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Abstract

Herbicides are important tools in agriculture. They allow for a simple and
effective method of weed control for growers in order to meet the global food
demand. Unfortunately, intensive herbicide usage with diminishing diversity of
weed control methods has resulted in weeds evolving resistance to herbicides.
Herbicide resistance is now a major issue and challenge for growers globally. One
of the problematic weed species, especially in the tropical and warm climate
regions is Eleusine indica. Eleusine indica is a pernicious weed that is prone to
evolve resistance to herbicides. Currently, global incidences of evolved resistance

in E. indica include eight different herbicide sites of action, including glufosinate.

Working with a glufosinate-resistant E. indica population from Malaysia,
the resistance profile was further characterised and assessed for multiple resistance.
Glufosinate resistance was confirmed in the E. indica population, with the GRso
(rate required to reduce the growth by 50%) and LDso (rate required to kill 50% of
the population) R/S ratios being 5- and 14-fold, respectively. More importantly,
multiple resistance was observed, with the selected glufosinate-resistant sub-
population (R*) exhibiting a very high level of glyphosate resistance. The GRso and
LDso R/S ratios obtained were 12- and 144-fold, respectively for glyphosate. This
population had also evolved resistance to paraquat, albeit at a low level (GRso and
LDso R/S ratios 2 to 3-fold, respectively). This species is the first to be reported to
have evolved resistance to all three non-selective herbicides. Additionally,
resistance to several ACCase-inhibiting herbicides, namely fluazifop-p-butyl,
haloxyfop-p-methyl and butroxydim, was caused by a Trp-2027-Cys substitution in
the ACCase protein sequence.

In order to investigate the glufosinate resistance mechanism(s) in the R*
population, activity of glutamine synthetase (GS) (the target-site of glufosinate)
was compared in the S and R* populations. No difference in enzyme sensitivity
towards glufosinate was observed. Specific GS activity was also similar between S and
R*. Differences in foliar uptake and translocation of [Y*C]-glufosinate were not
significant between the two populations. HPLC analysis of glufosinate metabolism did
not detect any metabolites in S or R* plants. Consequently, the resistance mechanism to

glufosinate is not due to an insensitive target-site, target-site over production,
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differential glufosinate uptake and translocation, nor enhanced glufosinate metabolism,

and remains to be determined.

Sequencing of the glyphosate target gene, EPSPS, in the highly glyphosate
resistant E. indica population revealed that a double mutation in the EPSPS gene, i.e.
Thr-102-1le and Pro-106-Ser (TIPS), was responsible for the high level glyphosate
resistance. Importantly, this double mutation is similar to the first commercialised
transgenic, glyphosate-tolerant EPSPS in maize, but has never been reported to occur
naturally. Dose-response experiments showed that the naturally evolved TIPS mutants
are 180-fold (LDso based) more resistant to glyphosate than the wild type (WT) E.
indica plants, and 32-fold more resistant than the Pro-106-Ser (P106S) (LDso based)
mutants. EPSPS inhibition assays also revealed similar results, with the TIPS EPSPS
enzyme activity showing very high glyphosate resistance relative to wild type (WT)
EPSPS (2600-fold) and P106S EPSPS (600-fold). Interestingly, the highly resistant
TIPS mutant exhibited a resistance cost in terms of vegetative growth and seed
production, while no resistance cost was observed for plants with the P106S mutation.
Plants with the TIPS mutation had a higher basal shikimic acid (the substrate for
EPSPS) level and lower tryptophan (a downstream product) levels than WT and P106S
plants. The evolution of the TIPS double mutation is likely a sequential event, with the
P106S mutation being selected first, followed by the T102l1 mutation, creating the
highly glyphosate resistant TIPS EPSPS.
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Chapter 1
General introduction

1.1 Herbicides in agriculture

History of agricultural weed control

Around 10,000 years ago, in a few independent regions of the world, the human
population shifted from a hunter-gatherer society towards a domesticated society
dependent on farmed grain crops, e.g. wheat, rice, etc. Humans were finally able to
produce more food than needed, and store it for longer periods of time. Grains were also
easily transportable. This achievement of food security allowed the human population to
grow and expand. Much later, following the Industrial Revolution, advancement in
technology and healthcare improvement meant longer lifespan and allowed for
population growth. From 2 billion people in the 1930s, the world population has grown
to more than 7 billion people in 2015 and is projected to continue growing at a rate of
80 million people per year (Worldometers, 2015).

In order to feed the increasing population, food production and specifically,
world grain production, needs to increase in a productive and sustainable manner.
However, the effort to increase grain yield is constantly being threatened by pests
(insects, mites, nematodes, etc.), plant pathogens (viruses, bacteria, fungi, etc.) and
weeds (competitive plants) (Oerke, 2006). Among these threats, weeds have been
proven to be the most problematic pest, causing the greatest limitation in crop
production (Green, 2014). Potential crop loss by weeds has been estimated to reach up
to 34%, nearly double that of animal pests and pathogens (18% and 16% respectively)
(Oerke, 2006). In the United States, the cost of crop losses to weeds was estimated to be
$US 26 billion annually (Pimentel et al., 2000). Since the dawn of agriculture, growers
have been combating weeds using various forms of human, animal and mechanical
weed controls. Early methods (e.g. hand weeding, tillage) were only moderately
successful, and were labour intensive, time consuming and not economically viable
(Oerke, 2006).

All that changed after the Second World War. The introduction of the first
modern, synthetic herbicide, 2,4-dichlorophenoxyacetic acid (2,4-D) in 1945 ushered in
a new era for agriculture. Herbicides revolutionized agricultural practices. The use of
herbicides replaced labour-intensive weed control methods. Herbicides are efficient
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tools, allowing larger cropping areas to be treated in shorter amount of time.
Furthermore, they are far more efficient than all previous weed control methods, killing
more than 90% of the weeds targeted (Foster et al., 1993). The efficiency and
effectiveness of herbicides made them economical for growers to use. Without a doubt,

herbicides contributed tremendously in meeting the global demand for food.

Since the introduction of 2,4-D (Peterson, 1967), there are now a plethora of
herbicides for growers to choose from; more than 20 different sites of action ("World of
Herbicides Map," 2010). The golden age of herbicide discovery (during the 1970s to
1980s) (Figure 1.1) saw several new herbicide sites of action discovered and introduced
to the market. This includes a variety of selective herbicides such as the acetyl
coenzyme A carboxylase (ACCase) inhibitors (for control of perennial weeds in dicot
crops and several grass weeds in cereals), acetolactate synthase (ALS) inhibitors
(effective control of weeds at wvery low dose rates per hectare),
hydroxyphenylpyruvatedioxygenase (HPPD) inhibitors and protoporphyrinogen oxidase
(PPO) inhibitors, and two key non-selective herbicides, the glycine herbicide glyphosate
and the glutamine synthetase inhibitor glufosinate (Kraehmer, 2012; Green, 2014).

Herbicides clearly have become indispensable tools in weed management
practices. Worldwide, herbicides make up 39% of the world pesticide market (*2006-
2007 Pesticide Market Estimates,” 2015). Herbicide sales in the USA alone are about
$17 billion annually (Kraehmer, 2012) and are expected to increase by another 11% by
2016. Even in developing countries such as Malaysia, herbicide usage far exceeds other
pesticides such as insecticides and fungicides. In 2010 alone, Malaysia consumed more
than 36000 tonnes of herbicides, compared to 21000 tonnes for insecticides and about
2100 tonnes for fungicides (2015).
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Figure 1.1 Timeline showing the introduction of new herbicide sites of action (reproduced from
Heap, 2015).

The evolution of herbicide resistance

Over reliance on herbicides with diminishing diversity of non-chemical weed
control methods imposed heavy selection pressure on weeds. Prior to herbicide
introduction in 1945, there were already an increasing number of insecticide resistance
cases (Taylor & Georghiou, 1979). Observing these trends, Blackman (1950) was the
first to predict that weeds would consequently evolve resistance to herbicides.
Surprisingly, within a year after that prediction, the first resistance cases to 2,4-D
herbicide were reported in Commelina diffusa (Hilton, 1957) and Daucus carota
(Switzer, 1957). However, it was not until 1970 when the first well-documented case of
triazine resistant Senecio vulgaris initiated serious attention from weed scientists (Ryan,
1970).

Sixty years after the first herbicide resistance case, evolution of herbicide
resistant weeds has now become a global problem, with more than 448 unique cases

(weed species x herbicide site of action) of herbicide resistance worldwide (as of Feb 9
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2015) (Heap, 2015). While this a global occurrence, the impact of herbicide resistant
weeds is greatest in the great grain exporting nations such as the United States (144
resistant weed cases), Australia (62 resistant weed cases) and Canada (59 resistant weed
cases) (Heap, 2014). These developed countries practice broad-acre farming and rely
heavily on herbicides, with low diversity of other weed management practices. Such
intense selection pressure selects for herbicide resistant weeds. In the past two decades,
developing countries such as Brazil and Malaysia have adopted herbicide as the
principal weed control measure. This has contributed an increase in the number of

herbicide resistant cases in those countries.

During the herbicide discovery age, there was a huge shift of weed management
practices from mechanical and chemical practices to chemical practices only (Green,
2014). However, some element of chemical diversity was still present as growers were
relying on several different herbicide sites of action in their weed management program.
The introduction of transgenic glyphosate-resistant (GR) crops in 1996 allowed
growers, for the first time, to use only a single herbicide in cropping systems (reviewed
by Powles, 2008). The benefits of using this new technology, such as its simplicity,
effectiveness and cost efficiency, has led to rapid adoption by growers and now GR
crops have became the dominant variant in soybean, cotton, maize and sugar beet fields
in the United States (reviewed by Green, 2012). However, the lack of diversity (i.e.
usage of a single, broad-spectrum herbicide on millions of hectares) only further
intensifies herbicide selection pressure, resulting in selection of many resistant weed
species. There are now sixteen weed species that have evolved resistance to glyphosate

from GR cropping system fields in the United States alone (Heap, 2014).

In weed populations, herbicide resistance genes are pre-existing (Maxwell &
Mortimer, 1994), occurring naturally in very few individuals (between 1 in a million to
1 in a billion individuals), before exposure to herbicide treatments (Délye et al., 2013a).
Under relentless herbicide selection on a large weed population, these initially rare
resistance genes (enabling plant survival and reproduction) are selected and
consequently enriched in the population. Over time, the resistant individuals dominate
the population, making a herbicide no longer effective. Herbicide resistance in weeds is
an evolutionary process, driven by a number of factors, such as the genetics of a
particular weed species (initial frequency of the resistance gene, its dominance and
associated fitness costs of the resistance gene), its biological characteristics (sexual
reproduction, i.e. allogamous vs. autogamous, seed production, dormancy and
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movement), herbicide related issues (site of action, dosage, residual activity, herbicide
mixture or rotation) and agro-ecosystem factors (crop rotation, nonchemical weed
management practices, etc.) (Maxwell & Mortimer, 1994, Jasieniuk et al., 1996; Powles
& Yu, 2010; Yu et al., 2012).

Mechanisms of herbicide resistance: an overview

Herbicide resistance can be target-site based (TSR) or non-target site based
(NTSR). One of the major target-site resistance mechanisms involves target-site gene
mutation(s), effectively reducing or preventing herbicide binding to its target enzyme
(reviewed by Tranel & Wright, 2002; Délye, 2005; Powles & Yu, 2010; Beckie &
Tardif, 2012). Another target-site based mechanism is gene amplification and/or gene
overexpression (Gaines et al., 2010). This mechanism increases the production of the
target enzyme, requiring higher herbicide concentrations to inhibit the site-of-action and

damage/kill the plant.

When herbicide is applied to a plant, it needs to enter the plant through foliar or
root uptake and then translocates to the target site at a lethal concentration, inhibiting
the target enzyme and causing plant death. Therefore, NTSR works through various
means by reducing the amount of herbicide that reaches the target site. These can
include reduced herbicide uptake and/or herbicide translocation, increased vacuolar
sequestration, or enhanced herbicide metabolism(s) (reviewed by Shaner, 2009; Yu &
Powles, 2014) . Confirming and studying NTSR mechanisms is relatively difficult
compared to target-site based mechanisms. However, non target-site based metabolic
resistance gene discovery has progressed in recent years and research in this area is
expected to gain more prominence in the near future (reviewed by Délye et al., 2013;
Gaines et al., 2014; lwakami et al., 2014; Yu & Powles, 2014) .

Cross resistance occurs when resistance to two or more herbicides is conferred
by a single mechanism (Heap, 2014). This mechanism could be target-site based
(alteration to target enzyme/site-of-action) or non target-site based (e.g., enhanced
metabolism) (Hall et al., 1994). Often, if the mechanism is target-site based, cross
resistance is to herbicides with the same site of action, and if non-target site based cross
resistance can be extended to different herbicide sites of action (reviewed by Hall et al.,
1994; reviewed by Beckie & Tardif, 2012; reviewed by Yu & Powles, 2014) . On the
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other hand, if an individual plant (or population) possesses more than one resistance
mechanism, it causes multiple resistance. Multiple resistance results from accumulation
of resistance genes from gene/pollen exchange or sequential selection by different
herbicide sites of action (reviewed by Beckie & Tardif, 2012; Heap, 2014).

1.2 Herbicide-resistant Eleusine indica

Eleusine indica is a highly self-pollinated noxious C4 grass weed. It is an annual
weed that thrives in warm climates, including tropical countries such as Malaysia and
the Philippines. It grows mostly in open areas with little to no shading, and once
established, is very difficult to control. E. indica is a problematic weed in many parts of
the world, especially in food and/or cash cropping systems such as vegetable farms, rice
fields, fruit orchards, palm oil nurseries, cotton fields, etc. Compounding this problem is
that E. indica is prone to herbicide resistance evolution. Worldwide, there is
documented resistance to seven herbicide sites-of-action. These include resistance to the
dinitroaniline herbicides (Mudge et al., 1984), the ACCase-inhibiting herbicides (Leach
et al., 1993; Osuna et al., 2012), the ALS-inhibiting herbicide imazapyr (Valverde et al.,
1993), glyphosate (Lee & Ngim, 2000), the bipyridilium herbicide paraquat (Buker et
al., 2002), the photosystem Il inhibitors (Brosnan et al., 2008) and glufosinate (Chuah et
al., 2010; Jalaludin et al., 2010) (also see Chapter 3).

Under optimal growing conditions (see Chapter 2) and high herbicide selection
pressure (4 to 7 applications of a single herbicide per year), E. indica could evolve
resistance in less than 5 years (Lee & Ngim, 2000; Kaundun et al., 2008). The E. indica
population used in this PhD study originated from Malaysia, where the author
previously reported glufosinate resistance in a preliminary study (Jalaludin et al., 2010).
In Malaysia, E. indica alone accounts for 5 of the 19 reported cases of herbicide
resistant weeds, with 3 cases being multiple resistance. Herbicide resistance in
Malaysian E. indica populations is occurring for several of the world’s most widely
used sites of action, including ACCase-inhibiting herbicides, paraquat, glyphosate and
glufosinate (Leach et al., 1995; Lee & Ngim, 2000; Chuah et al., 2010; Jalaludin et al.,
2010).
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1.3 Research objectives
The aim of this PhD research was to understand the biochemical and genetic basis of
multiple herbicide resistance in Eleusine indica to glufosinate and glyphosate (and other

herbicides). The specific objectives were to:

1. Quantify resistance to glufosinate and glyphosate in a resistant E. indica
population and examine for multiple resistance to any other herbicides.

2. Investigate glufosinate resistance mechanism(s).

3. Elucidate the biochemical and molecular basis of glyphosate resistance and

assess the resistance cost of resistance alleles.

1.4 Thesis outline

This thesis is presented based on (but not identical to) three scientific papers, in
agreement with the Postgraduate and Research Scholarship regulation 1.3.1.33(1) of the
University of Western Australia. Two manuscripts have been published and are
included in the Appendices as PDFs. Another manuscript is at an advanced stage of
preparation for submission. All the data presented has resulted from the work done
towards this thesis. There are six main chapters in this thesis; a General Introduction,
Literature Review, three Experimental Chapters and a Summary and Future Directions.
The General Introduction covers the background for the work presented in the thesis in
order to justify the research objectives stated above. The Literature Review offers a
more focused background of the components that are featured throughout the thesis,
such as herbicides (history, chemistry, site of actions, etc.), and Eleusine indica
(biology, morphology, etc.) and other information that is related to the topics in the
thesis. The three Experimental Chapters are presented in the format of scientific papers
that can be read individually or as a part of the thesis. Each Experimental Chapter
includes the following sections: Abstract, Introduction, Materials and Methods, Results,
Discussions, Acknowledgements and References. This thesis-as-a-series-of-papers
result in some unavoidable repetition, especially in the Introduction sections of Chapter
3,4 and 5.

Chapter 3 highlights the multiple resistance of E. indica across three different
non-selective herbicides (glufosinate, glyphosate and paraquat) and selective ACCase-
inhibiting herbicides. It also reports on the high-level glyphosate resistance observed in
the dose-response experiment. Identification of an ACCase target-site mutation

endowing resistance to ACCase inhibitors is also included in this chapter. Chapter 4
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focuses on examining glufosinate resistance mechanisms in E. indica. Chapter 5 is
committed to detailed studies on the evolution of a novel glyphosate resistance
mechanism. In this chapter, the evolution of a double (T1021 + P106S) (TIPS) mutation
in the EPSPS gene conferring high level glyphosate resistance is revealed for the first
time. This chapter also provides preliminary insights into the resistance cost of the
homozygous TIPS mutants. Lastly, the findings from all chapters are summarised and
the implications and future research directions are discussed in Chapter 6.
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Chapter 2

Literature Review

2.1 Introduction

Glufosinate, glyphosate and paraquat are three globally important non-selective
herbicides. Together with the selective ACCase-inhibiting herbicides, these four
different herbicide sites of action are widely and intensively used, especially so the
glyphosate and ACCase inhibitor herbicides. As a consequence, numerous incidences of
evolved resistance in weeds to these herbicides have been reported, including in the

grass weed Eleusine indica (Heap, 2015).

This review aims to give a brief introduction to these herbicides and to Eleusine
indica. It also aims to summarize literature relevant to this PhD research, such as history
of the herbicides, mode of action, resistance mechanisms and other related issues, for
example, the transgenic herbicide resistant crops A brief note on the resistance cost in
plants evolving herbicide resistance is included.

2.2 Glufosinate-ammonium

Glufosinate-ammonium (henceforth referred to as glufosinate) is a non-selective,
post-emergence, contact herbicide used to control a wide range of annual and perennial
broadleaf and grass weeds. First produced by Hoechst AG (now Bayer CropScience), it
has several commercial names such as Basta® and Liberty™. Commercial glufosinate
have the active ingredient in its ammonium salt form (CsHisN2O4P, Fig 2.1). The
history of glufosinate began when two Streptomyces strains (Streptomyces
hygroscopicus and Streptomyces viridochromogenes) (Bayer et al., 1972) that produce
the phytotoxin (Jansen et al., 2000), were discovered in the late 1960s/early 1970s. This
microbial phytotoxin is a tripeptide consisting of two alanine molecules and an unusual
amino acid containing a phosphino group. The tripeptide was later known as bialaphos
and the amino acid with phosphino group was named L-phosphinothricin (L-
PPT)(Donn, 2012). Eventually, L-phosphinothricin was recognised as a glutamate
analogue and is an irreversible inhibitor of wheat glutamine synthetase (Manderscheid
& Wild, 1986), opening up its potential as an herbicide. Since then, the chemically
synthesized racemic mixture of D,L-phosphinothricin (called glufosinate) (Lea &
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Ridley, 1989), was commercialised and has become an important herbicide for post
emergence weed control. Later in the 1990s the same Streptomyces strains were used to
create transgenic herbicide-resistant crops (see Section 2.2.5) (D'Halluin et al., 1992;
Droge-Laser et al., 1994; CaJacob et al., 2007).

(A)
O H H H o
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HsC P C C C C
N,
OH H H NH
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NH, O CH,—C——C——C
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Figure 2.1. Chemical structures of glufosinate acid (A) and glufosinate ammonium (B).

Due to its nonselective nature, glufosinate was initially used in non-crop systems
or minimum tillage systems, orchards, vineyards, palm oil nurseries, chemical fallows,
and as pre-harvest desiccant in cropping systems (Mersey et al., 1990). The introduction
of glufosinate-resistant crops in the 1990s saw an increase in glufosinate usage in

cropping systems, mainly in the United States and Canada (Rasche & Gadsby, 1997).

2.2.1 Glufosinate mode of action

Glufosinate works by inhibiting glutamine synthetase (GS), an enzyme that is
essential for plant nitrogen metabolism (see Section 2.2.2). Inhibition of glutamine
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synthetase causes a rapid buildup of ammonia in the plants, reduced concentrations of

several amino acids, and photosynthesis inhibition.

Using commercial glufosinate sprayed on intact plants, Coetzer and Al-Khatib
(2001) observed that ammonium accumulation occurred at a faster rate than
photosynthesis inhibition. The level of ammonium accumulation observed exceeded the
amount known to cause suppression of photosynthesis by uncoupling of
photophosphorylation (Krogmann et al., 1959). High concentrations of ammonia can
also bind to the water-splitting complex in photosystem II (PSII), causing the inhibition
of photosynthesis (Izawa, 1977). It was suggested that the rapid accumulation of
ammonium contributed to photosynthesis inhibition (Coetzer & Al-Khatib, 2001). They
also observed decreased stomatal conductance in their study, which they believe also
contributed to the photosynthetic inhibition. This is in agreement with the earlier
findings of Ullrich et al. (1990), where glufosinate caused membrane depolarization and
a loss of K* within Lemna (duckweed) cells. The losses of K* from guard cells are
known to cause reduced stomatal opening which leads to membrane perturbations,
causing an efflux of K* (Ullrich et al., 1990).

Another factor that can be attributed to photosynthesis inhibition is the inhibition
of the photorespiratory pathway. The inhibition of GS following glufosinate treatment
causes a reduction in glutamine production. This depletion of glutamine in plants leads
to glyoxylate accumulation in the photorespiratory cycle (Wendler et al., 1990). Toxic
levels of glyoxylate inhibit Rubisco and consequently diminish CO. assimilation.
Disruptions in the photorespiratory cycle also cause a deficiency in the Calvin cycle
(Wendler et al., 1992).

The combined effects of these disruptions following glufosinate treatment, i.e.
GS inhibition, ammonia build up, inhibition of photorespiratory pathway, etc., leads to
damage within the chloroplast, causing the termination of photosynthetic activity.
Eventually, this results in necrosis of the tissue and plant death (Wendler et al., 1990;
Pline et al., 1999; Coetzer & Al-Khatib, 2001).

2.2.2 Glutamine synthetase
The target enzyme for glufosinate, glutamine synthetase (GS) (E.C 6.3.1.2), is

the main assimilatory enzyme for ammonia in plants. It can have eight, ten or twelve
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subunits, and can either be homomeric or heteromeric (Miflin & Habash, 2002).
Glutamine synthetase catalyzes the formation of the amino acid glutamine from
glutamate and ammonia. Glutamine synthetase is an important enzyme in plants
because of its function in ammonia assimilation, nitrogen metabolism and to a certain
extent, maintaining the carbon balance in plants via its interaction with the glutamine-2-
oxo-glutarate aminotransferase (GOGAT) and glutamate dehydrogenase (GDH)
pathways (Fig. 2.2) (Donn et al., 1984; Miflin & Habash, 2002). Glutamine synthetase
assimilates ammonia produced from nitrogen fixation and nitrate or ammonia nutrition.
Ammonia from photorespiration, and breakdowns of nitrogen transport compounds and

proteins are also reassimilated via GS (Miflin & Habash, 2002).

There are two isoforms of glutamine synthetase: cytosolic and plastidic GS. The
cytosolic glutamine synthetase (GS1), the major isoform found in roots and non-leaf
tissue (Avila-Garcia et al., 2012), is encoded by three to five major genes in a single
gene family. GS1 is responsible for recycling ammonia during the photorespiratory
nitrogen cycle as well as ammonia assimilation in the dark (Hirel & Gadal, 1982). The
plastidic glutamine synthetase (GS2) is encoded by a single gene (Bernard et al., 2008)
and is predominant in the chloroplasts (Avila-Garcia et al., 2012) but is also found in
the plastids of roots and other non-green tissues. However, this distribution appears to
differ between species and with respect to plastid subtypes (Tobin & Yamaya, 2001).
Hirel and Gadal (1980) in their study of rice GS found that GS2 activity is light-
dependent and regulated by H*, Mg?* and ATP stromal concentrations. The primary role
of GS2 is reassimilating ammonia generated in photorespiration (Miflin & Habash,
2002).

GS is generally distributed in the leaves and roots (McNally et al., 1983).
However, the ratios of the different GS isoforms present in plants differ between species
and can be broadly classified into four categories as follows (McNally et al., 1983):

1) Plants with only cytosolic GS1 (e.g Lathraea squamosa, Orobanche ramosa)
2) Plants with only plastidic GS2 (e.g Petunia grandiflora, Spinacia oleracea)
3) Plants with higher GS1 than GS2 (e.g Sorghum vulgare, Zea mays)

4) Plants with higher GS2 than GS1 (e.g Hordeum vulgare, Pisum sativum)

However, studies have shown that the GS distribution in plants is more sophisticated

than expected, as it is also found in specialist tissues and organs that are associated with

the generation and transport of reduced nitrogen (reviewed by Miflin & Habash 2002).
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2.2.3 Glufosinate uptake and translocation

Glufosinate uptake and translocation varies among plant species. Some
glufosinate treated plant species, e.g. Senna obtusifolia (L.) Irwin & Barneby, absorbed
more than 90% of applied glufosinate (Everman et al., 2009), while others, e.g.
Commelina diffusa Burm. f., absorbed very little (less than 5% of applied glufosinate)
(Neto et al., 2000). Glufosinate uptake by plants is generally rapid in the first 24 hours
but increases little afterwards before reaching a plateau (Steckel et al., 1997; Everman et
al., 2009).

Although glufosinate has the physicochemical properties for phloem mobility (it
is a weak acid)(Beriault et al., 1999), it is not translocated extensively in plants
(Bromilow et al., 1993). Beriault et al. (1999) hypothesized that the low phloem
mobility of glufosinate is caused by the rapid action of the herbicide at the site of
application. In a way, glufosinate action limits itself from translocating to other parts of
the plant. This ‘self-limitation’ phenomenon has been observed in other herbicides such

as glyphosate, chlorsulfuron and paraquat (Beriault et al., 1999).

In an experiment involving four different weed species, Steckel et al. (1997)
observed that more than 85% of applied glufosinate remained in the treated leaf, 72
hours after treatment (HAT). Everman et al. (2009) also observed similar results, where
more than 90% of absorbed glufosinate remained in the treated leaf of Eleusine indica
(L.) Gaertn., Digitaria sanguinalis (L.) Scop. and Senna obtusifolia (L.) Irwin &
Barneby. Glufosinate is predominantly translocated towards the leaf tips, with minimum
translocation in the basipetal direction (Kumaratilake et al., 2002). This is in agreement
with injury symptoms observed in glufosinate-treated plants, where the injury
symptoms extend from the leaf tips to the leaf base (Mersey et al., 1990). However,
basipetal movement of glufosinate does occur, albeit at different amounts, as plants
treated with radiolabelled [**C]-glufosinate have shown glufosinate to be present in
roots (Mersey et al., 1990; Steckel et al., 1997; Pline et al., 1999; Everman et al., 2009).
Environmental factors such as temperature and relative humidity (RH) have been found
to affect glufosinate translocation, but not uptake. Higher temperature and RH increased
glufosinate translocation within plants, and correlate with better control following

glufosinate treatment (Coetzer et al., 2001; Kumaratilake & Preston, 2005).
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Although glufosinate is a non-selective herbicide, its efficacy varies between
plant species. Differential glufosinate uptake and translocation were attributed as the
main reasons for the varying tolerance to glufosinate observed in plant species (Ridley
& McNally, 1985; Mersey et al., 1990; Steckel et al., 1997; Pline et al., 1999).
However, other factors such as glufosinate metabolism (Everman et al., 2009), plant
growth stage, herbicide formulation and application rate also contribute to the
differential tolerance to glufosinate (Jansen et al., 2000) (also see Chapter 4).

2.2.4 Glufosinate metabolism

Glufosinate degrades rapidly in soil and this has been extensively studied
(Behrendt et al., 1990; Tebbe & Reber, 1991; Gallina & Stephenson, 1992). Soil
microorganisms metabolize glufosinate into several metabolites, such as 4-
methylphosphinyl-2-oxobutanoic acid (PPO), 3-methylphosphinylpropionic acid
(MPP), 2-methylphosphinylacetic acid (MPA) and 4-methylphosphinylbutanoic acid

(MPB). Currently, it is not known if any of these metabolites have herbicidal activity.

Glufosinate metabolism in plants has also been studied with cell cultures (Muller
et al., 2001; Ruhland et al., 2002) and in whole plants (Droge et al., 1992; Droge-Laser
et al., 1994; Jansen et al., 2000; Ruhland et al., 2004), often via comparing cell
cultures/whole plants transformed with the bacterial pat or bar genes (see Section 2.2.5)
that are able to metabolize glufosinate with untransformed plants. Generally, plants do
not metabolize glufosinate (Jansen et al., 2000). However, some plants do have a very
low level of glufosinate metabolism (Jansen et al., 2000). In the latter, glufosinate
undergoes stepwise degradation involving deamination into PPO and subsequent
decarboxylation steps with the final metabolites being MPP and 4-methylphosphinyl-2-
hydroxybutanoic acid (MHB) (Drdge-Laser et al., 1994; Jansen et al., 2000) (Fig. 2.3).

In transgenic glufosinate-resistant cell cultures and plants, glufosinate is
metabolized into the non-phytotoxic N-acetyl-glufosinate (NAG) via acetylation by the
N-acetyl transferase enzyme (Fig. 2.3) (Droge et al., 1992; Droge-Laser et al., 1994;
Mdiller et al., 2001; Ruhland et al., 2004). Initially it was thought that MPP and MHB
are the final stable products of glufosinate degradation in untransformed plants (Drdge-
Laser et al., 1994). However, it was found that transgenic plants also underwent these
processes. In a metabolism study using transgenic glufosinate-resistant maize and

canola, Ruhland et al. (2004) found that NAG was the main metabolite along with
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several other forms of methylphosphinyl fatty acids, namely PPO, MPB, MHB and
traces of MPA. Comparisons of glufosinate metabolism in transgenic, glufosinate-
resistant wheat versus conventional wheat found that both had glufosinate, PPO and

MHB, with the resistant wheat having NAG, MPB and MPP as additional metabolites
(Rojano-Delgado et al., 2013).

Nitrogen | Allantoi
nutrition B Synthesis of N
4 Asparagine transport
S 7 compounds
NH3 \l
NH3 o— NH3
Glutamate A» Glutamme
i — Glutamate synthase
£ : GOGAT
Amino acids cycle
I Glutamate 2 Oxoglutarate
Proteins GDH shunt
Protein synthesis Interconversion of
& breakdown Oxaloacetate Aspartate amino N
Carbon metabolism

Figure 2.2. Examples of enzyme pathways that involve GS (red box) with other enzymes in

maintaining carbon and nitrogen balance in plants. This image was taken from Miflin and
Habash (2002).
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Figure 2.3. Glufosinate metabolism pathway in transgenic and non-transgenic plants (adapted
from Ruhland et al., 2004); N-acetyl glufosinate (NAG), 4-methylphosphinyl-2-oxobutanoic
acid (PPO), 3-methylphosphinylpropionic acid (MPP), 2-methylphosphinylacetic acid (MPA),
4-methylphosphinyl-2-hydroxybutanoic acid (MHB) and 4-methylphosphinylbutanoic acid
(MPB).
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2.2.5 Glufosinate resistant crops

Glufosinate resistance in crops was achieved by expressing an enzyme that
metabolizes glufosinate. The microorganisms (i.e. S. hygroscopicus and S.
viridochromogenes ) from which glufosinate was first isolated respectively produce the
enzymes called bialaphos acetyltransferase (BAR) and phosphinothricin
acetyltransferase (PAT) that detoxify glufosinate by acetylating the free NH> group of
glufosinate to form N-acetyl glufosinate (NAG), rendering it non-toxic (Fig. 2.2)
(Green, 2009). In S. hygroscopicus, the BAR enzyme is encoded by the bar gene
(Deblock et al., 1987) while in S. viridochromogenes, the similar PAT enzyme with the
same glufosinate-metabolizing function is encoded by the pat gene (Droge et al., 1992).
Both microbial genes have significant sequence homology and were isolated and
expressed in plants, producing glufosinate-resistant crops. Crops with glufosinate-
resistant gene traits are designated under the LibertyLink® brand. Currently, registered
LibertyLink® crops include soybean, cotton, canola and maize (Green, 2009;
"LibertyLink," 2015).

2.2.6 Glufosinate resistance and mechanisms

To date, there are only four documented cases of field-evolved glufosinate
resistance in two weed species (Eleusine indica and Lolium perenne ssp. multiflorum)
(Chuah et al., 2010; Jalaludin et al., 2010; Avila-Garcia & Mallory-Smith, 2011; Avila-
Garcia et al., 2012). Currently, the resistance mechanisms in resistant E. indica biotypes
are unknown while the resistance mechanism for resistant biotypes of Lolium ssp. is

discussed in Chapter 4.

2.3 Glyphosate

Glyphosate (N-[phosphonomethyl]glycine), is no doubt, the most important
herbicide in the world (Duke & Powles, 2008). Since its introduction in 1974,
glyphosate has become the most-used global herbicide. Its unique properties, along with
technological innovations such as glyphosate-resistant transgenic crops, helped propel
glyphosate into becoming the most widely used ‘once-in-a-century herbicide’ in the
world (Duke & Powles, 2008).
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The story of glyphosate can be traced back to 1950. A Swiss chemist named Dr.
Henri Martin who worked for a small pharmaceutical company called Cilag, was the
first to discover glyphosate (Franz et al., 1997). However, the compound was found to
not have any pharmaceutical application and thus, the discovery was not reported in the
literature (at that time). Around 1970, the Monsanto Company was developing
compounds for water-softening agents. When these compounds were screened for
herbicidal activity, only two showed sufficient unit activity for further development.
These two compounds were then passed to a Monsanto chemist, Dr. John E Franz. He
was tasked with improving the herbicidal activity of the compounds via making analogs
and derivatives. After nearly giving up on the project, Dr. Franz succeeded and became
the first person to synthesize and test glyphosate as a herbicide (reviewed by Dill et al.,
2010). In 1971, glyphosate herbicidal activity was for the first time described (Baird et
al., 1971).

Glyphosate has limited solubility in the acid form (Fig. 2.4A). Because of this, it
is formulated and marketed as an isopropylamine salt (Fig. 2.4B)(reviewed by Dill et
al., 2010). Commercially, glyphosate was marketed as Roundup. As an agrichemical,
glyphosate is a non-selective, broad spectrum, systemic herbicide. Glyphosate controls a
wide range of annual broadleaf and perennial weeds. Initially, glyphosate was used in
non-crop situations, as weed control around container nursery stock and groundcover
removal in plantations. It also found wide usage in fallow and industrial weed control
initiatives. In broad acre farming systems, glyphosate was used to remove weeds prior
to seeding. Glyphosate effectiveness is complemented by its unique properties. It is a
non-residual and environmentally benign herbicide (Comai et al., 1983). It binds to soil
rapidly, reducing the risk of leaching into groundwater. It also undergoes rapid
biodegradation (Pline-Srnic, 2006). However, the most unique aspect of glyphosate lies
with its enzyme target site, 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS).
This enzyme exists in plants, fungi and bacteria but not in animals (Eschenburg et al.,
2002), therefore glyphosate has very low toxicity to humans, birds, fish and frogs
(Pline-Srnic, 2006).

2.3.1 Glyphosate mode of action
Glyphosate inhibits the enzyme 5-enoloyruvylshikimate-3-phosphate synthase
(EPSPS. E.2.5.2.19). This enzyme catalyzes the conversion of phosphoenolpyruvate
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(PEP) and shikimate-3-phosphate (S3P) into 5-enolpyruvylshikimate-3-phosphate
(EPSP) and inorganic phosphate (Fig. 2.5). This is a crucial step for the production of
the aromatic amino acids phenylalanine, tyrosine and tryptophan in the shikimate
pathway (Fig 2.6) (Dill et al., 2010). EPSPS catalyses the reaction via the transfer of an
enolpyruvyl moiety from PEP to S3P, condensing them into EPSP (Fig. 2.5) (Stallings
et al., 1991; Schonbrunn et al., 2001). The EPSPS active site in higher plants is highly
conserved (Dill, 2005). The glyphosate binding site overlaps with the PEP binding site,
making glyphosate a competitive inhibitor of PEP but uncompetitive to S3P.
Glyphosate inhibits EPSPS in a slow reversible reaction, and the glyphosate:EPSPS:S3P
complex is not only very stable, but also mimics the transition state of the ternary
enzyme-substrate complex (Schoénbrunn et al., 2001; Eschenburg et al., 2002; Dill,
2005).
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Figure 2.4. The structure of glyphosate acid (A) and glyphosate isopropylamine salt (B).
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Figure 2.5. Conversion of S3P and phosphoenolpyruvate (PEP) into EPSP and inorganic
phosphate by EPSPS, showing the inhibition site of glyphosate.

