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Abstract

Non-target site resistance (NTSR) to herbicides in weeds is a threat to global crop
yields. Few specific alleles conferring NTSR have been identified, only two of which
involve loss of gene function. Here, | show that the mechanism of NTSR to the
herbicide thaxtomin A (TXTA) conferred by loss-of-function of the gene PAM16 is
conserved in Marchantia polymorpha, validating its use as a species with which to
study NTSR. To identify novel NTSR mechanisms, | used forward genetics in M.
polymorpha to generate 13 TXTA-resistant mutants and identified candidate NTSR-
conferring SNPs in these mutants via mapping-by-sequencing. | identified a novel
mechanism of NTSR to TXTA conferred by loss-of-function of the gene RADS. To
functionally characterise this mechanism, | generated rad8 loss-of-function mutants
and found that they are cross-resistant to isoxaben, overproduce reactive oxygen
species, and produce less of a putative TXTA metabolite than wild-type. | also found
4 candidate resistance-conferring SNPs in M. polymorpha homologues of genes
associated with NTSR in the weed Amaranthus tuberculatus. These results
demonstrate that forward genetics in M. polymorpha can identify novel NTSR alleles
and corroborate existing candidate NTSR alleles, and that reverse genetics in M.

polymorpha can be used to functionally characterise these resistance mechanisms.
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1.1. Summary

In this literature review | introduce the need for herbicides in agriculture, and the
consequent threat to global crop yields posed by herbicide resistance in weeds.
Herbicide resistance in weeds has evolved due to the strong selection pressure
exerted by the repeated use of the same herbicides in agriculture over many years,
and it is becoming a pressing issue due to the lack of novel herbicide modes of
action with which to combat resistant weeds. | introduce target site resistance (TSR)
and non-target site resistance (NTSR) and explain the differences between the two.
NTSR is particularly problematic due to its complex polygenic basis which makes it
difficult to identify molecular mechanisms of NTSR, as well as the potential ability of
NTSR to confer resistance to multiple herbicides. It is therefore important to identify
mechanisms of NTSR to better understand how it evolves and how to manage it in

the field.

| then describe how specific molecular mechanisms of NTSR can be identified,
namely by gene silencing, heterologous expression, transcriptomics, population
genomics, or forward genetics. | describe the benefits and disadvantages of each
method, concluding that forward genetics can potentially identify novel mechanisms
of NTSR conferred by loss of gene function, of which very few examples have been
identified in Arabidopsis thaliana, and none yet in weeds. | conclude the literature
review by highlighting the characteristics of Marchantia polymorpha which make it
particularly well suited to forward genetics, informing my choice of a forward genetics
approach in M. polymorpha to identify novel mechanisms of NTSR conferred by loss

of gene function.
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1.2. Herbicides are required to control weeds in agriculture

Weeds are currently the greatest biotic threat to global agriculture, causing greater
total potential global crop losses than both insect pests and pathogens combined
(Pimentel, 2005, Oerke, 2006). Weeds decrease crop yields by competing for
resources such as nutrients, light, and water, and can cause allelopathic damage via

production of biochemicals which have a detrimental effect on crops (Bridges, 1994).

A weed is defined as “a plant that causes economic losses or ecological damage,
creates health problems for humans or animals, or is undesirable where it is
growing” (WSSA, 2016). Different weed species dominate in different geographical
areas according to environmental conditions and types of crops grown: for example,
Palmer amaranth (Amaranthus palmeri) is considered one of the most troublesome
weed in cotton and corn fields in the southern U.S. (Ward et al., 2013), blackgrass
(Alopecurus myosuroides) is the most prevalent weed in wheat fields in Europe
(Moss et al., 2007), and ryegrass (Lolium rigidum) is the primary weed in southern

Australia (Goggin et al., 2012).

Traditionally, weeds were controlled using physical control methods such as manual
weeding or tillage, or cultural methods such as crop rotation which prevent specific
weed species from becoming established in a field (Schreiber, 1992). Since the
1940s however herbicides have been widely employed to manage weed populations
(Heap, 2014). Herbicides are chemicals which bind to a target molecule within a
plant and inhibit its function, causing detrimental physiological effects resulting in
death. Herbicides are cheaper and easier to use than traditional methods of weeding
and remain the most effective method of weed control 80 years since their large-

scale application to agriculture (Powles et al., 2010, Gaines et al., 2020).
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1.3. Herbicides are classified by mode of action

Herbicides are classed by their mode of action which is defined by the cellular
process they inhibit: 26 classes of herbicides are currently available on the market
(Heap, 2022). The modes of action of herbicides are summarized in Table 1.1.
Herbicides with different modes of action have different efficacies when applied to
different weeds (Hoss et al., 2003), so a range of modes of action are required to

control different weeds.
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HRAC Target site Example Method of toxicity Reference(s)
group
1 Acetyl CoA Diclofop Inhibition of fatty acid (Burton et al.,
Carboxylase biosynthesis 1987)
2 Acetohydroxyacid Chlorsulfuron Inhibition of branched-chain (Chaleff and Ray,
synthase amino acid synthesis 1984, Larossa and
Schloss, 1984)
3 Tubulin Oryzalin Inhibition of microtubule (Morejohn et al.,
assembly 1987)
4 Auxin signalling 24-D Auxin mimics — disrupt plant  (Grossmann,
pathway growth 2010)
5 Photosystem Il D1  Atrazine Inhibition of photosynthesis;  (Pfister et al.,
protein (serine 264) light activation of ROS 1981, Steinback et
al., 1981, Erickson
et al., 1984)
6 Photosystem Il D1 Bentazon Inhibition of photosynthesis; light (Pedroso et al.,
protein (histidine activation of ROS 2016)
215)
9 Enolpyruvyl- Glyphosate Inhibition of aromatic amino acid (Amrhein et al.,
shikimate phosphate biosynthesis 1980)
synthase
10 Glutamine Glufosinate Inhibition of glutamine (Takano et al.,
synthetase biosynthesis; light activation of 2020)
ROS
12 Phytoene Norflurazon Inhibition of carotenoid (Sandmann and
desaturase biosynthesis; light activation of Boger, 1989)
ROS
13 Deoxy-D-Xyulose Clomazone Inhibition of steroid biosynthesis; (Ferhatoglu and
phosphate synthase light activation of ROS Barrett, 2006)
14 Protoporphyrinogen  Acifluorfen Inhibition of chlorophyll (Dayan et al.,
oxidase biosynthesis; light activation of 2019b)
ROS
15 Very long chain fatty =~ Thiobencarb Inhibition of very long chain fatty (Tanetani et al.,
acids acid biosynthesis 2013)
18 Dihydropteroate Asulam Inhibition of folate biosynthesis (Devine et al.,
synthase 1993)
19 Auxin transporters Naptalam Inhibition of auxin transport (Subramanian et
al., 1997)
22 Photosystem | Paraquat Diversion of electrons from (Fukushima et al.,

photosystem I; light activation
of ROS

1993, Hawkes,
2014)

17



23 Microtubules Carbetamide Disruption of microtubule (Gimenez-Abian et
organization al., 1998)

24 Photosynthetic Dinoseb Uncoupler; inhibition of ATP (Oettmeier and
electron transport synthesis due to inhibition of Masson, 1980)
chain, oxidative proton gradient formation across
phosphorylation thylakoid and inner

mitochondrial membranes

27 Hydroxyphenyl Mesotrione Inhibition of tyrosine catabolism; (Almsick, 2009)
Pyruvate light activation of ROS
Dioxygenase

28 Dihydroorotate Tetflupyrolimet  Inhibition of nucleotide (Dayan et al.,
dehydrogenase biosynthesis 2019a)

29 Cellulose Isoxaben Inhibition of cellulose (Heim et al., 1990,
synthesis biosynthesis Scheible et al.,

2001)

30 Fatty acid Cinmethylin Inhibition of fatty acid release (Campe et al.,
thioesterase from plastids 2018)

31 Serine threonine Endothall Disruption of microtubule (Tresch et al.,
protein phosphatase cytoskeleton arrangement and 2011, Bajsa et al.,

mitosis 2012)

32 Solanesyl Aclonifen Inhibition of plastoquinone (Kahlau et al.,
diphosphate biosynthesis; light activation = 2020)
synthase of ROS

33 Homogentisate Cyclopyrimorate Inhibition of plastoquinone (Shino et al., 2021)
solanesyltransferase biosynthesis; light activation of

ROS

34 Inhibition of Amitrole Inhibition of carotenoid (Clough et al.,

lycopene cyclase biosynthesis; light activation  2016)
of ROS
(7] Unknown Thaxtomin A Suspected inhibition of (King et al., 2001,

cellulose synthesis:
elongation inhibition of dark
grown hypocotyls, inhibition
of “C incorporation into the
cellulosic cell wall fraction,
depletion of cellulose
synthase subunits at the
plasma membrane

Scheible et al.,
2003, Dayan et al.,
2012, Dayan and
Duke, 2014)

Table 1.1. A comprehensive list of herbicides classified by their mode of action. The method of
toxicity and references regarding the mode of action of each herbicide class is included. Herbicide classes
highlighted in bold represent those which are relevant to the current study.
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1.4. History of herbicide resistance in weeds

The widespread use of herbicides to kill weeds exerts a strong pressure that selects
for weeds to evolve resistance (Gaines et al., 2020). Weeds are classed as herbicide
resistant when they can survive and reproduce in the presence of a herbicide. The
first case of herbicide resistance in weeds was documented in 1957, when a
population of Commelina diffusa resistant to the herbicide 2,4-D was identified
(Hilton, 1957) (Fig. 1.1). Since then, the number of unique species with resistance to
herbicides increases every year: to date, 509 unique cases of herbicide resistant

weeds have been reported to 21 of the 26 herbicide classes (Heap, 2022) (Fig. 1.1).

500 -

400 -

300 -

200 -

Number of Unique Resistant Cases

100 -

o - "
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Year
Fig. 1.1. Chronological increase in number of unique cases of herbicide resistance.
A unique case of herbicide resistance is defined as a particular species with resistance to

a particular herbicide mode of action. Sourced from (Heap, 2022).
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Initially, herbicide resistance in weeds was primarily limited to resistance to
photosystem Il (PSll) inhibitors (Table 1.1): by 1980, 39 cases of herbicide
resistance had been recorded, 32 of which were cases of resistance to PSlI
inhibitors (Heap, 2022) (Fig. 1.1). These weeds carried substantial fitness costs and
were easily controlled by using herbicides with different modes of action, so
herbicide resistance in weeds was not initially considered a substantial threat to
agriculture (Shaner, 2014). However, the extensive use of ACCase inhibitors and
AHAS inhibitors (Table 1.1), introduced in the 1980s, resulted in strong selection
pressures globally leading to the evolution of resistance to these modes of action.
The first cases of resistance to these herbicides were reported within 5 years of their
introduction onto the market, and numbers of cases of resistant weeds increased
almost five-fold from 39 to 192 between 1980 and 1995, mostly the result of

evolution of resistance to these two herbicide classes (Heap, 2022) (Fig. 1.1).

The herbicide glyphosate was introduced onto the market in 1974: it is a broad-
spectrum herbicide affecting many plant species, so although it provided good weed
control between crop rows and in urban areas, it could not be used on crops for
selective control of weeds due to its non-selectivity (Powles, 2008). This changed in
1996, with the introduction of glyphosate-resistant (GR) soybean, maize, canola, and
cotton crops: GR crops are genetically transformed with a gene encoding a resistant
version of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), the glyphosate
target (Table 1.1) (Padgette et al., 1995, Barry et al., 1997). GR crops were widely
adopted as they are simpler to farm than alternatives requiring complex herbicide
tank or sequence mixtures or additional adjuvants, and cheaper than weed
management systems using a variety of herbicides especially since the expiration of

the glyphosate patent in 2000 (Powles, 2008). GR crops also allowed glyphosate

20



application in fields throughout the crop life cycle, maximising the number of weeds
killed and significantly increasing crop yields (Duke and Powles, 2008, Green, 2012).
Glyphosate is now the world’s most widely used herbicide, primarily due to the use of
GR crops (Duke and Powles, 2008). Although there was no evidence of glyphosate-
resistant weeds for the 20 years of its use prior to the introduction of GR crops, and
although scientists from the glyphosate manufacturer predicted that evolution of
glyphosate resistance in weeds would occur rarely (Bradshaw et al., 1997, Duke and
Powles, 2008), the huge selection pressure exerted by the widespread adoption of
GR crops led to the evolution of glyphosate resistance in a population of L. rigidum
less than a year after the introduction of GR crops (Powles et al., 1998). To date, 55

unique cases of glyphosate resistant weeds have been reported (Heap, 2022).

1.5. Reasons behind the current acute herbicide resistance problem

Since the advent of herbicide resistance in weeds, farmers have used herbicides
with different modes of action to manage weeds resistant to a particular herbicide.
Before the 1990s, a novel herbicide mode of action was introduced approximately
every 3 years: however, only 1 herbicide mode of action (inhibition of fatty acid
thioesterase, introduced in 2020) has been introduced into the market since 1985

(Campe et al., 2018). There are three main reasons for this.

Firstly, the widespread adoption of GR crops has led to a decrease in the range of
herbicide modes of action used in agriculture, decreasing the demand for novel
modes of action: the number of herbicides applied to US soybean crops decreased
from 11 in 1995 to glyphosate alone in 2002 (USDA, 2004), and a decrease in US
herbicide patents and in the rate of active ingredient introductions followed the

introduction of GR crops (Fig. 1.2).
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Secondly, consolidation of the herbicide industry has resulted in the number of
companies conducting research into novel modes of action dropping by over 75 %
since 1970, reducing the diversity of scientific approaches to discovering modes of

action and adversely affecting the rate of mode of action discovery (Duke, 2012).

Thirdly, the average cost of bringing a herbicide to the market increased from $152
million in 1995 to $256 million in 2008 due to the larger numbers of chemicals which
must be screened to find a suitable product and increasingly stringent toxicological

requirements which a herbicide must pass (McDougall, 2010).

The combination of reduction in herbicide research diversity and increased cost of
bringing a herbicide to market — compounded by decreased market value of novel
herbicides owing to overreliance on glyphosate — have caused a lack of introduction
of novel herbicide modes of action. As a result, the same herbicide modes of action
have been used for almost 40 years, not only generating a strong selective pressure
for herbicide resistant weeds to evolve, but also leaving increasingly limited options
for the management of herbicide resistant weeds. Herbicide resistance is therefore

an important issue for agriculture.
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Fig. 1.2. The number of new herbicide active ingredient introductions and US herbicide
patents over a thirty-year period spanning the introduction of glyphosate-resistant crops.
Sourced from (Duke, 2012).

1.6. Target site (TSR) and non-target site resistance (NTSR)

Resistance to herbicides can occur either through the evolution of target site

resistance (TSR) or non-target site resistance (NTSR).

1.6.1 Target site resistance (TSR)

Target site resistance (TSR) refers to resistance arising from changes affecting a
herbicide binding site. It can arise because of mutations causing amino acid changes
in the herbicide target protein which decrease the affinity of the herbicide for its
target. (Delye et al., 2013). TSR can also be caused by overproduction of the
herbicide target; in this case the herbicide can still bind the target but there is a

higher concentration of unbound functional target molecules (Powles et al., 2010).
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The first serious case of herbicide resistance in 1970 (Fig. 1.1) involved a resistant
population of the weed Senecio vulgaris which was resistant to triazine herbicides
(PSIlI inhibitors — Table 1.1); the basis of the resistance was later identified as a
target site mutation in the DI protein of photosystem Il leading to amino acid changes

hindering binding of triazines (Ryan, 1970, Hirschberg et al., 1987).

1.6.2. Non-target site resistance (NTSR)

Non-target site resistance (NTSR) encompasses mechanisms decreasing the
amount of herbicide reaching the target site thereby increasing the tolerance of a
plant to the herbicide. NTSR can be conferred by a variety of molecular mechanisms
including increased metabolism of the herbicide to non-toxic products
(detoxification), decreased translocation, increased sequestration of the herbicide in
cellular compartments where it cannot access the target, and alleviation of herbicidal

toxic effects (Powles et al., 2010).

i) Herbicide detoxification

The metabolism of herbicides to non-toxic products is known as herbicide
detoxification. Herbicide detoxification involves three phases: conversion,
conjugation, and compartmentation (Hatzios, 1997). Phase | (conversion) usually
involves oxidation or hydrolysis of the herbicide to a less toxic form, catalysed by
enzymes such as cytochrome P450 monooxygenases (P450s) or other oxygenases
(Yuan et al., 2007). During Phase I, the modified herbicide molecule is conjugated to
sugars or thiols, involving enzymes such as glutathione-S-transferases (GSTs) or
glycosyl transferases (GTs) (Yuan et al., 2007). Phase Il involves sequestration of
the modified herbicide into cellular compartments away from its target via

transporters such as ABC transporters (Yuan et al., 2007). The modified herbicide
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then sometimes undergoes Phase |V detoxification, involving further modification in

the vacuole or extracellular space (Yuan et al., 2007).

Mutations which increase the expression or activity of the enzymes and transporters
involved in herbicide detoxification can confer NTSR. For example, the P450 gene
CYP81A10v7 is constitutively more highly expressed in herbicide-resistant
populations of the weed L. rigidum compared to herbicide-sensitive populations, and
experimental overexpression of CYP81A10v7 in transgenic rice conferred resistance
to a variety of herbicides with different modes of action including the ACCase
inhibitor diclofop, the AHAS inhibitor chlorsulfuron, the HPPD inhibitor mesotrione,
the PSII inhibitor atrazine, and the tubulin inhibitor trifluralin (Han et al., 2021).
Experimental overexpression of CYP81A10v7 in transgenic rice caused increased
metabolism of diclofop-methyl to polar metabolites, suggesting that the constitutive
higher expression of this gene in herbicide-resistant L. rigidum confers herbicide

resistance via increased detoxification (Han et al., 2021).

ii) Decreased herbicide translocation and increased herbicide sequestration

Foliar applied herbicides usually translocate through the phloem of the plant to reach
their molecular target. A decrease in the amount of herbicide reaching its target can
result from decreased translocation of the herbicide through the plant. Decreased
translocation is often achieved by herbicide sequestration into the vacuole or

extracellular space where it cannot access the target (Gaines et al., 2020).

An increase in expression or activity of herbicide transporters — such as ABC
transporters — can lead to decreased herbicide translocation via increased herbicide
sequestration away from its molecular target. Transcriptomic studies have found

several ABC transporter genes which are more highly expressed in herbicide-
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resistant weeds than in sensitive weeds, either constitutively or in response to the
herbicide glyphosate (Peng et al., 2010, Piasecki et al., 2019). The first specific ABC
transporter gene confirmed to confer resistance in weeds was reported recently:
EcABCCS, which is constitutively upregulated in glyphosate-resistant Echinocloa
colona compared to herbicide-sensitive plants, conferred resistance to glyphosate
and increased glyphosate efflux into the apoplast when overexpressed in rice (Pan
et al., 2021). This suggests that constitutive upregulation of ECABCC8 leads to
glyphosate resistance due to decreased translocation via increased sequestration in

glyphosate-resistant E. colona.

Decreased translocation of a herbicide can also occur via the “phoenix phenomenon”
whereby localised necrosis of plant tissue due to rapid herbicide action prevents a
herbicide from spreading to other parts of the plant, and rapid regrowth is observed
from non-sprayed portions of the plant (Gaines et al., 2020). Glyphosate is usually a
slow-acting herbicide, however glyphosate-resistant Ambrosia trifida has evolved to
respond more rapidly to glyphosate involving an increase in the reactive oxygen
species hydrogen peroxide resulting in rapid cell death of sprayed tissues (Moretti et
al., 2018, Van Horn et al., 2018). This prevents glyphosate from translocating to the

meristems, and the plant regrows from the unaffected meristems.

iii) Alleviation of herbicide toxicity

NTSR can also result from mutations which alleviate the toxic effects of a herbicide
downstream from its molecular target. There are fewer examples of this type of
NTSR in the literature, however one example is that of a multiple herbicide-resistant
(MHR) population of A. myosuroides in which a constitutively overexpressed GST

(AmGSTF1) is thought to enhance MHR by both enhancing herbicide detoxifying

26



enzymes and also by causing increased accumulation of antioxidant flavonol
metabolites, leading to resistance to herbicides whose toxic action depends on ROS
overaccumulation such as paraquat, chlortoluron, and fluorodifen (Cummins et al.,
1999, Cummins et al., 2009, Cummins et al., 2013). Increases in antioxidant enzyme
activity is also thought to contribute to NTSR in several weed species; for example
increased activity of enzymes associated with metabolic turnover of antioxidant
polyamines has been suggested to contribute to NTSR to paraquat in the weed
Eleusine indica (Delye, 2013, An et al., 2014). There have been substantially fewer
examples of NTSR due to alleviation of herbicide toxicity reported in the literature,
suggesting either that these types of NTSR mechanisms are less prevalent in weeds
than those involving increased detoxification or decreased translocation, or that

these mechanisms are found in weeds but remain largely undiscovered.

1.6.3 Differences between TSR and NTSR

TSR is generally a monogenic trait, involving mutations affecting only the gene
encoding the target site of the herbicide. Molecular mechanisms of TSR are
therefore easy to identify if the herbicide target site is known. Plants with a TSR
mutation are usually strongly herbicide resistant, surviving concentrations much
higher than the lethal dose (LD10o0). TSR biotypes of the weed Euphorbia
heterophylla can survive more than 50 times the recommended field dose of the

AHAS inhibitor imazamox in (Rojano-Delgado et al., 2019).

Some individual NTSR alleles can also lead to strong herbicide resistance; for
example, overexpression of the E. colona ABC transporter ECABCCS8 in rice confers
22-fold higher glyphosate resistance compared to wild-type rice (Pan et al., 2021).

However, individual NTSR alleles usually confer weaker resistance to herbicides in
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comparison to TSR (Gressel, 2000). Strong NTSR-based resistance in the field is =
therefore usually thought to be the result of a process called “allele stacking”,
whereby several NTSR alleles each conferring a low level of herbicide resistance
accumulate in a single individual thereby conferring stronger herbicide resistance
(Gressel, 2009, Delye, 2013) (Fig. 1.3). For example, four genes (two P450s, a
nitronate monooxygenase, and a GT) were more highly expressed in nine separate
populations of Lolium rigidum with field-evolved metabolic resistance to the herbicide
diclofop than in sensitive populations (Gaines et al., 2014). However, transcript
quantification of these 4 genes in different L. rigidum populations with different
diclofop resistance levels showed that high expression of the GT alone, or of one
P450 and the GT only, were insufficient to confer resistance, suggesting that
metabolic resistance to diclofop requires high expression of all 4 NTSR alleles. It has
been reported that separate NTSR alleles — such as different genes involved in
herbicide detoxification — can be arranged in genomic co-expression clusters
(Giacomini et al., 2020). It is therefore possible that a single mutation affecting the
regulation of an NTSR cluster could lead to the overexpression of several genes
conferring NTSR, leading to a polygenic NTSR mechanism conferred by a single

mutation (Torra et al., 2021).
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Fig. 1.3. Evolution of NTSR by allele stacking. Herbicide application selects for
individuals carrying alleles conferring herbicide resistance (1). These individuals
reproduce (2), leading to stacking of resistance genes in the progeny. Recurrent
rounds of herbicide application repeat the process (3), resulting in individuals with
many alleles conferring herbicide resistance (4). Sourced from (Delye, 2013).
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TSR involves a mutation affecting the gene encoding the herbicide target site
therefore a single TSR allele can only confer resistance to herbicides with that
specific molecular target. However, single NTSR alleles can confer resistance to
herbicides with different modes of action, known as herbicide cross-resistance
(Gaines et al., 2020). Various enzymes in the CYP81A family of P450s in particular
have been shown to metabolise herbicides with different chemistries (Gaines et al.,
2020). For example, the L. rigidum CYP81A gene CYP81A10v7 — which is
constitutively more highly expressed in herbicide-resistant populations — conferred
resistance to 5 herbicides with 5 different modes of action when overexpressed in
rice, and the overexpression in A. thaliana of either CYP81A12 or CYP81A21 —
which are both constitutively overexpressed in herbicide resistant Echinochloa
phyllopogon — conferred resistance to 11 herbicides with 4 different modes of action
(lwakami et al., 2014a, Dimaano et al., 2020). Since NTSR is often a polygenic trait,
resistance to herbicides with different modes of action can also occur from the
stacking of different NTSR alleles conferring resistance to different herbicides,
known as multiple herbicide resistance (Gaines et al., 2020). One population of L.
rigidum which is resistant to glyphosate, ACCase inhibitors, and ALS inhibitors had
no TSR mutations in any of the genes encoding the targets of these herbicides;
plants from this population showed decreased glyphosate translocation, and the
P450 inhibitors amitrole and malathion reversed resistance to ACCase inhibitors and
AHAS inhibitors respectively, suggesting that three distinct NTSR-based
mechanisms were responsible for the plants’ resistance to these three herbicides
(Yu et al., 2009). NTSR weeds are therefore more likely to be resistant to several
classes of herbicide than TSR weeds, making them harder to manage via herbicide

treatment.
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Multiple herbicide resistance (MHR) can also involve a mixture of TSR and NTSR:
one biotype of L. rigidum was resistant to paraquat due to reduced translocation,
resistant to ACCase inhibitors due to a TSR mutation in the gene encoding ACCase,
and resistant to glyphosate due to both a TSR mutation in the gene encoding
EPSPS and reduced glyphosate translocation (Yu et al., 2007). TSR weeds can
therefore be resistant to herbicides with different modes of action if their genome
also contains other resistance-conferring alleles. However, only NTSR weeds can be
resistant to more than one herbicide mode of action due to a single allele, so

resistance to multiple herbicides is more commonly associated with NTSR.

1.7. NTSR is more problematic to agriculture than TSR

NTSR in weeds is quickly becoming more problematic for agriculture than TSR for

several reasons.

