differences
between the S and R phenotypes in glyphosate leaf uptake and translocation at the
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whole plant level. It is also unlikely that the resistance mechanism is due to EPSPS gene
overexpression and/or amplification or glyphosate metabolism as no differences were
found between the S and R phenotypes. However, there is an indication of reduced
cellular uptake of glyphosate in the R phenotype. Therefore, a target-site based
resistance mechanism is unlikely to be involved in glyphosate resistance in this E.
colona population. The exact glyphosate resistance mechanisms in this R phenotype of
E. colona remain to be elucidated, in which non-target-site based resistance mechanisms
(such as vacuole sequestration and/or membrane uptake) should be explored.

3.1

INTRODUCTION

Glyphosate, a non-selective herbicide with a broad spectrum of weed control, has been
widely used for almost four decades in agroecosystems and non-cropping areas.
Glyphosate competes with phosphoenolpyruvate (PEP) for the binding site in the 5enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme in the shikimate pathway
(Boocock and Coggins 1983; Lewendon and Coggins 1983; Rubin et al. 1984).
Glyphosate prevents PEP from interacting with the complex of enzyme:shikimate-3phosphate (EPSPS-S3P) (Amrhein et al. 1980; Nafziger et al. 1984) thus leading to
shortage of the aromatic amino acids phenylalanine, tyrosine and tryptophan (Ahrens
1994) and secondary metabolic products (e.g. auxins, anthocyanins, lignin and
phytoalexins) (Herrmann and Weaver 1999; Kishore and Shah 1988). This glyphosate
inhibitory effect also causes accumulation of shikimate (Cole 1985; Holländer and
Amrhein 1980; Schulz et al. 1990) and acids derived from shikimate (Duke and Powles
2008; Geiger and Bestman 1990; Orcaray et al. 2012; Siehl 1997).
Since the very first cases of glyphosate resistance in Lolium rigidum Gaudin in
Australia were reported (Powles et al. 1998; Pratley et al. 1999), the number of
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glyphosate-resistant weeds has increased rapidly in a wide range of cropping systems
where glyphosate has been used intensively and where engineered glyphosate tolerant
crops such as canola, corn, cotton, soybean and sugar beets were adopted (Dill et al.
2008; Duke and Powles 2009; Gianessi 2005). With the introduction of glyphosate
tolerant transgenic crops in many agricultural areas (The Americas, Australia),
glyphosate has became a selective herbicide for weed control in these crops. To date,
evolved resistance to glyphosate has been documented in 32 weed species worldwide
(Heap 2015).
Both target- and non-target-site mechanisms endowing glyphosate resistance
have been identified in resistant weed species (Duke 2012; Powles and Preston 2006;
Powles and Yu 2010; Sammons and Gaines 2014; Shaner 2009; Yuan et al. 2007).
Single target-site EPSPS gene mutations resulting in an amino acid substitution of Pro106 by Ser, Thr, Ala or Leu have been reported in various weed species to endow low
level glyphosate resistance (Baerson et al. 2002a; Kaundun et al. 2011; Ng et al. 2003;
Yu et al. 2007). Recently a double EPSPS gene mutation (Thr-102-Ile + Pro-106-Ser,
also known as the TIPS mutation) has been identified in Eleusine indica (L.) Gaertn. to
confer high level glyphosate resistance (Yu et al. 2015). In addition, EPSPS gene
amplification is increasingly recognized as a target-site based resistance mechanism
since first being reported in glyphosate-resistant Amaranthus palmeri S. Wats. (Gaines
et al. 2010, 2011). Overexpression of EPSPS was also indicated as a possible resistance
mechanism (Baerson et al. 2002b; Dinelli et al. 2006, 2008). Non-target-site based
glyphosate resistance due to reduced leaf glyphosate uptake and/or reduced glyphosate
translocation within plants due to vacuolar sequestration has also been reported in
various weed species (Hu et al. 2009; Lorraine-Colwill et al. 2003; Sammons and
Gaines 2014; Yuan et al. 2007). Degradation of glyphosate to non-toxic compounds
may also contribute to glyphosate resistance in a limited number of weed species such
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as Cirsium arvense (L.) Scop., Convolvulus arvensis L., Equisetum arvense L. and
Ipomoea purpurea (L.) Roth (Duke 2011; Sammons and Gaines 2014; Sandberg et al.
1980; Sprankle et al. 1978).
Echinochloa colona (L.) Link, also commonly known as awnless barnyardgrass
or junglerice, is a C4 annual summer species widely distributed in cropping systems
(Holm et al. 1991). This weed species has been documented to be resistant to
glyphosate and other herbicides of many modes of action (i.e. synthetic auxin,
photosystem II, acetyl-coenzyme A carboxylase (ACCase), acetolactate synthase (ALS)
and cellulose inhibitors) (Heap 2015). Thus far the incidence of glyphosate-resistant E.
colona populations has been constrained to three continents, viz. Australia (in New
South Wales, Queensland and Western Australia), North America (in California) and
South America (in Argentina and Venezuela) (Heap 2015). Further investigation
revealed that glyphosate resistance in some of these E. colona populations was due to
EPSPS gene mutation of Pro106Thr, Pro106Ser and/or Pro106Leu (Alarcón-Reverte et
al. 2013, 2014; Han et al. 2016; Nguyen et al. 2012).
In Australia, glyphosate resistance in E. colona was first documented in 2007 in
northern New South Wales. Since then, the number of resistant populations of this weed
species has increased drastically, mainly in the Northern Grain Region of Australia
(Cook 2012). In Western Australia, the first confirmed glyphosate-resistant E. colona
was found in the Tropical Ord River Region in northern Western Australia (Gaines et al.
2012). The selected resistant phenotype of this population has a resistance index of 8
relative to the susceptible phenotype (Gaines et al. 2012; Goh et al. 2016).
Previous studies have shown that resistance levels and fitness cost are closely
related to the resistance trait or mechanism possessed by a resistant individual, where it
influences the magnitude, existence and nature of resistance (Délye et al. 2013;
Menchari et al. 2008; Roux et al. 2004). This study focuses on identification of the
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molecular and biochemical basis of glyphosate resistance in an E. colona population
collected in Western Australia. Target-site EPSPS gene mutation and EPSPS gene
overexpression and non-target-site glyphosate leaf uptake, translocation, metabolism and
cellular uptake were investigated.

3.2

MATERIALS AND METHODS

3.2.1

Plant material

Identification and selection of glyphosate susceptible (S) and resistant (R) phenotypes
from within an E. colona population collected from the Tropical Ord River region
(15°30'S, 128°21'E) of Western Australia was conducted as described in Goh et al.
(2016). This methodology enabled the selection of S and R phenotypic lines with
similar genetic background. Seeds from the S and R phenotypic lines were used
throughout the studies. To break dormancy, seeds were pre-treated with concentrated
sulphuric acid (98%) for 5 min, rinsed with tap water for 5 minutes and germinated on
agar-solidified water (0.6%) (w/v) in glasshouse conditions (25-30C) prior to
transplanting of seedlings. Transplanted seedlings were grown in plastic pots containing
potting mixture (50% composted fine pine bark, 30% cocopeat and 20% river sand).
Unless otherwise specified, glyphosate (Roundup PowerMax, Nufarm, Australia; 540 g
L-1) treatment was applied to plants at the 3- to 5-leaf stage, using a laboratory spray
cabinet, with a 2-nozzle boom delivering 118 L ha-1 at a pressure of 210 kPa.

3.2.2

Shikimic acid measurement

Differences in shikimate accumulation in S and R plants after glyphosate treatment is an
indicator of glyphosate-resistance (Preston et al. 2006). At the two-leaf stage, seedlings
of the S and R phenotypes (n = 100) were transplanted into plastic trays (34 x 28 cm)
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containing potting mixture and the plants grown in glasshouse conditions (temperature
30C). At the four- to five-leaf stage, plants were treated with glyphosate at 540 g a.e.
ha-1. Treated plants were moved outdoors during the normal warm summer growing
conditions for E. colona. Fresh leaf tissue (about 1 g) was harvested at 0, 1, 2, 3 and 5
days after treatment (DAT) and stored at -20C prior to analysis.
Shikimic acid extraction and measurement were performed according to
Cromartie and Polge (2000) and Yu et al. (2009) with some modifications. About 1 g of
plant leaf tissue was ground to fine powder in liquid nitrogen with a mortar and pestle,
and then homogenised in 4 to 8 mL of 0.25N HCl. The mixture was then transferred to a
10 mL plastic centrifuge tube and the tube was incubated for 1.5 h at room temperature.
After centrifugation at 20,000 g for 10 min, about 1 mL of the supernatant was
transferred into a 1.5 mL microcentrifuge tube followed by brief re-centrifugation in a
bench top centrifuge at 13,200 g for 2 min. The final supernatant was used for the
subsequent steps.
An aliquot of the extract (5 to 10 L) was mixed with 0.25 N HCl to a final
volume of 100 L and then mixed with 400 L reaction buffer containing 0.25% (w/v)
periodic acid and 0.25% (w/v) sodium-meta periodate. The mixture was incubated at
room temperature for 1 h to allow shikimic acid oxidation. The solution was then mixed
with an equal volume of the quench buffer (0.6 M NaOH + 0.22 M Na2SO3) to stop
oxidation and to stabilize the colour (chromophore). A 100 L aliquot of 0.25 N HCl
without plant extract was used as a background control. The absorbance was
immediately detected spectrophotometrically at 380 nm in a UV-Vis Spectrophotometer
(UVmini-1240 Model, Shimadzu Corporation, Kyoto, Japan). A standard curve was
constructed with shikimic acid standard (Sigma-Aldrich, USA) at a range of 0 to 420 g
mL-1 (0-2.4 mM). Shikimate concentration in leaf tissues was quantified against the
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standard curve. The shikimic acid concentration was expressed as mg per gram of leaf
fresh weight.

Statistical analysis
This experiment was arranged in a completely randomised design with three
replications. Accumulation of tissue shikimate was fitted to a non-linear regression
exponential model:

y = a (1-bt)

where y is accumulated shikimic acid at different days (t) after glyphosate
application, a is the upper limit of shikimic acid concentration and b is rate of increase
in shikimic acid.
The mean comparison of shikimic acid accumulation for the S and R phenotypes
was subjected to one-way ANOVA with Tukey’s test (SAS 9.3, SAS Institute Inc., Cary,
NC, USA). Nonlinear regression models were subjected to Fisher’s test using GraphPad
Prism

version

5.00

(GraphPad

Software,

San

Diego,

California,

USA,

www.graphpad.com) to determine whether the two fitted curves were statistically
different.

3.2.3

Evaluation of target-site resistance mechanisms

3.2.3.1 EPSPS gene mutation
Plant material
The 2- to 3-leaf stage seedlings of the S and R phenotypes were transplanted into 20cell plastic trays containing potting mixture. The seedlings were grown in a heated
glasshouse (30C) and at the 3- to 4-leaf stage, were exposed to glyphosate at a rate of
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540 g ha-1. Leaves of surviving plants (12 R individuals) were snap-frozen for DNA
extraction. Bulked leaf material from the S phenotype (25 individuals) without
glyphosate treatment was used as a control. Plants were watered as required.

DNA extraction
Genomic DNA was extracted from leaf tissues of both phenotypes according to Yu et al.
(2008) with modifications. An approximately 2 cm section of the young leaf of
individual plants was cut and transferred to a 1.5 mL microcentrifuge tube. The leaf
section was disrupted using a bead mill (Qiagen Pty. Ltd., Australia) in 650 µL
extraction buffer (200 mM Tris-HCl pH 7.5, 250 mM sodium chloride, 25 mM EDTA,
5 g L−1 SDS). The extract was centrifuged at 14,000 rpm for 15 minutes, and the
supernatant was extracted with 650 µL chloroform. The upper phase was then mixed
with 600 µL cold isopropanol and kept in a freezer for 20 minutes to precipitate the
nucleic acid. Then, the mixture was centrifuged for 10 minutes and the resultant pellet
was washed with 200 µL 70% ethanol. The pellet was vacuum dried, resuspended in
100 µL Milli-Q water and stored at -20C.

PCR amplification and EPSPS gene sequencing
The forward primer 5’-GCGGTAGTTGTTGGCTGTGGTG-3’ and the reverse primer
5’-TCAATCCGACAACCAAGTCGC-3’ from Ng et al. (2003) were used to amplify a
292 bp (including 90 bp intron) fragment, which covers the highly conserved region
where potential point mutations conferring glyphosate resistance have been identified
(Padgette et al. 1996).
A polymerase chain reaction (PCR) was conducted in a 25 µL volume that
consisted of 2 µL of genomic DNA, 0.5 µM of each primer and 12.5 µL of 2 x GoTaq
Green Master Mix (Promega Corp., USA). The PCR was run in a thermal cycler
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(Mastercycler, Eppendorf, Germany) with the following profile: 94C for 4 min, 40
cycles of 94C for 30 s, 60C for 30 s and 72C for 30 s, followed by a final extension
step of 5 min at 72C. The PCR product was purified from agarose gel with a DNA
purifying kit (Wizard SV Gel and PCR Clean-up System, Promega Corp., USA) and
sequenced from both directions with the AB-Big Dye Terminator system using a
commercial sequencing service (Lotterywest State Biomedical Facility Genomics,
Western Australia). All the sequence results were visually examined using the
chromatogram files, aligned and compared between the S and R phenotypes.

3.2.3.2 EPSPS gene expression
Plant material
Seedlings of the S and R phenotypes at the 2- to 3-leaf stage were transplanted into
plastic trays (33.5 x 28 x 6 cm) and grown in a heated glasshouse (30C). When plants
reached the 4- to 5-leaf stage, approximately 50 seedlings were treated with glyphosate
at 540 g ha-1. Shoot material of approximately 20 untreated S and R or treated S and R
plants per replicate (with two replicates per treatment) was collected 24 h after
glyphosate treatment. Samples were snap-frozen in liquid nitrogen and kept at -80C
until use.

RNA extraction
RNA was extracted using the protocol of the Isolate II RNA Plant Kit (Bioline Australia
Pty Ltd., Australia). The concentration of the extracted RNA was measured using a
Nanodrop spectrophotometer (Thermo Fisher Scientific, Australia). The RNA sample
was diluted and normalised to about 10 g L-1 and possible contaminating DNA was
removed using a Turbo DNA-free kit (Life Technologies Australia Pty Ltd., Australia).
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Transcription of RNA to cDNA
Approximately 2 g L-1 of RNA was used to synthesize first-strand cDNA. A 13 L
reaction mixture with 11 L RNA, 0.5 L of 100 M Oligo (dT)18 primer (Bioline,
Australia), 1 L of 10 mM dNTPs (Promega Corp., USA) and 0.5 L of water were
heated at 65C for 5 min to denature RNA, followed by a quick chill on ice. Then 4 L
of 5 x first-strand buffer, 1 L of 0.1 M DTT, 1L of SuperScript III RT
(Invitrogen/Life Technologies Australia Pty Ltd., Australia), and 1 L RNase inhibitor
(40 units L-1, Bioline, Australia) were added to total a final reaction volume of 20 L.
Reverse transcription was performed in a Mastercycler (Eppendorf, Germany) at 50C
for 60 min, followed by heating at 70C for 15 min to inactivate the reaction.

Quantitative real time PCR
The expression level of EPSPS cDNA in the S and R phenotypes was quantified using
quantitative real-time PCR. A 132 bp fragment of eukaryotic translation initiation factor
4B gene (EIF4B), that was amplified from a pair of primers (the forward primer 5’CCAGTCCCTTTTTGTTTTGGA-3’

and

the

reverse

primer

5’-

CTACAGCATACAGAGGTGATCAAT-3’) was tested and used as an internal control
gene

(Iwakami

et

al.

2014).

GCAAGTTCCCGGTTGAGAAGG-3’

The
and

forward
the

primer

reverse

‘5primer

5’TCCACCAGCAGCAGTCACGGC-3’ were designed (based on a single 292 bp
fragment sequence as described in Section 3.2.3.1) to amplify a 106 bp cDNA fragment
of the EPSPS gene. Primer amplification efficiency was determined for each primer set
1

1

1

using a 1x (approximately 100 ng L-1), 5x, 25x, 125x and

x dilution series of cDNA

in duplicate. Negative controls containing the template with no primers were included.
Primer efficiency and slope were 85% and -3.755 (R2 = 0.99) for EIF4B and 104% and
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-3.233 (R2 = 0.96) for EPSPS. No amplification products were observed in control
samples.
Quantitative real time PCR was performed in a 20 µL reaction volume
consisting of 5 µL cDNA (50 ng) as template, 5 µL 0.5 µM of each primer and 10 µL 2
x SensiFAST SYBR Lo-ROX Mix (Bioline, Australia). Negative controls consisting of
primers with no template were included. The PCR was run on a 7500 Fast Real-Time
PCR System (Applied Biosystems, USA) with the following profile: the initial
polymerase activation at 50C for 20 s and 95°C for 10 min, then 40 cycles of 95°C for
15 s and 60°C for 1 min. The experiment was a factorial design, viz. a combination of
two glyphosate treatments (untreated and treated plants) and two phenotypes (S and R)
each with two biological replicates and two technical replicates.
The expression of the target EPSPS gene relative to the internal control gene
(EIF4B) in the glyphosate untreated and treated S and R phenotypes was determined.
Relative gene expression was assessed using the following equation (Livak and
Schmittgen 2001; Schmittgen and Livak 2008):

Fold change = 2-

CT

or 2-

CT

where CT or threshold cycle is the number of cycles at which the fluorescent
signal passes the threshold, i.e. exceeds background level. CT is the difference in
threshold cycles for sample and reference where CT = [Avg. CT(Sample) -Avg. CT(EIFB4)]
and CT = [CT(Treated)-CT(Untreated)].

3.2.3.3 EPSPS cDNA sequencing
To examine other possible resistance-endowing mutations outside the highly conserved
region of the EPSPS gene, a 1116 bp (out of 1338 bp full length EPSP cDNA) fragment
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was

amplified

and

sequenced

with

the

forward

primer

(5’-

GCGGTAGTTGTTGGCTGTGGTG-3’) (Ng et al., 2003) and the reverse primer
EiLFT1

(5’-TTAGTTCTTGACGAAAGTGCTCAGCACGTCGAAGTAGT-3’)

(Baerson et al. 2002a). The PCR was conducted in a 25 µl volume that consisted of 1
µL of cDNA, 0.5 µM of each primer and 12.5 µL of 2× GoTaq Green Master Mix
(Promega Corp., USA). The PCR was run with the following profile: 94oC for 4 min; 40
cycles of 94oC for 30s, 62oC for 30s and 72oC for 1.5 min, followed by a final extension
step of 7 min at 72°C. Five cDNA samples (one S and 4 Rs) were analysed.
The PCR product was purified from agarose gel with Wizard SV Gel and PCR
Clean-up System (Promega Co., Madison, WI USA) and sequenced by the commercial
service. All sequence chromatograms were visually checked for quality and consistency
before sequences were assembled and aligned.

3.2.4

Evaluation of non-target-site resistance mechanisms

3.2.4.1 Leaf uptake and translocation of glyphosate
Preparation of plants and treatment
Individual S and R seedlings at the 1- to 2-leaf stage were transplanted into plastic cups
(6 cm in diameter and 6 cm in height). Seedlings were maintained in a controlled
environment room with a light intensity of 650 μmol m-2 s-1 and relative air humidity of
75% at alternating temperature of 25/20C with a 12 h day/night photoperiod.
At the three-leaf stage, the midpoint of the adaxial surface of the second fully
expanded leaf was spotted with a single droplet (1 μL) of
solution (with a specific

14

C-labelled glyphosate

14

C radioactivity of 55.18 mCi mmol-1, PerkinElmer, Inc.,

Boston, USA) using a micropipette. The
was made up of 0.44 mM

14

14

C-glyphosate treatment solution (5.04 mM)

C-glyphosate in a diluted commercial glyphosate

formulation plus 0.25% (v/v) non-ionic surfactant BS1000 (1000 g l-1 of alcohol
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alkoxylate). This treatment solution with 0.89 kBq μL-1 of 14C-glyphosate is equivalent
to a glyphosate application rate of 123 g ha-1, which is a discriminating rate for the S
and R phenotypes.

