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Summary

Over the past 50 years, herbicides have often replaced mechanical and manual human

weed control, thus representing a major factor in yield productivity in modern agriculture.

Herbicide applications, however, exert strong selection pressures on weeds. As a

consequence, these species have developed herbicide resistance through adaptive,

beneficial alleles that increase in number to ensure the persistence of the populations, a

phenomenon known as evolutionary rescue. A major research question is whether herbicide

resistance adaptation is more likely to arise from standing genetic variation that was present

before the onset of herbicide selection or from de novo mutations that arose after herbicide

selection began. To address this question, I focused on target-site resistance (TSR) point

mutations, which cause a lower binding affinity to the target protein of the respective

herbicides. I first investigated the diversity of TSR haplotypes in populations of the grass

species Alopecurus myosuroides (common name: blackgrass), and compared it with the

TSR diversity outcome of simulated populations under both evolutionary scenarios.

I first conducted a population genetics study of A. myosuroides, which is the most

problematic weed in winter cereals across the European continent due to rapid resistance

evolution. To obtain genome-wide polymorphic markers, I adapted a restriction

site-associated DNA sequencing protocol to this species. I began by analyzing the diversity

and population structure in a smaller local South German collection. The fact that I could

differentiate populations on a local scale motivated me to extend the study to a

European-wide collection, in which I found clear population structure, albeit with low

differentiation and some evidence for admixture across Europe. In addition, I generated

highly accurate long-read amplicons from single individuals of two loci, ACETYL-COA

CARBOXYLASE (ACCase) and ACETOLACTATE SYNTHASE (ALS), which are the targets

of the two main herbicide modes of action used in European cereal crops. I obtained

completely phased haplotype information, supporting the analysis of haplotype diversity on a

population level. I found a remarkable diversity of beneficial TSR mutations at the field level

arising from multiple haplotypes of independent origin, so called soft sweeps. I used this

information to perform forward simulations to investigate the evolutionary origin of these

mutations. I found evidence that a majority of resistance mutations originated from standing

genetic variation. While this at first may appear surprising, it is consistent with very large

census and effective population sizes in blackgrass.

Since long-read amplicon sequencing of single individuals could be costly and time

consuming, I extended the analysis to pools of 150 to 200 individuals from Germany,
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Belgium, France, the Netherlands and the United Kingdom. By combining the power of a

more stringent accuracy criterion in our long-reads and a novel clustering software (PacBio

amplicon analysis), I was able to preserve individual haplotype information in pooled

samples. Furthermore, in a proof of concept experiment, I was able to recover in our pools

most haplotypes previously sequenced in individuals. The amplicon study provides a

versatile workflow that can be easily adapted to any gene of interest in different species.

In conclusion, I found that many A. myosuroides populations likely already have the genetic

prerequisites not only for rapid evolution of resistance to currently used herbicides, but also

to herbicides that have not yet been brought to market.
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Zusammenfassung

In den letzten 50 Jahren haben Herbizide größtenteils die mechanische und manuelle

Unkrautentfernung durch den Menschen ersetzt und bilden damit einen wichtigen Beitrag

zur Ertragsstabilität in der modernen Landwirtschaft. Der Einsatz von Herbiziden übt jedoch

einen starken Selektionsdruck auf Unkräuter aus. Infolgedessen haben diese Arten eine

Herbizidresistenz entwickelt, welche mit dem Anstieg von adaptiven, vorteilhaften Allelen

einhergeht und so den Fortbestand der Populationen sichert - ein Phänomen, das als

evolutionäre Rettung bekannt ist. Hier stellt sich die Frage, ob die Herbizidresistenz als

bestehende genetische Variationen in den Populationen bereits vor Beginn der

Herbizid-Selektion vorhanden ist oder aus de-novo Mutationen hervorgeht, die nach Beginn

der Herbizid-Selektion entstanden sind. Um diese Frage zu klären, habe ich mich auf

Punktmutationen der Target-Site-Resistenz (TSR) konzentriert, die eine geringere

Bindungsaffinität zum Zielprotein des jeweiligen Herbizids bewirken. Dazu analysierte ich die

Diversität der TSR-Haplotypen in Populationen der Grasart Alopecurus myosuroides

(allgemein: Ackerfuchsschwanz) und verglich sie mit dem Ergebnis der TSR-Diversität

simulierter Populationen unter beiden Evolutionsszenarien.

Als Erstes führte ich eine populationsgenetische Studie in A. myosuroides durch, welches

aufgrund der schnellen Resistenzentwicklung das problematischste Unkraut beim Anbau

von Wintergetreide in Europa ist. Um genomweite polymorphe Marker zu generieren, habe

ich ein Protokoll zur Erzeugung von Restriktionsstellen-assoziierten DNA-Markern an diese

Grasart angepasst. Zunächst analysierte ich die Diversität und Populationsstruktur in einer

kleineren lokalen süddeutschen Sammlung. Die Tatsache, dass ich Populationen auf lokaler

Ebene unterscheiden konnten, motivierte mich, die Studie auf eine europaweite Sammlung

auszudehnen. Dort zeigte sich eine klare Populationsstruktur, wenn auch mit einer geringen

Differenzierung, sowie Hinweise auf genetische Vermischungen in ganz Europa. Darüber

hinaus generierte ich hochpräzise Long-Read Amplikons von einzelnen Individuen der

beiden Gene ACETYL-COA CARBOXYLASE (ACCase) und ACETOLACTAT SYNTHASE

(ALS), welches die Zielgene der beiden wichtigsten herbiziden Wirkmechanismen im

Getreideanbau sind. Ich erhielt vollständig phasierte Haplotyp Informationen, die es mir

ermöglichten, die Haplotyp-Diversität auf Populationsebene zu analysieren. Ich fand eine

bemerkenswerte Vielfalt an vorteilhaften TSR-Mutationen auf Feldebene, die aus mehreren

Haplotypen unabhängigen Ursprungs, so genannten Soft Sweeps, hervorgingen. Diese

Informationen konnte ich für Vorwärts-Simulationen nutzen, um den evolutionären Ursprung

dieser Mutationen näher zu untersuchen. Ich fand Hinweise darauf, dass die Mehrzahl der

Resistenzmutationen aus bestehenden genetischen Variationen hervorgegangen sind. Dies
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mag auf den ersten Blick überraschen, steht aber im Einklang mit den hohen effektiven

Populationsgrößen von Ackerfuchsschwanz.

Da die Long-Read Amplikon Sequenzierung von Einzelindividuen kostspielig und

zeitaufwändig sein kann, habe ich meine Methode auf Pools von 150 bis 200 Individuen aus

Deutschland, Belgien, Frankreich, den Niederlanden und dem Vereinigten Königreich

ausgedehnt. Durch die Erhöhung der Read Genauigkeit und mit Hilfe der neuartigen

Clustering-Software (PacBio amplicon analysis) war ich in der Lage, individuelle

Haplotyp-Informationen in den gepoolten Proben zu erhalten. Darüber hinaus konnte ich die

meisten Haplotypen, die zuvor als Einzelproben sequenziert worden waren, in unseren

Pools identifizieren. Die Amplikon Pool Methode kann leicht an jedes Gen von Interesse in

verschiedenen Arten angepasst werden.

Ich komme zu dem Schluss, dass in vielen A. myosuroides Populationen die genetischen

Vorraussetzungen für eine rasche Resistenzentwicklung höchstwahrscheinlich bereits

vorhanden sind. Dies betrifft nicht nur Herbizide, die derzeit verwendet werden, sondern

auch Wirkstoffe, die noch nicht auf dem Markt sind.
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General Introduction

1. General Introduction

1.1 Winning the race against extinction through resistance evolution

With the increasing demand for agricultural products in our growing world population and the

associated need for higher and stable yields, the use of chemical plant protection in

agriculture has become essential (Food and Agriculture Organization 2019; Gianessi 2013).

However, this widespread use of pesticides carries, among other risks, the threat of rapid

and repeated evolutionary adaptation through resistance development (REX Consortium

2013).

From Darwin’s theory of evolution, we know that the best adapted individuals have the

highest probability to produce the most offspring in a given environment (Darwin 1859). This

"survival of the fittest", in which the less well adapted is gradually displaced, can be

observed in a time-lapse rate when resistance builds up in populations. The application of

pesticides represents a human-induced high selection pressure that triggers a race against

extinction in populations subjected to selection. This resistance evolution occurs very rapidly

and is based on the increase of beneficial adaptive alleles that emerge from the genetic pool

of heritable variance in a population, a process also known as evolutionary rescue

(Alexander et al. 2014).