Firstly, unlike TSR which can only confer resistance to a herbicide with a single
mode of action, NTSR has the potential to confer herbicide cross-resistance, even to
herbicides to which the weed was not exposed, or to novel herbicides which have
not yet reached the market (Delye, 2013). For example, resistance to as many as 16
herbicide molecules have been reported in a single population of L. rigidum: these
herbicide molecules comprise of 9 modes of action, 4 of which the population had
never been exposed to (Burnet et al., 1994). NTSR weeds with herbicide cross-
resistance therefore cannot be managed as easily as TSR weeds: farmers typically
manage TSR by switching to a herbicide with a different mode of action, but NTSR
weeds can be resistant to multiple modes of action, so farmers have fewer herbicide
options with which to manage NTSR weeds than TSR weeds (Delye et al., 2011a).

Herbicides with novel modes of action such as cinmethylin which was introduced
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onto the market in 2020 (Campe et al., 2018) offer a solution to treat herbicide cross-
resistant weeds which cannot easily be controlled by herbicides on the market:
however, since NTSR can confer resistance to herbicides the plant has never been
exposed to, it is possible that NTSR weeds are resistant to and cannot be controlled
by novel herbicides. Ultimately, this means that NTSR weeds are much harder to
control with present and future herbicides than TSR weeds; given that agriculture
currently relies heavily on the use of herbicides, NTSR is therefore more problematic

to agriculture than TSR.

Secondly, comparatively few mechanisms of NTSR have been elucidated due to its
complex often polygenic genetic basis and limited genomic resources in weeds
(Yuan et al., 2007). Those that have been discovered predominantly involve only
four gene families — P450s, GSTs, GTs, and ABC transporters (Yuan et al., 2007).
By contrast, the genetic basis of TSR is well understood, and has led to the
development of quick and cheap PCR-based diagnostic tools to identify TSR
mutations encoding the target site of an enzyme, some within an hour of field
sampling (Delye et al., 2011b, Yu et al., 2015, Edwards and Onkokesung, 2020).
Rapid identification of TSR mechanisms — indicating which herbicide a weed is
resistant to based on which herbicide target is mutated — allows fast decisions about
effective weed management using herbicides with a mode of action the weed is
sensitive to. However, due to the lack of information regarding the genetic basis of
NTSR, there is only one rapid diagnostic tool for NTSR: an antibody-based test in A.
myosuroides based on the overexpression of AmMGSTF1 in NTSR plants (Cummins
et al., 2013, Edwards and Onkokesung, 2020). The lack of diagnostic tools with
which to rapidly identify NTSR in the field means that new weeds may be treated

with herbicides without knowledge of if they are NTSR or not, increasing the risk of
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selecting for herbicide resistant individuals (Delye, 2013). Furthermore, even if NTSR
is suspected in a weed, the inability to identify its genetic basis means that NTSR
weeds have unpredictable cross-resistance patterns, and treating an NTSR weed
with a herbicide without knowledge of its resistance pattern risks selecting for
individuals with resistance to multiple herbicides (Delye, 2013). Therefore, the lack of
understanding of the genetic basis of NTSR means that NTSR weeds are harder to
rapidly identify and effectively manage than TSR weeds, and the subsequent

ineffective management of NTSR weeds risks selecting for NTSR in the field.

Finally, there are increasing numbers of cases of NTSR in the field to glyphosate, the
world’s most used herbicide, and to ACCase inhibitors and AHAS inhibitors (Delye et
al., 2010, Powles et al., 2010, Delye, 2013). Together, these three modes of action
make up approximately 50 % of the world’s herbicide market (Peters and Strek,
2018). NTSR therefore already presents a threat to the most widely used herbicides
globally, and since it is harder to identify and manage than TSR, it is likely that the

relative prevalence of NTSR compared to TSR worldwide will continue to increase.

It is important to broaden our understanding of molecular mechanisms of NTSR to

better understand how to manage it and prevent its selection in the field.

1.8. Methods to identify molecular mechanisms of NTSR

NTSR in A. myoruroides based on overexpression of AmMGSTF1 can be detected by
a rapid antibody test (Cummins et al., 2013, Edwards and Onkokesung, 2020);
NTSR in other weed species can be confirmed by biochemical assays measuring
differences in the rate of metabolism of herbicides or in the herbicide metabolites
produced by resistant and sensitive weeds, and P450 inhibitors can be used to

determine whether resistance of a weed relies on P450 activity (Ma et al., 2013).
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However — aside from the antibody test to detect AmMGSTF1 overexpression in A.
myosuroides — unlike rapid PCR-based diagnostic tools available for TSR (Delye et
al., 2011b, Yu et al., 2015, Edwards and Onkokesung, 2020), these assays do not
identify the genetic basis of NTSR. To identify specific genes involved in NTSR,

several experimental approaches can be taken.

1.8.1. Gene silencing of a candidate NTSR allele can confirm that it causes

resistance

One approach to determine the genetic basis of NTSR in species which are readily
genetically tractable is knockdown or knockout of a candidate NTSR allele (Dimaano
et al., 2020). For example, the first specific P450 gene shown to confer NTSR was
CYP81A6 in rice, which was identified by map-based cloning in a rice mutant
sensitive to bentazon and sulfonylureas, to which wild type rice (Oryza sativa ssp.
indica) is resistant via NTSR (Pan et al., 2006). Knockdown of the gene in wild-type
rice using its antisense RNA reversed the resistance, proving that CYP81A6 was
responsible for the NTSR (Pan et al., 2006). The silencing of specific cytochrome
P450 genes to confirm their role in NTSR has been used in the crop species rice,
corn, and cotton (Pan et al., 2006, Li et al., 2013, Thyssen et al., 2018). However,
the lack of tools with which to carry out genetic modification of weed species makes

it difficult to use this method to identify genes conferring NTSR in weeds.

1.8.2. Heterologous expression of candidate NTSR alleles from weeds in model

species can confirm that they confer resistance

Several gene families have already been implicated in NTSR, namely P450s, GSTs,
GTs and ABC transporters (Yuan et al., 2007). Heterologous expression of weed

genes from these families into model species can demonstrate that specific alleles
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can confer NTSR, either via observation of herbicide metabolism (in S. cerevisiae) or
herbicide resistance (in A. thaliana or N. tabacum) in the transgenic individuals
(Lamb et al., 1998, Cummins et al., 2013, lwakami et al., 2014a). For example, A.
thaliana lines transformed with E. phyllopogon CYP81A12 or CYP81A21 were
resistant to bensulfuron-methyl and penoxulsam, and S. cerevisiae transformed with
E. phyllopogon CYP81A12 or CYP81A21 metabolised bensulfuron-methyl,
suggesting that the observed overexpression of these two genes in a resistant

population of E. phyllopogon is the basis of its NTSR (lwakami et al., 2014a).

However, the candidate genes in these studies are chosen on the basis that they are
from families already implicated in NTSR, such as the CYP871 family of P450s: the
study in E. phyllopogon based their choice of candidate genes due to the established
ability of CYP81 genes to metabolise herbicides in rice (Pan et al., 2006, lwakami et
al., 2014a, Dimaano et al., 2020). While heterologous expression can be used to
confirm the ability of a candidate gene to confer NTSR, the identification of novel
candidate genes which are unrelated to families already implicated in NTSR cannot

be achieved using heterologous expression alone.

1.8.3. Transcriptomics can identify candidate NTSR alleles which are more highly

expressed in herbicide-resistant than in herbicide-sensitive weeds

The most widely used method to identify genes associated with NTSR in weeds is to
compare the transcriptomes of sensitive and resistant weeds and identify genes
which are constitutively overexpressed, or differentially expressed in response to a
herbicide, in resistant individuals: Table 1.2 references and describes a variety of
studies using transcriptomics to identify candidate genes conferring NTSR in a

variety of weeds.
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Plant species

Conditions for identification of
DEG between S and R

Genes associated with NTSR

Reference

Lolium rigidum

In untreated conditions

In segregating F2 population
Induced in S by 2,4-D

In 9 untreated R populations

2 P450s
1GT
1 nitronate monooxygenase

(Gaines et al.,
2014)

Eleusine indica

In untreated conditions
In response to paraquat

4 ABC transporters
14 other transporters
10 polyamine biosynthesis

(An et al., 2014)

Ipomoea In response to glyphosate 1 P450 (Leslie and
purpurea growth and defence genes Baucom, 2014)
Lolium spp. In untreated conditions 6 P450s (Duhoux et al.,
In response to pyroxsulam 6 GSTs 2015)
1GT
17 other (carbonic anhydrase, other)
Alopecurus In untreated conditions 3 P450s (Gardin et al.,
myosuroides In response to iodosulfuron + 1 peroxidase 2015)
mesosulfuron 1 disease resistance protein
Brachypodium  In untreated conditions P450s (Matzrafi et al.,
hybridum In response to pinoxaden GSTs 2017)
Searched for genes from families GTs
already implicated in NTSR other (oxidation, glucose conjugation)
Alopecurus In untreated conditions 4 P450s (Zhao et al.,
aequalis In response to mesosulfuron-methyl 2 GSTs 2017)
2GTs
2 ABC transporters
7 other (oxidation, hydrolysis, stress)
Helianthus In untreated conditions P450s (Gil et al., 2018)
annuus GSTs
GTs
ABC transporters
Conyza In response to glyphosate 10 P450s (Piasecki et al.,
bonariensis Searched for genes from families 1 GST 2019)
already implicated in NTSR 5GTs
19 ABC transporters
8 ROS metabolism
Lolium In response to glyphosate 3 GTs (Cechin et al.,
multiflorum 1 ABC transporters 2020)
9 cell membrane related genes
6 other (oxidoreductase, cell wall, other)
Beckmannia In untreated conditions 1 P450 (Wang et al.,
syzigachne In response to mesosulfuron-methyl 3 GSTs 2021)

3 disease resistance proteins
4 other

Lolium rigidum  In untreated conditions 1 P450 (Han et al., 2021)
Heterologous expression in rice

Leptochloa In response to cyhalofop-butyl 3 P450s (Chen et al.,

chinensis 3 ABC transporters 2021a)

Table 1.2. A selection of transcriptomic studies identifying genes associated with NTSR in resistant weeds.
The conditions for identification of NTSR associated genes is listed: in all cases genes were selected based on
differential expression (DE) between sensitive (S) and resistant (R) weed populations in different conditions. The
types of genes associated with NTSR identified in each study are also listed.
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Transcriptomics can identify NTSR mechanisms conferred by large changes in gene
expression: however, transcriptomics cannot identify NTSR mechanisms conferred
by small changes in expression of multiple genes or by loss of gene function. In
addition, our lack of knowledge concerning the genetic bases of NTSR other than
from gene families already implicated in NTSR (P450s, GSTs, GT, ABC
transporters) means that transcriptomics studies tend to focus exclusively on
candidates from these families (Table 1.2) (Yuan et al., 2007, Matzrafi et al., 2017,

Gil et al., 2018, Piasecki et al., 2019, Chen et al., 2021a).

Furthermore, constitutively increased expression of a gene in resistant weed
populations does not necessarily equate to a role in NTSR. For example, two P450s
(CYP71AK2 and CYP72A254) were expressed more highly in bispyribac resistant E.
phyllopogon in comparison to sensitive populations; however, heterologous
expression of these genes in A. thaliana did not confer bispyribac resistance
(lwakami et al., 2014b, Dimaano et al., 2020). Functional characterisation is
therefore required to confirm that a candidate gene identified by transcriptomics is
responsible for NTSR. It is difficult to undertake functional characterisation in weed
species, so in many cases genes identified by transcriptomics are classed as
candidates for conferring NTSR without follow up experiments to confirm their
involvement in resistance (An et al., 2014, Leslie and Baucom, 2014, Duhoux et al.,
2015, Gardin et al., 2015, Matzrafi et al., 2017, Zhao et al., 2017, Gil et al., 2018,
Piasecki et al., 2019, Cechin et al., 2020, Chen et al., 2021a, Wang et al., 2021)
(Table 1.2). Gaines et al. used several criteria to support the role of four candidate
genes in conferring NTSR to diclofop in L. rigidum, namely confirming their
segregation with resistance in individuals from a cross between sensitive and

resistant plants, as well as confirming their induction upon pretreatment with 2,4-D
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(which has been shown to confer resistance to diclofop) and their overexpression in
9 separate diclofop resistant populations (Gaines et al., 2014) (Table 1.2). Although
these methods of validation strongly support the role of these four genes in
conferring NTSR to diclofop, they still do not definitely prove that overexpression of
these genes is responsible for diclofop resistance in L. rigidum. Transcriptomics

alone therefore cannot prove that a candidate gene is definitively involved in NTSR.

To complement transcriptomics studies, heterologous expression in other organisms
can be used to prove that a candidate gene identified by transcriptomics confers
NTSR. Overexpression of CYP81A10v7, which was constitutively more highly
expressed in herbicide resistant than in sensitive L. rigidum, conferred herbicide
cross-resistance and increased diclofop metabolism in rice (Han et al., 2021).
However, since NTSR is more often a polygenic trait (Delye, 2013), it is possible that
overexpression of several genes is required to confer resistance. For example
studies of the expression levels of the four genes identified by Gaines et al. in L.
rigidum populations with different levels of resistance to diclofop showed that high
expression of one or two of the genes alone was insufficient to confer resistance
(Gaines et al., 2014), so a multiple order mutant would be required to confirm that
overexpression of these genes confers NTSR. Furthermore, in most transcriptomics
studies, a large number of candidate genes responsible for NTSR are identified,
making it difficult to prioritise which genes should be functionally characterised (An et
al., 2014, Duhoux et al., 2015, Zhao et al., 2017, Piasecki et al., 2019, Cechin et al.,

2020, Wang et al., 2021) (Table 1.2).
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1.8.4. Population genomics can identify candidate NTSR alleles in regions of the

genome associated with NTSR

Recent advances in the ease of generating draft genomes for weed species has led
to the ability to conduct population genomics studies to identify genes associated
with resistance in resistant weed populations (Martin et al., 2019). Only a handful of
studies have so far employed population genomics approaches to identifying

mechanisms of NTSR.

Kreiner et al. identified genes associated with NTSR in glyphosate resistant
populations of A. tuberculatus via a GWAS (Kreiner et al., 2019, Kreiner et al., 2021).
The genomes of 163 A. tuberculatus individuals from 19 glyphosate-resistant or
sensitive populations across the US and Canada were sequenced, and a GWA
(statistically controlling for the presence of two target-site mutations in EPSPS)
identified SNPs in 274 A. tuberculatus genes associated with NTSR to glyphosate
(Kreiner et al., 2019, Kreiner et al., 2021). The majority of these 274 genes are not in
the families previously associated with NTSR, so represent candidates for novel
mechanisms of NTSR which have not yet been studied (Yuan et al., 2007, Kreiner et
al., 2021). Van Etten et al. also recently conducted a population genomics analysis
to identify the basis of glyphosate resistance in the weed Ipomea purpurea (Van
Etten et al., 2020). SNPs between 10 /. purpurea individuals from each of 4 sensitive
and 4 glyphosate resistant populations were identified using nextRAD sequencing
and from this data 5 regions of the genome were identified which exhibited signs of
selection and were therefore potentially involved in glyphosate resistance (Van Etten
et al., 2020). These 5 regions were all enriched in P450, GST, GT, and ABC

transporter genes. 1 of these regions containing a tandemly repeated group of 7 GT
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genes and 9 P450 genes exhibited particularly high genetic similarity between the 4
resistant populations, so the genes within this region are strong candidates for

conferring NTSR to glyphosate (Martin et al., 2019, Van Etten et al., 2020).

An important strength of population genomics approaches is that they have the
potential to identify loci containing novel mechanisms of NTSR conferred by genes
which have not yet been implicated in NTSR (Kreiner et al., 2021). However,
because GWAS is based on a statistical correlation between genetic polymorphisms
and phenotypes, it is likely that some of the identified candidate alleles cause NTSR
but that some do not. Functional characterisation is therefore required to confirm that
a candidate gene is involved in the resistance phenotype (Martin et al., 2019).
Functional characterisation is difficult to undertake in weed species, therefore
similarly to the candidate genes identified by transcriptomics in weed species, there

is no proof that the identified genes cause NTSR.

1.8.5. Forward genetics can identify NTSR alleles conferred by loss of gene function

Forward genetics is a potential method of identifying NTSR mechanisms. Forward
genetics involves mutagenizing a wild-type population of individuals, screening the
mutagenized population for a phenotype of interest — in this case herbicide
resistance — and identifying the genetic basis of the phenotype (Ostergaard and

Yanofsky, 2004).

There are a variety of methods available to mutagenize individuals: physical
mutagenesis involves the use of radiation such as UV-B or y radiation, and chemical
mutagenesis involves the use of chemicals such as ethyl methanesulfonate (EMS),
sodium azide, or methyl-nitrosourea (MNU) (Jin et al., 2021). Each method

introduces different types of mutation into the genome (Olsen et al., 1993, Jander et
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al., 2003, Gruszka et al., 2012, Brash, 2015), therefore forward genetics has the

potential to identify NTSR conferred by a variety of mutations in the genome.

Traditionally, forward genetics approaches were constrained by the difficulty of
classical mapping to identify the gene responsible for a mutant phenotype
(Schierenbeck et al., 2015). However, recent advances in genomics technologies
have led to the development of fast mapping strategies using next generation
sequencing to identify candidate SNPs in mutants responsible for a phenotype,
making mapping much more feasible (Schneeberger, 2014). This type of “fast
forward genetics” approach was first carried out in the yeast Pichia stipitis (Smith et
al., 2008), and has since been used for fast genetic mapping in mutants of various
model species such as C. reinhardtii, A. thaliana, and M. polymorpha, and crop
plants such as barley and sorghum (Mascher et al., 2014, Schneeberger, 2014,

Schierenbeck et al., 2015, Addo-Quaye et al., 2017, Champion et al., 2021).

Forward genetics has been extensively used to identify mutations conferring TSR
(Jander et al., 2003, Shim et al., 2018, Chen et al., 2021b, Jin et al., 2021), but has
been used to a limited extent to identify mechanisms of NTSR. One example of
forward genetics identifying a mechanism of NTSR involves the herbicide-sensitive
rice mutant in which the first specific P450 gene shown to confer NTSR was
identified, which came from a population of y-radiated rice individuals (Pan et al.,
2006). The mutant had a single base deletion in the CYP81A6 gene leading to a loss
of gene function which conferred sensitivity to bentazon and sulfonylureas:
introduction of the wild-type gene rescued the sensitivity, and heterologous
expression of the wild-type copy of CYP81A6 in A. thaliana and N. benthamiana

conferred resistance to these two herbicides, confirming that this allele can confer
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NTSR (Pan et al., 2006, Liu et al., 2012). In this case, the loss-of-function mutant
derived from the forward genetic screen was herbicide-sensitive, so the comparative
resistance in the wild-type rice variety is due to a gain in gene function compared to

the mutant.

Very few mechanisms of NTSR conferred by loss-of-function have been identified:;
those that have were identified via forward genetics screens in A. thaliana. Scheible
et al. conducted a forward genetics screen to identify mutations which could confer
resistance to the novel herbicide thaxtomin A (Scheible et al., 2003). A thaxtomin A
resistant mutant generated from this screen had an early stop codon in a then
unknown gene named txr-7; it was therefore suggested that complete loss-of-
function of TXR-1 confers resistance to thaxtomin A (thaxtomin resistant 1) (Scheible
et al., 2003). TXR-1 was later identified as the gene PAM16, a component of the
mitochondrial inner membrane transport complex (Scheible et al., 2003, Huang et
al., 2013). The resistance in Atpam16 loss-of-function mutants is thought to be
NTSR rather than TSR as Atpam16 mutants are weakly resistant to thaxtomin A,
uptake less thaxtomin A than wild-type, and are cross-resistant to the herbicide
isoxaben (Scheible et al., 2003, Tegg et al., 2013). The only other example of NTSR
conferred by loss-of-function in the literature is from a PhD thesis by Reavell-Roy,
where EMS mutagenised A. thaliana seeds were screened for resistance to the
herbicide indaziflam (Reavell-Roy, 2019). The screen yielded one indaziflam-
resistant line, izr1, which had a SNP in CULLIN1 (CUL1), a component of SCF
ubiquitin ligase complexes which mediates responses to auxin (Hellmann et al.,
2003, Moon et al., 2007, Reavell-Roy, 2019). The phenotypes of other A. thaliana
cul1 loss-of-function mutants are consistent with disruption of auxin signalling and

are resistant to auxin-mimicking herbicides (Hobbie et al., 2000, Moon et al., 2007).
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izr1 had a SNP in the same region of the CULLIN1 protein as these cul1 mutants,
and displayed similar phenotypes such as small growth, loss of apical dominance,
and strong resistance to the auxin mimic 2,4-D, suggesting that izr71 mutants are
loss-of-function mutants of CUL1 (Moon et al., 2007, Reavell-Roy, 2019). izr1
mutants were very weakly resistant to indaziflam — with a resistance index of
approximately 1.13 — therefore their resistance to indaziflam is likely due to NTSR,
suggesting that loss-of-function of CUL1 confers NTSR to indaziflam (Reavell-Roy,

2019).

Forward genetics has the potential to identify NTSR which arises as a result of loss
of gene function, such as that conferred by loss-of-function of PAM16 or CUL1 in A.
thaliana (Scheible et al., 2003, Reavell-Roy, 2019). No mechanisms of NTSR arising
from loss of gene function have been reported yet in weed species, yet based on
these two studies carried out in the model species A. thaliana, loss of gene function
can confer NTSR in plants. It is therefore possible that NTSR involving loss of gene
function has evolved in weeds but remains undetected and unreported. Forward
genetics could therefore be used to identify these potential mechanisms of NTSR

conferred by loss-of-function in weeds.

Since genomic resources and mutagenesis techniques are limited in weed species, it
is easier to carry out forward genetic screens in model species where mutagenesis,
genetic mapping, and subsequent functional characterisation of identified resistance
genes by reverse genetics can be carried out more easily. Therefore, rather than
directly identifying the resistance mechanisms present in resistant weeds, forward
genetics can identify potential mechanisms of NTSR which can occur in model plants

and could therefore be responsible for NTSR in weeds. However, mutant screens in
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diploid models such as A. thaliana are limited in scale due to the considerable effort
required to reach the F2 screening population. Screening of the F2 generation is
required to identify recessive resistance-conferring alleles in diploids, constraining
the number of mutants that can be screened for herbicide resistance: a typical A.
thaliana screen is limited to 2000-3000 individuals (Page and Grossniklaus, 2002).
The use of forward genetics to identify mechanisms of NTSR has therefore so far
been mostly unsuccessful. However, novel model species such as Marchantia
polymorpha which are more suited to forward genetic screens present an opportunity

to discover novel mechanisms of NTSR by forward genetics.

1.9. Marchantia polymorpha is suited to forward genetics

Marchantia polymorpha is emerging as a model system in which is it possible to
carry out mutagenesis screens at a significantly larger scale than in diploid
angiosperms. One M. polymorpha plant can produce millions of spores which can be
rapidly mutagenized, and its dominant haploid form means that mutations are
observed in the same generation as mutagenesis, enabling larger-scale and faster

production and screening of mutants (Ishizaki et al., 2016, Kohchi et al., 2021).

Although forward genetic screens using single-celled haploid model organisms such
as C. reinhardtii also enable large-scale mutant generation, M. polymorpha is more
similar physiologically to agricultural weeds than algae (Baker, 1974, Kohchi et al.,
2021). It has also been suggested that gene networks underlying bryophyte
gametophyte physiology are similar to those in the dominant sporophyte of later
diverging land plants, including weeds (Ligrone et al., 2012b, Pires and Dolan,
2012), justifying the use of the M. polymorpha gametophyte as a model for dominant

sporophytic weeds. In addition, M. polymorpha mutant lines can be easily maintained
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due to the production of clonal propagules (via asexual propagules called gemmae):
thallus excision even allows maintenance of lines with defective reproduction
(Shimamura, 2015). Genetic mapping mutations is facilitated both by its dioecy —
which allows controlled crossing analyses — and growing bioinformatic resources
including an annotated genome (Bowman et al., 2017). Mapping-by-sequencing has
already successfully been used to identify mutations responsible for defective rhizoid
phenotypes in M. polymorpha, demonstrating the potential for “fast forward genetics”
approaches in M. polymorpha (Champion et al., 2021). Furthermore, targeted
mutagenesis via homologous recombination and CRISPR-Cas9 is possible in M.
polymorpha, which is particularly useful for confirming resistance-conferring
mutations via reverse genetics (Sugano et al., 2014, Ishizaki et al., 2016). The ability
to generate large numbers of mutants combined with the ease of mutant
maintenance, mutation mapping, and reverse genetics for candidate gene functional
characterisation makes M. polymorpha a model system well suited to forward

genetics.