Visualization and quantitation of 14C-glyphosate translocation
At 24, 48 and 72 h after

14

C-glyphosate treatment (hours after treatment, HAT),

resistant and susceptible seedlings were harvested. Plants were removed from soil and
aboveground (leaf and stem) and root material collected. To remove unabsorbed
glyphosate, the

14

14

C-

C-glyphosate treated leaf surface of each plant was rinsed in 20 mL

washing buffer containing 20% (v/v) methanol and 0.2% (v/v) Triton X-100. Five
millilitres aliquots of the leaf wash were mixed with 5 mL of scintillation solution
(IRGA-Safe Plus, PerkinElmer, Inc., MA, USA) and the radioactivity was quantified
using a liquid scintillation counter (LSC) (Packard, Tri-Carb 1500, USA). Roots of
individual plants were rinsed in 50 mL washing buffer, and radioactivity in the
recovered buffer was measured.
The plant samples were blotted dry, pressed on paper towel and oven dried for 2
days at 60C. Translocation of

14

C-glyphosate was visualized by phosphor-imaging

(Personal Molecular Imager (PMI) System, Bio-Rad Laboratories, Inc., California,
USA). After imaging, the plant samples were separated into three sections, that is
treated leaf, roots, and untreated shoot and leaves. The plant sections were then
combusted in a biological oxidiser (RJ Harvey Instrument Corporation, Hillsdale, NJ).
The average combustion efficiency was 111.5  0.5% (within the acceptable
combustion efficiency that ranged from 95-130%). 14C-Glyphosate in plant sections was
oxidized to 14CO2, which was trapped in a 15 mL scintillation cocktail containing a 1:1
mixture of carbon dioxide absorber (Carbo-Sorb E, PerkinElmer, Inc., MA, USA) and
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Permafluor E+, PerkinElmer Life and Analytical Sciences, CT, USA) and quantified by
LSC.
The average recovery of applied

14

C-glyphosate from leaf plus root wash and

combustion was 95  1%. The total radioactivity recovered from all plant parts
(excluding leaf and root wash) was considered to be the foliar uptake of glyphosate.
Radioactivity present in all plant sections except the treated leaf was considered as
translocation and was expressed as percentage of total 14C absorbed.

Statistical analysis
Treatments were arranged in a completely randomized design. There were five
replicated plants per harvest per phenotype at each time point. As each plant was treated
and processed individually, absorption and translocation of

14

C-glyphosate were

calculated for individual replicate plants. Mean and standard error were computed for
each treatment. Percentage data from absorption and translocation experiments were
arcsine transformed to meet analysis of variance (ANOVA) assumptions (i.e. data are
homoscedastic and normal distributed). Means were separated using Tukey’s test (twoway ANOVA with phenotype, HAT and its interaction as sources of variation for
absorption; meanwhile three-way ANOVA with phenotype, HAT, plant sections and its
interactions as sources of variation for translocation) at the 5% level of probability using
the ANOVA procedure of the SAS package (SAS 9.3, SAS Institute Inc., Cary, NC,
USA). As analyses of transformed data gave results identical to those obtained with
untransformed data, the analyses of the original, untransformed data are reported.
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3.2.4.2 Efflux and net glyphosate uptake in leaf discs
Plant material
The efflux and net uptake of glyphosate at the cellular level was investigated using a
leaf disc system. Seedlings of the S and R phenotypes were transplanted into individual
pots. At the 3-to 4-tiller stage, each individual plant was divided into two vegetative
clones. One clone of each plant was treated with 540 g ha-1 of glyphosate 2 weeks after
cloning, and one clone remained untreated (control). A total of 15 untreated individuals
from each S and R phenotype were therefore further confirmed for their resistance and
susceptibility by glyphosate treatment and used for this experiment. The selected plants
were grown in a heated glasshouse with mean day/night temperatures of 30/25C,
watered and fertilised as required.

Leaf disc sampling and infiltration
Two young fully expanded leaves were collected from each plant (with a total of five
plants) and surface sterilized (with 70 ethanol). One leaf disc toward the base of each
leaf (avoiding taking the midrib) was sampled using a 4 mm cork borer. Each set of the
10 fresh leaf discs were weighed and vacuum infiltrated using a 10 mL syringe in 5 mM
ammonium phosphate buffer (pH 5.5) containing 0.1 (v/v) Tween 80 and 10 mM
sucrose (hereinafter defined as the medium). The infiltrated leaf discs were kept in the
buffer medium at room temperature in low light conditions until used.

14

C-glyphosate incubation and efflux study

In order to find a glyphosate concentration discriminating between the S and R
phenotypes, a series of technical grade glyphosate concentrations (60-2000 M) were
used to measure shikimate accumulation in the leaf discs. A significant difference in
shikimate content between the S and R discs was found in 60 M glyphosate (data not
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shown) and thus this concentration was chosen for the subsequent studies as the most
discriminative concentration for this type of assay. Glyphosate incubation and efflux
protocols were according to Gougler and Geiger (1981) with some modifications.
Technical glyphosate (60 M) was spiked with 0.2 Ci

14

C-glyphosate with a specific

activity of 55.18 mCi mmol-1 (PerkinElmer, Inc., Boston, USA) in the medium.
Infiltrated leaf discs of each replicate (10 leaf discs) were then transferred into plastic
wells containing 2 mL 14C-glyphosate and incubated at 25C on an orbital shaker.
After 24 h incubation, the incubation media was decanted. The leaf discs were
rapidly washed with 1 mL fresh medium without glyphosate and then transferred into a
new well containing 1 mL fresh medium and returned to the shaker. At various time
intervals, a 800 L of aliquot of the medium solution was removed from the wells and
the radioactivity counted by the LSC (Packard, Tri-Carb 1500, USA). The remaining
efflux aliquot (200 l) was withdrawn and immediately replaced by 1 mL fresh medium.
The amount of 14C-glyphosate efflux in the medium was measured at 2.5, 5, 10, 15, 30,
60, 90 and 120 min and used to calculate the total glyphosate. The amount of glyphosate
in each efflux interval is expressed as g per gram fresh weight (FW) of leaf discs.
After completion of the efflux period, the leaf discs were washed twice in 1 mL
fresh medium for about 2 min and transferred into a 1.5 mL microcentrifuge tube and
stored at -80C until extracted.

Extraction of leaf discs
Plant extraction followed the protocol of Holtum et al. (1991) and Dinelli et al. (2006)
with some modifications. Frozen leaf discs were thawed at room temperature and
ground in 0.5 mL of 10 (v/v) cold methanol for 3 min with a pre-chilled mortar and
pestle. The homogenate was transferred to a 1.5 mL microcentrifuge tube. The mortar
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and pestle was washed two more times with 0.5 mL 10 (v/v) cold methanol and the
wash was added to the homogenate. Radioactivity in the homogenate (500 L aliquot)
in duplicate was measured by LSC. The net glyphosate uptake into plant cells is
expressed as g per gram fresh weight of leaf discs.

Statistical analysis
This experiment was arranged in completely randomised design with three replications
per treatment. The net glyphosate uptake for both the S and R phenotypes was subjected
to the t-test using the SAS package (SAS 9.3, SAS Institute Inc., Cary, NC, USA). The
data for glyphosate efflux into the medium over a period of time point were plotted
using a hyperbolic function:

y=

1

where y = amount of glyphosate in the medium, a = asymptotic value of
glyphosate amount at increasing efflux times, b = increase rate of the amount of
glyphosate for a given increase in efflux time and t = efflux time. The parameter
estimates derived from this function were subjected to unpaired t-test using GraphPad
Prism

version

5.00

(GraphPad

Software,

San

Diego,

California,

USA,

www.graphpad.com) for mean comparisons between the S and R phenotypes.

3.2.4.3 Glyphosate metabolism
Preparation of plants and treatment
The 3-leaf stage S and R seedlings were treated with

14

C-glyphosate following the

procedures as described in section 3.2.4.1. Six treated plants per phenotype
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(approximately 0.5 g fresh weight) were harvested at 48 and 72 HAT. In addition, three
untreated plants per phenotype were also collected and bulked. The treated leaf surface
of each seedling was rinsed in 20 mL washing buffer containing 20% (v/v) methanol
and 0.2% (v/v) Triton X-100 to remove unabsorbed 14C-glyphosate and the radioactivity
in the leaf wash was measured as described previously. Plant samples were then blotted
dry and kept at -80C until use.

Plant extraction procedure
Frozen material was ground and homogenized in 1 mL of 10 (v/v) cold methanol with
a pre-chilled mortar and pestle for 5 min. The homogenate was transferred to a 10 mL
centrifuge tube and centrifuged at 8,000 g for 15 min at 4C. The supernatant was
decanted and the pellet was washed and re-extracted twice with 0.5 mL 10 (v/v) cold
methanol. The three portions of supernatant were pooled (about 3 mL), re-centrifuged at
9,000 g for 15 min and then transferred to a new 5 mL tube. The untreated plants were
spiked with 14C-glyphosate and extracted following the same extraction procedure. The
supernatant was evaporated to dryness under vacuum with a SpeedVac Concentrator
(SVC-100H, Savant, Farmingdale, NY). The dried residue was resuspended in 250 l
10% (v/v) cold methanol and was concentrated to 50 l. The concentrated liquid was
centrifuged at 14,000 g for 5 min prior to analysis by thin layer chromatography (TLC).
The final supernatant was quantified by LSC to determine the total radioactivity for
each sample. The mean recovered radioactivity was 78.8  0.3% of the total applied
dose.
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Detection of glyphosate and its metabolites
TLC was performed using 20 x 20 cm aluminium-backed silica gel plates with a particle
size of 25 m (Sigma-Aldrich, Australia). A 1 l droplet of concentrated plant extract
and diluted 14C-glyphosate standard was spotted onto the TLC silica gel plate. The spots
contained about 1 ng (0.3 nCi) of

14

C-glyphosate. The TLC plate was developed in a

solvent system containing isopropanol: 5% (v/v) ammonia in 1:1 ratio (Selvi et al. 2013;
Appendix 2). After development for a run length of 15 cm (which took about 6.5 hrs),
the plate was removed and air-dried overnight. Then, the TLC plate was exposed to an
imaging plate for 48 hrs and the results from TLC analysis were visualised with the
phosphor imager and the retention factor value estimated (Rf, the ratio of the distance
moved by the

14

C-labelled compounds compared with that of the solvent). Parent

glyphosate in the samples was identified by comparing their Rf value with the

14

C-

glyphosate standard. The 14C-glyphosate standard was detected with a Rf value of 0.36.
The experiment was repeated.

3.3

RESULTS

3.3.1

Differential shikimate accumulation in the S and R phenotypes

Shikimic acid concentrations within the range of 0-2.4 mM (4.2 μg) resulted in a
positive and linear increase in absorbance at 380 nm (Fig. 3.1; standard curve) under the
experimental conditions. There was a strong linear correlation between shikimic acid
concentration (x) and absorbance (y) (y = 271x; R2 = 0.995). The transparent to pale
yellow reaction solutions (as a result of oxidation of shikimic acid by periodic acid to
form trans-aconitic acid and a dialdehyde (Gaitonde and Gordon 1958)) gave
absorbance readings at a range of 0-1.14 at 380 nm.
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Figure 3.1 Standard curve for determination of shikimic acid content (0-4.2
μg or 0-2.4 mM). Dots are means of three replicates. Bars designate the
standard error associated with each mean. Data are fitted to the linear
regression model (y = 271x; R2 = 0.995).
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All plant extract samples had absorbance readings within the values derived
from the shikimic acid standard curve (data not shown). These observations suggest that
a reliable and accurate measure of relative shikimic acid estimations in leaf samples was
obtained. There were significant differences between the S and R phenotypes in the
amount of shikimate accumulated. In the treated S plants, leaf shikimic acid level
increased dramatically (33-fold) over time with a steeper slope (b = 0.9) (Figure 3.2). In
contrast, increase in shikimic acid in the R phenotype was observed only at day two
after treatment and then remained unchanged over the next three days (Figure 3.2).
Plants from the S phenotype accumulated more shikimic acid compared to the R
phenotype throughout the experiment. Based on the fitted curves, the S phenotype had
already accumulated three times as much shikimic acid than the R phenotype at 5 DAT.
These results clearly demonstrated that more shikimate was accumulated in the S
phenotype than in the R phenotype after glyphosate treatment, thus confirming the
glyphosate resistance status of the R-E. colona phenotypic line.

3.3.2

Absence of target-site EPSPS gene mutations or overexpression

Initially, a single 292 bp DNA fragment of the highly conserved region of EPSPS was
amplified, aligned and compared between the S and R samples (Figure 3.3). No
mutations were found in the highly conserved region (from amino acid position from 95
to 109, according to Arabidopsis EPSPS cDNA numbering. In addition, nearly the full
length (83%) of the E. colona EPSPS cDNA was sequenced, and there were no
nucleotide changes between the S and R sequences that resulted in amino acid
substitutions. Thus, no resistance-endowing target-site EPSPS gene mutation was found
as a resistance mechanism in the R-E. colona population under study.
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Figure 3.2 Shikimate accumulation in the leaves of untreated (day 0) and treated plants
in glyphosate-susceptible (S, ) and -resistant (R, ) Echinochloa colona phenotypes
over 5 days. Each data point represents mean values of three replications. Bars
designate the standard error of each mean. Data are fitted to the exponential regression
model (S: y = 6 [1-0.9t], R2 = 0.928; R: y = 1-0.5t, R2 = 0.837).
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R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 S
Figure 3.3 PCR amplification of a highly conserved EPSPS gene region
from the glyphosate-susceptible (S) and -resistant (R) Echinochloa colona
phenotypes showing the single 292-bp DNA fragment. The 1000 bp ladder
DNA was used.

EPSPS gene transcript levels relative to EIF4B were determined using
quantitative RT-PCR. There was no difference in basal EPSPS transcript levels, nor
induction of EPSPS gene expression by glyphosate treatment, in S and R samples
(Table 3.1). These results suggest that the EPSPS gene overexpression mechanism is
unlikely to be responsible for glyphosate resistance in the R-E. colona studied.

3.3.3

No difference in foliar uptake and translocation of 14C-glyphosate

There were no significant differences in all variables (phenotype, HAT and interaction
between phenotype x HAT) for leaf

14

C-glyphosate absorption in the S and R

phenotypes tested (Table 3.2). About 60-70% of 14C-label was absorbed by adaxial leaf
surfaces of both S and R phenotypes and remained constant, regardless of the assessed
time intervals (Table 3.3). The highest amounts of the absorbed radiolabelled
glyphosate were retained in the treated leaf (Figure 3.4). Analysis of variance (ANOVA)
for 14C-glyphosate translocation showed significant effects in most of the interactions of
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Table 3.1 The basal level and induction (treatment) of EPSPS gene
expression in glyphosate-susceptible (S) and -resistant (R) Echinochloa
colona phenotypes 24 hours after glyphosate treatment1
EPSPS gene
expression

Phenotype

CT*

S
R

1.7 (0.8) a
1.5 (0.3) a
CT*

Basal level
Induction

S
R

-

+

0.3
0.3
-

0.1 (0.8) a
0.1 (0.7) a

+

0.9
0.9

1

Values in parentheses are standard errors of the mean. Means within a column
followed by the same letters are not significantly different according to t-test ( =
0.05).

CT = [Average CT(Sample) –Average CT(EIFB4)], CT = [CT(Treated)-CT(Untreated)]

+

2- CT and 2- CT = fold increase in gene expression. CT (threshold cycle) = a relative
measure (number of cycles) of when the concentration of amplified target reaches a
fixed threshold.
Table 3.2 Summary of analysis of variance (ANOVA) for

14

C-glyphosate

foliar absorption in glyphosate-susceptible (S) and -resistant (R) Echinochloa
colona phenotypes
Source of variation1
Phenotype
Hours after treatment (HAT)
Phenotype x HAT
1

df
1
2
2

F
1.7
1.3
0.2

P value
0.2
0.3
0.8

HAT = hours after treatment
Table 3.3

14

C-glyphosate foliar absorption in glyphosate-susceptible (S) and

-resistant (R) Echinochloa colona phenotypes as a function of time
Phenotype
S
R
P value
1

Absorption (SE) (% of total recovered)1
24 HAT
48 HAT
72 HAT
67 (3)
62 (2)
61 (3)
62 (4)
59 (1)
60 (3)
0.4
0.2
0.8

Values in parentheses are standard errors of the mean. HAT = hours after treatment,
SE = standard errors of the mean
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Figure 3.4 Translocation and distribution of 14C-glyphosate in glyphosatesusceptible (S,

) and –resistant (R,

) Echinochloa colona phenotypes

at 24, 48 and 72 hours after leaf treatment (HAT). Values are means of
five replicates. Bars designate the standard error associated with each
mean.
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variables (Table 3.4). The amount of 14C-glyphosate translocated out of the treated leaf
ranged from 45-60% of the total absorbed. In general there was considerably more 14Cglyphosate downward movement to the roots than upwards to the shoots. However, no
differences in the quantified amounts of

14

C-labelled glyphosate in the treated leaf,

untreated shoot and leaves and roots were found between the S and R phenotypes.
Similarly, phosphor imaging did not reveal visual differences in

14

C-glyphosate

distribution between the S and R phenotypes (Figure 3.5). Thus, no impaired glyphosate
translocation was observed when comparing S with the R phenotypes.

3.3.4

Lower glyphosate uptake at the cellular level in the R phenotype

Glyphosate efflux from leaf discs was rapid over at the first 20 min and glyphosate
levels then remained unchanged during the remaining experimental period (120 min)
(Figure 3.6). Glyphosate efflux in the S and R leaf discs was found to be similar (Figure
3.6). However, lower net glyphosate uptake (24%) in the R compared to the S samples
was observed (Table 3.5).

3.3.5 No major glyphosate metabolism
Glyphosate was 14C labelled at the phosphonomethylene group. A potential degradation
pathway

of

14

C-glyphosate

will

produce

radioactive

metabolites

such

as

aminomethylphosphonic acid (AMPA), sarcosine and glycine. However, no major
glyphosate metabolites were detected by TLC in the S or R samples at 48 and 72 HAT
(Figure 3.7). This result indicates that glyphosate metabolism is unlikely to contribute to
glyphosate resistance in the R-E. colona phenotype studied.
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Table 3.4 Summary of analysis of variance (ANOVA) for

14

C-glyphosate

translocation in glyphosate-susceptible (S) and -resistant (R) Echinochloa
colona phenotypes
Source of variation1
Phenotype
Hours after treatment (HAT)
Plant section
Phenotype x HAT
Phenotype x Plant section
HAT x Plant section
Phenotype x HAT x Plant section
1

df
1
2
2
2
2
4
4

F
0
0
403
0
11
8
8

P value
0.9996
1.0000
<0.0001
1.0000
<0.0001
<0.0001
<0.0001

HAT = hours after treatment

Table 3.5 Net

14

C-glyphosate uptake in the leaf discs of the glyphosate-

susceptible (S) and -resistant (R) Echinochloa colona phenotypes after 120
min efflux1
Phenotype
S
R
t-value
df
P value
1

Amount of 14C-glyphosate (g g-1 FW)
5.1 (0.2) a
4.1 (0.2) b
2.9
4
0.04

Values in parentheses are standard errors of the mean. Means within a column
followed by different letters are significantly different according to t-test at the
probability of 5%.
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S-E. colona

R-E. colona

Figure

3.5

Camera

images (upper panel)
(a)

and phosphor images
(lower panel) of the
glyphosate-susceptible
(S) and -resistant (R)
Echinochloa

colona

phenotypes after
glyphosate

14

C-

treatment

for (a) 24, (b) 48 and
(c)

(b)

72

respectively.

HAT,
Arrows

indicate a droplet (1 l)
of

14

C-glyphosate

applied at the midpoint
of the second expanded
leaf. Five plants per
phenotype are shown.
(c)
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Figure 3.6 Efflux of
susceptible (S,

14

C-glyphosate from leaf discs of the glyphosate-

) and -resistant (R,

) Echinochloa colona phenotypes.

Values are means of three replicates. Bars designate the standard error
associated with each mean. Data are fitted to the hyperbolic regression
model (S: y =

3.5
1

0.5

, R2 = 0.784; R: y =

2.7
1

time, x = amount of glyphosate in the medium).
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0.4

, R2 = 0.948; y = efflux

Solvent front

Solvent
movement
Origin
a b

c d

e

f

Figure 3.7 Phosphor image of thin layer chromatography analysis of shoot
extracts from the glyphosate-susceptible (S) and -resistant (R) Echinochloa
colona phenotypes. a,

14

C-glyphosate standard; b,

14

C-glyphosate standard

spiked in the S and R extracts; c-d, the S and R extracts at 48 hours after
treatment (HAT); e-f, the S and R extracts at 72 HAT.