To provide a quantitative framework to link Darwinian selection theory with Mendelian

concepts of the inheritance of traits, Wright, Haldane and Fisher developed mathematical

models and theories that became the foundations of population genetics (Wright 1931;

Haldane 1932; Fisher 1930; Mendel 1866). Dobzhansky (1937) and Mayr (1942) shaped the

so-called Neo-Darwinism, the fusion of Darwinian evolution and Mendelian genetics, which

today is called evolutionary genetics (Huxley and Julian 1943). They defined five

evolutionary factors that change the allele frequencies of a population and consequently

affect the gene pool: mutation, recombination, selection, genetic drift and isolation, all of

which play a central role in the type and nature of resistance evolution in different species

(Dobzhansky 1937; Mayr 1942). In this context, selection plays the most important role in

resistance adaptation, as it can lead to a rapid and targeted change in allele frequencies in

response to the repeated application of pesticides.
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General Introduction

The increasing resistance of agricultural pests and diseases greatly affects the use of

insecticides, fungicides and herbicides. The first resistance observation was made in 1914 in

the insect species Quadraspidiotus perniciosus against the active ingredient lime sulfur, and

already at that time it was hypothesized that without preventive measures this would become

an increasing problem (Melander 1914). Today, pesticide resistance is an essential problem

that not only causes significant economic losses for farmers, but also threatens our food

production (Varah et al. 2019; Palumbi 2001). Up to date, resistance to insecticides can be

found in more than 625 species (Mota-Sanchez and Wise 2022). Similarly for fungicides, the

most important mode of actions have been overcome by different resistance mechanisms in

many economically relevant crops (Lucas et al. 2015). The same applies to herbicides, in

which numerous modes of action lost their effectiveness quickly after their introduction (see

further details in the next section) (Heap 2014a). New alternatives in pesticide development

offer new opportunities for pest control. However, it is very likely that resistance development

will occur faster than human innovations to counteract it.

1.2 Herbicide resistance in weeds as agricultural challenge

The highest potential agricultural yield losses are caused by weed growth and the

associated competition for space, light and nutrients (up to 74%) (Oerke 2006). Therefore,

the use of herbicides for weed control is a common practice. This has led to the unintended

consequence of herbicide resistance in many different species in recent decades (mainly

since 1980) with the broader introduction and increasing use of herbicides (Heap 2014a).

The resistance cases are still rising today due to several reasons: herbicides have the

highest weed control efficiencies, they are relatively easy to use and they are not costly

(Gressel 2011). In rural areas in developing countries where hand weeding was common

practice until today, workers are becoming increasingly scarce and herbicides are a cheap

alternative (Gianessi 2013). In addition, agricultural best practices to maintain natural soil

composition and reduce surface runoff, such as reduced tillage, require increased herbicide

use (Moss 2017; Clarke et al. 2000). Furthermore, only few different modes of action are

available in many crops and only one new active ingredient (cinmethylin) has been added in

the last 30 years (Duke 2012; Campe et al. 2018).

According to the current Herbicide Resistance Action Committee (HRAC) classification code,

28 mode of action (MoA) groups are specified (Herbicide Resistance Action Committee

2022), of which 18 have been overcome by resistance up until the present time (Figure 1)

(Heap 2022). The first cases of herbicide resistance were reported in 1957 in the species

Commelina diffusa and Daucus carota. They evolved resistance against the synthetic auxin
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General Introduction

2,4-D (MoA group 4), which has been primarily used to control broadleaf weeds in grass

crops (Switzer 1957; Hilton 1957). To date, there are 512 unique cases of herbicide

resistance in 266 species reported (Heap 2022).

Figure 1: Timeline of the accumulation of herbicide resistant weed species per mode of action (MoA).

Credit: I. Heap, www.weedscience.org, data downloaded: 05.02.2022 (Heap 2022), adapted by S.

Kersten.

The example of glyphosate illustrates how quickly widespread resistance can develop as a

result of massive herbicide usage: since glyphosate is effective on almost all weed species,

it has a wide application range in all kinds of agronomic crops. With the introduction of

genetically modified organisms (GMO) crops in 1996 that can survive glyphosate treatments,

widespread field applications of glyphosate began. By 2014, herbicide tolerant crops were

grown for maize, soybean, and cotton at around 90% of the cultivated area in the United

States and sprayed accordingly (United States Department of Agriculture 2020). Until then,

the widespread glyphosate application resulted in more than 40 resistant weed species,

some of them particularly problematic like Amaranthus palmeri, Amaranthus tuberculatus,

Ambrosia spp., Kochia scoparia, Digitaria insularis, Sorghum halepense and Lolium rigidum

(Gould et al. 2018; Heap 2022). As a consequence, new GMO crops tolerant to synthetic

auxins such as herbicides 2,4-D and dicamba were engineered, whereupon resistance to

these agents also quickly further increased (Behrens et al. 2007; Busi et al. 2018).

Photosystem II (PS II) inhibitors, another early popular MoA, include triazines, triazinones,

triazolinones, uracils, pyridazinones and phenyl-carbamates. The best known of these is

15

https://paperpile.com/c/qYsj7q/HoNr+tJoC
https://paperpile.com/c/qYsj7q/gOUY
https://paperpile.com/c/qYsj7q/gOUY
https://paperpile.com/c/qYsj7q/aeFV
https://paperpile.com/c/qYsj7q/dBe5+gOUY
https://paperpile.com/c/qYsj7q/PTFH+IZML


General Introduction

triazine, which was used extensively in maize cultivation in the USA from 1960 to 1990.

Large-scale applications led to increasing resistance problems since 1970. Particularly

problematic are the genera Amaranthus, Chenopodium and Solanum sp. in the maize

growing areas across the US and Europe (Heap 2014b).

Acetolactate synthase (ALS) inhibitors comprise the MoA group with the largest number of

herbicides (sulfonylureas (SUs), imidazolinones (IMIs), triazolopyrimidines,

pyrimidinyl-thio-benzoates), and the first resistance cases were reported already four years

after market introduction in the 1980s (Heap 2014b). Nevertheless, since their introduction

they have been widely preferred due to their low application rates, low mammalian toxicity,

broad spectrum of weed control and wide application windows (Tranel and Wright 2002).

The invention of ‘leaf-active’ safeners in the 1990s, further expanded the application range of

both ALS and Acetyl-CoA carboxylase (ACCase) herbicides, as they could achieve

selectivity in cereal crops when used in combination (reviewed in Kraehmer et al. 2014). As

a consequence, an exceptionally high number of species (169) developed resistance to ALS

inhibitors, which makes them the most prominent example for convergent evolution of

herbicide resistance (Baucom 2016).

Acetyl-CoA carboxylase (ACCase) inhibitors such as aryloxyphenoxy-propionates (FOPs),

phenylpyrazolines (DENs), and cyclohexanediones (DIMs) are among the most effective

herbicides against grass weeds and thus have been widely used predominantly in cereal

crops (Délye et al. 2005). ACCase inhibitors were introduced in 1974, and until 2014 a total

of 43 grass species had acquired resistance (Heap 2014a).

The largest number of resistant weed species by far belongs to the Poaceae family, the

monocotyledonous grass weeds (Figure 2a) (Heap 2022). Historically, grass weeds in the

agricultural landscape have adapted and synchronized their life cycles in parallel with the

major crops wheat, rice and corn from the same plant family (Kraehmer 2019). Hence, the

most problematic weed species are annual outcrossing and very prevalent in the field flora

(Heap 2014b). They have large populations with high genetic diversity from which they can

adapt very rapidly to strong herbicide selection pressures. Due to limited availability of

MoAs, mostly ACCase and ALS inhibitors are used as postemergence herbicides in cereal

crops to control grass weeds. As a consequence of this, an overwhelmingly high number of

species have developed resistance to these two MoAs (Figure 2b) (Heap 2022). In

particular, resistant grass weeds like Avena fatua, Lolium rigidum, Echinochloa crus-galli and
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General Introduction

Alopecurus myosuroides are widespread and have the greatest economic impact on

agricultural crops (Heap 2014b).

Figure 2: Number of herbicide resistant species grouped by plant families and crops. a. The ten weed

families with the highest number of resistant species for all modes of action (MoA). b. The ten field

crops with the highest emergence of resistant weeds to the two MoA groups of ACCase inhibitors [1]

and ALS inhibitors [2]. Credit: I. Heap, www.weedscience.org, data downloaded: 05.02.2022 (Heap

2022), adapted by the author.

To date, resistant weed populations have been reported against almost every MoA available

(Gould et al. 2018). Resistance is also exacerbated by the fact that access to MoAs is limited

due to stricter regulations and nowadays the cost of discovering new pesticides is eight

times what it used to be 50 years ago (Duke 2012).