In this DPhil thesis, | use M. polymorpha to identify novel mechanisms of NTSR
conferred by loss of gene function. | first show that loss-of-function of PAM16, one of
the two known mechanisms of NTSR conferred by loss-of-function, is a conserved
mechanism of NTSR in M. polymorpha, validating its use as a model with which to
study NTSR. | then use a forward genetics approach in M. polymorpha and identify a
novel mechanism of NTSR involving loss-of-function of the gene RADS, and 8 further
candidate genes conferring NTSR, 4 of which have been associated with NTSR in
the weed A. tuberculatus by population genomics. The novel mechanism of NTSR |
discovered is only the third reported NTSR mechanism involving loss of gene

function, and involves a gene which has never been implicated in NTSR. | also
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functionally characterise the mechanism of resistance | identified using loss-of-
function mutants, and study the cross-resistance patterns and basis of resistance of
this mechanism of NTSR. My approach can therefore not only identify completely
novel mechanisms of NTSR, but also characterise the resistance thereby broadening

our understanding of how NTSR can arise and how best to manage it in the field.
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Chapter 2: A mechanism of non-target site resistance
conferred by loss-of-function of PAM16 is conserved in

Marchantia polymorpha
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2.1. Abstract

Non-target site resistance (NTSR) to herbicides in weeds threatens the efficacy of
herbicides and consequently global crop yields. It is important to identify NTSR
mechanisms to understand how to manage NTSR and prevent its evolution in the
field. However, NTSR mechanisms are difficult to characterise because NTSR is
often a polygenic trait involving multiple alleles each conferring relatively low levels
of resistance. Most NTSR mechanisms described in the literature are caused by
gain-of-function mutations that result in overexpression of genes that modify or
compartmentalise the herbicide. There are very few reports of NTSR conferred by
loss of gene function (Scheible et al., 2003, Reavell-Roy, 2019). One of the two
examples reported is in the model plant Arabidopsis thaliana, where a loss-of-
function allele in the gene encoding the mitochondrial inner membrane transport
complex subunit protein PAM16 in a mutant isolated from a mutagenesis screen
confers weak resistance to the herbicide thaxtomin A (TXTA). | propose to use
Marchantia polymorpha to identify novel NTSR mechanisms. In this chapter |
generated loss-of-function lines of the M. polymorpha homologue of PAM16 to
demonstrate that this mechanism of NTSR could also be found in M. polymorpha. |
generated 33 independent Mppam16 mutant lines, of which 9 were weakly resistant
to TXTA. These data demonstrate that mutations in MpPAM16 can confer resistance
to TXTA in M. polymorpha, validating the use of M. polymorpha as a model in which

to discover mechanisms of NTSR.
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2.2. Introduction

Herbicide resistance in weeds is a growing threat to agriculture; non-target site
resistance (NTSR) is becoming a pressing issue due to the difficulty in identifying its
genetic basis in weeds as well as its potential to confer resistance to different
classes of herbicides, a phenomenon known as herbicide cross-resistance. The
mechanisms of NTSR which have been discovered mainly involve increased
expression or activity of enzymes from a few gene families such as cytochrome
P450 monooxygenases which metabolise the herbicide or ABC transporters involved
in herbicide translocation and sequestration away from the target (Yuan et al., 2007,
Gaines et al., 2020). NTSR conferring alleles are mostly identified by comparing
gene expression between sensitive and resistant weeds and identifying mRNAs
whose steady state or herbicide induced levels are higher in resistant than sensitive
weeds. Gain-of-function mutations resulting in the overexpression of the gene that
confers resistance are responsible for these mechanisms of NTSR. It has been more

difficult to identify mechanisms of NTSR conferred by loss of gene function.

While there are no examples of NTSR conferred by loss-of-function mutations in
weeds, there are two examples in the model plant Arabidopsis thaliana (Scheible et
al., 2003, Reavell-Roy, 2019). Loss-of-function mutations in the PAM16 gene confer
weak resistance to the herbicide thaxtomin A (TXTA). A TXTA-resistant mutant was
discovered in a screen of an EMS mutagenised A. thaliana population: the
resistance-conferring mutation was mapped to a then unknown protein named TXR-
1, later identified as PAM16 (Scheible et al., 2003, Huang et al., 2013). Atpam16
mutants are approximately 10 times more resistant than the wild-type accession Col-

0, and less TXTA accumulates in Atpam16 tissues than in Col-0. Their TXTA
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resistance is weak and dose-dependent, suggesting NTSR rather than target site
resistance (TSR). The PAM16 protein is part of the PAM complex that transports
proteins across the mitochondrial inner membrane. Loss of PAM16 function leads to
disruption of the PAM complex and increased cellular reactive oxygen species. The
protein sequence of PAM16 is highly conserved across eukaryotes (Chen et al.,
2013). Furthermore, the A. thaliana PAM16 protein rescues the phenotype of
Saccharomyces cerevisiae pam16 mutants, and the S. cerevisiae PAM16 protein
complements A. thaliana pam16 mutants (Huang et al., 2013), suggesting that

PAM16 protein function is also highly conserved.

The aim of my project is to identify novel mechanisms of NTSR, especially conferred
by loss-of-function mutations, using forward genetics in M. polymorpha. Although M.
polymorpha is suited to forward genetics, its physiology is different from angiosperm
weeds (Baker, 1974, Kohchi et al., 2021). However, many herbicide targets are
present in its genome, and the gene networks of bryophyte gametophytes are similar
to those of dominant sporophytes (Ligrone et al., 2012a, Pires and Dolan, 2012)
therefore M. polymorpha may be a good system for herbicide research. To test if M.
polymorpha is a suitable model with which to identify mechanisms of NTSR, | carried
out a phylogenetic analysis of the conservation of MpPAM16 across land plants, and
generated Mppam16 mutant lines and tested their resistance to TXTA. | found that
M. polymorpha has one copy of PAM16 which is highly conserved compared to the
sequences of PAM16 orthologues in other land plants. Several Mppam16 putative
loss-of-function mutant lines were significantly but weakly resistant to TXTA,
suggesting that the mechanism of NTSR conferred by loss-of-function of PAM16 is
conserved across land plants. These data provide proof-of-concept support for using

M. polymorpha as a system with which to discover mechanisms of NTSR.

50



2.3. Materials and Methods

2.3.1. Phylogenetic analysis of PAM16 homologues

Homologues of the A. thaliana gene At3G59280 were identified by protein BLASTp
search against the reference proteomes of various species (Table 2.1). Only

homologues with an E value less than 1E-5 were used to construct the tree.

Homologues were aligned via the L-INS-i strategy using MAFFT version 7 (Katoh et
al., 2019). The alignment was trimmed using BioEdit7.2. A maximum likelihood tree
was constructed with PhyML 3.0 using an estimated gamma distribution parameter
and the LG model of amino acid substitution. A non-parametric approximate
likelihood ratio test based on a Shimodaira-Hasegawa-like procedure was used to
calculate branch support values using PhyML 3.0 (Guindon et al., 2010). The tree

was rooted with the Saccharomyces cerevisiae PAM16 gene.

2.3.2. Plant lines and growth conditions

Wild-type plants were M. polymorpha laboratory accessions Takaragaike-1 (Tak-1)
and Takaragaike-2 (Tak-2) (Ishizaki et al., 2008). Mppam16 lines were generated via
CRISPR-Cas9 mutagenesis of wild-type M. polymorpha spores (generated from a

cross between Tak-1 and Tak-2).

All lines were maintained via asexual propagation of gemmae or thallus excision in
the case of mutants which did not produce gemmae. Plants were grown on solid
Johnson’s or %2 Gamborg medium with 0.8 % agar (Section 2.3.11). All plant material
used for experiments was grown in a growth chamber at 23 °C under 24-hour 10-30
umol m2 s-! white light. Plant material to be stored long-term was kept in a growth
chamber at 17 °C under 6 hours 10-30 pmol m s*! white light and 18 hours dark. To
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produce spores, plants were grown on a mixture of John Innes n. 2 compost and fine
vermiculite at a ratio of 2:1. Plants were grown in growth chambers at 23 °C and
under 16 hours white light and continuous far-red light to induce transition to the
reproductive phase. Once mature, water was pipetted onto the antheridia produced
by male plants to collect sperm, then transferred to archegonia produced by female
plants. Sporangia were harvested before bursting and stored fresh at 4 °C in sterile

dH20.

2.3.3. Fresh spore sterilisation

Fresh sporangia were sterilised with 1 % NaDCC (sodium dichloroisocyanurate) for 4

minutes followed by rinsing with sterile dH20.

2.3.4. Chemicals and stock solution preparation

Thaxtomin A (TXTA) (SML1456) was obtained from Sigma-Aldrich. Stock solutions
were prepared by dissolving in pure dimethyl sulfoxide (DMSQO) (D8418) from Sigma-

Aldrich.

2.3.5. Gemmaling dose-response assays

Gemmae were grown for 14 days on solid Johnson’s or Y2 Gamborg medium
(Section 2.3.11) supplemented with different concentrations of herbicide dissolved in
DMSO. The concentration of DMSO (0.1 %) was determined not to exert a
significant detrimental effect on plant growth (Supplementary Fig. S2.1).
Gemmalings were imaged using a Berthold Nightow! Il LB 983 In Vivo Imaging
System (Berthold, Bad Wildbad, Germany). Images were taken after exposing
gemmalings to 120 s white light. The imaging system detects chlorophyll
autofluorescence (560 nm). The lateral area of autofluorescing (living) tissue was
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determined using the indiGo™ software package (Berthold, Bad Wildbad, Germany).
Dose-response curves were generated using the ggplot2 and drc packages in R
(Wickham, 2009, Ritz et al., 2015); the four-parameter log-logistic equation was used

to fit a dose-response curve to the data.

2.3.6. Guide RNA design

A single M. polymorpha homologue to AtPAM16 (PAM16) was identified by protein
BLAST of the M. polymorpha reference proteome (Tak1v5.1). Guide RNAs which
would anneal to different parts of the gene (Mp3g09390.1, referred to as MpPAM16)
in order for the Cas9 nuclease to introduce targeted double strand breaks were
designed to be 5’ of an “NGG” site (PAM sequence) as required by the CRISPR-

Cas9 system (Sugano et al., 2014). The guide RNA sequences are as follows:

sgRNA 1 GGCGCAACAATCAGAACCAC
sgRNA 2 CGGCTCGGGTGTGCTTCTTC
sgRNA 3 GAATTTGATCGTCCTCGGCT
sgRNA 4 GATCTAAAGTTCAGCGAGCCA
sgRNA 5 GTTCGAAAGAAATGCGAAGAT

2.3.7. Cloning of CRISPR-Cas9 vectors

Oligos were ordered and annealed using T4 PNK (New England Biolabs) using the

following reaction components and conditions:

2 pl each oligo (Fw and Rv)
5 pl T4 ligase buffer (NEB)
1 ul T4 PNK (NEB)

40 pl dH20

30 min 37 °C
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5in 97 °C, 5 °C decrease in temperature every 30 s

20 min room temperature

The M. polymorpha vectors for single guide RNA (MpENO3) or double guide RNA
(HBp453) were digested with Bbsl and run on 1 % agarose gel, followed by gel
extraction using the GeneJET gel extraction kit as per the Thermo Fisher Scientific
protocol and dephosphorylation with Antarctic Phosphatase as per the NEB protocol.
Ligation of digested vector and annealed oligos from sgRNA 1 was performed using
NEB T4 ligase for one hour at room temperature with the following reaction

components:

50 ng digested vector
3 yl annealed oligos
1 pl T4 ligase (NEB)

2 ul T4 DNA ligase buffer (NEB)

One Shot® OmniMAX™ chemically competent cells were transformed with the
ligation products by heat-shock at 42 °C and plated on solid LB media supplemented
with 100 pg ml-" ampicillin (HBp453) or 50 ug ml-' kanamycin (MpENO3) to grow
overnight at 37 °C. Single surviving colonies were grown in liquid LB containing the
appropriate antibiotics (ampicillin for HBp453; kanamycin for MpENO3) shaking
overnight at 160 rpm at 37 °C, and the desired plasmid extracted using the GeneJET
plasmid miniprep kit according to the Thermo Fisher Scientific protocol. For the
double guide RNA vector (HBp453) only, the extracted plasmid was re-digested
using BsmBI (NEB) and ligated to annealed oligos from sgRNA 2. The process of
transformation in competent cells and plasmid extraction via miniprep was repeated

to yield a plasmid with two guide RNAs. Gateway Cloning using LR Clonase Il
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(Thermo Fisher Scientific) was then used to insert either a single guide RNA or two
guide RNAs into the final vector containing the Cas9 (pMpGEOO010) and a

hygromycin resistance gene (Fig. 2.4).

2.3.8. Agrobacterium tumefaciens-mediated transformation of M. polymorpha

spores

Vectors were transformed into Agrobacterium tumefaciens strain GV3101 by
electroporation (modified from (Ishizaki et al., 2008)). The strain is resistant to
rifampicin and gentamycin, and successful transformants are resistant to
spectromycin. Transformed A. tumefaciens was plated on solid LB media
supplemented with 50 ug ml-* spectromycin, 50 ug ml-* gentamycin, and 50 yg ml-’
rifampicin, and grown for 2 days at 28 °C to select for bacteria which had
successfully taken up the CRISPR-Cas9 vectors. Single colonies were grown in
liquid LB medium supplemented with spectromycin, gentamycin and rifampicin and
grown for 2 days shaking at 150 rpm at 28 °C. The culture was then centrifuged and
the resulting pellet resuspended in 100 uM acetosyringone and grown for 3-6 hours
shaking at 150 rpm at 28 °C to induce the Agrobacterium. Following induction, 1 ml
Agrobacterium culture was added to 25 ml wild type M. polymorpha spores (resulting
from a cross between Tak-1 and Tak-2 strains). Spores for use in A. tumefaciens
mediated transformation were sterilised and grown for a week in 25 ml M51C media
(Section 2.3.11) in a Sanyo growth chamber at 23 °C under 24-hour 10-30 pmol m?
s white light prior to co-cultivation with A. tumefaciens. Acetosyringone was added
to a final concentration of 100 uM. The spores and A. tumefaciens were then co-
cultivated for 2 days shaking at 120 rpm at 23 °C. The culture was poured through a

50 um cell strainer to collect the sporelings, which were washed with 150 ml dH20.
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Sporelings were plated on solid Johnson’s media supplemented with 100 ug ml-’
cefotaxime (to kill residual A. tumefaciens) and 10 ug ml-" hygromycin to select for
transformants. The sporelings were grown in a Sanyo growth chamber at 23 °C
under 24-hour 10-30 ymol m? s white light for 1-2 weeks. Surviving plants were
then transferred to fresh solid Johnson’s media supplemented with 100 ug ml-’
cefotaxime (to kill residual A. tumefaciens) and 10 ug ml-" hygromycin and grown for

a week in the same conditions.

2.3.9. Genotyping potential Mppam16 mutants generated by CRISPR-Cas9

mutagenesis

Putative Mppam16 mutants were genotyped using the Phire Plant Direct PCR kit
(Thermo Scientific™) as per the kit protocol. The primers used were designed to
anneal to the MpPAM16 gene on either side of SgRNA 1 and sgRNA 2 to amplify the
gene fragments in which mutations are expected following CRISPR-Cas9
mutagenesis (Section 2.3.10). PCR products were run on a 1 % agarose gel and
extracted using the GeneJET gel extraction kit (Thermo Scientific™) as per the
protocol. The extracted PCR products were Sanger sequenced and aligned with the
consensus MpPAM16 sequence (Tak1v5.1) using Geneious Prime® 2019.0.3 or

CLC Genomics Workbench 9 to determine the nature of any introduced mutations.
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2.3.10. Primers

Primer  Sequence Use

GCC3Fw TTCGAAATCAATGACCACGGG Genotyping Mppam16 lines (sgRNA1 and
sgRNA 2); sequencing Mppam16 lines
(sgRNAT1)

GCC1Rv GTGTTCTCAGAAACGCCTAAG Genotyping Mppam16 lines (sgRNA1)

GCC6Rv TCCTGGATCTGAAGTGACC Genotyping Mppam16 lines (sgRNA 2);

sequencing Mppam16 lines (sgRNA2)

2.3.11. Media

Johnson’s medium

Component Final concentration
KNOs3 6 mM

MgSO4 1mM
Ca(NOs3)2.4H20 4 mM

KCI 25 uM

H3BO4 10 uM
MnSQ4.4H20 1 uM
ZnS04.7H20 1 uM
CuS04.5H0 250 nM
(NH4)sM07024.4H20 250 nM
FeS04.7H20 25 uM
Na2EDTA 25 uM
NHsH2PO.* 0.6 mM
(NH4)2S04 0.4 mM
Inositol 0.55 mM

MES 0.533 g/l (w/v)
Sucrose 1 % (wiv)

Agar (Sigma-Aldrich)

0.8 % (W/v)

pH adjusted to 5.6 using 1M KOH
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Y2 Gamborg medium

Component Final concentration
Gamborg B5 medium basal salt mixture 1.5 g/l (w/v)

MES 0.5 g/l (w/v)

Sucrose 1 % (wiv)

Agar (Sigma-Aldrich) 0.8 % (w/v)

pH adjusted to 5.5 using 1M KOH

M51C medium
Component Final concentration
KNO3 (Sigma) 19.8 uM
NH4NOs (Sigma) 5 uM
MgSOs (Fisher Scientific) 1.5 uM
CaCl2 (Sigma) 2 uM
KH2PO4 (Sigma) 2uM
EDTA-Fe(lll) (Sigma) 110 nM
NazMoOs (Sigma) 1 uM
CuSOq4 (Sigma) 100 nM
CoCl2 (Sigma) 100 nM
ZnS0q4 (Sigma) 7 UM
MnSO; (Fisher Scientific) 40 uM
H3BO3 (Fisher Scientific) 49 uM
Myo-inositol (Sigma) 555 uM
Nicotinic acid (Sigma) 8 uM
Pyridoxine hydrochloride (Sigma) 5uM
Thiamine hydrochloride (Sigma) 30 uM
Sucrose (Sigma) 58 mM
L-glutamine (Sigma) 2mM
casein hydrolysate (Fluka Analytical) 0.1 % wiv

pH adjusted to 5.8



2.4. Results

2.4.1. There is a single PAM16 gene in Marchantia polymorpha

To identify orthologues of PAM16 in M. polymorpha and test if PAM16 is conserved
across land plants, | undertook a phylogenetic analysis. | identified protein
sequences similar to AtPAM16 (At3G59280) from 11 species using the BlastP
algorithm to search their proteomes (Table 2.1). The species included were the
liverwort Marchantia polymorpha, the moss Physcomitrium patens, the hornwort
Anthoceros agrestis, the lycophyte Selaginella moellendorfii, the fern Azolla
filiculoides, the gymnosperm Picea abies, and the angiosperms Amborella
trichopoda, Arabidopsis thaliana, Zea mays, and Oryza sativa. PAM16 from the
yeast Saccharomyces cerevisiae was used as an outgroup. | aligned the sequences
via the L-INS-i strategy in MAFFT and trimmed them to remove poorly conserved
regions. The PAM16 protein contains an N-terminal mitochondrial targeting
sequence which targets the protein to the inner mitochondrial membrane (Mokranjac
et al., 2006) and a J-like domain which is essential to its function (D'Silva et al.,
2005). These two functional regions are highly conserved across land plants (Fig.
2.1). | constructed a maximum likelihood tree and used a non-parametric
approximate likelihood ratio test based on a Shimodaira-Hasegawa-like procedure to
calculate node support values using PhyML 3.0 (Guindon et al., 2010) (Fig. 2.2).
There were between one and three copies of PAM16 in each species; there was one
copy in M. polymorpha (Mp3g09390), and two copies in A. thaliana (AtPAM16 and
AtPAM16L). Mp3g09390 is therefore the only PAM16 gene in the M. polymorpha

genome and will be referred to as MpPAM16.

59



Species Gene ID E value Version BLAST tool

Arabidopsis AT3G59280.1 (PAM16) 7.00E-81 TAIR10 Phytozome

thaliana

Arabidopsis AT5G61880.1 (PAM16L) 9.70E-50 TAIR10 Phytozome

thaliana

Marchantia Mp3g09390.1 2.00E-43 MpTak1 marchantia.info

polymorpha v5.1

Physcomitrium  Phpat.012G064600.1.p_ 210E-48 v3.3 Phytozome

patens

Physcomitrium  Phpat.021G010400.1.p_ 5.50E-48 v3.3 Phytozome

patens

Physcomitrium  Phpat.018G069100.1.p_ 3.80E-43 v3.3 Phytozome

patens

Selaginella SmoeALL_402411 1.70E-45 v1.0 Phytozome

moellendorffii

Selaginella SmoeALL_76729 2.80E-41 v1.0 Phytozome

moellendorffii

Oryza sativa 0s10g33910.1 2.90E-55 v7_JGI Phytozome

Zea mays Mo17_PWZzZ52230.1/B6UGA4 3.00E-54 taxid:4577 NCBI
(Mo17)

Zea mays Mo17_NP_001146797.1/B6TGT3 3.00E-53 taxid:4577 NCBI
(Mo17)

Amborella Amtr_evm_27.model. AmTr_v1.0_scaf 3.90E-31 v1.0 Phytozome

trichopoda fold00148.51

Picea abies Pa_MA 20382390010 274 E-39 v1.0 Congenie

Anthoceros AagrBONN_evm.model.Sc2ySwM_3 4E-34 v1.0 UZH

agrestis 68.3318.1

Anthoceros AagrBONN_evm.model.Sc2ySwM_2 4E-34 v1.0 UZH

agrestis 28.728.1

Anthoceros AagrBONN_evm.model.Sc2ySwM_3 2E-27 v1.0 UZH

agrestis 62.2602.1

Azolla Azfi_s0003.g007767 8E-47 v1.2 FernBase

filiculoides

Azolla Azfi_s0409.9g068485 2E-44 v1.2 FernBase

filiculoides

Saccharomyces Sc_YJL104W (PAM16) 4.00E-13 S288C SGD

cerevisiae

Table 2.1. Orthologues of the A. thaliana gene At3G59280 identified by protein BLAST search
(E value < 1E-5). Corresponding E values and details of reference proteome versions and BLAST
tools are also shown.
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Fig. 2.1 Amino acid alignment of proteins similar to AtPAM16 from a variety of land plants and Saccharomyces cerevisiae.
Proteins similar to AtPAM16 were identified by protein BLAST search (E value < 1E-5) against the reference proteomes of various species
(Table 2.1). Orthologues were aligned via the L-INS-i strategy using MAFFT version 7. (A) Signal peptide (B) J-like domain (C) region
targeted by sgRNA 1 (D) region targeted by sgRNA 2.
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Fig. 2.2. Phylogenetic analysis of PAM16 in plants. A phylogenetic tree (rooted with PAM16 sequence from S. cerevisiae) of a
maximum likelihood analysis conducted by PhyML 3.0 using an estimated gamma distribution parameter, the LG model of amino acid
substitution and a non-parametric approximate likelihood ratio test based on a Shimodaira-Hasegawa-like procedure to calculate branch

support values (Guindon et al., 2010).
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2.4.2. Thirty-three Mppam16 mutants were generated using CRISPR-Cas9

mutagenesis

To test if the mechanism of NTSR involving loss of gene function of PAM16 in A.
thaliana is conserved in M. polymorpha, | generated Mppam16 mutants using
CRISPR-Cas9 mutagenesis. The A. thaliana PAM16 loss-of-function mutant line has
a mutation leading to the replacement of arginine at position 98 to an early stop
codon; this leads to a truncation of the protein in a conserved region and was
therefore assumed to confer loss-of-function (Scheible et al., 2003). | designed
several guide RNAs with the intent of generating loss-of-function mutations, either by
targeting essential parts of the protein or by inducing frameshifts or large indels. |
designed five guide RNAs that were complementary to different regions of the
PAM16 coding sequence. Two guide RNAs targeted the putative signal peptide of
MpPAM16 (sgRNAs 2 and 3), one guide RNA targeted the putative J-like domain of
MpPAM16 (sgRNA 5), one guide RNA induced mutations near Arg98 which is
mutated in A. thaliana TXTA-resistant pam16 mutants to replicate this mutation
(sgRNA 4), and one guide RNA targeted a non-conserved region to try and generate
weak loss-of-function lines in case strong loss-of-function of MpPAM16 is lethal
(sgRNA 1) (Fig. 2.1, Fig. 2.3). Since PAM16 is an essential gene in S. cerevisiae and
a double knockout of PAM16 and PAM16L in A. thaliana is lethal, | also designed a
guide RNA to target the less highly conserved C-terminal end of MpPAM16 to induce
a weak loss-of-function phenotype in case a complete loss-of-function is lethal

(sgRNA1) (Fig. 2.1, Fig. 2.3).

The guide RNAs were cloned into vectors containing the Cas9 coding sequence and

the final vectors were transformed into A. tumefaciens (Fig. 2.4). Wild-type M.
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polymorpha spores (from a cross between Tak-1 and Tak-2 wild-type lines) were
transformed with the A. tumefaciens strains carrying the CRISPR-Cas9 constructs,
and positive transformants were selected for and genotyped. In total, 33 Mppam16
mutants were generated with mutations in the regions complementary to sgRNA 1
and sgRNA 2 (Table 2.2, Fig. 2.5). No mutants were recovered from transformations
with the other sgRNAs. | also predicted the protein sequences of the PAM16 protein

in each Mppam16 mutant line based on their mutations in the MpPAM16 gene (Fig.