3.4

DISCUSSION

The present study examined the possible physiological, biochemical and molecular
bases of glyphosate resistance in E. colona evolved in the northern region of Western
Australia. In comparison to the S phenotype, the R phenotype exhibited a much slower
shikimate build-up and lower shikimate concentrations were observed over time after
glyphosate treatment. This further confirms at a physiological level the glyphosate
resistance of this E. colona population. Measurement of progressive shikimate build-up
and accumulation has been widely used to assess EPSPS inhibition and its effects within
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plants. Thus it is a rapid and reliable diagnostic tool to identify glyphosate susceptible
and resistant phenotypes (Sammons et al. 2013; Shaner et al. 2005; Singh and Shaner
1998).
The resistant polyploid E. colona population displays a moderate level of
glyphosate resistance (RI = 8) in this present study. Previous studies have shown that
the amino acid substitutions at Pro-106 in the EPSPS gene generally confer low level
(2- to 4-fold) glyphosate resistance in many weed species (Kaundun et al. 2008;
Sammons and Gaines 2014). This is because Pro-106 is located outside the EPSP active
catalytic site and is not directly involved in glyphosate binding (Sammons et al. 2007).
The EPSPS Pro106Ser or Pro106Leu substitution has also been identified in glyphosateresistant E. colona from California and eastern regions of Australia (Alarcón-Reverte et
al. 2013; Dolman et al. 2009). Recently, the EPSPS Pro-106 mutations (Pro106Thr
and/or Pro106Leu) have been established to confer 2-fold glyphosate resistance in
polyploid E. colona populations from Queensland, Australia (Han et al. 2016). Thus,
assuming one single major resistance mechanism and coupled with the fact that nearly
full length EPSPS cDNA from this population did not exhibit any changes in nucleotide
that resulted in substitution of amino acids, it is expected that the glyphosate resistance
endowing trait is not a target-site EPSPS gene mutation.
EPSPS gene expression between the S and R phenotypes of E. colona in the
present study was not significantly different (Table 3.3), revealing that EPSPS gene
overexpression does not contribute to glyphosate resistance in the R phenotype studied.
Target-site resistance mechanisms such as EPSPS gene overexpression or gene
amplification (duplication) have been reported to endow glyphosate resistance. For
example, higher EPSPS mRNA overexpression was observed in glyphosate-resistant
weeds such as Conyza canadensis (L.) Cronquist, Dicliptera chinensis (L.) Juss. and L.
rigidum (Baerson et al. 2002b; Dinelli et al. 2008; 2006; Yuan et al. 2002), plant
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cultures (Amrhein et al. 1983; Forlani et al. 1992; Holländer-Czytko et al. 1988; 1992;
Nafziger et al. 1984; Sellin et al. 1992; Smart et al. 1985; Smith et al. 1986) and
bacteria (Reibothe et al. 1991) compared to the susceptible counterpart. This increased
EPSPS expression has been reported to endow a relatively low level of glyphosate
resistance in cell cultures (Jones et al. 1996; Shah et al. 1986) whereas the EPSPS gene
amplification found in Amaranthus spp. (Chandi et al. 2012; Cockerton 2013; Gaines et
al. 2010; Mohseni-Moghadam et al. 2013; Nandula et al. 2014; Ribeiro et al. 2014;
Tranel et al. 2010), Kochia scoparia (L.) A.J. Scott (Wiersma 2012) and Lolium
perenne L. (Salas et al. 2012) displayed EPSPS relative genomic copy numbers ranging
from three to 160 and resistance indices up to 40-fold (Gaines et al. 2011). As there is
no gene overexpression found in the studied R phenotype, gene amplification endowing
glyphosate resistance in the R phenotype can be ruled out because it has also been
shown that EPSPS gene amplification is positively correlated to its gene expression
(Gaines et al. 2010; Ribeiro et al. 2014; Salas et al. 2012; Wiersma 2012).
Measurement of EPSPS enzyme activity (not yet performed) can be used to further
verify the lack of gene overexpression and/or EPSPS gene amplification endowing
glyphosate resistance in the studied R population.
Metabolism of glyphosate is rarely found in plants and often not considered as a
resistance mechanism. The absence of detectable metabolites of glyphosate in the
studied R phenotype extracts indicate that glyphosate metabolism is unlikely to be a
resistance endowing mechanism in this R phenotype. Previous studies showed that
metabolism did not contribute to glyphosate resistance in E. indica (Tran et al. 1999), C.
canadensis (Feng et al. 2004) or L. rigidum (Feng et al. 1999; Lorraine-Colwill et al.
2003). Other studies which did show glyphosate metabolism in Digitaria insularis (L.)
Fedde (de Carvalho et al. 2012) and C. canadensis (González-Torralva et al. 2012b)
need further confirmation (Dyer 1994; Sammons and Gaines 2014). When glyphosate is
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metabolised by plant, it can be detoxified to some extent in some weed and crop species
to reduce its toxicity effects at the whole plant level such as in Cassia occidentalis L.,
Vigna unguiculata (L.) Walp., Equisetum arvense L., Desmanthus illinoensis (Michx.)
MacMill. ex B. L. Rob. & Fernald, Pueraria montana var. lobata (Lour.) Merr., Senna
obtusifolia (L.) H.S.Irwin & Barneby, Glycine max (L.) Merr., Mucuna pruriens (L.)
DC. and Triticum aestivum L. (Komoa et al. 1992; Marshall et al. 1987; Reddy et al.
2004, 2008; Rojano-Delgado et al. 2012). One of the potential degradation pathways is
metabolism of glyphosate into non-toxic substances such as aminomethylphosphonic
acid (AMPA), glyoxylate, sarcosine, glycine and formaldehyde (Duke 2011; RojanoDelgado et al. 2012). Therefore, using HPLC analysis to quantify glyphosate
metabolites in leaf extracts can further validate the TLC results observed in this present
study.
In the present study, similar 14C-glyphosate foliar uptake rates and translocation
patterns between the investigated S and R phenotypes were observed, indicating that
these resistance mechanisms are not involved in glyphosate resistance in E. colona from
Western Australia. It also shows that long distance glyphosate translocation at the whole
plant level seems not to be impaired in the R phenotype. Restricted whole-plant
glyphosate translocation has been one of the early and often reported mechanisms
endowing glyphosate resistance in plants, and generally confer a higher index of
resistance (8 to 12-fold) compared to the target-site mutations (Kaundun et al. 2008;
Lorraine-Colwill et al. 2003; Preston and Wakelin 2008; Vila-Aiub et al. 2012). In
addition to the impaired glyphosate translocation, a reduced foliar uptake of glyphosate
was also observed in weeds such as Lolium multiflorum Lam. and Sorghum halepense
(L.) Pers. (Michitte et al. 2007; Nandula et al. 2008; Vila-Aiub et al. 2012).
Although no reduced glyphosate translocation was observed at the whole plant
level in the R phenotype based on the data reported here (Table 3.6), less net glyphosate
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uptake was detected in the leaf discs of the R phenotype. This initial finding can be
further examined using the method of

31

P NMR or other approaches. Glyphosate

sequestration at the cellular level has been studied using 31P nuclear magnetic resonance
(NMR) (Ge et al. 2010; Sammons and Gaines 2014). This plasma/tonoplast membraneand pH-dependent mechanism (Castellino et al. 1989; Nol et al. 2012; Peng et al. 2010;
Yuan et al. 2010) enabling a rapid vacuole sequestration of glyphosate by a
hypothesized active transport system (Ge et al. 2014) (and thus preventing longdistance glyphosate translocation) was present in glyphosate-resistant weeds such as C.
canadensis and Lolium spp. (Ge et al. 2011, 2012). A cellular mechanism (e.g. at the
plasma membrane or tonoplast) pumping out or sequestering glyphosate in the R
phenotype is yet to be further verified. Ge et al. (2014) has reported that a ‘hard-tocontrol’ E. colona population showed reduced glyphosate uptake coupled with a very
high quantity of glyphosate (83) sequestered in the vacuole. Less glyphosate uptake
by leaf discs was also observed in S. halepense which exhibited impaired translocation
from the treated leaf (Sammons et al. 2010).
Previous studies have showed that more than one glyphosate resistance
mechanism can additively endow a greater level of glyphosate resistance within
individual R plants. For example a target-site (Pro-106) mutation can be combined with
non-target-site reduced glyphosate translocation or other unknown mechanisms
(Bostamam et al. 2012; González-Torralva et al. 2012a; Kaundun et al. 2011; Nandula
et al. 2013; Yu et al. 2007). Thus, the E. colona population studied here displaying a
moderate resistance index of the R phenotype (RI = 8 based on survival and biomass)
(see Chapter 2) could posses multiple additive mechanisms endowing glyphosate
resistance.
In summary, target-site based glyphosate resistance mechanisms are unlikely to
be involved in glyphosate resistance in the R phenotype of E. colona studied here.
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However, there is an indication of reduced cellular glyphosate uptake. The exact
glyphosate resistance mechanism(s) in R-E. colona plants therefore remain to be
established. However, the findings provide a series of important insights leading to
potential non-target-site based resistance mechanisms and it is suggested that vacuole
sequestration and/or reduced membrane uptake could be responsible for glyphosate
resistance in the R-E. colona population studied.
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CHAPTER 4

Physiological fitness cost associated with glyphosate resistance in Echinochloa
colona (I): seed dormancy release, seed germination and seedling emergence

Preamble
The expression of fitness costs associated with herbicide resistance is not universal and
may vary among life history stages. After an appropriate selection of plant material
(Chapter 2) and identification of potential glyphosate resistance mechanism(s) in this
Echinochloa colona population (Chapter 3), an analysis of the fitness cost of resistance
at the seed stage was conducted.

Abstract
Seed germination ecology of glyphosate-susceptible and -resistant Echinochloa colona
was studied to examine for any physiological fitness cost between the S (susceptible)
and R (resistant) phenotypes. The plant material was selected from within one
segregating glyphosate-resistant E. colona population to minimize allelic interference
from other fitness-related loci. Experiments were conducted in a growth incubator at
alternating temperatures of 30/20C day/night with a 12-h photoperiod. Seed dormancy
and germination were also tested under constant darkness at the same temperature
regime. Seeds of both the S and R phenotypes kept at warmer temperatures (afterripening dry storage at 15-35C) or on the ground surface outdoors for 14 days,
germinated better than those seeds that were kept at lower temperature (8C) for the
same period of storage. Light and longer dry after-ripening times increased the rate of
seed dormancy release and germination of both the S and R phenotypes. Equal decline
in seedling emergence in both the S and R phenotypes was evident with increasing soil
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burial depth. Thus, the S and R phenotypes exhibited similar characteristics of seed
dormancy release, germination and seedling emergence. The lack of physiological
fitness cost in the R phenotype of E. colona at the seed and early seedling stage and the
implication of these results for weed management is discussed.

4.1

INTRODUCTION

Plants possessing traits for resistance to herbicides may display an ecological
disadvantage compared to susceptible plants in a herbicide-free environment (Bergelson
and Purrington 1996; Vila-Aiub et al. 2009). A plant function can be compromised
resulting in a decrease in plant fitness (often termed as a fitness or resistance cost) in the
absence of the herbicide (Vila-Aiub et al. 2009). However, the expression of fitness
costs is not universal and has been shown to depend on the resistance gene and specific
allele, the genetic dominance of such a resistance cost, the genetic background and the
ecological environment (Bergelson and Purrington 1996; Roux et al. 2004; Vila-Aiub et
al. 2009, 2011; Yu et al. 2010).
Generally ecological fitness costs can be identified and assessed in particular
environmental conditions. For example, often plant phenotypic performances measured
under competitive interactions, predation or parasitism can magnify those differences in
fitness between resistant R and susceptible S phenotypes. Physiological fitness costs are
generally mediated by pleiotropic effects on plant physiology which can affect resource
partitioning, growth rate, photosynthesis, phenology, seed germination and dormancy
and tolerance to abiotic factors (Vila-Aiub et al. 2009). Some environmental conditions
may trigger the maximum expression of a cost while others may mask and make them
negligible (Ashigh and Tardif 2009, 2011; Dekker and Sharkey 1992).
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For instance, cytochrome P450-enhanced herbicide metabolism as a herbicide
resistance mechanism is associated with impaired resource allocation to leaves, reduced
RGR and net assimilation rates (NAR) in Lolium rigidum Gaudin (Vila-Aiub et al.
2005a). The effect of resistance point mutations on the catalytic properties of herbicide
target enzymes has been shown to lead to changes in germination requirements and
lower RGR, photosynthetic rate and reproductive effort in resistant plants (Chang and
Duggleby 1998; Délye et al. 2013; Duggleby et al. 2003; Purrington and Bergelson
1999; Tardif et al. 2006; Vila-Aiub et al. 2005b, 2009, 2015a). Assessment of
physiological fitness costs can identify subtle changes in allometry and resource
allocation to vegetative and reproductive tissues of resistant plants grown in a wide
range of abiotic environmental conditions.
Quantitative assessments of fitness costs have been recognized as an important
input for better prediction of the evolutionary trajectory of herbicide resistance and even
for the design of management strategies to delay or reverse this trajectory (Diggle and
Neve 2001; Gressel and Segel 1990; Maxwell et al. 1990; Neve et al. 2003). Once a
physiological cost is detected in a particular set of environmental conditions, it may be
possible to re-create and exploit that cost in an ecological environment (e.g. under crop
competition) resulting in a control benefit from a resistance management viewpoint.
Few published studies have evaluated the pleiotropic effects of herbicide
resistance alleles on life history traits such as seed germination and seedling emergence
(Délye et al. 2013; Dyer et al. 1993; Vila-Aiub et al. 2005a). Seed germination is a
pivotal phenological process with a significant effect on the fitness of a weed species
(Forcella et al. 2000). Changes in environmental requirements leading to changes in
germination rates driven by the pleiotropic effects of resistance alleles may have
negative effects on plant survival under natural conditions and thus on the fitness of
herbicide resistant plants. From a resistance management point of view, even small
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changes in germination traits associated with resistance alleles is of importance to
design agronomic practices that may exploit them to reduce the resistance frequency.
Resistance to glyphosate is increasingly evolving in many weed species and this
poses a severe risk to the most widely used herbicide in agriculture (Duke and Powles
2008). Despite the importance of glyphosate resistance, no studies have explored its
pleiotropic effects on seed germination traits. Among the evolved glyphosate resistant
weed species, Echinochloa colona (L.) Link has been reported in Argentina, Australia
and the United States (Alarcón-Reverte et al. 2013; Gaines et al. 2012; Heap 2015;
Nguyen et al. 2012). This summer-growing C4 annual grass is a problematic weed that
grows abundantly in cropping areas cultivated with rice, sugarcane, corn, cotton,
sorghum and vegetables (Holm et al. 1991). In the preceding chapter we reported that
an E. colona population from the Tropical Ord River region in Western Australia (WA)
has reduced glyphosate uptake at the cellular level in the resistant phenotype and that a
target-based resistance mechanism (such as EPSPS gene mutation, EPSPS gene
amplification and/or its overexpression) is unlikely to contribute to glyphosate
resistance in this population. The definitive resistance mechanism in this phenotype is
yet to be elucidated as no reduced glyphosate uptake, reduced translocation at the whole
plant level or glyphosate metabolism was found in the resistant phenotype.
It is noteworthy that seed dormancy in the Poaceae family (which includes E.
colona) is generally categorised as physiological dormancy (Baskin and Baskin 2004;
van Rooden et al. 1970). This type of dormancy is usually caused by a physiological
mechanism in the embryo that inhibits the emergence of the radicle, but dormancy can
be released by excision of the embryo, scarification, warm or cold stratification, dry
after-ripening, chemicals such as gibberellic acid, ethylene, potassium nitrate etc. and
the introduction of light (Baskin and Baskin 1998; Nikolaeva 1977).

97

After-ripening occurs in dry dormant seeds which have a water content of < 20%
(dry weight basis) (Walters et al. 2002). The molecular mechanisms of dry afterripening are largely unknown. Dry after-ripening may modify the level of growth
promoters or inhibitors in the seed embryo and thus induce dormancy release and
germination of the seed (Bell 1999). Recently, it has been suggested that the alteration
of the expression of certain genes related to reduction of abscisic acid (ABA) and
increase of gibberellin (GA) such as in tobacco, tomato and Arabidopsis, occurs during
dry after-ripening and enhances seed dormancy release (Finch-Savage et al. 2007;
Finkelstein et al. 2002; Leubner-Metzger 2002, 2005; Nambara and Marion-Poll 2003).
This study reports on the assessment of physiological fitness costs associated
with glyphosate resistance in E. colona from WA. Particularly, seed germination and
seedling emergence responses under various thermal and light conditions were
evaluated in glyphosate resistant and susceptible plants.

4.2

MATERIALS AND METHODS

4.2.1

Effect of seed storage temperature (dry after-ripening) on seed dormancy

release
4.2.1.1 Seed source and preparation
Both the susceptible (S) and resistant (R) phenotypes grown from seeds originally
collected in the field in 2009 and identified according to the procedure described in Goh
et al. (2016) were subjected to glyphosate selection in order to further purify the desired
plant material. To break dormancy, seeds were pre-treated with sulphuric acid (98%) for
5 minutes, rinsed and then germinated in separate 500 ml plastic containers on 0.6%
(w/v) agar-solidified water. Seedlings at the two-leaf stage from each phenotype were
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transplanted into 20-cell plastic trays (33.5 x 28 x 6 cm) containing potting mixture
(50% composted fine pine bark, 30% cocopeat and 20% river sand).
When plants had achieved 3 to 4 tillers, all plants were cloned and numbered
accordingly. The procedure of plant cloning is described by Goh et al. (2016) and in
Chapter 2. A set of the cloned S and R plants were treated with glyphosate (Roundup
PowerMax, 540 g L-1, Nufarm, Australia) at a rate of 540 or 2160 g ha-1, respectively.
Mortality was visually assessed 28 days after herbicide treatment. Plants which had
survived 2160 g glyphosate ha-1 treatment displaying active growth and green shoots
were classified as R plants whereas plants that were killed by 540 g glyphosate ha-1
were considered susceptible S plants. A total of fifteen identified S and R plants were
then selected from the corresponding untreated cloned parental plants and these were
individually transplanted into large plastic pots (24.5 cm diameter and 27.5 height). The
seed produced by these 15 plants grown in the same environment through selfpollination, was used in the subsequent studies. All stages of plant growth and seed
production were conducted outdoors at the University of Western Australia (S 3159’; E
11549’) during the months of December to February or April.

4.2.1.2 Seed after-ripening and germination conditions
The seed dormancy release study was repeated in two consecutive growing seasons,
where fresh seeds were produced and collected each year (hereinafter denoted as Exp 1
and Exp 2). Seeds for Exp 1 were harvested in autumn (April 2013; 5-month old plants)
while those for Exp 2 were harvested during summer (February 2014; 3-month old
plants). Freshly matured seeds harvested from each S and R phenotype were
immediately divided into five equal samples and maintained in the dark at constant
temperatures at 8, 15, 25 or 35C as well as under natural fluctuating temperature
conditions (23-27C, with seeds placed in sunlight with a 13-14 h photoperiod on an
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outdoors soil surface undisturbed by other cultivation practices), respectively. Seeds
were kept in small permeable mesh sachets which allowed sufficient oxygen exchange.
After-ripening was conducted for 0-14 days, as pilot studies showed that seed
germination capacity has reached essentially 100 after 14 days of after ripening (e.g.
Figure 4.2).
Four replicates of fifty dry-stored seeds for each phenotype and after-ripening
temperature regime were incubated in a growth incubator set at alternating temperatures
of 30/20C day/night with either a 12-h photoperiod (hereinafter denoted as 12-h light)
or in constant darkness on 1.0% (w/v) agar-solidified water in 9 cm diameter petri
dishes. The light intensity was 101 mol m-2 s-1, produced by cool white fluorescent
tubes as measured with a quantum meter (Model QMSW, Apogee Instruments, USA).
These conditions were selected because preliminary results showed that they gave
optimal germination rates in non-dormant seeds for both S- and R-E. colona (data not
shown). Petri dishes under the dark treatment were wrapped with aluminium foil to
exclude light. Fresh seeds that had not been after-ripened (i.e. seeds tested immediately
after harvest at time zero) were included as a control treatment. All petri dishes were
kept in clear sealing bags to reduce water evaporation. Germination was evaluated daily
for the first seven days and at weekly intervals for the subsequent readings, for a period
of 42 days after seed imbibition. For the dark regime, the germination test was extended
for another 14 days, in which all petri dishes were unwrapped and thus light-exposed
(hereinafter denoted as follow-up germination). Seeds were considered to have
germinated when radicles of more than 1 mm in length had emerged. Ungerminated
seeds were subjected to a tetrazolium test (ISTA 2005) to determine their viability at the
end of the incubation period. Ungerminated seeds were longitudinally sliced to expose
the endosperm and incubated in 1 (w/v) tetrazolium chloride solution for 24 h in the
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dark at 30C. Seeds were considered viable if pink staining of the embryo and aleurone
was observed.

4.2.2

Seed germination of glyphosate-susceptible and -resistant E. colona

Non-dormant seeds exposed to after-ripening for 28 days at 35C were used in this seed
germination study. Viability of seed batches for both the S and R phenotypes was tested
using tetrazolium chloride prior to the germination study. Four replicates of fifty seeds
of each phenotype were placed on 1.0% (w/v) agar-solidified water in 9 cm diameter
petri dishes and incubated in the growth chamber at alternating temperature of 30/20C
day/night with 12-h light or constant darkness, and germination was assessed as
described above.

