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General Introduction

I General Introduction
Arable weeds are a major cause of yield losses in crop production and result in 34 % potential loss of

crop yield, on average, worldwide (Oerke 2006). Weed species are well adapted to agricultural
ecosystems (Baker 1974; Thompson 1998; Neuhauser et al. 2003) and compete with the crop for
environmental resources such as nutrients, water, light and space. The effect on crop yield depends on
the season of weed emergence. If crop germination is accompanied or closely followed by weed
germination, higher yield losses are possible than with weeds that germinate at a later stage of crop
development (Kropff 1988; Swanton et al. 1999). According to Cousens et al. (1987) and Kropff
(1988) the relative time of weed emergence has a major effect on the yields of cereals and sugar beet.
Brautigam (1998) demonstrated that weed competition in sugar beet did not start before the 6 to 8 leaf
stage and ended with the closure of the crop canopy. Simulation analyses by Lotz et al. (1990) showed
that weeds emerging in spring barely affect winter wheat yield, contrary to weeds that emerge in
autumn. Besides yield losses, weeds might be toxic for animals and humans, decrease food quality,
hinder harvesting and could serve as hosts for pathogens and insects (Borner 1995; Wisler & Norris
2005). For these reasons, weed infestation must be kept at a low, acceptable level. In general, weed
control strategies incorporate chemical and mechanical practices, cultivation, crop rotations,
fertilization and hand weeding. Another tool in weed management is the development of herbicide-
tolerant (HT) crops. The most important property of HT crops is the possibility of using active
ingredients to which the crop was previously susceptible. The implementation of this technology may
lead to alternatives for weed control. HT crops that are widely grown as approved varieties include
soybean (Glycine max MERR.), maize (Zea mays L.), cotton (Gossypium hirsutum L.), oilseed rape
(Brassica napus L.), sugar beet (Beta vulgaris L.), and alfalfa (Medicago sativa L..) (Reddy & Nandul
2012). However, the additional use of an agent with a common mode of action (MoA) in a crop
rotation must be weighed in terms of resistance management. Herbicides are the dominant weed
control technology in most cases for economic reasons. Their intensive use has been the driving force
for the development of herbicide resistance. The selection of resistant biotypes is accelerated by the
repeated use of a herbicide over large areas, little or no use of herbicides with an alternative MoA and
soil residual activity of the herbicide (Tranel & Wright 2002). Furthermore, the number of resistant
weed species has increased significantly in recent years. In total, 152 dicot and 110 monocot species
with herbicide resistance to one or more MoA are known globally (Heap 2021). The highest numbers
of resistant weeds have been reported in the U.S., Europe, Australia and Canada. These resistant
weeds were mostly found in major crops such as wheat, corn, soybean and rice (Heap 2021). The
Poaceae family has the highest number of herbicide-resistant weed species (n=82), followed by the

Asteraceae (n=42) (Heap 2021).

1.1 Weed resistance to ALS-inhibiting herbicides

Acetolactate synthase (ALS) herbicides are the most prone to resistance and the most affected

herbicide MoA in Germany (Heap 2021). ALS-inhibiting herbicides have been widely used in
1



General Introduction

agriculture since the introduction of the first sulfonylurea herbicide in the 1980s because they combine
the advantages of broad-spectrum weed control at low rates, soil residual activity, wide application
windows, and low mammalian toxicities (Mazur & Falco 1989). ALS inhibitors, also referred to as
acetohydroxyacid synthase (AHAS), catalyze the first step in the branched-chain amino acid
biosynthesis pathway. Two pyruvate molecules are condensed to form 2-acetolactate for valine and
leucine biosynthesis and for isoleucine, 2-acetohydroxybutyrate is synthesized from pyruvate and 2-
ketobutyrate (Umbarger 1978; Ray 1984). ALS herbicides act by inhibiting the ALS enzyme that is
the common target site for the six herbicide chemical families sulfonylurea, imidazolinone,
triazolopyrimidine, triazolinones, pyrimidinyl benzoates and sulfonanilides (Heap 2021) and leads to
rapid growth cessation in susceptible species. Unfortunately, the first case of resistance was found
only 5 years after the introduction of sulfonylurea herbicides on the market. Since then the number of
weed species affected by ALS resistance has increased steadily. Today, ALS inhibitor resistance has

been reported for 64 monocot and 101 dicot weed species worldwide (Heap 2021).

Herbicide resistance mechanisms can be categorized into two broad types of mechanism: non-target-
site-based resistance (NTSR) and target-site resistance (TSR) (Délye 2005; Powles & Yu 2010; Délye
et al. 2013). Both mechanisms may coexist in a population and even in the same plant (Letouzé¢ &
Gasquez 2001; Rosenhauer et al. 2013; Keshtkar et al. 2015). NTSR mechanisms include reduction in
herbicide penetration due to alterations in cuticle properties and/ or plant habit, altered translocation of
the herbicide away from the target protein, enhanced degradation of the herbicide or enhanced
neutralization of cytotoxic molecules generated by herbicide action (Délye et al. 2013). NTSR is
considered the major cause of resistance to ALS-inhibiting herbicides in grass weeds (Beckie & Tardif
2012; Délye et al. 2013) while these mechanisms have rarely been reported in broadleaf weeds. Dicot
weed species affected by NTSR to ALS inhibitors are Amaranthus hybridus (Manley et al. 1999),
Amaranthus tuberculatus (Guo et al. 2015), Amaranthus palmeri (Nakka et al. 2017), Descurainia
sophia L. (Yang et al. 2016), Papaver rhoeas (Scarabel et al. 2015; Rey-Caballero et al. 2017),
Sagittaria trifolia L. (Zhao et al. 2017) and Sinapis arvensis (Veldhuis et al. 2000). However, the
mode of inheritance of genes responsible for NTSR is relatively poorly understood (Preston 2003;
Petit et al. 2010). Evolved TSR is attributed to gene point mutation(s) causing amino acid changes in a
target enzyme that are associated with reduced ALS enzyme sensitivity (Délye et al. 2013; Tranel &
Wright 2002). This structural change at one out of several possible positions on the herbicide target
protein prevents or reduces herbicide binding. Today, 28 resistance-endowing amino acid substitutions
at eight positions of the ALS gene (Ala-122, Ala-205, Arg-377, Asp-376, Gly-654, Pro-197, Ser-653,
Trp-574) have been identified (Heap 2021). The substitution of Trp-574 endows high levels of
resistance to all ALS inhibitors (Bernasconi et al. 1995; Patzold & Tranel 2002), whereas Ser-670 and
Ala-122 substitutions result in high levels of resistance to imidazolinones but not sulfonylurea
resistance (Sathasivan et al. 1990; McNaughton et al. 2005). In contrast, substitution of Pro-197
usually confers resistance to sulfonylureas, but not imidazolinones (Scarabel et al. 2004; Délye et al.

2
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2015). For example, a Pro-197 mutation conferring resistance to sulfonylurea herbicides has been
reported for Lolium rigidum, whereas the same species with a Trp-574-Leu mutation resulted in

resistance to both sulfonylurea and an imidazolinone herbicide (Yu et al. 2008).

1.2 Weed dynamics

Although there are several weed species that have evolved herbicide resistance to ALS inhibitors, this
study focused on a few that have gained prominence in Europe and could become problematic in the

context of HT crop production.

Alopecurus myosuroides (Huds.) is a widespread annual grass weed in winter crops in North-Western
and Central Europe, particularly in the UK, France and Germany. It is a highly competitive weed, with
the potential to produce many seeds (Lutman et al. 2013), and if not adequately controlled, infestation
can cause substantial yield losses. Moss (2013) estimated that A. myosuroides populations of 12 to 25
plants per square metre can reduce winter wheat yield by 0.4 to 0.8 tons per hectare. In general, the
occurrence of weeds and weed patches depends on numerous cultural techniques, e.g. the cultivated
crop, crop rotation, crop residues, drilling date, fertilization, herbicide use and tillage practice. The
occurrence of A. myosuroides is favoured by an increased proportion of winter cereals, non-ploughing
cultivation systems and the regular use of herbicides for weed control (Moss & Clarke 1994).
Moreover, the intensive use of selective herbicides without changing the MoA has resulted in the
resistance of A. myosuroides to several groups of herbicides, via both TSR and NTSR (Moss & Clarke
1994; Beckie 2006). Resistance in 4. myosuroides is mainly associated with ACCase (acetyl-
coenzyme A carboxylase) and ALS inhibitors that are the most resistance-prone herbicides. These
herbicides are frequently used to control grass weed species due to the low number of selective
herbicide active ingredients available (Moss et al. 2007). As a result, populations exhibiting multiple
resistance to these MoAs appear frequently (Marshall et al. 2012; Petersen and Raffel 2020).
Previously detected mutations conferring ALS resistance are Pro-197-Thr and Trp-574-Leu (Délye &
Boucansaud 2008).

Echinochloa crus-galli (L.) P. BEAUV. is one of the most problematic weeds in many crops, including
maize (Zea mays L.), rice (Oryza sativa L.), cotton (Gossypium hirsutum L.) and other annual spring
crops. This polyploid, predominantly self-pollinating summer annual weed species is ranked second
globally as a weed that has evolved resistance to numerous MoAs (Heap 2021). It produces a large
number of seeds, which results in significant soil seed banks (Maun & Barrett 1986; Norris 1992). In
general, Echinochloa species are highly competitive and should be controlled soon after emergence to
prevent yield losses (Maun & Barrett 1986; Bosnic & Swanton 1997). Yield losses depend on the
degree of E. crus-galli infestation, which can reach up to 5 tons per hectare of maize grain (Rusu et al.

2010).

Tripleurospermum perforatum (MERAT) LAINZ or Tripleurospermum inodorum (L.) SCH. BIP. is a

widely distributed weed species that is most commonly found as a weed of cereals and other annual
3
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field crops (Kay 1941). The number of capitula on a plant normally ranges from about 15 to 200,
indicating a high potential reproductive capacity of approximately 1,800 to 36,000 achenes per plant
(Kay 1994). The number of seeds per plant is likely to be highly variable, as Lutman (2002) estimated
that a plant produces over 300,000 seeds in the autumn and 34,600 in the spring population, whereas
Woo et al. (1991) reported up to 1,700,000 seeds per plant. In addition, achenes can survive for at least
10 years in soil with an optimum depth for germination at 0 to 0.5 cm (Kay 1994). Intensive herbicide
use to control this weed has resulted in resistance to several active ingredients of ALS-inhibiting
herbicides. In Europe, the first case of ALS resistance in 7. perforatum was found in the UK (2002)
(Moss et al. 2011). Leaf samples from plants surviving treatment with metsulfuron-methyl were
subjected to molecular analysis and revealed a Pro-197-Gln mutation (Hull et al. 2014). In the UK, T.
perforatum and A. myosuroides are among the most important herbicide-resistant weed species of
arable crops (Hull et al. 2014). Further cases of ALS-resistant 7. perforatum have arisen in Norway
(2006), Germany (2009), Denmark and France (2010) as well as in Poland (2014) and Sweden (2015)
(Heap 2021). In Germany, T. perforatum populations resistant to tribenuron have been reported owing

to a Pro-to-Thr or a Pro-to-Ser substitution at the Pro-197 codon (Ulber et al. 2012).

1.3 Development of HT crops

Genetically modified (GM) or transgenic crops are plants in which the genetic material (DNA) has
been altered using genetic engineering methods. The aim is to introduce a new trait to the plant that
does not occur naturally by mating and/or natural recombination. Most of the commercially grown
GM crops have a resistance to insects, resistance to virus infections, or tolerance towards certain
herbicides. Since the introduction of GM crops in the U.S. in 1994, the global area of GM crops has
increased to 191.7 million hectares in 2018. On average, the most planted biotech crops are soybeans
(Glycine max L. MERR.), cotton (Gossypium hirsutum L.), sugar beet (Beta vulgaris L.) maize (Zea
mays L.) and canola (Brassica napus L.) (ISAAA 2018). In Germany, the cultivation of GM crops in
commercial agriculture has raised concerns about potential adverse effects on the environment and
agronomic practice and has not yet been approved. According to Mérlédnder & von Tiedemann (2006),
GM crops and the complementary non-selective herbicides can achieve considerable ecological and
economic advantages. However, another way to create HT varieties is by using conventional breeding
approaches like mutagenesis or selecting for naturally occurring herbicide tolerance. These methods
have been used to develop varieties that tolerate exposure to ACCase inhibitors (Somer 1996), ALS
inhibitors (Newhouse et al. 1991) and photosystem-II inhibitors (Beversdorf & Kott 1987). Most of
the non-GM HT crops such as rice, wheat, canola and sunflower (Devine 2005) include a tolerance to
ALS inhibitors. One example of the development of HT varieties can be found in oilseed rape (OSR).
These imidazolinone-tolerant hybrids are known under the Clearfield®-label (patent held by BASF SE)
and have been approved for commercial cultivation in Germany since 2012. HT OSR offers the

opportunity to selectively control cruciferous weed species with imidazolinone herbicides. Sugar beet
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genotypes that are tolerant to ALS inhibitors (foramsulfuron + thiencarbazone-methyl) have also

recently been approved for commercial use in Germany.

1.4 Objective of the thesis

The cultivation of HT crops provides an alternative tool for weed control management. In the context
of sustainable cropping systems, important agronomic questions concerning integrated herbicide
management systems and the potentially increasing risk of the development of herbicide resistance in

weeds need to be answered.

The general purpose of the first and second papers presented as part of this thesis is to evaluate the
impact of ALS inhibitor intensity on susceptible and ALS-resistant weed species in a crop rotation
including HT crop varieties. To date, no studies have taken into account their occurrence when using
ALS-tolerant sugar beet hybrids (Paper No. 1) and imidazolinone-tolerant oilseed rape varieties
(Clearfield” production system, Paper No. 2) and the consequences for crop management practice. The
subjects of the investigations were A. myosuroides and T. perforatum. The results will help expand

knowledge about the resistance dynamics of weed species in the cultivation of HT varieties.