1.3 Molecular basis of herbicide resistance

Evolutionary rescue prevents extinction of populations in a changing environment based on

adaptive, beneficial alleles that increase in number and maintain the natural population (Orr

and Unckless 2014). This has led to different types and mechanisms of herbicide adaptation,

which can be grouped into two broad categories of resistance: target-site resistance (TSR)

and non-target-site resistance (NTSR). TSR prevents the herbicide molecules from binding

to the target protein by altering the structure of the binding site. Alternatively, TSR can also

result from overexpression of the target-site gene, generally caused by gene amplification

(Gaines et al. 2010). On the other hand, NTSR involves various metabolic degradation

processes. These are enhanced metabolism, reduced herbicide uptake and/or translocation

and increased herbicide sequestration (Délye 2013; Heap 2014a).
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General Introduction

TSRs typically arise from single mutations in the herbicide target gene and often evolve

rapidly as a response to the repeated use of the same MoA. These large-effect mutations

usually result in a “specialist” type of resistance, mostly to only one herbicide mode of action

(Comont et al. 2020). NTSR originates from the upregulation of a number of metabolic and

stress response pathways and leads to a "generalist" resistance phenotype. NTSR arises

predominantly from heterogeneous selection environments such as application of herbicide

mixtures and involves multiple genes (Comont et al. 2020). Both TSR and NTSR can occur

as cross resistance or multiple resistance. Cross resistance means a single mechanism

leads to resistance to multiple herbicides, whereas multiple resistance refers to several

resistance mechanisms combined in a single plant. This evolves primarily through repeated

selection with different MoAs or through gene and pollen flow. It is also possible for multiple

resistance mechanisms to coexist in a population (Heap 2014b).

Target-site resistance:

Glyphosate inhibits 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), a key enzyme

in the shikimic acid pathway, responsible for the biosynthesis of the aromatic amino acids

phenylalanine and tyrosine (Steinrücken and Amrhein 1980). There are two known TSR

mechanisms by which glyphosate resistance can be conferred. The first one is through

changes in the codon positions Gly 101, Thr 102 or Pro 106 in the EPSPS gene, with the

latter being the most widespread due to the full preservation of normal EPSPS activity

(Healy-Fried et al. 2007). However, a significant fitness cost for the double mutation

Thr-102-Ile/ Pro-106-Ser was reported in the weed species E. indica (Han et al. 2017). The

second mechanism is EPSPS gene amplification (Gaines et al. 2010). The first appearance

of resistance through EPSPS gene amplification was found in A. palmeri, with the gene

duplicated in a range from 4 to over 100 copies across the chromosomes in the genome,

and corresponding enhancement in mRNA expression and protein level (Gaines et al. 2010).

Interestingly, A. tuberculatus shows a similar level of resistance, but only 4-10 duplicated

EPSPS copies, which rather than spread throughout the genome, occur in tandem, most

likely originating from unequal recombination mediated by repetitive DNA (Dillon et al. 2016).

Since then, additional species with EPSPS gene duplication have been reported, with the

trend being that higher EPSPS copy number leads to higher resistance (reviewed in Table 2,

Gaines et al. 2020). Unlike non-synonymous mutations that confer resistance, higher copy

numbers in A. palmeri were not associated with fitness costs, which may be the reason for

their widespread emergence (Vila-Aiub et al. 2014).
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General Introduction

ALS is the first enzyme in the biosynthetic pathway for the branched-chain amino acids

valine, leucine and isoleucine, and it is therefore targeted by several herbicide classes

(reviewed in Zhou et al. 2007). Herbicide resistance emerged rapidly, because the ALS site

of action can accumulate many different point mutations without losing its functionality (Heap

2022). This is because the ALS herbicide molecules do not mimic the substrate for the

enzyme, but block the opening of the channel to the catalytic domain, thus providing a more

general mechanism leading in most cases to multiple resistances to several classes of ALS

inhibitors (McCourt et al. 2006). Changes in the following eight amino acids lead to

resistance: Ala 122, Pro 197, Ala 205, Asp 376, Arg 377, Trp 574, Ser 653, and Gly 654,

with mutations at Pro 197 being the most widespread, followed by Trp 574 ​​(Tranel and

Wright 2002; Délye and K Boucansaud 2007). Although two studies have reported a

negative fitness effect on the Pro-197-His and Trp-574-Leu mutations in Lactuca serriola and

Amaranthus powellii (Tardif et al. 2006; Alcocer-Ruthling et al. 1992), a more recent study

found no significant fitness effects on plant growth for Pro-197-Ser and Trp-574-Leu

mutations in Lolium rigidum (Yu et al. 2010).

ACCase inhibitors block the first step in fatty acid synthesis by inhibiting the catalytic activity

of the enzyme acetyl coenzyme carboxylase (Walker et al. 1988). They act specifically on

grasses because they target the homomeric plastidic ACCase, which is almost exclusively

found in monocots and encoded in the nuclear genome (Incledon and Hall 1997). ACCase

inhibitors acquire target-site resistance for the same reason as ALS inhibitors. There are a

number of point mutations that lead to amino acid changes and thus prevent binding of the

herbicide in the target protein. The known ACCase codon positions are: Ile 1781, Trp 1999,

Trp 2027, Ile 2041, Asp 2078, Cys 2088, Gly 2096 (reviewed in Kaundun 2014). Depending

on the mutation, changes confer resistance to one or several of the three different classes of

ACCase inhibitor herbicides, Ile-1781-Leu and Asp-2078-Gly being resistant to all three

classes (Beckie and Tardif 2012). Furthermore, fitness costs also differ between the TSR

mutations. While Ile-1781-Leu and Ile-2041-Asn show no effect on fitness, plants carrying

the Asp-2078-Gly allele have lower plant height, vegetative dry biomass, and seed set.

Similarly, plants with the Trp-2027-Cys allele have a lower seed production (Menchari et al.

2008; Du et al. 2019; Vila-Aiub et al. 2015).

PS II inhibitors target the maternally inherited chloroplastic psbA gene to impede

photosynthesis. By binding to the D1 protein within the PS II complex, the herbicide

compounds compete with plastoquinone at the plastoquinone binding site. This inhibits the

PS II electron transport and as a consequence nicotinamide adenine dinucleotide phosphate
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hydrogen (NADPH) and adenosine triphosphate (ATP) synthesis in the chloroplasts

(Gronwald 1997), which in turn compromises CO2 fixation and causes oxidative stress.

Triazine herbicides have been mostly used in maize since 1950. Resistance is primarily

caused by a single amino acid substitution in the psbA gene, Ser-26-Gly, that has

independently evolved on a global scale. It prevents triazine binding, but allows

plastoquinone binding. However, it comes with deleterious fitness effects on CO2

assimilation and plant development (Ireland et al. 1988; Ort et al. 1983). In addition, there

are other five less relevant TSR mutations for non-triazine binding herbicides in the D1

protein that also cause resistance (reviewed in Powles and Yu 2010).

Synthetic auxins mimic the activity of the plant hormone auxin (indole-3-acetic acid, IAA)

and thus affect cell growth and plant development. Different resistance mechanisms target

four major protein classes essential in the auxin pathway: auxin transporters (PIN, ABCB,

AUX/LAX), transcriptional repressors (Aux/IAAs), auxin response factors (ARFs), and the

Skp1-Cullin-F-box TIR1/AFB E3 ubiquitin ligase complex (SCFTIR1/AFB) (reviewed in Todd et

al. 2020). TSR mechanisms are highly specific to different auxin herbicide classes, but still

require more research investigation, including sequencing information on the involved

genes.

In conclusion it is evident that TSR for the various MoAs repetitively and independently

evolve at the same positions even across species. This phenomenon of widespread

convergent evolution in herbicide resistant field populations quite likely originates from

genomic constraints, thus favoring certain mutational target positions (Baucom 2016).

Non-target-site resistance:

NTSR is also widespread, found in many species and causing major resistance problems

due to cross-resistance. Much less is known about NTSR than TSR in weed species and it is

therefore still a research field that needs considerable investigation (Délye et al. 2011).

There are four main gene superfamilies that are suspected to play a key role: genes

encoding cytochrome P450 monooxygenases, glutathione S-transferases, ATP-binding

cassettes (ABC) transporters, and glycosyltransferases.

Cytochrome P450 monooxygenases are bound to the endoplasmic reticulum and mostly

located at the membrane. They represent one of the largest protein families with the highest

diversity in plants. They are involved in the synthesis of hormones, fatty acid derivatives,

defense compounds and metabolism of endogenous substances (Schuler and
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Werck-Reichhart 2003). The inactivation of herbicide molecules occurs usually through

hydroxylation or dealkylation. They have been found to inhibit several classes of herbicides

and preferentially cause cross-resistance (Barrett 1995).

Glutathione S-transferases catalyze the conjunction of glutathione with the herbicide

molecules, which are then sequestered in the vacuoles or excreted via the root tips.

Expression of glutathione transferases is induced primarily in the cytosol as a response to

plant injuries and oxidative stress through herbicides (reviewed in Dixon et al. 2002). Their

resistance function was first demonstrated in triazine herbicides and later applied to

genetically engineered herbicide resistant crops (Milligan et al. 2001).

ABC transporters are a large family of proteins responsible for cross-membrane transport.

They are involved in reduced translocation, excretion, or sequestration of compounds

(Schulz and Kolukisaoglu 2006) and their overexpression has been linked to herbicide

resistance (Windsor et al. 2003; Jo et al. 2004).