4.2.3

Effect of burial depth on seedling emergence of glyphosate-susceptible and

resistant E. colona
4.2.3.1 Incubation of buried seeds
Four replicates of twenty non-dormant seeds (total n = 80) collected from each of the 15
individual plants of S and R respectively, which displayed similar mean seed mass and
no significant differences in seed germination percentage (100%), were placed at
different burial depths of 0.5, 2, 4, 6, 8 or 10 cm and covered with standard potting
mixture in 12 x 12 x 21 cm plastic square tube pots. The same quantity of soil to fill
each pot ensured uniform texture to avoid differential resistance to seedling emergence.
Pots were placed in the plant growth chamber at alternating temperatures of 30/20C
day/night (12 h-light) with a mean light intensity of 104 mol m-2 s-1 and air humidity
of 47% and were kept well-watered.
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4.2.3.2 Seedling emergence
Emerged seedlings were counted daily until no further emergence was recorded after 10
days. Seeds were considered emerged when the coleoptile was visible at the soil
surface. Mean emergence time (MET) was calculated for each replicate using the daily
counts (Khah et al. 1986):

MET =

n
N

where n is the number of newly emerging seedlings at time t, t is the number of
days needed for emergence from the day of seed sowing and N is the total final
emergence.

4.2.3.3 Seed viability test
After emergence tests, soil was removed from pots to determine the fate of
ungerminated seeds (dormant or germinated without emergence). A fine metal sieve (1
mm) was used to capture the ungerminated seeds. Viability of ungerminated seeds was
determined by the tetrazolium test as described above. Fatal germination (i.e.
germinated seeds not reaching the soil surface) was calculated as the difference between
the total number of seeds and the sum of emerged seedlings and ungerminated seeds
and expressed as a percentage of the total viable seeds.

4.2.4

Statistical analysis

For each study, there were four replicates per treatment per phenotype. All studies were
arranged in a completely randomized design and were conducted twice. The cumulative
number of germinated seeds for the seed dormancy release and seed germination studies,
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as well as cumulative emergence and fatal germination for the seedling emergence study,
were recorded as a percentage of the total number of viable seeds used in each
replication. For calculation of the time required for 50% seed germination, two
measures were used: T50 refer to the time taken for 50% of the total seed population to
germinate. In some cases, the population did not reach 50% total germination, so t50 was
used to express the time taken for the population to reach 50% of its ultimate final
germination percentage. To satisfy the assumptions of independent and normally
distributed variance, a logarithmic transformation (log (x+1)) of cumulative germination,
seedling emergence and suicide germination percentages was necessary. All logtransformed data and mean emergence time were subjected to analysis of variance
(ANOVA). Means separation was determined by the Tukey test using the Proc ANOVA
procedure of the SAS package (SAS 9.3, SAS Institute Inc., Cary, NC, USA).
For the seed dormancy release study, a three- or four-way analysis of variance
(ANOVA) (the main effects or variables were Experiment, Light, Phenotype and Afterripening Temperature as well as their interactions) was conducted. Seed germination at
after-ripening time (t) = 0 (immediately after harvest), was significantly different
between experiments and at different light intensities (Exp x Light) and there was also a
significant interaction between light and phenotype (Light x Phenotype). Similarly, at
14 days after-ripening there was a significant interaction between experiment and
temperature (Exp x After-ripening Temperature), experiment and light intensity (Exp x
Light), temperature and light (After-ripening Temperature x Light) and all the three
combinations (Exp x After-ripening Temperature x Light). Thus the total percentage of
cumulative germination was plotted separately for each experiment.
Data from the seed germination and seedling emergence studies were subjected
to three-way ANOVA (the main effects or variables were Exp, Light, Phenotype and
their interaction effects for the former study, and Exp, Burial Depth, Phenotype and
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their interaction effects for the latter study). The two experiments did not differ in all
variables for seed germination and seedling emergence and no interaction effects were
found. Thus the data were pooled. The results obtained from the transformed data
analysis were similar to those for the original untransformed analyses. Therefore, all
results reported here are from the original untransformed data.
For the seed dormancy release study, all cumulative germination patterns under
light treatment at each after-ripening temperature were fitted to a three-parameter
Gompertz function, viz.

y= e

-e

- ( - 50 )

using SigmaPlot 12.0 software (Systat Software, Inc, CA, USA), whereas cumulative
germination data for the darkness treatment were fitted to either the three-parameter Hill
function, viz.

y=

( )
( 50 )

or exponential function, viz.

y= e

where for the corresponding regression models, y is the cumulative germination
() at days after seed imbibition (t), a is the asymptote or maximum cumulative
germination, b is the slope of the curve and t50 is the time (in days) required to achieve
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50 of the maximum cumulative germination (or the time in days required for
dormancy release in 50% of the imbibed seeds in each treatment).
A functional three-parameter sigmoidal model was fitted to the cumulative
germination percentage for the seed germination study and the model fitted was:

y=

1 e

- ( - t50 )

where y is the cumulative germination () at days after seed imbibition (t), a is
the maximum cumulative germination, b is the slope of the curve and t50 is the time (in
days) to reach 50% of the maximum cumulative germination.
To quantify the value of T50 (time to 50% population germination) in the seed
dormancy release and germination studies, each treatment should achieve at least 50%
germination of the total number of viable seeds. For those treatments with less than 50%
required germination, T50 value was not calculated. The modified formula of T50
(Coolbear et al. 1984; Farooq et al. 2005) was:

T50 = T1 +

N
2

- G1 T2 - T1
(G2 - G1 )

where N is the final number of seeds germinating, T1 is day before 50%
germination is reached, T2 is day after 50% germination is reached, G1 is the total
number of seeds germinated on T1 and G2 is the total number of seeds germinated on T2.
Differences in T50 between the S and R phenotypes were assessed by two-way ANOVA
(the main effects or variables were After-ripening Temperature and Phenotype in the
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seed dormancy release study and Light and Phenotype in the seed germination study,
including their interaction effects) with the Tukey test using the Proc ANOVA
procedure of the SAS package (SAS 9.3, SAS Institute Inc., Cary, NC, USA).
Cumulative seedling emergence (in percentage) of both phenotypes over the
studied period was fitted to a three-parameter Hill function for each burial depth
treatment. The fitted model was:

y=

( )
( 50 )

where y is the cumulative seedling emergence () at time t (days after seed
sowing), a is the asymptote or maximum cumulative seedling emergence, b is the slope
of the curve and t50 is the time (in days) required for 50% of viable seeds to emerge at
each burial depth.
All estimated parameters derived from the fitted regression models in all studies,
wherever possible, were subjected to unpaired t-tests using GraphPad Prism version
5.00 (GraphPad Software, San Diego, California, USA, www.graphpad.com).

4.3

RESULTS

4.3.1

Seed dormancy release study

Seed dormancy release was determined using the percentage of seed germination at
after-ripening time zero (i.e. fresh seeds) or after 14 days of after-ripening at various
temperature regimes. At zero time, more fresh seeds germinated when exposed to a 12-h
light/12-h dark regime than when kept in constant darkness for both Exp 1 and 2 (Figure
4.1). However, total seed germination was low (≤ 35%) in both treatments (Figure 4.1).
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Figure 4.1 Final seed germination after zero or 14 days of after-ripening
under various temperature regimes for seeds collected in two consecutive
growing seasons (Exp 1 and Exp 2). The x-axis indicates after-ripening (AR)
temperatures, glyphosate-susceptible (S) and -resistant (R) Echinochloa
colona phenotypes and period of AR. Tukey tests ( = 0.05) of light versus
dark and within the follow-up light treatment after initial darkness (across
the after-ripening temperatures and both phenotypes) were performed.
TukeyI = minimum significant difference in initial germination; TukeyF =
minimum significant difference in follow-up germination. Symbol bars
indicate the standard error of mean (n = 4) for each light regime and
phenotype.
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In the 12-h light regime, germination of fresh seeds of the S phenotype of E. colona was
almost 1.5 times lower than the R phenotype (Figure 4.1). Germination was less than
10% in the constant darkness treatment and there was no significant difference between
the S and R phenotypes (Figure 4.1).
Generally, there was no significant difference in seed dormancy release between
the S and R phenotypes across the different after-ripening temperatures regardless of
light and darkness (Figure 4.1 & 4.2; Table 4.1a & b). Cumulative germination after 14
days at after-ripening temperatures of 15, 25, 35C or exposed to outdoors conditions
under a fluctuating 12-h photoperiod was consistently very high in both experiments.
More than 95 of seeds had germinated (a value; Table 4.1a), suggesting that
dormancy was completely released. Seed dormancy release was, however, relatively
slower at a low after-ripening temperature of 8C (Figure 4.1 & 4.2; Table 4.1a & b).
Following 14 days seed after-ripening, both phenotypes showed poor
germination under constant darkness (less than 40) across most of the after-ripening
temperatures, with the exception of the 35C after-ripening treatment in Exp 1 (Figure
4.1 & 4.2; Table 4.1b). However, the proportion of seeds which germinated in darkness
increased with an increasing after-ripening time. Germination in darkness increased
significantly for both the S and R phenotypes with 28 days after-ripening time (DAR)
across warmer after-ripening temperatures but generally no differences between
phenotypes were observed (Figure 4.3). Subsequent exposure of dark-imbibed seeds to
the 12-h light regime for 14 days (follow-up germination) stimulated seed germination
to almost 100 for those seeds stored at warmer after-ripening temperatures (Figure
4.1). Lower germination was observed in the 35°C-after-ripened S phenotype compared
to the R phenotype in darkness in Exp 1 (Figure 4.2a) and this may be attributed to the
presence of a greater number of dormant seeds in the population at harvest in the S
phenotype (Figure 4.1).
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Table 4.1a Estimates of a, b and t50 parameters (n = 48) derived from the three-parameter Gompertz regression model (y = a

)

under 12-h light treatment to assess seed dormancy release in glyphosate-susceptible (S) and -resistant (R) Echinochloa colona phenotypes1
Afterripening
temperat
ure (C)
8

110

15
25
35
Outdoors
1

Under 12-h light
Phenotype

Exp 1
a

S
R
S
R
S
R
S
R
S
R

17 (1) a
14 b
98 (1) a
100 (1) a
97 (2) a
100 (1) a
100 (1) a
100 (1) a
97 (2) a
99 (3) a

Exp 2

b

t50

R2

a

b

t50

R2

1.8 (0.5) a
0.9 (0.2) a
1.1 (0.1) a
0.7 b
1.0 (0.1) a
0.6 (0.1) b
0.7 a
0.4 b
1.8 (0.2) a
1.3 (0.2) a

3a
3a
3a
3a
4a
4a
3a
3a
3a
3a

0.67
0.89
0.97
0.99
0.94
0.99
0.99
0.99
0.92
0.90

21 (1) a
24 (1) a
94 (1) a
97 (1) a
100 (5) a
100 (4) a
95 (4) a
97 (2) a
95 (3) a
100 (2) a

1.7 (0.7) a
1.3 (0.4) a
2.0 (0.3) a
2.2 (0.3) a
7.6 (1.1) a
7.4 (0.9) a
6.6 (1.0) a
6.4 (0.5) a
6.1 (0.7) a
5.5 (0.4) a

6a
6a
9a
9a
15 (1) a
14 (1) a
13 (1) a
13 a
10 (1) a
10 a

0.73
0.90
0.99
0.99
0.95
0.96
0.94
0.98
0.96
0.98

a is the maximum cumulative germination (), b is the slope of curve, t50 is the time (in days) to achieve 50% of the maximum cumulative

germination. Values in parentheses are standard errors of the mean and zero standard error is not shown. Means within an after-ripening
temperature regime and a column followed by the same letters are not significantly different according to t-test (α = 0.05). Exp: Experiment.

Table 4.1b Estimates of a, b and t50 parameters (n = 48) derived from the three-parameter Hill (y =

( )
( 50 )

) or exponential (y = e )

regression model under darkness to assess seed dormancy release in glyphosate-susceptible (S) and -resistant (R) Echinochloa colona
phenotypes1
Afterripening
temperat
ure (C)
8
111

15+
25+
35+
Outdoors
1

Under constant darkness
Phenotype

Exp 1
a

S
R
S
R
S
R
S
R
S
R

9 (1) a
8 (1) a
6 (1) a
10 b
34 (1) a
36 (1) a
75 (3) a
93 (1) b
16 (1) a
20 (2) b

b
2.8 (0.9) a
1.1 (0.4) a
2.6 (1.5) a
3.0 (0.5) a
7.5 (2.0) a
5.1 (1.0) a
7.6 (3.2) a
9.3 (1.6) a
3.0 (0.7) a
4.1 (2.3) a

Exp 2
t50
2a
5 (2) a
3 (1) a
4a
3a
4b
3a
3a
3a
3a

R2

a

0.59
0.62
0.34
0.86
0.84
0.88
0.78
0.96
0.76
0.44

19 (2) a
21 (4) a
8 (2) a
11 (2) a
11 (4) a
2 (1) b
9 (3) a
2 (1) b
9 (3) a
7 (0) a

b
2.7 (0.8) a
2.3 (0.6) a
-13.7 (4.3) a
-11.4 (3.7) a
-23.0 (9.6) a
-8.3 (4.4) a
-14.8 (8.4) a
-6.9 (3.7) a
1.6 (0.7) a
2.8 (0.9) a

t50

R2

11 (2) a
21 (4) b
20
16
33
12
21
10
15 (9) a
6 (1) a

0.79
0.88
0.63
0.18
0.49
0.24
0.30
0.18
0.62
0.76

a is the maximum cumulative germination (), b is the slope of curve, t50 is the time (in days) to achieve 50% of the maximum cumulative
germination. Values in parentheses are standard errors of the mean and zero standard error is not shown. Means within an after-ripening
temperature regime and a column followed by the same letters are not significantly different according to t-test (α = 0.05). Exp = Experiment.
+
Data were fitted to an exponential function in Exp 2.

Figure 4.3 Final seed germination in darkness after 14 and 28 days of afterripening (DAR) under various after-ripening temperature regimes for seeds
collected in two consecutive growing seasons (Exp 1 and Exp 2). The x-axis
indicates after-ripening (AR) temperatures and glyphosate-susceptible (S)
and -resistant (R) Echinochloa colona phenotypes. Tukey tests ( = 0.05) of
after-ripening time between the S and R phenotypes across the after-ripening
temperatures were performed and a significant difference between
phenotypes within an after-ripening temperature and time was labeled with
asterisk symbol (*). Tukey14 DAR vs 28 DAR = minimum significant difference in
germination between 14 and 28 DAR. Symbol bars indicate the standard
error of mean (n = 4) for each after-ripening temperature and phenotype.
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Overall, the time taken in days to attain 50% population germination (T50) at the warmer
after-ripening temperatures under 12-h light between both S and R phenotypes was
similar (Table 4.2). This also implies that the time for dormancy release in 50% of the
imbibed seeds in the S and R phenotypes at these after-ripening temperatures does not
significantly differ. In general, a lower T50 or t50 was also observed in Exp 1 (seeds
harvested in autumn) versus Exp 2 (seeds harvested in summer) (Table 4.1 & 4.2). T50
values for most of the constant darkness treatments were normally > 42 days (Figure
4.2).

4.3.2 Seed germination study
Under a 12-h light regime, there was no significant difference (P = 0.7) in seed
germination between the S and R phenotypes (Figure 4.4; Table 4.3). Meanwhile the S
phenotype had a significant lower maximum seed germination percentage in darkness
than for the R phenotype (Figure 4.4). However, both phenotypes showed a similar time
to achieve 50% germination (T50) in either 12-h light or constant darkness (Table 4.3).
When dark-treated seeds were subsequently exposed to 12-h light, germination of both
phenotypes reached 100%. This indicated that seed germination was similar for both the
S and R phenotypes at the end of the study.

4.3.3 Seedling emergence study
As expected, mean emergence time, final germination percentage and fatal germination
differed significantly across burial depths from 0.5 to 10 cm, but overall effects were
similar for seeds of both the S and R phenotypes (Table 4.4). For seeds placed at 0.5 to
2 cm soil depth, more than 90% of seedlings successfully emerged at the soil surface
with the shortest mean emergence time of 3-5 days (Table 4.4). Conversely, increasing
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Table 4.2 Time to 50% germination (T50) under 12-h light at different afterripening temperatures in glyphosate-susceptible (S) and -resistant (R)
Echinochloa colona
After-ripening
temperature (C)
15

Exp 1
S
R
3.9 (0.1) ab
3.8 (0.1) a

25

4.2 (0.2) a

4.1 (0.1) a

21.2 (2.0) a

19.1 (1.9) a

35

3.7 (0.1) ab

3.8 (0.1) a

19.9 (1.2) a

17.8 (1.0) ab

Outdoor

3.4 (0.1) b

3.8 (0.5) a

14.7 (0.6) b

13.3 (0.7) b

Overall
(S vs R)
1

T50

ns

Exp 2
S
R
14.7 (0.5) b
14.1 (0.8) ab

ns

Values in parentheses are standard errors of the mean. Means within an after-ripening
temperature regime and a column followed by the same letters are not significantly
different according to the Tukey test (α = 0.05).

114

Figure 4.4 Germination pattern for non-dormant seeds of glyphosatesusceptible (S,

) and -resistant (R,

) E. colona over a period of 42 days

after seed imbibition on 1% (w/v) agar solidified water. The germination test
was conducted in a growth incubator at an alternating 30/20C day/night
temperature with (a) fluctuating 12-h light/dark period and (b) constant
darkness. Symbol bars indicate the standard error of mean (n = 8) for each
light regime, time and phenotype. Regression lines represent the fitted threeparameter sigmoidal regression model.
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Table 4.3 Estimates of a, b and t50 (n =96) parameters derived from the
three-parameter sigmoidal regression model (y =

) and T50
1

for the germination study on non-dormant seeds of glyphosate-susceptible
(S) and -resistant (R) Echinochloa colona phenotypes1
Light
regime

Phenotype

a

b

t50

R2

T50

S

99 (1) a

0.3 a

3a

0.97

3.0 (0.1) a

R

100 (1) a

0.3 a

3a

0.96

2.9 (0.1) a

Constant

S

96 a

0.2 a

2a

0.99

2.9 a

darkness

R

100 b

0.3 a

3b

0.99

2.9 a

12-h light

1

a is the maximum cumulative germination (), b is the slope of the curve, t50 is the time (in
days) to reach 50% of the maximum cumulative germination. T50 is time to 50%

population germination. Values in parentheses are standard errors of the mean and zero
standard error is not shown. Means within a light regime and a column followed by the
same letters are not significantly different according to t-test (α = 0.05).
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Table 4.4 Mean germination time, final seedling emergence, and fatal
germination (not followed by seedling emergence) at 10 days after seed
sowing of glyphosate-susceptible (S) and -resistant (R) Echinochloa colona
phenotypes at different burial depths and alternating 30/20C day/night1
Burial
depth
(cm)
0.5

Final seedling emergence
()
S
R
98 (1) a
100 a

Fatal germination
()
S
R
0a
0a

2

4.7 (0.1) b

4.5 (0.1) ab

94 (2) a

98 (1) a

4

6.0 (0.3) c

6.0 (0.3) b

67(7) b

69 (4) b

29 (7) b 29 (4) b

6

7.1 (0.1) d

6.2 (1.4) b

9 (2) c

6 (2) c

91 c 92 (1) c

8

0.0 e

0.0 c

0c

0c

94 (3) c

100 d

10

0.0 e

0.0 c

0c

0c

92 (7) c

100 d

Overall
(S vs R)
1

Mean emergence time
(day)
S
R
3.7 (0.1) a
3.3 (0.1) a

ns

ns

0a

0a

ns

Values in parentheses are standard errors of the mean and zero standard error is not
shown. Means within a column followed by the same letters are not significantly
different according to the Tukey test (α = 0.05).
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burial depth drastically reduced seedling emergence rate and emergence was completely
inhibited at burial depths of more than 8 cm (Table 4.4). Fatal germination did not occur
at burial depths of less than 2 cm (Table 4.4) and the remaining ungerminated seeds
remained viable (data not shown). Fatal germination progressively increased with
increasing seed burial depth (Table 4.5). Based on the fitted model, similar seedling
emergence rates and times required to reach 50% emergence were found between the S
and R phenotypes at each burial depth over a period of ten days (Figure 4.5; Table 4.5).