As E. crus-galli is a hexaploid species, the third paper is concerned with the question of the number of
ALS genes conferring resistance. Dose response curves and molecular analysis provide information
about resistance patterns. The results confirm the importance of differentiation of the resistance

mechanisms in polyploid weed species.

The fourth paper focuses on herbicide strategies that ensure the efficacy of the complementary
herbicide (foramsulfuron + thiencarbazone-methyl) in the presence of susceptible as well as herbicide-
resistant weed species in sugar beet cultivation. In addition, the selectivity of the herbicide was
examined. This herbicide has been approved for commercial cultivation in Germany and therefore

these results demonstrate potential strategies for herbicide management.
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2.1 Summary
The development of acetolactate synthase- (ALS) tolerant sugar beet provides new opportunities for

weed control in sugar beet cultivation. The system consists of an ALS-inhibiting herbicide
(foramsulfuron + thiencarbazone-methyl) and a herbicide-tolerant sugar beet variety. Previously, the
use of ALS inhibitors in sugar beet was limited due to the susceptibility of the crop to active
ingredients from this mode of action. The postulated benefits of cultivation of the ALS-tolerant sugar
beet are associated with potential risks. Up to now, with no relevant proportion of herbicide-tolerant
crops in Germany, ALS-inhibitors are used in many different crops. An additional use in sugar beet
cultivation could increase the selection pressure for ALS-resistant weeds. To evaluate the impact of
varying intensity of ALS-inhibitor use on two weed species (Alopecurus myosuroides and
Tripleurospermum perforatum) in a crop rotation, field trials were conducted in Germany in two
locations from 2014 to 2017. Weed densities, genetic resistance background and crop yields were
annually assessed. The results indicate that it is possible to control ALS-resistant weeds with an
adapted herbicide strategy in a crop rotation including herbicide-tolerant sugar beet. According to the
weed density and species, the herbicide strategy must be extended to graminicide treatment in sugar
beet, and a residual herbicide must be used in winter wheat. The spread of resistant biotypes in our
experiments could not be attributed to the integration of herbicide-tolerant cultivars, although the
application of ALS-inhibitors promoted the development of resistant weed populations. Annual use of
ALS inhibitors resulted in significant high weed densities and caused seriously yield losses. Genetic

analysis of surviving weed plants confirmed the selection of ALS-resistant biotypes.

Keywords: Alopecurus  myosuroides, ALS inhibitors, genetic analysis, sugar beet,

Tripleurospermum perforatum, yield
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2.2 Introduction
Sugar beet is highly susceptible to weed competition at early stages of development. To prevent

possible yield losses of up to 95% (Petersen 2003), the crop must be kept free of weeds during
juvenile development until the 8-leaf-stage (Kobusch 2003; Scott et al. 1979). Therefore, mixtures of
different active ingredients are usually applied three to five times in a classical herbicide strategy
(Mérlander & Tiedemann 2006, Vasel et al. 2012). A novel option for weed control in sugar beets are
acetolactate synthase- (ALS) tolerant sugar beets developed by Bayer CropScience AG and KWS
SAAT SE. The developed system (Conviso® SMART) includes sugar beet hybrids that are tolerant to
a complementary ALS-inhibiting herbicide. The herbicide contains 50 g a.i. L™ foramsulfuron of the
chemical group sulfonylureas and 30 g a.i. L™ thiencarbazone-methyl belonging to sulfonyl-amino-
carbonyl-triazolinones (Wegener et al. 2015). Sugar beet hybrids and the complementary herbicide are
actually under approval in the EU member states (Wendt et al. 2017; Gotze et al. 2018). The
postulated advantages of the system are best crop safety, an overall lower number of required
herbicide applications (Wendt et al. 2017) and high efficacy against almost all economically important
weed species in sugar beet (Balgheim et al. 2016). However, these benefits are associated with
potential risks. Up to now, with no relevant portion of herbicide-tolerant crop cultivars in Germany,
ALS inhibitors are used in various crops, especially in cereals and maize. The increasing use of ALS
inhibitors in recent years has led to 62 monocotyledonous and 99 dicotyledonous weed species
showing resistance to ALS-inhibiting active ingredients worldwide (Heap 2019). The occurrence of
herbicide-resistant weeds additionally limits the choice of herbicides. A. myosuroides, Matricaria
chamomilla, T. perforatum, Avena fatua, Stellaria media, Echinochloa crus-galli, Amaranthus
retroflexus and (less) Apera spica-venti belong to the group of the most important weeds in sugar beet
cultivation (Borner 1995). In Germany, ALS resistance has already been demonstrated for all of these
species (Heap 2019). Regarding A. myosuroides Huds., a diploid, annual grass weed, resistance to
various modes of action has been reported in Germany. T. perforatum (MERAT) LAINZ (or T.
inodorum SCH. BIP.) is also becoming increasingly problematic, as new resistance findings confirm
(Ulber 2014; Hull et al. 2014). T. perforatum is a mass-growing species producing a high number of
seeds. Inadequate control leads to a direct decline in crop yields and can result in a high degree of

weed distribution in the following crop.

The use of ALS inhibitors in sugar beet was limited as the crop is comparably susceptible to this mode
of action. The additional use of ALS inhibitors in sugar beet cultivation could lead to crop rotations in
which one (or even multiple) use of ALS-inhibitors takes place in each year of the crop rotation. This
would increase the risk of selecting ALS-resistant weeds. If ALS-tolerant sugar beet varieties are
approved at the national level, the benefits of the system should be maintained for sugar beet

cultivation and risks ought to be known.

The aim of this study was to investigate the effect of four herbicide strategies with varying intensity of

ALS inhibitors used in a three year sugar beet — winter wheat crop rotation. The following hypotheses
8
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were tested: (i) In the presence of a low initial frequency of ALS-resistant weed species, an adapted
herbicide strategy can ensure successful weed control. (ii) It is possible to integrate ALS-tolerant sugar

beets in a crop rotation without increasing the risk of ALS-resistant weed selection.

2.3 Materials and methods
From 2014/15 to 2016/17, field trials were conducted in Bingen (loamy sand) and in Sickte near

Braunschweig (clay loam), Germany. Four herbicide strategies were tested in a sugar beet (SB) —
winter wheat (WW 1) — winter wheat (WW 2) crop rotation with four replicates. Each crop was
represented with 16 plots in each trial year, thus, the study included 48 permanent plots per site. The
crop rotation was SB (2015) — WW 1 (2016) — WW 2 (2017), WW 1 (2015) - WW 2 (2016) — SB
(2017) and WW 2 (2015) — SB (2016) — WW 1 (2017). Before starting the experiments, oilseed rape
was cultivated in Braunschweig and winter wheat in Bingen. After harvest, glyphosate treatment

followed and cultivation was done by cultivator at both sites. In all years and on both trial sites soil

tillage was done without using the plough.

Table 1 Characterization of herbicides used in the two field trials.

Product Active ingredients Mode of action HRAC-
Group
Atlantis~ 30 g a.i. kg mesosulfuron-methyl ALS-inhibition B
WG +FHS (ATL) 6 ga.i. kg iodosulfuron-methyl-natrium  ALS-inhibition B
Axial 50 (AX) 50 g a.i. L pinoxaden ACCase inhibition A
Bacara 120 g a.i. L flufenacet Inhibition of cell division K3
forte (BF) 120 g a.i. L' flurtamone Inhibition of PDS F1
120 g a.i. L' diflufenican Inhibition of PDS Fl1
Betanal 60 g a.i. L' phenmedipham Inhibition of Cl
maxxPro 27 ga.i. L lenacil photosynthesis Cl1
(BET) 47 ga.i. L' desmedipham at PSII Cl
75 ga.i. L' ethofumesat Lipid synthesis inhibitor N
Cadou” SC 508.8 g a.i. L flufenacet Inhibition of cell division K3
(CAD)
Conviso 50 ga.i. L foramsulfuron ALS-inhibition B
One OD 80 (CON) 30 ga.i. L™ thiencarbazone-methyl ALS-inhibition B
+ Mero"™ (ME) 81 % rapeseed methyl ester Adjuvant
Duanti_ 40 g a.i. L fluroxypyr Synthetic auxin (0)
(DU) 200 g a.i. L' MCPA Synthetic auxin 0
20 g a.i. L' clopyralid Synthetic auxin (6)
Goltix_ 525 g a.i. L™ metamitron Inhibition of Cl
Titan~ photosynthesis at PS II
(GT) 40 g a.i. L' quinmerac Synthetic auxin (0)
Gropper® 192,65 g a.i. kg metsulfuron ALS-inhibition B
SX (GRO)
Lontrel” 720 g a.i. kg clopyralid Synthetic auxin (0]
720 SG (LON)
Pointer SX (POI) 500 g a.i. kg tribenuron-methyl ALS-inhibition B
Select” 241,9 ga.i. L clethodim Inhibition of ACCase A
240 EC (SEL)
+ Para Sommer 654 g a.i. L' paraffin oil Adjuvant

The herbicides used are characterized in Table 1 and weed control strategies are given in Table 2. For

this study, a sugar beet genotype, tolerant to ALS-inhibiting herbicides (experimental hybrid, not
9
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registered yet in Germany), was provided by KWS SAAT SE, Einbeck (Germany). Field trials were
conducted in a randomized block design. Each of the four blocks represented all three crops and all
four herbicide strategies (12 plots per block).

In Bingen, plot size was 7.5 x 12.0 m and the distance between the plots was 9.0 m and 12.0 m in
sowing direction. Plot size in Braunschweig was 6.0 x 30.0 m. The distance between the plots was 3.0

m and 18.0 m in sowing direction.

Table 2 Herbicide treatments in field trials from 2014/15 to 2016/17.

Weed Control Treat- Herbicide Treatment Timing
Strategy (WCS) ment Crop (Dose [g,1ha ™))’
No.
1 SB CON post-emergent 2
(1.0)
Use of ALS-
inhibitors in all 5 WW1 POI+ATL spring, post-emergent 1
crops and years (60 +500)
(WCS))
9 Ww?2 POI+ATL spring, post-emergent 1
(60 +500)
2 SB CON fb. LON fb. SEL post-emergent and 14, 21 days later
Use of ALS- 1.0/0.167/ 0.5 than first treatment, respectively
inhibitors in two
of three years 6 WW 1 POI+ATL spring, post-emergent 1
(WCS 1) (60 + 500)
Site 10 WW?2 BF+CAD fb. AX fb. DU  autumn, pre-emergent fb. spring,
Bingen (0.75+ 0.3 fb. 1.2b. 3.0)  post-emergent 1 fb. post-emergent 2
2 SB GT + BET tb. SEL early-post, post-emergent and 14, 21
Use of ALS- 3x1.5+3x1.251h.0.5 days later than first treatment,
inhibitors in two respectively
of three years
(WCS 1) 6 WW1 ATL fb. GRO spring, post-emergent 1 fb. post-
(500 fb. 40) emergent 2
Site
Braunschweig 10 WW 2 ATL fb. GRO spring, post-emergent 1 fb. post-
(500 fb. 40) emergent 2
3 SB CON post-emergent 1 fb. post-emergent 3
2x0.5
Use of ALS-
inhibitors only in 7 WW1 BF+CAD fb. AXfb. DU  autumn, pre-emergent fb. spring,
sugar beet (WCS (0.75+ 0.3 fb. 1.2 fb. 3.0)  post-emergent 1 fb. post-emergent 2
11I)
11 WW2 BF+CAD fb. AX fb. DU  autumn, pre-emergent fb. spring,
(0.75+ 0.3 fb. 1.2 fb. 3.0)  post-emergent 1 fb. post-emergent 2
4 SB GT + BET fb. SEL early-post, post-emergent 2 and 14,
3x1.5+3x1.25.0.5 21 days later than first treatment,
respectively
No use of ALS-
inhibitors (WCS 8 WW 1 BF+CADfb. AX fb. DU  autumn, pre-emergent fb. spring,
V) (0.75+ 0.3 fb. 1.2 fb. 3.0)  post-emergent 1 fb. post-emergent 2
12 WW?2 BF+CAD fb. AX fb. DU  autumn, pre-emergent fb. spring,

(0.75 + 0.3 fb. 1.2 fb. 3.0)

post-emergent 1 fb. post-emergent 2

fb., followed by; SB, sugar beet; WW 1, winter wheat after sugar beet; WW 2, winter wheat after winter wheat;

 see Table 1 for abbreviation of herbicides
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To establish sufficient populations of susceptible and ALS-resistant weeds, a defined amount of seeds
(in the ratio 1:10, resistant to susceptible) of two weed species were sown by hand once at the
beginning of the field trials (Tab. 3). For the study, 4. myosuroides (monocotyledonous) and T.
perforatum (dicotyledonous) were selected as important weeds with ALS-resistance. Both species
showed target-site resistance to ALS-inhibiting herbicides (Tab. 3). For the ALS-resistant A.
myosuroides population, a pronounced metabolic resistance to Axial® 50 (pinoxaden) was additionally
found in previous studies (data not shown). In Bingen, seeds were sown before drilling of winter
wheat in October, 2014 and in Braunschweig before drilling of sugar beet in March, 2015. 4.
myosuroides had not previously been found at both trial sites. However, 7. perforatum populations

were present at both sites before the experiment started.

Table 3 Characterization of weed species used in the field trials.