2.6).
sgRNA 3 sgRNA2 sgRNAS sgRNA4 sgRNA1
~ |
h A A A A
e &
Putative signal peptide Ath

Fig. 2.3. Region of the MpPAM16 gene targeted by sgRNAs. Coding sequences are
annotated in yellow (“CDS”), the position of the putative signal peptide is indicated, sgRNA
positions are annotated in green, and the amino acid residue which is mutated in the Attxr1-
1 line (Scheible et al., 2003) is annotated with an orange arrow labelled “Ath”.
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Vector gRNA targeted N. plants genotyped N. mutants identified CRISPR efficiency

A 1 (and 3) 85 2 2.35 %
B 1 (and 5) 60 3 5.00 %
C 2 (and 5) 90 24 26.67 %
D 1and 2 19 4 21.05 %

Fig. 2.4. CRISPR-Cas9 vectors used to generate mutations in MpPAM16 and their mutation
efficiencies. Vectors used to generate (A) Mppam16©E! (B) Mppam16°F2 — Mppam16°E8,
Mppam16°E12" (C) Mppam16©E” — Mppam16°E° | Mppam16©E13" (D) Mppam 16652
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Line

gRNA Mutation

(del = deletion, sub = substitution, ins = insertion)

Mppam16©E01 1 9 bp del
Mppam16CE02 1 10 bp del, 1 bp sub
Mppam16CE03 1 1 bpins
Mppam16CE06 1 3 bp del
Mppam16CE123 1 9 bp del
Mppam16©E07 2 21 bp del
Mppam16©E08 2 15 bp del; 2 bp sub
Mppam16©E0° 2 4 bp sub; 3 bp ins
Mppam16CE1311 2 9 bp del
Mppam16CE1312 2 15 bp del
Mppam16©E1327 2 12 bp del
Mppam16CE133 2 15bp del
Mppam16CE1332 2 30 bp del, 1 bp sub
Mppam16CE1334 2 12 bp del
Mppam16CE1335 2 3 bp sub
Mppam16CE1336 2 15 bp del
Mppam16CE133° 2 24 bp del
Mppam16CE1340 2 47 bp ins, 8 bp del
Mppam16CE1343 2 15 bp del
Mppam16CE1348 2 6 bp del
Mppam16CE1350 2 6 bp del
Mppam16CE1352 2 12 bp del
Mppam16CE1353 2 9 bpins
Mppam16CE13%5 2 18 bp ins
Mppam16CE1356 2 5 bp del, 23 bp sub
Mppam16CE13%8 2 15 bp sub
Mppam16CE136 2 9 bp del
Mppam16CE137 2 2 bp sub
Mppam16CE138 2 57 bp ins
Mppam16©E233 2 3 bp del
Mppam16CE2310 2 9 bp del
Mppam16CE2311 2 5 bp sub, 21 bp del
Mppam16CE2313 2 12 bp ins
Mppam16°F! N/A  T-DNA insertion in 5’ end of promoter

Table 2.2. List of Mppam16 lines and the mutations present in their copy of
MpPAM16. Mppam16 lines were generated using CRISPR-Cas9 mutagenesis to target
the MpPAM16 gene. Wild-type spores (from a cross between Tak-1 and Tak-2) were
transformed with Agrobacterium tumefaciens strains carrying the vector containing the
Cas9 gene and guide RNAs to target MpPAM16. Positive transformants were genotyped
using Sanger sequencing to determine the mutations induced by the CRISPR-Cas9
complex.
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A

MpPAM16
Mppam16°E°
Mppam16°5°
Mppam16°E!

Mppam16°E123
Mppam16°F2

MpPAM16
—/\_me\ﬂuﬂ%m,_wmm
Mppam1€5E1336

Mppam16°E137
Mppam16°E233
Mppam16E1348
—/\_ﬁbmsﬂ%m,_wmo
Mppam 16313
Mppam16°E2310
Mppam1€5E1339
Mppam1€5E1340
—/\_DUNSA%mmw\_w
—/\_UENSAOOm._wmw

Mppam16°58
Mppam1€°E1312
Mppam16°E133
Mppam1€E1327
—/\_Dbmsﬂ%m,_ww#
Mppam163E1352
Mppam1€5E1358
Mppam16°E136

Mppam16°F7
—/\_“ubmsﬂ%m‘_wmm

Mppam16°5°
Mppam165E1332
Mppam165E1343
Mppam16°E138
—/\_ﬁbm;uﬂ%mww\_\_
—/\_ﬁbmsﬂ%m,_wmm

GCGCAACAATCAGAAC-CACAGGAACAAGAGCATCCC-A
GCGCAACAATCAGAACTCACAGGAACAAGAGCATCCC-A
GCGCAACAATCAGA----ACAGGAACAAGAGCATCCC-A

GCGCAACAATCAGA=======——= ACAAGAGCATCCC-A

GCGCAACAATCAGA--—-————-——— ACAAGAGCATCCC-A

GCGCAACAATCAGA--—-———=-——— ACAAGAGCATTTCCA

TAAAATATTAGCGAAT T TGATCGTCCTCGG === === === === - -~ ——————— === —————— CTCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATATTAGCGAAT T TGATCGTCCTCCG === === === === - -~ ———— === === ————————— TCCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
IMARANTAIAGCCANNEIGATICGINC CIRC € G aaa e e e e e e B e e e e e TCCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
B A T A N (S & A T T 6 S G G C (6 G e e e e e GGCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
BT T A N G C & A I I G AN G G C (S G i e s e e e e GGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
A A T A & G A I T G A T Gl G e e GGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATATTAGCGAAT T TGATCGTCC T C === =—=——————=—————————————————— === === ——————————=— GGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATATTAGCGAAT T TGATCGTCC T C === ———=———————————————— = — = — === ————————————— GGGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATATTAGCGAAT T TGATCGTCC T C—==————————————————————— = — === ——————— GTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
LAV AT A = e e e e e e e e e e e D D O DD S o E oo oo Do — oo oo o= o= TTGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
LAV AT A = e e e e e e e e e e e D D O Do S E e oo E e oo o o m o m o= o= TTGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
AV I ACTEAVA T I G E INCIIEEEI e e e e e e e e e e e e e e e S O e TGCTAAATCCTCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAARAATATTAGCGAATTTGATCGTCCTCGGAT G-~ == === === === == — - ———— TGCTTCCTCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATATTAGCGAATTTGATC———————————————————————— e ——————————————— GTATTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
VNN NI NI VNI I I o e e e e o e e e e e e e e e e ) e e o O O o0 GTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
VNN NI NI SV NI A I I o e e e e o e e e e e e e e e e e e e ) e e O o O o om0 GTCCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
AT T A E AV I I T = = o e o e e e e o e e e e e e e e o e O e e e e e e e e o e e e e e CCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
AT T A E A I I T = = — e o e e e o e e e e O S = e e e = e = S e e I e ATCGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
ET A A T A 5 & 5 A A T T e e e e e TCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
L e e e e e e e e e e e e e e i i i i i ATATTTGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATAT TAGCGAAT T T T AT ——————————————————————————————————————— === ATATTTGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
7V VN NI I ) A\ o e e e e e e e e e e e e e e O e e e e e e e D O O TGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATATTAGCGAATTTGATCGTCCTCGGAGG———=—=—=———————————————————— ACGAT--CAAATATTTTAGCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATATTAGCGAAT T TGATCG——————————————————— e ————————————————— AGGTTGCGTCCTCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
ANV NI e c oo o e o oo e e e o o e e P OO0 OO0 (e e X X GCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
EANANTIASIAGCCANFRRCASICANNIENC CERANSESS e B e e e B eSS TATTTTAGCGAATTTTAGCGAATTTAAGCCCACAGCCTCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATATTAGCGAATTTGATCGTCCTCGGACGGACGATCAAATTCGGGTTTAATTTGAT CGTCCTCGGGACGATCAAATCATCGTCCTCGGGTGTGCTTCTTCGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
LAV AV AT LA LA & Y G A AN A\ = e e e o e e e e e e e e e e e e D D TACACAGCGCTGTATCTCAAGCTTACCGTCAAGCGATTCAA
TAAAATATTAGCGAATTTGATCGTCCTCGGG——————————=———————————————————=————=—————=—c—==——————c——=—= TGGGGTGCGTCTCGTTGCGCTGCATGCTTAGCGTCCCGCGATGCGATTCAT

Fig. 2.5. Predicted nucleotide sequences of MpPAM16 in Mppam16 lines. Mppam16 lines were generated using
CRISPR-Cas9 mutagenesis to target the MpPAM16 gene. Wild-type spores (from a cross between Tak-1 and Tak-2)
were transformed with Agrobacterium tumefaciens strains carrying the vector containing the Cas9 gene and (A)
sgRNA 1 (B) sgRNA 2 targeting MpPAM16. Positive transformants were genotyped using Sanger sequencing to
determine the mutations induced by the CRISPR-Cas9 complex. Predicted protein sequences were determined based
on the mutations in each line. Nucleotide sequences were aligned via the L-INS-i strategy using MAFFT version 7. The
top row in both (A) and (B) is the reference MpPAM16 nucleotide sequence (MpTak1v6.1). Lines highlighted in green
are resistant to TXTA with respect to Tak-1 and Tak-2.
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MpPAM16 EPQEQEHPTG--—-—--—————~-
Mppam16°E0!  ——-EQEHPTG-----------
Mppam16CE'23 ——-EQEHPTG----------~
Mppam16CE%6 E-QEQEHPTG---—---—-----
Mppam16CE02  ---EQEHPHF---~HRLRQRF
Mppam16®E03  ——---- ELTGTRASHRLRQRF

B

MpPAM16 AAKILANLIVLG-==========——==—--= SGVLLRAV——— = = = — —
Mppam166E137 AAKILANLIVLG-=========—==—=—=—=—— AGVLLRAV — = = —
Mppam16C6E1338 AAKILANLIVLR-================== PGVLLRAV = — — — — — o
Mppam166E233 AAKILANLIVLG----==——=—————————— e GVLLRAV—— = == = — e
Mppam16C6E1358 AAKILANLIVLGCA-----=======-=-- SSGVLLRAY = — — — = — —
Mppam16CE2313  ARKILANLIVLGCA--=========-=-= KSSGVLLRAV = = — — =
Mppam16CE1348  ARKILANLIVL-==============—————- GVLLRAV — — — = —
Mppam16CE1350 AAKILANLIVP-=—=—==========—————- GVLLRAV — — = = —
Mppam16C6E1398 AAKILANFIYL---==============---- GVLLRAY = — = — = — = — e
Mppam16SE131! AAKILANLIVLG-----==----=-=-=-=------- L L RAV = = —
Mppam16C6E136 AAKILANLIVL-===============———=—= VLLRAV = — = — — — =
Mppam166E2310  AAKILANLIVL----——====-=—--——--——- VLLRAV = — = — — — =
Mppam16CE1358 AAKILANLIVLGGRSN--------=---- T LAGVLLRAV —— — = —
Mppam16CE1312 AAKILANLI------=-=-----——-——oo oo VLLRAV = — = — — — =
Mppam166E133 AAKILANLI-———————m e e VLLRAV————m — e e e
Mppam16CE1343  AAKILANLI-~--=======-————————————— VLLRAV = = — = — o
Mppam16CE?8  AAKILANLI--—==—=====————————————— VELRAV - = = — = - m m e e e
Mppam16CE1336  AAKILANL-——-=========—=—————————— GVLLRAV — = — = — - m — e e
Mppam16C6E1327  AAKILANLP--———=====——=—————————— GVLLRAY = — = — = e
Mppam166E1334 AAKILANLI-——=====——————————————— GVLLRAV——— = — m e
Mppam16C6E1352  AAKILANYS—————————————————— - GVLLRAVSQAYRQATIQSMYCIPSTIRNTISLSRIKQFAHNFRPVKIRS
Mppam16CE138 AAKILANLIVLGRTIKFGFNLIVLGTIKSSSSGVLLRAV === === oo
Mppam16CE09  AAKILANLIEVA-----—=—==-=-—-=---—- SSGVLLRAV — = — = = —
Mppam16CE%7  AAKILAN--———==————————————— oo oo VLLRAV— = —— — m e o e e
Mppam16CE1339  AAKIL--—-—-—-————-——————— oo GVLLRAV ——— — = — m m e e
Mppam16C6E2311 AAKILANLIHS-——=======———-———————o—— A —
Mppam16CE1340 AAKILANLIKFANI------ LANFSEFKPTASGVLLRAV - —— - — o e e e e
Mppam16CE1356  AAKILANLIVLGWGAS===~RCAASLPSSDSKYVLYS == === == == m = e e oo
Mppam16CE1332 AAKIW-—————————-m—mm oo LLRAV = o e

Fig. 2.6. Predicted protein sequences of MpPAM16 in Mppam16 lines. Mppam16 lines
were generated using CRISPR-Cas9 mutagenesis to target the MpPAM16 gene. Wild-type
spores (from a cross between Tak-1 and Tak-2) were transformed with Agrobacterium
tumefaciens strains carrying the vector containing the Cas9 gene and (A) sgRNA 1 or (B)
sgRNA 2 targeting MpPAM16. Positive transformants were genotyped using Sanger
sequencing to determine the mutations induced by the CRISPR-Cas9 complex. Predicted
protein sequences were determined based on the mutations in each line. Protein
sequences were aligned via the L-INS-i strategy using MAFFT version 7. The top row in
both (A) and (B) is the reference MpPAM16 protein sequence (MpTak1v6.1). Lines
highlighted in green are resistant to TXTA.
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2.4.3. Twenty-nine out of thirty-three Mppam16 mutant lines are putative weak

loss-of-function lines

| used the predicted MpPAM16 protein sequence of each of the 33 Mppam16 mutant
lines to class them as putative weak or strong loss-of-function lines. Mutations which
strongly affect the protein structure (frameshifts or early truncations) are more likely
to cause strong loss-of-function. | identified 2 lines, Mppam16©&13%2 and
Mppam16CE13%€  with predicted frameshifts and alternative stop codons (Fig. 2.6). A
further 2 lines, Mppam16©&138 and Mppam16¢E'340, had mutations affecting more
than 15 amino acids in frame (Fig. 2.6). | classed these 4 Mppam16 lines as putative
strong loss-of-function lines, and | classed the remaining 29 Mppam16 lines — which
had mutations affecting fewer than 15 amino acids in frame — as putative weak loss-
of-function lines. Most of the Mppam16 lines that | generated are therefore putative
weak loss-of-function lines. However, | did not measure the function of the PAM16

protein in Mppam16 lines, so these lines are only predicted loss-of-function lines.

2.4.4. The herbicide thaxtomin A (TXTA) exerts a dose-dependent toxicity on

M. polymorpha thallus

To measure the inhibition of the lateral growth (area) by TXTA on the gametophyte
of wild-type M. polymorpha, | grew gemmae from the wild-type lines Tak-1 and Tak-2
on solid 2 Gamborg medium supplemented with different concentrations of TXTA
and quantified the area of living gemmaling tissue after two weeks (Fig. 2.7). Since
only living tissue was measured, for dead gemmalings the gemmaling area is

quantified as zero although the actual area is greater than zero (Fig. 2.8).

TXTA causes dose-dependent growth inhibition of gemmalings from both wild-type

lines. | calculated 2 parameters to quantify the dose-dependent effect of TXTA on
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the growth of Tak-1 and Tak-2; the ICso (dose at which average area of gemmalings
is 50 % relative to untreated control), and the LD1qo (lethal dose at which no plant
tissue is alive). The ICso was 56 + 6 nM for Tak-1, and 135 + 24 nM for Tak-2;
according to this parameter, Tak-2 is more resistant to TXTA. However, the LD1qo for
Tak-2 was 5 pM, and although most Tak-1 plants also died at 5 yM TXTA a few
plants grew very little at this concentration (Fig. 2.7) so when measuring resistance

according to this parameter Tak-1 is slightly more resistant than Tak-2.
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Fig. 2.7. Thaxtomin A (TXTA) exerts a dose-dependent growth inhibition on M.
polymorpha.

Wild-type gemmae (Tak-1 and Tak-2) were grown for 14 days on solid %2 Gamborg medium
supplemented with different concentrations of TXTA. Gemmalings were imaged using a
Berthold Nightowl! Il LB 983 In Vivo Imaging System which detects chlorophyll
autofluorescence (560nm). The lateral area of autofluorescing (living) tissue was determined
after 14 days of growth using the indiGo™ software package and plotted using the ggplot2
package in R. The fitted curve was calculated using the four-parameter log-logistic equation
included in the drc package in R. Error bars represent + standard deviation (n = 18).
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2.4.5. Nine Mppam16 predicted loss-of-function mutants are resistant to TXTA

A mutant line of Arabidopsis thaliana with a mutation in AtPAM16 is resistant to
thaxtomin A (TXTA). To determine if loss of PAM16 gene function in M. polymorpha
results in TXTA resistance, | grew gemmae from the 33 Mppam16 predicted loss-of-
function mutant lines on solid medium supplemented with 5 yM TXTA (Fig. 2.8).
Wild-type lines die or grow very little on 5 yM TXTA (Fig. 2.7), so any mutant lines
which survived this dose were considered resistant. | also grew mutant gemmae
from a Mppam16 putative gain-of-function mutant line, Mppam16°%", identified in a

T-DNA insertion mutagenesis screen previously conducted in the lab.

To test if Mppam 16 mutant lines were resistant to TXTA, | measured the lateral area
of living tissue of gemmalings after 12 days of growth on 5uM TXTA (Fig. 2.9). Since
only living tissue was measured, for dead gemmalings the gemmaling area is
quantified as zero although the actual area is greater than zero (Fig. 2.8). Nine
Mppam16 lines were significantly larger than both Tak-1 and Tak-2 on 5 yM of TXTA
so were classed as TXTA-resistant; the resistant lines were Mppam16©E13%8
Mppam16©E'355 Mppam16%E1335 Mppam16CE136, Mppam16%E1350, Mppam 16GE2310,

Mppam16C°E138, Mppam16©E13%3, and Mppam16°E"31" (p<0.05) (Fig. 2.8, Fig. 2.9).

The putative MpPAM16 overexpressor line Mppam16°E" was not significantly
resistant to TXTA (Fig. 2.9), suggesting that a perturbation in the amount of PAM16
protein does not confer resistance to TXTA (although it remains to be shown whether

this mutant produces more PAM16 protein than wild-type lines).

All 9 TXTA-resistant lines were mutated in the region targeted by sgRNA 2 (Table
2.2). This region is part of the predicted signal peptide targeting the MpPAM16

protein to the mitochondria and is highly conserved (Fig. 2.1). Mutations in a

71



functional domain or a conserved region of the protein are more likely to cause loss-
of-function, therefore the 9 TXTA-resistant lines are predicted loss-of-function lines.
Predicted loss-of-function mutations in Mppam16 mutants can therefore result in
TXTA resistance; if the mutations cause loss of PAM16 function, the mechanism of
NTSR to TXTA conferred by loss-of-function of PAM16 is conserved in these 9

Mppam16 lines.

GE1335 GE1358
Tak-1 Tak-2 Mppam16 Mppam16

TXTA

Fig. 2.8. Gemmalings from wild-type and 2 independent Mppam16 loss-of-function
lines grown on TXTA. Gemmae from wild-type (Tak-1 and Tak-2) and 2 independent
TXTA-resistant Mppam16 loss-of-function lines (Mppam16©E'335 and Mppam16©E13%8) were
grown on solid %2 Gamborg medium supplemented with 5 yM TXTA or 0.1 % DMSO for 12
days. Gemmalings were imaged with a Keyence VHX-7000. Scale bars represent 2 mm.
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Fig. 2.9. Growth of Mppam16 mutant lines on 5 yM TXTA. 33 Mppam16 lines were generated using CRISPR-Cas9 mutagenesis to target
the MpPAM16 gene. Gemmae from these lines were plated onto solid 72 Gamborg medium supplemented with S5uM TXTA and grown for 12
days. The lateral area of living gemmaling tissue was determined from images taken using a Berthold Nightow! Il LB 983 In Vivo Imaging
System. Black tick marks mark the Mppam16 lines with TXTA resistance. Stars represent the level of significance of the difference between
mutant and control lines (Tak-1 in red and Tak-2 in green) as determined by Student’s t-tests: * = p < 0.05, ** = p < 0.01, ** = p < 0.001.
Error bars are £ standard deviation (n = 3-6).
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Fig. 2.10. Growth of Mppam16 mutant lines in control conditions. 33 Mppam16 lines were generated using CRISPR-Cas9 mutagenesis
to target the MpPAM16 gene. Gemmae from these lines were plated onto solid 72 Gamborg medium supplemented with 0.1 % DMSO for 12
days. The lateral area of living gemmaling tissue was determined from images taken using a Berthold Nightowl Il LB 983 In Vivo Imaging

System. Black tick marks mark the Mppam16 lines with TXTA resistance. Stars represent the level of significance of the difference between

mutant and control lines (Tak-1 in red and Tak-2 in green) as determined by Student’s t-tests: * = p < 0.05, ** = p < 0.01, ** = p < 0.001.
Error bars are + standard deviation (n = 3-6).
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2.4.6. Specific mutations in the MpPAM16 signal peptide confer TXTA

resistance

The highly conserved region encoding the signal peptide (Fig. 2.1) of the MpPAM16
protein targeted by sgRNA 2 was mutated in 28 Mppam16 lines, including in all 9
TXTA-resistant lines (Table 2.2, Fig. 2.9). Nineteen Mppam16 lines in which the
signal peptide was mutated were TXTA-sensitive (Table 2.2, Fig. 2.9). Consequently,

not all mutations in the PAM16 protein signal peptide conferred TXTA resistance.

To determine which mutations in the region encoding the PAM16 protein signal
peptide conferred TXTA resistance, | compared the predicted protein sequences of
the 9 TXTA-resistant and 19 TXTA-sensitive Mppam16 lines with mutations in the

region encoding the signal peptide.

There are no residues mutated in TXTA-resistant lines which are not also mutated in
TXTA-sensitive lines. This suggests that there is no specific single residue in the

MpPAM16 protein signal peptide which when mutated confers TXTA resistance.

Two independent TXTA-resistant Mppam16 lines with mutations in the region
encoding the PAM16 protein signal peptide — Mppam16°5231° and Mppam16CE'36 —
had the same predicted protein sequence as each other (Fig. 2.6). Three
independent TXTA-sensitive Mppam16 lines with mutations in the region encoding
the PAM16 protein signal peptide — Mppam16©E'312, Mppam16©E'33 and
Mppam16°E1343 — had the same predicted protein sequence as each other (Fig. 2.6).
No TXTA-resistant lines had the same predicted protein sequence as any TXTA-
sensitive lines (Fig. 2.6). These results suggest that specific combinations of mutated

residues in the PAM16 protein signal peptide confer TXTA resistance.
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2.4.7. Putative weak loss of MpPAM16 function can confer TXTA resistance

In A. thaliana, total loss of PAM16 function is responsible for TXTA resistance in
Atpam16 lines (Scheible et al., 2003). To test if total loss-of-function of PAM16 is
responsible for TXTA resistance in the 9 TXTA-resistant M. polymorpha Mppam16
lines, | referred to my classification of Mppam16 lines as putative strong or weak

loss-of-function based on protein sequence.

Of the 4 putative strong loss-of-function lines (Mppam16°E'352, Mppam16©E13%6
Mppam16©E138 and Mppam16°E'349) only 1 — Mppam16©E138 — was resistant to
TXTA (Fig. 2.9). Accordingly, of the 9 TXTA-resistant Mppam16 lines, only
Mppam16©E138 was a putative strong loss-of-function line; the remaining 8 lines were
putative weak loss-of-function lines. This suggests that weak loss of PAM16 function

can confer resistance to TXTA in M. polymorpha.

2.4.8. Putative weak loss of MpPAM16 function can cause growth defects

Atpam16 plants with a total loss of PAM16 function are smaller than wild-type lines
(Scheible et al., 2003). To test if Mppam 16 loss-of-function mutant lines were smaller
than wild type lines, | grew gemmae from each of the 33 Mppam16 lines (and
Mppam16°E") on solid %2 Gamborg medium supplemented with 0.1 % DMSO (control
conditions) and quantified the area of gemmalings after 12 days (Fig. 2.10). Since
only living tissue was measured, for dead gemmalings the gemmaling area is

quantified as zero although the actual area is greater than zero.

Nine lines — Mppam16©E13%% Mppam16°E1332 Mppam16CE133° Mppam16CE1335,

Mppam16©E133 Mppam16©E138 Mppam16©E13%8 Mppam16°E%7, and Mppam16CE!36
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— were significantly smaller than Tak-1 and Tak-2 (p < 0.05). Mppam16°E'353 and

Mppam16°E°3 were significantly larger than Tak-1 and Tak-2 (p < 0.05) (Fig. 2.10).

Of the 4 putative strong loss-of-function lines (Mppam16°E'352, Mppam16©E13%6
Mppam16©E138 and Mppam16°E'340), only Mppam16°E'38 was significantly smaller
than both wild-type lines (Fig. 2.10). These data suggest that strong loss of PAM16
function does not always cause growth defects in M. polymorpha. Accordingly, of the
9 lines which grew significantly smaller than wild-type, only Mppam16©&138 was a
putative strong loss-of-function line, and the remaining 8 lines were putative weak
loss-of-function lines. These data suggest that weak loss of PAM16 function can

cause growth defects in M. polymorpha.
2.4.9. TXTA-resistant Mppam16 lines were weakly resistant to TXTA

Atpam16 lines are weakly resistant to TXTA, displaying growth inhibition on high
doses of TXTA (Scheible et al., 2003). To test if the 9 TXTA-resistant Mppam16 lines
were also weakly resistant to TXTA, | compared their growth on 5 uM TXTA (the
lethal dose of TXTA for wild-type lines) with their growth in control conditions (Fig.

2.11).

Eight out of the 9 TXTA-resistant lines were significantly smaller on 5 yM TXTA than
they are in control conditions (Fig. 2.11) (p < 0.05). Mppam16°E13%8 was also smaller
on 5 yM TXTA than in control conditions (Fig. 2.11), although this size difference
was not significant. The growth inhibition of the TXTA-resistant Mppam16 lines on

TXTA suggests that these lines are weakly resistant to TXTA.
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Fig. 2.11. Growth of TXTA-resistant Mppam16 lines in control conditions and on TXTA.
Mppam16 lines were generated using CRISPR-Cas9 mutagenesis to target the MpPAM16
gene. 9 Mppam16 lines were resistant to TXTA. Gemmae from these 9 lines were plated onto
solid 72 Gamborg medium supplemented with 0.1 % DMSO or 5 yM TXTA for 12 days. The
lateral area of living gemmaling tissue was determined from images taken using a Berthold
Nightowl! Il LB 983 In Vivo Imaging System. Stars represent the level of significance of the
difference between plants grown on TXTA or in control conditions as determined by Student’s
t-tests: *=p < 0.05, ** = p <0.01, ™ = p < 0.001. Error bars are £ standard deviation (n = 3-6).
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2.4.10. The most strongly TXTA-resistant Mppam16 lines were smaller than

wild-type lines in control conditions

Atpam16 TXTA-resistant mutants are smaller than wild-type lines in control
conditions (Scheible et al., 2003). To test if TXTA-resistant Mppam16 lines were
smaller than wild-type in control conditions, | compared the sizes of the 9 TXTA-

resistant lines to the wild-type lines grown on DMSO (Fig. 2.10).