Glycosyltransferases are commonly transcriptionally activated as a common response to

plant injury and oxidative stresses such as herbicides. They cause glycosylation of

molecules and detoxify a variety of plant metabolites, phytotoxins and xenobiotics (Bowles et

al. 2005). Their expression can be also induced by certain chemical agents. As with

cytochrome P450 monooxygenases and glutathione S-transferases, this property was used

for the development of safeners, which are chemicals that protect crops from herbicide

damage (Hatzios and Burgos 2004).

A large number of studies has focused on differential expression analysis to find potential

candidate genes for NTSR in a variety of plant and weed species (Iwakami et al. 2014;

Dücker et al. 2019; Wright et al. 2018; Nakka et al. 2017; Lu et al. 2015; Cagnac et al. 2004).

Unfortunately, there are only few genomic studies in natural populations to identify adaptive

alleles that confer resistance (Kreiner et al. 2021; Van Etten et al. 2020). Kreiner et al. (2021)

conducted a genome-wide association study (GWAS) on resistance to glyphosate in

Amaranthus tuberculatus in which, in addition to the EPSPS gene, they identified several

regulatory genes involved in major metabolic detoxification pathways. In another recent

study, Cytochrome P450 monooxygenases, glycosyltransferases and ABC transporters have

been found in a genome-wide scan in glyphosate resistant populations of Ipomoea purpurea

(Van Etten et al. 2020). Notably, while one genomic region showed parallel evolution across

populations, other regions displayed divergent signals (Van Etten et al. 2020). This highlights
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the importance of conducting genomic studies to detect the presence of these adaptive

alleles at a species-specific level in natural populations.

1.4 A major threat to crop production: Biology and herbicide resistance of A.
myosuroides

Alopecurus myosuroides Huds. (common name: blackgrass) is an annual, diploid grass

distributed over the temperate climate zone and found primarily on the European continent

(Figure 3) (Naylor 1972; Global Biodiversity Information Facility 2021). It grows tufted and

slender to a height of 80 cm. The base of the leaf sheath is usually purple-red in color.

Leaves are glabrous, lanceolate and approximately 3-17 cm long and 2-8 mm broad with a 5

mm long ligule. The spike-like inflorescence is 4-12 cm long and 3-6 mm wide and turns

from green to brown as it matures, which is where the name blackgrass comes from. The

spikelets are 4-7 mm long, single-flowered, subsessile, and divided below the glumes, with a

geniculate awn (Riches 2008; Naylor 1972).

Due to rapid development of herbicide resistance, it has become the most problematic weed

species in cereal crops in many parts of Europe, causing significant yield and economic

losses (Moss 2017). A recent study estimated the annual costs of herbicide resistance in A.

myosuroides in the United Kingdom at £400 million in lost gross profit (Varah et al. 2019).

Figure 3: Morphology and geographical distribution of Alopecurus myosuroides. a. Drawing on

watercolor paper with pencils and ink. b. Global distribution. Credit: GBIF, www.gbif.org, data

downloaded: 10.03.2020 (Global Biodiversity Information Facility 2021), Adapted by the author.

Seeds of A. myosuroides generally display primary dormancy, with fresh seed germination

varying from 38% to 70% (Colbach et al. 2002). While fresh seeds show a higher

22

https://paperpile.com/c/tD1epg/YNFH+mBoa
https://paperpile.com/c/tD1epg/TRvG+YNFH
https://paperpile.com/c/qYsj7q/bMly
https://paperpile.com/c/qYsj7q/95qx
https://paperpile.com/c/tD1epg/mBoa
https://paperpile.com/c/qYsj7q/7Rgc


General Introduction

germination rate under light, this effect disappears with increasing seed age of more than

350 days (Colbach et al. 2002). Germination occurs in two cohorts, a main germination in fall

and a secondary emergence in spring. The spring cohorts show faster development and

early flowering. Therefore, it is suspected that there are two distinct biotypes, which differ in

germination and flowering requirements (Wallgren and Avholm 1987; Chauvel et al. 2002).

The amount of seeds is usually around 50-100 viable seeds per tiller, and up to 100 tillers (>

5,000 seeds) per plant under greenhouse conditions (Chauvel et al. 2005). More than 900

tillers per m2 have been observed in the field (Moss 1983). Flowering can be promoted by

vernalization during the pre-germination phase (Chauvel et al. 2002). Alopecurus

myosuroides is an outcrosser with a partial self-incompatibility resulting in a low seed

viability after enforced self-fertilization (Chauvel 1991). In the field, A. myosuroides

synchronizes with the crops, but completes the life cycle slightly before (Moss 1983). It is

also affected by high plant densities and suppressed by the crop at high nitrogen levels

(Chauvel et al. 2005; Naylor 1972). The dispersal of pollen and seeds is spatially very

limited: more than 70% of pollen and seed dispersal takes place within a meter (Colbach and

Sache 2001). However, Busi et al. (2008) found that in another grass weed species, Lolium

rigidum, pollen dispersal, and therefore resistant plants, can reach 3,000 m, but it is

uncertain whether this would also be applicable to A. myosuroides. Long-distance seed

dispersal is suspected to occur primarily through agricultural machinery (Wallinga et al.

2002). Seed viability in soil declines 74% per year and only a small proportion survives five

years in soil (Moss 1985).

The first herbicide resistance in A. myosuroides was detected in Israel in 1979 against

methabenzthiazuron, a PS II inhibitor (Heap 2022). Shortly after, in 1982, resistance to

chlortoluron and isoproturon, which also belong to the PS II inhibitors, was reported in the

United Kingdom (Moss and Cussans 1985). In the following decades, it became evident that

A. myosuroides evolves resistance rapidly, including multiple resistance to several MoAs (C.

Délye et al. 2011; Petit et al. 2010). Until today, blackgrass has acquired resistance to five

different MoA groups, including various active ingredients and cross resistances (Heap

2022).

Due to high reliance on herbicides in the past and limited number of available MoAs,

resistance adaptation in A. myosuroides is especially problematic in winter cereals (Moss

2017). In particular, ALS- and ACCase-inhibiting herbicides have widely lost their efficacy. A

study in Germany found an increase in TSR mutations in ACCase from 5.0% in 2004 to

54.3% in 2011, and a similar trend was quantified in ALS from 0.8% in 2007 to 13.9% in
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2012, without mentioning the large fraction of NTSR (Rosenhauer et al. 2013). Délye et al.

(2007) conducted a resistant survey in northeastern France in 2000. They harvested seeds

from 243 fields of winter wheat with suspected herbicide resistance. Of 22,300 seedlings

analyzed, 99.2% were resistant, of which 58.6% contained TSR alleles while the remaining

resistance was attributed to NTSR. Several follow-up studies, including a European

resistance survey of the ACCase gene further confirm high overall levels of resistance with

different resistance mechanisms involved (Délye et al. 2010; Petit et al. 2010; Petit et al.

2010; Délye et al. 2008). In the United Kingdom, the resistance situation in blackgrass is

probably the most severe. A nation-wide study of 138 blackgrass populations in 2014

revealed that 79% of the populations acquired multiple resistance to several MoAs of

herbicides (Hicks et al. 2018).

Target-site resistance to ALS and ACCase inhibitors can arise through seven different

mutations in the codon region of each gene (Délye et al. 2005; Xu et al. 2014; Tranel and

Wright 2002; Délye and K Boucansaud 2007, see also previous section). Depending on the

mutation, variable cross-resistances to specific ACCase inhibitor groups are found.

Ile-1781-Leu and Asp-2078-Gly confer resistance to all three groups: FOPs, DIMs and

DENs. Plants with the Trp-2027-Cys and Ile-2041-Asn mutations survive treatments with

FOPs and DENs, while Gly-2096 confers resistance exclusively to FOPs (Délye 2005; Délye

et al. 2008; Petit et al. 2010). The degree of cross-resistance of TSRs is thought to be one of

the factors that determines the frequency at which they are found (Gaines et al. 2020;

Powles and Yu 2010). Another factor is their respective fitness effect. Therefore, the most

frequently occurring mutation, Ile-1781, leads to resistance to all three ACCase inhibitor

groups and appears to have no deleterious fitness effect (Menchari et al. 2008; Délye et al.

2013). In ALS, the most common resistance mutation in blackgrass is Pro-197, followed by

Trp-574, comparable to other weed species (Heap 2022; Marshall and Moss 2008). While

Trp-574 confers resistance to ALS inhibitor groups SUs and IMIs, Pro-197 leads to

resistance only to SUs (Gaines et al. 2020; Marshall and Moss 2008). However, as

described earlier, there are at least eleven possible nucleotide substitutions that lead to

amino acid changes that confer resistance through the Pro-197, hence these mutations arise

more frequently (summarized in Powles and Yu 2010).