EPPO- Seed amount

Weed species Code (no. per m %)  Origin Biotype
A. myosuroides ~ ALOMY 86 Appels Wilde Samen  Susceptible
8 Pellworm ALS-resistant, Trp 574 Leu
Metabolic resistance to pinoxaden
T. perforatum MATIN 385 Appels Wilde Samen  Susceptible
42 Freiburg/ Elbe ALS-resistant, Pro 197 Gln

The herbicide application was conducted with a one-wheel plot sprayer (Air mix 110-025 flat fan,

! speed 4.5 km h ) with an effective spraying width of

pressure 210 kPa, water amount 200 L ha ~
2.5 m in Bingen and a pneumatic sprayer (Rau Spridomat, nozzle type Teelet Turbo TwinJet” TTJ60-
11004, pressure 320 kPa, water amount 300 L ha ™', speed 6.1 km h ) with an effective spraying

width of 12.0 m in Braunschweig.

Weed density assessments

Emerged A. myosuroides and T. perforatum plants were repeatedly counted during the cropping
season. In winter wheat, the first assessment was done before the beginning of winter after autumn
herbicide treatment and the second one was carried out after herbicide treatments in spring. In sugar
beet, the weed densities were assessed two to three weeks after herbicide application of each weed
control strategy. The assessments were made with a quadratic counting frame of 0.25 m™. A total of
twelve squares were assessed in each plot. The number of 4. myosuroides heads was additionally

counted at the main flowering time. Other weeds occurring were also recorded at both sites.

11
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Molecular analysis

To evaluate the genetic resistance background, surviving plants of A. myosuroides and T. perforatum
were examined by means of molecular genetic analysis. Leaf samples of 4. myosuroides and
T. perforatum were collected from the trial plots, dried at room temperature and sent to IDENTXX
GmbH (Stuttgart, Germany) for analysis of potential target-site mechanisms. For each treatment and
crop, a maximum of 15 individual plants per plot and species were included in the study. Lower
sample numbers were due to reduced occurrences of the species in the plots.

The molecular genetic analysis was performed for the originally established mutations, which modify
the amino acid sequence of the ALS enzyme. These are the positions encoding for Trp-574 (wild type:
TGG in A. myosuroides) and Pro-197 (wild type: CCA in T. perforatum) at the ALS gene, respectively.
The DNA was extracted from the dried leaf material using a commercially available kit (chemagic
Plant DNA Kit, Chemagen). PCR amplification was done using a MangoTaq DNA polymerase
(Bioline, Germany) in combination with primers developed by IDENTXX GmbH. The PCR products
were analyzed by pyrosequencing on a PyroMark Q24 (Quiagen, Hilden, Germany) pyrosequencer
(Ronaghi & Elahi 2002).

The detected genotypes (homozygous susceptible, heterozygous resistant (RS) and homozygous
resistant (RR)) are given in Table 4. Within three trial years, 1593 / 1006 (Bingen/ Braunschweig) leaf

samples of 4. myosuroides and 893 / 1453 samples of T. perforatum were analyzed, respectively.

Table 4 DNA-sequences and deduced amino acids at the positions Trp-574 (4. myosuroides)
and Pro-197 (T. perforatum) of the ALS gene.
wild type, heterozygous homozygous
susceptible resistant (RS) resistant (RR)
A. myosuroides (574)
DNA sequence TGG TG/TG TTG
amino acid Trp Trp/ Leu Leu
T. perforatum (197)
DNA sequence CCA CC/ AA CAA
amino acid Pro Pro/ Gln Gln

Gln, glutamine; Leu, leucine; Pro, proline; Trp, tryptophan

Determination of yield

In Bingen, crop yield was assessed for three core rows (18.0 m™) of sugar beet and three core plots
(16.5 m™) of winter wheat per plot and trial year. In Braunschweig, the size of the harvested core plot
was 27 m™ for sugar beet and 45 m™ for winter wheat. A representative winter wheat sample was
taken from each plot, each year and site and grain yield was determined at 14 % moisture content.
Sugar beet quality parameters were determined according to standardized procedures and white sugar
yield was calculated to standard formulas (Mérldnder et al., 2003). To compare the effect of the four

weed control strategies, sugar beet root yield and grain yield are therefore shown as relative data.

12
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Data analysis

Statistical analysis was carried out using the statistic program R, version 3.2.2 (R Development Core
Team, 2015). The evaluation of weed density was based on absolute values and was done separately
for each weed species and weed control strategy. For the analysis of A. myosuroides head numbers and
T. perforatum plant numbers a non-parametric ranking method according to Kruskal-Wallis and
following Nemenyi-Test was used because of missing normal distribution. Yield data were converted
to relative values in relation to the mean values of the herbicide strategy IV (“no ALS inhibitors™)
before the analysis. After testing for variance homogeneity and normal distribution, yield data were
investigated using ANOVA, following Tukey HSD post hoc tests (P<0.05). No block effects were
detected.

2.4 Results
Development of weed density

To assess the impact of intensity of ALS-inhibitor use in the crop rotations on weed development, the
number of 4. myosuroides heads and T. perforatum plants were counted and compared to the weed
control strategy (WCS) using no ALS inhibitors (WCS IV). After the second trial year, a strong
increase in 4. myosuroides head number was observed in all strategies including an application of an
ALS inhibitor (Fig. 1). The weed control strategy had a significant impact on the number of 4.
myosuroides heads in Bingen in 2016 and 2017. WCS T (ALS inhibitors in all crops and years)
achieved the significant highest level of A. myosuroides infestation in 2016 and 2017.

In Braunschweig, only low numbers of A. myosuroides plants occurred in all trial years. The
maximum number of surviving plants varied between 5 (2016) and 23 (2017) plants m™~. However,
WCS I showed a trend for the highest density of 4. myosuroides (data not shown).

Similar to the 4. myosuroides density, a significantly higher number of surviving 7. perforatum plants
was observed under WCS I (ALS inhibitors in all years and crops) in Bingen in 2016 and 2017 (Table
5). In Braunschweig, all WCS including an application of ALS-inhibitors (WCS I-III) showed
predominantly significant higher numbers of surviving 7. perforatum plants in 2016. In 2017,

T. perforatum plant densities were highest under WCS I (120.8 plants m™).
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Figure 1 Development of 4. myosuroides heads depending on weed control strategies in Bingen

from 2015 to 2017. Each trial year shows the summarized results of all plots (=crops)
belonging to the same WCS. The box represents the 25™ and 75™ quartiles, the median
corresponds to the bold line and the whiskers show the minimal and the maximal
values, not including outliers (black circles). Comparisons were carried out using a
Kruskal-Wallis test, significant at 0<0.05.

Table 5 Number of surviving T. perforatum plants per m* from 2015 to 2017. Different capital
letters and small letters indicate significant differences between weed control
strategies (WCS) within each trial year and site (Kruskal-Wallis, Post-hoc test
Nemenyi, p<0.05), SE — standard error.

2015 2016 2017

WCS mean SE mean SE mean SE
Bingen

I 2.6° 2.12 5.6 5.00 9.7° 19.46
1 2.6° 1.71 2.0° 2.16 2.8° 3.20
I 40° 2.32 1.2° 1.93 1.0° 1.59
\Y% 3.8° 1.80 0.1° 0.26 1.0° 2.06
Braunschweig

I 574 9.43 24.5° 28.60 120.84 83.44
1 1034 13.58 31.7° 37.23 6.8° 12.76
111 224 2.88 18.3% 40.28 4.18 7.32
v 1.84 241 1.8° 3.71 0.4° 1.03

In the sugar beet plots residual weed plants of Chenopodium album and Amaranthus retroflexus were
left in Bingen. WCS IV showed highest number of surviving plants (data not shown). Due to low
densities no effects on yield occurred in the winter wheat plots by uncontrolled weeds (Myosotis

arvensis, Stellaria media, Veronica sp., Viola arvensis, e.g.) at both trial sites.

14



Paper No. 1

Molecular analysis

The results of the molecular analysis showed the distribution of susceptible and resistant fractions of
A. myosuroides and T. perforatum from surviving individuals (Table 6 and 7).

Fluctuating sample numbers were due to low survival rates of the weed plants after herbicide
application. For the leaf samples taken from A. myosuroides, target-site mutation for the codon
encoding Trp-574 was mostly heterozygous at both sites. Overall, the portion of resistant plants in
WCS I to III (strategies including ALS-inhibitors) was very high at 78-100 % after the third trial year.
The number of homozygous resistant individuals increased from the first to the second year and
decreased again in the following year.

But also in the ALS-free strategy (WCS IV), high fractions of resistant plants of A. myosuroides were

observed with more than 70 %.

Table 6 Molecular analysis of A. myosuroides (Trp-574) depending on weed control strategies
(WCS) at sites in the experimental years 2015-2017. WCS I- ALS-inhibitors in all
crops and years, WCS II- ALS-inhibitors in two of three years, WCS III- ALS-
inhibitors only in sugar beet, WCS IV- no ALS-inhibitors. Each trial year shows the
summarized results of all plots (=crops) belonging to the same WCS.

Bingen Braunschweig
Total Total no.
no. of RR RS Plants of RR RS Plants
analyzed (no.of (no.of with HR analyzed (mo.of (no.of with HR

WCS  Year plants plants)  plants) (%) plants plants)  plants) (%)
2015 135 1 111 83 60 12 48 100
I 2016 135 31 68 73 136 72 60 94
2017 135 0 135 100 178 51 120 96
2015 135 0 129 926 60 9 51 100
I 2016 135 38 43 60 103 49 53 98
2017 135 1 134 100 102 17 64 79
2015 135 1 101 76 23 3 20 100
I 2016 135 8 67 56 56 8 43 94
2017 135 0 131 97 120 15 79 78
2015 132 0 49 37 40 3 3 15
v 2016 111 30 37 60 68 11 27 55
2017 135 4 92 71 60 5 37 70

RR - homozygous resistant; RS - heterozygous resistant; HR - herbicide resistance.

In the first two trial years, target-site resistance in 7. perforatum occurred mainly heterozygous. In
contrast to this, in 2017, most resistant individuals of 7. perforatum (81 %) were homozygous for the
resistant Pro-197 allele, with 19 % heterozygous individuals. In general, WCS containing an ALS
application (WCS I-III) caused high rates of resistant individual plants (>94 %) after three years.
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Table 7 Molecular analysis of T. perforatum (Pro-197) depending on weed control strategies
(WCS) in the experimental years 2015-2017. WCS I- ALS-inhibitors in all crops and
years, WCS II- ALS-inhibitors in two of three years, WCS III- ALS-inhibitors only in
sugar beet, WCS IV- no ALS-inhibitors. Each trial year shows the summarized results
of all plots (=crops) belonging to the same WCS.

Bingen Braunschweig
Total Total Plants
no. of RR RS Plants no. of RR RS with
analyzed (no.of (no.of with HR analyzed (mo.of (no.of HR
WCS Year plants plants) plants) (%) plants plants) plants) (%)
I 2015 83 3 78 98 149 3 92 67
2016 130 9 69 60 174 72 100 99
2017 135 130 4 99 180 108 70 99
I 2015 76 0 75 99 166 9 99 66
2016 90 2 60 69 179 106 73 100
2017 62 61 1 100 93 79 14 100
I 2015 78 1 72 92 66 0 44 73
2016 41 0 39 95 134 50 68 73
2017 90 84 1 94 54 37 16 98
v 2015 55 0 15 27 83 0 13 14
2016 10 0 1 10 102 5 16 19
2017 43 15 4 44 73 34 21 75

RR - homozygous resistant; RS - heterozygous resistant; HR - herbicide resistance.

Determination of yield

The effect of the WCS on yield is shown relative to the ALS-free strategy (WCS IV). In Bingen,
relative root yield (RY) was affected significantly by the weed control strategy in 2017 (Fig. 2). RY
decreased strongly with increasing number of weeds. WCS II (ALS inhibitors in two of three years)
and WCS III (ALS inhibitors only in sugar beet) even achieved higher relative RY in 2016 (not
significant) and 2017 (significant) than WCS IV (no ALS inhibitors). In Braunschweig similar
observations were made for WCS I (ALS inhibitors in all crops and years) with decreasing RY due to
high weed densities. However, statistical analysis of RY at the trial site in Braunschweig showed no
significant difference between the WCS most likely due to heterogeneous soil properties.

No significant differences in sugar content and quality parameters were found between the different

treatments.
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Figure 2

Figure 3
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7.7tha! (2015), 7.0tha’ (2016), 6.0tha’ (2017); Treatment 8 (100 %)
Braunschweig: 7.6 t ha™ (2015), 8.9 tha™ (2016), 8.2 t ha (2017). The whiskers show
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details, see Table 2.
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Across all years and trial sites, lower grain yields were observed under WCS I and WCS 1I (Fig. 3 and
4) compared to WCS IV. Already in the second trial year, the relative grain yield under WCS I in
Bingen was reduced for WW 1 (winter wheat after sugar beet; significant) and WW 2 (winter wheat
after winter wheat; not significant). Finally, the three-time application of ALS inhibitors (WCS I) led
to a significant decrease in relative yields in 2017. Although grain yields in Braunschweig were not
correlated with weed density due to soil differences, WCS I showed a similar development to Bingen.
Nevertheless, the grain yield decline under this herbicide strategy can be attributed to the high T.
perforatum density.

Relative grain yield was also reduced under WCS II. While there was a clear decline in relative yields

in Bingen in the third trial year, this trend could not be observed in Braunschweig.
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Figure 4 Grain yield (WW 2, winter wheat after winter wheat) relative to WCS IV (no ALS

inhibitors) from 2015 to 2017 in Bingen and Braunschweig depending on herbicide
treatment in a non-sensitive sugar beet genotype. Treatment 8 (100 %) Bingen:
73tha™" (2015), 4.7tha™ (2016), 4.7tha™ (2017); Treatment 8 (100 %)
Braunschweig: 7.6 tha™ (2015), 7.9 tha™ (2016), 7.7 tha™ (2017). The whiskers
show the maximal values and different small letters and capital letters indicate
significant differences between WCS within each trial year (Tukey, P<0.05). *For
treatment details, see Table 2.