Five of the 9 TXTA-resistant Mppam16 lines — Mppam16°E'358 Mppam16©E13%5
Mppam16CE1335 Mppam16©E'36 and Mppam16©E138 — were significantly smaller than
wild-type lines in control conditions (Fig. 2.10). Of the remaining 4 TXTA-resistant
lines, Mppam16°E3"1 Mppam16©E13%0 and Mppam16©52310 were significantly
smaller than Tak-1 but not Tak-2, and Mppam16°E'353 was significantly larger than
Tak-1 and Tak-2. (Fig. 2.10). These data show that the size of TXTA resistant
Mppam16 lines varies in control conditions, but most of them were smaller than wild-

type lines.

Based on their size on 5 pyM TXTA, the 4 lines with the strongest TXTA resistance
were Mppam16CE1358 Mppam16©E13%5 Mppam16°E'335, and Mppam16°E'36 (Fig.
2.9). These 4 lines were significantly smaller than wild-type lines in control conditions
(Fig 2.10). The most strongly TXTA-resistant lines were therefore smaller than wild-

type lines in control conditions.
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2.5. Discussion

Loss-of-function mutations in the Arabidopsis thaliana PAM16 gene is one of the few
known examples of NTSR conferred by a loss-of-function mutation. In this chapter, |
demonstrated that there is a single PAM16 gene in M. polymorpha, and that some
putative loss-of-function mutations in MpPAM16 confer resistance to the herbicide
TXTA. This mechanism of herbicide resistance is therefore conserved between A.

thaliana and M. polymorpha.

| conducted a phylogenetic analysis of PAM16 in land plants by searching for protein
sequences similar to AtPAM16 (At3G59280). Sequence alignments of the PAM16
protein homologues showed high amino acid conservation, apart from Picea abies
(MA_203823g0010) which lacks a signal peptide. The protein sequence of the P.
abies PAM16 orthologue MA_203823g0010 is a “medium confidence” annotated
protein and is only annotated with two exons whereas AtPAM16 has 5, two of which
encode the region of the protein up until the conserved asparagine directly preceding
the proposed start of the P. abies PAM16 protein. It is therefore likely that the protein
sequence for the P. abies PAM16 protein is incomplete and is missing the first two

exons, rather than that the protein has truly lost its signal peptide.

Of the 10 plant species | included in my phylogenetic analysis, there were 6 species
with more than one PAM16 homologue, including A. thaliana. The analysis identified
one protein (Mp3g09390) in M. polymorpha that is homologous to AtPAM16. The
presence of a single copy PAM16 gene in M. polymorpha means that it is possible to
define PAM16 function by mutating a single gene, simplifying the functional
characterisation studies of MpPAM16 | undertook via loss-of-function mutant

generation. However, loss of both PAM16 paralogues in A. thaliana is lethal (no

80



Atpam16/Atpam16L double mutant could be generated), suggesting that the
generation of a complete loss-of-function mutant of the single PAM16 gene in M.

polymorpha may be lethal (Scheible et al., 2003).

The lethality of complete loss of PAM16 function in M. polymorpha may explain why
the majority of the 33 Mppam16 lines | generated were putative weak loss-of-
function. Based on predicted protein sequences, 29 out of the 33 Mppam16 lines |
generated were putative weak loss-of-function lines, with mutations affecting fewer
than 15 amino acids in frame. This could be because strong loss-of-function

Mppam16 mutant lines are less likely to survive.

Lethality of complete loss of MpPAM16 function could also explain why 3 out of the 5
guide RNAs | used to target the MpPAM16 gene did not yield any viable mutants.
Furthermore, the mutation efficiency for the 2 working guide RNAS was low:
between 2-5 % of transformants carrying a vector containing sgRNA1 and between
21-27 % of transformants carrying a vector containing sgRNA 2 had mutations in
MpPAM16 (Fig. 2.4). These low mutation efficiencies could indicate that
transformants with strong loss-of-function mutations were more likely to be inviable
due to lethality of MpPAM16 total loss-of-function, and therefore mostly

transformants with putative weak loss-of-function mutations survived.

Nine out of the 33 Mppam16 lines were significantly resistant to TXTA. Total loss-of-
function of PAM16 is the basis of TXTA resistance in Atpam16 lines: if the population
of 33 Mppam16 lines consist mostly of weak loss-of-function lines, this could explain
why only 9 of the 33 Mppam16 lines were resistant to TXTA. All TXTA-resistant lines
were mutated in a highly conserved region encoding the signal peptide suggesting

that some degree of loss-of-function of PAM16 is required for resistance, but based
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on the predicted number of amino acids affected in their protein sequences 8 out of
the 9 TXTA-resistant Mppam16 mutant lines were putative weak loss-of-function
mutants. The resistance to TXTA of these 9 lines was relatively weak; all 9 lines
were smaller on 5 yM TXTA than in control conditions, so were still affected by high
doses of TXTA. The weak TXTA resistance observed in the 9 TXTA-resistant lines

may be due to weak rather than total loss of PAM16 function.

These data show that putative weak loss of MpPAM16 function can confer weak but
significant TXTA resistance in M. polymorpha. Furthermore, when grown in control
conditions, 8 putative weak loss of PAM16 function were significantly smaller than
wild-type, suggesting that weak loss of MpPAM16 function can cause growth defects
in M. polymorpha. These results are unexpected since in A. thaliana total rather than
partial loss of PAM16 function is responsible for TXTA resistance and growth
defects. However, there is a second PAM16 gene (PAM16L) in A. thaliana. Double
pam16/pam16/ mutants could not be isolated, suggesting that a double knockout is
lethal, and that a functioning PAM16L protein therefore can at least partially
complement the loss of PAM16 function in Atpam16 mutants. TXTA-resistant
Atpam16 mutants may therefore have partial rather than total loss of PAM16 protein
activity, equivalent to a weak loss of PAM16 function in M. polymorpha which has
only one PAM16 gene. This could explain why putative weak loss of MpPAM16
protein function in M. polymorpha and total loss of AtPAM16 protein function in A.

thaliana can confer the same phenotypes (TXTA resistance and growth defects).

Although putative weak loss of MpPAM16 function can confer TXTA resistance and
cause reduced growth, the phenotypes of putative weak loss-of-function Mppam16

lines were inconsistent. Of the 29 putative weak loss-of-function Mppam16 lines, 8
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were resistant to TXTA but 21 were not, and 8 grew smaller than wild-type but 21 did
not. Although Mppam16 mutant lines did not show consistent phenotypes, two
independent TXTA-resistant lines (Mppam16°5231° and Mppam16°E'36) had the
same predicted protein sequence as each other, and three independent sensitive
lines (Mppam16©E1312 Mppam16°E'33, and Mppam16©E1343) had the same predicted
protein sequence as each other. No TXTA-sensitive and TXTA-resistant lines had
the same predicted protein sequence. These findings suggest that specific mutations
in the PAM16 protein confer TXTA resistance. Studying the sequence alone does
not provide enough information to determine how the mutations affect the function of
the PAM16 protein: since the function of the PAM16 protein was not measured, it is
possible that some Mppam16 mutant lines with predicted loss-of-function mutations
in fact have a functional PAM16 protein, which may explain the inconsistency in the
phenotypes of putative weak loss-of-function Mppam16 mutant lines. Future work
measuring the function of the PAM16 protein in Mppam16 lines and modelling the
effects of each mutation on the 3D structure of the protein may clarify how the
mutations in each Mppam16 mutant line affect the function of the PAM16 protein and

how this in turn affects the phenotypes of the plants.

There were 4 putative weak loss-of-function Mppam16 mutant lines which were both
TXTA resistant and smaller than wild-type (Mppam16©E13%8 Mppam16CE135%,
Mppam16©E133% and Mppam16©E136). These 4 Mppam16 mutant lines were also the
4 lines with the strongest resistance to TXTA based on their size on 5 yM TXTA.
This suggests that growth defects are more likely in Mppam16 mutant lines with
stronger resistance to TXTA, so the two phenotypes may be linked. Most weeds with
NTSR do not display significant fithess costs when grown without herbicide

(Keshtkar et al., 2017, Wu et al., 2018). Therefore, the mechanism of NTSR
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conferred by predicted loss-of-function of PAM16 is not a typical instance of NTSR
and may not be selected for in the field. However, understanding the molecular basis
behind the resistance in Mppam16 mutant lines can still help to understand what
kinds of molecular pathways could be involved in resistance in weeds with NTSR to
TXTA. Itis still unclear why loss-of-function of PAM16 confers resistance to TXTA.
The phenotypes of Atpam16 mutants include slow growth, twisted leaves, and
overproduction of reactive oxygen species (ROS) (Scheible et al., 2003, Huang et
al., 2013). Atpam16 plants also accumulate less TXTA in their tissue than Col-0
plants, however it is still unclear why a mutation in PAM16, part of the mitochondrial
inner membrane protein transport complex, causes this phenotype (Scheible et al.,
2003). Some Mppam16 lines grew smaller than wild-type lines, but the thallus of
Mppam16 lines had no observable differences to that of wild-type lines. Measuring
the concentrations of TXTA and ROS in the 9 TXTA-resistant Mppam16 lines could
indicate whether these phenotypes are also conserved between TXTA-resistant

Atpam16 lines and Mppam16 lines, and whether they may contribute to resistance.

In conclusion, | identified 9 Mppam16 lines with mutations predicted to cause some
degree of loss-of-function of PAM16 which were resistant to TXTA. This
demonstrates that putative loss-of-function of PAM16 is a mechanism of NTSR
which is conserved across land plants and validates my use of M. polymorpha as a
tool to identify novel mechanisms of NTSR. In my next chapter | will undertake a
forward genetics approach to isolate herbicide-resistant M. polymorpha mutants

which may carry novel NTSR mechanisms.
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2.6. Supplementary Data
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Supplementary Fig. S2.1 DMSO exerts a dose-dependent growth inhibition on M.
polymorpha spores. Wild type spores (resulting from a cross between Tak-1 and Tak-
2) were grown in liquid Johnson’s medium supplemented with different % DMSO.
Sporelings were imaged after 5 days of growth using an IN Cell Analyser 2500HS high
content analysis imaging system (GE Healthcare). The IN Cell imaging system records
chlorophyll autofluorescence (648-676 nM using the FarRed filter). The area of
autofluorescing (living) sporelings was determined using the In Cell Developer Toolbox
v1.6 software (GE Healthcare). No living spores were detected at 10 % or 33 %
DMSO. The fitted curve was calculated using the four-parameter log-logistic equation
included in the drc package in R. Error bars represent + standard error.
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Chapter 3: Generation of eighteen herbicide-resistant

mutants via a forward genetic approach
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3.1. Abstract

Non-target site resistance (NTSR) in weeds is a serious threat to global agriculture. It
is generally more difficult to mechanistically characterise than target site resistance
(TSR), and one NTSR allele can sometimes confer resistance to herbicides with
different molecular targets, a phenomenon known as herbicide cross-resistance. |
have developed a new approach to identify novel mechanisms of NTSR. Using
large-scale forward genetics screening in the model species M. polymorpha, |
generated herbicide-resistant mutants. To test if M. polymorpha could be used to
screen for herbicide resistance | screened a population of 2 x 106 UV-B mutagenized
M. polymorpha spores for resistance to four times the lethal dose of chlorsulfuron, an
inhibitor of acetohydroxyacid synthase (AHAS). | generated 5 chlorsulfuron-resistant
mutants that were resistant due to mutations in the gene encoding the chlorsulfuron
target AHAS. This demonstrates that forward genetics screening in M. polymorpha
can be used to identify herbicide-resistant mutants. To identify mutations that confer
NTSR to the novel herbicide thaxtomin A (TXTA), for which no resistance has yet
evolved in weeds, | screened a population of 1 x 107 UV-B mutagenized M.
polymorpha spores on a lethal dose of TXTA for resistance. | isolated 13 TXTA-
resistant lines; thaxtomin A resistant (Mptar) mutants. Mptar mutants are weakly
resistant to TXTA and some are cross-resistant to herbicides with different modes of
action, suggesting that they are likely to result from mutations that cause NTSR. |
hypothesize that mutations conferring resistance in Mptar mutants are potential
mechanisms of NTSR to TXTA that are likely to evolve in the field where TXTA is

used.
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3.2. Introduction

Herbicide resistance in weeds is becoming increasingly prevalent, threatening the
efficacy of the herbicides upon which we rely to maintain global crop yields. There
are two classes of herbicide resistance; target site resistance (TSR) and non-target
site resistance (NTSR) (reviewed in (Gaines et al., 2020)). TSR refers to resistance
mechanisms involving changes affecting the herbicide target site, whereas NTSR
encompasses any mechanism which does not involve changes at the herbicide
target site but which reduces the amount of herbicide reaching the target site
(decreased herbicide absorption and translocation, and increased herbicide
metabolism and sequestration), or which protect the plant from the toxic effects of
the herbicide downstream of its action (Gaines et al., 2020). TSR is a monogenic
trait usually conferring high levels of resistance. It involves mutations affecting the
gene encoding the target whose identity is therefore often known beforehand. NTSR
however is commonly a polygenic trait involving multiple alleles of unknown identity
each conferring a low level of resistance which stack up in an individual to confer
higher resistance (Delye, 2013). Therefore although resistant plants are easy to
identify in the field, if they are non-target site resistant the mechanisms underlying
their resistance are more difficult to characterise and by consequence less well
understood (Delye et al., 2011a). In addition, whereas TSR confers resistance to one
herbicide or mode of action only, a single allele of NTSR can confer resistance to
multiple herbicide modes of action (Burnet et al., 1994). NTSR therefore arguably

poses a larger potential threat to agriculture than TSR.

Several approaches have been employed to identify novel NTSR-conferring alleles.

Transcriptomic analyses comparing gene expression between sensitive and resistant
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weed populations have identified a number of genes encoding proteins from four
large gene families involved in herbicide metabolism or sequestration — cytochrome
P450s, glutathione-S-transferases, glycosyltransferases, and ABC transporters—
which are over-expressed in resistant populations, leading to resistance via
increased herbicide metabolism or sequestration (Yuan et al., 2007, Maroli et al.,
2018). RNA-seq approaches can identify genes which when overexpressed confer a
high level of NTSR; however, some NTSR-conferring alleles are predicted to confer
low levels of resistance only, and transcriptomics also cannot identify mechanisms of
NTSR which do not involve changes in gene expression. Recently, population
genomics approaches comparing the genomes of glyphosate sensitive and resistant
A. tuberculatus or I. pupurea populations have identified regions of the genome
associated with NTSR (Kreiner et al., 2019, Van Etten et al., 2020, Kreiner et al.,
2021). Studies such as these have the potential to identify regions of the genome
containing novel NTSR alleles, including NTSR conferred by loss of gene function.
However, GWAS are constrained by our lack of knowledge regarding the types of
genes underlying NTSR other than the four previously identified NTSR-associated
gene families (Maroli et al., 2018), and by the need for functional characterisation to

assign causality to an identified association with NTSR.

Another approach with the potential to identify novel NTSR-conferring alleles is
forward genetics, which involves mutagenizing a wild-type population and screening
for herbicide resistant mutants followed by the determination of the molecular basis
of resistance. A forward genetic approach in A. thaliana found that loss-of-function of
PAM16 confers resistance to thaxtomin A; this mechanism of resistance was
confirmed to be conserved in land plants in the previous chapter. However, there has

been limited success in employing mutagenesis screens to identify mechanisms of

89



NTSR. This is partly due to the limitations imposed by the scale of mutagenesis
screens in diploid model species such as A. thaliana. The number of mutant
individuals that can be screened when carrying out a screen with A. thaliana is
limiting due to the need to self M+ individuals to recover homozygous individuals to
identify phenotypes caused by recessive mutations. The model species M.
polymorpha however is uniquely suited to mutagenesis screening approaches; a
single M. polymorpha plant produces millions of spores which can be easily
mutagenized, and since it is a dominant haploid gametophyte M+ individuals can be
directly screened for a phenotype (Ishizaki et al., 2016). In addition, M. polymorpha
has low genetic redundancy and is genetically tractable, which facilitates functional
characterisation of genes of interest (Sugano et al., 2014, Ishizaki et al., 2016). In
the context of forward genetics screening M. polymorpha therefore overcomes the
limitations of diploid angiosperm model species, and a large-scale forward genetic
screen in M. polymorpha is a potentially powerful approach for identifying novel

mechanisms of NTSR.

To use a forward genetics screen to identify novel mechanisms of NTSR,
mutagenized individuals should be screened at a herbicide dose which preferentially
selects for NTSR. TSR usually confers very high levels of herbicide resistance well
above the lethal dose of a herbicide. Biotypes of the weed Euphorbia heterophylla
which are target-site resistant to the AHAS inhibitor imazamox can survive more than
50 times the recommended field dose (Rojano-Delgado et al., 2019). However,
single alleles of NTSR usually cannot survive such high doses (Gressel, 2000). It
has consequently been observed that treatment with high doses of herbicides
preferentially selects for TSR, whereas treatment with lower doses (near the lethal

dose) of herbicides preferentially selects for NTSR (Gardner et al., 1998). For
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example, Lolium populations sprayed with the ACCase inhibitor diclofop-methyl at
three times the recommended field rate (1200 g ha') uniquely evolved TSR.
However, Lolium populations sprayed with the same herbicide at the recommended
field rate (375 g ha™') evolved a range of resistance mechanisms some of which
involve cytochrome P450s and glutathione transferases, and some populations
evolved resistance to herbicides with different modes of action suggesting NTSR
(Gardner et al., 1998). In the context of forward genetic screens, screening at or
below the lethal dose is therefore more likely to isolate mutants with NTSR, whereas

screening above 3 — 10 x the lethal dose is more likely to identify mutants with TSR.

In this chapter, | tested if mutagenesis of M. polymorpha could be used to identify
herbicide resistant mutants. | screened 2 x 108 UV-B mutagenized M. polymorpha
spores for resistance to the AHAS inhibitor chlorsulfuron. Chlorsulfuron target site
resistant (TSR) mutants have been previously generated via forward mutagenesis
screens in A. thaliana, so | first screened for TSR to chlorsulfuron at four times the
lethal dose of chlorsulfuron to prove that my protocol could generate herbicide-
resistant mutants (Jander et al., 2003). | generated 5 chlorsulfuron-resistant mutants
which are TSR: all 5 lines have resistance-conferring mutations in the AHAS gene. |
then screened a population of 1 x 107 UV-B mutagenized M. polymorpha spores for
resistance to the lethal dose of the novel herbicide thaxtomin A (TXTA). | isolated 13
TXTA-resistant mutants. The TXTA-resistant lines are likely non-target site resistant
as they were screened at the lethal dose, are weakly resistant to TXTA, and 8 out of
13 of the lines were significantly cross-resistant to herbicides with different molecular
targets. Identifying the mechanisms responsible for resistance in TXTA-resistant

lines could therefore lead to the discovery of novel mechanisms of NTSR.
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3.3. Materials and Methods

3.3.1. Plant growth conditions

Wild-type plants consisted of M. polymorpha laboratory accessions Takaragaike-1
(Tak-1) and Takaragaike-2 (Tak-2) (Ishizaki et al., 2008). Chlorsulfuron-resistant
lines generated by UV-B mutagenesis were named Mpchir (Chlorsulfuron Resistant).
Chlorsulfuron-resistant mutants Mpchir9b and Mpchir10 were previously generated
using EMS mutagenesis. TXTA-resistant mutants generated by UV-B mutagenesis

were named Mptar (Thaxtomin A Resistant).

All lines were maintained and crossed as described in Chapter 2 Section 2.3.2.

3.3.2. Fresh spore sterilisation

See Chapter 2 Section 2.3.3.

3.3.3. Chemicals and stock solution preparation

Thaxtomin A (TXTA) (SML1456), dichlobenil (45431), isoxaben (36138),
chlorsulfuron (34322), 2,4-dichlorophenoxyacetic acid (2,4-D) (31518), amitrole
(45324), pyributicarb (92842), and aclonifen (36792) were obtained from Sigma-
Aldrich. Stock solutions were prepared by dissolving in pure dimethyl sulfoxide

(DMSO) from Sigma-Aldrich.

3.3.4. Herbicide dose-response assays

3.3.4.1. Gemmaling dose-response assays

See Chapter 2 Section 2.3.5.
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3.3.4.2. Spore dose-response assays

Sterilised fresh wild type spores (from a cross between Tak-1 and Tak-2) were
grown on solid Johnson’s medium (Chapter 2 Section 2.3.11) supplemented with
different concentrations of herbicide dissolved in DMSO. Sporelings were imaged
after 4 days of growth using a Leica DFC310 FX stereomicroscope (Leica

microsystems). The sporeling germination ratio was determined using ImageJ.

3.3.5. Generation of herbicide-resistant M. polymorpha lines via UV-B

mutagenesis

Sterilised fresh wild type M. polymorpha spores (from a cross between Tak-1 and
Tak-2) were plated on solid Johnson’s medium supplemented with a dose of
herbicide equal to or greater than the LD100 (herbicide dose at which 100 % of wild-
type spores are killed) (Table 3.1). The spores were exposed to UV-B irradiation
(302 nm) for an exposure time corresponding to or near the LDsp (an exposure time
of UV-B at which 50 % of spores are killed) (Fig. 3.3) using a UVP BioDoc-It™.
Plates of mutagenized spores were wrapped in aluminium foil and left in the dark
overnight. Plates were then unwrapped and placed in a Sanyo growth chamber at 23
°C in 24-hour light. After 14 days of growth, plates were screened for surviving
sporelings. Surviving sporelings were transferred to solid Johnson’s medium
supplemented with fresh herbicide. Plants which survived this second transfer onto a
lethal dose of herbicide were maintained. To test for inheritance of resistance
through asexual reproduction, gemmae from these plants were plated onto a lethal
dose of herbicide. Lines whose resistance was inherited were classified as herbicide

resistant lines and maintained.
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3.3.6. Sodium azide mutagenesis of M. polymorpha spores

Fresh wild type M. polymorpha spores (from a cross between Tak-1 and Tak-2) were
sterilized and sporangia kept intact in sterile phosphate buffer. Sodium azide was
added to a final concentration ranging from 200 uM — 1 mM and the sporangia were
incubated overnight. After incubation, sporangia were rinsed with sterile water and
plated on solid Johnson’s medium supplemented herbicide. Mutagenized spores
were wrapped in aluminium foil and left in the dark overnight. Plates were then
unwrapped and placed in a Sanyo growth chamber at 23 °C in 24-hour light. After 14

days of growth, plates were screened for surviving sporelings.

3.3.7. Genotyping by Phire PCR

Mpchlir lines were genotyped using the Phire Plant Direct PCR Kit (Thermo
Scientific™) as per the kit protocol. The primers used were designed to amplify the
region of the MpAHAS gene in which target-site mutations are commonly found
(Warwick et al., 2008). PCR products were run on a 0.1 % agarose gel at 100 V for
15 mins, followed by gel extraction using the GeneJET gel extraction kit (Thermo
Scientific™) as per the protocol. The extracted PCR products were Sanger
sequenced and sequenced gene fragments were aligned with the consensus
MpAHAS sequence (MpTak1v6.1) using Geneious Prime® 2019.0.3 or CLC

Genomics Workbench 9 to determine the nature of any introduced mutations.

3.3.8. Primers

Primer Sequence Use

GCS_Fw1 CAATCGACTTTGTTGGTCCGA Genotyping and sequencing Mpchir lines

GCS_Rv1 TCTTCTAGTTCTGCCACCCA  Genotyping and sequencing Mpchir lines

94



3.4. Results

3.4.1. The herbicides thaxtomin A, chlorsulfuron, dichlobenil, amitrole,
aclonifen, and pyributicarb exert a dose-dependent toxic effect on M.

polymorpha spores and thallus

It was necessary to determine the lethal dose (LD1oo — the dose at which 100 % of
wild-type spores are dead) of each herbicide before conducting forward genetic
screens to generate herbicide-resistant mutants. Screening at high doses (3 — 10 x
LD100) is more likely to isolate TSR mutants, whereas screening at LD1oo is more
likely to isolate NTSR mutants. Determining LD100 allowed selection of a suitable
dose of each herbicide against which to screen for resistance in mutagenized M.
polymorpha spores. | used the herbicides chlorsulfuron, thaxtomin A (TXTA),
dichlobenil, aclonifen, amitrole and pyributicarb. There are many characterised
mechanisms of TSR and NTSR to chlorsulfuron in mutagenesis experiments and in
the field, and there are several documented cases of amitrole resistant weed species
(Heap, 2022), but resistance has not yet evolved in the field to the other herbicides

(TXTA, dichlobenil, aclonifen, and pyributicarb).

| hypothesised that these herbicides would have a dose-dependent phytotoxic effect
on the germination rate of M. polymorpha spores. To test this hypothesis, | plated
wild-type M. polymorpha spores on solid Johnson’s media supplemented with
different concentrations of each herbicide (Fig. 3.1); after four days of growth on
herbicide-supplemented media, | imaged the sporelings and used ImagedJ to quantify
the numbers of germinated and ungerminated spores to calculate the spore
germination rate which | used as a measure of toxicity. For all herbicides, | observed

that higher doses decreased spore germination rate (Fig. 3.1).
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| also quantified the dose-dependent toxicity of thaxtomin A (TXTA) and
chlorsulfuron on the dominant haploid gametophyte form of M. polymorpha by
growing wild-type (Tak-2) gemmae on solid Johnson’s media supplemented with
different concentrations of each herbicide and quantifying the lateral area of living
gemmaling tissue after two weeks of growth (Fig. 3.2). Since only living tissue was
measured, for dead gemmalings the gemmaling area is quantified as zero although
the actual area is greater than zero. | found that both TXTA and chlorsulfuron cause
dose-dependent growth inhibition of M. polymorpha gemmalings. The LD1go for TXTA
and for chlorsulfuron was the same for both spores and gemmalings (5 uM for TXTA
and 33 nM for chlorsulfuron). However, for both herbicides the ECso (herbicide dose
at which average spore germination rate or gemmaling area is 50 % relative to
untreated control) was greater for spores than gemmalings (TXTA; ECso for
gemmalings is 180 nM, ECso for spores is 1400 nM; p < 0.01. chlorsulfuron; ECsq for
gemmalings is 2.74 nM, ECso for spores is 4.5 nM; p < 0.0001) suggesting that

spores are more resistant to herbicides than gemmalings.