Inhibition of EPSPS causes a diversion of the carbon flow to shikimate-3-
phosphate, which is then converted to shikimate resulting in its accumulation in high
levels (Duke, 1988). It also blocks the production of threonine, tyrosine and tryptophan.
These aromatic amino acids are important building blocks for protein synthesis,
hormones, plant metabolites, lignin, flavonoids, phenolic compounds and biosynthetic
pathways for plant growth (Ng et al., 2004; Dill et al., 2010). The accumulation of
shikimate causes shortages of carbon for other essential plant biochemical pathways .
Over time, the combined effects cause reduction in photosynthesis and degradation of
chlorophyll (Cole, 1985) resulting in glyphosate phytotoxicity such as chlorosis,
pigmentation, stunting and reduction of apical dominance (Ng et al., 2003), followed by

plant death.

2.3.2 Glyphosate resistance

When glyphosate was first introduced, some considered that resistance to
glyphosate would not evolve (see Chapter 5). Several factors contributed to this view,
namely, 1) the transition state mimicry that glyphosate forms upon EPSPS inhibition, 2)
plants lack the metabolic capability to metabolize glyphosate, 3) the absence of known
active transporters for glyphosate in plants, 4) the limited success of resistance selection
to glyphosate using whole plant, tissue/cell culture and mutagenesis techniques

(Bradshaw et al., 1997). This was indeed true for the first 25 years of glyphosate use.
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However, since the first case of evolved glyphosate resistance was reported (Powles et
al., 1998), there are now more than 30 weed species with reported glyphosate resistance
in the world (Heap, 2015).

2.3.3 Glyphosate resistance mechanisms

Evolved resistance to glyphosate in weed species can be due to target-site and/or
non-target site mechanisms. Various target-site EPSPS mutations at proline-106 (Pro-
106-Ser/Thr/Ala/Leu) endow glyphosate resistance (Baerson et al., 2002; Ng et al.,
2003; Yu et al., 2007a; Kaundun et al., 2011) (Table 2.1). Glyphosate resistance due to
EPSPS gene amplification has also been reported in a few weed species (Gaines et al.,
2010; reviewed by Sammons & Gaines, 2014)(Table 2.1). Non-target-site glyphosate
resistance mechanisms include reduced glyphosate uptake (Michitte et al., 2009) and
restricted glyphosate translocation (Lorraine-Colwill et al., 2003; Yu et al., 2007a) or
enhanced vacuolar sequestration (Ge et al.,, 2010) (Table 2.1). Most of these

mechanisms confer low to moderate levels of resistance to glyphosate (Table 2.1).

2.3.4 Glyphosate resistant crops

The introduction of the first glyphosate resistant crop in 1996 marked the
beginning of a new era in agriculture. Glyphosate-resistant crops (alfalfa, canola, cotton,
maize, soybean and sugarbeet) (Green, 2009) have now been adopted in various
countries including the USA, Australia, Canada, Brazil and Argentina, to name a few.
Glyphosate tolerance was achieved by introducing a glyphosate insensitive form of
EPSPS. There are two resistant gene traits that are currently used in commercial
glyphosate resistant crops; 1) the double mutant Thr102lle/Pro106Ser (referred to as the
TIPS mutation) modified from endogenous maize EPSPS (also known as the GA21
event), and 2) the CP4-EPSPS isolated from Agrobacterium sp. strain CP4 (Spencer et
al., 2000; Lebrun et al., 2003; Dill, 2005; Green, 2009; Alibhai et al., 2010). Another
mechanism for glyphosate tolerance was achieved via detoxification using glyphosate
oxidoreductase (GOX). The gene that expresses this enzyme was isolated and cloned
from Achromobacter sp. strain LBAA (Barry et al., 1992). However, while this method
provided glyphosate tolerance, the level did not meet commercial requirements. As
such, the GOX gene is ‘stacked’ with the CP4-EPSPS gene (reviewed by CaJacob et al.,

2004).
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Creating a glyphosate insensitive form of EPSPS that still favorably binds PEP
was difficult, primarily due to the overlapping of the glyphosate and PEP binding sites
(Dill, 2005). Indeed, various single and multiple point mutations of plant and bacterial
EPSPS have resulted in unfavorable enzyme kinetics (Table 2.2). Eventually, the TIPS
EPSPS mutant was found to have favorable characteristics, i.e. insensitive to glyphosate
but with high affinity for PEP (Lebrun et al., 2003; Funke et al., 2009). It was
eventually introduced into maize and became the first commercialized transgenic

glyphosate resistant maize variety.

The CP4-EPSPS, isolated from Agrobacterium sp. strain CP4, was discovered at
a glyphosate production facility, in a waste column (Funke et al., 2006). Due to its high
catalytic efficiency in the presence of high glyphosate concentrations (Table 2.1) and
considerable difference in sequence homology with plant (~50% similar and ~23%
identical to maize EPSPS) and several bacterial (such as Escherichia coli and
Salmonella typhimurium) EPSPS enzymes, it was classified as a Class 1l EPSPS (Barry
et al., 1997; Dill, 2005; Funke et al., 2009). However, its substrate and glyphosate
binding site is identical to that found in the EPSPS of the majority of plant species (Dill,
2005). The high glyphosate resistance in CP4-EPSPS was attributed to Alal100, whose
methyl side chain protrudes into the glyphosate binding site, making glyphosate unable
to bind (Schoénbrunn et al., 2001). Interestingly, Alal00 in CP4-EPSPS is equivalent to
Gly96 in E. coli and Gly101 in plants. However, the same mutation to Ala in E. coli
(Gly96Ala) and plants (Gly101Ala) caused a huge decrease in PEP affinity despite the
mutated enzyme being highly resistant to glyphosate (Table 2.1) (Funke et al., 2006).
Due to its high glyphosate resistance, the CP4-EPSPS gene trait is currently employed
in almost all of the available commercial glyphosate resistant crops.
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Table 2.1. Examples of glyphosate resistance mechanisms in weed species (adapted from Sammons & Gaines, 2014).

Resistance mechanism

Weed species

Resistance fold

Additional resistance

mechanisms?

References

Target site mutation
Pro-106-Ser

Pro-106-Thr
Pro-106-Ala

Pro-106-Leu

Target-site gene amplification

Eleusine indica
E. indica
Lolium rigidum

L. rigidum

Amaranthus palmeri

Lolium perenne ssp.
multiflorum

Kochia scoparia

14

1.7

40

7-13

4-8

No
No
Yes, reduced translocation

Yes, unknown mechanism

No

No

No

Baerson et al. (2002)
Ng et al. (2003)
Yu et al. (2007a)

Kaundun et al. (2011)

Gaines et al. (2011)

Salas et al. (2012)

Wiersma et al. (2015)

continued on next page
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continued from previous page

Non-target-site reduced uptake

Non-target-site restricted

translocation

Non-target-site vacuolar

sequestration

Lolium multiflorum

L. rigidum

L. rigidum

Lolium spp.

not determined

14

4.8-14

Yes, reduced translocation

No

Yes, Pro-106-Ala mutation

Yes, Pro-106 mutation for

some populations

Michitte et al. (2009)

Lorraine-Colwill et al. (2003);

Wakelin et al. (2004)
Yu et al. (2007a)

Ge et al. (2012)
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Table 2.2. Kinetic properties for selected EPSPS enzymes (based on Dill, 2005; Alibhai et al.,

2010).
Ki for
Km for PEP glyphosate

Mutation(s) (LM) (LM) Ki/Km
Theoretical ideal <15 ~1500 100
Petunia (wild type) 5.0 0.4 0.08
Petunia Gly101Ala 200 2000 10.0
Petunia Gly101Ala/Alal92Thr 54 683 12.6
Maize wild type 27 0.5 0.02
Maize Thrl02lle 233 148.6 0.6
Maize Pro106Ser 17.1 1.0 0.06
Maize Thr1021le/Pro106Ser 10.6 58.0 5.5
Agrobacterium spp. CP4 14.4 5100 354
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Figure 2.6. The shikimate pathway (image taken from "Shikimate Pathway," 2015) . DAHP: 3-
deoxy-D-arabino-hept-2-ulosonate-7-phosphate; IAA: indole acetic acid.
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2.4 ACCase-inhibiting herbicides

Acetyl coenzyme A carboxylase (ACCase, EC 6.4.1.2) inhibiting herbicides
(hereafter referred to as ACCase herbicides) are post-emergence, selective herbicides
comprising three chemical classes based on their chemical structure (Kaundun, 2014),
namely the aryloxyphenoxypropionates (APP or fops) and cyclohexanediones (CHD or
dims) classes (Fig. 2.7), which have been on the market since the 1970s (Devine &
Shimabukuro, 1994), and a chemical group, the phenylpyrazolines (PPZ or dens) (Hofer
et al., 2006).The ACCase herbicides are mainly used to control grass weeds in dicot
crops, but there are cereal crops selective ACCase herbicides (reviewed by Kaundun,
2014).

The ACCase herbicides inhibit the enzyme acetyl coenzyme A carboxylase, an
important enzyme in fatty acid synthesis. It catalyses the formation of malonyl-CoA
from the carboxylation of acetyl-CoA in an ATP-dependent reaction using HCO3 as a
carboxyl donor. Malonyl-CoA is an important substrate for plastidic de novo fatty acid
biosynthesis, elongation of very-long-chain-fatty-acids (VLCFAS) and for secondary
metabolites including flavonoids and anthocyanins (reviewed in Délye, 2005; Kaundun,
2014).

Plants have two ACCase isoforms; cytosolic and plastidic ACCase. The plastidic
ACCase accounts for the majority of total plant ACCase activity and is the target of
ACCase herbicides (Délye, 2005). Both isoforms are made up of 3 functional domains;
the biotin carboxyl carrier (BCC), the biotin carboxylase (BC) and carboxyl transferase
(CT), which is further divided into a- and B-subunits. The plastidic ACCase isoform in
the Poaceae (grass family) is homomeric, with all three functional domains (BCC, BC
and CT) occurring on a single polypeptide. In contrast, plastidic ACCase is heteromeric
in the majority of other plant species, with the subunits encoded by different genes

(reviewed by Délye, 2005; reviewed by Kaundun, 2014).
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Figure 2.7. An example of Acetyl CoA carboxylase herbicides; A) fenoxaprop-p-ethyl, B)
sethoxydim and C) pinoxaden (adapted from "World of Herbicides Map," 2010).

Page |35



Selectivity of ACCase herbicides is based on the differing sensitivities of the
monocot homomeric (generally sensitive) and dicot heteromeric (generally insensitive)
plastidic ACCase. Because of this, ACCase herbicides can be used in dicot crops to
control grass weeds. However, some fops (e.g. fenoxaprop and diclofop) and dims (e.g.
tralkoxydim) are used to selectively control weeds in grass crops such as maize, wheat
and rice, which have the same sensitive homomeric plastidic ACCase but have the
ability to metabolize the fops and dims into non-toxic compounds (reviewed by Délye,
2005).

2.4.1 Resistance to ACCase herbicides and mechanisms

Extensive and repetitive use of ACCase herbicides, in some cases without
diversity of other herbicide sites of action or weed control methods has resulted in rapid
resistance evolution. Resistance to ACCase herbicides is widespread globally, with 46
different weed species having evolved resistance (Heap 2015). Mechanisms of
resistance to ACCase herbicides include target-site ACCase gene mutations, enhanced
metabolism of ACCase herbicide (hon-target site) or both (Délye, 2005; Kaundun,
2014; Han et al., 2015).

The target-site mechanism for ACCase herbicide resistance consists of changes
in specific amino acids in the CT domain of the plastidic ACCase of resistant weeds.
Until 2014, there were a total of 8 different amino acid substitutions with various
multiple allelic variants reported to cause ACCase resistance, involving positions lle-
1781, Trp-1999-, Trp-2027, lle-2041, Asp-2078, Cys-2088 and Gly-2096 (reviewed by
Powles & Yu, 2010; reviewed by Beckie & Tardif, 2012) (Table 2.3). Recently, a new
substitution involving Asn-2097-Asp was reported, believed to contribute to high-level
ACCase resistance in an E. indica population from Malaysia (Cha et al., 2014) (Table
2.3).

Over the years, research has shown that that the resistance level and cross-
resistance pattern endowed by each ACCase target-site mutation are influenced by a
number of factors such as the specific amino acid changes involved,
homozygosity/heterozygosity of plants for the mutation, herbicide dose used for
evaluation, etc. (Yu et al., 2007b; reviewed in Powles & Yu, 2010; Kaundun, 2014).
Furthermore, some of the mutations have been reported to cause a resistance/fitness

cost, while others do not. In fact, the lle-1781-Leu mutation even displayed a fitness
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advantage (Wang et al., 2010). A more detailed review on ACCase mutations and

associated plant fitness/resistance cost is available in Vila-Aiub et al. (2009).

Enhanced rates of ACCase metabolism (hereafter also referred as metabolic
resistance) have long been documented to contribute to herbicide resistance. Back in the
mid 1980s, the first documented diclofop-methyl resistant L. rigidum in Australia
showed cross-resistance to chlosulfuron to which the resistant population had not yet
been exposed (Heap & Knight, 1986). Later on, it was established that the cross-
resistance was due to enhanced rates of herbicide metabolism (reviewed by Preston,
2004; reviewed by Yu & Powles, 2014a). Now, metabolic resistance to selective

herbicides is common in many species.

Various studies involving ACCase-resistant L. rigidum and Alopecurus
myosuroides have indicated several enzymes that are involved in enhanced ACCase
metabolism. These enzymes include the cytochrome P450s monooxygenases (P450s),
glutathione-S-transferases (GSTs) and glucosyl transferases (GT) (Cummins et al.,
1999; Preston, 2004; reviewed by Yu & Powles, 2014a). Recent advances in next
generation sequencing technology have made it possible to identify candidate genes

involved in metabolic resistance in resistant L. rigidum population (Gaines et al., 2014).

There has been a recent increase in the occurrence of resistant populations with
ACCase target-site mutations plus enhanced ACCase metabolism (Kaundun et al.,
2013a; Kaundun et al., 2013b; Han et al., 2015). As metabolic resistance can confer
resistance to different herbicide sites of action including new herbicides that have not
been commercialized (Yu & Powles, 2014a; Yu & Powles, 2014b), it calls for major

research and management efforts.
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Table 2.3. Update on identified amino acid substitutions in ACCase resistant grass weed species (adapted from Powles & Yu (2010) and Beckie & Tardif

(2012)).
Amino acid o ) Resistance spectrum®
. Substitution Grass weed species References
position® APP CHD PPZ
lle-1781 Leu Alopecurus myosuroides R R R Petit et al. (2010)
Avena fatua R R R Christoffers and Pederson (2007)
Avena sterilis R R - Liu et al. (2007)
Lolium multiflorum - R - White et al. (2005)
Lolium. rigidum R R R Zhang and Powles (2006a); Yu et al. (2007b)
Setaria viridis R R - Délye et al. (2005); Délye et al. (2008)
Thr A. myosuroides S re S Kaundun et al. (2013b)
Val Phalaris paradoxa r R r Collavo et al. (2011)
Ala Digitaria sanguinalis - - - Heckart et al. (2008)
Trp-1999 Cys A. sterilis RY/S S - Petit et al. (2010)
A. fatua - - - Beckie and Tardif (2012)
Leu Lolium spp. - - - Scarabel et al. (2011)
Ser L. multiflorum R/re r/S R Kaundun et al. (2013a)

continued on next page
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continued from previous page

Trp-2027 Cys
lle-2041 Asn
Val

Asp

Thr

Asp-2078 Gly
Cys-2088 Arg
Phe

A. myosuroides
A. sterilis
L. rigidum
A. myosuroides
A. sterilis
P. paradoxa
L. rigidum
A. fatua

L. rigidum

L. rigidum

L. rigidum
A. myosuroides

A. sterilis

L. multiflorum

L. rigidum

P. paradoxa

L. rigidum

L. rigidum

R/r
nd

o XUV XV XV OV XD

O UV XV O

Petit et al. (2010)

Liu et al. (2007)

Yu et al. (2007Db)

Petit et al. (2010)

Liu et al. (2007)

Hochberg et al. (2009)

Zhang and Powles (2006b); Yu et al. (2007b)
Cruz-Hipolito et al. (2011); Beckie and
Tardif (2012)

Délye (2005); Délye et al. (2008)
Malone et al. (2013)

Malone et al. (2013)

Petit et al. (2010)

Liu et al. (2007)

Kaundun (2010)

Yu et al. (2007h)

Hochberg et al. (2009)

Yu et al. (2007b); Malone et al. (2013)
Malone et al. (2013)

continued on next page
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continued from previous page

Gly-2096 Ala A. myosuroides R r/S S
Ser A. fatua - - -
Asn-2097 Asp Eleusine indica R - -

Petit et al. (2010)
Beckie and Tardif (2012)
Chaetal. (2014)

Abbreviations: APP, aryloxyphenoxypropionate; CHD, cyclohexanedione; PPZ, phenylpyrazolin (pinoxaden).

a4Amino acid positions correspond to the full-length plastidic ACCase in A. myosuroides.
bR: resistant; S: susceptible; r: low to moderate level resistance; dash: not determined.
°Resistant to cycloxydim only.

dResistant to fenoxaprop-P-ethyl only.

°r to haloxyfop-P-methyl
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2.5 Paraquatresistance and mechanisms

Paraquat (1,1’-dimethyl-4,4’-bipyridinium dichloride) (Fig. 2.8) was the first
non-selective herbicide, introduced to the market in the 1960s. It is a contact herbicide
that acts rapidly in a light-dependent manner (Preston et al., 1994). Its rapid uptake into
plants (making it rain fast) makes it a favorable herbicide, especially in situations where
rain is prevalent. Paraquat inhibits Photosystem 1 (PS1) by diverting the electrons to
oxygen molecules, producing superoxide and other free radicals (Fig. 2.9). These free
radicals then peroxidate the fatty acid side chains of membrane lipids, causing loss of
membrane integrity, cell death and ultimately, desiccation of the plant tissue (Preston et
al., 1994; reviewed by Hawkes, 2014). Symptoms of initial paraquat injury are visible
wilting and interveinal chlorosis in the first few hours after treatment (under warm and
bright conditions) followed by brown, chlorotic leaf tissue and ensuing leaf desiccation.
The rapid action of paraquat in sunlight makes it self-limiting, as the rapid leaf necrosis

limits its translocation within plants (Smith & Sagar, 1966).

To date, paraquat resistance has been reported in 31 species worldwide (Heap,
2015). Currently, the molecular basis of paraquat resistance remains unknown.
However, various research involving resistant weeds, especially Conyza and Hordeum
species have provided possible insights into the resistance mechanisms (reviewed by
Fuerst & Vaughn, 1990; Preston et al., 1994; reviewed by Hawkes, 2014). Two major
hypotheses are 1) prevention of paraquat from reaching PS1 in the chloroplast via
sequestration, and 2) detoxification of free radicals by the Halliwell-Asada cycle (see

below).

Reduced herbicide translocation has been observed in paraquat resistant
Hordeum glaucum, Arctotheca calendula and L. rigidum (Bishop et al., 1987; Preston et
al., 1994; Yu et al., 2004). Isolation of paraquat-treated, intact leaf protoplasts showed
that protoplasts from resistant L. rigidum plants contained a higher amount of paraquat
than the S protoplasts (Yu et al., 2010), suggesting that paraquat is kept away from
entering the chloroplasts likely via sequestration into the vacuole. In addition, other
lines of indirect evidence in Conyza bonariensis and C. canadensis also support the
sequestration hypothesis (Fuerst et al., 1985; Norman et al., 1993; Norman et al., 1994;
Jori et al., 2007).

The second hypothesis involves detoxification of free radicals by protective

enzymes (SOD, APX, catalase, peroxidase, glutathione reductase, dehydroascorbate
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reductase) and the soluble antioxidants ascorbate and glutathione. These are all
available in the chloroplast, and are collectively known as the Halliwell-Asada system
(Fuerst & Vaughn 1990). Various studies with paraquat resistant Conyza species from
Egypt suggested that the resistance mechanism was due to enhanced antioxidative
capacity via expression/activity of Halliwell-Asada system enzymes (reviewed by
Hawkes 2014). However, attempts to overexpress chloroplastic SOD in tobacco and
thylakoid APX in A. thaliana only shifted the paraquat tolerance level less than 2-fold
(Tepperman & Dunsmuir, 1990; Gupta et al., 1993; Murgia et al., 2004). This indicates
that enhanced antioxidant capacity alone may not be sufficient for paraquat resistance.
Another possible explanation is that the mechanism only worked for that particular
Conyza biotype.

+// — \+
HeC—N \ ,N-CHa

ClI” ClI”

Figure 2.8. Structure of paraquat dichloride (adapted from Vencill, 2002).
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Figure 2.9. A cartoon depicting paraquat diverting electrons from PS1 (in red box). H,O::
hydrogen peroxide; e: electron; Q: quinine; Cyt f: cytochrome f; PC: plastocyanin; PQ™:
paraquat; Fd: ferrodoxin; O;: oxygen radical; OH": hydroxyl radical; NADP*: nicotinamide
adenine dinucleotide phosphate.

2.6 Resistance cost

The general dogma of evolutionary genetics dictates that adaptation to a new
environment often results in negative pleiotropic effects on fitness compared to the
original environment, i.e. adaptation cost (Strauss et al., 2002). Herbicide resistance in
weeds is an evolutionary process where selection and enrichment of resistance traits or
alleles enables plant survival under a herbicide challenge (Vila-Aiub et al., 2005). If the
adaptive traits turn out to be disadvantageous to other plant functions, the plant with the
resistant allele could suffer a reduction in its fitness as compared to its wild type relative
in the absence of herbicide selection. This phenomenon is termed a physiological cost
or direct cost of resistance, i.e. resistance cost (Strauss et al., 2002).

Resistance cost can be attributed to several factors. Firstly, target site resistance
due to mutation of the target enzyme could interfere with the normal function of the
target enzyme (Gronwald, 1994; Purrington & Bergelson, 1999; Berticat et al., 2002). In
the case of triazine-resistant weeds, a serine-264-glycine (Ser-264-Gly) substitution

caused by the mutation of the chloroplastic psbA gene enabled weeds to survive triazine
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herbicides. However, it also reduced the photosynthetic capacity of the plants, due to the
inefficiency of the electron transfer in the PSII complex (Jansen & Pfister, 1990). In
turn, plants that possess this mutation exhibit significant reduction in growth rates,
resources competitiveness and sexual reproduction (reviewed by Holt & Thill, 1994). In
Amaranthus powellii resistant to acetolactate synthase (ALS) inhibiting herbicides,
resistant plants containing the tryptophan-574 (Trp-574) mutation in the ALS gene
produced 67% less biomass than their susceptible counterparts (Tardif et al., 2006).

Secondly, plants with adaptive resistance alleles could divert resources intended
for growth or reproduction to increase or produce detoxification enzymes in cases of
non-target-site mechanisms such as enhanced metabolic resistance (Coley et al., 1985;
Herms & Mattson, 1992). Indeed, this was the case observed in ACCase-resistant
Lolium rigidum with enhanced cytochrome P450 resistance mechanism. The resistant
biotype produced less above-ground biomass than the susceptible biotype. The P450-
based herbicide metabolism was shown to be associated with physiological resistance
cost (Vila-Aiub et al., 2005).

Thirdly, resistance cost could also originate as a result from altered ecological
interactions (Vila-Aiub et al., 2009). Plants that adapted resistance allele could have
pleiotropic phenotypic affects that make the plants become less attractive to pollinators

or more susceptible to diseases (Strauss, 1997; Agrawal et al., 1999).

Resistance cost can be evaluated at the enzyme level and whole plant level (at
both the vegetative and reproductive stage). Among other factors, control of genetic
background and knowledge of the molecular basis of the resistance mechanism is
important (Vila-Aiub et al., 2009).

2.7 Eleusine indica

Eleusine indica (L.) Gaertn. (Fig. 2.10) or goosegrass is an annual, monocot
grass weed within the Poaceae family. The debate on its origin remains inconclusive,
with early records coming from China, India, Japan, Malaysia, Africa and Tahiti (Holm
et al., 1977). However in recent years Africa is seen as the place of origin, replacing
India (Waterhouse, 1994). Eleusine indica is a diploid (2n = 18) and is believed to be
the maternal ancestor of the allotetraploid Eleusine species (i.e. Eleusine coracana,
Eleusine africana and Eleusine kigeziensis) (Liu et al., 2011).
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Eleusine indica stems are often erect but can also be prostrate, geniculate and
branching. Its leaf blade is 5 to 20 cm long and 3 to 8 mm wide. Eleusine indica flowers
are bisexual and are grouped together in a terminal spikelet. Spikelets are arranged
subdigitately (anywhere from 3 to 10 spikes) forming the inflorescence (Fig. 2.11a).
Each spikelet has 3 to 9 fertile flowers (Fig. 2.11b). One raceme may be inserted about
1 cm below the others (Fig. 2.11c). The rachis is narrow (1 mm wide) and has two
dense rows of spikelets. The grain or seed of E. indica is oblong shaped and dark red to
dark brown in colour when mature (Figure 2.12) (Teng & Teo, 1999; "Eleusine indica,"
2013; "Eleusine indica (goosegrass),” 2013; "Eleusine indica (L.) Gaertn.-POACEAE-
Monocotyledon," 2013).

Eleusine indica is widely distributed throughout the tropics, subtropics and
temperate regions (up to 50 degrees latitude), extending all the way from South Africa
to Japan and the northern border of the United States (Waterhouse, 1994; "Eleusine
indica (goosegrass),” 2013). Its habitat includes disturbed lands, waste places, in fields
of rotation crops and perennial crops and grassland (Waterhouse, 1994). Extremely
competitive, it is a serious weed in warmer climate areas of the world, especially in the
tropics (Waterhouse, 1994), where it can grow and flower all year round when moisture
is sufficient. A typical example is Malaysia, where E. indica can have 3 to 5 generations
per year. In four-season countries, E. indica normally grows in spring and flowers in

summer.

One of the reasons that E. indica grows well in warmer climates is because E.
indica is a C4 plant (Waterhouse, 1994). In photosynthesis, light energy is transformed
into chemical energy. Most plants undergo either Cs or C4 photosynthesis, depending on
the primary carboxylator of the photosynthesis process. In Cz plants the primary
carboxylator is ribulose-bisphosphate carboxylase/oxygenase (RuBisCO) and its first
stable product is a 3 carbon acid, 3-phosphoglycerate (reviewed by Cobb & Reade,
2011). In C4 plants, the first carboxylator is phosphoenolyruvate carboxylase (PEPC)
(Cobb & Reade, 2011). The first detectable products for Cs plants are oxaloacetate,
which is then converted to a more stable compound in the form of malate or aspartate,
all of which are composed of four carbon atoms (Cobb & Reade, 2011). The oxygenase
activity of Rubisco increases more rapidly with increasing temperature than the
carboxylase activity, resulting in wasteful photorespiration. The process of Ca
photosynthesis (shuttling high concentrations of Cs4 compounds to Rubisco in the
bundle-sheath cells) evolved from Cs photosynthesis as a way to adapt to high light
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intensities, high temperatures and dryness (Gowik & Westhoff, 2011). As a result,
plants with C4 photosynthesis are more efficient at capturing carbon dioxide and have
better water-use efficiency than Cs plants, allowing them to grow better and more
competitively in the warmer climates of the tropical and subtropical regions (Edwards et
al., 2010). Thus, a Cs weed such as E. indica infesting a Cz crop can be very
competitive. In fact, it is noted that eight out of the world’s top ten worst weeds are Cs
plants (Holm et al., 1977).

A single isolated E. indica plant growing without competition in good
conditions can produce as many as 140 000 seeds (Chin, 1979), though the mean
production of a population is 40,000 seeds per plant (Holm et al., 1977). Eleusine indica
can germinate and grow in nearly all soil types and prefers temperature above 20 but
below 40°C (Nishimoto & McCarty, 1997). Eleusine indica seeds can remain viable
even if buried up to 20 cm deep in the soil for 2 years (Chuah et al., 2004). In farming
systems in warm regions with a lack of shading, E. indica can easily become the
dominant weed, due to its vigorous growth and rampant seeding. At a high density, it
can cause staggering yield loss to crops. In work done in the Philippines where E. indica
is the second most abundant weed in upland rice, a yield loss of up to 80% was
observed (Lourens et al., 1989). A density of 20 E. indica plants per maize plant caused
15% vyield reduction (Eke & Okereke, 1990). A study involving E. indica growing in
groundnuts showed that 16 E. indica plants per 10 m row reduced the yield by 19%
(MccCarty, 1983).

Given its tremendous capability for reproduction and its prevalence and
competitiveness, it is no surprise that E. indica is listed as one of the world’s worst
weeds (Holm et al., 1977). Its adaptability to different conditions allows it to grow and
infest almost any crop type. In the 1970s, it was already considered as one of the most
serious weeds in cotton (11 countries), maize (10 countries), upland rice (8 countries),
sweet potatoes (4 countries) and sugarcane (3 countries) (Table 2.4). Eleusine indica
also occurs in a wide range of other crops such as banana, cassava, pineapple, rape, jute,
soybean, pawpaw, abaca, cowpea, millet, mango, cacao, sorghum, tobacco, wheat and
many vegetable crops (Holm et al., 1977).
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Figure 2.10. lllustration of Eleusine indica (Holm et al., 1977).
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Figure 2.11. Various parts of the Eleusine indica shoot. Inflorescence, a; spikelet, b; raceme, c;
seeds, d; flower with anther and stigma, e; and leaf blade, f (image taken from "Philippine
Medicinal Plants," 2013).

Figure 2.12. Eleusine indica seeds with (top) and without (bottom) seed coat (image taken from
"Eleusine indica (L.) Gaertn.," 2014).
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Table 2.4. List and location of crops with E. indica as the most serious weed (Holm

etal., 1977).

Crop

Countries

Cotton

Maize

Upland rice

Sweet potatoes

Sugarcane

India
Kenya
Mozambique
Nicaragua
Nigeria
Tanzania
Thailand
Uganda
United States of America
Zambia
Zimbabwe
Angola
Malaysia
Philippines
Taiwan
Venezuela
Zambia
Brazil
India
Indonesia
Thailand
Hawaii
Japan
Malaysia
Taiwan
Indonesia
Taiwan

Tanzania

Page |49



2.8 References

Agrawal, A. A., Strauss, S. Y., & Stout, M. J. (1999). Costs of induced responses and
tolerance to herbivory in male and female fitness components of wild radish.
Evolution, 1093-1104.

Alibhai, M. F., Cajacob, C., Feng, P. C. C., Heck, G. R., Qi, Y., Flasinski, S., et al.
(2010). Glyphosate resistant class | 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS) (pp. 1-49). United States: Monsanto Technology LLC (St.
Louis, MO, US).

Avila-Garcia, W. V., & Mallory-Smith, C. (2011). Glyphosate-resistant Italian ryegrass
(Lolium perenne) populations also exhibit resistance to glufosinate. Weed
Science, 59(3), 305-309.

Avila-Garcia, W. V., Sanchez-Olguin, E., Hulting, A. G., & Mallory-Smith, C. (2012).
Target- site mutation associated with glufosinate resistance in Italian ryegrass
(Lolium perenne L. ssp. multiflorum). Pest Management Science, 68(9), 1248-
1254,

Baerson, S. R., Rodriguez, D. J., Tran, M., Feng, Y., Biest, N. A., & Dill, G. M. (2002).
Glyphosate-resistant goosegrass. Identification of a mutation in the target
enzyme 5-enolpyruvylshikimate-3-phosphate synthase. Plant Physiology,
129(3), 1265-1275.

Baird, D. D., Upchurch, R. P., Homesley, W. B., & Franz, J. E. (1971). Introduction of
a new broad spectrum postemergence herbicide class with utility for herbaceous
perennial weed control. Paper presented at the Proceedings of the North Central

Weed Control Conference.

Barry, G., Kishore, G., Padgette, S., Taylor, M., Kolacz, K., Weldon, M., et al. (1992).
Inhibitors of amino acid biosynthesis: strategies for imparting glyphosate
tolerance to crop plants. In B. K. Singh & H. E. Flores (Eds.), Biosynthesis and
Molecular Regulation of Amino Acids in Plants (pp. 139-145). Rockville, MD:

American Society of Plant Physiologists.

Barry, G. F., Kishore, G. M., Padgette, S. R., & Stallings, W. C. (1997). Glyphosate-
tolerant 5-enolpyruvylshikimate-3-phosphate synthases. In U. S. P. Office (Ed.)

Page |50



(AO1H 400; C12N 1582 ed., Vol. US5633435). United States of America:
Monsanto Company, St. Louis, Mo.

Bayer, E., Gugel, K. H., Hagele, K., Hagenmaier, H., Jessipow, S., Konig, W. A., et al.
(1972). Metabolic products of microorganisms. 98. Phosphinothricin and
phosphinothricyl-alanyl-analine. Helv Chim Acta, 55(1), 224-239.

Beckie, H. J.,, & Tardif, F. J. (2012). Herbicide cross resistance in weeds. Crop
Protection, 35, 15-28.

Behrendt, H., Matthies, M., Gildemeister, H., & Gorlitz, G. (1990). Leaching and
transformation of glufosinate-ammonium and its main metabolite in a layered

soil column. Environmental Toxicology and Chemistry, 9(5), 541-549.

Beriault, J. N., Horsman, G. P., & Devine, M. D. (1999). Phloem transport of D,L-
glufosinate and acetyl-L-glufosinate in glufosinate-resistant and -susceptible

Brassica napus. Plant Physiology, 121, 619-627.

Bernard, S. M., Mgller, A. L. B., Dionisio, G., Kichey, T., Jahn, T. P., Dubois, F., et al.
(2008). Gene expression, cellular localisation and function of glutamine
synthetase isozymes in wheat (Triticum aestivum L.). Plant Mol Biol, 67(1-2),
89-105.

Berticat, C., Boquien, G., Raymond, M., & Chevillon, C. (2002). Insecticide resistance
genes induce a mating competition cost in Culex pipiens mosquitoes. Genetical
research, 79(01), 41-47.

Bishop, T., Powles, S. B., & Cornic, G. (1987). Mechanism of paraquat resistance in
Hordeum glaucum. 11. Paraquat uptake and translocation. Functional Plant
Biology, 14(5), 539-547.

Bradshaw, L. D., Padgette, S. R., Kimball, S. L., & Wells, B. H. (1997). Perspectives on
glyphosate resistance. Weed Technology, 11(1), 189-198.

Bromilow, R. H., Chamberlain, K., Tench, A. J., & Williams, R. H. (1993). Phloem
translocation of strong acids—glyphosate, substituted phosphonic and sulfonic

acids—in Ricinus communis L. Pesticide Science, 37(1), 39-47.

Page |51



CaJacob, C. A., Feng, P. C. C., Heck, G. R., Alibhai, M. F., Sammons, R. D., &
Padgette, S. R. (2004). Engineering Resistance to Herbicides. In P. Christou &
H. Klee (Eds.), Handbook of Plant Biotechnology (pp. 352-372). Chichester,
UK: John Wiley & Sons, Ltd.

CaJacob, C. A, Feng, P. C. C., Reiser, S. E., & Padgette, S. R. (2007). Genetically
Modified Herbicide Resistant Crops. In W. Krédmer & U. Schirmer (Eds.),
Modern Crop Protection Compounds (pp. 283-316): Wiley-VCH Verlag GmbH.

Cha, T. S., Najihah, M. G., Sahid, I. B., & Chuah, T. S. (2014). Molecular basis for
resistance to ACCase-inhibiting fluazifop in Eleusine indica from Malaysia.

Pesticide Biochemistry and Physiology, 111, 7-13.

Chin, H. F. (1979, 22-23 September 1979). Weed seed - A potential source of danger.
Paper presented at the Proceedings of the Plant Protection Seminar, Kuala

Lumpur.

Christoffers, M., & Pederson, S. (2007). Response of wild oat (Avena fatua) acetyl-coA
carboxylase mutants to pinoxaden. Paper presented at the Weed Science Society
of America Abstract No. 256.

Chuah, T. S,, Low, V. L., Cha, T. S., & Ismail, B. S. (2010). Initial report of glufosinate
and paraquat multiple resistance that evolved in a biotype of goosegrass
(Eleusine indica) in Malaysia. Weed Biology and Management, 10(4), 229-233.

Chuah, T. S., Salmijah, S., Teng, Y. T., & Ismail, B. S. (2004). Changes in seed bank
size and dormancy characteristics of the glyphosate-resistant biotype of
goosegrass (Eleusine indica [L.] Gaertn.). Weed Biology and Management, 4,
114-121.

Cobb, A. H., & Reade, J. P. H. (2011). Herbicides and Plant Physiology (2 ed., pp. 296).
Hoboken: Wiley-Blackwell.

Coetzer, E., & Al-Khatib, K. (2001). Photosynthetic inhibition and ammonium
accumulation in palmer amaranth after glufosinate application. Weed Science,
49(4), 454-459.

Page |52



Coetzer, E., Al-Khatib, K., & Loughin, T. M. (2001). Glufosinate efficacy, absorption,
and translocation in amaranth as affected by relative humidity and temperature.
Weed Science, 49(1).