2.5 Discussion
Introduction of herbicide-tolerant varieties could offer new opportunities for weed control in sugar

beet. However, in the context of an increasing number of ALS-resistant weed species, this study
addressed the herbicide efficacy of ALS inhibitors and the dynamics of dispersal of resistant and
susceptible A. myosuroides and T. perforatum in a sugar beet, winter wheat, winter wheat crop rotation
containing a herbicide-tolerant sugar beet variety. For this reason, resistant weed populations of 4.

myosuroides and T. perforatum were sown in the field trials before the start of the experiment.
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In Bingen, a strong increase in infestation number of A. myosuroides (WCS I to III) was noticeable
after the second trial year. A similar observation was made by Chauvel et al. (2001). A. myosuroides
density increased unexpectedly after unfavourable weather conditions in two previous seasons.
Decreasing root yield under WCS 1 (2017) was observed as well as decreasing wheat grain yields
under WCS I and WCS 1II (2016 and 2017). These results indicate an insufficient weed control.
Essentially an additional herbicide application is required.

In Braunschweig, WCS I showed a similar development to Bingen. Declining grain yields and root
yields could be attributed to the high 7. perforatum density, despite of soil heterogeneity. In principle,
grain yield was not correlated to weed density as soil heterogeneity affects crop growth and weed
development (Gerhards & Oebel 2006). Therefore, the use of ALS-inhibitors in two of three years is
possible, but should be supplemented by alternative mode of action.

A. myosuroides head number and 7. perforatum densities were lowest in response to herbicide
applications in WCS IV (no ALS inhibitors in all three trial years). On the contrary, high numbers of
residual weeds (Chenopodium album and Amaranthus retroflexus) were left in this classic herbicide
treatment in Bingen, which apparently affected the yield.

Target-site resistances confirmation tests of surviving individuals of 4. myosuroides and T. perforatum
provided information about the resistance situation in the trials. It is known, that ALS is a nuclear gene
and resistant ALS alleles are disseminated by pollen and seed (Tranel & Wright, 2002). The results of
the study showed that the examined weeds had different resistance characteristics. Both susceptible
and resistant biotypes of A. myosuroides and T. perforatum survived herbicidal treatments. The
proportions of susceptible, heterozygous resistant and homozygous resistant genotypes varied among
the two weed species as did the herbicide efficacy. Gehring & Thyssen (2014) and Moss & Hull
(2009) pointed out that the expected herbicidal performance depends on the degree of resistance. Thus,
increasing levels of resistance were associated with decreasing herbicidal activity. Regarding A.
myosuroides, high rates of target-site resistance were observed in all strategies including an ALS
inhibitor application (WCS 1 to III) throughout the trial period. Analysis of ALS-resistant T.
perforatum fractions showed similar findings and surviving rates higher than 94 % were observed in
2017. As both resistant weeds that were initially sown to build up a resistant weed population in the
field are not self pollenating species, a mixture of homozygous and heterozygous individuals can be
assumed. Homozygosity and heterozygosity were determined in the leaf material of the individual
plants. Therefore, we have no information about the zygosity status of the seeds. Possibly, mainly
heterozygous individuals emerged in the third year. Apart from this, it is possible that some wild type
individuals, that had been sown in the first year as well, emerged from the soil seed bank after
herbicide application. They could have crossed with resistant individuals producing heterozygous
offspring again.

This suggests that the frequency of ALS inhibitor application affects the spread of resistance for a

given ALS-resistant weed population in the field. These data are consistent with previous studies
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which confirm the development of resistant populations by repetitive use of herbicide with similar
modes of action (Christoffers 1999; Tranel & Wright 2002; Powles & Yu 2010). Consequently, the
repeated use of ALS inhibitors favored the development of ALS-resistant populations. A reason for
the observed high target-site resistance rate is the genetic background of ALS-inhibiting herbicide
resistance, i.e., that resistant alleles are selected even when present at heterozygous condition. ALS
resistance is usually conferred by a single, dominant, nuclear-encoded gene which causes the high
frequency of occurrence of resistance to ALS-inhibitors (Tranel & Wright 2002).

The analysis of resistant 4. myosuroides plants showed different proportions of the heterozygous and
homozygous genotypes where heterozygousity was dominant. Wagner & Belz (2014) observed for the
active ingredients cycloxydim and clethodim that plants heterozygous for ACCase target-site
resistance showed a weaker phenotypic expression of resistance than homozygous plants. If similar
effects were found for ALS-inhibitors, herbicidal activity could be reclassified due to the
quantification of genotypes. However, in the present study, no apparent differences in herbicidal
efficacy were observed under field conditions.

Surviving A. myosuroides plants under WCS IV (no ALS inhibitors) showed the lowest TSR levels.
Furthermore, a steady increase in number of surviving plants with target-site resistance has been
recorded for both sites from 2015 to 2017. This effect cannot be explained by herbicide selection
during the experimental period. However, although plots were isolated from each other in the trials
due to certain distances, it cannot be excluded that pollen or seed dispersal transferred the resistance
trait also into plots of WCS IV. Similar observations were made by Délye et al. (2010). A massive
pollen flow was thought to be responsible for the transfer of herbicide-resistant A. myosuroides
populations from conventional to neighboring organic fields.

The proportion of surviving 7. perforatum plants with a target-site mutation in the ALS gene ranged
from 44 % (Bingen) to 75 % (Braunschweig) under WCS IV (no ALS inhibitors). An interesting
aspect of TSR development has been observed for nearly all four WCS. While the herbicide resistance
trait occurred heterozygous in the first two years of the trial, predominantly plants homozygous for the
resistance trait were recorded in the third year. Homozygous biotypes may occur as a result of gene
transferring and out-crossing of the resistance trait via pollen. 7. perforatum is an insect pollinating
species (Kay 1969) and thus the spread of the resistance traits depends on the means of pollen
movement through insects (spatial gene transfer) (Bagavathiannan et al. 2013). In principle, the
survival of seeds in the soil may also result in temporal gene transfer (Gruber 2004).

In this paper the management of ALS-resistant weeds in a crop rotation with herbicide tolerant sugar
beet were examined for chemical options only. In any case, the principles of integrated weed
management should be applied and weeds of any species should preferably or additionally be
controlled through non-chemical methods. The transfer of the results into practice is not easily
possible because resistant weeds were deliberately introduced and thus an artificial selection pressure

was generated. However, this experimental approach shows the effects of using different ALS-
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inhibitors intensities in a crop rotation with herbicide-tolerant sugar beets. The benefits of the system

must be carefully considered when weeds with resistance to ALS-inhibitors occur in the field.

2.6 Conclusions
The first hypothesis of the study suggested that an adapted herbicide strategy could ensure successful

weed control in herbicide-tolerant varieties even in the presence of ALS-resistant weeds. The tested
weed control strategies showed the feasibility of successful weed control in herbicide-tolerant sugar
beet hybrids and winter wheat with the exception of WCS I (ALS inhibitors in all crops and years).
However, additional herbicides with different modes of action are needed to control ALS-TSR weeds
in the crop rotation and/ or in the ALS-tolerant crop. This strategy can be successful as long as
effective herbicides from different modes of action are available at the scale of the crop as well as the
rotation. After one crop rotation, it seems to be possible that moderate weed infestation of ALS-
resistant 4. myosuroides and T. perforatum can be controlled by the use of ALS-inhibitors plus
alternative herbicides. But overall, it is recommended to minimize the frequency of use of ALS
inhibitors when ALS-resistant weeds appear. Even the two-time use of ALS inhibitors in crop rotation
could result in a high number of ALS-resistant weeds within a few years. In addition, it should be
mentioned that the occurring scenario was povoked by introduction of herbicide-resistant weed seeds
at the beginning of the experiment. Against this background, the speed of resistance increase has to be
considered.

In the second hypothesis of the study it was assumed that it is possible to integrate ALS-tolerant sugar
beets in a crop rotation without increasing the risk of selection of ALS-resistant weeds. The results of
the study showed that, regardless of the weed control strategy, a progressive resistance selection
process took place during the trial period. Even the alternative modes of action used in the ALS-free
years could not stop the increase in resistant individuals in the weed population. However, this is due
to the close neighborhood of resistant weed populations. Therefore, no correlation could be observed
between herbicide-tolerant varieties and selection of ALS-resistant weeds. It must be considered that
these effects could be influenced by the design of the experiments as the transport of seeds by tillage
equipment and the spread of pollen by wind and insects cannot be excluded. Consequently, ALS-
tolerant sugar beets were not the cause of the resistance distribution. Rather, it was the frequency of
ALS-inhibitor use.

All in all, the association of the tolerant variety and its complementary ALS-inhibiting herbicide can
be a useful tool for integrated weed management. The number of herbicide applications in sugar beet
could be significantly reduced compared to current standards. Nevertheless, all available measures for

avoiding resistance must be included throughout the crop rotation.
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3.1 Abstract

Herbicide-tolerant winter oilseed rape (OSR) varieties offer the opportunity of using imazamox for
weed control, an active ingredient belonging to the chemical group of acetolactate synthase- (ALS-)
inhibitors. However, ALS inhibitors are used in many different crops and are the most resistance-
prone herbicide mode of action. Their frequent application in a crop rotation increases the selection
pressure for ALS herbicide resistance in weeds, which has to be considered when designing resistance
management strategies. Alopecurus myosuroides Huds. is a frequent and economically important grass
weed in Northwestern Europe, which has evolved resistance to several herbicide modes of action.

For the sustainable use of herbicide-tolerant OSR varieties, studies on the effects of the different
intensities of ALS inhibitor use on A. myosuroides population dynamics and resistance development
are required.

Two field trials were conducted including susceptible and multiple resistant A. myosuroides
individuals and four weed control strategies varying in their intensity of ALS inhibitor use over a
three-year trial period. A. myosuroides head numbers, the presence of target-site mutations in
surviving plants, and crop yields were assessed annually, and the amount of A. myosuroides seeds in
the soil seed bank was determined at the end of the trial period.

The results show that the intensity of ALS inhibitor use significantly influenced the density of A.
myosuroides and the development of resistance. Under weed control strategy IV (no ALS inhibitors),
an increase in A. myosuroides head number was observed due to multiple resistance in the 4.
myosuroides population employed in the field trial. None of the four weed control strategies was able
to control A. myosuroides infestation to an acceptable level.

The results on 4. myosuroides densities in the soil seed bank were highly variable and inconsistent.
Molecular analysis of surviving plants showed a selection of ALS-resistant biotypes depending on the
ALS inhibitor selection pressure.

This study did not reveal any specific deterioration of 4. myosuroides infestation associated with the
use of imidazolinone-tolerant OSR in a short-term crop rotation. However, this OSR production

system should not be employed if ALS-resistant A. myosuroides plants are present in the field.

Keywords: ALS inhibitors, herbicide resistance, molecular analysis, soil seed bank, seed viability,

weed density, yield
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4.1 Abstract

Echinochloa crus-galli (L.) PAL. BEAUV. is one of the most noxious weeds in maize cultivation and
has evolved target-site resistance to ALS-inhibiting herbicides. Due to the hexaploid nature of E. crus-
galli, resistance inducing mutations can be harboured by multiple gene copies, but up to now, studies
did not include an analysis of the ALS gene copies conferring resistance. Investigations on E. crus-
galli populations from different countries in Central Europe revealed the presence of several point
mutations conferring resistance and occurring independently at the positions Ala-122, Pro-197, and
Trp-574. Moreover, an Asp-376-Glu mutation in the ALS gene in E. crus-galli and a Ser-653-Tyr
amino acid change in the ALS protein of a weed were detected for the first time. Additionally, the
study revealed the first case of an ALS-resistant population (Trp-574-Leu) in the Czech Republic. The
detection of mutations is relevant to the evolution and management of herbicide resistance.
Dose-response experiments showed different effects depending on the population and the individual
active ingredients and mixtures. Due to the genetic variability of E. crus-galli, results were highly
variable. Overall, the populations showed a high level of resistance. For the prevailing mutated
positions, i.e. Ala-122, Pro-197 and Trp-574, gene copies were examined separately using molecular
genetic methods. A single mutation in at least one out of three ALS gene copies was sufficient to
confer resistance at the positions Pro-197 and Trp-574. At Ala-122, point mutations co-occurring in
the ALS 1, ALS 2 and ALS 3 gene copy were identified.

The study provides a starting point for differentiation of the resistance mechanisms in polyploid E.

crus-galli.

Keywords: ALS mutation, gene copy, herbicide sensitivity, target-site resistance
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5.1 Abstract

The development of herbicide-tolerant sugar beet varieties offers the possibility to use only herbicides
from the group of the aceto-lactate synthase (ALS) inhibitors. At present, ALS inhibitors are used in
many crops of the rotation to a significant extent, in particular in cereals and maize. However, more
than 159 weed species with resistance to ALS inhibitors are known. Consequently, this is the mode of
action with most cases of herbicide resistances. The advancing spread of ALS-resistant weeds is a

major challenge for herbicide management, if herbicide ALS-tolerant crops are used.

The present study was concerned with the question of which herbicide strategies ensure the efficacy of
the new herbicide Conviso® with and without presence of ALS-resistant weeds. Furthermore, the
selectivity in ALS-tolerant sugar beet was investigated. Without presence of ALS-resistant weeds one
treatment with Conviso” was sufficient for weed control. With a splitting application and use of an
additive the Conviso” efficacy could be improved. The application of Conviso” herbicide caused no
visual symptoms or yield loss in the sugar beet. ALS-resistant weeds were only partly controlled by
Conviso” herbicide. By using tank mixtures with other modes of action efficacy could be improved,

but complete control of ALS-resistant weeds was not possible.