Herbicide LD1oo (wild-type spores)
Chlorsulfuron 33 nM
Thaxtomin A 5uM

Dichlobenil 3.3 uM

Aclonifen 10 uM

Amitrole 333 uM
Pyributicarb 1 uM

Table 3.1. Lethal doses at which each herbicide kills 100 % of spores. Wild-type spores
(resulting from a cross between Tak-1 and Tak-2) were grown on Johnson’s medium
supplemented with various herbicides dissolved in DMSO (to a final concentration of 0.1 %
DMSO). Control conditions consisted of Johnson’s medium supplemented with 0.1 %
DMSO. Sporelings were imaged after 4-6 days of growth using a Leica DFC310 FX
stereomicroscope. The ratio of germinated to ungerminated sporelings in each image was
determined using ImageJ.

96



2 I D
© ©
c 041 c
S 1 S 06+
£ 034 <
S € 0.4
$0.21 S
: 3
S g 0.2
g™ S
<< <
0.0 3= 0.0 -~ - =
0 10 100 1000 10000 0 10 100
Concentration thaxtomin A (nM) Concentration chlorsulfuron (nM)
2 2 [
© 0.751 g | ] I
5 5oy I
g g
= 0.501 =
£ E
5 5
o) o 927
D 0.25 1 o)
© o
2 2
< \ <
0.00 1 0.01 - 3
0 10 100 1000 10000 0 10 100 1000 10000
Concentration dichlobenil (nM) Concentration aclonifen (nM)
(0] T T ® :[
© 0759 1 © 0754
[ [ 1 :{
2 ke
[ g
£ 0.501 £ 1
E g 0.50
o o
(@] (@]
() ()
0.25 - 1
g 30.25
o o
>
Z z
0.00 1 0.00 -
0 10 100 1000 0 10 100 1000 10000
Concentration amitrole (uM) Concentration pyributicarb (nM)

Fig. 3.1. Herbicides exert a dose-dependent growth inhibition on M. polymorpha spores.
Wild type spores (resulting from a cross between Tak-1 and Tak-2) were grown on Johnson’s
medium supplemented with various herbicides dissolved in DMSO (to a final concentration of 0.1
% DMSO). Control conditions consisted of 0.1 % DMSO. Sporelings were imaged after 4 days of
growth using a Leica DFC310 FX stereomicroscope. The ratio of germinated to ungerminated
sporelings in each image was determined using Imaged. The fitted curve was calculated using
the four-parameter log-logistic equation included in the drc package in R. Error bars represent +
standard deviation (n = 3 images each with 100-500 spores).
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Fig. 3.2 Chlorsulfuron and thaxtomin A (TXTA) exert a dose-dependent growth
inhibition on M. polymorpha gemmalings.

(A-B) Wild-type gemmae (Tak-2) were grown for 14 days on solid Johnson’s medium
supplemented with different concentrations of (A) chlorsulfuron or (B) TXTA.
Gemmalings were imaged using a Berthold Nightowl! Il LB 983 /n Vivo Imaging System
which detects chlorophyll autofluorescence (560nm). The lateral area of autofluorescing
(living) tissue was determined after 14 days of growth using the indiGo™ software
package and plotted using the ggplot2 package in R. Since only living tissue was
measured, for dead gemmalings the gemmaling area is quantified as zero although the
actual area is greater than zero. The fitted curve was calculated using the four-
parameter log-logistic equation included in the drc package in R. Error bars represent +
standard deviation (n = 18).

3.4.2 A UV-B exposure time of 110 s causes 50 % lethality in M. polymorpha

spores

To use UV-B radiation to generate herbicide-resistant mutants | first determined an
optimum UV-B irradiation time (Fig. 3.3). Based on studies investigating optimum
doses of UV-B for inducing non-lethal mutations, | hypothesised that an exposure
time of UV-B which caused a 50 % lethality (LDso) would cause sufficient
mutagenesis without excessive lethality (Tillich et al., 2012). | found that a UV-B
exposure time of 110 s caused 50 % lethality (p < 0.001) in wild-type M. polymorpha
spores. During the screening process | tested higher and lower doses (90-130 s) to

determine optimum parameters for mutant generation (Supplementary Table S3.1).
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Fig. 3.3. UV-B radiation exerts a dose-dependent growth inhibition on M.
polymorpha spores. Wild type spores (resulting from a cross between Tak-1 and
Tak-2) were plated on Johnson’s medium and subjected to UV-B irradiation for
different lengths of time using a UVP BioDoc-It™. Sporelings were imaged after 14
days of growth using a Leica DFC310 FX stereomicroscope. The total area of
sporelings on each plate was determined using Imaged. The fitted curve was
calculated using the four-parameter log-logistic equation included in the drc package in
R. Error bars represent + standard deviation.

3.4.3. Five chlorsulfuron-resistant mutants were generated by UV-B

mutagenesis

To validate that UV-B mutagenesis can be used to generate herbicide-resistant
mutants, | first screened a population of 2 x 10 mutagenized spores for resistance to
the herbicide chlorsulfuron. Chlorsulfuron target site resistant (TSR) mutants have
been previously generated via forward mutagenesis screens in A. thaliana (Jander et
al., 2003). | therefore used the generation of chlorsulfuron TSR mutants as proof-of-
concept that UV-B mutagenesis can generate herbicide-resistant mutants in M.

polymorpha, and to optimise the parameters of the screening protocol.
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To generate chlorsulfuron-resistant mutants, | plated wild-type spores on solid
Johnson’s medium supplemented with chlorsulfuron and exposed them UV-B
irradiation at or near a kill rate of 50 % (Supplementary Table S3.1), then screened
for survivors 14 days after mutagenesis (Fig. 3.4). | used a high screening dose of
140 nM chlorsulfuron — roughly 4 x LD10o — to preferentially isolate TSR mutants, as
these have previously been successfully generated by mutagenesis (Jander et al.,
2003). | transferred surviving sporelings to fresh solid Johnson’s medium
supplemented with 140 nM chlorsulfuron to eliminate the possibility that they
survived because of factors other than genetic herbicide resistance (such as local
depletion of herbicide caused by a high concentration of surrounding sporelings
absorbing herbicide from the medium). | retained sporelings which survived the
second round of selection, and plated gemmae from each of these lines onto fresh
solid Johnson’s medium supplemented with 33 nM chlorsulfuron (LD100) to verify the
inheritance of resistance through a generation of asexual reproduction (Fig. 3.5).
Lines whose gemmae survived on 33 nM chlorsulfuron were deemed to be
chlorsulfuron-resistant. Using this protocol, | generated 5 chlorsulfuron-resistant lines
and named them Mpchlir (chlorsulfuron resistant). This shows that the UV-B

mutagenesis protocol can generate herbicide-resistant mutants.

To quantify the growth of Mpchlr lines on chlorsulfuron, | grew Mpchlir lines on 33 nM
chlorsulfuron (LD100o) and measured the lateral area of living gemmaling tissue after
12 days of growth (Fig. 3.6). Since only living tissue was measured, for dead
gemmalings the gemmaling area is quantified as zero although the actual area is
greater than zero (Fig. 3.5). | also grew 2 chlorsulfuron-resistant lines previously
generated in the lab by EMS mutagenesis (MpchlrOb and Mpchir10) to compare the

growth of these lines to those | generated using UV-B mutagenesis. On
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chlorsulfuron, all Mpchir mutants were significantly larger than wild-type plants (p <
0.05) (Fig. 3.6). This confirms their resistance to chlorsulfuron. In control conditions
however, all Mpchlir lines except Mpchlr9b were significantly smaller than the wild-
type lines Tak-1 and Tak-2 (p < 0.05) (Fig. 3.6). This is likely due to background UV-

B or EMS induced mutations which may cause growth defects.

No Mpchir mutants were smaller on chlorsulfuron than in untreated conditions (p <
0.05) (Fig. 3.5, Fig. 3.6). This suggests that they are strongly resistant to

chlorsulfuron, which is consistent with the hypothesis that the basis of their

chlorsulfuron resistance is target site resistance (TSR).

Fig. 3.4. Five chlorsulfuron-resistant were generated via UV-B mutagenesis

(A-B) Wild-type sporelings grown for 14 days on (A) solid Johnson’s medium (B) solid
Johnson’s medium supplemented with 140 nM chlorsulfuron

(C-F) Original UV-B mutagenesis selection plates showing chlorsulfuron-resistant mutants
(C) Mpchir1, (D) Mpchir2, (E) Mpchir3, (F) Mpchir4, surrounded by dead mutagenized
spores which did not acquire a mutation conferring chlorsulfuron resistance.
Chlorsulfuron-resistant mutants were generated by plating wild-type spores onto solid
Johnson’s medium supplemented with 140 nM chlorsulfuron and exposing them to UV-B
radiation at 302 nm. Individuals which displayed resistance 14 days after UV-B irradiation
were identified and imaged. Images were taken with a Leica DFC310 FX stereomicroscope.
Scale bars represent 1 mm.
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Fig. 3.5. Mpchlr mutants have heritable resistance to chlorsulfuron. M. polymorpha
chlorsulfuron-resistant mutants were generated by UV-B mutagenesis. Images of gemmae
grown for 10 days on (i) DMSO or (ii) 33 nM chlorsulfuron (LD100) were taken with a Keyence
VHX-7000. Scale bars represent 2 mm (A-G).
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Fig. 3.6. Chlorsulfuron-resistant lines (Mpchlr) survive and do not show growth
inhibition on a lethal dose of chlorsulfuron

M. polymorpha chlorsulfuron-resistant mutants were generated via UV-B mutagenesis
(Mpchir1, Mpchir2, Mpchir3, Mpchird, Mpchir5) or previously in the lab by EMS mutagenesis
(Mpchirdb, Mpchir10). Gemmae from these lines and from the M. polymorpha male and female
control lines (Tak-1 and Tak-2 respectively) were plated onto solid Y2 Gamborg medium
supplemented with DMSO or 33 nM chlorsulfuron (LD100) and grown for 12 days (n = 3).
Gemmalings were imaged using a Berthold Nightow! Il LB 983 In Vivo Imaging System. The
lateral area of autofluorescing (living) tissue was determined using the indiGo™ software
package and plotted using the ggplot2 package in R. Since only living tissue was measured,
for dead gemmalings the gemmaling area is quantified as zero although the actual area is
greater than zero. Error bars represent + standard deviation. Stars represent the level of
significance (as determined by Student’s t-tests) of the difference between mutant and control
lines subjected to the same treatment (comparison to Tak-1 in red and Tak-2 in green), or
between individuals of the same genotype subjected to different treatments (black): * = p <
0.05, ** =p <0.01, *** = p < 0.001.
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3.4.4. Chlorsulfuron-resistant (Mpchl/r) mutants are target site resistant

Herbicide resistant plants can exhibit target site resistance (TSR) or non-target site
resistance (NTSR). TSR is a monogenic trait whereby a single mutation confers high
levels of resistance, whereas NTSR is usually a polygenic trait where multiple alleles
each conferring low levels of resistance stack to provide high levels of resistance
(Delye, 2013). Screening for herbicide resistance at high doses preferentially selects
for TSR, whereas screening at low doses preferentially selects for NTSR (Gardner et
al., 1998). | screened at a high dose of 140 nM chlorsulfuron (4 x LD10o) to generate
the 5 chlorsulfuron-resistant (Mpchlr) mutants. | therefore expect that the basis of

chlorsulfuron resistance in Mpchlr mutants is TSR.

To test if Mpchlr mutants are TSR, | sequenced the gene encoding the chlorsulfuron
target site AHAS (acetohydroxyacid synthase) in each mutant. Chlorsulfuron TSR
mutants carry a mutation in the AHAS gene which prevents the herbicide from
binding the enzyme; various mutations which confer TSR to chlorsulfuron have been
characterised (Jander et al., 2003). | sequenced the regions in the AHAS gene
(Mp7g01940.1) of Mpchlr mutants which are most likely to contain a TSR-conferring
mutation using Sanger sequencing. All 5 Mpchlr mutants had mutations in their
AHAS gene (Fig. 3.7). Mpchir2, Mpchlir3, Mpchir4 and Mpchir5 had a mutation
causing a Pro197Ser or Pro197Leu amino acid change which have been observed
to confer chlorsulfuron resistance in plants (Kaloumenos et al., 2012). Mpchlir1 had
an Asp376Asn mutation which has been observed to confer chlorsulfuron resistance
in yeast but has not yet been observed in plants (Duggleby et al., 2003). Mpchir4
and Mpchir5 had the same SNP in their AHAS gene (Fig. 3.7); this suggests that the

screen was carried out to saturation as two identical alleles were recovered in
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different mutants from the same screen. Since 2 x 108 mutagenized spores were
screened, this value represents the minimum number of spores which should be

screened using this protocol to reach saturation.

These findings demonstrate that the UV-B mutagenesis protocol can generate target
site resistant mutants, and that a screening population of 2 x 10° spores is sufficient

to carry out a screen to saturation at this dose of UV-B radiation.

\Mphir2, 3, 9b, 10
Mpchir1 lMpchIr4. 5
l

Mp7g01940.1 (MpAHAS) CGTTTCGACGATCGAGTG Mp7g01940.1 (MpAHAS) ;GTCAAGTACCCAGAAGGAT!
Mpchir1_Fw Mpchir3_Fw
Mpchird_Fw
Mpchir2_Fw
Mpchir9b_Fw
Mpchlirs_Fw
Mpchir10_Fw

Fig. 3.7. Sanger sequencing of Mpchlr mutants. Regions of the AHAS gene
(Mp7g01940.1) in each Mpchir mutant were sequenced to identify any target-site
resistance conferring mutations. The consensus sequence is shown on the top row,
and results from the Sanger sequencing are shown on the subsequent rows. Mpchir1,
2, 3, 4, and 5 were generated by UV-B mutagenesis in the current project; Mpchirdb
and Mpchir10 were generated by EMS mutagenesis in a previous project.
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3.4.5. Thirteen thaxtomin A-resistant mutants were generated by UV-B

mutagenesis

| generated 5 TSR chlorsulfuron-resistant mutants using UV-B mutagenesis,
demonstrating that this protocol can be used to produce herbicide resistant mutants.
To generate herbicide resistant mutants with novel resistance mechanisms, | used
the same protocol to screen mutagenized spores for resistance to the herbicides

thaxtomin A (TXTA), dichlobenil, amitrole, pyributicarb, and aclonifen (Table 3.2).

No resistance has been observed in the field to TXTA, dichlobenil, aclonifen, or
pyributicarb (Heap, 2022); | chose to screen for resistance to these herbicides to
identify novel mechanisms of resistance. Several cases of resistance to amitrole
have been reported in a variety of weed species, including in populations of Lolium
perenne which are cross-resistant to glufosinate and glyphosate, however the
molecular mechanisms underlying amitrole resistance have not been identified
(Ghanizadeh et al., 2015, Ghanizadeh and Harrington, 2021). | chose to screen for
resistance to amitrole to identify molecular mechanisms which might underly the

resistance observed in the field.

| screened 1 x 107 mutagenised spores for resistance to TXTA at the LD10o (5 M) to
preferentially select for NTSR (Table 3.2). | generated 13 TXTA-resistant lines which

| named Mptar (thaxtomin A resistant) (Fig. 3.8, Fig. 3.9).

| screened for resistance to dichlobenil and amitrole at or near LD1qo to preferentially

select for NTSR mutants (Table 3.2) but was unable to generate resistant mutants.
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| also screened for resistance to TXTA, dichlobenil, pyributicarb, and aclonifen at
high doses (= 3 x LD100) to preferentially select for TSR mutants (Table 3.2) but | was

unable to generate resistant mutants to any of these herbicides at high doses.

The inability to produce herbicide resistant mutants to dichlobenil, pyributicarb, or
aclonifen may be because there are no UV-B inducible mutations (C—>T) which can
confer resistance to these herbicides. | therefore used sodium azide mutagenesis —
which can produce a variety of different mutations which differ from those generated
with UV-B mutagenesis — to generate resistant mutants to the herbicide dichlobenil.
However, | was unable to generate dichlobenil-resistant mutants from a screen of 5 x
10° spores mutagenized with sodium azide. | therefore carried on my analysis only

with the lines | generated with resistance to TXTA (Mptar).

To quantify the growth of Mptar lines on TXTA, | grew Mptar lines on a lethal dose of
TXTA (5 uM) and measured the lateral area of living gemmaling tissue after 21 days
of growth (Fig. 3.10). Since only living tissue was measured, for dead gemmalings
the gemmaling area is quantified as zero although the actual area is greater than
zero (Fig. 3.9 B.ii) On TXTA, all Mptar mutants were significantly larger than wild-
type plants (p < 0.05) (Fig. 3.10). In control conditions however, all Mptar lines
except Mptar12 and Mptar13 were significantly smaller than the wild-type lines Tak-1

and Tak-2 (p < 0.05) (Fig. 3.10).

All Mptar mutants were smaller on TXTA than in untreated conditions (Fig. 3.9, Fig.
3.10). This suggests that they are weakly resistant to TXTA, which is consistent with
the hypothesis that the basis of their TXTA resistance is non-target site resistance

(NTSR).
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Herbicide Screening dose Number of spores Number of resistant
(multiple of LD100) screened mutants generated

Chlorsulfuron 4 2 x10° 5

TXTA 1 1x 107 13

TXTA 9 1x 108 0

Dichlobenil 0.3 1.5x10° 0

Dichlobenil 1 9 x 10° 0

Dichlobenil 3 1.2 x 108 0

Amitrole 1 3x 10° 0

Pyributicarb 3 3x10° 0

Aclonifen 10 3x10° 0

Table 3.2. Details of UV-B mutagenesis screens for each herbicide. Details include
screening dose (as a multiple of the lethal dose LD1oo for each herbicide), number of
spores screened (considering lethality of UV-B radiation), and number of resistant mutants
generated. For full details see Supplementary Table S3.1.

Fig. 3.8. Thirteen TXTA-resistant mutants were generated via UV-B mutagenesis
(A-B) Wild-type sporelings grown for 14 days on (A) solid Johnson’s medium (B) solid
Johnson’s medium supplemented with 5 yM TXTA

(C-D) Original UV-B mutagenesis selection plates showing TXTA-resistant mutants (C)
Mptar1 and (D) Mptar2 surrounded by dead mutagenized spores which did not acquire
a mutation conferring TXTA resistance

TXTA-resistant mutants were generated by plating wild-type spores onto solid
Johnson’s medium supplemented with 5 yM TXTA and exposing them to UV-B
radiation at 302 nm. Individuals which displayed resistance 14 days after UV-B
irradiation were identified and imaged. Images were taken with a Leica DFC310 FX
stereomicroscope. Scale bars represent 1 mm.
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(A) Tak-1
(B) Tak-2
(C) Mptar1
(D) Mptar2
(E) Mptar3

(F) Mptard
(G) Mptars
(H) Mptar6
(I) Mptar7

(J) Mptar8

(K) Mptar9

(L) Mptar10
(M) Mptar11
(N) Mptar12
(O) Mptar13

Fig. 3.9. Mptar lines have heritable resistance to TXTA M. polymorpha TXTA-resistant lines were
generated by UV-B mutagenesis. Images of gemmae grown for 14 days on (i) DMSO or (ii) 5 uM TXTA were

taken with a Keyence VHX-7000. Scale bars represent 2 mm. 109



AA} [

m 300 - Treatment

e B DMSO :

S : o TXTA —

©

g *%x

S 200- —

qV) - — * -

= el o o

c 1 .

() B -

g *k *kk N - _*M|_

D 100 -

>

e F

a *% * dek * . *%*
— . N wx .
> of=- M-

A T T T T T

A B 8 0 A O L
» & @ & O &
W EEEEE @ &E &

Genotype

Fig. 3.10. TXTA-resistant lines (Mptar) survive and show growth inhibition on a lethal dose of TXTA

M. polymorpha TXTA-resistant mutants were generated via UV-B mutagenesis. Gemmae from these lines and from wild-type lines (Tak-1 and Tak-2
respectively) were plated on solid Johnson’s medium supplemented with DMSO or 5 uM TXTA and grown for 21 days (n=3-13). Gemmalings were
imaged using a Berthold Nightowl Il LB 983 In Vivo Imaging System. The lateral area of autofluorescing (living) tissue was determined using the indiGo™
software package and plotted using the ggplot2 package in R. Since only living tissue was measured, for dead gemmalings the gemmaling area is
quantified as zero although the actual area is greater than zero. Error bars represent + standard deviation. Stars represent the level of significance (as
determined by Student’s t-tests) of the difference between mutant and control lines subjected to the same treatment (comparison to Tak-1 in red and Tak-
2 in green), or between individuals of the same genotype subjected to different treatments (black): *=p < 0.05, ** = p < 0.01, ** = p < 0.001.
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3.4.6. TXTA-resistant mutants are likely to be non-target site resistant

Screening for herbicide resistance at high doses preferentially selects for TSR,
whereas screening at low doses preferentially selects for NTSR (Gardner et al.,
1998). | screened at the lethal dose of TXTA to generate the 13 TXTA-resistant
(Mptar) mutants. | therefore expect that the basis of TXTA resistance in Mptar
mutants is NTSR. However, it is still possible that some of the Mptar mutants are
TSR: | was unable to use Sanger sequencing of the gene encoding the target of
TXTA to identify potential TSR as TXTA is a herbicide with an unknown molecular
target. To identify novel mechanisms of NTSR, | undertook a phenotypic analysis of

Mptar mutants to distinguish between TSR and NTSR.

NTSR is more likely to give rise to weaker resistance than TSR (Gardner et al.,
1998, Delye, 2013). | therefore hypothesised that if Mptar lines are weakly resistant
to TXTA, their resistance is more likely to be NTSR. Conversely, since the
chlorsulfuron-resistant (Mpchlir lines) | generated were all TSR (Fig. 3.7), |
hypothesised that these are strongly resistant to chlorsulfuron. No Mpchlr lines were
smaller on chlorsulfuron than in untreated conditions (Fig. 3.6) whereas all Mptar
lines were smaller on TXTA than in untreated conditions (Fig. 3.10). Mpchir mutants
were therefore strongly resistant to chlorsulfuron, whereas Mptar mutants were
weakly resistant to TXTA. This observation suggests that the TSR-conferring
mutations in Mpchlr mutants provide a high level of resistance, whereas the lower

resistance observed in Mptar mutants may be conferred by NTSR.
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3.4.7. Eight out of 13 Mptar mutants display herbicide cross-resistance

Mptar mutants are weakly resistant to TXTA, suggesting that they are NTSR mutants
to TXTA. However, weak resistance in Mptar mutants could be due to TSR whereby
a mutation in the target site hinders herbicide binding but does not prevent it
completely, so the mutants survive on the herbicide but are still affected by it to
some extent. TXTA is thought to be a cellulose biosynthesis inhibitor; TSR mutants
to the cellulose biosynthesis inhibitors isoxaben and flupoxam are also smaller in
treated than in untreated conditions (Shim et al., 2018), so the growth inhibition of

Mptar mutants on TXTA is not completely inconsistent with TSR.

To further distinguish between TSR and NTSR in Mptar mutants, | tested the
herbicide cross-resistance of Mptar mutants. TSR confers resistance to only the
herbicide with that particular target whereas single alleles of NTSR can sometimes
result in cross-resistance to several herbicides (Gaines et al., 2020). Observation of
cross-resistance in Mptar mutants would therefore suggest that a mechanism of

NTSR is responsible for herbicide resistance.

| first tested the cross-resistance of Mpchlr mutants to TXTA to confirm that TSR
mutants do not display cross-resistance. No Mpchir lines displayed a significantly
higher TXTA resistance than Tak-1 (the more TXTA-resistant wild-type line). These

findings confirm that TSR does not confer cross-resistance (Fig. 3.11).

| then tested the cross-resistance of Mptar mutants to four herbicides with different
molecular targets: isoxaben, dichlobenil, chlorsulfuron, and 2,4-D. TXTA and
isoxaben are classed as group | cellulose biosynthesis inhibitors but have different
molecular targets as TSR mutants to isoxaben are not cross-resistant to TXTA (Tegg

et al., 2013). Dichlobenil is a group Il cellulose biosynthesis inhibitor, chlorsulfuron is
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an AHAS inhibitor, and 2,4-D is an auxin mimic. Eight out of 13 Mptar mutants were
significantly cross-resistant to isoxaben or chlorsulfuron compared to both wild-type
lines. Mptar2, Mptar3, Mptard, Mptar5, Mptar6, Mptar8 and Mptar13 were cross-

resistant to isoxaben, and Mptar6 and Mptar10 were cross-resistant to chlorsulfuron
(Fig. 3.12). These 8 cross-resistant mutants are therefore unlikely to display TSR to

TXTA and are good candidates for studying novel mechanisms of NTSR.
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Fig. 3.11. CS-resistant lines (Mpchlr) are not significantly resistant to TXTA

M. polymorpha CS-resistant mutants were generated UV-B mutagenesis (Mpchir1,
Mpchir2, Mpchir3, Mpchlird, Mpchlir5) or EMS mutagenesis (Mpchlr9b, Mpchir10). Gemmae
from these lines were plated onto solid Johnson’s medium supplemented with 5 yM TXTA
and grown for 21 days (n=9). Gemmalings were imaged using a Berthold Nightowl Il LB
983 In Vivo Imaging System. The lateral area of autofluorescing (living) tissue was
determined using the indiGo™ software package and plotted using the ggplot2 package in
R. Since only living tissue was measured, for dead gemmalings the gemmaling area is
quantified as zero although the actual area is greater than zero. Error bars represent +
standard deviation. Stars represent the level of significance of the difference between
mutant and control lines (Tak-1 in red and Tak-2 in green) as determined by Student’s t-
tests: *=p <0.05, ** =p <0.01, ™ =p < 0.001.