Cole, D. J. (1985). Mode of action of glyphosate - a literature analysis. In E. Grossbard
& D. Atkinson (Eds.), The herbicide glyphosate (pp. 48-74). London, UK:
Butterworths & Company Ltd.

Coley, P. D., Bryant, J. P., & Chapin Ill, F. S. (1985). Resource availability and plant
antiherbivore defense. Science, 230(4728), 895-899.

Collavo, A., Panozzo, S., Lucchesi, G., Scarabel, L., & Sattin, M. (2011).
Characterisation and management of Phalaris paradoxa resistant to ACCase-
inhibitors. Crop Protection, 30(3), 293-299.

Comai, L., Sen, L. C., & Stalker, D. M. (1983). An altered aroA gene product confers
resistance to the herbicide glyphosate. Science, 221(4608), 370-371.

Cruz-Hipolito, H., Osuna, M. D., Dominguez-Valenzuela, J. A., Espinoza, N., & De
Prado, R. (2011). Mechanism of resistance to ACCase-inhibiting herbicides in
wild oat (Avena fatua) from Latin America. Journal of Agricultural and Food
Chemistry, 59(13), 7261-7267.

Cummins, 1., Cole, D. J., & Edwards, R. (1999). A role for glutathione transferases
functioning as glutathione peroxidases in resistance to multiple herbicides in
black- grass. The Plant Journal, 18(3), 285-292.

D'Halluin, K., De Block, M., Denecke, J., Janssen, J., Leemans, J., Reynaerts, A., et al.
(1992). The bar gene has selectable and screenable marker in plant engineering.
In W. Ray (Ed.), Methods in Enzymology (Vol. Volume 216, pp. 415-426):

Academic Press.

Deblock, M., Botterman, J., Vandewiele, M., Dockx, J., Thoen, C., Gossele, V., et al.
(1987). Engineering herbicide resistance in plants by expression of a detoxifying
enzyme. Embo Journal, 6(9), 2513-2518.

Délye, C. (2005). Weed resistance to acetyl coenzyme A carboxylase inhibitors: an
update. Weed Science, 53(5), 728-746.

Page |53



Délye, C., Matéjicek, A., & Michel, S. (2008). Cross- resistance patterns to
ACCase- inhibiting herbicides conferred by mutant ACCase isoforms in
Alopecurus myosuroides Huds.(black- grass), re- examined at the recommended
herbicide field rate. Pest Management Science, 64(11), 1179-1186.

Délye, C., Zhang, X.-Q., Michel, S., Matéjicek, A., & Powles, S. B. (2005). Molecular
bases for sensitivity to acetyl-coenzyme A carboxylase inhibitors in black-grass.
Plant Physiology, 137(3), 794-806.

Devine, M. D., & Shimabukuro, R. H. (1994). Resistance to acetyl coenzyme A
carboxylase inhibiting herbicides. In S. B. Powles & J. A. M. Holtum (Eds.),
Herbicide resistance in plants: biology and biochemistry (1 ed., pp. 141-169).
Boca Raton, Florida: Lewis Publishers.

Dill, G. M. (2005). Glyphosate-resistant crops: history, status and future. Pest
Management Science, 61(3), 219-224.

Dill, G. M., Sammons, R. D., Feng, P. C., Kohn, F., Kretzmer, K., Mehrsheikh, A., et
al. (2010). Glyphosate: discovery, development, applications, and properties. In
Glyphosate Resistance in Crops and Weeds: History, Development, and
Management. (pp. 1-33). Hoboken: John Wiley and Sons.

Donn, G. (2012). Glutamine Synthetase Inhibitors. In U. Schirmer, P. Jeschke & M.
Witschel (Eds.), Modern Crop Protection Compounds: Herbicides (pp. 423-
437): John Wiley & Sons.

Donn, G., Tischer, E., Smith, J. A., & Goodman, H. M. (1984). Herbicide-resistant
alfalfa cells: an example of gene amplification in plants. Journal of molecular

and applied genetics, 2(6), 621.

Droge, W., Broer, I, & Puhler, A. (1992). Transgenic plants containing the
phosphinothricin-N-acetyltransferase gene metabolize the herbicide L-
phosphinothricin (glufosinate) differently from untransformed plants. Planta,
187(1), 142-151.

Droge-Laser, W., Siemeling, U., Puhler, A., & Broer, 1. (1994). The metabolites of the
herbicide L-phosphinothricin (glufosinate): identification, stability, and mobility

Page | 54



in transgenic, herbicide-resistant, and untransformed plants. Plant Physiology,
105(1), 159-166.

Duke, S. O. (1988). Glyphosate. In P. C. Kerney & D. D. Kaufman (Eds.), Herbicides;
Chemistry, Degradation, and Mode of Action (Vol. 3). New York, NY: Marcel
Dekker.

Duke, S. O., & Powles, S. B. (2008). Glyphosate: a once- in- a- century herbicide. Pest
Management Science, 64(4), 319-325.

Edwards, E. J., Osborne, C. P., Stromberg, C. A., & Smith, S. A. (2010). The origins of
C4 grasslands: integrating evolutionary and ecosystem science. Science,
328(5978), 587-591.

Eke, A., & Okereke, O. (1990). Goosegrass (Eleusine indica) and wild poinsettia
(Euphorbia heterophylla) interference in maize (Zea mays). Nigerian Journal of
Weed Science, 3, 1-10.

Eleusine indica. (2013). Weeds Retrieved 23 February 2013, from
http://www.cropscience.bayer.com/en/Products-and-Innovation/Crop-

Compendium/Pests-Diseases-Weeds/Weeds/Eleusine-indica.aspx.

Eleusine indica (goosegrass). (2013). Retrieved 15 January 2013, from
http://www.cabi.org/isc/datasheet/20675.

Eleusine indica (L.) Gaertn. (2014). Retrieved 2 April 2014, from
http://www.redorbit.com/education/reference_library/science_1/plants/1112582816
/elin3/.

Eleusine indica (L.) Gaertn.-POACEAE-Monocotyledon. (2013). Retrieved 20 March

2013, from http://www.oswaldasia.org/species/e/elein/elein_en.html.

Eschenburg, S., Healy, M. L., Priestman, M. A., Lushington, G. H., & Schonbrunn, E.
(2002). How the mutation glycine96 to alanine confers glyphosate insensitivity
to 5-enolpyruvyl shikimate-3-phosphate synthase from Escherichia coli. Planta,
216(1), 129.

Everman, W. J., Mayhew, C. R., Burton, J. D., York, A. C., & Wilcut, J. W. (2009).
Absorption, translocation, and metabolism of (14)C-glufosinate in glufosinate-

Page |55



resistant corn, goosegrass (Eleusine indica), large crabgrass (Digitaria

sanguinalis), and sicklepod (Senna obtusifolia). Weed Science, 57(1), 1-5.

Franz, J. E., Mao, M. K., & Sikorski, J. A. (1997). Glyphosate: A Unique Global
Herbicide. Washington, DC: American Chemical Society.

Fuerst, E. P., Nakatani, H. Y., Dodge, A. D., Penner, D., & Arntzen, C. J. (1985).
Paraquat resistance in Conyza. Plant Physiology, 77(4), 984-989.

Fuerst, E. P., & Vaughn, K. C. (1990). Mechanisms of paraquat resistance. Weed
Technology, 4(1), 150-156.

Funke, T., Han, H., Healy-Fried, M. L., Fischer, M., & Schénbrunn, E. (2006).
Molecular basis for the herbicide resistance of Roundup Ready crops.
Proceedings of the National Academy of Sciences of the United States of
America, 103(35), 13010-13015.

Funke, T., Yang, Y., Han, H., Healy-Fried, M., Olesen, S., Becker, A., et al. (2009).
Structural basis of glyphosate resistance resulting from the double mutation
Thr97 — Ile and Pro101 — Ser in 5-enolpyruvylshikimate-3-phosphate synthase
from Escherichia coli. Journal of Biological Chemistry, 284(15), 9854-9860.

Gaines, T. A., Lorentz, L., Figge, A., Herrmann, J., Maiwald, F., Ott, M. C., et al.
(2014). RNA- Seq transcriptome analysis to identify genes involved in
metabolism- based diclofop resistance in Lolium rigidum. The Plant Journal,
78(5), 865-876.

Gaines, T. A., Shaner, D. L., Ward, S. M., Leach, J. E., Preston, C., & Westra, P.
(2011). Mechanism of resistance of evolved glyphosate-resistant Palmer
amaranth (Amaranthus palmeri). Journal of Agricultural and Food Chemistry,
59(11), 5886-5889.

Gaines, T. A., Zhang, W. L., Wang, D. F., Bukun, B., Chisholm, S. T., Shaner, D. L., et
al. (2010). Gene amplification confers glyphosate resistance in Amaranthus
palmeri. Proceedings of the National Academy of Sciences of the United States
of America, 107(3), 1029-1034.

Page |56



Gallina, M. A., & Stephenson, G. R. (1992). Dissipation of [14C]glufosinate
ammonium in two Ontario soils. Journal of Agricultural and Food Chemistry,
40(1), 165-168.

Ge, X., d'Avignon, D. A., Ackerman, J. J., & Sammons, R. D. (2010). Rapid vacuolar
sequestration: the horseweed glyphosate resistance mechanism. Pest
Management Science, 66(4), 345-348.

Ge, X., d’Avignon, D. A., Ackerman, J. J., Collavo, A., Sattin, M., Ostrander, E. L., et
al. (2012). Vacuolar glyphosate-sequestration correlates with glyphosate
resistance in ryegrass (Lolium spp.) from Australia, South America, and Europe:
a 31P NMR investigation. Journal of Agricultural and Food Chemistry, 60(5),
1243-1250.

Gowik, U., & Westhoff, P. (2011). The path from C3 to C4 photosynthesis. Plant
Physiology, 155(1), 56-63.

Green, J. M. (2009). Evolution of glyphosate-resistant crop technology. Weed Science,
57(1), 108-117.

Gronwald, J. (1994). Resistance to photosystem Il inhibiting herbicides. In S. B. Powles
& J. A. M. Holtum (Eds.), Herbicide resistance in plants: biology and
biochemistry (pp. 27-60). Boca Raton, FL: Lewis Publishers.

Gupta, A. S., Webb, R. P, Holaday, A. S., & Allen, R. D. (1993). Overexpression of
superoxide dismutase protects plants from oxidative stress (induction of
ascorbate peroxidase in superoxide dismutase-overexpressing plants). Plant
Physiology, 103(4), 1067-1073.

Han, H., Yu, Q., Owen, M. J., Cawthray, G. R., & Powles, S. B. (2015). Widespread
occurrence of both metabolic and target-site herbicide resistance mechanisms in

Lolium rigidum populations. Pest Management Science.

Hawkes, T. R. (2014). Mechanisms of resistance to paraquat in plants. Pest
Management Science, 70(9), 1316-1323.

Heap, 1. (2015). International survey of herbicide-resistant weeds. Retrieved 2

February 2015, from http://www.weedscience.org.

Page |57



Heap, I., & Knight, R. (1986). The occurrence of herbicide cross-resistance in a
population of annual ryegrass, Lolium rigidum, resistant to diclofop-methyl.
Crop and Pasture Science, 37(2), 149-156.

Heckart, D., Vencill, W. K., Parrott, W. A., Raymer, P., & Murphy, T. R. (2008).
ACCase resistant large crabgrass (Digitaria sanguinalis) in Georgia, 61st Weed

Science Society Annual Meeting. Jacksonville, FL.

Herms, D. A., & Mattson, W. J. (1992). The dilemma of plants: to grow or defend.
Quarterly review of biology, 283-335.

Hirel, B., & Gadal, P. (1980). Glutamine synthetase in rice a comparative study of the
enzymes from roots and leaves. Plant Physiology, 66(4), 619-623.

Hirel, B., & Gadal, P. (1982). Glutamine synthetase isoforms in leaves of a C4 plant:
Sorghum vulgare. Physiologia Plantarum, 54(1), 69-74.

Hochberg, O., Sibony, M., & Rubin, B. (2009). The response of ACCase- resistant
Phalaris paradoxa populations involves two different target site mutations.
Weed Research, 49(1), 37-46.

Hofer, U., Muehlebach, M., Hole, S., & Zoschke, A. (2006). Pinoxaden-for broad
spectrum grass weed management in cereal crops. Journal of Plant Diseases and
Protection, 20, 989-995.

Holm, L. G., Plucknett, D. L., Pancho, J. V., & Herberger, J. P. (1977). The World's

Worst Weeds. Hawaii: University Press.

Holt, J. S., & Thill, D. C. (1994). Growth and productivity of resistant plants. In S. B.
Powles & J. A. M. Holtum (Eds.), Herbicide resistance in plants. Biology and
biochemistry (pp. 299-316). Boca Raton, Florida: Lewis Publishers.

Izawa, S. (1977). Inhibitors of electron transport. In A. Trebst & M. Avron (Eds.),
Encyclopedia of Plant Physiology (\Vol. 5, pp. 266-282). Berlin: Springer.

Jalaludin, A., Ngim, J., Baki, B. B., & Zazali, A. (2010). Preliminary findings of
potentially resistant goosegrass (Eleusine indica) to glufosinate-ammonium in
Malaysia. Weed Biology and Management, 10(4), 256-260.

Page |58



Jansen, C., Schuphan, I., & Schmidt, B. (2000). Glufosinate metabolism in excised
shoots and leaves of twenty plant species. Weed Science, 48(3), 319-326.

Jansen, M. A., & Pfister, K. (1990). Conserved kinetics at the reducing side of reaction-
center Il in photosynthetic organisms-changed Kkinetics in triazine-resistant
weeds. Zeitschrift fur Naturforschung C, 45(5), 441-445.

Jori, B., Soos, V., Szeg6, D., Paldi, E., Szigeti, Z., Racz, I, et al. (2007). Role of
transporters in paraquat resistance of horseweed Conyza canadensis (L.) Crong.
Pesticide Biochemistry and Physiology, 88(1), 57-65.

Kaundun, S. S. (2010). An aspartate to glycine change in the carboxyl transferase
domain of acetyl CoA carboxylase and non- target- site mechanism(s) confer
resistance to ACCase inhibitor herbicides in a Lolium multiflorum population.
Pest Management Science, 66(11), 1249-1256.

Kaundun, S. S. (2014). Resistance to acetyl-CoA carboxylase-inhibiting herbicides.
Pest Management Science, 70(9), 1405-1417.

Kaundun, S. S., Bailly, G. C., Dale, R. P., Hutchings, S.-J., & McIndoe, E. (2013a). A
novel W1999S mutation and non-target site resistance impact on acetyl-CoA
carboxylase inhibiting herbicides to varying degrees in a UK Lolium
multiflorum population. PloS one, 8(2), €58012.

Kaundun, S. S., Dale, R. P., Zelaya, I. A., Dinelli, G., Marotti, 1., MclIndoe, E., et al.
(2011). A novel P106L mutation in EPSPS and an unknown mechanism(s) act
additively to confer resistance to glyphosate in a South African Lolium rigidum
population. Journal of Agricultural and Food Chemistry, 59(7), 3227-3233.

Kaundun, S. S., Hutchings, S.-J., Dale, R. P., & Mclindoe, E. (2013b). Role of a novel
11781T mutation and other mechanisms in conferring resistance to acetyl-CoA
carboxylase inhibiting herbicides in a black-grass population. PloS one, 8(7),
€69568.

Krogmann, D. W., Jagendorf, A. T., & Avron, M. (1959). Uncouplers of spinach
chloroplast photosynthetic phosphorylation. Plant Physiology, 34(3), 272-277.

Page |59



Kumaratilake, A. R., Lorraine-Colwill, D. F., & Preston, C. (2002). A comparative
study of glufosinate efficacy in rigid ryegrass (Lolium rigidum) and sterile oat
(Avena sterilis). 50(5), 560-566.

Kumaratilake, A. R., & Preston, C. (2005). Low temperature reduces glufosinate
activity and translocation in wild radish (Raphanus raphanistrum). Weed
Science, 53, 10-16.

Lea, P. J., & Ridley, S. M. (1989). Glutamine synthetase and its inhibition. In A. D.
Dodge (Ed.), Herbicides and Plant Metabolism (pp. 137-170). Cambridge, UK:

Cambridge University Press.

Lebrun, M., Sailland, A., Freyssinet, G., & Degryse, E. (2003). Mutated 5-
enolpyruvylshikimate-3-phosphate synthase, gene coding for said protein and
transformed plants containing said gene. United States: Bayer CropScience S.A.
(Lyons, FR).

LibertyLink. (2015). Retrieved 13 April 2015, from

https://http://www.bayercropscience.us/products/traits/libertylink.

Liu, Q., Triplett, J. K., Wen, J., & Peterson, P. M. (2011). Allotetraploid origin and
divergence in Eleusine (Chloridoideae, Poaceae): evidence from low-copy
nuclear gene phylogenies and a plastid gene chronogram. Annals of botany,
108(7), 1287-1298.

Liu, W. J., Harrison, D. K., Chalupska, D., Gornicki, P., O'Donnell, C. C., Adkins, S.
W., et al. (2007). Single-site mutations in the carboxyltransferase domain of
plastid acetyl-CoA carboxylase confer resistance to grass-specific herbicides.
Proceedings of the National Academy of Sciences of the United States of
America, 104(9), 3627-3632.

Lorraine-Colwill, D. F., Powles, S. B., Hawkes, T. R., Hollinshead, P. H., Warner, S. A.
J., & Preston, C. (2003). Investigations into the mechanism of glyphosate
resistance in Lolium rigidum. Pesticide Biochemistry and Physiology, 74(2), 62-
72.

Lourens, J., Arceo, M., & Datud, F. (1989, 21-26 August 1989). Fenoxaprop-ethyl
(Whip) and fenoxaprop-P-ethyl (Whip S) for grass control in direct seeded rice

Page | 60



under rainfed upland conditions in the Philippines. Paper presented at the 12th

Asian-Pacific Weed Science Society Conference, Seoul, Korea.

Malone, J. M., Boutsalis, P., Baker, J., & Preston, C. (2013). Distribution of herbicide-
resistant acetyl-coenzyme A carboxylase alleles in Lolium rigidum across grain

cropping areas of South Australia. Weed Research, 54(1), 78-86.

Manderscheid, R., & Wild, A. (1986). Studies on the Mechanism of Inhibition by
Phosphinothricin of Glutamine Synthetase Isolated from Triticum aestivum L.
Journal of Plant Physiology, 123(2), 135-142.

McCarty, M. T. (1983). Economic thresholds of annual grasses in agronomic crops.
Unpublished PhD, North Carolina State University, Raleigh, NC.

McNally, S. F., Hirel, B., Gadal, P., Mann, A. F., & Stewart, G., R. (1983). Glutamine
synthetases of higher plants. Plant Physiology, 72, 22-25.

Mersey, B. G., Hall, J. C., Anderson, D. M., & Swanton, C. J. (1990). Factors affecting
the herbicidal activity of glufosinate-ammonium: absorption, translocation, and
metabolism in barley and green foxtail. Pesticide Biochemistry and Physiology,
37(1), 90-98.

Michitte, P., De Prado, R., Espinoza, N., Ruiz-Santaella, J. P., & Gauvrit, C. (2009).
Mechanisms of resistance to glyphosate in a ryegrass (Lolium multiflorum)
biotype from Chile.

Miflin, B. J., & Habash, D. Z. (2002). The role of glutamine synthetase and glutamate
dehydrogenase in nitrogen assimilation and possibilities for improvement in the

nitrogen utilization of crops. Journal of Experimental Botany, 53(370), 979-987.

Miiller, B. P., Zumdick, A., Schuphan, 1., & Schmidt, B. (2001). Metabolism of the
herbicide glufosinate-ammonium in plant cell cultures of transgenic
(rhizomania-resistant) and non-transgenic sugarbeet (Beta vulgaris), carrot
(Daucus carota), purple foxglove (Digitalis purpurea) and thorn apple (Datura
stramonium). Pest Management Science, 57(1), 46-56.

Murgia, 1., Tarantino, D., Vannini, C., Bracale, M., Carravieri, S., & Soave, C. (2004).

Arabidopsis thaliana plants overexpressing thylakoidal ascorbate peroxidase

Page |61



show increased resistance to Paraquat- induced photooxidative stress and to
nitric oxide- induced cell death. The Plant Journal, 38(6), 940-953.

Neto, F. S., Coble, H. D., & Corbin, F. T. (2000). Absorption, translocation, and
metabolism of 1* C-glufosinate in Xanthium strumarium, Commelina difusa, and

Ipomoea purpurea. Weed Science, 48(2), 171-175.

Ng, C. H., Wickneswari, R., Salmijah, S., Teng, Y. T., & Ismail, B. S. (2003). Gene
polymorphisms in glyphosate-resistant and -susceptible biotypes of Eleusine
indica from Malaysia. Weed Research, 43(2), 108-115.

Ng, C. H., Wickneswary, R., Salmijah, S., Teng, Y. T., & Ismail, B. S. (2004).
Glyphosate resistance in Eleusine indica (L.) Gaertn. from different origins and
polymerase chain reaction amplification of specific alleles. Crop and Pasture
Science, 55(4), 407-414.

Nishimoto, R. K., & McCarty, L. B. (1997). Fluctuating temperature and light influence

seed germination of goosegrass (Eleusine indica). Weed Science, 45, 426-429.

Norman, M. A., Fuerst, E. P., Smeda, R. J., & Vaughn, K. C. (1993). Evaluation of
paraquat resistance mechanisms in Conyza. Pesticide Biochemistry and
Physiology, 46(3), 236-249.

Norman, M. A., Smeda, R. J., Vaughn, K. C., & Fuerst, E. P. (1994). Differential
movement of paraquat in resistant and sensitive biotypes of Conyza. Pesticide
Biochemistry and Physiology, 50(1), 31-42.

Petit, C., Bay, G., Pernin, F., & Délye, C. (2010). Prevalence of cross- or multiple
resistance to the acetyl-coenzyme A carboxylase inhibitors fenoxaprop,
clodinafop and pinoxaden in black-grass (Alopecurus myosuroides Huds.) in
France. Pest Management Science, 66(2), 168-177.

Philippine Medicinal Plants. (2013). Retrieved 15 March 2015, from

http://www.stuartxchange.org/Paragis.html.

Pline, W. A., Wu, J., & Kriton, K. H. (1999). Absorption, translocation, and metabolism
of glufosinate in five weed species as influenced by ammonium sulfate and
pelargonic acid. Weed Science, 47(6), 636-643.

Page |62



Pline-Srnic, W. (2006). Physiological mechanisms of glyphosate resistance. Weed
Technology, 20(2), 290-300.

Powles, S. B., Lorraine-Colwill, D. F., Dellow, J. J., & Preston, C. (1998). Evolved
resistance to glyphosate in rigid ryegrass (Lolium rigidum) in Australia. Weed
Science, 46(5), 604-607.

Powles, S. B., & Yu, Q. (2010). Evolution in action: plants resistant to herbicides. Annu
Rev Plant Biol, 61, 317-347.

Preston, C. (2004). Herbicide resistance in weeds endowed by enhanced detoxification:

complications for management. Weed Science, 52(3), 448-453.

Preston, C., Balachandran, S., & Powles, S. B. (1994). Investigations of mechanisms of
resistance to bipyridyl herbicides in Arctotheca calendula (L.) Levyns. Plant,
Cell and Environment, 17, 1113-1123.

Purrington, C. B., & Bergelson, J. (1999). Exploring the physiological basis of costs of
herbicide resistance in Arabidopsis thaliana. The American Naturalist, 154(S1),
S82-S91.

Rasche, E., & Gadsby, M. (1997). Glufosinate ammonium tolerant crops-international
commercial developments and experiences, Brighton Crop Protection
Conference, Weeds (Vol. 3, pp. 941-946): British Crop Protection Council.

Ridley, S. M., & McNally, S. F. (1985). Effects of phosphinothricin on the isoenzymes
of glutamine synthetase isolated from plant species which exhibit varying

degrees of susceptibility to the herbicide. Plant Science, 39(1), 31-36.

Rojano-Delgado, A. M., Priego-Capote, F., Barro, F., Luque de Castro, M. D., & De
Prado, R. (2013). Liquid chromatography—diode array detection to study the
metabolism of glufosinate in Triticum aestivum T-590 and influence of the

genetic modification on its resistance. Phytochemistry, 96, 117-122.

Ruhland, M., Engelhardt, G., & Pawlizki, K. (2002). A comparative investigation of the
metabolism of the herbicide glufosinate in cell cultures of transgenic
glufosinate-resistant and non-transgenic oilseed rape (Brassica napus) and corn
(Zea mays). Environ Biosafety Res, 1(1), 29-37.

Page | 63



Ruhland, M., Engelhardt, G., & Pawlizki, K. (2004). Distribution and metabolism of
D/L-, L- and D-glufosinate in transgenic, glufosinate-tolerant crops of maize
(Zea mays L ssp mays) and oilseed rape (Brassica napus L var napus). Pest
Management Science, 60, 691-696.

Salas, R. A., Dayan, F. E., Pan, Z., Watson, S. B., Dickson, J. W., Scott, R. C., et al.
(2012). EPSPS gene amplification in glyphosate-resistant Italian ryegrass
(Lolium perenne ssp. multiflorum) from Arkansas. Pest Management Science,
68(9), 1223-1230.

Sammons, R. D., & Gaines, T. A. (2014). Glyphosate resistance: state of knowledge.
Pest Management Science, 70(9), 1367-1377.

Scarabel, L., Panozzo, S., Varotto, S., & Sattin, M. (2011). Allelic variation of the
ACCase gene and response to ACCase-inhibiting herbicides in pinoxaden-
resistant Lolium spp. Pest Manag Sci, 67(8), 932-941.

Schonbrunn, E., Eschenburg, S., Shuttleworth, W. A., Schloss, J. V., Amrhein, N.,
Evans, J. N. S., et al. (2001). Interaction of the herbicide glyphosate with its
target enzyme 5-enolpyruvylshikimate 3-phosphate synthase in atomic detail.
Proceedings of the National Academy of Sciences of the United States of
America, 98(4), 1376-1380.

Shikimate Pathway. (2015). Retrieved 2 February 2015, from

http://plantandsoil.unl.edu/Image/sitelmages/ShikimatePathway.gif.

Smith, J., & Sagar, G. (1966). A re-examination of the influence of light and darkness
on the long distance transport of diquat in Lycopersicon esculentum Mill. Weed
Research, 6(4), 314-321.

Spencer, M., Mumm, R., & Gwyn, J. (2000). Glyphosate resistant maize lines (pp. 1-
59). United States: Dekalb Genetics Corporation (Dekalb, IL).

Stallings, W. C., Abdel-Meguid, S. S., Lim, L. W., Shieh, H.-S., Dayringer, H. E.,
Leimgruber, N. K., et al. (1991). Structure and topological symmetry of the
glyphosate target 5-enolpyruvylshikimate-3-phosphate synthase: a distinctive
protein fold. Proceedings of the National Academy of Sciences of the United
States of America, 88(11), 5046-5050.

Page | 64



Steckel, G. J., Hart, S. E., & Wax, L. M. (1997). Absorption and translocation of
glufosinate on four weed species. Weed Science, 45(3), 378-381.

Strauss, S. Y. (1997). Floral characters link herbivores, pollinators, and plant fitness.
Ecology, 78(6), 1640-1645.

Strauss, S. Y., Rudgers, J. A,, Lau, J. A., & Irwin, R. E. (2002). Direct and ecological
costs of resistance to herbivory. Trends in Ecology & Evolution, 17(6), 278-285.

Tardif, F. J., Rajcan, I., & Costea, M. (2006). A mutation in the herbicide target site
acetohydroxyacid synthase produces morphological and structural alterations

and reduces fitness in Amaranthus powellii. New Phytologist, 169(2), 251-264.

Tebbe, C. C.,, & Reber, H. H. (1991). Degradation of [14C]phosphinothricin
(glufosinate) in soil under laboratory conditions: Effects of concentration and
soil amendments on 14CO2 production. Biology and Fertility of Soils, 11(1), 62-
67.

Teng, Y., & Teo, K. (1999, 22-27 November 1999). Weed control and management of
resistant goosegrass (Eleusine indica) in Malaysia. Paper presented at the
Proceedings, 17th Asian-Pacific Weed Science Society Conference, Bangkok,
Thailand.

Tepperman, J. M., & Dunsmuir, P. (1990). Transformed plants with elevated levels of
chloroplastic SOD are not more resistant to superoxide toxicity. Plant Mol Biol,
14(4), 501-511.

Tobin, A. K., & Yamaya, T. (2001). Cellular compartmentation of ammonium
assimilation in rice and barley. Journal of Experimental Botany, 52(356), 591-
604.

Ullrich, W. R., Ullrich-Eberius, C. I., & Kdcher, H. (1990). Uptake of glufosinate and
concomitant membrane potential changes in Lemna gibba G1. Pesticide

Biochemistry and Physiology, 37(1), 1-11.
Vencill, W. K. (2002). Herbicide handbook: Weed Science Society of America.

Vila-Aiub, M. M., Neve, P., & Powles, S. B. (2005). Resistance cost of a cytochrome

P450 herbicide metabolism mechanism but not an ACCase target site mutation

Page | 65



in a multiple resistant Lolium rigidum population. New Phytologist, 167(3), 787-
796.

Vila-Aiub, M. M., Neve, P., & Powles, S. B. (2009). Fitness costs associated with
evolved herbicide resistance alleles in plants. New Phytologist, 184(4), 751-767.

Wakelin, A. M., Lorraine- Colwill, D., & Preston, C. (2004). Glyphosate resistance in
four different populations of Lolium rigidum is associated with reduced
translocation of glyphosate to meristematic zones. Weed Research, 44(6), 453-
459.

Wang, T., Picard, J., Tian, X., & Darmency, H. (2010). A herbicide-resistant ACCase
1781 Setaria mutant shows higher fitness than wild type. Heredity, 105(4), 394-
400.

Waterhouse, D. F. (1994). Biological Control of Weeds: Southeast Asian Prospects
(Vol. 2013). Canberra, Australia: ACIAR.

Wendler, C., Barniske, M., & Wild, A. (1990). Effect of phosphinothricin (glufosinate)
on photosynthesis and photorespiration of C3 and C4 plants. Photosynthesis
Research, 24(1), 55-61.

Wendler, C., Putzer, A., & Wild, A. (1992). Effect of glufosinate (phosphinothricin) and
inhibitors of photorespiration on photosynthesis and ribulose-1, 5-bisphosphate

carboxylase activity. Journal of Plant Physiology, 139(6), 666-671.

White, G. M., Moss, S. R., & Karp, A. (2005). Differences in the molecular basis of
resistance to the cyclohexanedione herbicide sethoxydim in Lolium multiflorum.
Weed Research, 45(6), 440-448.

Wiersma, A., Gaines, T., Preston, C., Hamilton, J., Giacomini, D., Robin Buell, C., et
al. (2015). Gene amplification of 5-enol-pyruvylshikimate-3-phosphate synthase
in glyphosate-resistant Kochia scoparia. Planta, 241(2), 463-474.

World of Herbicides Map. (2010). Retrieved 6 March 2015, from

http://www.hracglobal.com/pages/World of Herbicides Map.aspx.

Page | 66



Yu, Q., Cairns, A., & Powles, S. (2007a). Glyphosate, paraquat and ACCase multiple
herbicide resistance evolved in a Lolium rigidum biotype. Planta, 225(2), 499-
513.

Yu, Q., Cairns, A., & Powles, S. B. (2004). Paraquat resistance in a population of
Lolium rigidum. Functional Plant Biology, 31(3), 247-254.

Yu, Q., Collavo, A., Zheng, M.-Q., Owen, M., Sattin, M., & Powles, S. B. (2007b).
Diversity of acetyl-coenzyme A carboxylase mutations in resistant Lolium
populations: evaluation using clethodim. Plant Physiology, 145(2), 547-558.

Yu, Q., Huang, S., & Powles, S. (2010). Direct measurement of paraquat in leaf
protoplasts indicates vacuolar paraquat sequestration as a resistance mechanism
in Lolium rigidum. Pesticide Biochemistry and Physiology, 98(1), 104-109.

Yu, Q., & Powles, S. (2014a). Metabolism-based herbicide resistance and cross-
resistance in crop weeds: a threat to herbicide sustainability and global crop
production. Plant Physiology, 166(3), 1106-1118.

Yu, Q., & Powles, S. B. (2014b). Resistance to AHAS inhibitor herbicides: current
understanding. Pest Management Science, 70(9), 1340-1350.

Zhang, X.-Q., & Powles, S. B. (2006a). The molecular bases for resistance to acetyl co-
enzyme A carboxylase (ACCase) inhibiting herbicides in two target-based
resistant biotypes of annual ryegrass (Lolium rigidum). Planta, 223(3), 550-557.

Zhang, X. Q., & Powles, S. B. (2006b). Six amino acid substitutions in the
carboxyl- transferase domain of the plastidic acetyl- CoA carboxylase gene are
linked with resistance to herbicides in a Lolium rigidum population. New
Phytologist, 172(4), 636-645.

Page | 67



Page |68



Chapter 3

Multiple resistance to glufosinate,
glyphosate, paraquat and ACCase-inhibiting
herbicides in an Eleusine indica population

Preface to Chapter Three
This chapter is highly similar to the following publication: Jalaludin, A., Yu, Q., &

Powles, S. B. (2014). Multiple resistance across glufosinate, glyphosate, paraquat and
ACCase-inhibiting herbicides in an Eleusine indica population. Weed Research, 55, 82-
89. However, a part of this chapter, namely, the ACCase gene sequencing, is not
available in the published manuscript.
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Chapter 3
Multiple resistance to glufosinate, glyphosate, paraquat

and ACCase-inhibiting herbicides in an Eleusine indica

population

3.1 Abstract

An Eleusine indica population from Malaysia was reported as the world’s first
case of field-evolved glufosinate resistance. Here we further characterised this
population and found that this population displayed multiple resistance to glufosinate,
glyphosate, paraquat and ACCase-inhibiting herbicides. Dose-response experiments
with glufosinate showed that the resistant population is 5-fold and 14-fold resistant
(GRso 156 g ha; LDso 820 g ha'l) relative to the susceptible population (GRso 31 g hat;
LDso 58 g ha'), based on GRso and LDso R/S ratio, respectively. The selected
glufosinate-resistant sub-population also displayed a high level resistance to glyphosate,
with the respective GRso and LDso R/S ratios being 12- and 144-fold. In addition, the
sub population also displayed a level of resistance to paraquat (2- to 3-fold; GRso 105 g
ha! and LDso 292 g ha’l, respectively), and ACCase-inhibiting herbicides fluazifop-p-
butyl, haloxyfop-p-methyl and butroxydim. ACCase gene sequencing revealed that the
Trp-2027-Cys mutation is likely responsible for resistance to the ACCase inhibitors
examined. Here we confirm glufosinate resistance and importantly, we find very high
level glyphosate resistance, as well as resistance to paraquat and ACCase inhibiting
herbicides. This is the first confirmed report of a weed species that has evolved multiple
resistance across all the three commonly used non-selective herbicides, glufosinate,

glyphosate and paraquat.

3.2  Introduction

Eleusine indica, one of the world’s worst weeds (Holm et al., 1977), is a very
competitive and cosmopolitan species. Eleusine indica is suited to a wide range of soils
and temperature conditions (20 to 40°C) (Nishimoto & McCarty, 1997), producing as
many as 140,000 seeds per plant (Chin, 1979). This adaptive capacity allows E. indica

to grow and infest a wide range of crops including cotton, maize, upland rice, sweet
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potatoes, sugarcane and many fruit and vegetable orchards (Holm et al., 1977), resulting
in large reductions in crop yield (McCarty, 1983; Eke & Okereke, 1990).

In a tropical climate as in Malaysia, E. indica infests field crops, areas including
fruit and vegetable orchards, nurseries and young palm oil plantations. At high
densities, E. indica greatly affects crop growth, resulting in yield loss and increased
incidence of plant disease, including Phytophtora spp. (Chee et al., 1990; Teng & Teo,
1999). As a result of its widespread presence, competitiveness and fecundity, growers in
Malaysia and other countries have become reliant upon herbicides for E. indica control.
However, overreliance on herbicides has resulted in resistance evolution in E. indica in
at least eight countries (Heap, 2015). Since the first case of dinitroaniline herbicide
resistance was reported in E. indica in 1973, herbicide resistance has been documented
to seven herbicide sites-of-action, including resistance to the dinitroaniline herbicides
(Mudge et al., 1984), acetyl coA carboxylase (ACCase)-inhibiting herbicides (Leach et
al., 1993; Osuna et al., 2012), the acetolactate synthase (ALS)-inhibiting herbicide
imazapyr (Valverde et al., 1993), the EPSPS-inhibiting herbicide glyphosate (Lee &
Ngim, 2000), the bipyridylium herbicide paraquat (Buker et al., 2002), photosystem 1I-
inhibiting herbicides (Brosnan et al., 2008) and most recently the glutamine synthetase-
inhibiting herbicide glufosinate (Chuah et al., 2010; Jalaludin et al., 2010).