Keywords: ALS inhibitors, Conviso®, herbicide tolerance
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5.2 Introduction
Sugar beets have a low competitiveness against weeds during the juvenile development. Consequently,

without any weed control the loss of yield can be up to 95 % (PETERSEN, 2003). Accordingly, farmers
usually treat the crops 3 to 5 times with mixtures of different active ingredients (MARLANDER and
TIEDEMANN, 2006). CONVISO® SMART is a new system for weed control developed by Bayer
CropScience AG and KWS SAAT SE. This system consists of an ALS-tolerant sugar beet hybrid and
a complementary ALS-inhibiting herbicide (50 g I" foramsulfuron plus 30 g 1" thiencarbazone-
methyl). It offers the chance to control major weeds with low dose rates of product and reduced
number of applications (WEGENER et al., 2015). The registration of Conviso® was requested with an
application rate of 1.0 1 ha™ or 2 x 0.51 ha™ in ALS-inhibitor tolerant sugar beets (BALGHEIM et al.,
2016).

However, the intensive use of ALS-inhibitors in crop rotations favored the development of herbicide
resistance in numerous weed species. In the last 30 years, resistant populations have spread widely in
Western and Central Europe (HEAP, 2017). Until now, there are 97 dicot and 62 monocot species
known having an ALS-resistance (HEAP, 2017).

Conviso” is supposed to be active against nearly all economically important weeds in sugar beets
(BALGHEIM et al., 2016). Consequently, the solo use of the Conviso” herbicide as an ALS-inhibitor is
possible in many cases. The risk to select ALS-resistant weeds in this system is high. For the
sustainable use of this system it is important to find strategies to reduce that risk. In this study the
following hypothesis were testetd: (i) It is possible to supplement the application of Conviso® with
classical sugar beet herbicides in such a way that even ALS-resistant weeds are safely controlled. (ii)
The efficacy of Conviso” is comparable to classical herbicides. (iii) The use of an adjuvant ensures the
effect of Conviso” under dry conditions. Therefore, an outdoor container test and a field experiment
were cultivated in Bingen (Rhein).

5.3 Material und methods
Outdoor container test

The trial was established with 30 containers (0.75 m?) under outdoor conditions. The sowing of 8
herbicide-tolerant sugar beets (experimental hybrid) was done by hand on 24" March 2016 and 16"
March 2017. To require a seed stock of ALS-resitant weeds, seeds of Echinochloa crus-galli, Stellaria
media, Papaver rhoeas and Matricaria inodora were mixed in the sterilized soil of the containers
immediately before sowing (Table 1). The seed samples were from the oringal origin, except MATIN
seeds. They were multiplied under selection pressure (tribenuron treatment) in 2015. The germination
rate was estimated between 50 to 80 % depending on the species. A total of 10 herbicide strategies
were tested with three replicates (Table 3). The containers were treated with a one-wheel plot sprayer
(Air mix 110-025 Flat Fan, pressure 2.1 bar, water amount 200 1 ha™', speed 4.5 km h™). The harvest
was done on 29" July 2016 and 13" July 2017.
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The efficacy of the herbicide applications was evaluated by counting weeds by species two weeks after
treatment and by fresh weight determination of weed and sugar beet biomass. The experiences made in

the first experimental year led to an adjustment of the seed rates.

Table 1 Characterization of weeds used in the outdoor container test.

amount [g per
EPPO- container]

weed Code 2016 2017  origin, type of ALS-resistance
Echinochloa crus-galli ECHCG 05 0.75 Thal (A); EMR; Trp574Leu
Matricaria inodora MATIN 1.5 0.25 Freiburg/Elbe; Pro197GIn

Papaver rhoeas PAPRH  0.015 0.02 Volkstedt (SA); Pro197Ser

Stellaria media STEME  0.03 0.1 Selbitz (Bay); Pro197Thr + Trp574Leu

Table 2 Characterization of herbicides

Product Ingredients MoA HRAC
Betanal maxxPro 60 g I"' phenmedipham inhibition of Cl1
27 g 1" lenacil photosynthesis
47 g I'" desmedipham at PS1I
75 g1 ethofumesat inhibition of lipid syhthesis N
Conviso® 50 g I"' foramsulfuron ALS-inhibitor B
30 g 1" thiencarbazone-methyl
Goltix Gold 700 g I'' metamitron inhibition of Cl1
photosynthesis at PS II
Hasten adjuvant
Lontrel SG 720 720 g kg'1 clopyralid Synthetic auxin (0]
Mero adjuvant
Para Sommer adjuvant
Select 240 EC 241,9 g 1" clethodim inhibition of ACCase A
Field trial

In field trials, the efficacy and selectivity of different herbicide strategies to ALS-tolerant sugar beets
were tested from 2015 to 2017. The trial site was in Bingen (Rhein) with a natural weed infestation. In
a randomized block design 12 herbicide programs were tested with 4 replicates (tab. 4). The plot size

was 2.5 to 8.0 m. The herbicide application was done by the same plot sprayer as in the container trial.

The investigations included number of weeds, visually assessment of herbicide selectivity, yield and

quality determination.
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Table 3 Herbicide treatments to control ALS-resistant weed in in sugar beet in outdoor
containers in the years 2016 and 2017 (T 2, T 4, T 6 and T 7 were only conducted in

2017).

Treatment

Product

Dose [l ha / g ha

early post- 1* post- 2 post- 3

T1 no treatment

T2 Conviso® 1.0
+ Mero 1.0

T3 Goltix Gold 1.25 1.25 1.25
+ Betanal maxxPro 1.25 1.25 1.25
+ Hasten 0.5

T4 Conviso® 1.0
+ Select + Para Sommer 0.75
+ Lontrel 165

TS5 Conviso® 0.5 0.5
+ Betanal maxxPro 1.25 1.25
+ Goltix Gold 1.25 1.25

T6 Conviso® 0.5 0.5
+ Betanal maxxPro 1.25
+ Goltix Gold 1.25

T7 Conviso® 0.5 0.5
+ Betanal maxxPro 1.25 1.25
+ Goltix Gold 1.25 1.25

T8 Conviso® 0.5 0.5
+ Betanal maxxPro 1.25 1.25

T9 Conviso® 0.5 0.5
+ Goltix Gold 1.25 1.25

T10 Conviso® 0.5 0.5
+ Mero 1.0 1.0

*early post-1: 6™ April 2016, 4™ April 2017; post- 2: 20™ April 2016, 20™ April 2017;
post- 3: 10™ May 2016, 5™ May 2017

Statistical analysis

Data analysis were made with the statistic program “R”, version 3.2.2. Differences between the

herbicide programs were compared using an ANOVA with alpha > 0.05, and a Tukey post-hoc test.

The investigations were done on beet fresh weight (container trial) and on white sugar yield (field

trial).
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Table 4 Herbicide programs and dosages used for the field trial from 2015 to 2017 (V 8 to V
12 were only conducted in 2016 and 2017).
treatment Herbicide variation 9ose [l ha” treatment timing
]

Vi no treatment

V2 mechanical by hand

V3 Goltix Gold 3x1.25 NAK 1, 2,3
+ Betanal maxxPro 3x1.5
+ Hasten 3x0.5

V4 Conviso® 1.0 BBCH 10-14 CHEAL

A\ Conviso® 2x0.5 BBCH 10-14 CHEAL and 14 days

later

V6 Conviso® 2.0 BBCH 10-14 CHEAL

A\ Conviso® 2x1.0 BBCH 10-14 and 14 days later

V8 Conviso® 2x0.5 BBCH 10-14 CHEAL and 14 days
+ Betanal maxxPro 2x1.25 later

\'A Conviso® 2x0.5 BBCH 10-14 CHEAL and 14 days
+ Goltix Gold 2x1.25 later

V10 Goltix Gold 3x2.5 NAK 1,2, 3
+ Betanal maxxPro 3x3.0

\A k! Conviso® 2x0.5 BBCH 10-14 CHEAL and 14 days
+ Mero 2x1.0 later

V12 Conviso® 1.0 BBCH 10-14 CHEAL
+ Mero 1.0

5.4 Results

Outdoor container trial
In the containers different weed species showed variation in germination. MATIN developed very fast

and became the dominant weed in both years. In 2016, only single individuals of ECHCG weeds
occurred in the trial. Nevertheless, the final infestation level differed between the weed species and the
herbicide programs. T 1 was an untreated control which included all sown weed species. The best
weed control was obtained in treatments T 5 and T 7 (Conviso® plus Betanal maxxPro plus Goltix
Gold). Herbicide efficacies ranged between minimum 40 % (PAPRH, 2016) and maximum 100 %.
However, numerous individuals of ECHCG (2017) and MATIN (2016) survived in treatment T 5. T 7
achieved a slight improvement in efficiency against ECHCG by an earlier application of classic
herbicides in 2017. With the exception of ECHCG, T 3 controlled all weed species well (classic
herbicide treatment). For T 6, an insufficient weed control was observed. Compared to a single
application (T 2), the splitting treatment of Conviso® plus Mero (T 10) showed a better efficiency. The
combination of Conviso® plus one classic herbicide (T 8 and T 9) was less effective against several
weeds. In general, the infestation with ALS-resistant MATIN was difficult to eleminate in most

herbicide programs.
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Table 5 Number of occuring weeds per container and efficacy of herbicide applications in
ALS-tolerant sugar beets infested with ALS-resistant weeds two weeks after
application in 2016 and 2017.

Treat- MATIN STEME PAPRH ECHCG

ment 2016 2017 2016 2017 2016 2017 2016 2017
T1 88* 29 8 42 12 7 0 32
T2 na. 48* na. 38 n.a. 9 n.a. 30
Eff. [%]** 0 0 0 0

T3 3 4 0 11 3 1 5 29
Eff. [%] 78 100 100 100 100 66 0

T4 n.a. 18 n.a. 28 n.a. 4 n.a. 21
Eff. [%] 67 66 31 100
TS5 34 5 0 34 3 10 0 28
Eff. [%] 0 100 100 40 100 22
T6 n.a. 9 n.a. 19 n.a. 4 n.a. 16
Eff. [%] 0 90 0 0

T7 n.a. 3 n.a. 15 n.a. 5 n.a. 21
Eff. [%] 100 100 93 100
T8 28 20 0 41 2 4 0 29
Eff. [%] 0 0 98 50 0 100
T9 34 5 2 30 9 7 0 38
Eff. [%] 0 69 0 78 21 71 72
T10 72 11 2 35 4 3 0 21
Eff. [%] 0 0 0 67 17 0 12

*number of occuring weeds per container

**efficacy of herbicide treatment against occurring weeds; n.a., not available

In 2016 the highest fresh mass of sugar beet leaves were achieved in T3, TS5 and T 10 (fig. 1).
Generally, in 2017 the infestation level was lower than in 2016. It was caused by reduced amount of
ALS-resistant MATIN seeds. The values of sugar beet leaf weights varied in this trial extremely. The
highest sugar beet yields (beet fresh weight) were found in those herbicide treatments which also had
the highest sugar beet leaf masses. As expected T 1 (untreated control) showed the lowest yields in
both trial years. In 2016 the highest yield of sugar beet fresh mass was received in T 3 (3 x Goltix
Gold + 3 x Betanal maxxPro) with 11.3 kg followed by T 5 (8.1 kg) and T 10 (6.0 kg). In 2017 the
significant highest yields were achieved in all treatments where Conviso® was combined with classic

herbicides (T 5, T 8 and T 9). All other treatments reached a similar yield level.
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Figure 1 Fresh weight of sugar beet leaves and beet yield depending on herbicide treatment in

ALS-tolerant sugar beet (outdoor container trial 2016 and 2017). *Significant
differences at p<0.05 are indicated different small letters (Tukey-HSD) only for beet
fresh weight.

Field trial
The field trials confirmed the high tolerance of the hybrid against Conviso®. All treatments including a

Conviso” application showed no phenotypic damages in all three years. Only the classic treatment let
to chlorosis and growth delay in the standard application (V 3) as well as for the double dose (V 10).
Occuring growth retardation disappeared during the growing period. Table 6 displays that V 3 and

V 10 achieved fewer yields, however, the yield was not influenced significantly (data not shown).

In 2015 the dominant weeds were Chenopodium album (CHEAL), Galium aparine (GALAP) and
Solanum nigrum (SOLNI). In the following year, the weed population comprised of ALS-resistant
Apera spica-venti (APESV) and susceptible CHEAL. In 2017 there was a wide spectrum of weeds
Amaranthus retroflexus (AMARE), APESV, CHEAL, ECHCG, volunteer OSR, Setaria viridis
(SETVI) and SOLNI. The weed population of V 1 (untreated control) covered the plots to 100 % in all
years. The splitting applications in V5 (2 x 0.5 1ha" Conviso™) and V 7 (2 x 1.0 1ha" Conviso®)
achieved much better efficacies than the single applications. The single application of the double
dosage of Conviso” (2.0 1 ha™) was more effective than the splitting application of the double dose rate

2 x 1.01ha". The use of the adjuvant Mero improved the performance of Conviso® in V 11 (2 x
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0.51ha” Conviso® + 1.0 1ha” Mero). The classic herbicide treatments V 3 and V 10 showed the
highest numbers of surviving CHEAL plants. Furthermore, AMARE, ECHCG, SETVI and SOLNI
survived, too. In classic herbicide programs, a graminicide would have been used to control grass
weeds. Generally, the best herbicide efficacy was obtained in all herbicide treatments which included
Conviso”. Moreover, seeds of ALS-tolerant oilseed rape were spread from neighbouring field trials
from previous years into this trial site. None of the Conviso® treatments were able to control this ALS-
tolerant volunteer OSR. The following molecular analysis confirmed the target site resistance at the
position Trp-574 and Ser-653 in the surviving OSR plants. Plots with occuring OSR reached the

coverage of minimum 0.5 % and maximum 3.0 %.
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Figure 2 Weed density in ALS-tolerant sugar beet after herbicide treatment at field trial site
Bingen (n = 3, 2015 — 2017). Dosages in 1ha". Box plot with median, 25"-75"
quantiles (box) and 5™- 95™ quantiles (whiskers). Black circles show outliers.