113



‘e Genotype
£ H B Tak-1
151 Tak—2
% B Mptar2
© Mptar3
o o - Mptar4
£ Mptar5
= B Mptar6
c 101 Hu Mptar7
= . B Mptar8
) B Mptar9
®)) - Mptar10
o . B Mptar11
= " Mptar12
= 7 * B Mptar13
e * *kk
S i N -
| S
My : : 1
Z o % | S -
TXTA Isoxaben Dichlobenil Chlorsulfuron 2.4-D

Herbicide

Fig. 3.12. 8 Mptar lines display herbicide cross-resistance

13 M. polymorpha TXTA-resistant mutants (Mptar) were generated via UV-B mutagenesis. Gemmae from these lines were plated onto
solid Johnson’s medium supplemented with lethal doses of five herbicides and grown for 21 days n (n=2-3). Gemmalings were
imaged using a Berthold Nightow! Il LB 983 In Vivo Imaging System. The lateral area of autofluorescing (living) tissue was determined
using the indiGo™ software package and plotted using the ggplot2 package in R. Since only living tissue was measured, for dead
gemmalings the gemmaling area is quantified as zero although the actual area is greater than zero. Error bars represent + standard
deviation. Stars represent the level of significance of the difference between mutant and control lines grown on a given herbicide (Tak-
1in red and Tak-2 in green) as determined by Student’s t-tests: * = p < 0.05, ** = p < 0.01, ** = p < 0.001.
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3.5. Discussion

In this chapter | undertook a forward genetic screen from which | generated 5
mutants resistant to chlorsulfuron (Mpchlir), demonstrating that it is possible to
generate herbicide-resistant mutants using UV-B mutagenesis in M. polymorpha. |
then undertook a large-scale forward genetics screen and generated 13 mutants
resistant to thaxtomin A (Mptar). Mpchir mutants are target site resistant (TSR) to
chlorsulfuron as they all have a mutation in the gene encoding the chlorsulfuron
target site (MpAHAS). Mptar mutants are more likely to exhibit non-target site
resistance (NTSR) because they were screened for resistance at the lethal dose of
TXTA, they grew smaller on TXTA than in untreated conditions, and 8 out of 13

Mptar lines were cross-resistant to other herbicides.

| isolated five chlorsulfuron-resistant (Mpchlr) mutants by screening 2 x 108 UV-B
mutagenized spores at 4 times the lethal dose of chlorsulfuron. | used Sanger
sequencing to show that all Mpchlr mutants carry mutations in the target-site of
chlorsulfuron AHAS. Mpchlrd and Mpchlr5 had the same SNP in their AHAS gene;
this suggests that the screen was carried out to saturation as two identical alleles
were identified in different mutants from the same screen, so screening at least 2 x
108 mutagenised spores is sufficient for saturation screening in M. polymorpha. Four
Mpchlr mutants carry the Pro197Ser mutation which is found in chlorsulfuron-
resistant weeds, and one carries an Asp376Asn mutation; this is the first
documented case of Asp376Asn conferring chlorsulfuron resistance in plants — as of
now it has only been identified in yeast (Duggleby et al., 2003). | have therefore
shown that this herbicide resistance mechanism is conserved across eukaryotes,

and identified a mechanism of resistance which could arise (or be present but not yet
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identified) in weeds. Identifying potential resistance mechanisms that have not yet
been reported is important to help the identification and management of resistant
weeds, as successful weed management strategies rely on knowledge of the genetic
basis of resistance to assess how a resistant weed will respond to different herbicide

modes of action or doses (Delye, 2013).

| screened a population of 1 x 107 UV-B mutagenized spores for resistance to the
herbicide thaxtomin A (TXTA) at the lethal dose (LD+100). In this case, | expected to
isolate mostly NTSR mutants, as single NTSR alleles are more likely to confer
weaker herbicide resistance allowing plants to survive at the LD+oo but not at higher

doses (Gardner et al., 1998). | identified 13 TXTA-resistant mutants (Mptar lines).

| also screened at the LD1oo for resistance to the herbicides dichlobenil and amitrole
however was unable to generate resistant mutants. In the case of dichlobenil, this is
consistent with previous unsuccessful efforts to screen for resistance (Tateno et al.,
2016). Since | screened more than 2 x 108 spores for resistance to each herbicide
(Supplementary Table S3.1), | would expect these screens to be saturated and
therefore to have identified any resistance mechanisms. Resistance to amitrole has
been reported in multiple weed species (Ghanizadeh et al., 2015, Heap, 2022), so |
expected to isolate amitrole-resistant mutants from a mutagenesis screen carried out
to saturation. However, most of the spores used to screen for amitrole resistance
were frozen due to variability in the supply of fresh spores (Supplementary Table
S3.1); frozen spores have lower germination rates than fresh spores, so the actual
number of spores screened for amitrole may be lower than recorded and could drop
below the limit for saturation mutagenesis. This may explain the lack of amitrole

resistant mutants.
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| also screened UV-B mutagenised spores for resistance to 2 3 x LD1oo of TXTA,
dichlobenil, pyributicarb, or aclonifen but isolated no herbicide-resistant mutants from
these screens (Supplementary Table S3.1). Most mutagenized spores screened for
pyributicarb resistance were frozen hence the numbers of spores screened may be
overestimated, so it is possible that not enough mutants were screened to identify
resistance to pyributicarb. However, the number of mutants screened is not likely to
be the reason for the lack of mutants isolated for dichlobenil or aclonifen, as greater
than 2 x 10° mutagenised spores were screened for resistance to these suggesting
the screens reached saturation. | expected to isolate mainly TSR mutants screening
at 2 3 x LD1oo as TSR is more likely to confer higher resistance than single alleles of
NTSR (Gardner et al., 1998). TSR is usually associated with a fithess cost due to the
mutation having a detrimental effect on the wild-type function of the enzyme (Vila-
Aiub et al., 2009): it is therefore possible that any mutation which affects the target
protein of dichlobenil or aclonifen is lethal, preventing the isolation of TSR mutants
from these screening conditions. This limitation does not apply to the generation of
chlorsulfuron TSR mutants, as the most common mutations which confer TSR to
chlorsulfuron do not affect the function of the AHAS protein, so there is no fitness
cost associated with the resistance (Yu and Powles, 2014). It is also possible that no
UV-B induced mutation (C - T) in the gene encoding the target site of these
herbicides exists that can confer TSR. Furthermore, in the case of aclonifen, its
molecular target has been identified as solanesyl diphosphate synthase, however it
has structural similarities to known protoporphyrinogen oxidase inhibitors (Kahlau et
al., 2020); it is therefore possible that aclonifen has two target sites, which would
make it difficult to obtain TSR mutants to aclonifen which would require mutations

conferring resistance to both targets.
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Thirteen TXTA-resistant (Mptar) lines were isolated by screening for survival on the
lethal dose of TXTA. These lines grew significantly larger than Tak-1 or Tak-2 on a
lethal dose of TXTA (p < 0.05). It is likely that Mptar lines are resistant to TXTA due
to NTSR. NTSR usually confers weaker resistance than TSR; all Mptar lines are
weakly resistant to TXTA, growing smaller on a lethal dose of TXTA than on DMSO.
Furthermore, NTSR can confer cross-resistance to herbicides with different modes of
action whereas TSR cannot; 8 out of the 13 Mptar lines show cross-resistance to
herbicides with different modes of action. These data suggest that Mptar lines are
resistant due to mechanisms of NTSR. Identifying the basis of resistance in Mptar

lines could lead to the discovery of novel mechanisms of NTSR.

Seven out of 13 Mptar mutants (Mptar2, Mptar3, Mptar4, Mptar5, Mptar6, Mptar8
and Mptar13) were resistant to the cellulose biosynthesis inhibitor isoxaben, but
none of were resistant to the cellulose biosynthesis inhibitor dichlobenil. Although the
target site of TXTA is unknown, it has been classed as a cellulose biosynthesis
inhibitor due to the phenotypes of TXTA-treated plants including cell swelling,
incomplete cell plate formation during cell division, and inhibition of incorporation of
14C into the cellulose fraction of the cell wall (Fry and Loria, 2002, Scheible et al.,
2003). The cellulose biosynthesis inhibitors are subdivided into groups based on
their effect on the cellulose synthase enzymes at the plasma membrane (Tateno et
al., 2016); TXTA and isoxaben are classed into group | and dichlobenil is classed
into group 2. Although classed in the same group, isoxaben and TXTA do not have
the same target site; isoxaben targets subunits of the cellulose synthase enzyme,
and TSR mutants to isoxaben which have mutations in the genes encoding these
subunits are not resistant to TXTA (Tegg et al., 2013). The 7 Mptar lines which are

resistant to isoxaben could therefore exhibit NTSR which confers cross-resistance to
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group 1 cellulose biosynthesis inhibitors such as isoxaben and TXTA but not to
group 2 such as dichlobenil. Two Mptar lines (Mptar6 and Mptar10) were cross-
resistant to chlorsulfuron; these may carry NTSR mutations which confer more
general resistance to different herbicide modes of action. Three Mptar lines (Mptar1,
Mptar7, and Mptar12) were only resistant to TXTA; these could therefore potentially
carry TSR mutations, or NTSR mutations which confer resistance only to TXTA or

confer cross-resistance to other herbicide modes of action which were not tested.

Eleven of the 13 Mptar lines (all except Mptar12 and Mptar13) grew significantly
slower than Tak-1 and Tak-2 in control conditions. The 13 Mptar lines were mostly
generated using a UV-B dose corresponding to a kill rate of 50-90 %, whereas the
Mpchir lines were generated using a UV-B dose with a kill rate of 20-50 %
(Supplementary Table S3.1). Mptar lines are therefore more likely to carry more
background mutations than Mpchlr lines, which may negatively affect their growth
rate and cause them to grow slower in control conditions than wild-type or Mpchir
lines. Since TXTA affects only growing tissue (Tegg et al., 2013) it could be possible
that TXTA has a weaker effect on slower-growing plants and therefore that the slow
growth of the mutants is their mechanism of resistance. However, 5 Mpchlr mutants
were also smaller than Tak-1 and Tak-2, and none of these were significantly
resistant to TXTA. This suggests that not all slow-growing plants are TXTA-resistant,
and that the Mptar lines are resistant to TXTA due to mechanisms of resistance

other than slow growth.

In conclusion, | have generated 5 TSR mutants to chlorsulfuron (Mpchlr), and 13
likely NTSR mutants to TXTA (Mptar). Identifying the basis of resistance in the Mptar

mutants could lead to the discovery of novel mechanisms of NTSR.
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3.6. Supplementary Data

Herbicide Screen Dose Multiple N. spores uv-B Spore N. spores Total n. N.
(uM) of LD mutagenized dose (s) killrate screened spores mutants
screened
(O] 1 0.14 4 1440000 60 0.2 1152000 4
(O] 2 0.14 4 1500000 110 0.5 750000 1902000 1
TXTA 0 5 1 320000 60 0.2 256000 1
TXTA 1 5 1 450000 90 0.25 337500 1
TXTA 2 5 1 230000 90 0.25 172500 0
TXTA 3 5 1 300000 90 0.25 225000 0
TXTA 4 5 1 1072000 110 0.5 536000 2
TXTA 5 5 1 1200000 110-150 0.5-0.75 480000 7
TXTA 6 5 1 5000000 110-210 0.5-0.8 1750000 0
TXTA 7 5 1 2600000 130 0.6 1040000 0
TXTA 8 5 1 3000000 110 0.5 1500000 2
TXTA 9 5 1 2200000 130 0.6 880000 0
TXTA 10 5 1 3300000 120 0.55 1485000 0
TXTA 11 5 1 1440000 60 0.2 1152000 9814000 O
TXTA 12 45 9 1827000 60 0.5 913500 913500 0
DCB 1 1 0.3 300000 110 0.5 150000 0
DCB 2 10 3 300000 110 0.5 150000 0
DCB 3 10 3 480000 110 0.5 240000 0
DCB 4 10 3 200000 110 0.5 100000 0
DCB 5 10 3 210000 110 0.5 105000 0
DCB 6 10 3 210000 110 0.5 105000 0
DCB 7 10 3 1081000 110 0.5 540500 0
DCB 8 3.3 1 1666666 110 0.5 833333 0
DCB 9 3.3 1 2500000 110 0.5 1250000 0
DCB 10 3.3 1 500000 110 0.5 250000 0
DCB 11 3.3 1 3000000 130 0.6 1200000 0
DCB 12 3.3 1 4640000 120 0.55 2088000 0
DCB 13 3.3 1 2600000 120 0.55 1170000 0
DCB 14 3.3 1 2950000 90 0.25 2212500 10394333 O
AMI 1 1000 1 900000 (frozen) 35 0.5 450000 0
AMI 2 1000 1 1100000 (frozen) 35 0.5 550000 0
AMI 3 1000 1 500000 (frozen) 45 250000 0
AMI 4 1000 1 460000 110 0.5 230000 0
AMI 5 1000 1 3100000 110 0.5 1550000 3030000 O
1 33 3 900000 (frozen) 35 0.5 450000 0
2 33 3 1100000 (frozen) 35 0.5 550000 0
3 33 3 500000 (frozen) 45 250000 0
4 33 3 460000 110 0.5 230000 0
5 33 3 2700000 110 0.5 1350000 0
1 33 10 1650000 110 0.5 825000 0
2 33 10 1800000 110 0.5 900000 0
3 33 10 1215000 110 0.5 607500 0
4 33 10 1400000 110 0.5 700000 0

Supplementary Table S3.1. Numbers of spores mutagenized and UV doses used for forward genetics screening. Wild
type spores (resulting from a cross between Tak-1 and Tak-2) were plated on Johnson’s medium supplemented with
herbicide and subjected to UV-B irradiation using a UVP BioDoc-It™. The table shows how many spores were mutagenized
at what doses during the screening process. The number of spores screened is calculated by considering the spores which
will die due to UV-B irradiation based on the graph in Fig. 3. CS; chlorsulfuron. TXTA; thaxtomin A. DCB; dichlobenil. AMI;
amitrole. PYRI; pyributicarb. ACL; aclonifen.
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Chapter 4: Identification of candidate SNPs conferring
resistance to thaxtomin A in Marchantia polymorpha

mutants

121



4.1. Abstract

Mechanisms of non-target site herbicide resistance (NTSR) are difficult to identify
and as a result very few NTSR-conferring mutations have been characterised. To
identify mechanisms of NTSR that will evolve in the field to a new herbicide,
thaxtomin A (TXTA), | screened a population of 107 UV-B mutagenised M.
polymorpha spores for TXTA resistance and isolated 13 TXTA-resistant mutants (Mp
thaxtomin A resistant or Mptar) (Chapter 3). To identify SNPs conferring NTSR in
Mptar mutants, | sequenced the genomic DNA from each of these mutants and used
a bioinformatic analysis to identify the most likely resistance-conferring SNP in 11 of
the 13 Mptar mutant lines. | found 3 mutant lines (Mptar2, Mptar4, Mptar6) with a
mutation in MpRADS. Since three separate lines have a mutation in this gene, loss-
of-function of MpRADS is likely to confer resistance to TXTA. It is hypothesised that
Mprad8 mutants overproduce reactive oxygen species (ROS) and that this may
confer resistance to TXTA,; | found candidate resistance-conferring SNPs in four
other genes — a peroxidase in Mptar1, MpPSBP in Mptar3, TIM44L in Mptar7, and
MpPSAD in Mptar8 — encoding proteins that may increase cellular ROS levels when
defective. | also found 4 candidate resistance-conferring SNPs in genes associated
with NTSR in glyphosate-resistant Amaranthus tuberculatus. These data
demonstrate that herbicide-resistant mutants produced via a forward genetics

approach can be used to identify novel potential mechanisms of NTSR.

122



4.2. Introduction

In the previous chapter, | generated 18 herbicide-resistant mutant M. polymorpha
lines using UV-B mutagenesis; 5 mutant lines resistant to chlorsulfuron (Mpchir) and
13 mutant lines resistant to TXTA (Mptar). Resistance in Mpchlr mutant lines is
caused by a mutation in the gene encoding the chlorsulfuron target-site; each has a
mutation in the MpAHAS gene, and is resistant to high concentrations of
chlorsulfuron (at least 4 x LD100). By contrast, Mptar mutant lines are likely to exhibit
non-target site resistance (NTSR) because they are resistant but display growth
inhibition at the lethal dose of TXTA, and 8 out of 13 display herbicide cross-
resistance. | hypothesise that each Mptar mutant line carries at least one UV-B
induced SNP which confers NTSR to TXTA. In this chapter | will identify the
resistance-conferring SNP in each Mptar mutant line to discover the molecular basis

of NTSR in these lines.

NTSR encompasses any mechanism of herbicide resistance which does not involve
the herbicide target, and often results in the modification of the herbicide or its
sequestration where it does not have access to its target site. The best characterised
mechanisms responsible for herbicide modification are caused by increased activity
of metabolising enzymes from 3 gene families — cytochrome P450s, glutathione-S-
transferases, and glycosyltransferases (Kreuz et al., 1996, Yuan et al., 2007) — that
result from mutation in resistant weeds. Other mechanisms of NTSR include
increased sequestration and decreased translocation of the herbicide due to a
mutation causing overexpression of ABC transporter encoding genes (Yuan et al.,
2007). NTSR can also be conferred by mutations mitigating the action of the

herbicide; for example, overexpression of a glutathione peroxidase which reduces

123



herbicide-induced oxidative injury confers herbicide cross-resistance in Alopecurus
myosuroides (Cummins et al., 1999). Most mechanisms of NTSR result from
overexpression of genes that confer resistance as a result of mutation or genetic
rearrangement (Yuan et al., 2007), and there are few examples where loss of gene
function confers NTSR. One of these rare examples is the TXTA resistance caused
by a loss-of-function mutation in the PAM16 gene, which | showed to be conserved
in M. polymorpha (Chapter 2) (Scheible et al., 2003). | used UV-B mutagenesis to
generate a population of mutagenised M. polymorpha spores which | screened for
TXTA-resistant mutants to generate Mptar lines (Chapter 3). UV-B radiation results
in SNPs that generally lead to a decrease or complete loss of gene function as
opposed to other forms of mutagenesis which can lead to increased gene expression
(Jeong et al., 2002, Li et al., 2019). | therefore expect Mptar lines to carry mutations
conferring NTSR via loss-of-function; since there are few examples of loss-of-
function related NTSR in the literature, there are likely to be novel mechanisms of

NTSR present in Mptar lines.

SNP mapping is required to distinguish between resistance-conferring and
background mutations in mutant lines, and is generally carried out in bulked
segregants. SNP mapping by bulk segregant analysis involves sequencing two
samples of bulked genomic DNA of plants from a mapping population; one from
plants with the mutant phenotype and one from plants with a wild-type phenotype.
The mutant phenotype-causing SNP and closely linked SNPs are identifiable by
allele frequencies of 100 % in the mutant sample (Schneeberger et al., 2009). Bulk
segregant analysis is facilitated in a dominant haploid model such as M. polymorpha
as crossing to generate a homozygous line is not required. However, crossing is still

required to generate the mapping population, so is impossible to carry out with
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mutant lines with defects in sexual reproduction. Our laboratory has developed a

protocol to identify causative SNPs in M. polymorpha by directly sequencing the

mutant genome without crossing. This approach known as “non-allelism based SNP

discovery” was successfully employed to locate the SNP in the MpNEK gene
responsible for a wavy rhizoid phenotype in a UV-B mutagenized mutant line

(Champion et al., 2021).

In this chapter, | used an adapted version of the non-allelism based SNP discovery

pipeline to identify candidate resistance-conferring SNPs in 13 independent Mptar
mutant lines. | identified 3 Mptar mutant lines with a mutation in MpRADS, strongly
suggesting that a mutation in this gene is responsible for NTSR to TXTA. These
mutations are expected to cause overproduction of ROS; | also identified 4 further
Mptar lines with candidate resistance-conferring SNPs which are also expected to
cause increased cellular ROS levels. In addition, | identified strong candidate
resistance-conferring mutations in 4 further Mptar mutant lines by identifying

mutations in genes previously associated with NTSR in other species.
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4.3. Materials and Methods

4.3.1. Plant lines and growth conditions

Wild-type plants included M. polymorpha laboratory accessions Takaragaike-1 (Tak-
1; male) and Takaragaike-2 (Tak-2; female) (Ishizaki et al., 2008). Wild-type plants
also included OxTak1F and OxTak2M lines generated from four backcrosses of Tak-
1 or Tak-2 lines to generate female lines with Tak-1 autosomes (OxTak1F) and male
lines with Tak-2 autosomes (OxTak2M). Mptar lines and Mpchir1, Mpchir2, Mpchir3,
Mpchird and Mpchir5 lines were generated via UV-B mutagenesis. Mpchlr9b and

Mpchlir10 lines were previously generated using EMS mutagenesis.

All lines were maintained as described in Chapter 2 Section 2.3.2.

4.3.2. Kit-based genomic DNA extraction

Wild-type (Tak-1, Tak-2, OxTak1F, and OxTak2M) lines and herbicide-resistant lines
(Mptar and Mpchlr) were grown on solid %2 Gamborg medium for three weeks on in a
growth chamber at 23 °C under 24-hour 10-30 pmol m?s™! white light. After three
weeks of growth, plant material was harvested and flash frozen in liquid nitrogen.
Samples were ground in liquid nitrogen and genomic DNA was extracted using the
Qiagen DNeasy Plant Maxi kit according to the kit protocol. After elution, the gDNA
was cleaned up and concentrated using the Zymo Genomic DNA Clean &

Concentrator kit. The gDNA was eluted in nuclease-free water.

4.3.3. Genomic DNA Quality control

The concentration of the gDNA was checked using a Nanodrop™ 1000

spectrophotometer and a Qubit® 2.0 fluorometer according to the instruction
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manuals. The gDNA quality was checked by running 2 ul DNA (approximately 10 ug

ul') on a 0.7 % agarose gel at 70 V for 45 minutes and checking for degradation.

4.3.4. Whole-genome sequencing

Genomic DNA samples which had passed quality control checks were sent for
sequencing to the Next Generation Sequencing Facility at Vienna BioCenter Core
Facilities (VBCF), member of the Vienna BioCenter (VBC), Austria. DNA Libraries
were prepared using the Westburg NGS Library Prep kit and fragment size was
determined using a BioLabTech Fragment Analyzer™. The DNA was sequenced on

an lllumina NovaSeq 6000 SP flowcell using 150 bp paired-end reads.

4.3.5. Non-allelism based SNP discovery

The “non-allelism based SNP discovery” pipeline from (Champion et al., 2021) was
used with slight adaptations to identify candidate resistance-conferring SNPs in
herbicide-resistant lines. This involves a variant call analysis followed by filtering of

mismatches and comparing mismatches between lines.

The raw data files used in the variant call analysis included all fasta files from the
sequencing of wild-type and herbicide resistant accessions used in this project, as
well as fasta files from previous sequencing projects including 2 wild-type lines, 7
chlorsulfuron-resistant lines, and 5 mutant lines with morphological defects
generated via UV-B mutagenesis. Whole genome sequencing reads from a total of
38 lines were used (Table 4.1). Raw reads were trimmed to remove low-quality
reads and NEB adaptors using Trimmomatic 0.38. The read coverage was then
normalised using khmer 2.1.2. Reads were aligned to the Marchantia polymorpha

reference genome (Tak-1v5.1 plus female chromosome from Tak-2v3.1; now known
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as v6.1) using bowtie2. Reads were sorted by position and reads from different lanes
were merged using samtools 1.10. The variant call analysis was carried out using
samtools and bcftools (ploidy defined as haploid, and using the multiallelic/rare
variant call option) to generate bcf files listing mismatches between the sequencing
reads and the reference genome for each line. For each bcf file, only mismatches
which were supported by 7 — 100 reads and where the number of reads supporting
high quality alternative alleles = the number of reads supporting high quality

reference alleles were retained (DP4[2]+DP4[3])/sum(DP4)>0.5).

Mismatches which were not the canonical UV-B induced mismatches (C > Tor G >
A) and mutations were filtered out using bcftools. Lists of filtered mismatches were
compared across genotypes; for each mutant with a particular phenotype (e.g. TXTA
resistance), a list of mismatches present in that line but not present in any lines
without that phenotype was generated using bcftools. The resulting lists were filtered
to retain only mismatches present in a CDS using bash scripting, then filtered
manually in Interactive Genomics Viewer v 2.10 to remove mismatches which did not

induce an amino acid change and which were misaligned or poor quality.

4.3.9 Primers
Primer Sequence Use
GR8_3Fw AGACACATTGAACGTTTGGAGA Genotyping Mptar2 and Mptar4 (RADS8)
GR8 _3Rv CTCGGTCAGGTCTTAGAGTCA  Genotyping Mptar2 and Mptar 4 (RADS8)
GR8_4Fw CAAGAGTTTCCTGGCGCTTT Genotyping Mptar6 (RAD8)
GR8_4Rv AAAAGATCACGAGCCTGCTG Genotyping Mptar6 (RAD8)
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4.4. Results

4.4.1. A bioinformatic analysis of whole-genome sequencing data identified
putative resistance-conferring mutations in 12 out of 13 chlorsulfuron-

resistant lines

The non-allelism based mutation discovery bioinformatic pipeline previously
developed in the lab uses genomic sequencing data from mutants to identify
candidate SNPs which could underly a phenotype (Champion et al., 2021). For a
SNP to be responsible for a mutant phenotype, it must be induced by the mutagen
and result in an amino acid change. It must also be absent in lines without the
mutant phenotype; if it is present in a line without the mutant phenotype, it cannot be
responsible for the mutant phenotype. The pipeline identifies mismatches between
each mutant line and the reference genome which are induced by mutagenesis and
result in an amino acid change, and compares these mismatches between mutant
lines to identify SNPs present in lines with the mutant phenotype and absent in lines
without the mutant phenotype (Champion et al., 2021). | used this pipeline to identify

candidate resistance-conferring SNPs in 13 Mptar mutant lines.