Glyphosate, and its widely used alternative, glufosinate, are globally important
herbicides. Glyphosate was widely used in Malaysia to control large E. indica
populations in fallow, nurseries and plantation maintenance. Glyphosate allowed
growers to reduce costs and save time in weed control. However, persistent use was a
heavy selection pressure on E. indica populations. Following just 3 years of use,
glyphosate resistance evolved in E. indica (Lee and Ngim, 2000). This rapid resistance
evolution is partly because E. indica can have a few (3-5) generations treated per year
(see Section 2.6, Chapter 2). Now many E indica populations have been identified to be
glyphosate resistant (Ng et al., 2003; Ng et al., 2004; Kaundun et al., 2008). The rapid
increase in glyphosate-resistant E. indica cases lead to growers adapting glufosinate in

order to combat glyphosate-resistant weeds.

In 2010 the first case of glufosinate resistance was reported in a Malaysian E.
indica population (Jalaludin et al., 2010). Prior to glufosinate usage, this population had
a field history of paraquat, fluazifop-p-butyl and glyphosate use. At the same time, a

different Malaysian E. indica population was reported to be resistant to glufosinate and
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paraquat (Chuah et al., 2010). Subsequently, two other cases of glufosinate resistance
and multiple-resistance to glufosinate and glyphosate have been reported in Lolium
perenne in Oregon, United States (Avila-Garcia & Mallory-Smith, 2011; Avila-Garcia
et al., 2012). Working with the known glufosinate-resistant population (Jerantut
population) identified by the author (Jalaludin et al., 2010), this study aims to quantify
the level of resistance to glufosinate and evaluate any efficacy of other herbicide sites of

action.

3.3  Materials and methods

The glufosinate resistant (R) E. indica (Jerantut population) population used in
this study was previously reported (Jalaludin et al., 2010). A glufosinate-susceptible E.
indica population provided by Chuah, T. S., and a subset of this population that has
been confirmed to be susceptible to all herbicides, was used as an herbicide-susceptible

(S) population.

3.3.1 Glufosinate dose-response

Eleusine indica seeds were germinated on 0.6% agar containing 0.2%
potassium nitrate (KNO3) (Ismail et al., 2002) in a glasshouse during summer (Jan to
Mar) with average temperatures of 30/20°C (day/night) with a 15 h photoperiod of
natural sunlight. After 4 — 7 d, the seedlings were transplanted into pots (18 cm diameter
with 15-20 seedlings per pot) containing potting mix (25% peat moss, 25% sand, 50%
mulched pine bark) and fertilized (weekly/daily) with 2g Scotts polyfeed™ soluble
fertilizer (N 15% [urea 11.6%, ammonium 1.4%, nitrate 2%], P 2.2%, K 12.4%, Ca 5%,
Mg 1.8%, S 3.8%, Fe 120 mg kg, Mn 60 mg kg™, Zn 15 mg kg%, Cu 15 mg kg, B
20 mg kgt, Mo 10 mg kg?). Once the seedlings reached the 3- to 5-leaf stage, the
seedlings were treated with glufosinate at 0, 20, 41, 83, 124, 248, 495, 1485, 1980, 3960
and 7920 g ha! (Basta, 200 g a.i. L, SC; Bayer CropScience) (hereafter all herbicide
doses are expressed as g hal), using a custom-built, dual nozzle cabinet sprayer
delivering herbicide at 118 L ha? at 210 kPa, with a speed of 1 m s™. Following
herbicide treatment, all pots were arranged in a completely randomized block design in
a glasshouse with at least three replicate pots per herbicide rate. Visual assessment for
resistance (R) and susceptibility (S) were made 21 d after treatment (DAT). Plants were

considered to be R if they were actively growing whilst the S plants desiccated and
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died. Above-ground biomass was harvested and dried in an oven (65°C) for 3 d before

weighing.

Six plants that survived 1485 and 1980 g ha glufosinate were bulked together
to produce a glufosinate-selected progeny sub population (referred as R*). This R*
population was tested again for glufosinate resistance, and used for glyphosate, paraquat

and ACCase-inhibiting herbicide resistance screening experiments.

3.3.2 Glyphosate and paraquat dose-response

Seed germination and establishment was conducted as described above. At the
3- to 5-leaf stage, E. indica plants from the S and R* populations were treated with
glyphosate at rates of 0, 34, 68, 100, 135, 170, 200, 540, 1080, 4320, 8640, 12960,
17280 and 25920 g a.e. ha® (Roundup Attack with 1Q inside, 570 g a.e. L%, SL; Nufarm
Australia) (hereafter glyphosate concentration is referred as g hat) and paraquat at rates
of 0, 47, 94, 188, 375, 750, 1500 and 3000 g ha® (Gramoxone, 250 g a.i. L, SL;
Syngenta Crop Protection).Visual assessments were made at 21 d after treatment as
described above. The paraquat dose-response experiment was conducted in a controlled
environment room with alternating temperatures of 30/25°C (day/night), 75% humidity
and a 12 h photoperiod with light intensity of 400 pmol m?s™.

3.3.3 Herbicide single-rate test

In order to check for multiple resistance, label rates of the ACCase-inhibiting
herbicides fluazifop-p-butyl (210 g ha) (Fusilade Forte, 128 g a.i. L, EC, Syngenta
Crop Protection Pty Ltd), haloxyfop-p-methyl (60 g ha') (Verdict 520, 520 g a.i. L7,
EC, Dow Agrosciences Australia Ltd), clethodim (100 g ha*) (Select, 240 g a.i. L%, EC,
Sumitomo Chemical Australia Pty Ltd), butroxydim (100 g ha') (Falcon, 250 g a.i. kg™,
WG, Nufarm Australia Ltd) and sethoxydim (230 kg hat) (Sertin 186, EC, 186 g a.i. L
1 EC, Bayer CropScience Pty Ltd), and the ALS-inhibiting herbicide imazapyr (50 g ha”
1y (Arsenal, 250 g a.i. L, SC, Nufarm Australia Ltd) were applied to S and R* plants of
E. indica at the 3- to 5-leaf stage. Plants were established in trays (50-60 per tray with
two to four replicate trays per herbicide treatment). Following treatment all populations
were maintained in a temperature controlled glasshouse with day/night temperature of
30/25°C under natural sunlight.
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3.3.4 Statistics

The herbicide rate causing 50% mortality (LDso) or reduction in growth (GRsp)
was estimated by non-linear regression analysis using Sigma Plot ® software (version
12.0, SPSS Inc. 233 South Wacker Drive, Chicago, IL). The data were fitted to the three

parameter logistic curve model:

a
X X
EDs

y:
1+(

where y denotes plant survival or biomass, a = upper limit, EDso = estimated dose
causing 50% response and b = slope around EDso. A t-test at 5% probability was used to
test the significance of the regression parameters. The LDsg and GRso values of the S
and R(*) biotypes were used to calculate the R/S ratio of the resistant populations.
Several pilot trials were conducted prior to final herbicide dose-response experiments
which contained at least three replicate pots per herbicide rate. Each dose-response
experiment was repeated at least twice with similar results, and therefore, only results

from a single experiment were presented.

3.3.5 ACCase gene sequencing

Genomic DNA was extracted from the leaf tissue of R* and S plants according
to Yu et al. (2008). Published primers (Osuna et al. 2012) were used to amplify two
plastidic ACCase gene fragments in which point mutations known to confer herbicide
resistance in plants have been identified (reviewed by Délye 2005; Powles and Yu
2010; Beckie and Tardif 2012). The PCR was conducted in a 25 pl volume that
consisted of 1-2 pl of genomic DNA, 0.5 uM of each primer, and 12.5 ul of 2x GoTaq
Green Master Mix® (Promega). The PCR was run with the following profile: 94°C for
4 min; 40 cycles of 94°C for 30s, 58°C (annealing temperature) for 30s, and 72°C for 1
min; followed by a final extension step of 7 min at 72°C.The PCR product was purified
from agarose gel with the Wizard® SV Gel and PCR Clean-up System (Promega Co.,
Madison, WI USA) and sequenced by a commercial service. All sequence
chromatograms were visually checked for quality and consistency before sequences
were assembled and aligned. Sequences of the plastidic ACCase gene from the R and S

individuals were aligned and compared using the Clustal Omega Multiple Sequence
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Alignment programme available at the European Bioinformatics Institute website

(http://www.ebi.ac.uk/Tools/msa/clustalo/) to detect any nucleotide differences.

3.4 Results

3.4.1 Glufosinate resistance

The results of this study confirm that the R E. indica population was glufosinate-
resistant with approximately 78% of R plants surviving the field rate (495 g ha'), which
completely controlled the S population. Following treatment all plants showed
symptoms, dark grey (almost burnt-looking) from the middle of the leaves to the leaf
tip, with slight wilting, 24 h after treatment. The damaged area then extended in the
basipetal direction, developing necrosis over 14 d, turning wilted leaves from yellow
into brown. While the S plants died, the resistant (R and R*) plants were observed to
recover and grow again two weeks after treatment. Following full dose-response
screening, the R population displayed an LDso of 820 g ha™, compared to 58 g ha* for
the S population (Table 3.1), resulting in a R/S ratio (based on the LDso) of 14. This is
higher than the previously reported LDso R/S ratio of 7.6 (Jalaludin et al. (2010). The
difference could be attributed to different susceptible populations and experimental
conditions being used in the two studies. For plant growth, the R population GRsg rate
was found to be 5-fold greater (156 g ha™) than for the S population (Table 3.2).
Glufosinate resistance in the R population was found to be heritable with the glufosinate
LDso R/S ratio increasing to 22 when comparing the glufosinate-selected progeny R*
and the S population (Fig. 3.2A; Table 3.1 and 3.2). However the R* population was
only about 2-fold more resistant to glufosinate compared to the basal R population,
indicating the glufosinate-resistant sub population is still segregating. Despite having a
high R/S ratio based on survival and plant biomass, resistant E. indica was still

satisfactorily controlled at 1485 g ha and above (Fig. 3.1).
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Table 3.1. Parameter estimates for logistic analysis of glufosinate, glyphosate and paraquat

dose-response survival data for the susceptible (S) and resistant (R) E. indica populations.

Population a b Xo = LDso R? R/S ratio
(g hat) (coefficient)  of LDso
Glufosinate dose-response
S 100.00 (0)  5.71(0.23) 58 (0.81) 0.99
R 100.00 (0)  2.42 (0.37) 820 (85.6) 0.93 14
CR* 100.00 (0)  2.3(0.25 1278 (63.9) 0.99 22
Glyphosate dose-response
S 100.00 (0) 15.28(1.71)  148(1.81) 0.98
R* 100.00 (0)  0.99(0.1) 21274 (1773) 0.98 144
Paraquat dose-response
S 100.00 (0)  3.76 (0.66) 98 (23.6) 0.97
R* 100.00 (0)  1.5(0.2) 292 (27.9) 0.94 3

¢R* refers to the selected glufosinate-resistant sub population.

Standard errors are in parentheses
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Table 3.2. Parameter estimates for logistic analysis of glufosinate, glyphosate and paraquat

dose-response biomass data for the susceptible (S) and resistant (R) E. indica populations.

Population a b Xo = GRso R? R/S ratio of
(g hal) (coefficient) GRsp
Glufosinate dose-response
S 100.00 (0) 2.23(0.36) 31 (2.3) 0.94
R 100.00 (0) 1.36(0.17) 156 (17.4) 0.98 5
‘R* 100.00 (0) 1.25(0.25) 325(37.1) 0.98 11
Glyphosate dose-response
S 100.00 (0) 1.7 (0.22) 41 (3.6) 0.92
R* 100.00 (0) 0.88 (0.09) 481 (55.6) 0.95 11.8
Paraquat dose-response
S 100.00 (0) 3.22(0.72) 52 (3.1) 0.95
R* 100.00 (0) 1.84(0.29) 105 (8.4) 0.96 2

¢ R* refers to the selected glufosinate-resistant sub population.

Standard errors are in parentheses
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Figure 3.1. Glufosinate dose-response for survival of the susceptible (S) and resistant (R)
populations of Eleusine indica. Data were collected at 21 DAT.
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Figure 3.2. Survival response of the susceptible (closed circle; ®) and selected glufosinate-
resistant (opened circle; o) R* sub populations of Eleusine indica to glufosinate (A), glyphosate

(B) and paraquat (C) treatment. Data were collected at 21 DAT. Glyphosate rates are in g a.e.
ha'.
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3.4.2 Glyphosate resistance

As expected the S population was very sensitive to glyphosate so that 200 g ha'
or higher controlled all S plants (Fig. 3.2B). However, the R* population was clearly
glyphosate resistant (Fig. 3.2B). An extremely high rate (i.e. 25920 g ha* glyphosate)
was needed to inflict significant mortality in R* population (Fig. 3.2B). Based on the
LDso R/S ratio, the R* population was more than 140-fold resistant to glyphosate (Table
3.1). While the resistant plants survived high glyphosate doses, plant growth was
affected. The GRso for the S and R* population were 41 g ha?! and 481 g ha®,
respectively, resulting in the R* population being 12-fold more resistant than the S
biotype (Table 3.2). Therefore, in addition to glufosinate resistance, the R* population

has high level resistance to glyphosate.

3.4.3 Paraquat resistance

The S population was very well controlled by paraquat. However, there was a
clear difference R* sub-population (Fig. 3.2C) rate. Based on the LDsp and GRso R/S
ratios (Table 3.1 and 3.2), paraquat resistance in the selected glufosinate-resistant
population is confirmed, albeit at a low level (2- to 3-fold). Both S and R* plants
displayed rapid desiccation and necrosis following treatment. Similar to glufosinate-
treated plants, the R* plants recovered two weeks after treatment while the S plants
died.

3.4.4 Resistance to ACCase-inhibiting herbicides

All herbicides examined gave full control of the S population at the rates
outlined in Table 3.3. However, 47%, 51% and 49% of the R* population survived
fluazifop-p-butyl, haloxyfop-p-methyl and butroxydim respectively. In contrast, the
population remained susceptible to sethoxydim, clethodim and imazapyr (Table 3.3).

3.4.5 ACCase gene sequencing

The plastidic ACCase gene sequences from a total of 9 plants surviving
fluazifop or butroxydim were analyzed in comparison to susceptible plants. The primer
pair ELEIN1781F/ELEIN1781R (Osuna et al., 2012) amplified a 600 bp DNA fragment

Page | 80



flanking the known mutation site 1781, and the primer pair ELEIN2027f/ELEIN2027r
amplified an 832 bp fragment flanking the known mutation sites 1999, 2027, 2041,
2078, 2088 and 2096. Sequence alignment revealed an amino acid substitution of Trp-
2027-Cys in R* individuals resulting from a G to T change at the third position of the
Trp codon (TGG) (Fig. 3.3). No other single nucleotide polymorphism was found in the
other known mutation sites in the plastidic ACCase gene (Fig. 3.3 and 3.4).

Table 3.3. Survival of the susceptible (S) and selected glufosinate-resistant (R*) sub

populations of E. indica 21 days after treatment with various herbicides.

Mean % survival

Herbicide

S R*
ACCase inhibitor
Fluazifop-p-butyl (210 g hat) 0 47
Haloxyfop-p-methyl (60 g ha?) 0 51
Sethoxydim (230 g ha) 0 0
Clethodim (100 g ha®) 0 0
Butroxydim (100 g ha®) 0 49
ALS inhibitor
Imazapyr (50 g ha®) 0 0
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CTGATCCAGGCCAGCTTGATTCTCATGAGAGATCTGTTCCTCGGGCTGGACAAGTHTGGT
1 CTGATCCAGGCCAGCTTGATTCTCATGAGAGATCTGTTCCTCGGGCTGGACAAGTYTGGT
2 CTGATCCAGGCCAGCTTGATTCTCATGAGAGATCTGTTCCTCGGGCTGGACAAGTHTGGT

-3 CTGATCCAGGCCAGCTTGATTCTCATGAGAGATCTGTTCCTCGGGCTGGACAAGTYTGGT
4 CTGATCCAGGCCAGCTTGATTCTCATGAGAGATCTGTTCCTCGGGCTGGACAAGTHTGGT

KA KK A A KA KNI AR A AL A KNI AAA AL A KN AXAA A A A AR A XA R A A XA A KA KK KKK A KKK KA Akl

Trp-1999

TCCCAGATTCAGCAACCAAGACAGCTCAGGCATTGTTGGACTTCAACCGTGAAGGATTAC
1 TCCCAGATTCAGCAACCAAGACAGCTCAGGCATTGTTGGACTTCAACCGTGAAGGATTAC
2 TCCCAGATTCAGCAACCAAGACAGCTCAGGCATTGTTGGACTTCAACCGTGAAGGATTAC

-3 TCCCAGATTCAGCAACCAAGACAGCTCAGGCATTGTTGGACTTCAACCGTGAAGGATTAC
4 TCCCAGATTCAGCAACCAAGACAGCTCAGGCATTGTTGGACTTCAACCGTGAAGGATTAC

KA A A A AR AR A AR A A A AR A A A A A A AR AR A I A A A A AR A A A A A A AN A A AR A A AR A A A A X kK

Trp-2027-Cys

CTTTGTTCATCCTTGCTAA(QIGGRAGAGGCTTCTCTGGTGGACAAAGAGATTTGTTTGAAG
1 CTTTGTTCATCCTTGCTAA(QIGTRGAGGCTTCTCTGGTGGACAAAGAGATTTGTTTGAAG
2 CTTTGTTCATCCTTGCTAA(QIGTRGAGGCTTCTCTGGTGGACAAAGAGATTTGTTTGAAG

-3 CTTTGTTCATCCTTGCTAA(QIGTRGAGGCTTCTCTGGTGGACAAAGAGATTTGTTTGAAG
4 CTTTGTTCATCCTTGCTAA(QIGTRGAGGCTTCTCTGGTGGACAAAGAGATTTGTTTGAAG

krkhkkhkhkhkhkrhkhkhkhhkhhkrhkhkrkhher Fhhkrhkhkrhkhkrhhkrhkrhkhkrhkkhkrhkkhkhkhhkrkrhkhkxkhkkxk*k

1le-2041

GA
1 GA
2 GA

-3 GA
4 GA

ATT
ATT
IATT
ATT
IATT

* A

* Kk Kk

CTTCAGGCTGGGTCAACAATTGTCGAGAACCTTAGGACATATAATCAGCCAGCAT
CTTCAGGCTGGGTCAACAATTGTCGAGAACCTTAGGACATATAATCAGCCAGCAT
CTTCAGGCTGGGTCAACAATTGTCGAGAACCTTAGGACATATAATCAGCCAGCAT
CTTCAGGCTGGGTCAACAATTGTCGAGAACCTTAGGACATATAATCAGCCAGCAT
CTTCAGGCTGGGTCAACAATTGTCGAGAACCTTAGGACATATAATCAGCCAGCAT

Pk A A A AR A A AR A A AR AR A IR AR A AR A A A A AR AR AR AR A A AR AR AR A A AR AR Ak kK

Asp-2078

TTGTCTATATTCCCATGGCTGGAGAGCTACGTGGAGGAGCTTGGGTCGTAGTTGATRGCA
1 TTGTCTATATTCCCATGGCTGGAGAGCTACGTGGAGGAGCTTGGGTCGTAGTTIGATRGCA
2 TTGTCTATATTCCCATGGCTGGAGAGCTACGTGGAGGAGCTTGGGTCGTAGTTGATRGCA

-3 TTGTCTATATTCCCATGGCTGGAGAGCTACGTGGAGGAGCTTGGGTCGTAGTTIGATRGCA
4 TTGTCTATATTCCCATGGCTGGAGAGCTACGTGGAGGAGCTTGGGTCGTAGTTGATRGCA

khkhkkhkhkhkhhkhkhkhhkhkhkhhkhkhkhkhkhkhkhkhkhkkhkhhkhkhkhkhkhkhkhkhhkhkhkhkkkhkkhkkhkxhkxkperxkxk

Cys-2088 Gly-2096

AAATAAATCCGGACCGCATTGAGIGTIATGCTGAGAGGACAGCAAAAGGCAATGTTCTTG
1 AAATAAATCCGGACCGCATTGAGIGTIATGCTGAGAGGACAGCAAAAGGCAATGTTCTTG
2 AAATAAATCCGGACCGCATTGAGIGTIATGCTGAGAGGACAGCAAAAGGCAATGTTCTTG

-3 AAATAAATCCGGACCGCATTGAGIGTIATGCTGAGAGGACAGCAAAAGGCAATGTTCTTG
4 AAATAAATCCGGACCGCATTGAGIGTIATGCTGAGAGGACAGCAAAAGGCAATGTTCTTG

KA A A A AR AR AR A A A A AR A AR AR A A A A A AR A A AR A AR A AR AR A AR kA AR A Ak A kA xk*

Figure 3.3. Multiple alignment of a clearly identified plastidic ACCase gene sequence covering
the known mutation sites of Trp-1999, Cys-2027, lle-2041, Asp-2078, Cys-2088 and Gly-2096

in the CT domain (in boxes) between the S and R samples. The reference codon (S) is

highlighted in each box for comparison. A point mutation from G to T at the third position of

the Trp-2027 codon resulted in an amino acid substitution from Trp to Cys. Results for R-5 to

R-9 are the same as for R-1 to R-4 and are not shown.
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lle-1781
GGATGGGCTTGGTGTGGAGAATATALCATGGAAGTGCTGCTATCGCCAGTGCTTATTCTAG
1 GGATGGGCTTGGTGTGGAGAATATALATGGAAGTGCTGCTATCGCCAGTGCTTATTCTAG
2  GGATGGGCTTGGTGTGGAGAATIATALATGGAAGTGCTGCTATCGCCAGTGCTTATTCTAG
-3 GGATGGGCTTGGTGTGGAGAATATALATGGAAGTGCTGCTATCGCCAGTGCTTATTCTAG
4  GGATGGGCTTGGTGTGGAGAATATALCATGGAAGTGCTGCTATCGCCAGTGCTTATTCTAG

KA A KA A AR AR A AR A A A AR A A A AMA A A A A I A A A A A KA A A A A A A A AR AR A A A A A A A XXk K

Figure 3.4. Multiple alignment of a clearly identified plastidic ACCase gene sequence covering
the known mutation site 1le-1781 in the CT domain (in box) between the S and R samples. The
reference codon (S) is highlighted in each box for comparison. Results for R-5 to R-9 are the

same as for R-1 and R-4 and are not shown.

3.5  Discussion

In Malaysia, glufosinate has been used as an alternative to glyphosate for over
10 years; with glufosinate resistance first confirmed in 2010 (Chuah et al., 2010;
Jalaludin et al., 2010). The current study confirmed the preliminary report on the
evolution of resistance to glufosinate in a Malaysian E. indica population (Jalaludin et
al., 2010). The level of resistance determined in this glufosinate-resistant population
was modest (5- and 14-fold, based on GRsg and LDsp, respectively) which is similar to
those reported for the other E. indica populations (Chuah et al., 2010) and slightly
higher than glufosinate-resistant Lolium perenne populations in Oregon, USA (GRso
R/S ratios between 2.2 and 2.8) (Avila-Garcia & Mallory-Smith, 2011). The level of
paraquat resistance in this population was also similar to that observed in a glufosinate-
and paraquat-resistant Malaysian E. indica population (Chuah et al. 2010). It is worth
noting that usually GRso R/S ratios are more variable than LDsg ratios due to variations
in growth conditions and especially, the length of experiments. In this sense, LDso R/S

ratios would be the better option to compare results across research groups.

Globally glufosinate-resistance has thus far only been confirmed in E. indica
(Chuah et al., 2010; Jalaludin et al., 2010) and L. perenne (Avila-Garcia & Mallory-
Smith, 2011; Avila-Garcia et al., 2012). The resistance mechanism(s) endowing
glufosinate resistance is not yet understood. In glufosinate-resistant L. perenne, the
resistance mechanism in one population was speculated to be non-target-site based

(Avila-Garcia and Mallory-Smith, 2011) while in another population it was reported to
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be due to a target-site mutation in the glutamine synthetase gene (Avila-Garcia et al.,
2012).

Importantly, in addition to glufosinate resistance, the E indica population
characterised in the current study is highly resistant to glyphosate (Fig 3.2; Table 3.1).
Despite surviving high glyphosate rates (LDso R/S 144), glyphosate application still
resulted in a growth reduction (GRso R/S 12). However, the survival and plant biomass
R/S ratios were both higher than previously reported in glyphosate-resistant populations
of E. indica and other weed species (Lee & Ngim, 2000; Baerson et al., 2002;
Culpepper et al., 2006; Mueller et al., 2011; Gaines et al., 2012). As is discussed above,
we consider the LDsg value is more accurate and meaningful in describing resistance
levels because it is less affected by experimental conditions (e.g. harvest time, growth
competition) as compared with the GRso value. Nevertheless, the large difference in the
LDso and GRso R/S ratios obtained for glyphosate response in this E. indica population
indicates that the glyphosate resistance mechanism(s) may incur a fitness cost in the
presence of herbicide. The high level glyphosate resistance in this study requires further
study. Potential mechanism(s) endowing such strong resistance may include (1) a new
target-site EPSPS mutation, (2) multiple EPSPS mutations and (3) accumulation of
several known glyphosate resistance mechanisms (e.g. EPSPS gene mutation or
amplification, reduced glyphosate translocation or enhanced sequestration). Studies
investigating the mechanistic basis of resistance in this population are outlined in
Chapter 5.

The glufosinate and glyphosate and paraquat resistant population was also found
to be resistant to ACCase-inhibiting herbicides (Table 3.3). Mutations in the ACCase
gene that result in resistance to particular ACCase herbicides (e.g. APPs) could also
confer cross-resistance to other chemically-dissimilar ACCase herbicide groups (e.g.
CHDs and PPZ). The 1781-Leu and 2078-Gly mutant isoforms of A. myosuroides and
L. rigidum, and 2088-Arg isoform in L. rigidum are resistant to not only APP
herbicides, but also to CHD and PPZ herbicides (Yu et al., 2007; Petit et al., 2010;
Powles & Yu, 2010). Other mutant isoforms such as the 2041 and 2096 are only
resistant to APP herbicides (Delye, 2005), whilst the 1999 isoform is fenoxaprop-
specific and remains susceptible to other APP herbicides (Liu et al., 2007). The ACCase
resistance in this E. indica population is endowed by a resistant ACCase, specifically
due to a point mutation at position 2027 of the ACCase sequence from Trp to Cys (Trp-
2027-Cys)(Fig. 3.3).
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The Trp-2027-Cys mutation identified in the ACCase gene of this E. indica
population was recently identified in several fluazifop-resistant E. indica populations
from Malaysia (Cha et al., 2014). This mutation is known to confer resistance to
ACCase-inhibiting aryloxyphenoxypropionate (APP) herbicides (e.g. diclofop,
fluazifop, haloxyfop) and to phenylpyrazoline (PPZ) herbicides. However, this mutation
has not been found to endow resistance to cyclohexanedione (CHD) herbicides (e.g.
clethodim, sethoxydim) (Délye 2005; Powles and Yu 2010). This study outlines the first
case associating the Trp-2027-Cys mutation with butroxydim (a CHD herbicide)
resistance. It must be noted that no investigations were made into non target-site
resistance (NTSR) mechanisms conferring ACCase resistance, which remains a
possibility.

The selection and frequency of resistant mutants in the ACCase gene are often
heavily influenced by the herbicide selection intensity within the region (Kaundun,
2014). With the intensive use of fluazifop-p-butyl in Malaysia, Trp-2027-Cys mutants
were found to be prevalent in E. indica populations. In Brazil, a resistant E. indica
population that contained the Asp-2078-Gly mutation was selected by treatment with
sethoxydim for the past 20 years (Osuna et al., 2012). This population also displayed
cross-resistance to cyhalofop, fenoxaprop and tepraloxydim, as a result of the 2078
mutation. Other examples of predominant region-specific ACCase mutant variants
include the lle-1781-Leu in the United Kingdom and France, and Gly-2096-Ala in
Germany (Kaundun, 2014).

It is interesting to note that Cha et al. (2014) found a new Asn-2097-Asp
mutation in one of the highly fluazifop-p-butyl-resistant E. indica populations (150-fold
based on GRso R/S ratio), which lacks the Trp-2027-Cys mutation. It was suggested that
this new mutation and some other form of non-target-site mechanism may have
contributed to the strong resistance to fluazifop (Cha et al. 2014). However, further

research needs to be conducted in order to examine and verify this claim.

Prior to this report, multiple resistance in E. indica populations has previously
been reported. These multiple resistance cases involved at most two different herbicide
groups, e.g., fluazifop-p-butyl and glyphosate (Heap, 2015) or glufosinate and paraquat
(Chuah et al., 2010). However, this study is the first to identify multiple resistance to
four herbicidal sites of action (glufosinate, glyphosate, paraquat and ACCase inhibitor)

in a single E. indica population. This is undoubtedly related to the herbicide selection
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history of this R population. As resistance to glyphosate, paraquat and ACCase-
inhibiting herbicides was detected from a selected glufosinate-resistant sub population,
it is plausible (although not examined) that multiple resistance is evident at the
individual-plant level. Multiple resistance to glyphosate, paraquat and ACCase-
inhibiting herbicides in individual plants has been documented in L. rigidum due to the
accumulation of multiple resistance mechanisms (Yu et al. 2007). In addition, multiple
resistance to other herbicide classes has also been demonstrated in both cross- and self-
pollinated grass and broad-leaf weed species (e.g. Alopecurus myosuroide, Lolium spp,

Echinochloa spp, Amaranthus spp) (Heap, 2015).

In summary this study confirms the first case of multiple resistance to the non-
selective herbicides glufosinate, glyphosate and paraquat in an E. indica population.
The same population had target-site resistance to ACCase-inhibiting herbicides due to
the Trp-2027-Cys mutation, which was identified here for the first time as potentially
conferring resistance to a member of the CHD class of ACCase inhibitors. The
evolution of resistance to herbicides of four different sites-of-action in this resistance-
prone species is of concern as this E. indica population is not controlled by the world’s
most important herbicide (glyphosate) or its non-selective alternatives (glufosinate,
paraquat), greatly reducing herbicidal control options for growers. Although other
ACCase- or ALS-inhibiting herbicides (e.g. sethoxydim, clethodim, imazapyr) still
provide effective control, additional selection is considered likely to result in resistance.
Therefore, this study acts as a clear warning of the need for weed control diversity, and
the need for the development of effective non-herbicidal control techniques. Non-
chemical weed control options may include grazing by farm animals, cutting the grass
for seed-set control or harvesting the seed for later treatment (known as harvest weed
seed control, HWSC). If additional weed control diversity is added to the farming
systems to reduce E. indica population size then the usefulness of effective herbicides

could be maintained.

3.6  Acknowledgement

The author would like to thank the Scholarship for International Research Fee
(SIRF), UWA and Australian Research Council (ARC) for funding this study. The
author would also like to thank Dr. Chuah Tse Seng of Universiti Malaysia Terengganu
for providing the seeds of the susceptible population.

Page | 86



3.7 References

Avila-Garcia, W. V., & Mallory-Smith, C. (2011). Glyphosate-resistant Italian ryegrass
(Lolium perenne) populations also exhibit resistance to glufosinate. Weed
Science, 59(3), 305-309.

Avila-Garcia, W. V., Sanchez-Olguin, E., Hulting, A. G., & Mallory-Smith, C. (2012).
Target-site mutation associated with glufosinate resistance in Italian ryegrass
(Lolium perenne L. ssp. multiflorum). Pest Management Science, 68(9), 1248-
1254,

Baerson, S. R., Rodriguez, D. J., Tran, M., Feng, Y., Biest, N. A., & Dill, G. M. (2002).
Glyphosate-resistant goosegrass. lIdentification of a mutation in the target
enzyme 5-enolpyruvylshikimate-3-phosphate synthase. Plant Physiology,
129(3), 1265-1275.

Beckie, H. J., & Tardif, F. J. (2012). Herbicide cross resistance in weeds. Crop
Protection, 35, 15-28.

Brosnan, J. T., Nishimoto, R. K., & DeFrank, J. (2008). Metribuzin-resistant goosegrass
(Eleusine indica) in bermudagrass turf. Weed Technology, 22(4), 675-678.

Buker, R. S., lll, Steed, S. T., & Stall, W. M. (2002). Confirmation and control of a
paraquat-tolerant goosegrass (Eleusine indica) biotype. Weed Technology, 16(2),
309-313.

Cha, T. S., Najihah, M. G., Sahid, I. B., & Chuah, T. S. (2014). Molecular basis for
resistance to ACCase-inhibiting fluazifop in Eleusine indica from Malaysia.

Pesticide Biochemistry and Physiology, 111, 7-13.

Chee, Y. K., Lee, S. A., Ahmad, A. I, Teo, L., Chung, G. F., & Khairuddin, H. (1990,
4-6 December 1990). Crop loss by weeds in Malaysia. Paper presented at the

Proceedings of the 3rd Tropical Weed Science Conference, Kuala Lumpur.

Chin, H. F. (1979, 22-23 September 1979). Weed seed - A potential source of danger.
Paper presented at the Proceedings of the Plant Protection Seminar, Kuala

Lumpur.

Page |87



Chuah, T. S,, Low, V. L., Cha, T. S., & Ismail, B. S. (2010). Initial report of glufosinate
and paraquat multiple resistance that evolved in a biotype of goosegrass
(Eleusine indica) in Malaysia. Weed Biology and Management, 10(4), 229-233.

Culpepper, A. S., Grey, T. L., Vencill, W. K., Kichler, J. M., Webster, T. M., Brown, S.
M., York, A. C., et al. (2006). Glyphosate-resistant palmer amaranth
(Amaranthus palmeri) confirmed in Georgia. Weed Science, 54(4), 620-626.

Délye, C. (2005). Weed resistance to acetyl coenzyme A carboxylase inhibitors: an
update. Weed Science, 53(5), 728-746.

Eke, A., & Okereke, O. (1990). Goosegrass (Eleusine indica) and wild poinsettia
(Euphorbia heterophylla) interference in maize (Zea mays). Nigerian Journal of
Weed Science, 3, 1-10.

Gaines, T. A., Cripps, A., & Powles, S. B. (2012). Evolved resistance to glyphosate in
junglerice (Echinochloa colona) from the tropical Ord River region in Australia.
Weed Technology, 26(3), 480-484.

Heap, I. (2015). International survey of herbicide-resistant weeds. Retrieved 2

February 2015, from www.weedscience.org.

Holm, L. G., Plucknett, D. L., Pancho, J. V., & Herberger, J. P. (1977). The World's
Worst Weeds. Hawaii: University Press.

Ismail, B. S., Chuah, T. S., Salmijah, S., Teng, Y. T., & Schumacher, R. W. (2002).
Germination and seedling emergence of glyphosate-resistant and susceptible
biotypes of goosegrass (Eleusine indica [L.] Gaertn.). Weed Biology and
Management, 2(4), 177-185.

Jalaludin, A., Ngim, J., Baki, B. B., & Zazali, A. (2010). Preliminary findings of
potentially resistant goosegrass (Eleusine indica) to glufosinate-ammonium in
Malaysia. Weed Biology and Management, 10(4), 256-260.

Kaundun, S. S. (2014). Resistance to acetyl-CoA carboxylase-inhibiting herbicides.
Pest Management Science, 70(9), 1405-1417.

Kaundun, S. S., Zelaya, I. A., Dale, R. P., Lycett, A. J., Carter, P., Sharples, K. R., &
Mclindoe, E. (2008). Importance of the P106S target-site mutation in conferring

Page |88



resistance to glyphosate in a goosegrass (Eleusine indica) population from the
Philippines. Weed Science, 56(5), 637-646.

Leach, G., Kirkwood, R., & Marshall, G. (1993). The basis of resistance displayed to
fluazifop-butyl by biotypes of Eleusine indica. In B. C. P. Council (Ed.),
Brighton crop protection conference, weeds. Proceedings of an international

conference (pp. 201-206). Farnham, UK: British Crop Protecton Council.

Lee, L. J., & Ngim, J. (2000). A first report of glyphosate-resistant goosegrass (Eleusine
indica (L) Gaertn.) in Malaysia. Pest Management Science, 56(4), 336-339.

Liu, W. J., Harrison, D. K., Chalupska, D., Gornicki, P., O'Donnell, C. C., Adkins, S.
W., Haselkorn, R., et al. (2007). Single-site mutations in the carboxyltransferase
domain of plastid acetyl-CoA carboxylase confer resistance to grass-specific
herbicides. Proceedings of the National Academy of Sciences of the United
States of America, 104(9), 3627-3632.

Lourens, J., Arceo, M., & Datud, F. (1989, 21-26 August 1989). Fenoxaprop-ethyl
(Whip) and fenoxaprop-P-ethyl (Whip S) for grass control in direct seeded rice
under rainfed upland conditions in the Philippines. Paper presented at the 12th

Asian-Pacific Weed Science Society Conference, Seoul, Korea.

McCarty, M. T. (1983). Economic thresholds of annual grasses in agronomic crops.
Unpublished PhD, North Carolina State University, Raleigh, NC.

Mudge, L. C., Gossett, B. J., & Murphy, T. R. (1984). Resistance of goosegrass

(Eleusine indica) to dinitroaniline herbicides. Weed Science, 32, 591-594.

Mueller, T. C., Barnett, K. A., Brosnan, J. T., & Steckel, L. E. (2011). Glyphosate-
resistant goosegrass (Eleusine indica) confirmed in Tennessee. Weed Science,
59(4), 562-566.

Ng, C. H., Wickneswari, R., Salmijah, S., Teng, Y. T., & Ismail, B. S. (2003). Gene
polymorphisms in glyphosate-resistant and -susceptible biotypes of Eleusine
indica from Malaysia. Weed Research, 43(2), 108-115.