The white sugar yields in 2015 and 2016 as well as the beet fresh weight in 2017 did not show any
differences between the herbicide treatments. Only V 1, the untreated control, achieved significant
lower yields. In 2015 the white sugar yields were lower than in 2016. It was caused by drought period

during summer.
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Table 6 White sugar yield [t ha'l] 2015, 2016 and beet fresh weight [t ha'l] 2017 in ALS-
tolerant sugar beet depending on the herbicide treatment.
herbicide 2015 2016 2017
treatment mean value mean value mean value
(SD value) (SD value) (SD value)

Vi 4.69" %(0.82) 0.51%(0.30) 1.56" (2.06)
V2 9.49°(0.80) 15.73" (0.49) 88.06" (9.20)
V3 8.86°(0.39) 14.92° (0.79) 90.54" (8.59)
V4 9.02°(0.54) 15.03" (0.69) 86.46" (9.96)
‘' 9.57°(0.54) 15.56° (1.01) 86.56" (9.30)
V6 9.22°(0.79) 15.19° (1.15) 94.31% (6.39)
V7 8.91° (0.38) 15.42° (0.81) 95.90% (3.02)
V8 15.55° (0.58) 99.08"5 (5.41)
V9 15.91° (0.69) 93.85" (7.79)
V10 14.45° (0.96) 89.52" (3.67)
V11 16.13° (0.58) 92.69" (7.29)
V12 16,11° (1.60) 95.44" (5.15)

*Significant differences at p < 0.05 (Tukey-HSD) are indicated different small letters.

5.5 Discussion
The aim of this study was to examine the efficacy of herbicide strategies against ALS-resistant weeds

using Conviso® plus classic herbicides (container trial). Furthermore, crop selectivity of the
CONVISO® SMART hybrids and efficacy of Conviso” under natural weed infestation were
investigated (field trial). Resistance to ALS inhibitors is a result of reduced sensitivity of the target
ALS enzyme to inhibition by the herbicide (TRANEL and WRIGHT, 2002). The degree of the resistance
dominance varies among plant species or alleles (FOES et al., 1999). Thus, in principle, an effect of

Conviso” against ALS-resistant weeds was assumed.

In the container trial, the best weed control was obtained in the herbicide treatments including
Conviso”, Goltix Gold and Betanal maxxPro (T 5, T 7). Adding just one classic herbicide to the
Conviso” treatment led to a decreasing efficacy of the application (T 8, T 9). The herbicide treatment
T2 (1.0 1 ha" Conviso” plus 1.0 I/ha Mero) and the splitting application T 10 (2 x 0.5 lha™ Conviso®
plus 2 x 1.0 I/ha Mero) were not effective enough for controlling ALS-resistant weeds. This indicates
that Conviso” needs a supplement of classic herbicides for controlling ALS-resistant weeds. In the
classic herbicide treatment (T 3), most of the weeds were well controlled. Surviving plants of ECHCG
can be explained by the fact that Betanal maxxPro and Goltix Gold are no suitable grass herbicides.
The control of ALS-resistant MATIN was a challenge for nearly all herbicide treatments. Owing to the
results in most cases the hypothesis can be confirmed that even ALS-resistant weeds are controlled by
supplementing Conviso® with classic herbicides (i). The relationship between weed biomass and sugar
beet leaf weight corresponded with the number of surviving weeds per container. Low infestation

levels favored leaf development and beet growth.
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The dominant weed species in field trials were CHEAL, SETVI and SOLNI. In addition to these
susceptible species, ALS-tolerant oilseed rape occurred in 2017. These plants came from neighbouring
experimental areas and could not be controlled in any herbicide program. In practice, therefore, the
cultivation of herbicide tolerant sugar beets and herbicide tolerant oilseed rape in same crop rotation or
farm can not be recommended at all. Even for a farm with different crop rotation systems, there might
be problems with volunteer OSR. Similar to the container trial, the application of Conviso” plus
classic herbicides achieved the best efficacies (V 8, V 9) in the field trial. Investigations on Conviso®™
in single and in splitting treatments showed a slight benefit of the splitting application. All in all,
Conviso” was well active against weeds and an additonal adjuvant ensured the efficacy. Hence
Conviso” has a comparable or even better performance in weed controlling like classic herbicides (ii).

However, this statement does not apply to the weed control of ALS-resistant species.

The use of Mero improved the performance of Conviso” in the splitting treatment (V 11) in
comparison to an application without an adjuvant (V 5). Thus, the hypothesis (iii) can be confirmed.
Similar results can be found in the study of BALGHEIM et al. (2016). The number of surviving weeds of
the classic herbicides (V 3) was higher than the other herbicide treatments. Comparing the white sugar
yields of 2015 and 2017 it is noticeable that there are no significant differences between the herbicide

programs.

Compared to classic herbicide programs Conviso” was very selective even with double dose in all
three years. No chlorosis or stunting was observed. This may lead to quicker canopy closing and less
late developing weeds. Similar results were found by WENDT et al. (2017) in more detailed studies on

crop selectivity in ALS-tolerant sugar beets.
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6 General Discussion
Weed control is one of the main challenges in preventing yield losses in any crop production system.

Herbicides are considered the most effective means of weed control and are the major method of
control for economic reasons (Chauvel et al. 2001; Moss 2010; Owen 2016). However, previous EU
regulatory actions (Directive 2009/128/EC) and further restrictions due to the latest pesticide approval
regulations (EC/1107/2009) have resulted in fewer and fewer herbicides being available for weed
control. In addition, only a small number of new herbicides have been discovered in the last 20 years,
and no major new MoAs have been marketed for over 30 years (Westwood et al. 2018). Consequently,
the efficient use of existing herbicide tools for weed control is of crucial importance. The development
of HT crops, whether generated by conventional breeding, mutagenesis or through transgenic
techniques, is an approach to maintaining the efficiency of chemical weed control. These plants are
tolerant to the already existing effective broad-spectrum herbicides, which expands the opportunities
for their use (Mulwa & Mwanza 2006). Growing HT crops can bring significant benefits to farmers by
making weed management cheaper (May 2003; Gianessi 2008; Kliimper & Qaim 2014), providing
more flexible options for weed management, a lower risk for crop injury and being compatible with
no-till or reduced-tillage systems (Schiitte et al. 2017; Lamichhane et al. 2017). As the cultivation of
transgenic HT crops is restricted in Germany, this study focuses on crop tolerance to ALS-inhibiting

active ingredients, developed using conventional breeding techniques.

The cultivation of HT crops inherently implies the application of ALS herbicides, and thus alternation
between herbicide MoA may be lacking as ALS-inhibiting herbicides are used in many crops. Possible
consequences could be increased selection pressure for weeds that are tolerant, or a shift to weed
species that are poorly controlled or that develop avoidance mechanisms (Senior & Dale 2002;
Knezevic 2010). Today, herbicide resistance in arable weeds is widely known as a result of the
adaptive evolution of weed species to the intense selection pressure exerted by herbicides (Beckie
2006; Neve et al. 2009). Therefore, viable management systems are required that ensure the
sustainability of HT crops. Although resistance management was not considered to be an issue in HT
crop production (Bradshaw et al. 1997; Ghersa et al. 2000), this has changed along with evolved weed
resistance to glyphosate in GM glyphosate-resistant crops (Nandula et al. 2005; Powles 2008; Johnson
et al. 2009).

Glyphosate as a post-emergence, non-selective herbicide was commercially introduced in 1974 (Duke
& Powles 2008). Since then, several factors have driven the increase in glyphosate use. The rapid and
widespread adoption of GM-HT maize, cotton and soybeans, which became available in the mid
1990s, had a major impact on herbicide use trends by promoting the use of specific herbicides, most
notably glyphosate (Fernandez-Cornejo 2004; Duke & Powles 2008; Green 2012). The increased
acreage planted with GM-HT crops, along with the reduction in the price of glyphosate after the patent

expired, and the adoption of no-tillage and conservation tillage systems, contributed to the rising use
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of glyphosate (Vila-Aiub et al. 2008; Benbrook 2016). Thus, the cultivation of GM-HT crops with
glyphosate resistance has shifted weed management to a less diverse, more simplified weed
management strategy that has predictably resulted in the evolution of glyphosate-resistant weeds.
Between 1990 and 2015, 17 different weed species evolved resistance to glyphosate in the U.S. (Kniss
2018). Ironically, the rapid spread of herbicide-resistant weeds is also increasing the use of herbicides
because growers” first reaction to the discovery of herbicide-resistant weeds is to use higher rates or

alternative herbicides before changing cultural practices (Green 2014; Peterson et al. 2018).

In general, there is a difference between resistance management and resistance prevention strategies in
practice (Niemann 2003). Resistance management includes the alternation of active ingredient,
however, alternating the MoA is often not taken into account (Balgheim 2006). Even when changing
the MoA, herbicides must be chosen carefully. When selecting herbicides, active ingredients with a

low risk of resistance should be included in the herbicide regime (Niemann 2003).

Strategies for preventing or delaying resistance have been highlighted by numerous studies (e.g.,
Gressel & Segel 1990; Moss & Clarke 1994; Chauvel et al. 2001; Beckie 2006; Moss et al. 2007,
Gehring & Thyssen 2014), including measures associated with agronomic practice as well as a
combination of different MoAs. However, the cultivation of HT crops has not been considered. To
some extent, weed management practices in these crops differ from those of conventional cropping
systems. HT crops are designed to rely solely on one herbicide MoA. However, the continuous use or
overuse of a herbicide MoA in a crop rotation could increase the potential risk of developing resistant
weeds. Therefore, resistance management as well as resistance prevention strategies should be
modified when herbicide-resistant weed species occur in crop rotations in which HT crops are

cultivated.

6.1 Weed management strategies for HT crop cultivation
An important question is the impact that the introduction of HT crops will have on the development of

resistance in weed species. A weed population, once introduced into the seed bank, will gain
importance if selection pressure (e.g., herbicides) is exerted that favours this species (Owen & Zelaya
2005). However, there are many factors that affect the frequency, weed density and weed seedbank
dynamics of a weed species, such as crop rotation, tillage, environmental conditions and weed

management practices (Owen 2008).

6.1.1 Herbicide use
A fundamental question is which factors and measures carried out in field trials lead to the spread of

weed populations. In Paper No. 1, herbicide strategies were investigated that included different
intensities of ALS-inhibiting herbicides in the crop rotation. At the beginning of the field trials,
adequate weed control was achieved in almost all WCS that included an ALS inhibitor application.
Whereas A. myosuroides became the dominant weed species at the trial site Bingen, T. perforatum was

the prevalent weed species at the Braunschweig site. However, the selection pressure on ALS-resistant
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weed species increased within this short-term crop rotation and, consequently, caused sugar beet root
yield and wheat grain yield losses at the respective trial sites. Reliance on a single MoA must be

avoided to sustain the benefits of the HT varieties in the crop rotation.

In a crop rotation including ALS-tolerant oilseed rape hybrids (Paper No. 2), complementary
herbicides with active ingredients with different MoAs were combined. In contrast, winter wheat was
treated with an ALS inhibitor only. Unfortunately, the introduction of different MoAs in one crop
within a 3-year rotation did not sufficiently reduce the selection pressure on 4. myosuroides. Thus, the
degree of infestation increased dramatically with increasing intensity of ALS inhibitor use.
Furthermore, winter OSR was sown in the autumn, allowing 4. myosuroides to start infestation early
in the growing season, whereas sugarbeet varieties were not sown until spring. During the winter
months, A. myosuroides was able to establish high weed densities, especially when herbicide

applications failed due to adverse environmental conditions.

The results of these two field trials show that the use of a single MoA may not be successful,
especially when less sensitive or resistant weed species emerge. Rather, herbicide management must
include a variety of MoAs that have a low risk of resistance. In general, in a crop rotation with a high
proportion of cereals, grass weed control should be achieved with different MoAs. Ideally, ACCase-,
ALS- and photosynthetic inhibitors should be omitted or only rarely used due to the high risk of
developing resistance in A. myosuroides. Alternative active ingredients with a low risk of resistance
are diflufenican, flurtamone (inhibition of phytoene desaturase), flufenacet, ethofumesate,
prosulfocarb (inhibition of very long-chain fatty acid synthesis) and pendimethalin (inhibition of
microtubule assembly) for use in winter wheat cultivation. However, A. myosuroides populations with
reduced herbicide sensitivity to flufenacet (Hull & Moss 2012; Klingenhagen 2012; Rosenhauer &
Petersen 2014) and pendimethalin (Moss 1990; James et al. 1995; Hull et al. 2014; Keshtkar et al.
2015) have been reported.

For sugar beet cultivation only a small number of active ingredients are available. Propaquizafop,
fluazifop-butyl and quizalofop-ethyl are approved for grass weed control, however, with all these
active ingredients, there is a high risk of developing resistance with regular use. The same applies to
clethodim and cycloxydim as they also belong to the ACCase inhibitors. Both can be used in sugar
beet as well as winter OSR cultivation. Furthermore, propyzamide (inhibition of microtubule
assembly), dimetachlor and metazachlor (inhibition of very long-chain fatty acid synthesis) herbicides

are authorized for winter OSR cultivation.

In a field with a high expected weed infestation, a soil-active herbicide should be used in the autumn,
followed by a spring treatment. Generally, active ingredients against dicot and monocot weeds should
be applied in tank mixtures. If grass weeds such as A. myosuroides reach too advanced a stage of

development before the winter break, damaging competitive pressure with the crop may result. In
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addition, herbicide inputs would need to increase significantly in terms of number of applications and

amount of herbicides.