4.4

4.4.1

DISCUSSION

Seed dormancy characteristics of E. colona

This study reveals that susceptible (S) and resistant (R) E. colona seeds isolated from
within a glyphosate resistant population of E. colona have very similar characteristics of
seed dormancy release, germination and seedling emergence. It is concluded that at the
seed level no physiological fitness cost is evident in this glyphosate R phenotype of E.
colona.
An understanding of the dormancy, germination and emergence of seeds of
glyphosate-resistant E. colona could help predict its fitness and potential ecological
succession into new areas. This information is valuable in determining the expression of
fitness costs at this particular life phase and developing effective measures to manage
this glyphosate resistant weed.
The process of dormancy-release in seeds of E. colona, in both the glyphosatesusceptible (S) and -resistant (R) phenotypes, was more rapid at higher after-ripening
temperatures, although seeds that had been after-ripened for 14 days retained a
requirement for light to achieve optimal germination. Fresh seeds (non-after-ripened
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Table 4.5 Estimates of a, b and t50 parameters (n = 88) derived from the
three-parameter Hill regression model (y =

( )

) for seedling

( 50 )

emergence of glyphosate-susceptible (S) and -resistant (R) Echinochloa
colona phenotypes1
Burial
depth
(cm)
0.5
2
4
6
1

Phenotype

a

b

t50

R2

S

97 (1) a

10 (2) a

3a

0.97

R

100 (1) a

17 (8) a

3a

0.98

S

93 (1) a

10 (1) a

4a

0.97

R

98 (1) b

15 (3) a

4a

0.98

S

65 (3) a

8 (2) a

5a

0.79

R

66 (2) a

10 (2) a

5a

0.90

S

8 (1) a

16 (7) a

6a

0.61

R

8 (4) a

5 (3) a

9a

0.38

a is the maximum seedling emergence (%), b is the slope of curve, t50 is the time (in

days) required for 50% of viable seeds to emerge at each burial depth. Values in
parentheses are standard errors of the mean and zero standard error is not shown.
Means within a burial depth and a column followed by the same letters are not
significantly different according to t-test (α = 0.05).
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Figure 4.5 Cumulative seedling emergence for the seeds of glyphosatesusceptible (S,

) and -resistant (R,

) Echinochloa colona phenotypes

sown at the depth of (a) 0.5 cm, (b) 2 cm, (c) 4 cm and (d) 6 cm from the soil
surface. Symbol bars indicate the standard error of mean (n = 8) for each
burial depth and phenotype. Regression lines represent the fitted threeparameter hill regression model.
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and sown directly after harvest) of E. colona also require light for better germination.
These findings are illustrated by the greater observed germination at time zero and at a
wider range of after-ripening temperatures in the 12-h light treatment compared to the
constant darkness treatment. In addition, a rapid increase in follow-up germination in
seeds undergoing initial incubation in darkness followed by a periodic light exposure
(12-h) compared to those kept in dark shows that light induces seed germination of both
the S and R phenotypes of E. colona. This result is consistent with previous studies
conducted by Chauhan and Johnson (2009), Kovach et al. (2010) and Vega-Jarquin et al.
(2010) where germination of E. colona was found to be stimulated by light. According
to Kovach et al. (2010), the germination rate of dormant E. colona seed under
fluctuating temperature (30/20C day/night) in 12 h light/dark was twice that in a
completely dark regime.
The low level of seed germination when exposed to a low after-ripening
temperature (8°C) suggests that as expected for a tropical species, E. colona would
remain dormant in environments with cool temperatures. In the present study, non-afterripened E. colona seeds harvested in autumn (Exp 1) displayed a higher and faster
germination level than that of the seeds harvested during summer (Exp 2). This is likely
due to the fact that seeds maturing during the long summer experience a longer period
of after-ripening whilst still on the mother plant, where the seeds exhibit lower seed
dormancy at harvest. Similar findings were observed in a study conducted with Lolium
rigidum Gaudin seeds. Seeds of different populations were collected from wheat crops
in two different locations at Merredin and Wongan Hills (approximately 160 km apart)
in Western Australia (Steadman et al. 2003). Seeds collected in Merredin had generally
lower seed dormancy at harvest and displayed 45% germination compared with seeds
from Wongan Hills with 20% germination (Steadman et al. 2003). In line with these
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results, Holm et al. (1991) reported that E. colona has a short period of seed dormancy,
with the dormancy vanishing in less than 8 weeks of dry storage after harvesting.
The light requirement for germination of both the S and R E. colona seeds was
reduced after 28 days of dry storage at 35°C, in which final germination had increased
2- to 2.5-fold from an average of about 39-48 after 14 days of dry storage to an
approximately 96-100 after dry storage for 28 days in darkness. It has been shown
that the germination percentage of E. colona seeds incubated in the dark increased after
the seeds had been in dry storage for 2 months and reached a similar level of
germination to that of freshly-harvested seeds imbibed under white light (van Rooden et
al. 1970). Other species such as Artemisia tridentata Nutt. and Eragrostis ferruginea
(Thunb.) P.Beauv. also exhibited a gradual reduction in photo-requirement for seed
germination in darkness with increasing after-ripening time (Fujii and Isikawa 1962;
Meyer et al. 1990). The results from the present seedling emergence study, which
revealed that more than 90 of the non-dormant seeds of both the S and R phenotypes
had germinated without light even at the burial depth of 10 cm, further supports these
findings.

4.4.2

Comparison of seed dormancy and germination in the S and R phenotypes

It has been emphasised that plant fitness studies associated with evolved herbicide
resistance should be conducted using resistant and susceptible genotypes or phenotypes
sharing a similar genetic background except for the resistance gene/s (Darmency et al.
2015; Giacomini et al. 2014; Paris et al. 2008; Purrington and Bergelson 1999; VilaAiub et al. 2009, 2015b). To minimise variation at fitness-related loci which are not
directly linked to the mechanism(s) endowing herbicide resistance, efforts were made in
the selection of plant materials for this study, where the S and R phenotypes were
selected from within a segregating glyphosate resistant E. colona population (Goh et al.
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2016). Since the R phenotype of this single population is unlikely to be due to targetsite glyphosate resistance mechanisms (see Chapter 2), in which case a confounding
effect of heterozygous alleles could have taken place, it is reasonable to conclude that
the seed germination ecology characterised in this study would reflect the true
ecological measure of resistance.
To date, data on the seed germination ecology associated with glyphosate
resistance is scarce. In this present study, no difference was found in seed dormancy
release and germination patterns between the S and R phenotypes. Thus far,
comparisons of the seed germination ecology of glyphosate-susceptible and -resistant
weed populations have been conducted with Eleusine indica (L.) Gaertn., Ambrosia
artemisiifolia L. and Ambrosia trifida L. (Dinelli et al. 2013; Ismail et al. 2002). Results
from these studies exhibited different responses in germination, seedling emergence
and/or seed dormancy. However, these studies did not control the genetic background of
the plant materials as two different genetically unrelated populations were used.
Moreover, it was reported that the seeds were scarified or cold stratified prior to the
seed germination study. It has been well established that any change or modification on
the seed itself with pre-treatments (i.e. through physical, mechanical or chemical etc.
approaches) can affect the rate of seed germination (Baskin and Baskin 1998; Baskin et
al. 2006; Bewley and Black 1982).
By using plant materials that shared a similar genetic background, Délye et al.
(2013) found that an acetyl-coenzyme A carboxylase (ACCase) resistance allele,
Asn2041, had no significant effect on seed germination of Alopecurus myosuroides
Huds., whereas the Gly2078 and Leu1781 resistance alleles showed accelerated
germination compared with the susceptible genotype. Vila-Aiub et al. (2005a) revealed
a fitness cost expressed under darkness of the ACCase target-site Ile1781Leu mutation
as emergence and fatal germination of herbicide resistant L. rigidum seeds were lower
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than genetically related seeds exhibiting a susceptible ACCase or metabolism-based
cytochrome P450 resistance.
Conversely, some other studies have found that herbicide susceptibility is
associated with better germination than the corresponding resistant plants in weed
species such as triazine-susceptible Brassica campestris L. (Mapplebeck et al. 1982). A
wealth of studies have shown that higher dormancy in some weed species is correlated
with herbicide resistance and intensive cropping systems because the dormant seeds, by
germinating late, avoid the period of selection pressure of non-selective herbicides
(Gundel et al. 2008; Mortimer 1997; Owen et al. 2011, 2015). In this study, a lack of a
germination-related fitness cost was observed in the R phenotype of E. colona. The
results suggest that the glyphosate resistance trait is unlikely to be involved in the
expression of pleiotropic effects on the physiological and biochemical mechanisms
leading to seed germination and seedling emergence.

4.4.3

Management of the E. colona seed bank

The similar seed germination ecology between the S and R phenotypes observed in the
present study implies that any weed control measure, targeting the weed seed bank or
young seedlings, can be used with equal effectiveness on each phenotype and thus
enhance the efficiency of farming operations to manage this weed. Effective control of
E. colona has also been found by pre-emergent herbicides atrazine and metolachlor in
sorghum planting (Wu et al. 2004).
Rapid loss of seed dormancy and higher seedling emergence at shallow soil
depths coupled with greater fatal germination at deeper burial depths reveals that E.
colona S and R phenotypes exhibit a short seedbank life. This conforms to Chun and
Moody (1985), Chaves et al. (1997), Uremis and Uygur (2005) and Walker et al. (2010)
who found similar results for this species, probably due to the scarcity of seed
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carbohydrate reserves in small-seeded E. colona that restricts them from emerging from
greater burial depths. Other studies have also shown that seedling emergence of E.
colona was optimum at the shallow upper soil horizon in a range of 0 to 2 cm burial
depths (Chauhan and Johnson 2009; Walker et al. 2010; Wu et al. 2004). In Australia,
flushes of E. colona in field have been observed in the wetter and warmer months of
October to March indicating that emergence of this species is highly correlated with
temperature and the availability of soil moisture (Walker et al. 2010; Wu et al. 2004).
Seeds and seedlings have been targeted in designing weed control strategies due
to their high vulnerability and ease of control at this stage (Fenner 1987; Ghersa et al.
2000). From the perspective of E. colona management, minimal tillage with shallow
burial may provide favourable conditions to induce faster dormancy breakdown and
emergence of E. colona. Once the seeds have germinated or seedlings have established,
the control of young E. colona plants could be achieved with herbicides or other
treatments, thus reducing the seedbank in the field.
Harvest weed seed control techniques, which are aimed at minimising
replenishment of the weed seed bank (Walsh and Powles 2014), appear to have little
potential to control E. colona at crop harvest as they shatter and drop their seeds when
ripe. The no till cropping system would prevent deeper buried seeds being returned to
the soil surface. No till systems may also delay seedling emergence, which would
provide an advantage in the early stage of crop establishment. It was reported that late
emergence of Echinochloa spp. due to rice canopy closure has successfully suppressed
this weed (Gibson et al. 2002). Thus, cultural practices such as narrow planting rows,
high crop seeding rate and the use of competitive crop cultivars could be implemented,
wherever appropriate, to suppress late-emerging E. colona seedlings and thus reduce the
competitiveness of this weed.
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In conclusion, similar seed dormancy release, germination and seedling
emergence patterns between the S and R phenotypes of E. colona demonstrate that at
this stage or ontogeny, a physiological fitness cost was not evident in the R phenotype.
As no pleiotropic effects could be found between glyphosate resistance traits and the
ecology of the R-E. colona seed, it remains a challenge to design specific management
recommendations to target and control the R phenotype. However, a diverse integrated
management approach should aim to integrate cultural, mechanical and chemical tactics
to reduce the sole reliance on glyphosate for E. colona control and provide effective
long-term management.
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CHAPTER 5

Physiological fitness cost associated with glyphosate resistance in Echinochloa
colona (II): growth and fecundity

Preamble
As described in Chapter 4, fitness costs associated with herbicide resistance may be
expressed in some stages but not in the entire life history of a plant and may be also
influenced by the environmental conditions encountered during growth. Thus, the
fitness cost of glyphosate resistance in this studied Echinochloa colona population was
further evaluated at the vegetative and reproductive stages under non-competitive
environments.

Abstract
The quantitative assessment of physiological fitness costs associated with glyphosate
resistance in Echinochloa colona from the Tropical Ord River region of Western
Australia was conducted with plant materials selected from within a single glyphosateresistant population. Under non-competitive conditions, the susceptible (S) phenotype
had greater leaf area and aboveground and root biomass as well as a higher growth rate
compared to plants of the resistant (R) phenotype during the vegetative growth stage. At
the reproductive stage, plants of the S phenotype also produced more vegetative and
reproductive aboveground biomass than the R phenotype. A physiological fitness cost
estimated by an observed 31 reduction in total seed mass or 22 reduction in the
number of seeds was associated with the R phenotype. The results clearly suggest there
is an evolutionary trade-off between glyphosate resistance and vegetative and
reproductive growth in E. colona in glyphosate-free environments.
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5.1 INTRODUCTION

Evolutionary theory predicts that herbicide-resistant individuals express a fitness cost
and therefore can suffer a disadvantage in relation to herbicide-susceptible individuals
when herbicides are removed from the environment (Fisher 1928, 1958; Uyenoyama
1986). Changes in productivity and resource allocation patterns to vegetative and
reproductive tissues can be measured in plants that have evolved herbicide resistance
(Bergelson et al. 1996; Vila-Aiub et al. 2009). These changes in growth traits in
herbicide-resistant phenotypes often lead to a fitness cost which is measurable in the
absence of herbicide selection as a pleiotropic effect endowed by herbicide resistance
alleles. For example, changes in carbon fixation rates and resource partitioning to root
and leaf biomass lead to reduced relative growth rates and fecundity in several herbicide
resistant weed populations (reviewed by Holt and Thill 1994; Purrington and Bergelson
1999; Tardif et al. 2006; Vila-Aiub et al. 2005, 2009, 2015a). Often physiological
fitness costs evident in plants growing without competition can be magnified in a
population grown under competition, or subjected to predation or parasitism (Vila-Aiub
et al. 2015b).
Predictive models and empirical evidence have shown that the expression of
fitness costs may alter the evolutionary dynamics of resistance alleles in weed
populations (Gressel and Segel 1990; Maxwell et al. 1990; Roux et al. 2005).
Significant fitness costs have the potential to delay the evolution of resistance or
contribute to a shift towards susceptibility over time (Cousens and Mortimer 1995).
However, the rate and dynamics of these processes much depend on the magnitude of
the pleiotropic effects of resistance alleles impacting plant fitness. A fitness cost
associated with resistance may vary among life history stages and may also depend on
the prevailing environmental conditions (Jordan et al. 1999).
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Studies on fitness costs associated with glyphosate resistance in weeds have
shown contrasting results, from negligible costs associated with EPSPS gene
amplification (Cockerton 2013; Giacomini et al. 2014; Vila-Aiub et al. 2014) to small
costs associated with reduced glyphosate translocation. The present investigation
reports on the quantitative assessment of the physiological fitness costs associated with
glyphosate resistance in an Echinochloa colona population from Western Australia with
assessment of the vegetative and reproductive growth in glyphosate-susceptible and
-resistant plants grown under controlled environmental conditions.

5.2

5.2.1

MATERIALS AND METHODS

Plant material

To minimize genetic background differences between phenotypes, both glyphosatesusceptible (S) and -resistant (R) E. colona were selected from within a single
glyphosate-resistant population that originated from the Tropical Ord River region of
WA as described in Goh et al. (2016). In brief, seedlings for the selection of the S
phenotype were cloned and one clone treated with 300 g glyphosate ha-1 of (Roundup
PowerMax, Nufarm, Australia; 540 g L-1) while 2,160 g ha-1 was used for the selection
of the R phenotype. Seedlings that did not survive the glyphosate treatment of 300 g ha-1
were classified as S plants (thus identifying cloned individual) meanwhile surviving
plants from the treatment with 2,160 g glyphosate ha-1 were classified as R plants.
Identified S and R plants were transferred into bigger individual pots and were
grown for seed production. All individual plants were isolated, grown and produced
seeds under the same field environment conditions. Seeds of individual plants collected
from the first selection were germinated and seedlings were treated with the field
recommended rate of glyphosate (540 g ha-1). The S and R phenotypic lines, which
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showed 0 and 85 plant survival, respectively were further selected. Based on these
results, a total of 25 individuals of the S phenotype and 12 individuals of the R
phenotype from the first selection were chosen. Seeds were bulked for each phenotypic
line and served as the material for the physiological fitness cost studies. After collection,
seeds of each phenotypic line were stored at 35C until use.
The glyphosate resistance endowing mechanism of this population is yet to be
fully elucidated. EPSPS gene mutation and reduced leaf glyphosate uptake and
translocation at the whole plant level do not contribute to glyphosate resistance in the R
phenotype of this population. It is also unlikely that the resistance mechanism is due to
EPSPS gene overexpression and/or amplification or glyphosate

metabolism.

Nevertheless, there was reduced glyphosate uptake at the cellular level and further
investigation to determine vacuolar sequestration is warranted (see details in Chapter 3).

5.2.2

Growth analysis at the vegetative stage

The impact of glyphosate resistance mechanism(s) on plant growth was evaluated by
determining relative growth rate (RGR) and its components such as net assimilation rate
(NAR) and leaf area ratio (LAR).
Seeds of the S and R phenotypes were exposed to sulphuric acid (98%) for 5
minutes, rinsed and then germinated on agar (0.6% w/v) solidified water. Uniform
seedlings at the 2-leaf stage were transplanted into pots (17.5 cm diameter, 17.0 cm
height), which contained potting mixture (50% composted fine pine bark, 30% cocopeat
and 20% river sand) eight days after germination. Individual plants grown in single pots,
were placed in a controlled environment room with alternating 30/20C day/night
temperatures and a 12-hour photoperiod with a relative air humidity of 70% and mean
light intensity (photosynthetically active radiation, PAR) ranged from 240 to 765 mol
m-2 s-1. These ranges of light intensity were achieved by elevating the growing platform
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mechanically towards the light source as the plants grew. Pots were kept well watered
and fertilised.
Eleven to twelve plants of each of the S and R phenotypes were excised at soil
level at sequential time periods from the transplanting day (t = 0), then 19, 27 and 34
days after transplantation (DAT). The experiment was ended 34 DAT because the plants
had started to produce inflorescences. Growth traits such as plant height, number of
tillers, total leaf area, aboveground biomass (partitioned into leaves and other vegetative
parts) and root biomass were recorded for each harvest. Plant height was measured from
the soil surface to the tip of the inflorescence. Leaf area was determined using a leaf area
meter (model LI-3000 and LI-3050A, LI-COR, Lambda Instruments Corporation, USA).
All harvested aboveground materials were oven-dried at 60C for 72 hours. Each root
sample was collected with test sieves by rinsing thoroughly under running tap water and
cleaning the root gently until the potting mixture was fully removed. All root samples
were oven-dried and weighed as described previously.

5.2.3

Growth analysis at the reproductive stage

Growth analysis at the reproductive stage included twelve plants for each phenotype and
was performed at the end of the growth cycle (80 DAT). Plant height, number of
primary tillers and inflorescences and aboveground biomass (i.e. vegetative and
reproductive components, which include shoots, inflorescences and seeds) were
determined as described above. Plant height was measured as length of the longest
flowering tiller to reflect the capacity for inflorescences to appear above the weed
canopy. Seeds were collected from each plant, threshed, cleaned and weighed. One
hundred seeds from each sample were weighed and were used to estimate the number of
seeds per plant. The measurement of resource-allocation to reproduction was quantified
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using measured variables as described above and was expressed as reproductive effort
(RE) (Reekie and Bazzaz 1987), which was calculated as:

Reproductive effort (RE) =

5.2.4

Seed biomass
Aboveground biomass

x 100%

Statistical analysis

Vegetative and reproductive growth assessments were arranged in a completely
randomised design. At the vegetative stage, all growth traits were subjected to analysis
of variance (ANOVA) using the t-test procedure of the SAS package (SAS 9.3, SAS
Institute Inc., Cary, NC, USA). Due to the relatively limited harvest frequency (three
harvests) during the vegetative stage, the classical approach to plant growth analysis
using RGR was employed.
Determination of RGR involves two major components (Evans 1972), viz. NAR
and LAR and is expressed as:
RGR = NAR x LAR
where NAR is growth per unit of time per unit of leaf area (g cm-2 day-1) and
LAR is the ratio between leaf area and the total biomass of the plant (cm2 g-1). Thus, the
unbiased and non-pairing estimation of the exact mean RGR and approximation of the
expected mean NAR were calculated according to Causton (1991), Hoffman and Poorter
(2002) and Venus and Causton (1979). The variance of RGR and NAR follows those of
Causton and Venus (1981). The variance of the other component of RGR, viz. mean leaf
area ratio (LAR) was also determined (Causton and Venus 1981; Hunt 2003; Hunt et al.
2002). Mean comparisons between phenotypes for RGR and its components were
established by unpaired t-test using GraphPad Prism version 5.00 (GraphPad Software,
San Diego, California, USA, www.graphpad.com).
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For reproductive growth evaluation, 24 pots (2 phenotypes x 1 harvest x 12
replications) were assigned and the experiment was repeated in time (hereinafter defined
as Exp 1 and 2). A saucer was placed under each pot in Exp 2. Two-way ANOVA
(phenotype, experiment and its interaction) using the Proc ANOVA procedure of SAS
package (SAS 9.3, SAS Institute Inc., Cary, NC, USA) with the Tukey’s test was
performed to analyse growth and seed production data at the reproductive phase. Except
for the hundred seed mass and RE traits, ANOVA showed a significant effect of the
repeated experiments for all plant traits studied. Thus, the hundred seed mass and RE
data were pooled prior to statistical analysis and data for other variables were presented
separately according to each experiment. A phenotype x Exp interaction was not found
for all measured plant traits. An estimation of physiological fitness cost (FC) in
percentage was quantified using both total seed mass and number of seeds per plant
according to a modified equation (Vila-Aiub et al. 2015b):

FC = (1 -

and

) x100

W = survival rate x fecundity

where W is fitness of the S or R phenotype (see details in Chapter 2). Since
survival rate for both phenotypes is 100 or 1 (without mortality), the fitness (W) of
both phenotypes is fecundity dependent.
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5.3

5.3.1

RESULTS

Growth analysis at the vegetative stage

A similar height and number of tillers per plant (P > 0.05) was observed between plants
of both the S and R phenotypes during the vegetative phase (Table 5.1). Plants of the S
phenotype compared to the R phenotype at 27 and 34 DAT produced more leaf area and
exhibited greater aboveground and root biomass per plant than plants from the R
phenotype (Table 5.1). Differences in shoot and root biomass between the S and R
phenotypes coincided with a higher RGR in the S phenotype (0.30 day-1) compared to
plants of the R phenotype (0.28 day-1). This difference is equivalent to a 7 reduction
in RGR of the R phenotype and was found over a two week growing interval, that is
between the first (19 DAT) and third harvest (34 DAT) (Table 5.2). Differences in RGR
could be attributed to a higher LAR associated with plants of the S phenotype (Table
5.2), although statistical analysis showed no significant differences in either the LAR or
NAR components of the RGR components of both the S and R phenotypes over the
assessed growth period (Table 5.2; P > 0.05) and this result is unexpected. In general,
the S phenotype displayed a greater vegetative growth rate compared to the R
phenotype when grown without competition.