In addition to TSR, NTSR in A. myosuroides is widespread and often confers cross

resistance to other MoAs (Délye 2013). There are several candidate gene families identified

in A. myosuroides of being involved in NTSR, such as glutathione-S-transferases (Cummins

et al. 2013; Brazier et al. 2002; Dücker et al. 2019; Cummins et al. 1999; Franco-Ortega et
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al. 2021), Cytochrome P450 monooxygenases (Hall et al. 1997; Franco-Ortega et al. 2021;

Hyde et al. 1996; Letouzé and Gasquez 2003), UDP-glycosyltransferases (Franco-Ortega et

al. 2021) and ABC transporters (Franco-Ortega et al. 2021). There is also compelling

evidence that the genetic architecture of NTSR is complex, involving several genes, and that

it can vary between and even within populations (Petit et al. 2010; Franco-Ortega et al.

2021; Cai et al. 2021). The detailed genetic architecture is unknown and given the variable,

but nearly always present, fraction of resistance not explained by known TSR mutations in

every major survey of agricultural fields, NTSR should be a main focus of research in the

coming years (Rosenhauer et al. 2013; Comont et al. 2020; Délye et al. 2010; Délye et al.

2007).

1.5 Molecular population genetics in herbicide resistance

Modern molecular population genetics is the study of the dynamics of mutations and their

variation in allele frequencies, generally across the entire genome. These patterns are

captured by markers that describe genetic variation in individuals and populations. Although

genetic markers were first used to determine ABO blood groups as early as 1900

(Landsteiner 1900), the beginnings of molecular population genetics can be traced back to

the studies of Harris, Lewontin, and Hubby in 1966, who were the first to use allozymes to

describe genetic variation (Harris 1966; Lewontin and Hubby 1966). However it took until

1982 for the first studies that described variation on a nucleotide basis to appear and provide

us the necessary tools to make inferences about evolutionary forces as well as the structure

and demographic histories of populations (Kreitman 1983; Aquadro and Greenberg 1983;

Langley et al. 1982). The advances in sequencing technologies, especially

next-generation-sequencing (NGS) over the past two decades offered us high-throughput

methods to analyze genome-wide variation in diverse species (1000 Genomes Project

Consortium 2012; 1001 Genomes Consortium 2016). In particular, studies on non-model

species have become feasible and affordable due to these improvements in sequencing

technologies and protocols. Therefore, it is not surprising that there is now a greater focus

on population genomic studies in the field of weed science to decipher the evolutionary

mechanisms that drive the spread of resistance (Küpper et al. 2018; Martin et al. 2020;

Gaines et al. 2021; Ravet et al. 2021; Evans et al. 2018; Kreiner et al. 2019; Kreiner et al.

2022). One sequencing strategy is whole-genome shotgun (WGS) sequencing, which

provides comprehensive analysis possibilities for herbicide adaptation, such as selective

sweep detection (Kreiner et al. 2019). Unfortunately, WGS sequencing is associated with

relatively high sequencing costs. Therefore, reduced representation methods, such as

restriction site-associated DNA sequencing (RADseq) and exome capture, offer the
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possibility of obtaining a subset of genome-wide markers at a reasonable cost and can be

performed reference free (Andrews et al. 2016).

Several recent population studies in weeds that have made use of RADseq markers

concluded that weeds in agricultural fields tend to have high genetic diversity, multiple

parallel adaptation events, low genetic differentiation between populations and the possibility

of long distance gene flow (Küpper et al. 2018; Martin et al. 2020; Gaines et al. 2021).

Similar results were obtained in two other studies using simple sequence repeats (SSR) in

Bassia scoparia and exome capture in Panicum virgatum (Ravet et al. 2021; Evans et al.

2018). Although they represent only a fraction of the genome, reduced representation

methods are still useful for reflecting genetic diversity and providing valuable ecological and

evolutionary insights into the species of interest.

To investigate the genetic diversity and the population structure in A. myosuroides, I adapted

two reduced representation methods: A double-digest RADseq (ddRADseq) protocol using

the two restriction enzymes Mph1103I and EcoRI (see Chapter 1, Lang et al. 2020, protocol:

https://github.com/SonjaKersten/Laboratory-protocols/tree/master/ddRAD_protocol) and an

exome capture with custom baits (unpublished, see Addendum in Chapter 1). Furthermore, I

generated a high quality Pacific Biosciences (PacBio) reference genome from a single plant

of a sensitive German population (Kersten et al. 2021). First, I conducted a local collection of

21 field populations in a variety of summer and winter annual crops in southern Germany

(unpublished, Tuebingen_RADseq_collection.xlsx). Nine farmers were represented with two

to four fields, including two organic farmers (SA and FR). Field histories were documented

and 10-20 plants were sampled evenly distributed across each of the fields (in total 330

samples). I generated ddRADseq libraries and multiplexed all samples by making use of a

dual barcoding system and sequenced them on three HiSeq Illumina lanes in paired-end

mode and with a read length of 150 bp. After adapter trimming (Martin 2011), alignment to

the reference genome (Li 2013), variant calling (Van der Auwera et al. 2013) and filtering

(Puritz et al. 2014; Danecek et al. 2011), I obtained 146,139 single nucleotide

polymorphisms (SNPs) and a mean coverage of 24.3x, with 98% of samples having

coverage greater than 10x for further analysis.

Although I found only low genetic differentiation (fixation index [FST] range: 0.019 to 0.080),

the populations clearly clustered by geographic location, with the most Eastern fields, BM

and FR, each forming a separate cluster (Figure 4a). Altitude may also contribute to the

differentiation since the fields of farmers BM and FR were located at a higher altitude (753
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m.a.s.l and 733 m.a.s.l., respectively) than the fields of the farmers LG, KN, HA, HE, SC, SA

and BU (356 - 545 m.a.s.l). It is worth noting that farmer FR, whose fields represent the most

differentiated populations according to PC1, has been an organic Demeter farmer since

1954.

Figure 4: Principal component analysis (PCA) of Alopecurus myosuroides field populations, showing

the first two principal components (explained variance in parenthesis). a. Local collection from

southern Germany with nine farmers and different crops. b. 20 representative samples from each of

the three clusters in (a.), embedded in a Europe-wide A. myosuroides collection. The southern

German samples (Tübingen) can be found within the bottom-left German cluster of the European set.

Other local or nation-wide studies in A. myosuroides based on allozymes and AFLP markers

also report high genetic variation and low levels of differentiation (Menchari et al. 2007;

Chauvel and Gasquez 1994; Cavan et al. 1998). In contrast to these previous studies and a

more recent study in the United Kingdom, which also used RADseq markers (Dixon et al.

2020), I found a clear geographic population structure in our local collection (Figure 4a).

The promising results at a very local scale encouraged us to analyze population structure in

an European collection with the same method (see Chapter 2, Kersten et al. 2021). For a

joint analysis of both data sets, I combined 20 representative samples from each cluster of

the South Germany data set with the complete European data set of 1,122 samples from

nine countries. Thereby, the local South Germany samples fell into one of the three major

German clusters of the European data set (Figure 4b).
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1.6 Objectives

Alopecurus myosuroides is a non-model organism with a relatively large genome size of 3.6

Gb. Without a reference genome at hand, the first goal of this study was to adapt a

ddRADseq protocol to the species and characterize the population structure in our own local

field collection from southern Germany. Then, I further applied it to the European dataset, in

which I also generated PacBio long-read amplicons of the two target-site genes ACCase and

ALS from all samples. I then simulated whether the target-site resistance resulted from

existing genetic variation or from de novo mutations. In the last part of this thesis, I adapted

the long-read amplicon workflow to pools to develop a cost-effective and accurate screening

method for the TSR locus ACCase that can be easily adapted to any gene and species of

interest.

The specific goals of this study were:

● Adapt a ddRADseq protocol to A. myosuroides and describe the population structure

on a local scale.

● Determine the genetic diversity and population structure in an European collection

and generation of a high quality PacBio reference genome for an accurate alignment

of short read data.

● Perform a bulked-segregant analysis for NTSR against ACCase inhibitors.

● Characterize TSRs in European populations using PacBio long read amplicons for

the ALS and ACCase loci.

● Identify the evolutionary origin of TSR resistances: from standing genetic variation or

from de novo mutations.

● Adapt the precise long read workflow of amplicon technology to pools to make it

more cost effective and high throughput.
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2.3 Addendum, exome capture with custom baits in A. myosuroides

Captures are reduced representation methods highly targeted to the regions of interest and

can be used to address a variety of evolutionary and ecological questions (Jones and Good

2016). A widely used method is exome capture, which aims to enrich the coding sequence of

the genome (Ng et al. 2009). It usually requires probe design and costly synthesis. To design

the probes, one also needs a reference genome. To overcome these limitations, Puritz and

Lotterhos (2018) developed a protocol in which custom complementary DNA (cDNA) probes

are directly prepared from RNA samples and can be applied to genomic DNA Illumina

libraries. This allows the study of local adaptation based on expressed alleles in any

organism and saves the cost of probe synthesis. To reduce the presence of higher

expressed transcripts in the custom probes, a normalization step with duplex-specific

nuclease (DSN) is included. The protocol was benchmarked in oyster (Crassostrea virginica)

(Puritz and Lotterhos 2018).