Ng, C. H., Wickneswary, R., Salmijah, S., Teng, Y. T., & Ismail, B. S. (2004).

Glyphosate resistance in Eleusine indica (L.) Gaertn. from different origins and

Page | 89



polymerase chain reaction amplification of specific alleles. Crop and Pasture
Science, 55(4), 407-414.

Nishimoto, R. K., & McCarty, L. B. (1997). Fluctuating temperature and light influence

seed germination of goosegrass (Eleusine indica). Weed Science, 45, 426-429.

Osuna, M. D., Goulart, I. C. G. R., Vidal, R. A,, Kalsing, A., Ruiz Santaella, J. P., & De
Prado, R. (2012). Resistance to ACCase inhibitors in Eleusine indica from
Brazil involves a target site mutation. Planta Daninha, 30, 675-681.

Petit, C., Bay, G., Pernin, F., & Délye, C. (2010). Prevalence of cross- or multiple
resistance to the acetyl-coenzyme A carboxylase inhibitors fenoxaprop,
clodinafop and pinoxaden in black-grass (Alopecurus myosuroides Huds.) in
France. Pest Management Science, 66(2), 168-177.

Powles, S. B., & Yu, Q. (2010). Evolution in action: plants resistant to herbicides.
Annual Review of Plant Biology, 61, 317-347.

Teng, Y., & Teo, K. (1999, 22-27 November 1999). Weed control and management of
resistant goosegrass (Eleusine indica) in Malaysia. Paper presented at the
Proceedings, 17th Asian-Pacific Weed Science Society Conference, Bangkok,
Thailand.

Valverde, B., Chaves, L., Gonzales, J., & Garita, I. (1993). Field evolved imazapyr
resistance in Ixophorus unisetus and Eleusine indica in Costa Rica. In B. C. P.
Council (Ed.), Brighton crop protection conference, weeds. Proceedings of an

international conference (Vol. 3, pp. 1189-1194). Farnham, UK.

Yu, Q., Collavo, A., Zheng, M.-Q., Owen, M., Sattin, M., & Powles, S. B. (2007).
Diversity of acetyl-coenzyme A carboxylase mutations in resistant Lolium

populations: evaluation using clethodim. Plant Physiology, 145(2), 547-558.

Yu, Q., Han, H., & Powles, S. B. (2008). Mutations of the ALS gene endowing
resistance to ALS-inhibiting herbicides in Lolium rigidum populations. Pest
Management Science, 64(12), 1229-1236.

Page |90



Chapter 4

Glufosinate-resistance mechanism

Page |91



Chapter 4

Glufosinate-resistance mechanism(s)

4.1 Abstract

This research was undertaken to investigate glufosinate resistance mechanisms
in Eleusine indica (sub population R*). Results show the target-site glutamine
synthetase (GS) of S and R* was equally sensitive to glufosinate inhibition, with 1Csg at
0.85 mM and 0.99 mM for S and R*, respectively. The GS activity was also similar in S
and R* samples. Foliar uptake of radiolabelled [**C]-glufosinate did not differ in S and
R* plants. Translocation of [**C]-glufosinate into untreated shoots and root was also
similar in both populations, with 44% to 47% of the herbicide translocated out from the
treated leaf at 24 h after treatment. HPLC analysis of [**C]-glufosinate metabolism
revealed no major metabolites in S or R* plants. Therefore, glufosinate resistance in this
resistant population is not due to an insensitive target-site, target-site over production or
altered glufosinate uptake and translocation, nor enhanced glufosinate metabolism. The

exact resistance mechanism(s) remain to be determined.

4.2 Introduction

Glufosinate is a post-emergence, non-selective herbicide that is globally used for
broad spectrum control of grass and broadleaf weed species. It inhibits the activity of
glutamine synthetase (GS), an enzyme that converts glutamate plus ammonia to
glutamine (Beriault et al., 1999). Glutamine synthetase is a key enzyme for plant
nitrogen metabolism. Irreversible inhibition of GS by glufosinate (Manderscheid, 1993)
results in rapid accumulation of ammonia which inhibits photosynthesis activity and
ultimately causes necrosis of the leaf tissue and plant death (Pline et al., 1999; Coetzer
& Al-Khatib, 2001). Glutamine synthetase exists in two isoforms in higher plants, i.e.
the cytosolic GS1 and the plastidic GS2 (Mann et al., 1979; Hirel & Gadal, 1982).
Plants that undergo C4 carbon fixation generally have higher GS1 than GS2, while C3
plants mainly have more GS2 than GS1 (McNally et al., 1983; Avila-Garcia et al.,
2012) . Differences in proportions of the two GS isoforms were not related to plant
susceptibility to glufosinate, as both were found to be equally sensitive in vitro (Ridley
& McNally, 1985).
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Despite the non-selective nature of glufosinate, there is a varying degree of
glufosinate sensitivity among plant species. In a study by Mersey et al. (1990), it was
found that the amount of glufosinate required to reduce plant growth by 50% (GRso) for
green foxtail (Setaria viridis) was 65 g ha®, while the GRso for barley (Hordeum
vulgare) was 500 g ha™. An experiment involving seven weed species found a 70-fold
variation between the weed species tested (Ridley & McNally, 1985). This differential
glufosinate sensitivity in plants was mainly species-dependent, and attributed to various
factors, such as differential glufosinate uptake, translocation and metabolism, and is
affected by herbicide rates, plant growth stages and environmental conditions
(temperature, humidity, etc.) (Mersey et al., 1990; Anderson et al., 1993; Steckel et al.,
1997a; Steckel et al., 1997b; Pline et al., 1999; Neto et al., 2000; Tsai et al., 2006;
Everman et al., 2009).

Transgenic glufosinate-tolerant crops have been developed to allow glufosinate
to be used as a selective herbicide. Crop plants were transformed with either the bar or
pat gene, which encodes the enzyme phosphinothricin acetyl transferase. This enzyme
detoxifies glufosinate by acetylating it into a non-toxic compound, n-acetyl-glufosinate
(Deblock et al., 1987; Wohlleben et al., 1988; D'Halluin et al., 1992; Droge et al., 1992;
Droge-Laser et al., 1994). The introduction and commercialization of glufosinate-
tolerant crops allowed farmers to control weeds by in-season spraying and crop-topping
without damaging crops. Currently, glufosinate-tolerant crops include canola (Brassica
napus L.), maize (Zea mays L.), soybean (Glycine max L. Merr.) and cotton (Green,

2014) and are predominantly grown in the United States of America.

Glufosinate has been extensively used in minimum tillage systems, chemical
fallows, as a pre-harvest desiccant in cropping systems and for burndown prior to crop
emergence (Mersey et al., 1990; Green, 2014). Despite thirty years of glufosinate use,
there have been only a few reported cases of evolved glufosinate resistance in two weed
species, Eleusine indica (L.) Gaertn. and Lolium perenne L. ssp. multiflorum (Lam.)
Husnot (Chuah et al., 2010; Jalaludin et al., 2010; Avila-Garcia & Mallory-Smith, 2011,
Avila-Garcia et al., 2012; Jalaludin et al., 2014). Target-site GS gene mutation was
reported to be responsible for glufosinate resistance in L. perenne ssp. multiflorum
populations (Avila-Garcia et al., 2012). This work focuses on mechanisms endowing

glufosinate resistance in E. indica.
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4.3 Materials and methods

4.3.1 Plant material

A susceptible (S) E. indica sub-population and a selected glufosinate-resistant
(R*) population (Jalaludin et al. 2014, see Chapter 3) were used in this study. Seeds
were germinated on 0.6% (w/v) agar in a growth chamber under 30°/25° C (day/ night),
12 hours photoperiod with light intensity of 400 umol m2s* and 75% humidity. After 4
— 7 days, the seedlings were transplanted into pots containing potting mix and grown in

the same conditions.

4.3.2 Glutamine synthetase assay

The glutamine synthetase inhibition assay was carried out following the methods
of D'Halluin et al. (1992) and Tsai et al. (2006) with modifications. When plants
reached the 3- to 5-leaf stage (or about 7 cm height), leaf material was harvested, snap-
frozen in liquid nitrogen, and kept in -80° C until further use. Leaf samples (4 g) were
homogenized at 4 °C with a mortar and pestle in 12 ml 50 mM Tris-HCI (pH 7.5)
extraction buffer containing 10 mM MgCl;, 10 mM p-mercaptoethanol, 1 mM
phenymethylsulfonylfluoride (PMSF), 0.5% polyvinylpyrrolidone (PVP-40) and 10%
(v/v) glycerol. The homogenate was then filtered through two layers of Miracloth
(Calbiochem) and centrifuged at 21,000 x g for 30 minutes at 4 °C. The supernatant was
then precipitated with ammonium sulphate at 60% saturation at 4 °C and centrifuged
again at 21,000 x g for 30 minutes at 4 °C. The pellet was collected and dissolved in 1
ml extraction buffer. The enzyme extract were desalted using a Sephadex G25 PD-10
column (GE Healthcare Life Sciences©) and used for the GS inhibition assay. An
aliquot of 115 pl of glufosinate stock was added to a 935 pl reaction mixture containing
50 mM Tris-HCI, pH 7.5, 6 mM ATP, 10 mM MgSOQ4, 20 mM hydroxylamine, 3.3 mM
cysteine and 65.2 mM glutamate, to give final glufosinate concentrations of 0, 0.001,
0.01, 0.1, 1, 10 or 100 mM. Then, 100 ul of the enzyme extract was mixed into the
reaction mixture to start the reaction. The mixture was incubated at 37 °C for 20
minutes, and the reaction was terminated by adding 350 ul 10% (w/v) ferric chloride
solution in 0.2 N HCI. For background control samples, the reaction was terminated
immediately after the addition of the enzyme extract without incubation. After

centrifugation at 3000 x g for 5 minutes, absorbance of the mixture was measured at
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595 nm after factoring in absorbance of the background control. A standard curve using
L-glutamic acid-y-mono-hydroxamate as a standard was used as a reference. Protein
concentration was determined following Bradford’s method (Bradford, 1976) using
bovine serum albumin as a standard. This experiment was conducted three times with
two replicate samples each time. The basal GS specific activity (umol mg™* min™) was

determined in the absence of herbicide.

4.3.3 [14C]-Glufosinate uptake and translocation

Seeds of the S and R* populations were germinated and grown as described
earlier, with the exception that the temperature was changed to 25°/20° C (day/ night) to
slow down chlorosis development following glufosinate treatment. At the 3- to 5-leaf
stage, one droplet of [*C]-glufosinate (Bayer CropScience, Frankfurt) diluted in
commercially formulated glufosinate (Basta®) such that the total glufosinate
concentration was 5 mM was applied to the midpoint of the adaxial surface of the
youngest fully expanded leaf. This single droplet (1 ul) of glufosinate solution was at a
concentration equivalent to 125 g ha* of the commercial glufosinate and contained 0.98
kBq *C. Previous dose-response experiments (Chapter 3, Fig. 3.1) have established that

this is the lowest rate discriminating S and R individuals.

Treated plants were harvested (including roots) at 16, 24, 48 and 72 h after
treatment (HAT), and differential visual symptoms (chlorosis) were observed for S and
R* plants at 48 and 72 HAT. Unabsorbed radioactivity was determined by rinsing the
treated leaf portion with 10 ml of 0.1% (v/v) Triton X-100. A 2 ml aliquot was taken
from the leaf rinsate and mixed with 3 ml of liquid scintillation cocktail (IRGA Safe
Plus) and the radioactivity present in the rinsate was quantified by liquid scintillation
spectrometry (LSS) (Packard 1500, Tri-Carb®, USA). The plants were oven dried at
60°C for 72 hours and then exposed (pressed against) overnight to a phosphor imager
plate (BS 2500, FujiFilm, Japan) at room temperature for visualization of glufosinate
translocation, using a phosphor imager (Personal Molecular Imager™, Bio-Rad
Laboratories, Inc., California, USA). After imaging, each individual plant was divided
into three parts: roots, untreated leaf and treated leaf and combusted in a biological
sample oxdiser (RJ Harvey Instrument Corporation, Hillsdale, NJ). Radioactive CO>

produced was trapped in an absorbent mix of Carbosorb E and Permafluor E (1:1, v/v)
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and radioactivity in oxidized samples was quantified using LSS. Glufosinate leaf uptake
was calculated as a percentage of the total radioactivity recovered (radioactivity
recovered from combustion plus radioactivity in leaf wash solution; average recovery
was 88%). Glufosinate translocation was expressed as percentage of radioactivity
absorbed (radioactivity recovered from combustion only). The experiment had 4 to 6

replicates per treatment.

4.3.4 Glufosinate metabolism

Plants were grown as described in section 4.3.1. Three- to five-leaf stage S and
R* seedlings were first foliar-sprayed with 20 and 80 g ha® glufosinate, respectively,
and kept overnight in the growth chamber. The plants were then treated with a solution
containing [*C]-L-glufosinate-HCI (specific activity 3.9 kBq in 10 pl) with 0.3% (v/v)
BioPower adjuvant (Bayer CropScience, Frankfurt), prepared as described earlier but
with a final glufosinate concentration of 0.86 mM (concentration equivalent to 20 g ha
1. The treatment solution was applied in 10 small droplets along the adaxial surface of
the youngest fully expanded leaf. The treatment solution was allowed to dry before the
plants were returned to the growth chamber. Transgenic glufosinate-tolerant tobacco
plants (supplied by Bayer CropScience, Frankfurt) were also included in this treatment

as a positive control.

Treated leaves were harvested at 24, 48 and 72 HAT, rinsed as described
previously, blotted dry and stored in -80 °C until extraction and analysis. Six leaves of
each population were pooled together as a replicate sample, with two replicate samples
per time point per population. The samples were inserted in a 96-well round bottom
plate. A metal bead and 600 ul of extraction buffer (90% water: 10% methanol) were
added into each well containing the sample. The plate was then sealed with a rubber cap
and homogenised for 10 minutes using a TissueLyser (Qiagen). Following
homogenisation, the homogenate was centrifuged at 5700 x g for 10 minutes. The
supernatant was transferred into a new 96-well square bottom plate and evaporated to
dryness. The 96-well round bottom plate was refilled with 600 pl of extraction buffer,
and extraction was repeated twice as described. In the final extraction the extraction
buffer was replaced with 80% acetone. The samples in the 96-well square bottom plate

were then resuspended in 200 pl extraction buffer, shaken and sonicated for five
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minutes each. They were then transferred into a 96-well filtration plate and centrifuged
at 780 x g for 10 minutes. The recovered radioactivity in the filtrate was determined
using LSS (recovery was >80% with an average of 85%). A non-treated control sample,

spiked with *4C-labelled glufosinate prior to extraction, was included.

The metabolism study was evaluated using HPLC with a strong anionic
exchange (SAX) column (Phenomenex PhenoSphere 5u SAX 80A column, 250 x 4.6
mm) based on the method of Jansen et al. (2000). The chromatography was performed
at a flow rate of 1.0 ml/min with a mobile phase consisting of 90% 10 mM KH2PO; :
10% acetonitrile (pH 2.8) for 45 min (isocratic), followed by a 15 min linear gradient to
90% 50 mM KH2PO4 : 10% acetonitrile (pH 2.8), and isocratic 90% 50 mM KH2PO;, :
10% acetonitrile (pH 2.8) for 10 minutes. The system was then brought back to its
initial conditions in a 15 min linear gradient and held for another 65 mins before the
next run. An in-line radioactivity detector was used for radioactivity peak
determination. Each sample was normalised to give about 1050 Bg per injection into the
HPLC.

Parent herbicide [1-'*C]-glufosinate-HCI, its non-radiolabelled reference
standard glufosinate-ammonium (GA) and its metabolite reference standards (non-
radiolabelled) were injected both individually and as a mixture. The reference standards
were 2-acetamido-4-methylbutanoic acid (NAG), 4-methylphospinyl-2-oxobutanoic
acid (PPO), 3-methylphosphinylpropionic acid (MPP), 2-methylphosphinylacetic acid
(MPA) and 4-methylphosphinylbutanoic acid (MPB). All standards were provided by
Bayer CropScience. Detection of non-radiolabelled reference standards was carried out
using an inline UV-Vis spectrophotometer at 210 nm to establish retention times.
Preliminary experiments revealed that shifts in retention times occurred following
injections. Thus a mixture of standards was analysed before and after each set of sample

runs. This experiment was repeated.

Plants treated with non-radiolabelled glufosinate were also analysed using LC-
MS with a HILIC column (Nucleodur HILIC 3um, 150 x 4.6 mm column). Three- to
five-leaf stage S and R seedlings were treated with 20 and 80 g ha? glufosinate,
respectively and kept overnight in the growth chamber. At 24, 48 and 72 HAT, the

youngest fully expanded leaf on each plant was harvested and processed as described
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previously. Samples were then sent to the Bayer CropScience Analytical Department

(Frankfurt) for analysis using Bayer CropScience proprietary methods.

4.3.5 Statistical analysis

Glufosinate concentration causing 50% inhibition of GS activity was estimated
by non-linear regression analysis using Sigma Plot ® software (version 12.0, SPSS Inc.,
233 South Wacker Drive, Chicago, IL). The data were fitted to the three parameter

logistic curve model:

a
X X
EDs

y:
1+(

Where a = upper limit, EDso = estimated dose causing 50% response and b = slope
around EDsg. Significant differences between R* and S populations in the concentration
of herbicide that caused a 50% reduction in GS activity (ICso), herbicide uptake, and
herbicide translocation were determined by t-test (GraphPad Prism, version 5.0,
GraphPad Software Inc., 7825 Fay Avenue, La Jolla, CA).

4.4 Results

4.4.1 Glutamine synthetase activity

Glutamine synthetase (GS) from S and R* plants was equally sensitive to
glufosinate inhibition. At 0.1 mM glufosinate, GS activity of both S and R* samples
was inhibited by less than 10%. However, GS activity was reduced to less than 50% of
control values at 1 mM glufosinate. At the highest glufosinate concentration used (100
mM), GS activity was completely inhibited (Fig. 4.1) for both S and R* samples. The
glufosinate 1Cso for the S and R* GS was similar (0.85 mM and 0.99 mM, respectively)
(Table 1). Similarly, no significant differences were found in the specific activity of the
S (0.065 pmol™* mg? protein min?) and R* (0.068 pmol* mg? protein min') GS in the
absence of glufosinate (Table 4.1). This result indicates that glufosinate resistance in

this E. indica population is unlikely to be target-site based.
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4.4.2 Glufosinate uptake and translocation

Foliar uptake of [**C]-glufosinate was similar in both S and R* plants, with
about 28% [**C]-glufosinate absorbed in the first 16 HAT (Table 4.2), which remained
stable before reaching the maximum absorption of 49-57% at 72 HAT. At all sampling
time points, no significant differences in [**C]-glufosinate uptake rate was observed

between the S and R*plants.

Images of S and R* plants showed typical visual symptoms of glufosinate
damage such as chlorosis, with the damage extending from the leaf tip to the treated
area. However damage in R* plants was visibly less severe than S plants, especially at
48 and 72 HAT (Fig. 4.2). In the R* plants, the damage was restricted to the herbicide
application site and extended towards the leaf tip, whereas in S plants the damage
extended beyond the application site both in an acropetal and basipetal direction (Fig.
4.2). Despite this, phosphor images showed similar glufosinate translocation patterns in
the S and R* samples throughout the sampling time points (16 to 72 HAT).
Quantification of [**C]-glufosinate translocation showed that the majority of the
absorbed [**C] activity (between 65% and 79%) was retained in the treated leaf, even at
72 HAT. A similar amount of [**C] was translocated to the roots and untreated shoots of
the S and R* plants at all sampling time points. Translocation of [**C] away from the
application site was reduced in the S samples after 48 HAT, likely due to self-limitation
caused by glufosinate damage (Fig. 4.2). Overall, except for significant but small (less
than 1.8-fold) differences in [**C] translocation at 24 and 72 HAT, no major differences
were found in [**C]-glufosinate translocation outside the treated leaf of S and R* plants
(Table 4.2). Therefore, glufosinate resistance in this population is unlikely to be due to

differential glufosinate foliar uptake and translocation.
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Figure 4.1. In vitro activity of glutamine synthetase (GS) from leaf extractions of E. indica S
and R* populations in response to increasing glufosinate concentrations. GS specific activity

without glufosinate inhibition was 0.065 and 0.068 pmol?* mg? protein min?* for S and R*,
respectively.
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Table 4.1. Glutamine synthetase (GS) specific activity and parameters of the logistic analysis of
glufosinate dose required to cause 50% inhibition of GS activity for the susceptible (S) and

glufosinate-resistant (R*) populations. a = upper limit, EDso = estimated dose causing 50%

response (in this case, 50% inhibition in the population, ICso) and b = slope around EDsp.

GS specific EDw = [C ICso
ivi -1 50 = 1Cs0 2
Population activity (umol a b R* R/S
mg™ protein (mM) (coefficient) ratio
min)

S 0.065 (0.09)* 100 (0) 1.09 0.85 (0.06) ? 0.99 n/a
0.1)

R* 0.068 (0.11)* 100 (0) 1.12 0.99 (0.05)® 0.99 1.16
(0.07)

Standard errors are in parentheses. Means with the same letter in a column are not significantly
different (a = 0.05) as determined by the t-test.
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Figure 4.2. Normal and phosphor images of susceptible (S) and resistant (R*) Eleusine indica plants following [**C]-glufosinate treatment at: (A) 16
HAT, (B) 24 HAT, (C) 48 HAT and (D) 72 HAT. The arrows indicate herbicide application site.
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Table 4.2. Uptake and translocation of [**C]-glufosinate (from treated leaf to root and untreated

shoots) in susceptible (S) and resistant (R*) Eleusine indica plants at 16, 24, 48 and 72 h after

treatment.

Foliar uptake (% of  Translocation (% of absorbed [**C]-glufosinate)

[**C]-glufosinate Untreated

Population recovered) oot shoots Treated leaf
16 h
S 29.32 26.8 (2.44)° 17.4 (1.09)® 55.8(4.7)°
R* 27.62 24.8 (3.72)° 14.5 (1.93)® 60.7 (4.7)
24 h
S 25.9 (2.25)? 26.8 (1.87)* 205 (L76)*  52.7 (2.33)
R* 26.8 (0.98)° 28.7(3.24  155(1.18)° 55,9 (4.36)
48 h
S 31.2 (2.20)? 16.7 (1477  13.4(1.35°  69.9 (1.94)°
R* 29.1 (3.87)° 18.6 (1.92)° 153 (1.82)F  65.9 (2.91)°
72 h
S 56.7 (4.05)® 105 (1)® 10.8 (0.69)%  78.7 (1.35)?
R* 49.9 (1.15)® 18.8 (3.49)° 153 (2.37)*  65.9 (5.77)°

Standard errors are in parentheses. Means with the same letter in a column for each paired S and

R* sample at each time point are not significantly different (a = 0.05) as determined by t-test.
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4.4.3 Glufosinate metabolism

The retention time of glufosinate was resolved by HPLC (with UV-Vis
detection) at 10.76 min for glufosinate-ammonium (GA), and the retention time for
possible glufosinate metabolites was resolved at 16.64 min for MPB, 20.19 min for
MPP, 22.39 min for MPA, 55.42 min for NAG and 72.88 min for PPO (Fig. 4.3A). The
[**C]-glufosinate HCI reference standard was resolved by HPLC (with radioactive
detection) at 10.78 min (data not shown). Transgenic glufosinate-tolerant tobacco is
known to metabolise glufosinate to non-toxic NAG which resolved by [**C]-HPLC at
56.38 min (Fig. 4.3B), close to the non-radioactive NAG reference standard peak. Leaf
extracts of [*C]-glufosinate treated S and R* samples had only a single peak with the
same retention time at about 10.65 min (Fig. 4.3C and D). This peak was believed to be
un-metabolised glufosinate, as it corresponded to the retention time of [**C]-glufosinate
standard and the non-radiolabelled GA peak (peak a; Fig. 4.3A). None of the above
glufosinate metabolites were detected from the S or R* leaf extracts at 24, 48 or 72
HAT.

Qualitative analysis done by technicians at Bayer CropScience (Frankfurt),
using LC-MS on S and R* plants treated with non-radiolabelled glufosinate, also
revealed a single peak corresponding to the retention time and mass of glufosinate from
the S and R* leaf extracts (data not shown). No other metabolites were detected from
the S and R* 24, 48 and 72 HAT leaf extracts. These results confirm that there is no
major glufosinate metabolism in leaves of E. indica, and therefore, glufosinate

metabolism is unlikely to play a role in resistance, at least in this resistant population.
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Figure 4.3. HPLC chromatogram of glufosinate (a) and its metabolite standards 4-
methylphosphinylbutanoic acid (MPB) (b), 3-methylphosphinylpropionic acid (MPP) (c), 2-
methylphosphinylacetic acid (MPA) (d), 2-acetamido-4-methylbutanoic acid (NAG) (e) and 4-
methylphospinyl-2-oxobutanoic acid (PPO) (f) (A). The *C-HPLC chromatogram of transgenic

glufosinate-tolerant tobacco leaf extracts, showing resolution of the metabolite NAG (B). The
14C-HPLC chromatograms of S (C) and R* (D) E. indica leaf extracts at 24 HAT.
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Ta GS2 ~ -—-—-—--- MAQAVVPAMQCQVGVRGRSAVPARQPAGRVWGVRRTA-——-—— RATSGFEVLAL 48

Hv GS2 MQVRRDDDGAGGCAGDAVPGGGEGQDGVPARQPAGRVWGVSRAA-———~— RATSGFKVLAL 55

ZM GS2 @ ——————- MAQAVVPAMQCRVGVK-—————-— AAAGRVWSAGRTRTG-RGGASPGFKVMAV 44

Mt GS2a  ———---- MAQILAPSTQCQARITKISPV-ATPISSKMWSSLVMKONKKVARSAKFRVMAV 52

Mt GS2b  ————--- MAQILAPSTQCQTRITKTSPF-ATPISSKMWSSLVMKONKKVARSATFRAMAT 52

Ta GS1 @ === mmm e

Mt GS1 W mmm e

Zm GS1  mmm e

Ta GS2 GPETTGVIQRMQOQLLDMDTTPFTDKIIAEYIWVGGSGIDLRSKSRTISKPVEDPSELPKW 108
Hv GS2 GPETTGVIQRMOQLLDMDTTPFTDKIIAEYIWVGGSGIDLRSKSRTISKPVEDPSELPKW 115
ZM GS2 STGSTGVVPRLEQLLNMDTTPYTDKVIAEYIWVGGSGIDIRSKSRTISKPVEDPSELPKW 104

Mt GS2a N---SGTINRVEDLLNLDITPFTDSIIAEYIWIGGTGIDVRSKSRTISKPVEHPSELPKW 109
Mt GS2b N---SGTINRVEDLLNLDITPFTDSIIAEYIWIGGTGIDVRSKSRTISKPVEHPSELPKW 109

Ta GS1 ~ -—-——-—- MALLTDLLNLDLTDSTEKITIAEYIWIGGSGMDLRSKARTLPGPVTDPSKLPKW 53

Mt GS1 @ -—--——-- MSLLSDLINLNLSESSEKITIAEYIWVGGSGMDLRSKARTLPGPVSDPSKLPKW 53

Zm GS1 ~ -—--—-- MACLTDLVNLNLSDTTEKIIAEYIWIGGSGMDLRSKARTLPGPVTDPSKLPKW 53
. . -*:... . -':******:**:*:*:***:**: * K '**:****

Ta GS2 NYDGSSTGQPPGEDSEVILYPQAIFKDPFRGGNNILVICDTYTPQGEPVPTNKRHMAAQI 168

Hv GS2 NYDGSSTGQAPGEDSEVILYPQAIFKDPFRGGNNILVICDTYTPQGEPIPTNKRHMAAQI 175

ZM GS2 NYDGSSTGQAPGEDSEVILYPQAIFKDPFRGGNNVLVICDTYTPQGEPLPTNKRHRAAQI 164

Mt GS2a NYDGSSTGQAPGEDSEVILYPQAIFKDPFRGGNNILVICDAYTPQGEPIPTNKRHKAAEI 169
Mt GS2b NYDGSSTGQAPGEDTEVILYPQAIFKDPFRGGNNILVICDAYTTQGEPIPTNKRYKAAQI 169

Ta GS1 NYDGSSTGQAPGEDSEVILYPQAIFKDPFRKGNNILVMCDCYTPAGVPIPTNKRYNAAKI 113
Mt GS1 NYDGSSTNQAPGQODSEVILYPQAIFKDPFRQGNNILVICDVYTPAGEPLPTNKRYNAAKI 113
Zm GS1 NYDGSSTGQAPGEDSEVILYPQAIFKDPFRRGNNILVMCDCYTPAGEPIPTNKRYSAAKI 113

KAKA KA KK k kk ek e kA AKX A A A A A Ak hA Ak Kk *hkkokkokkx *k * kekkkkk o Kk ok

Ta GS2 FSDPKVTAQVPWEFGIEQEYTLMQORDVNWPLGWPVGGYPGPQGPYYCAVGSDKSFGRDISD 228
Hv GS2 FSDPKVTSQVPWEFGIEQEYTLMQORDVNWPLGWPVGGYPGPQGPYYCAVGSDKSFGRDISD 235
ZM GS2 FSDPKVGEQVPWFGIEQEYTLLOKDVNWPLGWPVGGFPGPQGPYYCAVGADKSFGRDISD 224

Mt GS2a FSNPKVEAEIPWYGIEQEYTLLQTDVKWPLGWPVGGYPGPQGPYYCAAGADKSFGRDISD 229
Mt GS2b FRNPKVEAEIPWEFGIEQEYTLLOTNVKWPLGWPVGGYPGPQGPYYCGAGADKSFGRDISD 229

Ta GS1 FSNPDVAKEEPWYGIEQEYTLLOKDINWPLGWPVGGFPGPQGPYYCSIGADKSFGRDIVD 173

Mt GS1 FSHPDVAAEVPWYGIEQEYTLLOKDTNWPLGWPIGGYPGPQGPYYCGIGADKAYGRDIVD 173

Zm GS1 FSSPEVAAEEPWYGIEQEYTLLOKDTNWPLGWPIGGFPGPQGPYYCGIGAEKSFGRDIVD 173
KK K Kk KK RRKARK sk 1 s ARKAKK KK RKKKRKARKA | Ky ok kKKK K

Ta GS2 AHYKACLYAGIEISGTNGEVMPGOWEYQVGPSVGIDAGDHIWASGYILERITEQAGVVLT 288

Hv GS2 AHYKACLYAGIEISGTNGEVMPGOWEYQVGPSVGIDAGDHIWASRYILERITEQAGVVLT 295

ZM GS2 AHYKACLYAGINISGTNGEVMPGQWEYQVGPSVGIEAGDHIWISRYILERITEQAGVVLT 284

Mt GS2a AHYKACLYAGINISGTNGEVMPGQWEYQVGPSVGIEAGDHIWASRYILERITEQAGVVLT 289
Mt GS2b AHYKACLYAGINISGTNAEVMPGQWEYQVGPSVGTEAADHIWASRYILERITEQAGVVLS 289

Ta GS1 AHYKACLFAGVNISGINGEVMPGQWEFQVGPTVGISAGDQVWVARYLLERITEIAGVVVT 233

Mt GS1 AHYKACLYAGINISGINGEVMPGQWEFQVGPSVGISAGDEIWAARYILERITEIAGVVVS 233

Zm GS1 AHYKACLYAGINISGINGEVMPGOQWEFQVGPTVGISSGDQVWVARYILERITEIAGVVVT 233
KKK KKK K s hk s e kxk K KKKAKKAK g kXK sk k0 Kk ek o K kAKKAK KKKk .

Ta GS2 LDPKPIQGDWNGAGCHTNYSTLSMREDGGFDVIKKAILNLSLRHDLHIAAYGEGNERRLT 348

Hv GS2 LDPKPIQGDWNGAGCHTNYSTLSMREDGGFDVIKKAILNLSLRHDLHIAAYGEGNERRLT 355

ZM GS2 LDPKPIQGDWNGAGCHTNYSTKTMREDGGFEEIKRAILNLSLRHDLHISAYGEGNERRLT 344

Mt GS2a LDPKPIEGDWNGAGCHTNYSTKSMREDGGFEVIKKAILNLSLRHKIHIEAYGEGNERRLT 349
Mt GS2b LDPKPIEGDWNGAGCHTNYSTKSMREDGGFEVIKKAILNLSLRHKVHMEAYGEGNERRLT 349

Ta GS1 FDPKPIPGDWNGAGAHTNYSTESMRKDGGFKVIVDAVEKLKLKHKEHIAAYGEGNERRLT 293
Mt GS1 FDPKPIPGDWNGAGAHTNYSTKSMRENGGYEIIKKAIEKLGLRHKEHIAAYGEGNERRLT 293
Zm GS1 FDPKPIPGDWNGAGAHTNYSTESMRKEGGYEVIKAAIEKLKLRHKEHIAAYGEGNERRLT 293

ek Kk KKK KAk Ak hkk Ahkhkhkhkk ohkkeokko * * . ek Kk ek ke KAk Kk Ak KKk kk Kk

Figure 4.4. Multiple alignments of various plastidic GS2s and cytosolic GS1s (adapted from
Torreira et al., 2014). Ta refers to Triticum aestivum (GS2, UniProt Q45NB4; GS1 UniProt
Q45NB7), Hv, Hordeum vulgare (UniProt P13564), Zm, Zea mays (GS2, UniProt P25462;
GS1, UniProt BO9TSWS5), Mt, Medicago truncatula (GS2a, UniProt Q84UC1; GS2b, UniProt
E1ANG4; GS1, UniProt 004998). The glutamine synthetase amino acid sequence at 171 (based

on wheat GS2 sequence) is highlighted in yellow with an arrow on top.
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4.5 Discussion

Compared to field-evolved resistance to other major herbicides, resistance to
glufosinate is still rare in crop weeds, involving only a few populations of two weed
species (Heap, 2015). Here working with a glufosinate resistant (R*) Malaysian E.
indica population (Jalaludin et al., 2014) we found that resistance in this population is
unlikely to be due to a target-site based mechanism, for several reasons. Firstly, the total
extractable enzyme activity (specific GS activity) was similar between the S and R*
populations, indicating that resistance is not due to enhanced GS activity via GS gene
amplification or overexpression. Secondly, glufosinate in-vitro inhibition assays showed
that GS of S and R* populations is equally sensitive to glufosinate (Table 4.1). Thus, it
is unlikely that the resistance is due to altered GS sensitivity caused by gene
mutation(s). It is noted that the GS specific activity was lower than that obtained in
other reports (0.1 to 40 pmol™* mg? protein min™?) (Hirel & Gadal, 1980; Pornprom et
al., 2008; Pornprom et al., 2009). This could be due to method, species and sample
differences between experiments. Interestingly, the ICso observed in this resistant
population (0.99 mM) is comparable to that observed in resistant Lolium spp. (ICso
2.432 mM glufosinate) (Avila-Garcia et al., 2012).

Previous studies with lab selected glufosinate-resistant plant cell lines have
shown that resistance can be due to gene amplification (Donn et al., 1984) or insensitive
GS caused by point mutations resulting in amino acid substitutions (Chompoo &
Pornprom, 2008; Pornprom et al.,, 2008; Pornprom et al., 2009). For instance,
comparison between sensitive and resistant soybean cells showed eight amino acid
substitutions in the GS sequence of a resistant cell line. Out of these eight amino acid
substitutions, only one, the His-249-Tyr mutation, occurs at the GS substrate/inhibitor
binding site (Pornprom et al., 2009). The role of other 7 amino acid substitutions on

glufosinate resistance remains unclear.

In a field-evolved glufosinate-resistant L. perenne population, an amino acid
substitution in the GS amino acid sequence of aspartic acid (D) to asparagine (N) at
position 171 (based on the wheat GS2 amino acid sequence, UniProt Q45NB4) was
identified and suggested to be the cause of reduced GS sensitivity to glufosinate (1Cso
R/S ratio of 79) (Avila-Garcia et al., 2012). Alignment of several GS sequences from
monocot and dicot plants showed that amino acid 171 is not conserved (Fig. 4.4, also

see Torreira et al., 2014). Notably, the glufosinate-sensitive GS2a and GS2b isozymes
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of Medicago truncatula have N at 171 (Torreira et al., 2014) (Fig. 4.4), identical to the
substituted amino acid reported in the glufosinate-resistant L. perenne population
(Avila-Garcia et al., 2012). Conversely in maize, the GS1 and GS2 isoenzymes have
similar sensitivity to glufosinate (Acaster & Weitzman, 1985) even though they are
different in amino acid sequence at 171 (Fig. 4.4). Hence the amino acid residue at 171
may not be a determinant for glufosinate sensitivity. Instead, a few amino acids (Glu-
131, Glu-192, Gly-245, His-249, Arg-291, Arg-311 and Arg-332) have been identified
in GS that are possibly involved in glutamate/glufosinate binding (Unno et al., 2006)
and therefore mutation(s) of these amino acids may result in herbicide resistance.
Therefore, the involvement of Asp-171-Asn in glufosinate resistance remains to be
confirmed by examining, for instance, co-segregation of the mutation and the resistance.