5.3.2

Growth analysis at the reproductive stage

No significant differences in plant height or number of tillers and inflorescences were
observed between the S and R phenotypes (Table 5.3). However, plants of the S
phenotype produced more vegetative and reproductive aboveground biomass compared
to plants of the R phenotype (Figure 5.1). Greater growth during the reproductive stage
was observed in Exp 2 than in Exp 1, probably due to greater water availability to plants
because of a saucer placed under each pot. Plants of the S phenotype allocated more
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Table 5.1 Individual plant height, number of tillers, leaf area, and
aboveground and root biomass of glyphosate-susceptible (S) and -resistant
(R) Echinochloa colona phenotypes at the vegetative phase1

S

19 DAT
4a

Plant height(cm)
27 DAT
7a

34 DAT
14 (1) a

R

4a

7a

13 (1) a

S

19 DAT
-

Number of tillers plant-1
27 DAT
4a

34 DAT
12 (1) a

R

-

4a

S

19 DAT
4a

Leaf area (cm2 plant-1)
27 DAT
51 (3) a

34 DAT
188 (16) a

R

4a

34 (3) b

133 (11) b

Phenotype

Phenotype

Phenotype

Phenotype

Aboveground biomass (g plant-1)
27 DAT
34 DAT
0.15 (0.01) a
0.70 (0.06) a

S

19 DAT
0.01 a

R

0.01 a

0.12 (0.01) b

0.52 (0.05) b

S

19 DAT
0.003 a

Root biomass (g plant-1)
27 DAT
0.04 a

34 DAT
0.16 (0.02) a

R

0.003 a

0.03 b

0.11 (0.01) b

Phenotype

1

10 a

DAT: Days after transplanting. Values in parentheses are standard errors of the mean
and zero standard error is not shown. Means within a column followed by the same
letters are not significantly different according to t-test (α = 0.05).
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Table 5.2 Results from growth analysis over the interval of 19-34 days after
transplanting for glyphosate-susceptible (S) and -resistant (R) Echinochloa
colona phenotypes at the vegetative phase1. Values are mean estimates (n =
23-24) with standard errors in brackets.

1

Phenotype
S

RGR (day-1)
0.30 (0.01) a

NAR (mg cm-² day-1)
1.22 (0.04) a

LAR (cm² g-1)
281 (10) a

R

0.28 (0.01) b

1.19 (0.05) a

270 (12) a

n: number of samples. RGR: Relative growth rate. NAR: Net assimilation rate. LAR:

Leaf area ratio. Means within a column followed by the same letters are not
significantly different according to t-test (α = 0.05)

Table 5.3 Overall (average of both Exp 1 and 2) values of the measured
growth characters for glyphosate-susceptible (S) and -resistant (R)
Echinochloa colona at the reproductive phase (80 DAT) 1
Phenotype
S

Overall
77 (1) a

R

77 (1) a

Phenotype
S

Overall
55 (3) a

R

58 (3) a

Phenotype

1

S

Overall
60 (3) a

R

65 (2) a

Plant height (cm)
Exp 1
79 (1) a
78 (1) a

Exp 2
75 (1) a
76 (1) a

Number of primary tillers plant-1
Exp 1
Exp 2
44 (2) a
65 (3) a
46 (2) a

70 (2) a

Number of inflorescences plant-1
Exp 1
Exp 2
49 (4) a
72 (2) a
54 (1) a

76 (1) a

DAT: Days after transplanting. Exp: Experiment. Values in parentheses are standard
errors of the mean. Means within a column followed by the same letters are not
significantly different according to t-test ( = 0.05).
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Figure 5.1 Mean aboveground biomass (vegetative and reproductive
components), seed yield and reproductive effort of glyphosate-susceptible (S)
and -resistant (R) Echinochloa colona at maturity (80 DAT) under noncompetitive conditions. Bars indicate the standard error of the mean.
Different letters denote significant differences between phenotypes (P<0.05)
using two-way ANOVA. DAT: Days after transplanting; Exp: Experiment.
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resources to the reproductive organs with an estimated RE that was higher than that of
the R phenotype (21% vs 17%). A greater number of seeds (10000 vs 7000 in Exp 1 and
17000 vs 14000 in Exp 2) of larger size (mean hundred seeds mass of 97 vs 86 mg) was
observed in the S versus R phenotype (Figure 5.1). Thus, in the absence of glyphosate,
and without competition, a physiological fitness cost (FC) of (on average) 31 lower
total seed mass or 22 lower seed number was observed in the R phenotype compared
to its S counterpart.

5.4

DISCUSSION

The present study provides evidence of the expression of a physiological fitness cost
associated with glyphosate resistance in this E. colona population from WA by
assessing vegetative and reproductive growth traits in the S and R phenotypes. In the
absence of plant competition, plants of the R phenotype exhibited a significant
reduction in fitness traits such as leaf area and vegetative aboveground and root biomass
as well as in RGR suggesting a growth-resistance trade-off in the early growth stages. A
reduced RGR (10) associated with glyphosate resistance (in this case reduced
glyphosate translocation) in a segregating Lolium rigidum Gaudin population has also
been reported (Neve et al. 2002).
To properly assess plant fitness in this study, plant materials were carefully
selected, the glyphosate selection pressure over a growing season was quantified and
growth traits with appropriate experimental design were properly recorded (Jasieniuk et
al. 1996; Ritz et al. 2015; Vila-Aiub et al. 2015b; Warwick 1991). Discrete S and R
phenotypes sharing a common genetic pool except for the glyphosate resistance gene/s
were used and grown in the same controlled environment. This allows identification of
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any evolutionary trade-off between glyphosate resistance and growth in this E. colona
population.
Seed production is a very important trait in determining plant fitness as it
represents the ability of parent plants to produce offspring for subsequent generations.
Out of the total acquired and assimilated resources during the whole life cycle, plants of
the R phenotype allocated fewer resources to reproductive structures. This lower
reproductive effort may account for the lesser number and lower total and individual
mass of produced seeds in the glyphosate resistant plants. Using the differential trait
estimates at the reproductive phase, evidence showed that a physiological fitness cost of
31 and 22 was expressed with respect to total seed mass and number of seeds
respectively in the R phenotype.
Based on life-history theory, previous studies have shown that investment in
reproduction and resistance involves a cost (Bazzaz et al. 1987; Iwasa et al. 2000).
Relevant to the results obtained, it has been shown that resources for plant growth may
divert to provide for glyphosate resistance mechanisms such as restricted translocation
of glyphosate due to vacuolar sequestration or glyphosate pumped from within the cell
into the apoplast or from the chloroplast into the cytoplasm using an active transport
system (Sammons and Gaines 2014; Shaner 2009). These potential resistance
mechanisms may be responsible for the impaired growth observed in plants of the R
phenotype.
Conversely, no fitness cost during the reproductive and vegetative stages has
been shown in glyphosate-resistant Amaranthus palmeri S. Wats. expressing EPSPS
gene amplification as the resistance mechanism (Giacomini et al. 2014; Vila-Aiub et al.
2014). In contrast, by using segregating populations under field conditions, Brabham et
al. (2011) found that while plant height, shoot biomass and leaf area of glyphosatesusceptible and -resistant giant ragweed (Ambrosia trifida L.) biotypes were similar, the
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resistant biotype produced 25% less seed than the susceptible biotype during
reproduction.
Fitness is the ultimate phenotypic trait that integrates the ability of an organism
to grow, persist and disperse in a given environment (Harper 1977). It has been shown
that a physiological fitness cost associated with herbicide resistance should magnified
when resistant plants are grown under resource competitive conditions. Thus,
experiments to examine plant growth under competition from a crop were conducted
(see Chapter 6).
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CHAPTER 6

Ecological fitness cost associated with glyphosate resistance in Echinochloa colona

Preamble
The expression of physiological fitness costs was quantified in the seed germination
studies (Chapter 4) and at the vegetative and reproductive stages of the plant life cycle
under competition-free conditions (Chapter 5). Previous studies have shown that fitness
costs associated with herbicide resistance alleles could be magnified under the influence
of ecological interactions or stressful environments such as plant competition. A
quantitative estimation of the ecological fitness cost of resistance under competitive
conditions was performed in the glyphosate-resistant Echinochloa colona phenotype and
the findings were reported in this Chapter.

Abstract
The expression of an ecological fitness cost associated with glyphosate resistance in
Echinochloa colona was assessed in pot and field experiments under weed-crop and
weed-weed competitive interactions without glyphosate treatments. A ‘neighbourhood
experimental design’ was assigned to the pot experiments where a ‘target’ individual
(either glyphosate-susceptible (S) or -resistant (R) E. colona) competed with
‘neighbouring’ plants under a density gradient in interspecific competition with rice
plants or intraphenotypic competition with the respective E. colona phenotype (S (target)
vs R (neighbour); R (target) vs S (neighbour)). Meanwhile the dynamics of phenotypic
glyphosate resistance frequency over two years was evaluated in a field experiment.
When competing with rice plants, the S phenotype was a stronger competitor with rice
than the R phenotype as more resources were allocated to reproductive organs. An
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ecological fitness cost of 60 was expressed in the R phenotype under interspecific (vs
rice) competition conditions. Similarly, a greater reduction of seed mass and number of
seeds produced was observed in R vs S ‘target’ phenotypes under intraphenotypic
competition. Also, a significant decline (14 percentage points) in the glyphosate
resistance frequency was observed after two generations in the field. These findings
indicate that the R phenotype could be subjected to extinction or persist at only a low
frequency within an E. colona population in agro-ecological conditions with no
glyphosate selection.

6.1

INTRODUCTION

Glyphosate is the world's most important herbicide and its sustainability is essential to
profitable farming (Duke and Powles 2008a, b). It has been suggested that the evolution
of glyphosate resistant weed species is a threat to world food production (Duke and
Powles 2008a). In the absence of herbicide selection, the evolutionary success of a
herbicide resistance gene is largely dependent on the plant fitness cost associated with
the resistance trait (Bergelson and Purrington 1996; Vila-Aiub et al. 2009a). A fitness
cost is defined as an impairment in plant function that ultimately translates into reduced
survival and/or fecundity. Thus, from evolutionary ecology theory, it is predicted that a
resistance or fitness cost will be expressed in herbicide resistant plants in herbicide free
environments (Vila-Aiub et al. 2009a). A number of studies have suggested that fitness
costs associated with herbicide resistance may occur at particular plant developmental
or growth stages in the life-cycle of a species (Boege et al. 2007; Darmency and Pernes
1989; Darmency et al. 2011; Délye 2005; Gressel and Ben-Sinai 1985; Roux and
Reboud 2005), depending on the particular evolved resistance gene and allele (Délye et
al. 2013; Menchari et al. 2008; Vila-Aiub et al. 2005), homozygosity of the resistance
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allele (Roux et al. 2004, 2005), pleiotropic effects on the activity and kinetics of the
resistance enzyme (Baerson et al. 2002; Li et al. 2013; Vila-Aiub et al. 2015a; Yu et al.
2015), genetic background (Giacomini et al. 2014; Paris et al. 2008) and environment
(Ashigh and Tardif 2011; Bergelson and Purrington 1996; Gassmann 2005; McCloskey
and Holt 1991; Plowman et al. 1999). Thus, the expression and magnitude of fitness
cost is not universal and each fitness cost associated with herbicide resistance traits
should be evaluated individually.
Theory and evidence suggest that fitness costs associated with herbicide
resistance alleles could arise and/or be magnified as a consequence of the effect of
ecological interactions such as plant competition in a resource-limited environment
(Bergelson 1994; Bergelson and Purrington 1996; Hoffmann and Parsons 1991; VilaAiub et al. 2009b). Plant competitive interactions in a resource-limited environment
may divert important resources away from growth and reproduction to sustain
constitutive evolved resistance mechanisms in herbicide resistant plants. This type of
competitive interaction often results in a cost usually termed ‘ecological fitness cost’ as
opposed to the physiological fitness costs discussed in previous Chapters (Strauss et al.
2002; Vila-Aiub et al. 2009a, 2015a).
In general, it is accepted that plant evolved resistance to herbicide is expected to
have reduced fitness. However, several studies have proven that not the entire herbicide
resistance trait translated into cost of fitness (Jasieniuk et al. 1996; Powles and Yu 2010;
Vila-Aiub et al. 2009a, 2014). Therefore, the aim of this study is to assess the
expression of ecological fitness costs associated with glyphosate resistance in an
Echinochloa colona population from Western Australia growing under rice competition
in controlled and field conditions, and intraphenotypic competition without glyphosate.
This knowledge will allow the development of agronomic strategies to control
glyphosate-resistant E. colona.
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6.2

MATERIALS AND METHODS

6.2.1

Seed source and plant materials

A glyphosate susceptible (S) and resistant (R) phenotype selected from within an
Echinochloa colona population was used in this study as described in Goh et al. (2016)
(see Chapter 2). The ultimate glyphosate resistance mechanism in this population
remains unknown. EPSPS gene mutation, reduced leaf glyphosate uptake and reduced
translocation at the whole plant level do not contribute to glyphosate resistance in the R
phenotype. It is also unlikely that the resistance mechanism is due to EPSPS gene
overexpression or amplification, or glyphosate metabolism. However, there is some
evidence to conclude that reduced glyphosate uptake at the cellular level is responsible
for endowing glyphosate resistance in this population (see Chapter 3). Both the
glyphosate-susceptible (S) and -resistant (R) phenotypes of E. colona have identical seed
mass. Rice seeds (Oryza sativa var. ‘Yunlu 29’, an upland rice variety originating from
Yunnan province in China) were provided by the Department of Agriculture and Food,
Kununurra (DAFWA), Western Australia. Seeds of E. colona and rice plants were stored
at constant 35C until use.
The seeds of both the S and R E. colona phenotypes were pre-treated with
sulphuric acid (98) for 5 minutes and rinsed under running tap water prior to sowing
in 500 mL plastic containers containing agar (0.6 w/v) solidified water, and
germinated at alternating temperature of 30/20C with a 12 h day/night photoperiod.
Unless otherwise noted, the seeds of rice were soaked in water for 24 h and then
pregerminated on agar with the same temperature as described above.
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6.2.2

Interspecific competitive ability of glyphosate-susceptible and -resistant E.

colona phenotypes under rice competition
This experiment was conducted outdoors (S 3159’; E11549’) during Summer
2012/2013, with an average air temperature of 26C, air relative humidity of 55%, light
intensity of 814 μmol m-2 s-1 and daylength of 14 h. A ‘neighbourhood experimental
design’ was employed to assess the response of the S and R phenotypes to rice
competition. Competitive response is the ability of a plant or a ‘target’ individual to
persist in the existence of competition from neighbouring plants and this response is
illustrated by the slope of a logistic non-linear model (estimated parameter of b), in
which species with steeper slopes are weaker competitors (Goldberg and Landa 1991;
Keddy et al. 2002). A constant density of the S or R phenotype (as ‘target’ individual),
viz. one plant per pot (or equivalent to 15 plants m-2) with five densities of rice plants
(as ‘neighbour’ individuals), viz. 3, 5, 10, 20 and 30 rice plants per pot (or equivalent to
45, 76, 151, 303 and 454 plants m-2) and a control treatment (viz, with zero rice plants)
were applied (Cousens 1991; Swanton et al. 2015) (Figure 6.1). In this symmetric
competition study, similar-sized weed and crop plants (about 1 cm in height) were
transplanted into big pots (29 cm in diameter with a height of 27.5 cm) containing a
potting mixture (50% composted fine pine bark, 30% cocopeat and 20% river sand). All
plants were introduced as transplants to ensure uniform plant size at the initial stage.
Hence, the competitive response of the target individual can be assessed directly
without any variation in size structure among individuals. A grid was used to ensure a
uniform plant arrangement during transplanting (Figure 6.1). Pots were fertilised as
required (with recommended rate of NPK at 100, 20 and 40 kg ha-1) and were irrigated
twice daily to ensure sufficient water for plant growth.
To minimise seed loss by seed shattering from mature S- and R-E. colona
phenotypes, a PVC-coated fibreglass mesh (approximately 1.4 mm in mesh size)
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Neighbour density
0 plants m-2

45 plants m-2

76 plants m-2

151 plants m-2

303 plants m-2

454 plants m-2

Rice plant (neighbouring plant)
S or R phenotype (target plant)
Figure 6.1 Experimental design for evaluating the competitive responses of
glyphosate-susceptible (S) and -resistant (R) Echinochloa colona
phenotypes under competition with different planting densities of rice.
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(Cyclone; Cyclone Industries, Dandenong South, Victoria) was placed under the pots.
Harvest was performed two months after transplanting. Seeds were separated from
inflorescences, threshed and cleaned by sieving through a test sieve mesh size of 1.18
mm and then putting the sieved seeds through a fanning mill. Small chaff fragments
were manually separated. Other plant materials (vegetative components, inflorescences
and chaff) were oven-dried at 60C for 2 days. The total aboveground biomass
(vegetative, inflorescences, seeds and chaff) and seed mass of both E. colona
phenotypes were determined. One hundred seeds of both phenotypes from each sample
were weighed and used to estimate the number of seeds per plant. A repeated
experiment using a single rice plant density of 10 plants pot-1 together with a control
treatment (a ‘target’ individual without ‘neighbour’) was also conducted in the next year
in similar environmental conditions. Plant and seed harvest was performed three months
after transplanting in this second experiment.

6.2.3

Intraphenotypic competitive ability between glyphosate-susceptible and -

resistant E. colona phenotypes
A symmetric competition experiment as described above was performed outdoors (S
3159’; E11549’) during Summer 2013/2014 using the ‘target-neighbourhood’ design,
in which the S and R phenotypes were grown in pure and mixed stands. A ‘target’
individual (either the S or R phenotype) was placed in the centre of a round pot at equal
distances from ‘neighbouring’ individuals at six planting densities (0, 15, 76, 151, 303
and 454 plants m-2). Grids were used to obtain the desired ‘neighbour’ plant densities by
planting 0, 1, 5, 10, 20 and 30 plants in a pot. All seedlings were transplanted as
described above. Pots were irrigated twice a day and approximately 400 mL of a soluble
NPKCaMg fertilizer (15:2:12:5:2+TE, Peters Excel CalMag Grower, Scotts
International BV, Scotts Australia Pty Ltd, Australia) (up to 120 g fertiliser per 10 L
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water) was added fortnightly throughout the study period. The average air temperature,
air relative humidity, light intensity and daylength during the study period were 25C,
56%, 825 μmol m-2 s-1 and 14 h respectively.
Harvest of aboveground shoots and seeds of E. colona was performed two
months after transplanting. Seed collection and cleaning were carried out as described
above. Plant height, number of inflorescences and primary tillers of the ‘target’
individuals were recorded at harvest. Other growth variables such as the total
aboveground biomass, seed mass and number of seeds for ‘target’ individuals of both
phenotypes were estimated as described above.