I attempted to transfer the method to an A. myosuroides collection in a single field (440

samples; Exome_capture_collection.xlsx). In total, there were four consecutive collection

time points each before and after herbicide treatment. In spring 2018, the ALS inhibitor

Atlantis WG® (29.2 g kg-1 of mesosulfuron and 5.6 g kg-1 of iodosulfuron, HRAC group 2)

was applied in wheat, and in fall 2018, microtubule assembly inhibitor Kerb™ Flo (400 l-1

Propyzamid, HRAC group 3) was sprayed in oilseed rape.

Methods

DNA libraries were generated with a custom Nextera protocol using a purified Tn5

transposase as described in Picelli et al. (2014). For cDNA probe generation a large number

of expressed genes is required, therefore I treated each of the 60 A. myosuroides

populations with the herbicides Atlantis WG®, Kerb™ Flo and Axial® 50 (50 g l-1 of

pinoxaden + 12.5 g l-1 Cloquintocet-mexyl, HRAC group: 1) at recommended field rates, as

well as no treatment, to maximize the pools of transcripts that will be used as probes. Leaf

material was taken after 24 and 72 hours, as the highest response expression is usually

observed after these times (Gardin et al. 2015). RNA from different timepoints was extracted

following the protocol from Yaffe et al. (2012) and pooled equally into one large pool. To

prepare the probes, I followed the steps in the EecSeq protocol of Puritz and Lotterhos 2018

(https://github.com/jpuritz/EecSeq, Puritz and Lotterhos 2018) using the NEBNext Ultra II

library prep kit (NEB #E7760) and the Illumina DSN Normalization protocol (DSN, Evrogen

#EA003 , protocol: #15014673). It is advisable that the generated cDNA probes cannot bind
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to the Illumina flow cell, even when they are removed by a treatment with restriction

enzymes. Therefore, I made a modification to the adapters and corresponding biotinylated

amplification primers and adapted already established primer sequences named APL1 and

APL6 (Fu et al. 2013). The final hybridization of the probes with the DNA libraries was

performed according to the capture protocol of the thesis Chapter 2.1 (Lang et al. 2020). The

captured samples were sequenced on an Illumina HiSeq3000 sequencer in one lane with

paired end mode and 150 bp read length.

To calculate capture efficiency, I aligned the reads to our A. myosuroides reference genome

with bwa-mem v0.7.17-r1194-dirty (Li 2013). Samtools depth v1.9 (Li et al. 2009) was used

to estimate whether the gene fraction was overrepresented compared to the rest of the

genome. A similar analysis was also performed for the annotated TEs. If the method would

have been efficient, the proportion of reads belonging to protein-coding genes should have

been overrepresented.

Results

For the reference genome of A. myosuroides in our own study, I obtained 50,029 annotated

genes comprising a total of 139 Mb (3.9%) of the genome (Kersten et al. 2021). Contrary to

expectations, the annotated exomes were underrepresented in the custom capture (median:

3.2%, mean: 3.2% ) (Figure 5a). That is, the experimental mean values were lower than the

expected genome-wide average coverage of the exome. To investigate which other

sequences in the genome could have been responsible for the lack of enrichment, I focused

on transposable elements (TEs), since they are also expressed and might have contributed

unproportionally to our custom cDNA probes. This turned out to be a plausible explanation,

as in our A. myosuroides genome 83% are annotated as TEs, but in the capture TEs are

slightly overrepresented with a median of 86.5% and a mean of 86.4% (Figure 5b).
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Figure 5: Capture efficiency evaluation of the custom capture in Alopecurus myosuroides. a.
Sequenced proportion of the genome-wide exome. Black line shows the expected proportion of

genes. b. Sequenced proportion of transposable elements (TEs). Black line indicates the expected

proportion of TEs.

Discussion

In plants, transposable elements are a major drive of genome expansion, and can represent

from as low as 3% to as high as 85% of plant genomes (reviewed in Lee and Kim 2014).

The Puritz exome capture protocol (Puritz and Lotterhos 2018) was tested in the oyster

Crassostrea virginica, which has a genome size of 685 Mb (NCBI assembly Bioproject

PRJNA376014), nearly six times smaller than A. myosuroides. Notably, the percentage of

TEs in C. virginica is only 48% compared to 83% in A. myosuroides, which is at the upper

end of the distribution of TE percentages in plant genomes. The much larger fraction and

absolute number of TEs in A. myosuroides may not be suitable for the generation of

experimental exome probes. Therefore, I advise caution when applying custom probes to

plant species.
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5. General Discussion

5.1 Target-site resistances arise from soft selective sweeps

Resistance adaptation to herbicide applications can leave characteristic footprints of

selection in the genome called selective sweeps. There are two types of sweeps, depending

on the availability of beneficial alleles. Hard sweeps are the increase in frequency of a

beneficial allele that arose in a single ancestor. Soft sweeps result from the parallel rise of

several beneficial alleles that arose in multiple ancestors in a population (Hermisson and

Pennings 2017). If a beneficial allele emerges after the onset of selection pressure, it is more

likely to manifest as a hard sweep (Messer and Petrov 2013). Soft sweeps constitute the

predominant type of adaptation in many species and originate from the supply of genetic

variation either from standing genetic variation or from recurrent de novo mutations. They

can arise either from independent origins of multiple alleles or from recombination that adds

the beneficial mutation to different genetic backgrounds (Hawkins et al. 2018). Conditions

that favor soft sweeps are large population size, large mutational targets, and the waiting

time for a new adaptive allele being shorter than for an existing beneficial allele to sweep

through the population (Messer and Petrov 2013). In general, soft sweeps are associated

with less loss of genetic variation as several different haplotypes simultaneously rise in

frequency and are present in intermediate frequencies (Hermisson and Pennings 2017).

In my study of A. myosuroides (Chapter 3), I analyzed haplotypes for the two TSR loci

ACCase and ALS determined by highly accurate circular consensus (CCS) long-read

amplicons encompassing the complete genes (~13.2 kb for ACCase and ~3.6 kb for ALS).

My haplotype networks and trees showed different complexity, quite likely reflecting the

different selection pressures through herbicides to which they have been exposed. Overall, I

find high haplotype diversity in my populations, even though they have been under selection

pressure and have developed resistance. Furthermore, I showed that TSR mutations

evolved independently from multiple different origins, characteristic of soft sweeps. This is

consistent with the theory that large mutational target sites such as ACCase and ALS, each

with at least seven known amino acid positions that when mutated confer resistance, can

adapt very quickly through soft sweeps, thus maintaining genetic diversity.
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5.2 Resistance adaptation from standing genetic variation versus de novo
mutations

Regardless of the nature of a sweep, one of the key questions about the emergence of

herbicide resistance is its evolutionary origin, specifically, whether alleles that confer

resistance arise from standing genetic variation or de novo mutations. In line with

convention, I define standing genetic variation as mutations that were present in field

populations before selection began, whereas de novo mutations occurred more recently,

when selection pressure already existed. The factors that influence the type and speed of

resistance adaptation in natural weed populations are effective population size, mutation

rate, selection coefficients of resistance mutations, mutational target site, strength of

selection, weed species, and gene flow (Kreiner et al. 2018; Heap 2014a). Depending on the

biological, genetic, and ecological characteristics of the weed populations, combinations of

these factors are more likely to lead to adaptation through standing genetic variation or de

novo mutations (Hermisson and Pennings 2005).

Strong selection pressure and high positive selection coefficients support the establishment

of de novo mutations, since they face a high risk of being immediately lost through genetic

drift (Hawkins et al. 2018; Hermisson and Pennings 2005). There is a waiting time for de

novo mutations, which is associated with a delay in resistance adaptation compared to

preexisting variation (Orr and Unckless 2014). Therefore, de novo mutations have a greater

impact on genetic diversity because the waiting period reduces the minimum population size

more severely, so populations that adapt through de novo mutations often suffer a greater

loss of genetic diversity than when there is standing genetic variation to select on (Orr and

Unckless 2014). In general, de novo mutations are more likely when the mutation rate of the

species is high and there has been a massive recent population expansion. This is the case,

for example, in the insect species Drosophila melanogaster due to seasonal fluctuations that

led to repeated and independent insecticide resistance even within the same continent

(Karasov et al. 2010). In weeds, this scenario is more rare, likely due to the persistent seed

banks in the soil that contribute to the genetic variation of a field population. These seed

banks often contain beneficial adaptive alleles that predate herbicide selection, thus the

probability of adaptation from a new de novo mutation is much lower. However, Kreiner et al.

(2022) found evidence in A. tuberculatus of several parallel resistance mutations arising from

a recent species expansion and originating from de novo mutations.
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Adaptation from standing genetic variation is likely for species with large effective population

sizes, because neutral and even deleterious mutations exist most of the time as permanent

genetic adaptive variation under mutation-selection-drift balance (Messer and Petrov 2013).