Differential glufosinate uptake and translocation usually contributes to species-
dependent variations in glufosinate sensitivity (Mersey et al., 1990; Steckel et al.,
1997a; Pline et al., 1999; Neto et al., 2000; Everman et al., 2009). In the current study,
[**C]-glufosinate foliar uptake was found to be similar between the S and R* with about
50% of total radioactivity recovered inside the plants at 72 HAT. The level of
glufosinate absorption was similar to that observed in E. indica by Everman et al.
(2009).

Glufosinate has the physicochemical characteristics for phloem mobility,
although glufosinate translocation from the site of application is somewhat limited
(Mersey et al., 1990; Steckel et al., 1997a; Neto et al., 2000; Everman et al., 2009), due
to the rapid phytotoxicity of glufosinate at the source leaf tissue (Beriault et al., 1999).
In our experiment, nearly half of the absorbed *C-glufosinate had already been
translocated out from the treated leaf in both S and R* plants at 24 HAT. Glufosinate
phloem mobility was evident, with more than 20% of absorbed [**C]-activity detected in
roots at 16 and 24 HAT. At 48 and 72 HAT, however, translocation from the treated
leaf became restricted in both S and R* plants, likely due to necrosis-induced self-
limitation causing a higher amount of [**C]-activity to be retained in the treated leaf.
Due to this restricted translocation, phloem movement (downwards) of glufosinate was
affected more than the upwards (acropetal) translocation of glufosinate, as evidenced by
the decreased [**C]-activity detected in the root. It was noticed that at 72 HAT, the S

plants were more damaged than the R plants (Fig 4.3 D); hence significantly less
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basipetal glufosinate translocation occurred in the S than R plants at this time point
(Table 4.2).

Glufosinate metabolism in plants is low to non-existent, depending on the
species (Jansen et al., 2000; Neto et al., 2000). In plants that do metabolise some
glufosinate, the final stable metabolic products were identified as MPP, MHB or both
(Droge et al., 1992; Droge-Laser et al., 1994; Jansen et al., 2000; Ruhland et al., 2004).
Transgenic glufosinate-tolerant crops detoxify glufosinate by acetylating glufosinate
into non-toxic n-acetyl-glufosinate (NAG) (Drdge et al., 1992). In treated leaves of both
S and R* E. indica, glufosinate metabolism was not detected, and hence unlikely to be
responsible for resistance in this R* population. In contrast, we were able to show that
transgenic glufosinate-tolerant tobacco completely metabolises glufosinate into NAG.
Our result contradicts the finding of Everman et al. (2009), where two glufosinate
metabolites were detected in E. indica. It should be noted that Everman et al. (2009)
used thin layer chromatography (TLC), and the nature of the two metabolites were not
identified. In our preliminary TLC study using a solvent system similar to Everman et
al. (2009), we obtained two bands, one co-migrating with [**C]-glufosinate, and the
other of an unknown nature (data not shown). However, HPLC analysis of the same
sample only displayed a single radioactive peak corresponding to glufosinate. Efforts to
scrape the unknown TLC band for further analysis were unsuccessful (data not shown).
LC-MS analysis further confirmed that glufosinate metabolism in E. indica is
negligible. Nevertheless, as we only examined glufosinate metabolism in herbicide
treated leaves, the possibility of glufosinate metabolism in stem or roots cannot be

excluded.

Despite much effort, the glufosinate resistance mechanism(s) in this R*
population remains to be determined. What we know is that resistance is unlikely to be
target-site based or metabolism based. Although the S and R* plants do not differ in
their glufosinate uptake and translocation pattern at the whole plant level, we do not
know whether glufosinate absorption and distribution differ in S and R* at the cellular
level. For instance, could glufosinate uptake via the plasma membrane be reduced in R
as compared to S plants? Could glufosinate be sequestered into vacuoles or confined in
the cell wall or apoplast in the R* plants? Some of these strategies of reducing the

herbicide concentration reaching the target-site have been demonstrated in glyphosate
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resistant weed species (Ge et al., 2010; Ge et al., 2012; reviewed by Sammons &

Gaines, 2014) and need further research for glufosinate resistance.
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Chapter 5

Evolution of a double amino acid
substitution in the EPSP synthase in Eleusine
indica conferring high level glyphosate
resistance

Preface to Chapter Five
This chapter is highly similar to the following publication: Yu, Q., Jalaludin, A., Han, H., Chen,

M., Sammons, R. D., & Powles, S. B. (2015). Evolution of a double amino acid substitution in
the EPSP synthase in Eleusine indica conferring high level glyphosate resistance. Plant
Physiology, 167(4), 1440-1447. However, several parts included in this chapter are not available
in the published manuscript as it was conducted after the manuscript was submitted for
publication.
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Chapter 5

Evolution of a double amino acid substitution in the
EPSP synthase in Eleusine indica conferring high level

glyphosate resistance

5.1 Abstract

Glyphosate is the most important and widely used herbicide in world
agriculture. Intensive glyphosate selection has resulted in the widespread evolution of
glyphosate-resistant weed populations, threatening the sustainability of this valuable
once-in-a-century agrochemical. Field-evolved glyphosate resistance level is generally
low to modest. Here, working with a highly glyphosate-resistant Eleusine indica
population, we identified a double amino acid substitution (T1021+P106S, known as
TIPS) in the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene in glyphosate
resistant individuals. This TIPS mutation is the same as that in the biotechnology-
engineered first generation commercial glyphosate-tolerant EPSPS in maize and,
subsequently, in other crops. In E. indica plants sprayed with glyphosate, the naturally
evolved TIPS mutants are highly (>180-fold) resistant to glyphosate compared to the
wild type (WT), and more resistant (>32-fold) than the previously known P106S single
mutants. The partially-purified E. indica TIPS EPSPS enzyme showed very high level
(2600-fold) in vitro resistance to glyphosate relative to the WT, and was (600-fold)
more resistant than the P106S variant. While exhibiting high level glyphosate
resistance, plants homozygous for the TIPS mutation displayed a significant fitness cost
(both vegetative growth and seed production). The evolution of the TIPS mutation in
crop fields under glyphosate selection is likely a sequential event with the P106S
mutation being selected first and fixed, followed by the T1021 mutation to create the
highly resistant TIPS EPSPS. The sequential evolution of the TIPS mutation endowing
high level glyphosate resistance is an important real-time mechanism by which plants

adapt to intense herbicide selection and is a dramatic example of evolution in action.

5.2 Introduction
Modern herbicides are vital to global food production by efficiently removing
weeds whilst maintaining sustainable soil conservation practices. However, relentless
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herbicide selection of huge weed numbers across vast areas has resulted in the
widespread evolution of herbicide resistant weed populations (Powles & Yu, 2010).
Worldwide, there are currently more than 448 unique cases of herbicide resistance, with
on average about 11 new cases reported annually (Heap, 2015). Target-site resistance
due to target gene mutation is one of the major mechanisms enabling resistance
evolution (Gressel, 2002; Powles & Yu, 2010).

The most important and widely used herbicide in crop fields is glyphosate (Duke
& Powles, 2008). Glyphosate disrupts the shikimate pathway (involved in aromatic
amino acid biosynthesis) by specifically inhibiting 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS) (Steinrlicken & Amrhein, 1980). Glyphosate resistance was initially
considered to be unlikely to evolve in nature based on the facts that intentional selection
for glyphosate tolerance using whole plants and cell/tissue culture was unsuccessful and
laboratory-generated highly resistant EPSPS mutants displayed undesirable enzyme
kinetics (Bradshaw et al., 1997; reviewed by Pline-Srnic, 2006; Shaner et al., 2011).
This seemed to be true, as resistance was not found during the first 15 years of
glyphosate use (primarily as a non-selective herbicide). However, unprecedented
intensive glyphosate use for controlling large numbers of weeds over massive areas,
especially after the introduction of glyphosate-resistant transgenic crops in 1996
imposed high selection pressure on weeds, resulting in the evolution of glyphosate
resistance in populations of 32 weed species (Heap, 2015). Since the first identification
of a resistance-endowing EPSPS point mutation, P106S, in a glyphosate-resistant
Eleusine indica population (Baerson et al., 2002) several other resistance-endowing
single amino acid substitutions at P106 (P106T, P106A, P106L) have been reported in
glyphosate-resistant weeds (Yu et al., 2007; Kaundun et al., 2011; reviewed by
Sammons & Gaines, 2014). These single-codon EPSPS resistance mutations only
endow low level glyphosate resistance (survival at 2- to 3-fold of the recommended rate
of glyphosate application). This is not surprising, because glyphosate is a competitor of
the second substrate, phosphoenolpyruvate (PEP) (Boocock & Coggins, 1983) for
binding to EPSPS and is considered a transition state mimic of the catalysed reaction
course (Schonbrunn et al., 2001). Indeed, highly glyphosate-resistant EPSPS variants
(e.g. mutants at G101 or T102) have a greatly increased Km (decreased affinity) for PEP
when expressed in E. coli (Eschenburg et al., 2002; Funke et al., 2009; reviewed by
Sammons & Gaines, 2014). In contrast, P106 substitutions confer weak glyphosate

resistance but preserve adequate EPSPS functionality (Healy-Fried et al., 2007,
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reviewed by Sammons & Gaines, 2014). Aside from P106 EPSPS gene mutations there
are other glyphosate resistance mechanisms, including EPSPS gene amplification, and
non-target-site reduced glyphosate translocation/increased vacuole sequestration
(Lorraine-Colwill et al., 2003; reviewed by Powles & Preston, 2006; Shaner, 2009;
Gaines et al.,, 2010; Ge et al.,, 2010; Ge et al.,, 2011). Generally, each of these
mechanisms endows moderate level (survival at 4- to 8-fold the recommended rate)

glyphosate resistance.

To date, there have been no published studies on the fitness cost of EPSPS gene
mutations in evolved herbicide resistant weeds (Vila-Aiub et al., 2009). In a recent
study conducted with EPSPS gene amplification based glyphosate resistant Amaranthus
palmeri , the resistant biotype was found to have similar vegetative and reproductive
growth with the susceptible biotype (Vila-Aiub et al., 2014). Similar results was found
in another independent study involving the same species with the same resistance
mechanism in the United States (Giacomini et al., 2014). In Lolium rigidum populations
with reduced glyphosate translocation, the resistant biotype was shown to produce
significantly fewer but larger seeds while having similar vegetative growth with the
susceptible biotype under minimal competition intensity (Pedersen et al., 2007; Preston
et al., 2009). Glyphosate resistant populations showed reduced (by 34%) frequency of
resistant individuals in the field three years after relaxed glyphosate selection (Preston et
al., 2009).

Low level glyphosate resistance due to the EPSPS P106 mutations was reported
in populations of Malaysian E. indica (Baerson et al., 2002; Ng et al., 2004). Recently,
we reported a highly (survival at >10 fold the recommended rates) glyphosate-resistant
Malaysian E. indica population (Jalaludin et al., 2014). This paper investigates the
mechanism of this high level glyphosate resistance in this population and reveals for the
first time the sequential evolution of a double amino acid substitution in the EPSPS

enzyme and the resistance cost associated with homozygous TIPS mutants.

5.3 Materials and methods

5.3.1 Plant material
The glyphosate-resistant and susceptible E. indica populations used in the

current study are from Jalaludin et al. (2014). Seeds were germinated on 0.6% agar for
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4-7 days and germinating seedlings transplanted into plastic pots (12-20 per pot) filled
with potting mix (50% peat moss and 50% river sand) and grown in glasshouse during
the summer growing season (Dec to March) with average day/night temperatures of
30/24C and 13-h photoperiod under natural sunlight. When seedlings reached the 3- to
4-leaf stage they were treated with various rates of commercial glyphosate using a
cabinet sprayer with a spray volume of 112 L ha* at a pressure of 200 kPa and a speed
of 1 m s. Visual assessment for mortality was made 3-4 weeks after treatment. Plants
were recorded as alive if they were actively growing and tillering after herbicide

treatment and as dead if there was little new growth and no new tiller formation.

5.3.2 EPSPS sequencing and cDNA cloning

Genomic DNA was extracted from the leaf tissue of resistant and susceptible
plants and total RNA isolated using the Plant RNeasy Mini Kit (Qiagen). Genomic
DNA contamination was removed using the TURBO-DNA free kit (Ambion). For
EPSPS DNA partial sequencing a pair of published primers (Ng et al., 2003) was used
to amplify a highly conserved region (**LFLGNAGTAMRPL, refer to plant EPSPS
numbering system) in which point mutations conferring glyphosate resistance in plants
and bacteria have been found (Sammons & Gaines, 2014). The forward primer
EleuEPSPS-F (5’-GCGGTAGTTGTTGGCTGTGGTG-3") and the reverse primer
EleuEPSPS-R (5’-TCAATCCGACAACCAAGTCGC-3") (Ng et al., 2003) amplify a
301 bp DNA (includes 99 bp intron) fragment covering the potential mutation sites.
Using the same primer pairs a 202 bp (without intron) cDNA fragment was amplified
from pre-genotyped plants and cloned into the pGEM-T vector (Promega) and
transformed into E. coli, using blue/white selection to identify successful cloning
events. White colonies with putative inserts were used as templates for PCR re-
amplification and sequencing of the 202 bp fragment. The PCR was conducted in a 25
ul volume that consisted of 1-2 pl of genomic DNA or cDNA, 0.5 uM of each primer,
and 12.5 pl of 2x GoTaq Green Master Mix® (Promega). The PCR was run with the
following profile: 94°C for 4 min; 40 cycles of 94°C for 30s, 57°C (annealing
temperature) for 30s, and 72°C for 30-50s; followed by a final extension step of 7 min at
72°C. For EPSPS full cDNA sequencing, a 1338 bp cDNA was amplified with
Phusion® High-Fidelity DNA Polymerase (New England Biolabs, Inc.) using the
primer pair EIRT1 and EiLFT1 as described in Baerson et al. (2002). The PCR was

conducted in a 20 pl volume that consisted of 1pl (80 ng) of cDNA, 0.5 puM of each
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primer, and 4 pl of 5x Phusion HF buffer, 200 uM dNTPs and 0.2 pl Phusion DNA
Polymerase. The PCR was run with the following profile: 98°C for 30 sec; 40 cycles of
98°C for 10 sec, 72°C for 50 sec; followed by a final extension step of 10 min at 72°C.
The PCR product was purified from agarose gel with the Wizard® SV Gel and PCR
Clean-up System (Promega Co., Madison, WI USA) and sequenced by commercial
services (LotteryWest, State Biomedical Facility Genomics, Western Australia) using
the primers EIRT1 and EILFT1 and an internal forward primer (5°-
CTCTTCTTGGGGAATGCTGGA-3’, (Kaundun et al., 2008). All sequence
chromatograms were visually checked for quality and consistency before sequences

were assembled and aligned.

5.3.3 Derived cleaved amplified polymorphic sequence (dCAPS)
marker development and genotyping

Based on the EPSPS sequence information obtained from the susceptible (20
plants) and resistant samples (at least 80), we developed dCAPS markers for detecting
mutation(s) at amino acid position 102 and 106 using the web-based dCAPS finder 2.0
software (http://helix.wustl.edu/dcaps/dcaps.html). An A to T mismatch was introduced
in the forward primer RsalF (5’-TGCAGCTCTTCTTGGGGAATGCTGGTA-3’) two
nucleotide upstream of the 102 codon (i.e. N+2 position) to create a restriction site for
Rsal (GTAAC) in the WT sequence. Any nucleotide mutations resulting in substitution
of the T102 would abolish the restriction site. Therefore, the primer pair RsalF and
EleuEPSPS-R was used to amplify a 234 bp fragment which was then digested with
Rsal. The WT sequence would generate a single digested 208 bp band, while the mutant
sequence at 102 would generate an undigested 234 bp band (Fig 5.2A). A heterozygous
sequence at 102 would produce both the 208 and 234 bp bands (Fig 5.2A). Similarly, a
G to C mismatch was introduced in the forward primer Sau96IF (5°-
CTCTTCTTGGGGAATGCTGGAACTGCAATGGGA-3") at the N+3 position of the
106 codon to create a restriction site for Sau961 (GAGNCC) in the WT sequence. Any
mutations resulting in substitution of the P106 would abolish the restriction site.
Therefore, the primer pair Sau961F and EleuEPSPS-R was used to amplify a 233 bp
fragment which was then digested with Sau96l. The WT sequence would produce a
single digested 202 bp band, while the mutant sequence at 106 would produce an
undigested 233 bp band (Fig 5.2B). A heterozygous sequence at 106 would produce
both the 202 and 233 bp bands (Fig 5.2B) (note: no heterozygous sequences at 106 were

detected). PCR conditions were similar to above except that the annealing temperature
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was 62°C. Restriction digestions were carried out according to the manufacturer’s
recommendations (New England BioLabs) and digestion patterns were viewed on 2%
agarose gels (electrophoresis at 90-100 V for 50-80 min) stained with ethidium
bromide. The accuracy of the two markers was confirmed by comparing sequencing and

marker analysis results of over 40 samples.

It should be noted that the two dCAPS markers were designed to only detect
mutant and WT sequences at the 102 and 106 codons without knowing the nature of the
specific mutation. As we confirmed that the resistant population only possessed the
T102I and P106S mutations (see Results), the two dCAPS markers could be used for
genotyping in the population. If used in other uncharacterized E. indica populations, the

specific mutations would have to be determined by sequencing.

5.3.4 Generation of purified sub-populations

Plants (7-12) that were confirmed by sequencing and marker analysis to be
homozygous for the WT, P106S, or TIPS mutation were self-pollinated in isolation to
bulk up seed stocks for the respective sub-populations. Progeny plants (10-12) from
each of these purified sub-populations were randomly marker-analysed to confirm their

genotype and homozygosity prior to use for subsequent experiments.

5.3.5 E. coli transformation

Total RNA was isolated from E. indica (abbreviated as Ei) P106S EPSPS
mutant. cDNA was synthesized and mature P106S EIEPSPS cassette was PCR
amplified using the primers pair 1 and 2 (Table 5.1, (Baerson et al., 2002). The PCR
product was inserted into the pCR Blunt Il TOPO vector and verified by sequencing.
The P106S EIEPSPS was converted to WT (primer pair 3 and 4, Table 5.1) and the
double mutant TIPS EIEPSPS (primer pair 5 and 6, Table S1) using the Phusion site-
directed mutagenesis Kit according to the manufacturer’s instructions (Thermo
Scientific). After sequencing verification, these 3 genes were PCR amplified using the
primer pair 7 and 8 and the PCR products were digested by Ndel and then inserted into
the Ndel site of the pET19-b vector to form an N-terminal His-Tag fusion to facilitate

the downstream purification of the enzymes.
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5.3.6 EPSPS purification and activity assay

The BL21 (DES3) cells (Invitrogen) harboring the EIEPSPS constructs in pET-
19b vector were cultured in the MagicMedia E. coli Expression Medium (Invitrogen)
according to the dual temperature protocol provided by the supplier. Soluble proteins
were extracted from frozen cells using the B-per bacterium extraction reagent supplied
with DNase |, lysozyme and Halt Protease inhibitor cocktail (Thermo Scientific). After
centrifugation at 21,000 g for 5 min the supernatant fraction was used to purify His-
Tagged EPSPS with HisPur Ni-NTA resin (Thermo Scientific). The binding buffer was
made of 20 mM Tris (pH 8.0), 500 mM NaCl, 10 mM imidazole and 0.03% (v/v) Triton
X-100; washing buffer contained 20 mM Tris (pH 8.0), 500 mM NaCl, 50 mM
imidazole and 0.03% (v/v) Triton X-100; and elution buffer contained 20 mM Tris (pH
8.0), 500 mM NaCl and 500 mM imidazole. The eluted enzyme was kept in storage
buffer (10 mM MOPS, 10% (v/v) glycerin, 0.5mM EDTA, 2.5 mM B-mercaptoethanol)
after buffer exchange using Amicon Ultra 0.5 mL centrifugal filters (MWCO 30 kDa) 3
times 5 min at 14,000 g. The protein content was quantified using the Pierce 660 nm
Protein Assay kit (Thermo Scientific) and purification results analyzed by SDS-PAGE

electrophoresis.

Activity of purified EPSPS variants was measured by a coupled assay that
measures continuous release of inorganic phosphate using the EnzChek Phosphate
Assay Kit (E-6646, Invitrogen) (Gaines et al., 2010). For I1Csop measurement of
EIEPSPS variants various concentrations of glyphosate were used (WT: 0, 0.1, 5, 10,
20, 50, 150, 500 uM; P106S: 0, 1, 10, 25, 50, 80, 150, 500, 1250 uM; TIPS: 0, 12.5,
1250, 15000, 25000, 35000, 50000, 70000, 100000 uM) holding shikimate 3-phospate
(S3P) constant at 0.1 mM. To measure the Km (PEP) of the EIEPSPS variants, S3P
concentration was fixed at 0.1 mM and various amounts of PEP (2.5, 5, 10, 15, 20, 25,

40, 60, 80 uM) were used.

Disclaimer: Sections 5.3.5, E. coli transformation, and 5.3.6, EPSPS purification
and activity assay were carried out in collaboration with Dr. Douglas Sammons’s

lab of Monsanto Company, St Louis, USA.
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5.3.7 Shikimic acid analysis

Analysis of shikimic acid in tissue extracts was adapted from Pedersen et al.
(2011) using a Waters system consisting of a 600E dual head pump, 717 plus
autosampler and a 996 photodiode array detector. In detail, separation was achieved
with a Grace Davison (Deerfield, IL, USA) Prevail™ organic acid C18 column
(250*%4.6 mm 1.D.) with 5 um packing using a mobile phase of 100 MM KH2PO4 at pH
2.12 and a flow rate of 1 ml min™. Column temperature was 35 °C and typical sample
injection volume was 5 pl. Gradient elution employing a mobile phase with 60%
methanol every 5" samples was used to reduce carry-over of more non-polar analytes
and thus interference. Data acquisition with the photodiode array was from 195 to 400
nm to enable positive identification of shikimic acid by comparison of the retention time
and PDA peak spectral information, including peak purity, of standards with those of
the samples. Calibration curves for shikimic acid were generated from peak area at 210
nm vs the mass of acid injected. Data acquisition and processing were with Empower®

chromatography software (Waters).

5.3.8 Aromatic amino acid analysis

Fresh material (300 mg) from the three different Eleusine indica genotypes
(WT, P106S and TIPS) was harvested and snap-frozen in liquid nitrogen. They were
then grounded with mortar and pestle and extracted (3 ml) in 80% methanol containing
50 uM y-aminobutyric acid as an internal standard for extraction recovery. Extracts
were transferred into 10 ml centrifuge tube and incubated on ice for 20 minutes.
Following incubation, the extracts were centrifuged at 10 000 x g at 4 °C for 15
minutes. The supernatants were then transferred into fresh tubes and centrifuged again
at the same speed, temperature and time, previously. Aliquots of 0.5 ml were taken and
the samples were spin-dried under vacuum and stored at -80 °C until further use. Before
analysis with HPLC, samples were redissolved by repeated vortexing with milli-q water
(150 pl) containing 5.66 UM a-aminobutyric acid (HPLC internal standard) (Noctor et
al., 2007; Vivancos et al., 2011).

Analysis of free aromatic amino acids Phenylalanine (Phe), Tyrosine (Tyr) and
Tryptophan (Trp) in samples was undertaken using the Waters (Milford, MA, USA)
AccQ.Tag® chemical package for High Performance Liquid Chromatography (HPLC)
with a Waters system consisting of a 600E dual head pump, 717 plus autosampler, 996
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photodiode array detector and a 470 scanning fluorescence detector. In detail, sample
aliquots of 10 pL were derivitised by mixing with 70 pL of the borate buffer reagent
and then 20 pL AccQ.Tag® reagent was added and solution immediately vortex mixed.
Samples were then incubated at 55 °C for 10 minutes. Typical injection volume of the
derivitised samples was 15 pL. Standards were prepared from the stock solutions
provided with the kit and derivitised as described for the samples. Separation of amino
acids was performed on a Nova-Pak C18 column (150 mm x 3.9 mm I.D.) with 4 um
particle size (Waters) held at 37°C with a flow rate of 1 ml min™t. The mobile phase
used for gradient elution comprised sodium acetate buffer pH 5.8 (Eluent A),
acetonitrile (Eluent B) and milli-Q water (Eluent C), with all solvents vacuum filtered to
0.22 pum prior to use and were continually degassed with helium sparging. The gradient

profile was as follows:

Time |Flowrate | % A |%B |%C | Curve
(min) | (mL/min)

Initial | 1.0 100 |0 0 *

0.5 1.0 99 1 0 11
18.0 1.0 95 5 0 6
19.0 1.0 91 9 0 6
29.5 1.0 83 17 0 6
36.0 1.0 0 60 40 11
39.0 1.0 100 |0 0 11

All data were acquired and processed with Empower® chromatography software
(Waters) with diode array data acquisition from 195 to 600 nm, using 250 nm for
quantification and fluorescence detector settings of: Excitation 250 nm; Emission 395
nm, 0.5 filter and 100 gain. Quantification of amino acids was based on the internal
standard method using a-aminobutyric acid from the response of the 470 fluorescence
detector except for GABA and Trp (poor sensitivity) which were quantified based on
photodiode array detector response. Comparison of calculated data for amino acid

concentration using either detection system showed no difference in values.
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5.3.9 Resistance cost study using plants homozygous for TIPS, P106S
and WT in a non-competitive environment

Seeds of plants homozygous for TIPS, P106S and WT E. indica were
germinated and grown as described earlier. The progeny plants of these purified sub-
populations originated from a single population, thus having a similar genetic
background. For vegetative growth assessment, individual seedlings of each genotype
(WT, P106S and TIPS) were transplanted into single plastic pots (15 cm in diameter)
containing potting mix (50% moss peat and 50% river sand) and grown in a glasshouse
during January to February 2014, with average day/night temperatures of 30/24C and a
13-h photoperiod under natural sunlight. The pots were watered daily and fertilised as
necessary. The pots were frequently rearranged to randomise environmental differences
in the glasshouse. Aboveground biomass was harvested at 14, 21, 27 and 34 days after
transplanting, with 25 replicate plants from each genotype for each harvest. Plants were

oven-dried at 60°C for 3 days and weighed for dry biomass estimation (Yu et al., 2010).

For seed production assessment, 25 individual seedlings from each genotype
were transplanted into single pots (30 cm in diameter) when the plants were at the two-
leaf stage and arranged in a complete randomized design. Total resource allocation to
vegetative biomass and reproductive traits were estimated at the end of the growth cycle
in a number of plants (n = 25) of each genotype. Inflorescences produced by individuals
from each genotype were collected at first maturity, up to 128 days after transplanting.
Total aboveground biomass (together with inflorescences already harvested) was
harvested at the end of the experiment and measured as described above. Inflorescences
from each individual plant were threshed to separate the seed from seed coat, chaff and

rachis material.

5.3.10 Statistics

The LDso, GRso or ICso was estimated by non-linear regression using the 3
parameter logistic curve model y =a/[1+(X/Xo)?] ,where a is the maximum plant
response close to untreated controls, Xo is the dose giving 50% response and b is the
slope around Xo. The estimates were obtained using the Sigmaplot software (version
12.3, Systat Software, Inc) and the test («=0.05) was used to test significance of the
regression parameters. The Kn (PEP) and Vmax Were estimated by fitting the data to the

Michaelis-Menten equation v = VmaxS/(Km + S), where S is the concentration of the
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substrate pyruvate, v is the reaction velocity at any PEP concentration, and Vmax is the
maximal reaction velocity. The kinetic values were obtained using GraFit (version
7.0.3, Erithacus Software Ltd) and the Chi-square (X?) («=0.05) was used to test
goodness of fit. In vitro glyphosate dose-response experiments were repeated at least
twice with similar results so all data were pooled and evaluated for a composite line fit.
Each EPSPS kinetic assay contained three technical replicates and three independent

enzyme extracts were used for each assay set.

The unbiased formula proposed by Hoffmann and Poorter (2002) was used to
determine plant relative growth rates (RGR). Variations in RGR are often positively
correlated with variations in plant establishment ability and as such, RGR is a useful
eco-physiological parameter in denoting the expression of herbicide resistance costs
(Vila-Aiub et al., 2005). The variance (V) associated with RGR was estimated with

Causton and Venus’s formula (1981):

V(nWy) + V(InW,)

V(RGR) = e

Where InW- is the mean of the In-transformed plant weights at harvest time 2; InWy is
the mean of the In-transformed plant weights at harvest time 1. The degree of freedom
associated with RGR is n-2, where n is the total number of plants in two harvest
intervals. One-way analysis of variance (ANOVA) with Tukey’s multiple comparison
test was performed to compare RGR among WT, P106S and TIPS genotypes and across
growth intervals.

The number of seeds produced per plant (Sn) was estimated as:

TS,, X 100
Sp =
w

(TSw is the total seed weight per plant; Sy is the mean weight of 100 seeds per plant;
n=25). Individual seed weight was determined from the average seed weight of 100
seeds. Harvest index (HI) (%) per plant was calculated as the ratio of seed mass to total
aboveground biomass (seed mass + vegetative biomass) (Vila-Aiub et al., 2005). The E.
indica TIPS cDNA sequence information can be found in GenBank with an accession
number KM078728.
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5.4 Results

5.4.1 EPSPS gene sequencing revealed a double amino acid substitution in
EPSPS

To identify the basis of the very high level glyphosate resistance observed in the
E. indica population under investigation, a 301 bp EPSPS DNA fragment covering the
highly conserved region (LFLGNAGTAMRPL) of the EPSPS gene was analysed
from 43 resistant plants. These resistant individuals were found to have the known weak
resistance mutation at codon 106 (CCA to TCA), but also display a very rare mutation
at codon 102 (ACT to ATT) (Fig. 5.1 a and b versus c). Therefore, in this naturally
evolved, highly glyphosate-resistant E. indica population, there are two resistance-
endowing EPSPS amino acid substitutions, T1021 and P106S. Cloning of the EPSPS
cDNA fragment covering the 102 and 106 codons from resistant individuals revealed
the two mutations were always present in the same EPSPS gene fragment, confirming
the double amino acid substitution in a single EPSPS allele. This double amino acid
substitution, T102I + P106S, is hereinafter referred to as the TIPS mutation.

Based on the sequence information obtained, dCAPS markers for the T1021 and
P106S mutations were developed (Fig. 5.2). Analysis (by sequencing and/or dCAPS
markers) of 193 individuals (untreated) in the R population (Table 5.2) revealed that
84% of the individuals were resistant mutants and 16% were WT (Fig 5.1c). Among the
mutant individuals, 1.6% were homozygous mutants for the TIPS mutation (referred to
as RR, Fig 5.1a), 33.7% homozygous mutants solely for the P106S mutation (rr, Fig.
5.1d), and 48.7% were the resistant heterozygous mutants of Rr (Fig 5.1b).
Interestingly, neither the single T102I mutants, or heterozygous P106S single mutants
(r-WT), nor heterozygous TIPS mutants (R-WT) were found from the samples
analyzed. Therefore, only three alleles (R, r and WT) were found in the samples
examined and the frequency of mutant TIPS allele (R) is only half of the P106S allele
(r) (Table 5.2). To better understand the resistance allele frequencies a more detailed
analysis of the field population together with herbicide history is needed. The full
EPSPS cDNA sequences (1338 bp) were compared among individuals of WT, P106S
and TIPS mutant (E. indica TIPS cDNA, Genebank KMO078728). Except for the single
nucleotide polymorphism(s) (SNPs) at the 102 and 106 codons, there was only one SNP
that resulted in an amino acid change, from a P381 in WT individuals to a L381 in

mutant individuals. BLAST results showed that this amino acid residue is not conserved
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in plants EPSPS, and the P381L mutation has been previously proven to be irrelevant to

glyphosate resistance in E. indica (Baerson et al., 2002).
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Table 5.1. Primers used in cloning of the EIEPSPS.

Primer Primer name or purpose Sequence

1 EPSPS EiLFT1 GCG GGC GCG GAG GAG GTG GT

2 EPSPS EiRT1 TTAGTT CTT GAC GAA AGT GCT CAG CAC GTC GAAGTAGT

3 For P106S to wild type 5’/5Phos/AAC TGC AAT GCG ACC ATT GAC AGC AGC CGT AAC TG
EPSPS conversion PCR
primer R

4 For P106S to wild type 5°/5Phos/CCAGCATTCCCCAAGAAGAGCTGCACCT
EPSPS conversion PCR
primer L

5 For P106S to TIPS EPSPS  5°/5Phos/GGA ATG CTG GAA TTG CAA TGC GAT CAT TGA CAG CA
conversion PCR primer R

6 For P106S to TIPS EPSPS  5°/5Phos/CCA AGA AGA GCT GCACCT CCTCTT TCG CATC
conversion PCR primer L

7 PET19-bEIEPSPS-F; for ~ ATATCATATG GCGGGCGCGGAGGAGGTG
cloning EPSPS into pET-
19b vector primer L

8 PET19-bEIEPSPS-R; for ~ ATATCATATGTCATTAGTTCTTGACGAAAGTGCTCAGCACGTCG

cloning EPSPS into pET-
19b vector primer R
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5.4.2 Plants homozygous for the TIPS mutation displayed a high level

of glyphosate resistance

To characterise the glyphosate-resistant genotypes, we produced from within the
resistant population three purified sub-populations with individuals homozygous for
WT, P106S and TIPS EPSPS, respectively, and conducted detailed glyphosate dose-
response studies. To examine the possible involvement of any other glyphosate
resistance mechanisms in these purified sub-populations, a herbicide susceptible (S) E.
indica population was also included as a reference. The S and WT populations were
identically fully susceptible to glyphosate (Table 5.3, Fig. 5.3A, 5.3B, Fig. 5.4) with
100% mortality at the recommended field rate of 1080 g ha?, indicating no major
additional glyphosate resistance mechanisms present in the purified sub-populations. As
expected, the P106S population was moderately resistant to glyphosate, with 30%
survival at the recommended field rate (1080 g ha™). Conversely, homozygous TIPS
mutant plants were highly glyphosate-resistant, such that a LDsp could not be
determined from the experimental data, and therefore was estimated to be greater than
the highest glyphosate rate used (25,900 g ha) (Fig. 5.3A). Based on the glyphosate
LDsg ratios (Table 5.3), homozygous TIPS mutants were highly (more than 182-fold)
resistant, whereas, as expected, homozygous P106S mutant were only moderately (5.6-
fold) resistant. The homozygous TIPS plants, therefore, can tolerate more than 20-fold
the recommended glyphosate rate of 1080 g ha™*. While the TIPS mutants survived high
glyphosate doses, their growth was affected by glyphosate (Fig. 5.3B), resulting in a
lower glyphosate GRsp ratio than the LDsg ratio (Table 5.3, Fig. 5.5).
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Figure 5.1. Chromatograms of the highly conserved region of the E. indica EPSPS sequence
containing (in vertical boxes) the TIPS (a and b), the wild type (WT) (c), and the P106S

sequences (d) The letter Y is an ambiguity code for mixed base position, in this case, Y =C + T.
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Figure 5.2. dCAPS markers developed for the T102l (A) and P106S (B) EPSPS mutations in E.
indica. M refers to the mutant 1021 (A) or 106S (B) allele and W refers to the wild type (WT)
T102 (A) or P106 (B) allele. MW refers to heterozygote with both types of allele.

Table 5.2. Genotype and allele frequencies determined for 193 Eleusine indica individuals
by the dCAPS method developed for the T1021 and P106S mutations.

Genotypes No of Genotype Alleles Allele
individuals frequency frequency
RR 3 1.6% 1021-106S (R) 26%
rr 65 33.7% T102-106S (r) 58%
WT 31 16% T102-P106 (WT) 16%
Rr 94 48.7%
R-WT 0 0
r-wWTt 0 0
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Table 5.3. Parameter estimates of the non-linear regression analysis (the logistic 3 parameter

model) of herbicide rates causing 50% plant mortality (LDso) or growth reduction (GRso) for
glyphosate susceptible, EPSPS WT, and homozygous P106S and homozygous TIPS EPSPS
Eleusine indica mutants. Standard error (SE) is in parentheses.