Of course, the use of ALS inhibitors is scheduled in the cultivation of HT crops. It is also conceivable
that ALS-inhibiting herbicides for imidazolinone-tolerant winter OSR or ALS-tolerant sugar beet
varieties will not be used except in another crop within the rotation. In field trials, a possible solution
would be to use an alternative MoA for weed control in ALS-tolerant sugar beet and in HT OSR.
Accordingly, herbicide application in winter wheat could be done once in a three-year crop rotation

with ALS inhibitors.

Another possibility is the use of a complementary ALS-inhibiting herbicide in combination with an
alternative MoA to ensure successful weed control. As illustrated by the results reported in Paper No.
4, mixtures of a complementary herbicide and conventional herbicides are suggested to achieve
sufficient weed control in HT sugar beet cultivation. Thereby, the selection pressure exerted by the

ALS-inhibiting herbicide on ALS-resistant weed species would decrease.

6.1.2 Crop rotation
However, the increasing infestation in the field trials was caused not only by reliance on chemical

weed control, but also by other components of cultural control measures. The field trials were
conducted in short-term rotations, with a high proportion of winter wheat and unilateral tillage. Crop
rotation is an important component of integrated weed management (Swanton & Weise 1991;
Clements et al. 1994) that reduces weed density by introducing conditions and practices that are
unfavourable to a specific weed species. As a result, both the growth and reproduction of weeds are
hindered (Bullock 1992). In addition, crop rotation has been reported to have a negative effect on

shifts in the weed population (Doucet et al. 1999).

Jouy and Guilbert (1998, cited in Chauvel et al. 2001) reported a considerable reduction in A.
myosuroides densities by introducing Pisum sativum L. into the crop rotation. Most A. myosuroides
seeds germinate in the autumn, and thus this weed species is much less of a problem in spring-grown
crops (Moss & Clarke 1994; Murphy & Lemerle 2006). Alternating spring and winter crops is thought
to be another effective strategy against A. myosuroides infestation (Chauvel et al. 2009). Focusing on
crop management strategies for the control of herbicide-resistant 4. myosuroides, Wellhausen et al.
(2018) demonstrated that complete control of this grass weed will be very difficult to achieve while
maintaining a crop rotation consisting only of winter crops. According to Lutman et al. (2013), the

best outcomes were achieved by planting a spring cereal and using a mouldboard plough.

Maize could also be a valuable component for cereal-based crop rotations. Overall, maize cultivation
and maize monocultures have increased in Germany, and typical maize weed species have
unfortunately increased at the same time (Schrdoder et al. 2007; DeMol et al. 2012). The emergence of
ALS-resistant T. perforatum (2009) and E. crus-galli (2012), as well as 4. retroflexus (2012) and S.
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media (2011), is associated with the frequent use of sulfonylureas (Heap 2021). Some of these weed
species can also become problematic in winter wheat or other arable crops. Regarding 7. perforatum,
Paper No. 1 shows that a resistant population can develop rapidly and cause yield losses. The situation
is similar for E. crus-galli. High weed densities can also become problematic in sugar beet cultivation.
German growers are not yet aware of E. crus-galli as a problem. As Paper No. 3 shows, the first cases
of ALS resistance have been detected in Europe, including in Germany (Heap 2021). ALS application
must be carefully calculated with regard to the management of resistance. Furthermore, after the
withdrawal of approval for topramezone in Germany, nicosulfuron (ALS inhibitor) has been
considered as a substitute active ingredient in grass control (Gehring et al. 2018). Alternatively, Ewert
et al. (2014) proposed a dimethenamid-P combination with terbutylazine as a sulfonylurea-free
herbicide strategy. Thus, adequate herbicide use would be possible and crop rotation could be
expanded with spring crops. Notably, using diverse crop rotations, as illustrated by Andert et al.
(2016), is a suitable method to reduce herbicide use intensities. Different crops in a crop rotation
provide the opportunity to use different MoAs and therefore, the repeated use of the same MoA can be
further reduced (Knezevic 2010).

6.1.3 Cultural measures
Several cultural control measures are also available for grass weed control including delayed drilling,

increasing crop competition and non-cropping. Although the benefits of using more competitive
varieties may be low, as reported by Lutman et al. (2013), this could be an attractive “no cost* option.
Moss et al. (2007) demonstrated that delayed autumn drilling of winter wheat crops reduced the
infestation of 4. myosuroides in the crop, relative to earlier drilling, by an average of 44 % across 17
field trials. Delayed autumn drilling allows more weed species to emerge and be controlled before

sowing.

In the case of extremely large populations of grass weed species, the inclusion of a grass ley (Moss &
Clarke 1994) or a fallow year is suggested to be a useful tool for weed management. A study by Hume
(1982) found that crop rotation, including a fallow year, was the most important factor in reducing
Setaria viridis (L.) Beauv. density. Furthermore, Moss & Lutman (2013) evaluated fallowing/ grass
leys with a 75% control per year of the 4. myosuroides seedbank. For these reasons, cultural measures

are considered to be important weed management tools.

6.1.4 Tillage
During the field trials, tillage was performed using non-inversion methods with a depth of 10 cm at

each site and in each year. Preparation of the stubble and the seedbed was done with a cultivator and a
rotary harrow. The one-time use of a plough could have counteracted the increasing A. myosuroides
populations by burying the most freshly shed seeds to a depth from which seedlings are unlikely to
emerge (> Scm) (Moss & Clarke 1994; Moss 2013). In a study by Lutman et al. (2013) mouldboard

ploughing reduced the number of 4. myosuroides plants m™ in the subsequent crop by 69 % compared
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with non-inversion tillage. The general influence of primary tillage on weed seeds in the tillage layer is
widely recognized (Fay & Olson 1978; Froud-Williams et al. 1983; Ball 1992). Nevertheless, the
weed seed bank must be considered in the management of herbicide resistance, with the aim of
maintaining a low weed seed bank (Owen 2016; Beckie et al. 2019). Norsworthy et al. (2014) and
Barber et al. (2015) even emphasized zero thresholds for herbicide-resistant weeds to keep the seed

bank from replenishing.

6.2 Aspects of ALS herbicide resistance

As described above, the selection pressure imposed by herbicides on weed species is expected to lead
to the development of resistance. Herbicide resistance is defined as “the inherited ability of a plant to
survive and reproduce following exposure to a dose of herbicide normally lethal to the wild type. In a
plant, resistance may be naturally occurring or induced by such techniques as genetic engineering or
selection of variants produced by tissue culture or mutagenesis” (WSSA 1998). Resistance to
herbicides has emerged in both grass and dicot weeds and is one of the primary concerns in modern
agriculture. Several methods are known for the detection of herbicide resistance, but not all of them
differentiate between different mechanisms of resistance (Balgheim 2009). The most widely used but
also time-consuming method is the dose-response experiment (Beckie et al. 2000; Deng et al. 2015).
Various DNA-based techniques have been developed for resistance diagnostics, including polymerase
chain reaction - restriction fragment length polymorphism (PCR-RFLP) (Kaloumenos et al. 2009),
dCAPS (derived cleaved amplified polymorphic sequences) (Délye et al. 2011; Yu et al. 2008) and
cleaved amplified polymorphic sequences (CAPS) (Yu et al. 2007).

Evolved TSR is due to point mutations resulting in amino acid changes in a target enzyme that prevent
or reduce herbicide binding (Yu & Powles 2014). Target-site based mechanisms, including increased
expression of the target gene or structural changes at the herbicide binding site caused by amino acid
mutation are mostly responsible for ALS resistance (Délye et al. 2013). As ALS is a nuclear gene and
follows normal Mendelian inheritance, resistant ALS alleles are most likely to be expressed by pollen
and seeds (Tranel & Wright 2002; Burke et al. 2007). In turn, it was found that mechanisms conferring
resistance other than at the target-site were not identifiable when using pollen assays (Richter &
Powles 1993; Letouze & Gasquez 2000). Although A. myosuroides is propagated solely by seeds
(Moss 2013), there is the possibility of spreading the resistance trait via pollen. Petersen et al. (2010)
observed inbreeding and outcrossing events within and between their trial plots for the spread of
ACCase TSR in A. myosuroides. The weed species T. perforatum is known to be insect pollinated
(Kay 1969). Consequently, the transfer of the resistance trait by both seed and pollen must be
considered (Ulber 2014). To date, the potential distance for the spread of the herbicide resistance trait
of T. perforatum has not been studied, but Bagavathiannan et al. (2013) reported long-distance pollen
movement for several weed species, regardless of whether they were spread by insects or wind.

Moreover, ALS-resistant weed seeds could have been dispersed over short distances across the trial
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fields by tillage equipment and harvesting machinery. In view of this, plot distances were as large as

possible, although pollen and seed transfer between plots might not have been completely avoided.

6.2.1 Herbicide resistance management
The use of ALS inhibitors in the field trials exerted considerable selection pressure on weed species in

a short-term crop rotation. It is the number of applications that drives the evolution of herbicide
resistance (Manalil et al. 2011; Hicks et al. 2018). Inevitably, in the presence of ALS-resistant weed
species, the aim must be to reduce the selection pressure exerted by herbicides. This should especially
be considered when there is resistance to multiple active ingredients. Relying solely on herbicides for
weed control is not sustainable in the long term (Moss & Lutman 2013), so non-chemical methods
should be integrated in weed management. In general, a selection process takes place whenever an
ALS inhibitor or herbicide with another MoA is sprayed. Even the application of a herbicide every 4

or 5 years leads to a certain selection pressure, but just to a lower one.

With respect to glyphosate-resistant GM crops, increased glyphosate use triggered the emergence of
weed species that are less sensitive or resistant to glyphosate product labels in GM-HT crops as well
as in non-GM-HT crop production systems. As glyphosate-resistant weeds have spread, growers have
lost many of the advantages they enjoyed when using glyphosate in glyphosate-resistant crops (Green
2014). In response, the industry has begun working on combined resistance to glyphosate and other
herbicide(s) to launch new HT crops with stacked herbicide tolerance traits (Bonny 2016; Schiitte et
al. 2017; Fartyal et al. 2018). Beckie et al. (2019) summarized the herbicide resistance traits in
cultivars of major agronomic crops that are currently available: Crop cultivars with stacked herbicide-
resistance traits confer resistance to glyphosatet+glufosinate (soybean, maize, cotton),
glyphosate+triazine (canola), glyphosatetdicamba (soybean, cotton), glyphosatetisoxaflutole
(soybean), glyphosate+2,4-D+aryloxyphen (maize), and glyphosate+glufosinate+dicamba (soybean,
cotton). Another three-way stacked soybean system to be released is tolerant to glyphosate, glufosinate
and 2,4-D. In Europe, this approach is not an option due to legal restrictions. However, these efforts
reflect the importance of managing glyphosate-resistant and other herbicide-resistant weed species.
Importantly, this approach is not a long-term solution and will not reduce weed resistance. Managing
to reduce weed density is not the same as minimizing herbicide resistance and therefore, weed
management must aim to minimize resistance and maximize the efficacy of herbicides (Hicks et al.
2018). Herbicides are efficient at controlling weeds, however this also applies to integrated
management practices as discussed earlier. Addidionally, there are long-term economic benefits of
preventing resistance by diverse crop rotations, rotating herbicide MoAs and inversion tillage, as
calculated by Norsworthy et al. (2012) and Gerhards et al. (2016). A recent study by Adeux et al.
(2019) demonstrated a successful cropping strategy containing different sowing periods, occasional
ploughing, repeated false seedbed preparations, reduced nitrogen fertilization at the cropping system

and crop scale, and a combination of mechanical and chemical weeding. The industry has also
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renewed efforts towards the discovery and development of novel herbicides. Promising approaches
include research with natural phytotoxins (Dayan & Duke 2014), products based on by-products of
microorganisms or extracts of plants (Westwood et al. 2017) and the herbicidal properties of many

antimalarial drugs (Corral et al. 2017).

6.3 Conclusions and future prospects
This thesis helps extent our knowledge of the relationship between the cultivation of HT crops and the

development of herbicide-resistant weed species. The integration of HT crops does not directly impart
selection pressure on the weed community (Owen 2008). Indeed, the selection pressure exerted on
weed species is increased due to the limited number of herbicides used to control weed species. The
selection pressure exerted by ALS inhibitors could lead to an increase in naturally tolerant populations
or the development of ALS resistance within the weed population. The study demonstrates that there
exists a link between HT crops and increasing herbicide-resistant weed species due to the number of
ALS inhibitor applications in the crop rotation. The most influential selective forces are believed to be
tillage and herbicide regimes (Owen 2008) and thus, significant impacts on weed population dynamics
cannot be separated from the specific effect of the crop rotation (Doucet et al. 1999). This implies that
the weed control measures applied by growers are primarily responsible for the ecological selection
pressure affecting the weed community. There was no clear evidence or indication of increasing weed
densities caused by the cultivation of HT crops. Lamichhane et al. (2017) highlighted that HT crop
cultivars require the same diverse management strategies as GM-HT cultivars to address
environmental issues, as they present similar advantages and disadvantages. The lessons learned from
abroad clearly show the serious problems that can arise from the careless use of GM-HT crops and
herbicides, regardless of the cropping system. Growers must proactively maintain the sustainability of
the technology by reducing the likelihood of resistance occurring and implementing integrated weed
management for these crop production systems. Since there will be no new MoA, ensuring the

sustainability of existing herbicides and production systems is a challange.
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7 Summary
Herbicides are the most widely used tool for weed management, ensuring and maintaining crop yield

and quality. However, intensive herbicide use has exerted selection pressure on weed communities
that has inevitably resulted in weed population shifts and the evolution of herbicide resistance.
Moreover, strict pesticide authorization regulations in Europe and a significant lack of development of
new herbicides with different MoAs have resulted in a limited range of herbicides for weed control in
recent years. The introduction of HT crops developed using conventional breeding techniques has
expanded the options for chemical weed control in sugar beet and OSR cultivation in Germany. So far,
the use of ALS inhibitors has been limited as these crops are sensitive to ALS-inhibiting herbicides.
Unfortunately, herbicides targeting acetolactate synthase are among the most commonly used
herbicides in arable crops; notably, they are also the most resistance-prone herbicide group. The
implementation of HT crop technology could further increase the use of ALS-inhibiting herbicides and

thus, reduce the diversity of MoAs used in a crop rotation and increase the risk of resistance.