Polymorphisms from standing genetic variation can be present in a single gene or as a

polygenic trait (Pritchard and Di Rienzo 2010). The speed of adaptation is faster from

standing genetic variation, because the beneficial allele is already present in several copies

(Hermisson and Pennings 2005). Furthermore, there is a high probability for soft sweeps,

because there may already be several different adaptive alleles that rise in parallel in

frequency under favorable conditions (Hermisson and Pennings 2005). Since mutations from

standing genetic variation had more time to establish in a population, rarer changes can also

emerge and more complex traits involving multiple mutations (Matuszewski et al. 2015).

Under low mutation rates, adaptation from standing genetic variation is favored. High

mutation rates, on the other hand, favor both that a new allele arises de novo, but also that it

is already present as standing genetic variation (Hermisson and Pennings 2005). In the latter

case, the fitness cost of the mutation and the strength of selection have a major influence on

the type of adaptation (Messer and Petrov 2013).

Most problematic weed species with herbicide resistance, such as Amaranthus spp., Lolium

rigidum, Conyza canadensis and Avena fatua, have large census population sizes and a

high genetic diversity, which corresponds to large effective population sizes (Heap 2014;

reviewed in Kreiner et al. 2018). This suggests that the predominant type of herbicide

resistance adaptation in weeds comes from standing genetic variation – as long as the

fitness costs for resistance mutations are not very high. This can be the case for both

large-effect TSR mutations, as well as for NTSR, which arises from several small effect

genes. Further evidence for pre-existing adaptive variation has been provided by several

studies in which herbicide resistances were found prior to the widespread introduction of

herbicides (Délye et al. 2013; Preston and Powles 2002; Baucom and Mauricio 2010).

Since many different factors are involved in the evolution of herbicide resistance, simulation

of populations and selection is an important approach for understanding the interaction of

these factors and predicting resistance development, especially since empirical data are

often limited in size and completeness and do not include as many factor combinations,

simulations are often compared to empirical data to confirm conclusions. This is because

large-scale and long term experiments are expensive or unfeasible. Simulations can deal

with large population sizes and model also aspects that are difficult to measure such as rare

alleles and seed banks in soil (Renton et al. 2014). At the same time, the limits of modeling

134

https://paperpile.com/c/qYsj7q/D2Db
https://paperpile.com/c/qYsj7q/b9FB
https://paperpile.com/c/qYsj7q/zPJh
https://paperpile.com/c/qYsj7q/zPJh
https://paperpile.com/c/qYsj7q/vujq
https://paperpile.com/c/qYsj7q/zPJh
https://paperpile.com/c/qYsj7q/D2Db
https://paperpile.com/c/qYsj7q/PwOk+MCVR
https://paperpile.com/c/qYsj7q/PwOk+MCVR
https://paperpile.com/c/qYsj7q/Vmu4+XtSs+P8tu
https://paperpile.com/c/qYsj7q/IjoM


General Discussion

need to be known to interpret the results with appropriate care. The most important aspect is

that the initial parameters assumptions such as mutation rate, recombination rate and fitness

coefficients are essential for modeling and may be difficult to determine, especially in

non-model organisms.

In my population study in A. myosuroides, I found high TSR diversity at the ACCase and

ALS loci (Chapter 2). To infer the evolutionary origin of these resistance mutations, I

generated simulation models based on the ACCase gene locus and its corresponding TSRs.

I then compared the TSR diversity of my empirical data from 47 populations across Europe

with the simulated data to determine whether the observed TSR complexity can be

explained by standing genetic variation or recent de novo mutations. For the initial modeling

parameters, I used my empirical data and genome-wide ddRADseq markers to determine

the effective population size. I inferred a maximum effective population size of 42,000

individuals, which is likely an underestimation given farmer reports of field infestations and

the uncertainties inherent from deriving past effective population sizes for fluctuating

populations under herbicide selection (Messer and Petrov 2013). I therefore ran my

simulations in addition with twice the effective population size. Mutation rate and

recombination rate was adapted from maize (Yang et al. 2017; Bauer et al. 2013). TSR

mutations were considered to be dominant and highly beneficial under herbicide selection

pressure. I built my models using the forward simulation software SLiM, which is based on

individuals and can account for extinction of single individuals without adaptive TSR

mutation under herbicide selection.

In my simulations, I found that the observed TSR diversity can be better explained by

standing genetic variation in A. myosuroides. I nevertheless note that while in my empirical

data, adaptation seems to have occurred mainly through soft sweeps, the majority of

simulated de novo mutations manifested as hard sweeps, which suggests that some of the

initial parameters may need further adjustment (see below). Given the rapid rate of

resistance development in agricultural fields, resistance development through standing

genetic variation is more likely because the mutations are already established in the

population. Although I would not exclude de novo mutations as a source of adaptive

variation in A. myosuroides, I conclude that most TSR mutations pre-exist as standing

genetic variation.

To better adapt the simulations to weed populations that have low mobility, future simulation

models could be further optimized to take into account extended parameters like spatial
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distribution, soil seed banks, bottle neck and off-year scenarios. On the practical side,

detailed simulations of climatic conditions, genetics, environment and farming practices can

help to predict resistance development and decide on future farming management

strategies. In addition, more comprehensive sequencing data such as WGS can provide new

analysis possibilities to trace population histories using coalescent simulations and to track

migration events. WGS sequencing, in combination with detailed metadata about location

and farming practices, can be also used to investigate the extent of parallel resistance

evolution as well as long and short distance gene flow. Unfortunately, one of main limitations

of this study was the lack of metadata such as geographic location, herbicide treatments,

crop cycle, and so on. Also, due to the large genome size of A. myosuroides (3.6 Gb), WGS

sequencing is very expensive for a high number of individuals, therefore I chose ddRADseq

as a reduced representation method. This comes with limitations like not being able to apply

advanced statistics for gene flow inference or ancestral recombination graphs that are based

on linkage information and phased haplotypes (Speidel et al. 2019; Kreiner et al. 2022).

5.3 Resistance management strategies for A. myosuroides and future
perspectives

Weed management is essential for agricultural productivity and, together with genetic and

biological factors, has a major influence on the rate of resistance development. There are

three main trends in agricultural practices that have favored the emergence of A.

myosuroides plants in agricultural fields, contributing to a rapid spread of resistance in recent

decades: the prevalence of winter cereals in crop rotations, earlier sowing in fall and

minimum tillage instead of plowing (Moss 2017).

Nowadays, in the context of integrated weed management (IWM) strategies, a combination

of chemical and non-chemical weed control measures is recommended to reduce the

reliance on herbicides (Shaner and Beckie 2014). Non chemical measures include crop

rotations, increased cultivation of spring crops, fallow years, delayed autumn drilling,

rotational plowing, competitive cultivars, higher sowing rates and minimizing the risk of seed

dispersal (Lutman et al. 2013; Moss 2017). Regarding herbicide applications, a correct

timing is crucial, as well as the alternation of the MoAs. Patch spraying and application of

herbicide mixtures can further reduce the risk for resistance to emerge, though not entirely

prevent it (Beckie 2006). Notably, in a recent study, it was found that mixtures can also lead

to a more ‘generalist’ type of resistance, meaning that several MoAs lose their efficacy

(Comont et al. 2020). Resistance monitoring can therefore make a major contribution to the
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early detection and prevention of resistance (Comont and Neve 2021). Although IWM

strategies have long been promoted, implementation in practice has been rather hesitant

and has only occurred in recent years out of increasing necessity (Shaner and Beckie 2014).

This is primarily due to the measures being usually more complex, time-consuming, less

effective, and in some cases even more expensive (Hurley and Frisvold 2016).

There is only a limited number of possible herbicide target sites and it is unclear whether

more MoAs even exist, therefore other future directions need to be taken (Duke 2012).

Natural phytotoxins have been investigated, but have not proven suitable, either because

they have insufficient physicochemical properties for the application in natural environments

or the uptake and translocation in plants (reviewed in Dayan and Duke 2014). Nevertheless,

they could potentially provide clues to new MoAs. An exciting new direction is the study of

natural by-products of microorganisms or plant extracts, but so far the development has not

yet reached market maturity (Westwood et al. 2018).

Biological weed control based on arthropods and parasites has been shown to be a

functional alternative approach in some species, though never became a widespread

application in agricultural fields, and rather has served to control invasive weeds in natural

ecosystems (species list: Winston 2014). However, in the case of microbes, some agents

could be registered as herbicides, commonly referred to as ‘bioherbicides’ (reviewed in

Westwood et al. 2018). Unfortunately, they tend to be unreliable due to variations in

performance in different environments and under different climatic conditions, but there is

much potential left to be discovered in the coming decades (Westwood et al. 2018).