6.2.4

Frequency of glyphosate resistance over time

The expression of fitness costs associated with glyphosate resistance in this E. colona
population was assessed by studying the dynamics of phenotypic glyphosate resistance
frequency over a period of time (Vila-Aiub et al. 2011, 2015a). The hypothesis with this
experimental approach is that any decrease in the glyphosate resistance frequency over
time from an initial and known frequency in the population would be associated with
the expression of fitness cost. Conversely, no changes in the resistance frequency
compared to the initial frequency at the beginning of the experiment would imply
negligible or no fitness cost. Following this approach, a field experiment was conducted
to assess the changes of glyphosate resistance frequency over two consecutive E. colona
generations in the absence of glyphosate selection pressure. The experiment was carried
out in the screenhouse at the Shenton Park Experimental Station of the University of
Western Australia (S 3156’; E11547’) in the Summers of 2012/2013 and 2013/2014.
The planting area was shallow plough at about 10 cm from the soil surface with a chisel
plough and treated with the recommended dose (540 g ha-1) of glyphosate (Roundup
PowerMax; Nufarm, Melbourne, Victoria; 540 g L−1) to remove any existing plants. A
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compound NPKCaMg fertilizer (15:2:12:5:2+TE, Peters Excel CalMag Grower, Scotts
International BV, Scotts Australia Pty Ltd, Australia) was applied manually at a rate of
190 kg ha-1 two weeks prior to planting.
The pre-soaked rice seeds were planted as previously described at a density of
150 seeds m-2 into 15 cm row spacing in four 2 x 2 m2 experimental plots, which were
spaced 2 m apart. Four replicated experimental plots were established. Seedlings of E.
colona of uniform size (about 1 cm in height) at a density of 25 plant m-2 for each
phenotype were transplanted within the rice planting rows in an alternating sequence of
the S and R phenotypes. Seedlings were transplanted to give a S:R phenotype of 50:50.
As survival of the R phenotype was not 100% (but 88%), a greater total number of R
seedlings were transplanted (i.e. 86 S and 114 R seedlings) into each plot one month
after seeding of the rice seeds. Over the 2 weeks following transplanting, dead seedlings
of E. colona were replaced as required.
The plots were kept free of undesirable weeds throughout the growing season by
manual weeding without interfering with the investigated plants. The S and R
phenotypes produced seeds 2 months after transplanting and no harvest or soil
disturbance was conducted, except for the establishment of new rice crop plants in the
early summer of the second year where the plant residue on the ground surface was
removed before planting. The plots were kept-well fertilised with 100 kg N ha-1 (a
compound NPKCaMg fertilizer with 15:2:12:5:2+TE, Peters Excel CalMag Grower,
Scotts International BV, Scotts Australia Pty Ltd, Australia) and irrigated daily by
overhead sprinklers. Irrigation was terminated at the end of autumn (March) and was
resumed in the following summer (December). The seeds were allowed to shed in the
first year within each experimental plot. Flushes of E. colona germination occurred
when the irrigation was reintroduced in the second year and thus rapidly outcompeted or
displaced rice plants in the later growing stage. Mature seeds of E. colona from each
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experimental plot were collected at the end of the second growing season. The seeds
were kept in separate paper bags for each experimental plot, thoroughly mixed and
stored at room temperature until used.

Glyphosate screening on the progeny seeds of E. colona
In Summer 2014/2015, about 300 seeds of E. colona from each of the four replicated
experimental plots of the second growing season were sampled from the paper bag.
These, along with the original S and R phenotypes (to account for an initial glyphosate
resistance frequency of 50:50 (S:R) at the start of the trial) were germinated as
described before. Seedlings at the 2-leaf stage with about 100 seedlings per tray with
three replicates per treatment were transplanted into plastic trays (33.5 × 28 × 6 cm)
containing potting mixture. At the 4- to 5-leaf stage, the seedlings were treated with 540
g glyphosate ha-1 (Roundup PowerMax; Nufarm, Melbourne, Victoria; 540 g L−1).
Plants were maintained outdoors after treatment, with an average air temperature, air
relative humidity, light intensity and daylength of 25C, 55%, 756 μmol m-2 s-1 and 14 h
respectively. Plant survival was recorded 28 days after glyphosate treatment, and
surviving, growing plants (with new shoots) were classified as R phenotypes. Seedlings
that did not survive the glyphosate treatment were classified as S phenotypes.

6.2.5

Experimental design and statistical analysis

For both interspecific and intraphenotypic competition studies, treatments were
arranged in a completely randomised design with five replications except for the
repeated experiment where seven replications were assigned to the treatment with the
density of 10 rice plants pot-1. To account for variability in the sizes of individual plants
at harvest, the total aboveground biomass (vegetative, inflorescence, seeds and chaff),
seed mass and estimated number of seeds of ‘target’ individuals for each density were
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standardized and calculated as a percentage of those parameters measured in the
absence of ‘neighbour’ individuals (control treatment) by dividing by the mean estimate
of those growth variables of ‘target’ individual in the control treatment.
Data of these variables from the interspecific competition (E. colona phenotypes
versus rice plants) were plotted as a function of ‘neighbour’ individual density and were
best fitted to a three-parameter logistic model:

y=
1

50

where y is the total aboveground biomass, seed mass or number of seeds of the
‘target’ individual as a percentage of mean control at rice plant density x, a is maximum
plant response, b is the slope and x50 is 50 of maximum plant response (SigmaPlot
12.0 software, Systat Software, Inc, CA, USA). Based on the corresponding fitted
curves, the competitive response of the S and R phenotypes to rice plants was quantified.
This competitive response can also be expressed as the mean competitive
response (CR) of both the S and R phenotypes (‘target’ individuals) grown with rice
plants (the same ‘neighbour’ individuals) in which it was calculated as (Goldberg and
Fleetwood 1987; Weigelt and Jolliffe 2003):

CR =

1

(

n

Pmix
Pctrl

)

where n is the total number of replicates in the presence of competition across all
rice plant density treatments, Pmix is the ‘target’ individual performance (either the total
aboveground biomass, seed mass or number of seeds of each phenotype) at each rice
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plant density in the presence of competition and Pctrl is the ‘target’ individual
performance in the absence of competition.
The magnitude of ecological fitness cost (FC) (Vila-Aiub et al. 2009b) between
the S and R phenotypes in terms of either total aboveground biomass, seed mass or
number of seeds was quantified as:

FC = (1 -

) x100

where CRS and CRR is the mean competitive response of the S and R phenotype,
respectively. Resource allocation to reproduction was also quantified and expressed as
an average of reproductive effort (RE) (Reekie and Bazzaz 1987) using the following
equation:

Reproductive effort (RE) =

Seed mass
Total aboveground biomass

x 100%

Data were plotted as a function of ‘neighbour’ individual density and were then best
fitted to a two-parameter rational model:

y=

1

where y is the RE of the ‘target’ individual at neighbour density x, a is the RE of
the ‘target’ individual in the absence of ‘neighbours’ (x = 0) and b is the slope of
regression. Quantitative differences between the S and R phenotypes in the CR and
estimated parameters of RE, which derived from the fitted curve, were subjected to
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unpaired t-tests using GraphPad Prism version 5.00 (GraphPad Software, San Diego,
California, USA, www.graphpad.com).
The ecological fitness cost (FC) and reproductive effort (RE) due to one density
of rice plants (repeated interspecific competition experiment) was also quantified as
described above. The value of CR in the equation of fitness cost (FC) was replaced by
fitness (W) of each phenotype which was estimated as survival x fecundity (see Chapter
2). The data was analysed using the Proc t-test procedure of the SAS package (SAS 9.3,
SAS Institute Inc., Cary, NC, USA).
For the intraphenotypic competition study, the total aboveground biomass of
‘target’ individuals was fitted to a logistic model as described above whereas the seed
mass and number of seeds of ‘target’ individuals were fitted to a two-parameter
exponential decay model:

y = e-

where y is the seed mass or number of seeds of the ‘target’ individual as a
percentage of the mean control at rice plant density x, a is the maximum plant response
and b is the slope. All estimated parameters derived from the fitted curves were
subjected to unpaired t-test using GraphPad Prism version 5.00 (GraphPad Software,
San Diego, California, USA, www.graphpad.com) for means comparison between the S
and R phenotypes. Growth variable data (plant height, number of inflorescences and
primary tillers) from the intraphenotypic competition experiment were subjected to a
two-way ANOVA (main effects or variables of neighbouring density, phenotype and
their interactions) and means separation was determined by the Tukey test using the
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Proc ANOVA procedure of the SAS package. No interaction effect was found for all
measured variables.
In relation to the study on the changes of glyphosate resistance frequency over
time conducted in field conditions, Chi-squared tests (2) were performed to identify
any significant differences between the initial (year 0) and final (after two plant
generations, year 2) observed glyphosate resistance frequencies. The null hypothesis is
that there is no fitness cost and no subsequent decrease or deviation from the initial
frequency of glyphosate resistance when the S and R phenotypes are grown in the
absence of glyphosate selection for two years (50:50 (S:R) at year zero).

6.3

RESULTS

6.3.1

Interspecific competitive ability of glyphosate-susceptible and -resistant E.

colona phenotypes under rice competition
Increasing competition from neighbouring rice plants led, as expected, to the limitation
of growth, reproductive effort and seed production of both the S and R phenotypes of E.
colona (Figure 6.2). The S phenotype showed greater total aboveground biomass (i.e.
vegetative and reproductive biomass) than the R phenotype, however no significant
difference between the S and R phenotypes was observed (Figure 6.2; Table 6.1).
Conversely, under rice competition differences between the S and R phenotypes in seed
mass and number and reproductive effort were evident (Figure 6.2; Table 6.1). Slope
values for seed mass and number were significantly lower in the S phenotype compared
to the R phenotype (Figure 6.2; Table 6.1). Almost twice the density of rice plants was
required to reduce seed mass and number by 50% in the S phenotype compared to the R
phenotype (Table 6.1). These findings indicate that the S phenotype is a stronger
competitor with rice than the R phenotype. An ecological fitness cost (FC) associated
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Figure 6.2 Mean (a) total aboveground biomass, (b) seed mass and (c) number of seeds of glyphosate-susceptible (S;
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resistant (R;

) and -

) Echinochloa colona phenotypes (‘target’ plant) subjected to increasing rice plant densities. Symbol bars denote the

standard error of the mean. Regression lines represent the fitted three-parameter logistic model.

Table 6.1 Estimates of a, b and x50 parameters derived from the logistic regression model (y =

) to account for total

1

50

aboveground biomass, seed mass and number of seeds in glyphosate-susceptible (S) and glyphosate-resistant (R) Echinochloa colona
‘target’ plants under increasing density of rice plants1
‘Target’
phenotype
S
162

R
1

Total aboveground biomass
a
b
x50
R2
99
0.9
112
0.86
(5) a
(0.1) a
(20) a
100
(5) a

0.9
(0.1) a

88
(15) a

0.87

a
99
(7) a
100
(5) a

Seed mass
b
x50
1.5
106
(0.3) a
(18) a
4.6
(1.2) b

47
(2) b

2

R
0.83

a
99
(7) a

0.91

100
(5) a

Seed number
b
x50
1.4
91
(0.3) a
(15) a
4.3
(1.1) b

46
(2) b

R2
0.84
0.91

a = maximum plant response ( mean control); b = slope of curve; x50 = 50% of maximum plant response. Values in parentheses are standard
errors of the mean. Means within a column followed by the same letters are not significantly different according to the t-test (α = 0.05)

with glyphosate resistance was expressed in the R phenotype accounting for 60% in
both seed mass and number (Table 6.2). The S phenotype allocated more resources to
reproductive organs than the R phenotype when competing with rice plants (Figure 6.3;
Table 6.3) with a lower slope for the S phenotype compared to the slope of the R
phenotype (Table 6.3).
In the repeated experiment using only 10 rice neighbour plants m-2, the total
aboveground biomass and seed mass and number produced by plants from the S
phenotype were more than double in comparison to those from the R phenotype (Table
6.4). These results of the two repeated studies are consistent (Figure 6.2). Although a
similar biomass allocation to reproductive traits (as much as 80%) was observed in both
the S and R phenotypes under the influence of this discrete rice density, a severe
reduction in seed mass and number (c. 60%) was found in the R phenotype (Table 6.4).
This fitness cost quantified in experiment two (Table 6.4) was similar to the findings
from experiment one under increasing rice plant density (Table 6.2).

6.3.2

Intraphenotypic competitive ability between glyphosate-susceptible and

-resistant E. colona phenotypes
The intraphenotypic competitive effect of ‘neighbouring’ S plants on the growth of the
‘target’ R phenotype and vice versa was evaluated. All the estimated growth and
reproductive traits of the S and R ‘target’ phenotypes decreased sharply under
increasing competition (Figure 6.4; Table 6.5). Across all plant densities, the total
aboveground biomass and number of inflorescences and primary tillers of the S and R
‘target’ phenotypes did not differ significantly under competition (Table 6.5 & 6.6).
Plants from the S ‘target’ phenotype exhibited significantly greater height than plants
from the R ‘target’ phenotype with mean plant heights of 90  2 and 79  3 cm,
respectively (Table 6.6). In competition with the respective ‘neighbour’ at plant
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Table 6.2 Estimated mean competitive response (CR) (as % of control
treatment) of glyphosate-susceptible (S) and glyphosate-resistant (R)
Echinochloa colona ‘target’ plants based on total aboveground biomass,
seed mass and number of seeds under increasing density of rice plant.
Quantification of fitness cost (FC) associated with each trait is provided
(as % of control treatment)1
‘Target’
phenotype

Aboveground
biomass
CR

1

S

44 (4) a

R

40 (4) a

FC

Seed mass
(% of control treatment)
CR

FC

40 (6) a
-

Seed number

16 (4) b

CR

FC

37 (5) a
59

16 (4) b

56

Values in parentheses are standard errors of the mean. Means within a column
followed by the same letters are not significantly different according to the t-test (α =
0.05).
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Figure 6.3 Mean reproductive effort of glyphosate-susceptible (S;
-resistant (R;

) and

) Echinochloa colona phenotypes subjected to increasing

rice plant densities. Symbol bars denote the standard error of the mean.
Regression lines represent the fitted two-parameter rational model.
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Table 6.3 Estimates of a and b parameters derived from the rational
regression model (y =

1

) for reproductive effort (as % of control

treatment) of glyphosate-susceptible (S) and glyphosate-resistant (R)
Echinochloa colona ‘target’ plants under increasing density of rice plants 1
‘Target’
phenotype
S
R
1

a
100 (8) a
100 (8) a

Reproductive effort (RE)
(% of control treatment)
b
0.002 (0.001) a
0.016 (0.004) b

R2
0.535
0.723

a = RE of the ‘target’ individual in the absence of ‘neighbours’ (x = 0); b is the slope
of regression. Values in parentheses are standard errors of the mean. Means within a
column followed by the same letters are not significantly different according to the ttest (α = 0.05). RE =

Seed mass
Total aboveground biomass
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x 100%

Table 6.4 Mean estimates of total aboveground biomass, seed mass,
number of seeds, reproductive effort (RE) and fitness cost (FC) (as % of
control treatment) in glyphosate-susceptible (S) and -resistant (R)
Echinochloa colona ‘target’ plants under competition with rice plants (10
rice plants pot-1 or equivalent to 151 plant m-2)1
‘Target’
phenotype

Total
aboveground
biomass

S
R

35 (6) a
16 (2) b

Seed mass
(Fecundity = Fm)

Seed number
(Fecundity = Fn)

(% of control treatment)
25 (4) a
24 (5) a
12 (1) b
10 (2) b

Reproductive
effort
(RE)2
81 (16) a
80 (6) a

‘Target’
phenotype
S
R

Survival rate

Fitness (Wm) 2

Fitness cost (FCm) 2

1
1

25 (4) a
12 (1) b

56

‘Target’
phenotype
S
R

Survival rate

Fitness (Wn) 2

Fitness cost (FCn) 2

1
1

24 (5) a
10 (2) b

57

1

2

Values in parentheses are standard errors of the mean. Means within a column
followed by the same letters are not significantly different according to the t-test (α =
0.05)
RE =

Seed mass
Total aboveground biomass

x 100%; W and FC are estimated from seed mass (m)

and number of seeds (n), respectively. W = survival x fecundity; FC = (1 -

167

) x100
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Figure 6.4 Total aboveground biomass and seed mass and number of (a) glyphosate-susceptible (S;
(R;

) and (b) glyphosate-resistant

) Echinochloa colona ‘target’ plants in response to increasing ‘neighbouring’ plant densities. Symbols denote mean estimates and

standard error of the mean. Total aboveground biomass data were fitted to a three-parameter logistic model while seed mass number data
were fitted to a two-parameter exponential decay model.

Table 6.5 Estimates of a, b and x50 parameters in the total aboveground biomass and seed mass and number of glyphosate-susceptible (S)
and glyphosate-resistant (R) Echinochloa colona ‘target’ plants under increasing competition of intraphenotypic ‘neighbouring’ plants (S
(target) vs R (neighbour); R (target) vs S (neighbour)) 1
‘Target’
phenotype
S
R
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1

Total aboveground biomass2
a
b
x50
R2
100
1.1
16
0.88
(6) a
(0.2) a
(4) a

a
99
(7) a

Seed mass3
b
0.04
(0.01) a

100
(5) a

100
(5) a

0.09
(0.01) b

1.2
(0.4) a

9
(3) a

0.91

R2
0.85

a
99
(7) a

0.90

100
(5) a

Seed number3
b
0.04
(0.01) a
0.08
(0.01) b

R2
0.85
0.91

a = maximum plant response ( mean control); b = slope of curve; x50 = 50% of maximum plant response. Values in parentheses are standard
errors of the mean. Means within a column followed by the same letters are not significantly different according to the t-test (α = 0.05)

2

Data were fitted to logistic regression model (y =

)

1
3

50

Data were fitted to exponential decay regression model (y = e- )

Table 6.6 Mean plant height and number of inflorescences and tillers in glyphosate-susceptible (S) and -resistant (R) Echinochloa colona
‘target’ phenotypes under increasing competition of intraspecific ‘neighbouring’ plants (S (target) vs R (neighbour); R (target) vs S
(neighbour)1
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Density of
neighbouring
individuals
(plant m-2)
0
15
76
151#
303#
454
Overall mean
P value

Plant height (cm)
S
102 (2) a
101 (4) a
87 (4) ab
92 (4) a
88 (5) a
71 (4) b
90 (2)

R
100 (4) a
91 (4) a
86 (5) ab
67 (5) b
67 (3) b
64 (8) b
< 0.0001

79 (3)

‘Target’ individual plants
Number of inflorescences
S
143 (30) a
83 (7) b
21 (4) c
15 (2) c
13 (2) c
5 (1) c
47 (10)

0.54

Number of primary tillers

R

S

168 (20) a
59 (10) b
17 (4) c
5 (2) c
3 (1) c
2 (1) c

84 (13) a
52 (4) b
21 (3) c
14 (2) c
13 (2) c
5 (1) c

43 (12)

32 (6)

R
109 (9) a
58 (12) b
17 (2) c
6 (1) c
5 (1) c
3 (1) c
0.69

33 (8)

1

Values in parentheses are standard errors of the mean. Means within a column followed by the same letters are not significantly different

#

Means within a row for each measured variable between the S and R phenotype are significantly different

densities of 151 and 303 plants m-2, the S ‘target’ phenotype produced more
inflorescences and primary tillers than the R ‘target’ phenotype (Table 6.6).
Similarly, a greater reduction of seed mass and number was exhibited by the R
‘target’ phenotypes vs S ‘target’ phenotypes (Table 6.5). This differential
competitive response between the S and R phenotypes is denoted by differences
in the regression slope (b parameter), with a higher slope value, indicating a
more rapid decline in seed production with increasing density of neighboring
plants, associated with the R ‘target’ phenotype compared to the S ‘target’
phenotype (Table 6.5).

6.3.3

Reduced frequency of glyphosate resistance traits in E. colona progeny

The original population comprised of both S- and R-E. colona phenotypes at the
beginning of the experiment (year 0) had an initial S:R plant ratio of 50:50. The survival
observed at t = 0 (the original generation) was 50% which reconfirmed the frequency
used in this study (Table 6.7). After two years (t = 2) of field exposure in the absence of
glyphosate selection and growing in interspecific and intraphenotypic competition, the
plant survival observed in the seed samples collected in the field was 36% (Table 6.7).
Thus overall this shows a mean reduction of survival (resistance) to glyphosate of 14
percentage points, which is another clear indication of a fitness cost in the R-E.colona.