Genotype a b Xo P value Ratioto S
(g hat) for of Xo
Xo
LDso
Susceptible (S)  99.7 (0.22) 8.71 142 (1.3) <0.0001 1
(1.61)
WT 99.7 (0.22) 8.71 142 (1.3) <0.0001 1

(1.61)

P106S 101 (1.78) 3.14 798 (29) <0.0001 5.6
(0.78)

TIPS >25900 >182

GRso
Susceptible (S)  98.3 (8.42) 1.65 65 (8.0) 0.0013 1

(0.43)

WT 97.8 (6.12) 1.98 57 (10.8) 0.0063 0.88
(0.37)

P106S 100 (1.96) 1.76 173 (7.3) <0.0001 2.67
(0.12)

TIPS 99.8 (3.87) 0.85 2023 (299) 0.0005 311
(0.08)
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Figure 5.3. Glyphosate dose-response (A: mortality, B: dry mass) of susceptible (S), EPSPS
WT, homozygous P106S and homozygous TIPS mutants of E. indica, 21 days after treatment.
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Figure 5.4. Glyphosate dose-response of susceptible (S), EPSPS WT, homozygous and P106S
and homozygous TIPS mutants of E. indica, 21 days after treatment.
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Figure 5.5. Glyphosate full dose-response of E. indica homozygous TIPS and homozygous
P106S mutants, 21 days after treatment.
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5.4.3 TIPS encodes a highly glyphosate-resistant EPSPS

To further characterise the TIPS mutation at the protein level, the WT, P106S
and TIPS E. indica EPSPS (EIEPSPS) was expressed in E. coli, and the activity and
ICso (herbicide dose causing 50% in vitro inhibition) of the His-tag purified
recombinant EIEPSPS variants determined (Table 5.4 and 5.5). As expected, based on
glyphosate ICxo ratios, the E. coli-expressed P106S variant was moderately (4.3-fold)
resistant to glyphosate, while the TIPS variant was highly (2647-fold) resistant (Table
5.4 and 5.5, Fig. 5.6). These results confirm that TIPS EIEPSPS is essentially
insensitive to glyphosate, with an ICso value of 54 mM, and therefore, responsible for
very high level glyphosate resistance as observed at the whole plant level (Fig. 5.3).
Notably, while incurring no significant changes in the K (PEP), the E. coli-expressed
TIPS variant displayed an EPSPS activity dramatically (16-fold) lower than the WT
(Table 5.5), indicating a resistance cost at the enzyme level due to reduced catalytic

efficiency.
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Figure 5.6. In vitro glyphosate dose-response of E. coli-expressed E. indica EPSPS variants.
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Table 5.4. Parameter estimates of the non-linear regression analysis of herbicide rates causing 50% inhibition of in vitro enzyme
activity (ICso) of E. coli-expressed EIEPSPS variant. SE is in parentheses.

Genotype a b Xo P value
1Cs0 (M)

WT 99.2 (1.10) 0.99 (0.09) 20 (0.84) <0.0001

P106S 100 (0.69) 1.11 (0.03) 87 (2.15) <0.0001

TIPS 98.2 (0.76) 1.59 (0.07) 52938 (1206) <0.0001

Table 5.5. Glyphosate I1Cso (herbicide dose causing 50% inhibition of in vitro enzyme activity) and kinetic properties of E. coli-expressed EiEPSPS

variants.
. EPSPS Vmax . .
Genotype ICs0 (UM) Ratio to WT (nmol Pi pg-tmin) Ratio to WT Km(PEP) (UM) Ratio to WT
WT 20 (0.84) 1 28 (0.84) 1 11.6 (1.1) 1
P106S 87 (2.15) 4.4 27.5 (0.55) 1 10.0 (0.68) 0.9
TIPS 52938 (1206) 2647 1.8 (0.04) 0.06 9.8 (0.72) 0.8

Page | 139



5.4.4 TIPS plants accumulate a higher level of shikimic acid

As expected, in the absence of glyphosate, WT had very low level of shikimic
acid, (Table 5.6). Shikimic acid level in the P106S plants were also similar to WT.
Interestingly, even in the absence of glyphosate, the basal level of shikimate acid in
TIPS plants were nearly 53-fold more than WT (Table 5.6). Tryptophan level was
significantly (2- fold) lower in TIPS plants, with no significant difference in Tyrosine
and Phenylalanine levels in WT, P106S and TIPS plants (Fig. 5.7).

5.4.5 Plants homozygous for the TIPS mutation express a significant
resistance cost

Plants homozygous for the TIPS mutation produced significantly less
aboveground biomass than WT and P106S at all harvest time points (Table 5.7). At the
first harvest (14 DAT) TIPS plants had 3-fold less aboveground biomass than WT and
P106S plants. At 27 DAT, TIPS plants had produced 6-fold less biomass than WT and
P106S plants. By the final harvest (34 DAT), TIPS plants still had 3-fold less biomass
than WT and P106S plants. No significant difference was observed between WT and
P106S plants at 14, 27 or 34 DAT, but at 21 DAT P106S plants displayed growth
significantly higher than WT (Table 5.7).

Irrespective of the genotype, all plants displayed a significantly higher RGR in
the first growth interval (1%-2"9 harvest) than in the second growth interval (2"9-3™
harvest) (Table 5.8). In the first growth interval, P106S plants had about the same RGR
as the WT plants, while TIPS had a significantly lower RGR than the other two
genotypes. A lower RGR was consistently observed for TIPS plants throughout the
experiment.

Reproductive growth assessment showed that TIPS plants produced 2-fold less
aboveground biomass (Fig. 5.8A), significantly less (63%) seed mass per plant (Fig.
5.8B) and fewer seed numbers (Fig. 5.8C) than WT and P106S plants. TIPS plants also
allocated fewer (4% less) resources to reproduction, as indicated by the harvest index
(Fig. 5.8E). No significant differences were observed between WT and P106S plants in
the various reproductive traits assessed, except for individual seed mass, with mutant

plants producing heavier seeds (Fig. 5.8D).
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Overall, these results clearly indicate that the P106S mutation has no significant
impact on plant growth and reproductive traits but the TIPS double mutation does when

plants are homozygous for the mutation.

Table 5.6. Shikimic acid levels in WT, homozygous P106S and homozygous TIPS E. indica.
Data are mean (n = 6) with standard errors in parentheses. Means with different letters in a
column indicate significant differences according to Tukey’s multiple comparison test (o0 =

0.001).

Genotype Shikimic acid (umol g FW) Ratio to WT
WT 0.0108(0.0005)a 1
P106S 0.016 (0.002)a 1.48
TIPS 0.567 (0.029)b 52.5
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Figure 5.7. Aromatic amino acid levels in WT, homozygous P106S and homozygous TIPS E. indica. Data are mean (n = 6) with standard error. Means on top of

column bars with different letters in a box graph indicate significant differences according to Tukey’s multiple comparison test (o = 0.05).
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Table 5.7. Aboveground biomass of E. indica plants of WT, homozygous P106S, or
homozygous TIPS. Data are mean (n = 19-25) with standard errors in parentheses. Means with
different letters in a column indicate significant differences according to Tukey’s multiple

comparison test (o = 0.001). Plants were grown in a glasshouse during Jan-Feb 2014.

Aboveground dry biomass (g plant™)

Genotype

14 DAT 21 DAT 27 DAT 34 DAT*

WT  0.031(0.0019)a  0.306 (0.0164)a  1.290 (0.0692)a 4.141 (0.2437)a

P106S  0.034 (0.0025)a  0.358 (0.0201)b® 1.448 (0.0804)a 4.059 (0.3427)a

TIPS 0.011(0.0007)b  0.073 (0.0036)c  0.226 (0.0139)b  1.289 (0.0458)c

*Some plants started flowering.
$ Significant difference between a and b at 21 DAT is at 0.05 level.

Table 5.8. Relative growth rates (RGR) of E. indica plants of WT, homozygous P106S, or
homozygous TIPS, purified from within the resistant population. Three plant harvests were
performed 14, 21 and 27 days after transplanting. Data are mean RGR (h = 25) with standard
errors in parentheses estimated for the first (15-2" harvest), second (2"-3" harvest) and
whole (1%-3" harvest) plant growing time intervals. Means with different letters in a column
indicate significant differences according to Tukey’s multiple comparison test (o = 0.001).
ANOVA analysis within each genotype showed significant differences (p = 0.001) across the

different growth intervals.

RGR (d)
Genotype
15t-2M harvest 2nd_3rd haryvest 15-3 harvest
WT 0.382(0.0102)a  0.288(0.0112) a 0.311 (0.0050) a
P106S 0.400 (0.0115)a  0.279 (0.0121) a 0.316 (0.0059) a
TIPS 0.313(0.0089)b  0.223(0.0119) b 0.249 (0.0048) b
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Figure 5.8. Reproductive traits of WT, homozygous P106S and homozygous TIPS E. indica for

aboveground biomass (A), per plant seed mass (B), seed number (C), per seed mass (D) and

harvest index (E) in the absence of crop competition. Plants were grown in a glasshouse during

Jan-May 2014. Data are mean (n = 24-25) with standard error. Means on top of column bars

with different letters in a box graph indicate significant differences according to Tukey’s

multiple comparison test (o = 0.001, except for the harvest index a = 0.05).
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5.5 Discussion

In the biotechnology search for glyphosate-tolerant crops, various EPSPS double
mutations have been generated using site directed mutagenesis and expressed in E. coli
and plants (Spencer et al., 2000; Howe et al., 2002; Lebrun et al., 2003; Kahrizi et al.,
2007; Alibhai et al., 2010). The P106 and then later the TIPS mutation were first found
empirically in a mutational screen in Salmonella sp. (Comai et al., 1983; Stalker et al.,
1985). The TIPS mutation was engineered into tobacco (Arnaud et al., 1998) and field
tested for glyphosate tolerance (Lebrun et al., 2003). Ultimately the TIPS mutation was
used in the first generation of commercially successful glyphosate-tolerant transgenic
maize (GA21) (Spencer et al., 2000). Here, we demonstrate that this TIPS mutation has

now evolved in nature.

In target-site resistance evolution for acetolactate synthase (ALS) and acetyl
coenzyme A carboxylase ACCase (ACCase)-inhibiting herbicides, highly resistant yet
fit individuals with single target-site mutations are common (Vila-Aiub et al., 2009), as
these herbicides have large binding sites in and adjacent to the enzyme catalytic site
resulting in contacts with amino acids that are non-essential for structure or function
(Sammons et al., 2007; Powles & Yu, 2010). The most dramatic examples are the
multiple (more than 10) different amino acid substitutions identified at P197 in ALS
(Tranel & Wright, 2002; Tranel et al., 2015). The transition state inhibitor designation
for glyphosate as an inhibitor of EPSPS comes from the observation that glyphosate
contacts 17 amino acids responsible for catalysis which necessarily prevents any
substitutions of these essential amino acids (Schonbrunn et al., 2001). The P106S
EPSPS provides relatively low glyphosate resistance (Arnaud et al., 1998), whereas the
T1021 EPSPS alone endows high level resistance, but with drastically decreased affinity
for the second substrate PEP (Kishore et al., 1992; Funke et al., 2009). The concomitant
mutations at the 106 and 102 codons are merely adjacent to the active site and together
make very small (on the scale of a fraction of an angstrom) modifications structurally to
the EPSPS active site, therefore selectively impacting glyphosate binding more than
PEP (Funke et al., 2009) (Fig. 5.8). Therefore, the TIPS mutation endows high level
glyphosate resistance with acceptable affinity for PEP.

Multiple mutations of a single pesticide target site gene are known in adaptive
evolution of fungicide or insecticide resistance (Brunner et al., 2008; Karasov et al.,

2010). Accumulation of multiple mutations in a single allele in insects and fungi can be
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achieved via intragenic recombination between pre-existing resistant alleles in natural
populations, in response to increased selective pressure (Mutero et al., 1994; Brunner et
al., 2008). Double (or multiple) mutations in a single allele of a herbicide target gene
may also occur in herbicide resistance by intragenic recombination between resistant
alleles pre-existing in resistant populations. For example, it is common for cross-
pollinated weed species (like black grass and annual ryegrass) to accumulate several
ACCase or ALS target-site mutations in a single allele via intragenic recombination, as
different ACCase or ALS resistance alleles have been found to pre-exist in weed
populations and can be brought together in an individual through cross-pollination
(Powles & Holtum, 1994; Délye et al., 2013; Yu & Powles, 2014). However, this is
unlikely to occur in E. indica, as the single-codon mutation T102I was not detected in
the resistant population, and was therefore unlikely to pre-exist in the population.
Indeed the very poor kinetics of the T1021 mutant enzyme (Alibhai et al., 2010)
suggests this mutation would be unfit and even lethal when present alone. This severe
resistance cost associated with the T102l mutation explains why this single mutation

has not been observed in nature.

The notion that compensatory mutations may require a particular evolutionary
trajectory to prevent lethal mutants is discussed by Weinreich et al. (2006) where a
series of 5 amino acid point mutations providing 100,000-fold resistance (compared to
susceptible counterparts) to B-lactamase in a matrix of combinations were studied to
reveal a defined successful evolutionary pathway. Here, for the glyphosate-resistant E.
indica, our data suggests that the TIPS evolved sequentially under intense glyphosate
selection. First, the weak P106S mutation was selected, enriched and reached
homozygosity. Indeed, many glyphosate resistant E. indica populations in Malaysia and
other countries have been found to posses mutations at P106 (Baerson et al., 2002; Ng
et al., 2003; Ng et al., 2004; Kaundun et al., 2008) and in Malaysia, glyphosate was
used frequently (every month) and continually (5-10 years) at increased glyphosate rates
(0.72-1.92 kg ha™) to control E. indica (Ng et al., 2004). Evolution of the P106S
mutation would then have been followed by the T1021 mutation, to create the highly
resistant TIPS EPSPS. This TIPS EPSPS enables plants to survive high glyphosate rates

and pass on the trait to their progeny.
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Figure 5.9. 5-Enolpyruvyl-3-shikimate phosphate synthase (EPSPS) structure with location of
T102 and P106. The EPSPS is in a closed conformation in binding with S3P (yellow) and
glyphosate (green). This picture is adapted from Funke et al. (2009) with slight modifications.
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Will there be other EPSPS gene double mutations in nature? In addition to the
TIPS mutant, various EPSPS double mutants at 102 and 106 were intentionally
produced and the kinetics of E. coli-expressed EPSPS variants studied. Compared to the
WT and T102I mutant alone, double mutants such as TIPA (T102l + P106A), TIPT
(T1021 +P106T) or TLPA (T102L + P106A) also show favourable kinetics comparable
to or even better than TIPS (Alibhai et al., 2010; Sammons & Gaines, 2014). As various
amino acid substitutions at P106 have been identified (e.g. P106A, P106S, P106T or
P106L) in glyphosate-resistant weed species (reviewed by Sammons & Gaines, 2014),
the evolution of other EPSPS double variants is also possible where glyphosate

selection is intense.

The very low percentage (1.6%) of individuals homozygous for the TIPS
genotype (RR) as compared to the higher percentage (~49%) of resistant individuals of
Rr genotype (Table 5.2) suggest (1) the additional T102l mutation is a recent event
(given that E. indica is a self-pollinating species, homozygosity at 102 can be increased
in a few generations) and/ or (2) a significant fitness penalty is associated with
homozygous TIPS mutants when glyphosate selection is relaxed. The latter correlates
with the resistance cost (vegetative and reproductive traits) associated with homozygous
TIPS genotypes (Table 5.7, Fig. 5.8). In the absence of glyphosate treatment and crop
competition, a severe resistance cost (up to 69%) was identified for TIPS but not WT
and P106S plants (Table 5.7, Fig. 5.8, Fig. 5.10). Consequently, homozygous (RR)
TIPS mutants are outperformed overtime by Rr TIPS mutants which may suffer less or
little resistance cost and therefore proliferate in the population. Due to predominate self-
pollination in E. indica, a very low level of out-crossing (if any) between WT and
homozygous P106S (rr) mutants may produce a small number of heterozygous P106S
(r/WT) mutants. However, it is highly likely that these individuals would be unable to
survive the field or higher glyphosate rates. This could explain why the r/WT mutants
were not detected in the resistant population. Further fitness studies on the WT, P106S
(rr) and TIPS (RR, Rr) EPSPS mutants under crop competition are underway, and we
expect that homozygous TIPS mutants (RR) is a weaker competitor relative to WT and
P106S genotypes in the absence of glyphosate selection. However, it is important to
evaluate the resistance cost of the Rr TIPS genotype (Fig 5.1b), as this genotype was
found to be prevalent in the resistant population.

The resistance cost of homozygous TIPS plants is likely due to disturbance of
the shikimate pathway caused by greatly reduced catalytic efficiency of the TIPS
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EPSPS (Table 5.5), as evidenced by accumulation of high level shikimate substrate and
reduced production of the aromatic amino acid tryptophan in RR TIPS plants (Table
5.6; Fig 5.7). Tryptophan is a precursor of indole acetic acid (IAA), which is an
important growth hormone. A lower level of tryptophan in TIPS plants may result in a
lower level of IAA (Fig. 2.6 in Chapter 2), which may in part explain reduced growth of
TIPS plants. A targeted metabolomics approach is proposed to investigate metabolic
profile of the TIPS plants for the shikimate pathway in order to understand its impact on

plant growth and reproductive production.

Significant fitness cost has been reported for the psbA (target site of group C
herbicides) gene mutation S264G, the ALS gene mutation W574L and the a-tubulin
(target site of group D herbicides) gene mutation T239I (reviewed by Gronwald, 1994;
Tardif et al., 2006; reviewed by Vila-Aiub et al., 2009; Darmency et al., 2011).
Menchari et al. (2008) demonstrated that the fitness cost incurred by the ACCase gene
mutation D2078C in Alopecurus myosuroides was only associated with plants
homozygous for this mutation in Alopecurus myosuroides. Should the resistance cost
from decreased catalytic efficiency of TIPS be offset by, for instance, duplication of the
TIPS gene as is required for commercial crops (CaJacob et al., 2004) then evolution of
“Roundup Ready Like” E. indica may be expected in nature, especially in species
exhibiting EPSPS gene amplification (reviewed by Sammons & Gaines, 2014) where
the tandem repeat nature of the duplication (Jugulam et al., 2014) may facilitate
incorporation of the necessary point mutations, and gene duplication is free of fitness
cost (Vila-Aiub et al., 2014).

Therefore, the evolutionary recipe for high level glyphosate resistance in weedy
plant species under glyphosate selection may have these primary components: (1)
overexpression of EPSPS, as already reported in 4 weed species with gene duplication
(Sammons & Gaines, 2014); (2) P106S (or T/A)-EPSPS, as documented in 6 weed
species (Sammons & Gaines, 2014); (3) acquiring the second EPSPS T102l mutation,
as described here for the first time, and (4) combining two or more glyphosate
resistance-endowing mechanisms that would have additive impact on the resistance
magnitude, as demonstrated in glyphosate resistant L. rigidum (Yu et al., 2007;
Bostamam et al., 2012; Nandula et al., 2013).

In summary, this research reports for the first time the evolution of an EPSPS

double mutation (TIPS) in a crop weed species. This TIPS mutation confers very high
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level glyphosate resistance in E. indica, albeit expressing significant resistance cost
when plants are homozygous resistant. This is a clear manifestation of the power of
evolution in action and how nature responds and adapts to human-manipulated
environmental stresses. This is also a very clear warning that herbicide sustainability
demands much greater diversity in weed control tactics than sole reliance on a

herbicide.

Figure 5.10. Reduced growth of the homozygous EPSPS TIPS mutants as compared to the WT

and P106S mutants. Eleusine indica plants at three (A) and five (B) weeks after transplanting.
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Chapter 6

Summary and future directions

6.1 Introduction

Fundamental understandings of herbicide resistance evolution and resistance
mechanisms in weed populations are important for better weed management. This PhD
was undertaken to evaluate multiple resistance in E. indica to a number of important
herbicides (e.g. glufosinate, glyphosate, paraquat and ACCase-inhibiting herbicides)
and to investigate the biochemical and molecular basis of the resistance. This goal was
achieved through glasshouse-based herbicide dose response experiments and
biochemical and molecular experiments with the multiple resistant E. indica population.

6.2 Summary of Key findings

6.2.1 Multiple resistance to glufosinate, glyphosate, paraquat and
ACCase-inhibiting herbicides in an E. indica population

Key findings:

1. Glufosinate-resistance was confirmed in two E. indica populations.

2. One glufosinate-resistant population was also found to be highly resistant to
glyphosate, paraquat and several ACCase-inhibiting herbicides.

3. Resistance to ACCase inhibitors in this population is due to the Trp-2027-Cys
mutation in the plastidic ACCase gene.

Overall, this study demonstrates the ability of the self-pollinating annual C4 grass weed
E. indica to evolve multiple resistance to various herbicides. Although chemical control
remains an option, other weed control measures must be included to ensure

sustainability of the remaining working herbicides.

6.2.2 Glufosinate resistance mechanism(s)

Key findings:
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1. Glufosinate sensitivity of the target-site (glutamine synthetase) is similar in the
resistant and susceptible populations, and therefore, the glufosinate resistance
mechanism is unlikely to be target-site based.

2. Non-target-site differential uptake, translocation and metabolism of glufosinate

are unlikely to be the resistance mechanisms.

Despite much effort, the glufosinate resistance mechanism(s) in this E. indica
population remains to be determined. Cellular glufosinate uptake and sequestration

needs to be examined.

6.2.3 Glyphosate resistance mechanism

Key findings:

1. High-level glyphosate resistance is due to a double mutation (T1021 and P106S,
referred to as TIPS) in the EPSPS gene.

2. Individuals possessing only the T1021 mutation were not found, indicating
sequential evolution of the double mutation (e.g. first the P106S then the T102I)

3. An E. coli expressed E. indica TIPS variant is essentially insensitive to
glyphosate but had a greatly reduced enzyme catalytic activity.

4. At the whole plant level, homozygous TIPS mutants expressed a significant
resistance cost with reduced aboveground biomass and fecundity, relative to WT
and homozygous P106S mutants.

5. Resistance cost of the TIPS mutants is associated with an alteration in the
shikimate pathway (e.g. accumulation of the substrate shikimate and reduced

tryptophan production).

The discovery and characterization of the first field-evolved double (TIPS) mutation is a
highlight of this PhD thesis. This resistance mechanism provides very high level

glyphosate resistance, relative to any other known glyphosate resistance mechanism.

6.3 Future research directions
Based on the studies carried out in this research, several future research areas
have been identified that could further improve understanding of glufosinate and

glyphosate resistance and resistance evolution. They are discussed below.
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1)

2)

3)

4)

Target-site glufosinate resistance mechanisms

In Chapter 4, total extractable GS activity and sensitivity was measured and
compared between the R and S plants. As plants have cytosolic and chloroplastic
GS isoforms, there is a small possibility that there may be subtle differences in
sensitivity between these different GS isoforms. Thus, further investigation into

GS sensitivity of the cytosolic and chloroplastic isoforms may be fruitful.

Non-target-site glufosinate resistance (cellular uptake and vacuolar
sequestration of glufosinate)

Continuing the effort in elucidating the mechanism for glufosinate resistance,
further work will be carried out to examine if there are any differences between
S and R* in cellular glufosinate uptake and/or vacuolar sequestration, effectively
reducing glufosinate entering into the cell and/or reaching the target site.
Enhanced herbicide vacuolar sequestration has been indicated in paraquat
resistant Hordeum glaucum, Arctotheca calendula and Lolium rigidum (Bishop
et al., 1987; Preston et al., 1994; Yu et al., 2004; Yu et al., 2010). Similarly,
vacuolar sequestration of glyphosate has been reported as one of the resistance
mechanisms to glyphosate in Conyza canadensis. This mechanism reduces the
glyphosate concentration reaching the target site to sub lethal levels, enabling
plant survival (Ge et al., 2010; Ge et al., 2012; Ge et al., 2014).

Genetic inheritance of glufosinate resistance

Glufosinate resistance is a heritable trait, as demonstrated in Chapter 3.
However, whether one or more genes is involved remains unknown. By crossing
the glufosinate susceptible and resistant plants, analysing the F1 phenotypic
response, generating and further analysing the F, and Fz populations, the

dominance and number of genes for glufosinate resistance can be evaluated.

Fitness studies for TIPS mutants under crop competition.

Homozygous TIPS plants have been shown to express a fitness cost in the
absence of crop competition in Chapter 5. Nevertheless, understanding the
performance of TIPS plants (including homozygous (RR) and heterozygous (Rr)
under crop competition is vital for better understanding of the evolutionary
trajectory of the TIPS mutation, in terms of the proliferation and the frequency

of the resistance gene into future generations. Therefore, further work should be
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carried out to evaluate vegetative growth and fecundity in TIPS versus WT and
P106S plants and in competition with crops. Additionally, investigation into the
metabolic profile of the shikimate pathway in TIPS plants could reveal (any)

connections between the low tryptophan level with the resistance cost.

5) Survey for other EPSPS double mutations in Malaysia

In Malaysia, glyphosate resistance in E. indica is widespread, with some
populations having high resistance levels far exceeding the level conferred by a
P106 mutation (Chuah, 2013). Additionally, the occurrence of another P106
mutation (P106T) in a Malaysian E. indica population has been reported before
(Ng et al., 2004). Combining these two factors, it is possible that other double
mutations, such as TIPT and/or TIPA could have evolved in other E. indica
populations in Malaysia as a result of intense glyphosate selection pressure. A
survey focusing on highly resistant E. indica populations in Malaysia may reveal
the frequency of TIPS or other possible EPSPS double mutations.

6.4 Conclusion

In summary, this research has revealed the evolution in an E. indica population
of multiple resistance across three non-selective herbicides (glufosinate, glyphosate and
paraquat), and some ACCase-inhibiting herbicides (fluazifop-p-butyl, haloxyfop-p-
methyl and butroxydim). This is a remarkable example of evolution in action in E.
indica in response to unsustainable use of valuable herbicides. A breakthrough of this
research is demonstration of the ability of E. indica to acquire high resistance to
glyphosate by evolution of a TIPS double mutation in the EPSPS gene. Through
comprehensive biochemical and molecular approaches, the study on glyphosate
resistance provided insights into the evolution of the TIPS double mutation. This is a
valuable addition to the literature on glyphosate resistance mechanisms. In practice, the
knowledge gained in this research could help in future weed management in combating
multiple resistance, especially in E. indica. With no likely introduction of new herbicide
modes of action in the near future, it is essential to sustain precious herbicides by
minimising selection pressure through diversification and integration of weed control

tactics.
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Summary

An Eleusine indica population was previously reported
as the first global case of fieldevolved glufosinate
resistance. This study re-examines glufosinate resis-
tance and investigates multiple resistance to other her-
bicides in the population. Dose-response experiments
with glufosinate showed that the resistant population
is 5-fold and 14-fold resistant relative to the suscepti-
ble population, based on GRsy and LDy R/S ratio
respectively. The selected glufosinate-resistant subpop-
ulation also displayed a high-level resistance to glypho-
sate, with the respective GRe and LDy R/S ratios
being 12- and [44-fold. In addition, the subpopulation
also displayed a level of resistance to paraquat

and ACCase-inhibiting herbicides fluazifop-P-butyl,
haloxyfop-P-methyl and butroxydim ACCase gene
sequendang revealed that the Trp-2027-Cys mutation is
likely responsible for resistance to the ACCase inhibi-
tors examined. Here, we confirm glufosinate resistance
and importantly, we find very high-level glyphosate
resistance, as well as resistance to paraquat and
ACCase-inhibiting herbicides. This is the first con-
firmed report of a weed species that evolved multiple
resistance across all the three non-selective global her-
bicides, ghifosinate, glyphosate and paraquat.

Keywords: herbicide resistance, Indian goosegrass,
non-selective herbicides, fluazifop-P-butyl.

Jaatupin A, Yu Q & Powres SB (2015). Multiple resistance across glufosinate, glyphosate, paraquat and
ACCase-in hibiting herbicides in an Eleusine mdica population. Weed Research 55, 82-89.

Introduction

Eleusine indica (L.) Gaertn. (Indian goosegrass), one
of the world's worst weeds (Holm et al., 1977), is a
very competitive and cosmopolitan spedes. Eleusine
indica is fecund, found across a range of soils and
temperatures  (Nishimoto & McCarty, 1997) and
infests a wide range of crops including cotton, maize,
upland rice, sweet potatoes, sugarcane and
many fruit and wvegetable orchards (Holm er al.,
1977), causing major crop yield loss (Lourens ef al.,
1989).

In tropical countries such as Malaysia, E. indica
infestation occurs mostly in field crops areas, fruit and
vegetable orchards, nurseries and young palm oil plan-
tations. Eleusine indica has been shown to affect crop
growth, cause yield loss and increase the inddence of
plant disease such as Phytophihora spp. (Chee et al.,
1990; Teng & Teo, 1999). Control of E. mdica is
mainly with herbicides, but over-rehance on herbiades
has resulted in resistance evolution in this spedes in at
least eight countries (Heap, 2013). This includes resis-
tance to dinitroaniline herbicides (Mudge et al., 1984),
acetyl coA carboxylase (ACCase)-inhibiting herbiddes

Carespondence: Qin Yu, Awstralian Herbickle Resistance Imtative, School of Plant Biclogy, University of Wesemn Australia, Crawley,
WA 6009, Awstralia. Tel: (4 61) 8 6488 7041; Fax: (4 61) 8 6488 7834; Email: ginyu@uwa edusu
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(Leach et al., 1993; Osuna et al., 2012), the acetolac-
tate synthase (ALSpinhibiing herbicide imazapyr
(Valverde et al., 1993). the glycine herbicide glyphosate
(Lee & Ngim, 2000), the bipyridilium herbickle para-
quat (Buker etz al., 2002), photosystem II inhibitors
(Brosnan et al.. 2008), and most recently, the ghita-
mine  synthetase-inhibiting  herbicide  glufosinate
(Chuah et al.. 2010; Jalaludin et al., 2010).

Glyphosate and its alternative, glufosinate, are two
of the most important herbiades globally. Glyphosate
was initially used in Malaysia to control E. indica and
other weeds in fallows. nurseries and to remove ground
cover vegetation in plantations. Over-reliance on
glyphosate was a strong selection pressure and glypho-
sate resistance in E. indica quickly evolved (Lee &
Ngim, 2000). Now. many £E. indica populations have
been identified as glyphosate resistant {Ng et al.. 2003,
2004; Kaundun et al. 2008). In response to glypho-
sate-resistant evolution in E. indica, high glufosinate
usage has occurred. In 2010, the first case of glufosi-
nate resistance was reported in a Malaysia E. indica
population Jalaludin er al., 2010). Prior to glufosinate
usage, this resistant population had a field history of
paraquat, fluazifop-P-butyl and glyphosate treatment.

At the same time, another Malaysian E. indica pop-
ulation was reported to be resistant to glufosinate and
paraquat (Chuah er al., 2010). Subsequently, glufosi-
nate resistance and multiple resistance to glufosinate
and glyphosate have been reported in Lolum perenne
L. populations in Oregon, USA (Avila-Garaa &
Mallory-Smith, 2011; Avila-Garcia er al., 2012). The
objective of this study was to characterise the glufosi-
nate-resistant  population of E. indica following the
preliminary study by Jakludin e al. (2010) and
evaluate for possible multiple resistance to a range of
herbicides with different modes of action.

Materials and methods

Plant material

The glufosinate-resistant (R) E. ndica population used
mn this study was preliminarily described (Jalaludin
et al., 2010). A glufosinate-susceptible population was
originally provided by T S Chuah, and a subset of this
population that was confirmed to be susceptible to all
herbicides examined in this study was generated and
used as the herbicide susceptible (S) population.

Glufosinate dose-response

Elewsine indica seeds were germinated on water=solidi-
fied 0.6% agar containing 0.2% potassium nitrate
(KNO;) (Ismail et al., 2002). After 4-7 days, seedlings

© 2014 Ewopean Weed Research Sodety 5§, 82-89
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were transplanted into pots (18 cm diameter with 15~
20 seedlings per pot) and kept in a glasshouse during
the normal summer growing months (January to
March) with average temperatures of 30/20°C (day/
night), and 15-h photoperiod under natural sunlight
Al the 3-5 leaf stage, seedlings were treated at various
rates of glufosinate (0, 20.6, 41.3, 825, 123.8, 2475,
495, 1485, 1980, 3960 and 7920 g a.i. ha™ ") (Basta,
200 g a.i. L8 Bayer CropScience), using a cus-
tom-built, dual nozzle cabinet sprayer delivering herbi-
cide at 118 Lha=' at 210 kPa, with a speed of
Ims ' After herbicide treatment, plants  were
returned to the glasshouse. The pots were arranged in
a compltely randomised block design with at least
three replicate pots per herbidde rate. Visual assess-
ment for resistance (R) and susceptibility () was made
21 days after treatment. Plants were considered as R if
they are actively growing or tillering. while S plants
were dead. Above-ground shoots were harvested and
dried in oven (65°C) for 3 days for dry-weight mea-
surements.

Additionally, six mdividual plants surviving 1485
and 1980 g a.i. ha ' of glufosinate were allowed to
grow together to produce seeds (E. indica is a self-
pollinated species), and the progeny was designated as
selected glufosinate-resistant subpopulation (referred as
R*). This subpopulation was tested again for glufosi-
nate resistance and used for subsequent experiments.

Glyphosate dose-response

Seed germination and seedling growth were the same
as described above for glufosinate experiments.
Glyphosate rates at (0, 33.8, 67.5, 100, 135, 170, 200,
540, 1080, 4320, 8640. 12 960, 17 280 and 25 920 ¢
ae ha! {Roundup Attack with 1Q inside, 570 g a.e.
L', SL: Nufarm Australia) were used.

Paraquat dose-response

Seed germination was carried out as described earlier.
After transplanting into pots, the seedlings were grown
in & controllad environment room with alternating
temperatures of 30/25°C (day/might). 12-h photoperiod
with light intensity of 400 ymol m™*s™' and 75%
humidity. At the 3—4 leaf stage, the plants were treated
with paraquat at 0. 47. 94. 188, 375, 750, 1500 and
3000 g ai. ha' (Gramoxone, 250 g a.i. L', SL; Syn-
genta Crop Protection).

Herbicide single-rate test

In this experiment, germinating seedlings were trans-
planted to trays (50-60 seedlings per tray with two to
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four trays per herbidde treatment) and kept in a glass-
house with daymight temperature of 30/25°C under
natural sunlight. Single discriminating or label rates of
ACCase-mhibiting herbicides fluazifop-P-butyl, 210 g
a.i. ha™' (Fusilade Forte, 128 g a.i. L', EC Syngenta
Crop Protection), haloxyfop-P-methyl, 60 g a.i. ha™
(Verdict 520, 520 g ai. L', EC: Dow Agrosciences
Australia). ckthodim, 100 g ai ha~' (Select, 240 ¢
ai. L7, EC; Sumitomo Chemical Australia), butroxy-
dim, 100 g a.i. ha™' (Falcon, 250 g a.i. kg'. WG, Nu-
farm Australia) and sethoxydim, 230 g ai. ha™!
(Sertin 186 EC, 186 g a.i. L™, EC; Bayer Crop-
Science). and the ALS-inhibiting herbicide imazapyr,
50 ¢ ai ha~' (Arsenal. 250 g ai. L', SC: Nufarm
Australia) were used for resistance screening.

Statistics

The herbicide rate causing 50% mortality (LDg,) or
reduction in growth (GR <) was estimated by non-lin-
ear regression analysis using Sigma Plot ® software
{version 12.0, SPSS. Chicago, IL, USA). The data were
fitted to the three parameter logistic curve model:

g a
¥ —'+('Eb:)" (1)

where a = upper limit, EDg, = estimated dose causing
50% response (LDs, or GRg) and b = slope around
ED<g. The LD and GRe values of the susceptible
and resistant biotypes were used to alculate the R/S
ratio of the resistant population. There were several
pilot trials prior to final herbicide dose-response exper-
iments, which contained at least three replicate pots
per herbicide rate. Each dose-response experiment was
repeated at least twice with similar results, and there-
fore, only results from a single experiment were pre-
sented for each dose-response.

ACCase gene sequencing

Genomic DNA was extracted from the leaf tissue of
surviving plants from R* population and susceptible
plants from S population according to Yu et al.
(2008). Published primers (Osuna et al., 2012) used to
amplify two plastidic ACCase gene fragments in which
point mutations known to confer ACCase herbiade
resistance in plants have been identified (Délye &
Michel, 2005; Powles & Yu, 2010; Beckie & Tardif,
2012). The PCR was conducted in a 25 pl volume
that consisted of 1-2 pL containing 50-100 ng of
genomic DNA, 0.5 pm of each primer and 12.5 pL of
2x GoTaq Green Master Mix® (Promega, Madison,
WI. USA). The PCR was run with the following

profile: %4°C for 4 min; 40 cydes of 94°C for 30 s,
58°C (annealing temperature) for 30s and 72°C for
I min; followed by a final extension step of 7 min at
72°C. The PCR product was purified from agarose gel
with Wizard® SV Gel and PCR Clean-up System (Pro-
mega) and sequenced by commerdal services. All
sequence chromatograms were visually checked for
quality and consistency before sequences were assem-
bled and aligned.

Results

Glufosinate resistance

As expected, the S plants were well controlled with
glufosinate (Fig. 1). In contrast, much higher rates of
glufosinate were required Lo cause substantial mortality
for resistant (R and R*) plants. The plants became
dark grey from the middle of the leaves to the leaf tp,
almost burnt-like, with slight walting, 24 h after treat-
ment. The damaged area then extended in the basipetal
direction, dewveloping necrosis over 14 days. turning
wilted leaves from yellow into brown. While the §
plants die, the R and R* plints were observed to
recover and grow agam, 2 weeks after treatment. The
glufosinate LDso for the R population was 820 g ha ™'
as compared with 58 gha™' for the S population
(Table 1), giving a LDg R/S ratio of 14. This is
slightly higher than the previously reported LDsy R/S
ratio of 7.6 (Jalaludin et al., 2010). The difference may
be due to different susceptible populations and experi-
mental conditions used in the two studies. The glufosi-
nate GRg for R population was found to be
156 g ha=', which was about 5-fold greater than for

ya
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Fig. 1 Glufosinate dose-response for survival of the susceptibke

(S) population and resistant (R) populations of Elewvine indica.
Data were collected at 21 DAT.
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Table 1 Parameter estimates for Jogsitic analysis of glufosnate, gyphosate and paraquat dose-response survival data for the susceptible

(S) and resistant (R) Eleusne indica populations

X = LDyy R RIS ratio

Population a b (g a.i. ha™"} (coefficient) of LDy
Glufosinate dose-response

s 100.00 (0) 5.71(0.23) 58 (0.81) 0.99

R 100.00 (0} 2.42 (0.37} 820 (85.6) 0.93 14

1R 100.00 (0) 2.3(0.25) 1278 (63.9) 0.99 22
Glyphosate dose-response

s 100.00 (0) 15.28 (1.71) 148 (1.81) 0.98

1A 100.00 (0} 0.99 (0.1) 21 274 (1773) 0.98 144
Paraquat dose-response

) 100.00 (0} 3.76 (0.66) 98 (23.6) 0.97

1R 100.00 (0) 1.5(0.2) 292 (27.9) 0.94 3

Standard errors are in parentheses.
tR* refers to the selected glufosinate-resitant subpopulation.
$R* Glyphosate LDy, & in g ae. ha™.

the S population {Table 2). The selected R* population
(the progeny of plants surviving glufosinate rates of
1485 and 1980 g ha™ ') was only about 2-fold more
resistant to glufosinate relative to the original R popu-
lation (Fig. 2A, Tables 1 and 2), indicating the glufosi-
nate-resistant subpopulation is still segregating.