The present study aimed to analyse in more depth the relationship between the cultivation of HT crops
and the development of herbicide-resistant weed species. In Germany, A. myosuroides is the most
important grass weed in arable fields associated with target-site resistance. In addition, E. crus-galli
and T. perforatum are weed species that have gained attention due to their ALS resistance and their
potential importance in the cultivation of HT crops. All investigations carried out during this thesis

deal with those three weed species.

The main question was whether there are herbicide strategies that can ensure successful weed
control even with a low initial frequency of ALS-resistant weed species in HT sugar beet
cultivation? Is it possible to integrate ALS-tolerant sugar beet into a crop rotation without

increasing the risk of ALS-resistant weed selection?

The first paper investigated the influence of varying intensities of ALS inhibitor use on the
development of herbicide-resistant A. myosuroides and T. perforatum in a crop rotation including HT
sugar beet. During the field trials conducted from 2014 to 2017 at two trial sites in Germany, weed
density, genetic resistance background and crop yield were evaluated annually. The results showed
that moderate ALS-resistant weed densities can be controlled with an adapted herbicide strategy.
However, the herbicide strategy must be extended to include graminicides in sugar beet, and a residual
herbicide must be used in winter wheat to ensure weed control. The application of ALS inhibitors
promoted the development of ALS-resistant weed populations but the spread of resistant biotypes

could not be attributed to the integration of herbicide-tolerant cultivars.

What are the effects of different intensities of ALS inhibitor application on the development of
A. myosuroides in HT OSR cultivation? Does the combination of ALS inhibitors and alternative

herbicides have weed control benefits in HT OSR cultivation?
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The second paper addressed the efficacy of herbicide strategies in HT OSR cultivation involving ALS
inhibitors in graduated intensities over a 3-year trial period. The parameters of A. myosuroides head
number, frequency of mutations at the target-site in surviving plants, and crop yield were assessed
annually, and the amount of 4. myosuroides seeds in the soil seed bank was determined at the end of
the trial period. The results indicated that the intensity of ALS inhibitor use significantly influenced
the density of 4. myosuroides head number and the development of resistance. The use of an
alternative MoA for weed control in HT OSR could not keep A. myosuroides infestation to an
acceptable level. As a consequence, HT OSR cultivation should not be used if ALS-resistant 4.
myosuroides plants are present in the field. Weed control seems to be difficult when relying only on

herbicides. Therefore, weed control must be complemented by additional agronomic methods.

What is the level of resistance of E. crus-galli to various ALS-inhibiting herbicides in Europe?

How many copies of the ALS gene are involved in the expression of target site resistance?

The third study addressed the spatial distribution of ALS-resistant E. crus-galli populations in Central
Europe. It was demonstrated that several point mutations confer resistance at the positions Ala-122,
Pro-197 and Trp-574. Additionally, an Asp-376-Glu mutation in the ALS gene and a Ser-653-Tyr
amino acid change in the ALS protein were detected in E. crus-galli. The study also revealed the first
case of an ALS-resistant population (Trp-574-Leu) in the Czech Republic. The level of resistance was
evaluated by dose—response experiments. E. crus-galli samples showed a high level of resistance
depending on the population and the individual active ingredients and mixtures. Using molecular
genetic methods, gene copies were examined separately. A single mutation in at least one out of three
ALS gene copies was sufficient to confer resistance at the positions Pro-197 and Trp-574. At Ala-122,
point mutations co-occurring in the ALS 1, ALS 2 and ALS 3 gene copy were identified. The study was
able to provide an insight into the occurrence of polyploid E. crus-galli in Central Europe and its

resistance mechanisms.

Is it possible to supplement the use of the complementary herbicide Conviso® (F+T,
foramsulfuron + thiencarbazone-metyhl) with classic sugarbeet herbicides in such a way that
even ALS-resistant weeds are reliably controlled? How competitive is the efficacy of F+T
compared to classic herbicides? Does the use of an adjuvant ensure the efficacy of F+T under

dry conditions?

The fourth study was concerned with the efficacy of the new sugar beet herbicide F+T. The field trials
and container trials showed that ALS-resistant weeds were only partly controlled by F+T. The
performance of this herbicide was improved by using tank mixtures with other MoAs. In the case of
natural weed infestation without the presence of ALS-resistant weeds F+T achieved sufficient weed

control. Furthermore, the use of an adjuvant ensured the efficacy of F+T under dry conditions.
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8 Zusammenfassung
Herbizide sind das am weitesten verbreitete Instrument fiir die Unkrautbekdmpfung, um den Ertrag

und die Qualitdt von Nutzpflanzen zu sichern und zu erhalten. Der intensive Herbizideinsatz hat
jedoch einen Selektionsdruck auf Unkrautgesellschaften ausgeiibt, der unweigerlich zu
Verschiebungen von Unkrautpopulationen und der Entwicklung von Herbizidresistenzen fiihrte.
Dariiber hinaus haben die strengen Zulassungsvorschriften fiir Pestizide in Europa und die
ungeniigenden Fortschritte bei der Entwicklung neuer Herbizide mit unterschiedlichen MoA in den
letzten Jahren zu einer begrenzten Auswahl an Herbiziden gefiihrt. Die Einfiihrung von HT-Pflanzen,
die mit konventionellen Ziichtungsverfahren entwickelt wurden, hat die Moglichkeiten der
chemischen Unkrautregulierung im Zuckerriiben- und OSR-Anbau in Deutschland erweitert. Bisher
war der Einsatz von ALS-Hemmern begrenzt, da diese Kulturen sensitiv auf ALS-hemmende
Herbizide reagieren. Herbizide, die auf die Acetolactat-Synthase abzielen, gehdéren zu den am
haufigsten eingesetzten Herbiziden im Ackerbau; ferner sind sie die resistenzanfilligste
Herbizidgruppe. Die Einfilhrung der HT-Pflanzentechnologie konnte den Einsatz von ALS-
hemmenden Herbiziden weiter erhdhen und damit den Wirkstoffwechsel in der reduzieren und das

Risiko einer Resistenz verstiarken.

Ziel der vorliegenden Studie war es, den Zusammenhang zwischen dem Anbau von HT-Kulturen und
der Entwicklung von herbizidresistenten Unkrautarten genauer zu analysieren. In Deutschland ist A4.
myosuroides das bedeutendste Schadgras, das mit Target-Site-Resistenz assoziiert wird. Dariiber
hinaus sind E. crus-galli und T. perforatum Unkrautarten, die aufgrund ihrer ALS-Resistenz und ihrer
potenziellen Bedeutung fiir den Anbau von HT-Kulturen an Aufmerksamkeit gewinnen. Alle
Untersuchungen, die im Rahmen dieser Arbeit durchgefiihrt wurden, befassen sich mit diesen drei

Unkrautarten.

Die Hauptfrage war, ob es Herbizidstrategien gibt, die auch bei einem geringen Aufkommen von
ALS-resistenten Unkrautarten im HT-Zuckerriibenanbau eine erfolgreiche
Unkrautbekimpfung sicherstellen konnen? Ist es moglich, ALS-tolerante Zuckerriiben in eine

Fruchtfolge zu integrieren, ohne das Risiko einer ALS-resistenten Unkrautselektion zu erh6hen?

In der ersten Arbeit wurde der Einfluss unterschiedlicher Intensititen des ALS-Hemmereinsatzes auf
die Entwicklung der herbizidresistenten Unkrautpopulationen von 4. myosuroides und T. perforatum
in einer Fruchtfolge mit HT-Zuckerriiben untersucht. Wahrend der Feldversuche von 2014 bis 2017 an
zwei  Versuchsstandorten in  Deutschland, wurden die Unkrautdichte, der genetische
Resistenzhintergrund und der Ernteertrag jahrlich ausgewertet. Die Ergebnisse zeigten, dass moderate
ALS-resistente Unkrautdichten mit einer angepassten Herbizidstrategie kontrolliert werden konnen.
Allerdings muss die Herbizidstrategie in Zuckerriiben um eine Graminizidbehandlung erweitert
werden und im Winterweizen muss ein Residualherbizid eingesetzt werden, um die Unkrautkontrolle

zu gewihrleisten. Die Anwendung von ALS-Inhibitoren forderte die Entwicklung ALS-resistenter
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Unkrautpopulationen, aber die Ausbreitung resistenter Biotypen konnte nicht auf die Integration

herbizidtoleranter Sorten zuriickgefiihrt werden.

Welche Auswirkungen haben unterschiedliche Intensititen der ALS-Inhibitor-Applikation auf
die Entwicklung von A. myosuroides im HT-OSR-Anbau? Hat die Kombination von ALS-
Inhibitoren und alternativen Herbiziden Vorteile bei der Unkrautbekimpfung im HT-OSR-

Anbau?

Die zweite Arbeit befasste sich mit der Wirksamkeit von Herbizidstrategien im HT-OSR-Anbau mit
ALS-Inhibitoren in abgestuften Intensitéten {liber einen dreijahrigen Versuchszeitraum. Die Parameter
Ahrenzahl von 4. myosuroides, Hiufigkeit von Mutationen an der Zielstelle in iiberlebenden Pflanzen
und der Emteertrag wurden jéhrlich bewertet, und am Ende des Versuchszeitraums wurde die Menge
an A. myosuroides-Samen in der Samenbank im Boden bestimmt. Die Ergebnisse zeigten, dass die
Intensitit des ALS-Hemmstoffeinsatzes die Dichte der 4. myosuroides-Ahrenzahl und die
Resistenzentwicklung signifikant beeinflusste. Der Zusatz von alternativen MoA zur
Unkrautbekédmpfung in HT-OSR konnte den Befall mit 4. myosuroides auf keinem akzeptablen
Niveau halten. Folglich sollte der HT-OSR-Anbau nicht eingesetzt werden, wenn ALS-resistente A.
myosuroides-Pflanzen auf dem Feld vorhanden sind. Die Unkrautbekdmpfung scheint schwierig zu
sein, wenn man sich nur auf Herbizide verldsst. Daher muss die Unkrautbekdmpfung durch zusétzliche

agronomische Methoden ergénzt werden.

Wie hoch ist der Grad der Resistenz von E. crus-galli gegen verschiedene ALS-hemmende
Herbizide in Europa? Wie viele Kopien des ALS-Gens sind an der Ausprigung der

Zielstellenresistenz beteiligt?

Die dritte Studie befasste sich mit der rdumlichen Verteilung von ALS-resistenten E. crus-galli-
Populationen in Mitteleuropa. Es wurde gezeigt, dass mehrere Punktmutationen an den Positionen
Ala-122, Pro-197 und Trp-574 Resistenz verleihen. Zusétzlich wurden bei E. crus-galli eine Asp-376-
Glu-Mutation im ALS-Gen und eine Ser-653-Tyr-Aminosdurednderung im ALS-Protein
nachgewiesen. Die Studie zeigte auch den ersten Fall einer ALS-resistenten Population (Trp-574-Leu)
in der Tschechischen Republik. Der Grad der Resistenz wurde durch Dosis-Wirkungs-Experimente
evaluiert. E. crus-galli Proben zeigten ein hohes Mal} an Resistenz in Abhidngigkeit von der Population
und den einzelnen Wirkstoffen und Mischungen. Mit molekulargenetischen Methoden wurden die
Genkopien einzeln untersucht. Eine einzige Mutation in mindestens einer von drei ALS-Genkopien
reichte aus, um an den Positionen Pro-197 und Trp-574 Resistenz zu verleihen. An Ala-122 wurden
Punktmutationen identifiziert, die in der ALS 1, ALS 2 und ALS 3 Genkopie gemeinsam vorkommen.
Die Studie konnte einen Einblick in das Vorkommen der polyploiden E. crus-galli-Art in Mitteleuropa

und deren Resistenzmechanismen geben.
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Ist es moglich, den Einsatz des Komplementirherbizids Conviso® (F+T, Foramsulfuron +
Thiencarbazone-methyl) mit klassischen Zuckerriibenherbiziden so zu ergéinzen, dass auch
ALS-resistente Unkriuter zuverlissig bekimpft werden? Wie Kkonkurrenzfihig ist die
Wirksamkeit von F+T im Vergleich zu Kklassischen Herbiziden? Stellt der Einsatz eines

Adjuvants die Wirksamkeit von F+T unter trockenen Bedingungen sicher?

Die vierte Studie befasste sich mit der Wirksamkeit des neuen Herbizids F+T. Die durchgefiihrten
Feldversuche und Kiibelversuche zeigten, dass ALS-resistente Unkrduter nur teilweise mit F+T
bekdampft wurden. Die Leistung dieses Herbizids wurde durch die Verwendung von Tankmischungen
mit anderen MoA verbessert. Bei natiirlichem Unkrautbefall ohne das Vorhandensein von ALS-
resistenten Unkrautern hat F+T eine ausreichende Unkrautbekdmpfung erreicht. Auflerdem wurde
durch den Einsatz ecines Adjuvants die Wirksamkeit von F+T unter trockenen Bedingungen

sichergestellt.
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