6.4

DISCUSSION

6.4.1

Comparison of traits

In this study, the expression of ecological fitness costs associated with glyphosate
resistance in E. colona was assessed in pot and field experiments under interspecific
weed-crop and intraphenotypic weed-weed competitive interactions. Results show that
171

Table 6.7 Chi-square test on the frequency of resistance in Echinochloa
colona progeny after two generations in the field under glyphosate-free
conditions. The progeny of E. colona were treated with 540 g glyphosate
ha-1
Population
Year 0 (t = 0)
S
R
Total
Year 2 (t = 2)
Plot 1
Plot 2
Plot 3
Plot 4
Total

Number
of treated
plants

Observed % survival % survival Chi- P value
survivors observed
expected square

129
171
300

0
150
150

0
88
50

0
88
50

0
0

1
1

290
292
299
294
1175

135
93
99
92
419

47
32
33
31
36

50
50
50
50
50

0.23
9.82
8.43
10.53
7.55

0.631
0.002
0.004
0.001
0.006

20.13

0.0002

Heterogeneity
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when competing with both rice and the S phenotype, plants of the R phenotype exhibit
reduced competitive ability compared to plants from the S phenotype. The R phenotype
produced fewer seeds for both interspecific and intraphenotypic competitive interactions.
The frequency of glyphosate resistance also declined as much as 14% after two
generations grown in a field without glyphosate treatment. These results represent an
ecological cost associated with glyphosate resistance in this E. colona population.
An ecological fitness cost occurs when a particular herbicide resistance trait
reduces plant survivorship and/or fecundity in a species as a result of ecological
interactions, usually assessed in herbicide-free environments. Ecological interactions
such as resource competition or parasitism or herbivory can magnify or make evident a
fitness cost by diversion of resources away from growth and reproduction to other
functions responsible for ensuring the activity of the herbicide resistance mechanism
(Vila-Aiub et al. 2009a). For instance, competition between near isogenic lines of
triazine-susceptible and -resistant Senecio vulgaris L. showed a reduction in the
proportion of resistant plants as a consequence of greater infection by a rust fungus
compared to the susceptible plants. This differential response has been shown to be
caused by higher susceptibility of resistant plants to the pathogen accounting for lower
fecundity vs susceptible plants (Salzmann et al. 2008). Although the basis of this higher
pathogen susceptibility is unknown, a point mutation (Ser264Gly) in the psbA gene has
been found in this triazine-resistant biotype (Salzmann et al. 2008).
Previous studies have reported that the relative fitness of plant species could
change throughout ontogeny (Arntz et al. 2000; Holt and Thill 1994; Jasieniuk et al.
1996; Maxwell et al. 1990; Reboud and Till-Bottraud 1991; Siemens et al. 2002; Van
Dam and Baldwin 2001). It is clear that the glyphosate resistance trait present in the R
phenotype is not associated with any detrimental effect on production of vegetative
biomass under competitive conditions (e.g. Figure 6.2). Similar phenotypic plasticity
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responses to competition may account for the undetectable aboveground biomass
differences between phenotypes in this study. Recent work conducted by Awan et al.
(2014) has shown that increased nitrogen availability in competing rice vs E. colona
enhanced the phenotypic plasticity of E. colona regardless of crop planting densities.
However, negative pleiotropic effects on fecundity traits such as seed mass and number
are evident with more than 50 reduction in these reproductive traits in the present
study. These findings also indicate that an ecological fitness cost of more than 50 was
expressed in both total seed mass and number of seeds in plants from the R phenotype.
These observations were further supported by results from the field experiment, in
which the glyphosate resistance frequency declined about 14 percentage points after two
plant generations in the absence of glyphosate.
Only a few studies on the ecological fitness cost of glyphosate resistance have
been performed with susceptible and resistant phenotypes having a uniform genetic
background. Negligible ecological fitness costs have been found in both resistant
Lolium rigidum Gaudin and Amaranthus palmeri S. Wats., with respective resistance
mechanism of

reduced glyphosate translocation and EPSPS gene amplification

(Pedersen et al. 2007; Vila-Aiub et al. 2014). Interestingly, Pedersen et al. (2007)
reported that this glyphosate resistant L. rigidum produced lesser but larger seeds in
wheat-free conditions and at low wheat densities although the vegetative growth and
competitive ability between the susceptible and resistant plants did not differ
significantly. In the case of A. palmeri, our results showed that although an increasing
number of EPSPS gene copies was positively correlated with glyphosate resistance level,
no fitness cost was found in the resistant plants (Vila-Aiub et al. 2014). Similar plant
height and aboveground and inflorescence biomass were estimated for both glyphosate
resistant and susceptible A. palmeri plants growing with and without plant competition
(Vila-Aiub et al. 2014). However, both a reduced vegetative and reproductive biomass
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associated with EPSPS gene amplification were found in glyphosate resistant
Amaranthus tuberculatus (Moq.) J.D.Sauer under intraphenotypic competition but not
under interspecific competition with maize as revealed by Cockerton (2013).
Differential fitness studies with herbicide-susceptible and -resistant plants under
competition for plants with resistance to other herbicides have also been performed.
Field experiments with F2 segregating populations of acetolactate synthase (ALS)resistant Arabidopsis thaliana (L.) Heynh. with a mutant allele (Pro197Ser) (Bergelson
et al. 1996) and atrazine-resistant Amaranthus hybridus L. associated with the
Ser264Gly mutation of psbA (Arntz et al. 1998) reported similar vegetative
aboveground biomass but significant differences in the biomass of reproductive traits
between susceptible and resistant plants in competitive environments. In other studies,
herbicide-resistant plants displayed a reduction in both total aboveground biomass and
seed mass compared to their susceptible counterparts under competitive conditions, for
example, in triazine-resistant A. hybridus and Brassica rapa L. (Jordan 1996; Plowman
et al. 1999). Similar results have also been demonstrated with triazine-resistant
Amaranthus rudis Sauer where biomass accumulation and plant height were inferior to
the susceptible plants (Anderson et al. 1996).
A field study in three different ACCase-inhibiting herbicide resistant black-grass
(Alopecurus myosuroides Huds.) populations under competition with a wheat crop has
demonstrated that plant height, vegetative biomass and seed production of the Leu-1781
or Asn-2041 mutant plants were similar to that of the susceptible wild type, while
homozygous Gly-2078 ACCase plants had reduced plant height (6%), biomass (42%)
and seed production (36%) (Menchari et al. 2008). Recent work done (Vila-Aiub et al.
2015b) with Leu-1781 and Gly-2078 ACCase L. rigidum in competition with wheat
found similar results. Atrazine-resistant B. rapa was more productive than susceptible
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plants when grown under high temperature while the susceptible plants performed better
at low and medium temperature in a competition study (Plowman and Richards 1997).

6.4.2

Dynamics of resistance frequency

Theoretically, resistance alleles or traits that have a fitness cost will decrease in
frequency in a population and decrease in allele frequency over time in the absence of
herbicide selection. The number of generations required for detecting the deviations
from the initial resistance frequency once herbicide use stops will rely on the magnitude
of the fitness cost. Eventually, this fitness cost may occur at different stages throughout
the life-cycle and over several generations of a species (Boege et al. 2007; Darmency
and Pernes 1989; Darmency et al. 2011; Délye 2005; Gressel and Ben-Sinai 1985; Roux
and Reboud 2005). Therefore, one of the experimental approaches to quantify a fitness
cost of herbicide resistance alleles or traits is to assess the changes in herbicide
resistance allele frequencies in a population over several generations. This approach was
applied and incorporated into the present study. Reduced resistance frequency was
observed in the R phenotype after two years, where a 14% reduction in plant survival at
the recommended label dose of glyphosate for E. colona was observed. This is likely to
be due to the fitness cost associated with resistant plants under plant competition in
which a significant reduction in fecundity is observed when compared to susceptible
plants. A decline in glyphosate resistance has been also reported by Preston and
Wakelin (2008), who reported a drastic decrease in the glyphosate resistance frequency
(from 45 to 11%) of L. rigidum (reduced translocation resistance mechanism) after 3
generations under competition from wheat in the absence of glyphosate selection.
A rapid decline in resistance frequency from 50 to about 25 was found in the
resistant genotype of (Pro197Ser) homozygous ALS-resistant A. thaliana compared to
homozygous susceptible population after one generation in the absence of herbicide
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when a field experiment was conducted using a 50:50 mixture at the initial planting
(Bergelson and Purrington 2002). Measurement of reproductive traits is of importance
to quantify relative fitness in herbicide-susceptible and -resistant weed species (Beckie
and Morrison 1993; Goh et al. 2016; Neve et al. 2014). Survival or growth traits alone
may be insufficient to measure relative fitness and therefore may lead to incorrect
conclusions (Farnsworth and Bazzaz 1995; Jasieniuk et al. 1996) since the assessment
of fitness depends on the rate of plant survival and reproduction (Futuyma 2013). It is
also noteworthy that the fitness cost in the studied R-E. colona has been magnified to
almost 60 (see Table 6.2 & 6.4) under the influence of ecological interaction (i.e.
interspecific competition) when compared to the magnitude of the fitness costs (22-31)
with no competition (see Chapter 5).
Movement potential of herbicide resistance or prediction of pollen gene flow of
resistance involves mobility and distribution of resistance traits at distance. We have
preliminary observations that pollen-mediate gene flow is extremely low in E. colona.
To minimize seed-mediated glyphosate resistance mobility it is suggested that high
level of control should be achieved with other herbicide mode of action. This should
minimize the presence of glyphosate resistant mother plants which could produce seeds
to be moved within or between fields. Late season weed control operations should occur
to prevent surviving plants to set seed. We also suggest that glyphosate use should be
avoided to allow a decrease in glyphosate R frequency to occur. Although the evidence
presented in this study suggests that glyphosate resistance in this E. colona is associated
with a fitness cost, at this moment, it is not clear the resistance mechanism driving this
cost. However, it seems reasonable to predict that lower glyphosate use should result in
a decrease in glyphosate resistance frequency. The frequency of glyphosate-resistant E.
colona would be unlikely to increase in the absence of glyphosate selection. This
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condition would reduce number of resistant plant stand in the field and thus would
subsequently decrease the number of seeds/pollen to be dispersed.
Overall, the results of this investigation indicate that the R phenotype of E.
colona shows a fitness trade-off evident as less competitive ability than the S phenotype
under interspecific (vs rice) and intraphenotypic (S (target) vs R (neighbour); R (target)
vs S (neighbour)) competition. This result implies that the R phenotype is likely to
persist at only a low frequency within a population when glyphosate selection is absent.
Thus, glyphosate resistance in E. colona could likely regress to minimal levels when
alternative modes of herbicide action are alternatively used for the control of this weed
species.
The results of this fitness investigation could be used in modeling simulations to
predict the population dynamics of E. colona, the risk of glyphosate resistance evolution,
assess the impact of possible mitigation by integrated weed management strategies, and
the odds associated with the regression of glyphosate resistance upon removal of
glyphosate selection in environments with this problematic weed species.
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CHAPTER 7

General discussion

Since the beginning of agriculture, weeds have been a natural component of
agroecosystems. Heavy reliance on herbicides as a weed control tool has exerted an
intense selection pressure in the last 50 years leading to herbicide resistance evolution in
many weed species (Powles and Yu 2010). The evolution of herbicide resistance in
weeds is a complex phenomenon and its dynamics are affected by various biological
factors including population size, genetic inheritance and mating systems, genetic
determinants such as gene mutation rate, dominance, pleiotropic effects and epistasis,
and environmental and operational factors that can influence the intensity of selection
and the movement of resistance genes (Jasieniuk et al. 1996).
Theoretical principles on evolutionary ecology and weed management concerns
make the evaluation of fitness costs associated with the pleiotropic effect of gene(s)
endowing herbicide resistance a relevant area of research. It is predicted that individuals
carrying herbicide resistance alleles will express a fitness cost and therefore, will be at
an ecological disadvantage in relation to herbicide-susceptible individuals when
herbicides are removed from the environment (Fisher 1958; Uyenoyama 1986). Fitness
costs have also been considered an important biological trait for delaying the evolution
of resistance as well as enabling mechanisms that could lead to a regression of the
frequency of weed resistance back towards susceptibility (Cousens and Mortimer 1995;
Roush et al. 1990). However, the rate and dynamics of these processes will depend on
the magnitude of the fitness costs expressed at a certain life history stage(s) within a
specific environment(s).
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Despite the key importance of glyphosate as the most used herbicide in
agriculture, research on the expression of fitness costs associated with glyphosate
resistance has been somewhat limited. Thus, this Thesis reports on the quantitative
estimation of fitness costs associated with glyphosate resistance in an Echinochloa
colona population from the Tropical Ord River region, in northern Western Australia.
To minimize genetic background differences, a plant cloning technique followed
by phenotypic identification and glyphosate selection was employed to successfully
identify susceptible (S) and resistant (R) individuals from within this single population
of E. colona (Chapter 2). As reported before in many studies, control of genetic
background is a fundamental prerequisite to ascribe observed fitness differences
between herbicide resistant and susceptible phenotypes to the particular herbicide
resistance trait (Paris et al. 2008; Vila-Aiub et al. 2009, 2011, 2015).
A complete characterization of the S and R phenotypes was conducted based on
survival, growth and fecundity in response to increasing glyphosate rates. Estimations
of LD50 (dose causing 50% mortality) and GR50 (dose causing 50% reduction in growth
rate) showed an eightfold glyphosate resistance index (RI) in the R phenotype, while
estimation of the RI using fecundity (seed mass or number) was higher (RI = 13) than
for survival and vegetative growth (Chapter 2). This indicates that greater resistance
differences between the S and R phenotypes occur when resource allocation to
reproductive traits is considered rather than the ability to survive the treatment of
glyphosate. Glyphosate selection intensity at the half (270 g ha-1) and full (540 g ha-1)
recommended glyphosate doses respectively lead to a fourfold and 17-fold selective
advantage for the R phenotype compared to the S phenotype (Chapter 2). This
quantitative measure based on reproductive traits is a better ecological estimation of
herbicide resistance than mere survival as it involves both survival and fecundity, the
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two major components contributing to the next generations of the susceptible and
resistant plants under glyphosate selection (Futuyma 2013).
Studies on the potential physiological, molecular and biochemical bases of
glyphosate resistance revealed that not only are target-site based glyphosate resistance
mechanisms unlikely to be involved in the R phenotype of this E. colona population but
there is evidence suggesting that resistance is endowed by a reduced cellular uptake of
glyphosate (Chapter 3). These findings provide an important insight that non-target-site
based resistance mechanisms are present in this population and it is suggested that
vacuolar sequestration and/or reduced membrane uptake could be responsible for
glyphosate resistance in the E. colona population studied. Knowledge of the herbicide
resistance mechanism has been considered important for the assessment of resistancerelated fitness costs because negligible to significant fitness costs can be expressed
depending on the particular herbicide resistance traits (Vila-Aiub et al. 2009, 2011,
2015).
The fitness cost associated with glyphosate resistance in this E. colona
population was studied at different stages of the life cycle, including seed, seedling,
vegetative and reproductive stages in non-competitive and competitive environments.
This approach enabled the detection of the life history stages in which fitness costs can
be expressed. It is noteworthy that fitness costs may express in some stages but not in
the entire life history (Boege et al. 2007; Vila-Aiub et al. 2009). Seed dormancy and
germination as well as seedling emergence responses for both the S and R phenotypes
of this E. colona population have been shown to be similar (Chapter 4). However, when
grown in the absence of competition young R plants exhibited a lower relative growth
rate (RGR), leaf area, vegetative aboveground and root biomass during the vegetative
growth stage. Moreover, a physiological cost of 31 (seed mass) and 22 (number of
seeds) was also associated with the R phenotype under competition-free conditions
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(Chapter 5). These observations support the expression of a fitness cost associated with
glyphosate resistance under no plant competition and highlights that a phenotype which
produces a reduced number of progeny (seeds) is less fit than a phenotype that produces
more seeds, even when similar seed germination is observed. The assumption that
plants which produce more seeds contribute more offspring to the next generation than
do plants that produce fewer seeds is true even though identical colonization and
dispersal rate, longevity of seed, seedling vigour and/or resistance ability to diseases,
pathogens or herbivory are found (Hanley 1998; Primack and Hyesoon 1989).
Fitness costs may be magnified when plants are grown in stressful environments
(Bergelson and Purrington 1996) and the amplification level may depend on the
magnitude of the stress (Herms and Mattson 1992). Under competitive conditions with a
rice crop the estimated fitness cost associated with the glyphosate-resistant phenotype of
E. colona escalated to 60% for both seed mass and number (Chapter 6). Similarly, the R
‘target’ phenotype had a greater reduction in seed mass and number of seeds produced
than the S ‘target’ phenotypes under intraphenotypic competition.
Whether the magnitude of the estimated fitness costs associated with glyphosate
resistance were large enough to alter the phenotypic frequencies at the population level
in the absence of herbicide selection was a hypothesis for validation (Chapter 6). After
two generations, a significant decline of 14 percentage points (from 50 to 36%) in the
frequency of glyphosate resistant individuals under crop field conditions was
symmetrically negatively correlated with an increase in the frequency of glyphosate
susceptible individuals (from 50 to 64%) (Chapter 6).
In conclusion, a negative pleiotropic effect on fitness associated with glyphosate
resistance is evident in this E. colona population. It is likely that the R phenotype will
persist at a low frequency or even be eliminated in the field under conditions of no
glyphosate selection pressure.
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Future research work
The key results of this Thesis have been discussed above. For a better understanding of
the fitness costs associated with glyphosate resistance in this E. colona population, the
following future research areas are proposed.
a.

The resistance mechanism of this E. colona population is yet to be conclusively
established. Therefore, further investigations on the glyphosate resistance
mechanisms should be conducted. Based on the results reported here, it is likely
that a non-target-site based resistance mechanism such as vacuolar sequestration
and/or reduced cellular uptake could be responsible for glyphosate resistance in the
R phenotype.

b.

Based on resource allocation theory, any growth limiting factor or environmental
stress would affect the partitioning of resources in the plants. The responses of the
S and R phenotypes of this E. colona population can be evaluated under a resource
gradient such as, for instance, water stress or nutrient deficiency and thus could
further quantify the expression of fitness costs under such stressful conditions.

c.

The results on the ecology of glyphosate resistance in E. colona obtained in this
study can be employed to refine a predictive model on population dynamics and
glyphosate resistance evolution in this problematic weed of Australian and global
agro-ecosystems.
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Appendix 2
Thin layer chromatography (TLC) plates and related solvent systems that
were developed for studying glyphosate metabolism in the extracts of the
glyphosate-susceptible (S) and -resistant (R) Echinochloa colona
phenotypes
Type of TLC
plate

Solvent system

99.7
methanol:H2O:0.5 M
Cellulose
NaCl
(180:60:0.3
(20 x 20 cm, v/v/v)1
pre-coated
with plastic, 99.5
250
m ethanol:H2O:15N
particle size, NH4OH:TCA:98
Merck,
17N acetic acid
Germany)
(55:35:2.5:3.5 g:2,
v/v/v/w/v)2
99.5
ethanol:H2O:15N
Silica gel
NH4OH:TCA:98
(20 x 20 cm, 17N acetic acid
(55:35:2.5:3.5 g:2,
pre-coated
v/v/v/w/v)1
with
aluminium, 25
m
particle 99.5 ethanol:water
size, Sigma- 15N1 NH3OH (1:1,
v/v)
Aldrich,
Australia)
Isopropanol:5
ammonia (1:1, v/v)3
1, 2, 3

Reference4

Overall observation on
phosphor images

Ragab (1978)

No movement of extract
from the baseline

Sprankle et al.
(1978)

Inconsistence of extract
movement resulted in
inconclusive findings

-

Samples and glyphosate
standard were streaked
near the baseline

Dinelli et al.
(2006)

Samples and glyphosate
standard were found only
1 cm above the baseline

Selvi et al.
(2013)

Refer Figure 3.7; result is
reproducible

With a run length of 10.0, 17.5 and 15.0 cm respectively

4

Dinelli, G., Marotti, I., Bonetti, A., Minelli, M., Catizone, P. and Barnes, J. 2006.
Physiological and molecular insight on the mechanisms of resistance to
glyphosate in Conyza canadensis (L.) Cronq. biotypes. Pestic. Biochem. Physiol.
86(1): 30-41.
Ragab, M.T.H. 1978. Thin-layer chromatographic detection of glyphosate herbicide (Nphosphonomethyl glycine) and its aminomethyl phosphonic acid metabolite.
Chemosphere 7(2): 143-153.
Selvi, A.A., Archana, P.C., Rastogi, N.K. and Manonmani, K.H. 2013. application of
response surface methodology for bioremediation of glyphosate containing
simulated effluent. Int J Sci Nat 4(2): 246-258.
Sprankle, P., Sandberg, C.L., Meggitt, W.F. and Penner, D. 1978. Separation of
glyphosate and possible metabolites by thin-layer chromatography. Weed Sci
26(6): 673-674.
197