Glyphosate resistance

As expected. the S population was susceptible to
glyphosate, with 100% mortality at the glyphosate rate
of 200 gha~' (Fig. 2B). However. the glufosinate-
resistant subpopulation R* was found to be highly
resistant to glyphosate, requiring an extremely high
rate (25920 gha ') to cause substantal mortality
(Fig. 2B). Based on the LDg, R/S ratio, the R* popu-
lation was more than 44-fold resistant to glyphosate
(Table 1). While the R* plants survived high glypho-

sate doses, their growth was affected. The GR« for
the R* and S populations were 481 and 41 g ha™’,
respectively, resulting in the R* population being 12-
fold more resistant than the S population (Table 2).
Therefore, in addition to glufosinate resistance, this R*
population had a high level of glyphosate resistance.

Paraquat resistance

The S population was, as expected, well controlled by
paraquat at 375 g ha™', whereas control of the R pop-
ulation required higher rates (Fig. 2C). Both § and R*
plants displayed rapid desiccation and necrosis follow-
ing treatment. Similar to glufosinate-treated plants, the
R* plants recovered 2 weeks after treatment, while the
S plants died. Based on the LDy or GRey R/S ratio
(Tables 1 and 2). paraquat resistance in the puri-
fied glufosinate-resistant population was confirmed.

Table 2 Parameter estimates for logsitic analysis of glufosinate, glyphosate and paraquat dose-response biomass data for the susceptible

(S) and resistant (R) Elewsine indica populations

X5 = GRy, R RIS rstio

Population a b (g ai. ha™ "} (coefficient of GR.,
Glufosinate dose-response

s 100.00 (0} 2.23 (0.36) 31(2.3) 094

R 100.00 (0) 1.36 (0.17) 156 (17.4} 098 5

1A 100.00 (0} 1.25 (0.25) 325 (37.1} 088 1n
Glyphosate dose-response

s 100.00 (0} 1.7 (022) 41 (3.86) 092

1R 100.00 (0) 0.88 (0.09) 481 (55.6) 095 1s
Paraqusat dose-response

s 100.00 (0} 3.22 (0.72) 52 (3.1} 095

1A 100.00 (0} 1.84 (0.29) 105 (8.4) 0.96 2

Standard errors are in parentheses.
tR* refers to the selected glufosinae-resstant subpopulation.
$R* Glyphosate GRy, 8 in g ae. ha™"
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Fig. 2 Survival response of the susceptible {cksed circle; o) and
selected glufosinate-resstant (opened circle;0) R* subpopulations
of Eeusine indica to glufosinate (A), glyphosate (B) and paraguat
(O treatment. Data were collected at 21 DAT. Glyphosate rates
aremgae ha’

albeit at a low level (2- to 3-fold m relation to the
used rate).

Resistance to ACCase-inhibiting herbicides

All ACCase herbiades examined (Table 3) caused
100% mortality in the S population at the respective
rates used. However. there was about 50% of the R*
population surviving haloxyfop-P-methyl. fluazifop-P-
butyl or butroxydim. In contrast, the R* population
remained susceptible to sethoxydim, clethodim and
imazapyr (Table 3).

Table 3 Percentage survival of the susceptible ($) and selected
gufosinate-resstant { R*) subpopulations of Hewine indica
21 days aflter treatment with vanous herbicides

Mesan % sur-
vival
Herbicide S R*
ACCase inhibitor
Fluszifop-P-butyl (210 g a.i. ha™") 0 47
Heloxyfop-P-methyl (60 g &.i. ha™"} 0 51
Sethoxydim (230 g &i. ha™"} 0 0
Clethodim (100 g &.i. ha™") 0 0
Butroxydim {100 g &.i. ha™"} 0 49
ALS inhibitor
Imazapyr (50 g &i. ha™"} 0 0
ACCase gene sequencing

The plastidic ACCase gene sequences from a total of
nine individual plants surviving fluazifop-P-butyl or
butroxydim were analysed in comparison with those of
the susceptible plants. The primer pair ELEINI781F)
ELEINI78IR (Osuna et al., 2012) amplified a 600 bp
DNA fragment covering the known mutation site 1781,
and the primer pair ELEIN2027ff ELEIN2027r amplified
an 832 bp fragment with the known mutation sites 1999,
2027, 2041, 2078, 2088 and 2096. Sequence alignment
revealed an amino acid substitution of Trp-2027-Cys in
Rindividuals, resulting from a G to T change at the third
position of the Trp codon (TGG). The same mutation
was ako recently found in several other fluazifop-resis-
tant E. indica populations in Malaysia (Cha et al.,
2014). Generally, this mutation has been known to
confer resistance to ACCase-inhibiting aryloxyphenoxy-
propionate herbicides (e.g. didofop-methyl, fluazifop-P-
butyl. haloxyfop-P-methyl) (Délye, 2005; Powles & Yu,
2010). However, it also confers resistance to ACQCase-
inhibiting cyclohexanedione herbicides, for example
tralkoxydim in wild oats (Liu et al., 2007). As the fre-
quency of resistance to haloxyfop-P-methyl, fluazifop-P-
butyl and butroxydim is dose to each other (around
S0%, Table 3), it is very likely that the Trp-2027-Cys
mutation confers resistance to these three herbiades.
Thus, this is the first case associating the Trp-2027-Cys
mutation with butroxydim resistance at the rate used.

Discussion

In this study, we confirmed the prdiminary report
on the evolution of resistance to glufosinate in a
Malaysian E. indica population (Jalaludm et al., 2010).
The level of glufosinate resistance determined for this
population was modest (5- and 14-fold. based on GR4,
and LDg,, respectively), which is similar to the
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glufosinate-resistant E. indica population reported by
Chuah et al. (2010) (GR<, R/S ratio 3.4). and slightly
higher than glufosinate-resistant Lolium perenne popu-
lations in Oregon, USA (GR g, R/S ratios between 2.2—
2.8) (Awvila-Garcia & Mallory-Smith. 2011; Avila-Gar-
aa et al., 2012). The level of paraquat resistance in this
population was also similar to that observed in a
glufosinate- and paraguat-resistant Malaysian E. indica
population (Chuah et al., 2010). It is worth noting that
usually GR<, R/S ratios are more variable than LDg,
ratios, due to variations in growth conditions and
especially, the length of experiments. In this sense,
LD<, R/S ratios would be the better option for com-
paring results across research groups.

Currently, documented glufosinate resistance evolu-
tion is confined to a few E. indica (Chuah et al.. 2010;
Jalaludin et al., 2010) and L. perenne populations
(Avila-Garaa & Mallory-Smith, 2011; Awila-Garcia
et al.. 2012), and all exhibit low to moderate levels of
glufosinate resistance. Few resistance mechanisms stud-
ks have been undertaken. In resistant L. perenne popu-
lations, the resistance mechanism in one population was
non-target-site based (Avila-Garcia & Mallory-Smith,
201 1), while in another population it was due to a tar-
get-site mutation in the glutamine synthetase gene (Avi-
li-Garcia et al., 2012). We have commenced ghufosinate
resistance mechanism studies with this population.

Importanty. in addition to glufosinate resistance,
individuals in this E. indica population were also
highly resistant to glyphosate (Fig. 2B; Tables 1 and 2).
Resistant plants survived very high glyphosate rates
but suffered growth reduction, resulting m an R/S
LDg, ratio (144) much higher than the R'S GR ¢, ratio
(12). The R/S ratios based on survival and plant bio-
mass were both higher than any previously reported
evolved glyphosate resistance in any wead species (Lee
& Ngim, 2000; Baerson et al., 2002; Culpepper e al..
2006; Mueller et al., 2011; Gaines et al, 212). As is
discussed above, we consider the LDg, value is more
accurate and meaningful in describing resistance levels,
because it is less affected by experimental conditionals
{¢.g. harvest time, growth competition) as compared
with the GRq, value. Nevertheless, the large difference
in the RS LDs and GRso ratio obtained for glypho-
sate response in this E. indica population indicates that
the potential glyphosate resistance mechanism(s) may
meur fitness cost in the presence of herbicide. This
unusually high-level glyphosate resistance needs inves-
tigation. A few possible mechanism(s) are (i) 2 new tar-
get-site EPSPS  mutation. (i) multiple EPSPS
mutations and (m) accumulation of several known
glyphosate resistance mechanisms (eg. EPSPS gene
mutztion or amplification, reduced glyphosate translo-
cation or enhanced sequestration). We have initiated
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studies to reveal the mechanistic basis of this very high
level of glyphosate resistance.

Multiple resistance in E. indica has been reported
previously. These multiple resistance cases encompass
at most, two different herbicide groups at any one
time, for exampk fAuazfop-P-butyl and glyphosate
(Heap, 2013) or glufosinate and paraquat (Chuah
et al., 2010). However, the current study is the first
case where multiple resistance across four dissimilar
herbiade groups. glufosinate, glyphosate, paraquat
and ACCase inhibitor herbicides, is present in a single
E. indica population. This is likely related to the herbi-
cide selection history of this population (involving
application of at least paraquat, fluazifop-P-butyl,
glyphosate and up to 12 glufosinate applications per
year). As resistance to glyphosate, paraquat and
ACCase-inhibiting herbiades was detected from a
purified glufosinate-resistant subpopulation, it is very
likely (although not examined) that multiple resistance
is also displayed at the individual level. Multiple resis-
tance to glyphosate, paraquat and ACCase-inhibiting
herbiades in individual plants has been documented in
Lofum rigidum L. due to accumulation of multiple
resistance mechanisms (Yu et al., 2007). This is the
first global report of a weed species with evolved resis-
tance across all three of the workd's non-selective her-
bicides (glufosinate, glyphosate and paraquat). It is an
unavoidable consequence of the selection pressures
resulting from over-reliance on herbicides for weed
control. Herbicides should be used wisely (¢.g. in rota-
ton or mixture) and in combinaton with other non-
chemical control options.

In summary, we have confirmed in an E. indica
population the first case of multiple resistance across
the three non-selective herbicides. glufosinate, glypho-
sate and paraquat. The same population also showed
target-site resistance to ACCase-inhibiting herbiades,
likely due to the Trp-2027-Cys mutation. The evolu-
tion of multiple resistance to herbicides across four dif-
ferent modes of action in this resistance-prone spedes
is worrying, as it threatens the workl's most important
herbiade (glyphosate) and its alternatives (glufosinate,
paraquat) and results in greatly reduced herbicide
control options for the grower. Although other AC-
Case-or ALS-inhibiting herbicides (eg. sethoxydim,
clethodim, imazapyr) still provide effective short-term
control options, in the long run, additional diversity in
weed control must be added. to limit seed set of
resistant E. indica plants.
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Evolution of a Double Amino Acid Substitution in the
5-Enolpyruvylshikimate-3-Phosphate Synthase in
Eleusine indica Conferring High-Level

Glyphosate Resistance'

Qin Yu, Adam Jalaludin, Heping Han, Ming Chen, R. Douglas Sammons, and Stephen B. Powles*
Australian Herbicide Resistance Initiative, School of Plant Biology, University of Western Australia, Westem Australia
6009, Awstralia (Q.Y,, AJ, HH, SBP); and Monsanto Company, 5t. Louis, Missouri 63167 (M.C., RD.S.)

Glyphesate & the most important and widely wed hebicide in world agriculture. Intensive glyphosate selection has resulted in
the widespraad evolution of %M-mhm weed populations, threatening the sustanability of this valuable once-dn-a-
century agrochemical. Field-evolved glyphosate resistance due to known nesistance mechanisms is generally low © modest
Here, working with a highly gl;phube—msism Elusine mdva population, we identified a double amino acid substitution
(T1021 + P106S [TIPS) in the apyruv ykhikimate-3-phosphate s se {EPSPS) gene in glyphosate-resistant individuals
This TIPS mutation recreates the biotechnology-engineered commercial first generation glyphosate4olerant EPSPS in com (Zea
mays) and now in other crops In E. mdya, the naturally evolved TIPS mutants are highly {more than 180-fold) resistant to

lyphosate companad with the wild type and more resistant {(more than 32-fold) than the previoudy known P106S mutants. The

.. mdicn TIPS S showed v }nk';rrlwel {2.647-fold) in vitro resistance to glyphosake mlative to the wild type and 5 mone
resistant (600-fokd) than the P106Svariant. The evolution of the TIPS mutation in crop fiekds under glyphosate selection & likely a
sequential event, with the P1065 mutation being selected first and fixed, followed by the T1021 mutation to create the highly
resistant TIPS EPSPS. The sequential evolution of the TIPS mutation endowing high-level glyphosate msistance is an important

mechanism by which plants adapt to intense herbicide selection and a dramatic example of evolution in action.

Maodem herbicides make major contributions to global
food production by easily removing weeds while main-
taining sustainable soil canservation practices. However,
persistent herbicide selection of huge weed numbers
across vast areas has resulted in the widespread evolution
of herbicideresistant weed populations. Worldwide, there
are currently more than 449 unique cases of herbicide
resistance, with about 11 new cases reported annually, on
average (Heap, 2015). Target site resistance due to target
gene mutation is one of the major mechanisms enabling
resistance evolution (Gressel, 20(2; Powles and Yu, 2010).

The most important and globally used herbicide in
crop fields is glyphosate (Duke and Powles, 2008).
Glyphaosate disrupts the shikimate pathway by specifically
inhibiting 5-enolpyruvykhikimate-3-phosphate  synthase
(EPSFS; Seinnicken and Amrhein, 1980). Glyphosate re-
sistance was initially considered tobe unlikely to evolve in
natwe based on the facts that intentional selection for
glyphosate tolerance using whole plants and cell/tisaue
culture was unsuccessful, and laboratory-generated

! Tris wark was supparted by the Grains Research and Develop
ment ation of Australis and the Awstralian Research Coundl
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saibed in the Istructions for Authars (www plantphysiolorg) &:
Sephen B. Fowles ( les@uwa.eduau).

wwwplantphysiolorg/cgi/dai /10.1104/pp 1500146

highly resistant EPSPS mutants displayed undesirable
erzyme kinetics (Bradshaw et al, 1997; for review, see
Pline-Smic, 2006). This seemed to be true, as resistance
was not found during the fust 15 years of glyphosate
use, primarily as a nonselective herbicide. However, un-
precedented intersive glyphosate use for controlling large
numbers of weeds over massive areas, especially after the
introduction of glyphosate-resistant transgenic aops, im-

high selection pressure on weeds, resulting in the
evalution of glyphosate resitance in ulations of 32
weed species (Heap, 2015). Since the furst identification of a
resisance-endowing EPSPS point mutation, P106S, in a
glyphosate-resistant Ebusine indica population (Baerson
et al., 2002), several other resistance-endowing single-
amino add substitutions at P106 (P106T, PI06A, and
P106L) have been reported in glyphosate-resistant weeds
(eg- Ngetal, 2004; Yuet al, 2007, Kaindun et al, 2011;
for review, see Sammons and Gaines, 2014). These single-
codon EFSPS resistance mutations only endow low-level
glyphosate resistance (2- 1o 3-fold the recommended rates).
This is not surprising, because glyphosate is a competitive
inhibitor of the second substrate, ol py ruvate
(PEP;, Boocock and Coggins, 1983), and is considered a
transition state mimic of the catalyzed reaction course
{Schéonbrunnet al,, 2001). Indeed, highly glyphosate-
resistant EFSPS variants {e.g. mutants at G101 or T102)
have greatly increased K, values (decreased affinity) for
PEP when in Escherichia coli (Eschenburg etal.,
2002; Funke et al,, 2009; for review, see Sammaons and

4D Plaw Physiilps®, Aord 15 Vol 167, pp. 1450140, www.plastphyiad ary © 015 Amescan Soxiety of Plint Bobogists. AN Rights Rasrved
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Gaines, 2014). In contrast, P106 subdtitutions confer weak
glyphosate resistance but preserve adequate FPSPS func-
tionality (Healy-Fried et al., 2007; for review, see Sammans
and Gaines, 2014). Aside from P106 EFSPS gene muta-
tions, there are other glyphosake resistance mechanisims,
including EPSPS gene amplification and nontarget-site
reduced gly translocation/nontarget-dte increased
vacuole sequestration (Lorraine-Colwill et al., 2002; Gaines
et al,, 2010; Ge et al,, 2010; for review, see Powles
and Preston, XX)6,S1ane 2009; Powles and Yu, 2010;
Sammons and Gaines, 2014). Genenlly, each of these
mechanisms endows moderate-level (4- to 8-fold the re-
commended rates) glyphosate resistance.

Low-level glyphosate resistance due to the EPSPS P106
mutations was reported in Malaysian E. mdica (Baerson
etal, 202; Ngetal, 2004). Recently, we reported a highly
{mare than 10-fold the recommended rates) glyphosate-
resistant Malaysian E. mdica population (Jalaludin et al,
2015). This paper investigates the high-level glyphosate
resistance in this population, and is, to our knowledge,
the first to reveal the tial evolution of a double
amino acid substitution in EPSFS.

RESULTS

EPSPS Gene Sequencing Revealed a Double Amino Acid
Substitution in EPSPS

To identify the basis of very high-level glyphosate
resistance, a 301-bp EPSPS DNA fra teow the
highly conserved region NAGTAMRPL'®) of the
EPSPS gene was analyzed from 43 resistant plants. These
resistant individuals were found to have the known
weak resistance mutation at codon 106 (CCA to TCA),
but im y, ako d'splay a very rare mutation at
codan 12 (ACT to ATT). Therefare, in this naturally
evolved, highly glyphosate-resistant E. indica population,
there are two resistance-endowing FPSPS amino add
substitutions, TIO2I and P106S. Cloning of the EPSPS
complementary DNA (cDNA) fragment covering the 102
and 106 codons from resistant individuak revealed the
two mutations were always present in the same EPSPS
gene fragment, confirming the double amino acid sub-
stitution in a single EPSPS allele. This double amino acid
substitution, TI102I + P1045, is hereinafter referred to as
the TIPS mutation Based on the sequence information
obtained, derived deaved amplified polymaorphic sequence

Evolution of 3 Highly Glyphom ®-Resistant EPSPS in Eleusine indam

(dCAPS) markers for the T102I and P106S mutations were
developed (Supplemental Fig. 51). Analysis by the dCAPS
markers and s of 19 individuals {untreated) in
the resistant population (Table I) revealed that 4% of the
individuals are resistant mutants and 16% are the wild
type. Only a very small percentage (1.6%) of the plants
analyzed were mutants for the TIPS mutation
(referred to as the RR genotype), about 3% were homo-
zygows solely for the P10 mutation (rr), and nearly one-
half were the resistant mutants of Rr. Importantly, neither
the single TI02I mutants, heterozygous P1065 single
mutants (r/wild type), nor heterozygous TIFS mutants
(R/wild type) were found from the samples analyzed.
Therefore, only three alleles (R, r, and the wild type)
were found in the samples examined, and the

of the mutant TIPS allele (R) is only one-half of the P1045
alkle (r). To better understand the resistance allele fre-
quencies, a more detailed analysis of the field population
together with herbicide histories & needed. The full
EPSPS ¢cDNA sequences (1,338 bp) were compared
amaong individuak of the wild type, P1065, and the TIPS
mutant (GenBand accession no. KMO78728). Except for
the single-nucleotide polymorphisms at the 102 and 106
codons, there was only one single-nucleotide polymor-
phism that resulted in an amino acid change, a P38l in
wild-type individuals, but an 1381 in mutant individ-
uals. However, blast results showed that this amino add
residue is not conserved in plant EPSPS, and the P381L
mutation has been previously proven to be irelevant to
glyphosate resistance in E. indica {Baerson et al, 2002).

Plants Homozygous for the TIPS Mutation Displayed
High-Level Glyphosate Resistance

To chamcterize the glyphosate-resistant genotypes,
from within the resistant population, we produced three
purified subpopulations with individuals homozygous
for the wild type, P106S, and TIPS EFSPS, respectively,
and conducted detailed glyphosate dose response stud-
ies. To examine the possible involvement of any other
glyphosate resistance mechanisms in these purified
subpopulations, an herbicide-susceptible (S) E. indica
population was also included as a further reference. The
S and wild ulations were found to be identically
fully susceptible to glyphosate (Table II; Figs. 1, Aand B
and 2) indicating no major additional glyphosate resis-
tance mechanisms present in the purified subpopulations.

Table I. Genotype and ailele frquencics determined for 193 E. indica individuals by the dCAPS method
deveioped for the T1021 and PI0ES mutations (see Supplemental Fig. S1)

Genotypes  No. of Indaddak Dovcnd  Ganodype Fraguescy Allios Alodo Frogency
% %

RR 3 146 1021 106S (R} 26

g 65 34 TI02:1065¢7) 58

Wild type 31 16 T102-P106 (wikd type) 16

Rr 94 49

Réwild type 0 0

“wild fype 0 0

Plm Phyaol. Vol 167, D15
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Table 1l. Pammeter estimates of the nonlincar mgmrssion analysis (the logistic 3 parameter modef) of
hedicide rates causing 50% plant monality (LD;,) or gmwth mdudion (GRoy for gfyphosatesusceptibie (S,
EPSPS wild type, and homozygous P1OGS and TIPS EFSFS E indica mutants

< i in pamsntheses,

Cancoype a b X 8 ha' P Vake foe X, RasowSof X,
LD,

s 99.7 (022) 8.7101.61) 142 (13) <0000 1

Wild type 99.7 (022 8.71(1.61) 142(13) <0000 1

P106S 101 {1.78 3.140.78) 798 (29) <0.0001 54

s =>25900 =182
GRyp

S 983 (8.42) 165 0.43) 65 8.0) 0.0013 1

Wild type 978(612) 1.98 0.37) 57 0108) Q0063 .88

P06s 100 (1.96) 1.76 0.12) 173(7.3) <0000 267

TIPS 994 (387 005 (0.08) 2,023 (299 .00OS 3

As expected, the P1065 popubation is only moderately
resistant to glyphosate, with 30% survival at the recom-
mended field rate. Conversely, homazygous TIPS mutant

plm!sweleﬁ)umlmbe ighly gl te resistant, such
that an could not be determined and therefore must
begrm the hi glyphosate rate used (25,900

g ha™; Fig. 1A; Supplementa Fig. 52). Based on the
glyphnsate LD, ratics (Table M), homozygous TIPS
mutants are highly (more than 18)-fold) resistant,
whereas, as ed, homzygnus P106S mutams are
only moderately (5.6-fold) resistant. The homo
TIPS plants, therefore, can tolerate more than 20-ﬁold
the recommended glyphosate rate of 1,080 g ha '. Al-
though the TIPS mutants survived high gly;hcsauedcaes
their growth was affected (Fig. 1B), resulting in a lower

glyphasate GRg, ratio than the LDk, ratio (Table II).

TIPS Encodes a Highly Glyphosate-Resistant EPSPS

To further characterize the TIPS mutation at the
EPSPS level, the wild-type, P1065, and TIPS E. indica
Senolpymvylshikimate-3-phosphate synthase (EiEPSFS)
were expressed in E. coli, and the activity and herbicide
dose causing 50% in vitro inhibition af the His-
tagged recombinant EiEPSFS vanants were determined
(Table OI). As expected, based on glyphasate ICs, ratics,
the E. coli-expressed P1065 varant is moderately {4.3-
fold) resistant to glyphosate, whereas the TIFS variant is

i (2,647-fold) resistant (Fig. 3; Table III). These re-
1s confirm that TIPS EiEPSFS ially insensitive
to glyphaosate, with an IC,, value of 54 mM, and is
therefore responsible for very high-level glyphosate re-
sistance as observed at the whole-plant level (Fig. 1).
Notably, while incurring no significant es in the K
(PEP), the E coli TIPS varant layed an
activity greatly (16-fold) lower than the
wild type {Table III), indicating a resistance cost at the
enzyme level due to reduced catalytic efficiency.

DISCUSSION

In the biotechnology search for glyphosate-tolerant
crops, various EPSPS double mutations have been

40

Downiazded from waw. gianiphysiai org on March 20, 2015 - P\usneaoy gantorg

Copyright © 201

generated using site-directed mutagenesis and expressed
in E. coli and plants {e.g. Spencer et al, 200; Howe etal,,
2002; Lebrun e al, 2X3; Kahrizi e al, 2007; Alibhai
et al, 2010). The P106 and then later the TIPS mutation
were first found empirically in a mutational screen in
Salmondlasp. (Comai et al,, 1983 Stalker et al., 1985). The
TIPS mutation was engineered into tobacco (Nicofiara
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Figure 1. Chphosate dose response: mortal 2y (A) and dey mass (B) of
susceptinke (S), EPSPS wild fype (WT), and homorygous P106S and
TIPS maeant E. indica.
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tabacur; Arnaud et al, 1998) and field tested for glyph-
osate tolerance (Lebrun e al, 2003). The TIPS EPSPS was
then used to produce the first generation commerdially
successful glyphosate-tolerant transgenic corn (GA21;
Spencer et al, 2XX). Here, we demanstate that this TIPS
mutation has now evolved in nature.

In target site resistance evolution for acetalactate

synthase- and acetyl coerzyme A carboxylase-inhibiting
herbicides, highly resistant yet fit individuak with single
target site mutations are commaon (Vila-Aiub et al., 2000),
as these herbicides have large binding sites in and adja-
cent to the enzyme catalytic site, resulting in contacts
with amino acids that are nonessential for structure or
function (Sammons et al., 2007; Powles and Yu, 2010).
The most dramatic example is the multiple (more than
10) different amino add substitutions at P197 in acelo-
lactate synthase (Tranel and Wright, 2002; Tranel et al,,
2015). The transition state inhibitor designation for
glyplnsabemnes from the observation that PEP contacts
17 amino adds resporsible for catalysis, which neces-
sarily prevents any substitutions of these essential amino
acids (Schonbrunn et al, 2001). The P106S EFSFS pro-
vides relatively kow glyphosate resistance (Arnaud et al.,

1998), whereas the T102I EPSFS alone endows hi@-hml
resistance, but with drastically decreased ity for the
second substrate, PEP (Kishore et al., 1992 Funke et al,,
2009). The cancomitant mutations at the 106 and 102
codons are merely adjacent to the active site and together

Evoluton of 2 Highly Glvphom ®-Resistant EPSPS in Elessine indim

Figure 2. Ghphosate dose msponse
of susoptible (5, EPSPS wild fpe
MWT), homozygous PGS, and ho
mazrygous TIPS mutant £ indica.

make very small fractional Angstrom modifications
structurally to the EPSPS active site, therefore selectively
impacting glyphosate binding more than PEP (Funke
etal,, 2009). Hence, the TIPS mutation endows high-level
glyphosate resistance with acceptable affinity for PEP.

Multiple mutations of a single-pesticide target site
gene are known in adaptive evolution of fungicide or
insectidde resistance (Brunner et al, 2008 Kamsov et al.,
2010). Accumulation of multiple mutations in a single
allele in insects and fungi can be achieved via intragenic
recombination between preexisting resistant alleles in
natural populations, in response to increased selective
pressure (Mutero et al, 1994; Brunner et al., 2008).
However, this is unlikely to occur in E. indica, as the
singlexodon mutation TI02I was not detected in the
resstant population, and is therefore unlikely to preexist
in the population. Indeed, the very poor fitness of the
kinetics of the TI02I mutant erzyme {Alibhai et al., 2010)
suggests this mutation would be unfit and even lethal
when obtained alone. This lack of fitness of the T102
mutation explains why this single mutation has notbeen
observed in nature.

The notion that compensatory mutations may require
a particular evolution trajectary to prevent lethal mutants
is discussed by Weinreich et al. {2006), where a series of
five amino acid point mutations providing 100,000-fold
resistance (compared with susceptible counterpans) to
beta-lactamase in a matrix of combinations were studied

Tahle 1L Glyphosate IC ., and EPSPS acthivity, K, (FEP) of E. coli-eapressed E#PSPS vanants
= from the nanlincar regmssion analysis i in parentheses. The parameter estimates for Ko, can be dound in Supplemental Table S2. The 3 for

Foadness of it of the kinetic data (V. and K) 1508 (o = 0.05).

Carctypn Ko Rasio 1o Wild Type PSPV, Raso 10 'Wild Type K, (PEP) Ragio 1o Wild Type
Y nmol P ug* min™' e

Wild type X0 (0.84) 1 28.0 (0.84) 1 1146(1.1) 1

P06s 87 (2.15) a3 27.5 (0.55) 1 10.0 (0 68 0.9

es 52,938 (1206) 2647 1.8 0.04) Q.06 9.8 0.72) 0.8
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Figure 3. Clyphosate dose msponse of E. i exprssed
E. incica EPSPS \arin®s
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1o reveal a defined successful evolutionary pathway.
Here, for the glyphosate-resistant E. indica, our data
suggest that the TIPS evolved sequentially under intense
glyphosate sdection. First, the weak P1065 mutation was
selected, enriched, and reached homozygosity, and then
was followed by the TI02I mutation to create the highly
resistant TIPS EPSPS. This TIPS EPSPS enables plants to
survive high glyphosate rates. Indeed, many glyphosate-
resstant E. indica populations in Malaysia and other
countries have been found to possess mutations at P106
(Baerson et al, 2002; Ng et al, 203, 2004 Kaundun etal,,
2008), and in Malaysia, glyphosate was used frequently
(every month) and continually (5—10 years) at increased

lyphosate rates (0.72-192 kg ha ') to control E. india
(Ng et al,, 204). Therefore, evalution of at least the TIPS
mutation can be from other glyphosate-resistant
E. indica populations in Malaysia and other countries.

Figure 4. Reduced growth of the
homozygous FPSPS TIPS matants,
as compared with the wilkdfype
(WT) and homarygous P106S mu-
tams. . indica plan are 5 weeks
after tansplanting.

144

Will there be other EPSFS double mutations in nahure?
In addiion to the TIPS mutant, varous EPSPS double
mutants at 102 and 106 were intentionally produced and
the kinetics of E. coli-expressed EPSPS variants studied.
Compared with the wild-type and TI0Z mutant alone,
double mutants such as TI02 + P106A, T10A + PI06T, ar
TIEL + P106A also show favorable kinetics comparable
with or even better than TIPS (Alibhai et al., 2010; for re-
view, see Sammaons and Gaines, 2014). As varous amino
acid substitutions at P106 have been identified (e.g. PI06A,
P1065, P106T, or P106L) in glyphosate-resistant weed
spedies (for review, see Sammons and Gaines, 2014), the
evolution and selection for other EPSPS double varants
is also possible where glyphosate selection is intense.

Does the dacreased catalytic effidency of TIPS EPSPS
result in a whole-plant resistance cost due to possible im-
pact on the shikimate pathway? The very low percentage

Punt Piysiol Vol 167, 2005
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(1.6%) of resistant individuals homozygous for the TIPS
EPSPS (RR) as compared with thehlgher perentage (49%)
of resistant individuals of the Rr genotype (Table I) may
suggest: (1) the additional TI02 mutation is a recent event,
and given that E. i is a self-pollinated spedies, ho-
mozygosty at 1(2 can be increased in a ew generalions
and/or (2) a significant resistance cost is assodated with
homazygous TIPS mutants when glyphosate selection is
relaxed. The latier correlates with e measured low cat-
alytic tumover of the E. colf TIPSEEFSPS (V.
in Table III). This decreased catalytic efficiency then
translates to the si tly reduced plant growth (Fig.
4, above-ground ight per plant of the wild type
[4.14 £ 0.24 g], P106S [4.06 £ 034 gl and TIFS [129 *
0.06 g n = 20-25]) and fecundity we have observed for
the homozygous TIPS plants (data not shown). Conse-
quently, RR TIPS mutants are outperformed over time by
Rr TIPS mutants, which may suffer less or little fitness cost
and therefore proliferate in the population. Due to pre-
dominant self pollination in E. mdica, a very low level of
outcressing (if any) between wild-type and homozygous
P10 (rr) mutants may produce a small number of het-
erozygous P106S (r/ wild-type) mutants. However, as
expected, hese individuals are unable to survive the field
orhghe rphosate rates, and hence are selected against.

explain why the r/wild-type mutants were
not demcbai in the resistant population. We have fitness
studies underway with the wild-type, P106S (ir), and TIPS
(RR. Rr) EPSPS mutants. However, if this fitness cost from
decreased catalytic effidency is offset, for instance, by
gene duplication of the TIPS gene as ired for com-
merdal crops (CaJacob et al, 2004), then evolution of
Roundup Readydike E. budim may be expected in nature,
especially in spedes exhibiting EPSFS gene amplification
(for review, see Sammans and Gaines, 2014), where the
tandem repeat nature of the duplication (Jugulam et al,
2014) may fadilitate i tion of the necessary point
mutations, and gene duplication is free of fitness cost
(Vil-Aiub et al, 214).

Therefore, the evolutionary recipe to high-level
glyphosate resistance in weedy plant species under
glyphosate selection may have these primary components:
(1) overexpression of EPSPS, as already in four
weed species with gene duplication; (2) P1065 for T/A)
EPSFS, as doaumented in six weed spedies (for review, see
Sammons and Gaines 2014); (3) acquining the second
EPSPS T102f mutation, as described here for the first time;
and (4) combining with other glyphosate resistance-
endowing mechanisms that would have an additive
impact on the resistance magnitude, as demanstrated in

lyphosate-resistant Loliwn rigidum (Yu et al, 207; Ge
etal, 2012 Nandul et al, 2013).

In summary, this research is, to our knowledge, the first
to repart the evolution of an EPSPS double mutation
(TIPS) conferring very high-level glyphosate resistance in
crop fields. The TIPS mutation mimics the biotechnology-
denved glyphosate-tolerant EPSFS, demonshating that
laboratary and field selection methods are linked. This is a
dramatic manifestation of the power of evolution in action
and how nature responds and adapts to manipulated

Plst Physsol. Vol 167, 015
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Evolution of 3 Highly Glyphom e-Resistant EPSPS in Eleusine indim

environment stresses. This is also a very dear example
that herbicide sustainability demands much greater di-
versity in weed cantrol lactics than reliance on a single
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Supplementary data

Table S1. Primers used in cloning the EiEPSPS gene.

Primers Primer name or purpose Sequence

1 EPSPS EiLFT1 GCG GGC GCG GAG GAG GTG GT
2 EPSPS EiRT1 TTA GTT CTT GAC GAA AGT GCT CAG CACGTC GAAGTAGT
3 For P106S to wild type 5'/SPhos/AAC TGC AAT GCG ACC ATT GAC AGC AGC CGT
EPSPS conversion PCR AACTG
primer R
4 For P106S to wild type 5'/SPhos/CCAGCATTCCCCAAGAAGAGCTGCACCT
EPSPS conversion PCR
primer L
5 For P106S to TIPS EPSPS  5/5Phos/GGA ATG CTG GAA TTG CAA TGC GAT CATTGA
conversion PCR primer  CAG CA
R
6 For P106S to TIPS EPSPS  5"/SPhos/CCA AGA AGA GCT GCACCT CCT CTTTCG CATC

conversion PCR primer L

7 pET19-bEIiEPSPS-F; for ATATCATATG GCGGGCGCGGAGGAGGTG

cloning EPSPS into pET-
19b vector primer L
8 pET19-bEIEPSPS-R; for ATAT CATATG

cloning EPSPS into pET-  TCATTAGTTCTTGACGAAAGTGCTCAGCACGTCG

19b vector primer R

Table S2. Parameter estimates of the non-linear regression analysis of herbicide rates

causing 50% inhibition of in vitro enzyme activity {ICs). SE is in parentheses.

Genotype a b Xo P value Ratio to WT
ICs0 (UM)

WT 99.2(1.10) 099(0.08) 20(0.84) <0.0001 1

P106S 100 (0.69) 111(0.03) 87(2.15) <0.0001 44

TIPS 98.2 (0.76) 159(0.07) 52938(1206) <0.0001 2647
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Fig S1: dCAPS markers developed for T1021 (A) and P106S (B) EPSPS mutation in Eleusine indica. M
refers to the mutant 1021 (A) or 106S (B) allele and W refers to the wild type (WT) T102 (A) or P106
(B) allele.
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Fig S2: Very high glyphosate doses required to cause some mortality of the homozygousTIPS
mutants as compared to the homozygous P106S mutant Eleusine indica.
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