Another new control method under research is RNA interference to silence key genes of

weeds. These RNA sequences can be highly specific, but there are currently major technical

issues, such as the large-scale production of RNAs and the efficient uptake and

transportation into the plant (Green 2014). Other approaches exist that involve genetic

engineering of the plant or weed, such as the "gene drive" technology. These modifications

are now possible through the widespread use of Clustered regularly interspaced short

palindromic repeats (CRISPR)/Cas9, but the implementation is still uncertain due to ethical

concerns and the legal hurdles for release of organisms generated by CRISPR/Cas9 in

many countries (Confédération paysanne and Others 2018; Barrett et al. 2019).

Robotics and machine learning are new technological approaches for weed control and are

currently experiencing an enormous boom. The limiting factor at the moment is the sensor
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technology, which still requires improvements in visual weed detection. Promising

approaches are hyperspectral imaging and machine learning algorithms to classify plant

images (reviewed in Su 2020).

The recent trend of collecting “big data” in life sciences can be also applied to the collection

of parameters regarding weed infestations and resistances. This provides valuable

information for future research as well as for the development of advising software and

monitoring apps (Westwood et al. 2018).

5.4 The shift in technology: Targeted long-read sequencing

Long reads are on their way to become the state of the art also in population resequencing.

Not only do they represent the state of the art for de novo reference genome assembly, but

they also enable new findings based on a range of other applications such as long-read RNA

(IsoSeq) and long-read amplicon sequencing (reviewed in Pollard et al. 2018).

Many groundbreaking discoveries of the past decades were made using Illumina short-read

data (Sudmant et al. 2015; Sudmant et al. 2010; Becker et al. 2011; Schmitz et al. 2011;

1001 Genomes Consortium. 2016; Cagan et al. 2022). Although Illumina data can be

generated at high throughput, provide cost-effectiveness and high accuracy (above 99.9%),

the read length (up to 300 bp) limits the resolution of complex and repetitive genomic

regions. Due to the limitation of aligning short reads to a single reference genomes, not all

structural variation such as indels and deletions affecting more than 50 bp, can be detected

(Logsdon et al. 2020). However, long-read sequencing has revolutionized the field by

enabling the characterization of large structural variants and the analysis of complete

haplotypes instead of single SNPs (Bayer et al. 2020).

The two current major sequencing technologies for long-reads are Oxford Nanopore

Technologies (ONT) and Pacific Biosciences (PacBio). ONT sequencing can be achieved

from a pocket-size device and is based on linear DNA molecules that pass through

nanopores that are embedded in a polymer membrane (Jain et al. 2016). A flow cell contains

hundreds to thousands of these pores surrounded by an electrolytic solution that produces

an electric current inside the nanopores. Motor proteins bound to the adapters guide the

molecules through the pores in a controlled way. Since different bases cause specific

changes in the electric current of the pore, these can be detected and decoded (Deamer et

al. 2016). While ONT has the potential to produce reads longer than 1 Mb, it comes with

lower per base accuracies of 87-98% (Logsdon et al. 2020). The single-molecule real-time
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(SMRT) sequencing technology of PacBio uses zero-mode waveguides for massive

parallelisation. The DNA molecule is circularized by ligation of hairpin adapters. Each of the

eight million zero-mode waveguides in the current version of the platform contains a single

active DNA polymerase that processes around the molecule and incorporates new

fluorescently labeled nucleotides. A laser excites the signal, which is then detected by a

camera, and the fluorophore is cleaved off again. This procedure is repeated thousands of

times as long as the polymerase is active (Eid et al. 2009). Two different run modes are

available on the PacBio Sequel instruments: Continuous long reads (CLR) and Circular

consensus reads (CCS), also known as HiFi reads. CLRs maximize insert size (> 35 kb) at

the cost of read accuracy (87-92%) (Logsdon et al. 2020). CCS uses circular semi-long

reads (15 - 20 kb) through which the polymerase circulates several times. The more often

the polymerase passes, the better the random sequencing errors can be corrected by the

generation of the consensus from the subreads, thus increasing read accuracy to more than

99% (Wenger et al. 2019).

In my study (Chapter 2), I showed that with PacBio long-read amplicon sequencing it is

possible to retrieve complete haplotypes of ACCase (13.2 kb) and ALS (3.5 kb) gene

sequences in CCS mode in individuals. Additionally, this technology overcame the limitations

of the also highly accurate Sanger sequencing employed in previous studies (Délye et al.

2004a; Délye et al. 2004b; Menchari et al. 2006), where individual overlapping sequencing

products had to be aligned to each other and, in the case of heterozygosity, the individual

amplified fragments had to be cloned into separate plasmids to be properly phased. To infer

haplotypes, I used the new clustering software pacbio amplicon analysis (pbaa) for a

reference-free clustering approach of the q20 CCS reads (Kronenberg et al. 2021). The

accurate haplotype inference achieved in individuals motivated us to extend the advantages

of this method to pools of 150 - 200 individuals (Chapter 3). In the context of field monitoring

for herbicide resistance, this allows for a more cost-effective, high-throughput analytical

method for thousands of samples. I compared haplotypes retrieved from individuals to a pool

of 200 individuals from the same population. Except for a few low-frequency haplotypes, I

recovered all individual haplotypes in the pools. Next, I applied the method to a

Germany-wide dataset and compared a classical SNP calling approach to the new haplotype

clustering performed by pbaa. In addition to simple allele frequencies as with classical SNP

calling, I was able to obtain TSR mutations and wild types with their full haplotype context in

the clustering approach. Notably, I could retrieve TSR and wildtype haplotypes that differed

only in a single mutation.
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Long-read sequencing technologies continuously experience rapid improvements, and

targeted sequencing of relevant genetic regions is of major interest, particularly for clinical

applications (Neveling et al. 2019). Through long-reads, new regions have become

accessible and distinct haplotypes can be phased. However, most amplicon protocols

require long-range PCRs, which can introduce amplification biases (Thompson et al. 2002).

This limitation has now been overcome by a new amplification free application of PacBio:

target enrichment with CRISPR/Cas9. In addition, it provides the opportunity of sequencing

information in the vicinity of the region of interest beyond the limitation of a PCR product with

predefined primers, which is ideal for constructing larger haplotypes. After generating a

normal PacBio library from native genomic DNA, Cas9 is recruited by a complementary,

short guide RNA to the targeted sequences of interest among the population of circularized

SMRTbell molecules, where it causes its characteristic double-strand sequence breaks.

Then, new hairpin adapters are ligated to the molecules that have been cleaved, and

SMRTbell molecules that contain the region of interest are enriched on magnetic beads (Tsai

et al. 2015). A similar Cas9-based enrichment strategy has also been developed by Oxford

Nanopore (Oxford Nanopore Technologies 2020).

Although at the time of my study base accuracy of ONT reads was lower than that of CCS

reads (Logsdon et al. 2020), Oxford Nanopore technology innovations are advancing rapidly

as well. Since the accuracy highly depends on the base calling algorithm, new methods were

developed that focus on single read base calling at the molecule sequencing step. In

addition, new nanopores more sensitive to homopolymers have been developed, such a way

that variant calls for structural variants reached 96% accuracy, with simple SNP calls being

comparable to short-read data (Oxford Nanopore Technologies 2020). Compared to PacBio,

Oxford Nanopore is more versatile under remote field conditions because of its size, cost

and implementation of fast and simple protocols and bioinformatic pipelines (Pomerantz et

al. 2022). With the innovation of ‘Adaptive sampling’ and the continuous improvements of the

software controlled enrichment, it is possible to enrich genetic regions of interest in real time

during the sequencing process. To do this, template sequences of the region of interest must

be provided. During the processing of the first few hundred bases of a molecule, a decision

is made whether the molecule matches the template sequence and sequencing continues or

whether the molecule is ejected from the pore (Payne et al. 2021; Oxford Nanopore team

2018). With this strategy, successful targeted enrichment in a microbial mock community has

been already demonstrated (Martin et al. 2022).
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6. Concluding Remarks

The impressive adaptability of plants to different environments and selection pressures is a

fascinating research field. In the present thesis, I investigated the evolutionary and genetic

mechanisms leading to rapid resistance adaptation in the weed species A. myosuroides

through repeated herbicide applications in agricultural fields. I found that herbicide

resistance is largely explained by standing genetic variation, implying that there is a reservoir

of adaptive alleles in weed populations that provide high potential to also overcome future

MoAs. Using forward simulations, I showed that even without continued selection, TSR

mutations persist in field populations for decades to centuries. These findings should be

taken into consideration in weed management strategies to avoid exacerbating the

resistance situation in the coming decades. The best strategy to prevent herbicide resistance

in agricultural fields is to keep the size of the weed population low, which also includes the

seed bank in the soil. Given the strict regulations for certain MoAs and the uncertainty of

whether new MoAs will be available in the coming decades, there is an urgent need to find

alternative ways to address this challenge. Fortunately, there are promising future

approaches to address the problem with new technologies in sensors and robotics, and

molecular weed control methods such as targeted RNA. These approaches, in combination

with timely resistance monitoring through innovative long read sequencing and analysis of

the genomic contexts in which resistance emerges, are crucial in the battle against

resistance evolution in weeds.
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