First, to test if the pipeline is capable of successfully identifying resistance-conferring
SNPs in M. polymorpha herbicide-resistant mutants, | used it to identify resistance-
conferring mutations in 14 chlorsulfuron-resistant lines: 5 chlorsulfuron-resistant
mutants | generated via UV-B mutagenesis (Mpchlir lines 1-5), as well as 7 lines
previously generated by UV-B mutagenesis (CSR lines 1-9) or EMS mutagenesis
(Mpchlrdb and Mpchir10) (Table 4.1). The pipeline identifies SNPs which could be
responsible for a mutant phenotype by identifying SNPs present in the mutant with

the phenotype of interest and absent in mutants without the phenotype of interest.
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When using the pipeline to identify SNPs responsible for chlorsulfuron resistance,
the SNPs identified would be those present in chlorsulfuron-resistant lines but absent
in chlorsulfuron-sensitive lines. | therefore compared genomic sequencing data from
24 chlorsulfuron-sensitive lines (Table 4.1) against the 14 chlorsulfuron-resistant
lines. Although Mptar6 and Mptar10 exhibited significant resistance to chlorsulfuron
in the previous chapter, both showed signs of growth inhibition on chlorsulfuron (Fig.
3.12), as opposed to Mpchlir lines which show no growth inhibition on chlorsulfuron
(Fig. 3.6). It is therefore unlikely that the same SNP is responsible for chlorsulfuron
resistance in Mpchlr lines as in Mptar6 or Mptar10, so | classed Mptar6 and Mptar10

as chlorsulfuron-sensitive lines in this analysis.

| extracted high quality high molecular weight genomic DNA from the lines grown in
the lab (Table 4.1) and sequenced the genomes of these lines using lllumina paired-
end sequencing (150 bp reads). | also used sequencing data from previously
sequenced lines (Table 4.1). Before the analysis, | evaluated the sequencing quality;
all lines had sequencing of high enough quality to be used in the analysis apart from
Mpchirb, so this line was excluded from the analysis leaving 13 chlorsulfuron-
resistant lines (Table 4.1). First, | undertook a variant call analysis to identify
mismatches in the genomes of each of the lines with respect to the M. polymorpha
reference genome (Tak-1 v5.1 + v3.1 female chromosome). | then filtered these
mismatches to remove those supported by too few or too many reads to be reliable
and those which were due to read misalignment. This variant call analysis identified
in the region of 10* — 10° mismatches with respect to the reference genome in each
line, depending on the line; Tak-1 had the least number of mismatches (1.6 x 10%)
and Tak-2 had the highest number of mismatches (4.3 x10°), whilst the numbers of

mismatches in each of the remaining lines fell somewhere in between (Table 4.1).
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Line Phenotype Sex Origin N. mismatches
Tak-1 Wild-type Male Lab accession 1.6 x10*
Tak-2 Wild-type Female Lab accession 4.3 x10°
OxTak1F Wild-type (backcross) Female Lab accession 2.7 x104
OxTak2M Wild-type (backcross) Male Lab accession 4.0 x10°
CSR_wt Wild-type Male Lab accession** 4.4 x103
Morpho_Tak2 Wild-type Female Lab accession** 3.7 x10°
Mpchir Chlorsulfuron-resistant Female UV-B 2.1 x10°
Mpchir2 Chlorsulfuron-resistant Female UV-B 1.3 x10°
Mpchir3 Chlorsulfuron-resistant Female UV-B 3.5x10°
Mpchird Chlorsulfuron-resistant Female UV-B 3.4 x10°
Mpchirb Chlorsulfuron-resistant Male UVv-B 6.5 x 104
Mpchir9b Chlorsulfuron-resistant Female EMS* 2.2 x10°
Mpchir10 Chlorsulfuron-resistant Female EMS* 2.4 x10°
CSR1 Chlorsulfuron-resistant Male uv-B** 1.4 x10°
CSR2 Chlorsulfuron-resistant Male uv-B** 1.6 x10°
CSR3 Chlorsulfuron-resistant Male uv-B** 1.7 x10°
CSR4 Chlorsulfuron-resistant Female UV-B** 9.6 x104
CSR6 Chlorsulfuron-resistant Male UV-B** 6.6 x10*
CSR7 Chlorsulfuron-resistant Female UV-B** 2.1 x10°
CSR9 Chlorsulfuron-resistant Female UV-B** 1.7 x10°
Mptar1 TXTA-resistant Male UVv-B 2.5 x10°
Mptar2 TXTA-resistant Female UV-B 2.5 x10°
Mptar3 TXTA-resistant Female UV-B 1.5 x10°
Mptard TXTA-resistant Male uv-B 2.4 x10°
Mptarb TXTA-resistant Female UV-B 4.2 x104
Mptar6 TXTA-resistant Male UVv-B 1.9 x10°
Mptar7 TXTA-resistant Female UV-B 2.7 x10°
Mptar8 TXTA-resistant Female UV-B 1.4 x10°
Mptar9 TXTA-resistant Female UV-B 3.2x10°
Mptar10 TXTA-resistant Female UV-B 1.7 x10°
Mptar11 TXTA-resistant Male UVv-B 1.2 x10°
Mptar12 TXTA-resistant Female UV-B 2.2 x10°
Mptar13 TXTA-resistant Female UV-B 1.3 x10°
morpho_14 Rhizoid defect Female UV-B** 1.1 x10°
morpho_536 Rhizoid defect Male uv-B** 1.8 x10°
morpho_63 Rhizoid defect Male uv-B** 1.4 x10°
morpho_nek Rhizoid defect Male uv-B** 2.1 x10°
morpho_ren Rhizoid defect Female UV-B** 2.6 x10°

Table 4.1. List of lines used in the bioinformatic analysis to identify candidate
resistance-conferring mutations in herbicide-resistant mutants. Names of lines are
included as well as their herbicide resistance phenotype, their sex, their origin (lab accession
or type of mutagenesis screen they were produced from), and the number of mismatches in
their sequenced genomes with regards to the reference genome (v5.1 + female chromosome
from v3.1). The sequencing data from Mpchlr5 was of too low quality so this data was
excluded from the analysis.
* lines which were generated in a previous project but whose genomic DNA was extracted for
sequencing in this project
** lines whose genomic DNA was sequenced in a previous project
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To identify candidate mutagenesis-induced SNPs which could confer chlorsulfuron
resistance, | filtered the lists of mismatches in each line to retain only mismatches
which were likely to have been induced by UV-B or EMS mutagenesis; both methods
induce primarily C>T (or G>A) mutations, so only these mismatches were retained.
| then compared the mismatches between lines; for each chlorsulfuron-resistant line,
| generated a list containing mismatches present in that line but absent in lines
without chlorsulfuron resistance. The pipeline therefore identifies SNPs unique to
each chlorsulfuron-resistant line but also accounts for the possibility that the same
resistance-conferring SNP is present in different chlorsulfuron-resistant lines. | then
further filtered these lists to retain only SNPs which cause an amino acid change.
The final lists of SNPs for each line represent mutagenesis-induced SNPs which
cause an amino acid change and are unique to lines with chlorsulfuron-resistance,

so are expected to contain the resistance-conferring SNP for each line.

In total, | identified 102 candidate resistance-conferring SNPs among the 13
chlorsulfuron-resistant lines. The number of candidate SNPs for each line ranged

from 2 (Mpchir9b) to 17 (CSR6) (Supplementary Table S4.1).

To identify the resistance phenotype-causing SNP from the list of candidate SNPs
for each line, | first looked for different lines with a mutation in the same gene. If
several lines with the same phenotype have a SNP in the same candidate gene, it is
likely that the mutations in this gene are those which cause the phenotype. The
existing bioinformatic pipeline identifies SNPs in common between lines (Champion
et al., 2021); | adapted the pipeline to instead identify mutated genes in common
between lines. With this modification, the pipeline identified a variety of different

SNPs in the MpAHAS gene (Mp7g01940) in 12 out of the 13 chlorsulfuron-resistant
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lines. No SNP in the Mp7g01940 gene in the Mpchlr3 genome was identified by the
pipeline. However, | identified a SNP causing a Pro197Leu mutation by Sanger
sequencing in this line (Fig. 3.7). The SNP was a non-canonical mutation (C > A),
which explains why this SNP was automatically filtered out by the pipeline. The
filtering of non-canonical mutations therefore represents a limitation in the pipeline
but is necessary to reduce the number of candidate SNPs to a number that is
feasible to work with. Having identified a mutation in MpAHAS using the pipeline in
12 out of 13 cases, | concluded that the pipeline can identify resistance-conferring

mutations in chlorsulfuron-resistant lines.

4.4.2. The pipeline identified 176 candidate resistance-conferring SNPs in

Mptar lines

Having demonstrated that the pipeline can be used to identify the resistance-
conferring SNPs in chlorsulfuron-resistant mutants, | used it to identify candidate
resistance-conferring SNPs in the 13 Mptar lines. | ran the pipeline in exactly the
same way as when screening for the SNPs conferring chlorsulfuron resistance, but
this time | identified SNPs that are unique to Mptar lines. In total, | identified 176
candidate resistance-conferring SNPs among the 13 Mptar lines. For each line, the
number of candidate SNPs varied from 6 (Mptar13) to 27 (Mptar11) (Supplementary
Table S4.2). | hypothesise that each Mptar line has one resistance-conferring SNP
and that for each line this resistance-conferring SNP is present in the list of

candidate SNPs.
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4.4.3. There are mutations in the MpRADB8 gene in Mptar2, Mptar4, and Mptar6

mutant lines

To identify the strongest candidates for resistance-conferring SNP from the list of
candidate SNPs in each line, | first compared the SNPs in each Mptar line to
determine if any single gene was mutated in more than one line. | found that there
were SNPs in the Mp3g19030 gene in 3 of the 13 Mptar lines (Fig. 4.1). Two of the
lines (Mptar2 and Mptar4) carried canonical G - A mutations while one line (Mptar6)
carried a non-canonical T - C mutation (Supplementary Table S4.2). These three
SNPs are transitions — interchanges of purines (G = A) or pyrimidines (T = C) —
and therefore involve changes of bases with similar shapes, unlike transversions
which involve an interchange of a purine and a pyrimidine (Guo et al., 2017).
Transitions are less likely than transversions to induce an amino acid change (Guo
et al., 2017), however all three of these SNPs induce an amino acid change in

Mp3g19030 (Supplementary Table S4.2).

To verify these SNPs, the Mp3g19030 gene was amplified in each of the mutants
and sequenced by Sanger sequencing. This showed that the sequences identified
through whole genome sequencing were not artefacts. Since three individual Mptar
lines have a mutation in the Mp3g19030 gene, it is likely that a mutation in this gene

confers resistance to TXTA.
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Mptar2

Mp3g19030.1 (RAD8) ATGTAAGTGGAGAAATTT
Mptar2_Fw

Mptard

Mp3g19030.1 (RAD8) CAGCTGTGGGGAGTGGA!

Mptard_Fw
Mptar6

Mp3g19030.1 (RAD8) :GGCCATTACCTCACTTTGC,
Mptar6_Rv :GGCCATTACCCCACTTTGC,

Fig. 4.1. Sanger sequencing of regions of the Mp3g19030 gene in Mptar2, Mptar4
and Mpftar6 lines. Regions of Mp3g19030 in Mptar2, Mptar4d and Mptar6 were
sequenced to confirm the presence of UV-B induced mutations. The consensus
sequence is shown on the top rows, and results from the Sanger sequencing are
shown on the second rows. Mptar2, Mptar4 and Mptar6 were generated by UV-B
mutagenesis in the current project.

4.4.4. Eight Mptar lines (Mptar1, Mptar2, Mptar3, Mptar4, Mptar6, Mptar7,
Mptar8, and Mptar12) have candidate resistance-conferring SNPs which may

cause increased ROS

Mp3g19030 is the M. polymorpha homologue of the RAD8/RTN4IP1 gene, first
identified in C. elegans (Hartman and Herman, 1982). RADS8 is a mitochondrial
NADPH oxidoreductase with antioxidant activity; it is involved in coenzyme Q
biosynthesis and therefore required for mitochondrial electron transport chain (Park
et al., 2021). rad8 mutants in C. elegans accumulate reactive oxygen species (ROS)
(Fuijii et al., 2011), and mouse myoblast cells with a knock-out of RTN4/P1
accumulate higher ROS and their rates of oxidative phosphorylation are lower than
wild-type (Park et al., 2021). | therefore hypothesise that Mprad8 mutants also

accumulate cellular ROS. Pre-treating A. thaliana cells with reactive oxygen species
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(H202) confers resistance to TXTA (Awwad et al., 2019); | therefore hypothesise that
higher levels of cellular ROS in Mptar2, Mptar4 and Mptar6 mutants than in wild type

could account for their resistance to TXTA.

If higher levels of ROS levels in Mptar2, Mptar4 and Mptar6 mutants accounts for
their resistance to TXTA, then other mutations that cause an increase in ROS
accumulation may also confer resistance to TXTA. To test the hypothesis that
increased ROS might confer resistance to TXTA in the other ten Mptar mutants, |
searched for SNPs in genes that might lead to increased ROS levels when mutated.
| identified SNPs in 4 genes which are annotated by GO terms that suggests that a
mutation in these genes may cause defects in cellular ROS levels (Table 4.2). The
genes identified include a peroxidase (Mp6g13550 in Mptar1), an NAD(P)-linked
alcohol dehydrogenase (Mp5g02280 in Mptar4), an oxidase (Mp8g04820 in Mptar4),

and an oxygenase (Mp7g19170 in Mptar12).

| also manually curated the list of candidate resistance-conferring SNPs to identify
SNPs which | hypothesise cause a change in cellular ROS levels but which are not
annotated by GO terms related to ROS. | identified 2 SNPs in genes encoding
components of the photosynthetic photosystems of photosynthesis; one in MpPSAD
(Mp5g04200 in Mptar8) and one in MpPSBP (Mp8g10040 in Mptar3) (Table 4.2).
PSAD is required for the docking of ferredoxin to photosystem | and PSBP is an
accessory protein of photosystem Il (Chitnis et al., 1997, Ifuku et al., 2008); | predict
that loss-of-function of either allele results in dysfunction of the photosynthetic
electron transport chain, causing increased leakage of electrons from the chain and

subsequently increased reaction of free electrons with oxygen to form ROS.
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NTSR to TXTA is conferred by a loss-of-function mutation in AtPAM16 in A. thaliana
(Scheible et al., 2003). Atpam16 mutants show overproduction of ROS in leaf tissues
(Huang et al., 2013); given my hypothesis that increased ROS may confer resistance
to TXTA, the overproduction of ROS in Atpam16 mutants may be the basis of their
TXTA resistance. | demonstrated that this mechanism of NTSR is conserved in M.
polymorpha by showing that Mppam16 mutants are resistant to TXTA (Chapter 2).
Although | did not identify mutations in MpPAM16 (Mp3g09390) among the tar
mutants, in Mptar7 there is a mutation leading to a premature stop codon in
Mp3g01110 which encodes a gene annotated with a TIM44-like domain. Both
PAM16 and TIM44 are part of the same complex; the PAM complex mediating
transport across the mitochondrial inner membrane of A. thaliana (Frazier et al.,
2004). | hypothesise that loss-of-function of either PAM16 or TIM44 results in
defective function of the PAM complex, and that this in turn leads to overproduction
of ROS. The mutation in Mp3g01110 — a gene encoding a TIM44L domain
containing protein — is therefore a strong candidate for conferring NTSR to TXTA in

Mptar7 (Table 4.2).
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Gene ID ROS-related GO term(s) Functional Mptar line(s)
annotation
Mp3g19030 GO:0016491 (oxidoreductase activity) MpRADS8 Mptar2
Mptard
Mptar6
Mp6g13550 GO:0006979 (response to oxidative Peroxidase Mptar1
stress)
G0:0004601 (peroxidase activity)
G0:0042744 (hydrogen peroxide
catabolic process)
Mp5g02280 GO:0016491 (oxidoreductase activity) NAD(P) linked Mptar4
G0:0047834 (D-threo-aldose 1- alcohol
dehydrogenase activity) dehydrogenase
Mp8g04820 GO:0016491 (oxidoreductase activity) MpLPR11 (oxidase) Mptard
Mp7g19170 GO:0016491 (oxidoreductase activity)  2-oxoglutarate/ Mptar12
Fe?*-dependent
oxygenase
Mp5g04200 N/A MpPSAD Mptar8
Mp8g10040 N/A MpPSBP Mptar3
Mp3g01110 N/A TIM44L domain Mptar7

Table 4.2. List of M. polymorpha genes in which a candidate resistance-conferring
SNP is found which may cause changes in cellular ROS levels. ROS-related GO terms
are listed as well as the Mptar lines in which the candidate SNPs are found. The genes were
identified by searching for ROS-related GO terms in the genes mutated in Mptar lines. The
three genes which are not annotated by ROS-related GO terms were identified by manual
curation of the list of genes mutated in Mptar lines.
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4.4.5. Four Mptar lines (Mptar5, Mptar9, Mptar1i2, and Mptar13) have SNPs in

genes associated with NTSR in herbicide-resistant weeds

| identified likely resistance-conferring SNPs in 8 out of 13 Mptar lines based on the
identification of 3 SNPs in Mprad8 and a further 7 SNPs which are also predicted to
cause increased ROS. To identify the most likely resistance-conferring SNP in the
remaining 5 out of 13 Mptar lines, | searched for SNPs in these lines in genes which
have been associated with NTSR in other species. A recent genome wide
association (GWA) study associated SNPs in 274 genes with NTSR in glyphosate-
resistant populations of Amaranthus tuberculatus, although their role in resistance
has not been confirmed (Kreiner et al., 2019, Kreiner et al., 2021). This is the first
report of an association between SNPs and herbicide NTSR in the field. |
hypothesised that if any candidate resistance-conferring SNPs in Mptar mutant lines
are found in M. polymorpha homologues of NTSR-associated alleles in A.

tuberculatus, these would be strong candidates for conferring NTSR in Mptar lines.

| undertook a tBLASTn search (with an E value cutoff of 1E-5) against the A.
tuberculatus genome assembled by (Kreiner et al., 2019) to identify the closest A.
tuberculatus homologue of each of the 173 genes in Mptar lines which contain a
candidate resistance-conferring SNP. | identified A. tuberculatus homologues for 121
of the 173 genes (Supplementary Table S4.3). | then compared these 121 A.
tuberculatus genes with the 274 NTSR-associated genes from the GWA study; |
identified 4 genes in common (Table 4.3). The SNPs in these 4 genes are therefore
strong candidates for conferring NTSR. The SNPs in question include one in Mptar5
in Mp6g19260, a glycosyltransferase (GT); other members of this gene family have

already been implicated in NTSR in other species (Yuan et al., 2007). The remaining
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3 SNPs are in Mptar9 in Mp2g21290 (a translation initiation factor), in Mptar12 in

Mp8g06830 (a protein involved in the ABA response), and in Mptar13 in Mp8g15020

(spermidine synthase) (Table 4.3).

M. A. tuberculatus homologue Functional annotation Mptar line
polymorpha

gene ID

Mp6g19260 AMATA _chromosomes_28406  GALSZ2; galactan synthase Mptarb
Mp2g21290 AMATA_chromosomes_04173  EIFS5; translation initiation factor  Mptar9
Mp8g06830 AMATA_chromosomes_28414  ARIA; involved in ABA response Mptar12
Mp8g15020 AMATA_chromosomes_08316  Spermidine synthase Mptar13

Table 4.3. List of M. polymorpha genes which carry a candidate resistance-conferring mutation
in Mptar lines whose A. tuberculatus homologues are associated with NTSR. A. tuberculatus

homologues were determined by BLASTp search (E value cutoff < 1 E-5).

4.4.6. The strongest candidate NTSR-conferring SNP has been identified for 11

out of 13 Mpftar lines

| identified 176 candidate SNPs that could confer resistance to TXTA in the Mptar
mutant lines; | hypothesised that one mutation in each Mptar line is responsible for
conferring resistance to TXTA, and that for each line this resistance-conferring
mutation is present in the list of 6-27 candidate resistance-conferring SNPs identified
via a non-allelism based SNP calling analysis (Supplementary Table S4.2). |
selected the SNP that is most likely to confer TXTA resistance in each Mptar line
based on 3 sets of criteria; first by looking for allelicity | found 3 SNPs in MpRADS in
Mptar2, Mptar4, and Mptar6 (Table 4.2); second by looking for SNPs predicted to
cause ROS accumulation | found 6 SNPs in Mptar1, Mptar3, Mptar4, Mptar7,

Mptar8, Mptar12 (Table 4.2); and finally by looking for SNPs in genes associated
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with NTSR in A. tuberculatus | found 4 SNPs in Mptar5, Mptar9, Mptar12, and

Mptar13 (Table 4.3).

The strongest candidate NTSR-conferring SNPs are the three in MpRADS8
(Mp3g19030) in Mptar2, Mptar4, and Mptar6 since the same gene is mutated in
more than one Mptar line (Table 4.2). A mutation in MpRADS is thought to increase
cellular levels of ROS, and addition of exogenous ROS confers resistance to TXTA
in A. thaliana cells in culture (Awwad et al., 2019). | therefore hypothesise that the
remaining SNPs predicted to increase cellular ROS are the next strongest
candidates. The remaining SNPs predicted to increase cellular ROS are those in the
peroxidase (Mp6g13550) in Mptar1, MpPSBP (Mp8g10040) in Mptar3, MpTIM44L
(Mp3g01110) in Mptar7, and MpPSAD (Mp5g04200) in Mptar8, and the oxygenase
(Mp7g19170) in Mptar12 — (Table 4.2); since Mptar4 already has a SNP in MpRADS,
it is unlikely that the remaining 2 SNPs found in genes predicted to increase ROS in
Mptard are responsible for resistance in Mptar4d. The next strongest candidates are
SNPs in specific genes which have already been associated with NTSR in A.
tuberculatus, namely MpGALS2 (Mp6g19260) in Mptar5, MpEIF5 (Mp2g21290) in
Mptar9, MpARIA (Mp8g06830) in Mptar12, and spermidine synthase (Mp8g15020) in

Mptar13 (Table 4.3).

Overall, these analyses identified the SNP most likely to confer resistance in 11 out
of 13 Mptar lines (Table 4.4). To try and identify a strong candidate SNP for
conferring resistance in the remaining 2 out of 13 lines (Mptar10 and Mptar11), |
searched for SNPs in Mptar10 and Mptar11 in genes from families which have been
implicated in NTSR (cytochrome P450s, glutathione-S-transferases,

glycosyltransferases, and ABC transporters) (Yuan et al., 2007), but did not find any
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(Supplementary Table S4.2). Alternatively, | hypothesised that resistance in Mptar10
and Mptar11 could involve SNPs which mitigate the toxic effect of TXTA by affecting
the molecular pathway targeted by TXTA. Since TXTA is thought to be a cellulose
biosynthesis inhibitor (Fry and Loria, 2002, Tateno et al., 2016), Mptar10 and
Mptar11 may have SNPs which modify the composition of the cell wall in a way
which prevents the action of TXTA. However, the mode of action of TXTA is still
uncertain; some phenotypes exerted by TXTA (binucleate cells and incomplete
formation of the phragmoplast during cell division) are also consistent with
microtubule inhibition (Fry and Loria, 2002). Therefore, rather than searching directly
for SNPs affecting cellulose biosynthesis in Mptar10 and Mptar11, | undertook a GO
enrichment analysis of the 176 candidate resistance-conferring SNPs across all
Mptar lines to identify without bias whether any particular molecular pathway is
affected in multiple Mptar lines (Appendix). | hypothesised that enrichment of a
particular pathway would indicate that several Mptar lines have defects in the same
pathway, and may indicate mechanisms of NTSR affecting the unknown pathway
targeted by TXTA. | found that GO:0042546 (cell wall biogenesis) was the most
significantly enriched “biological process” term amongst the 176 genes containing
candidate resistance-conferring SNPs in Mptar lines; 4 Mptar lines contain SNPs in
genes annotated with this term (Mptar3, Mptar6, Mptar7, and Mptar9) (Appendix). If
these SNPs are responsible for resistance in these lines, this finding supports the
classification of TXTA as a cellulose biosynthesis inhibitor. However, | already
identified the most likely SNP to cause resistance in these lines in this chapter, and
neither Mptar10 nor Mptar11 had SNPs in genes involved with cell wall biogenesis. |
therefore could not identify the most likely candidate for conferring resistance in

Mptar10 or Mptari1.
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Overall, | identified the most likely NTSR-conferring SNP in 11 out of 13 Mptar lines

(Table 4.4). | will functionally characterise loss-of-function mutants of these genes in

the following results chapter.

:\illnp;ar Gene ID Functional annotation f:‘:; ':;eac'd Zr.re;';ted method of
Mptar1  Mp6g13550 peroxidase Glu->* Increase in ROS
Mptar2  Mp3g19030 MpRADS Gly = Glu Increase in ROS
Mptar3  Mp8g10040 MpPSBP Glu 2 Lys Increase in ROS
Mptard  Mp3g19030 MpRADS Gly = Arg Increase in ROS
Mptar5 Mp6g19260 MpGALS2 Ser > Phe NTSRin A. tuberculatus
Mptar6  Mp3g19030 MpRADS Leu 2 Pro  Increase in ROS
. Increase in ROS
Mptar7  Mp3g01110 MpTIM44L Arg > Associated with PAM16
Mptar8  Mp5g04200 MpPSAD Glu - Lys Increase in ROS
Mptar9  Mp2921290 MpEIF5 Arg = GIn NTSR in A. tuberculatus
Mp8g06830 MpARIA His = Tyr NTSR in A. tuberculatus
Mptart2 Mp7g19170 2-oxoglutarate/ Fe(ll)- - 5 5 gor |ngrease in ROS
dependent oxygenase
Mptar1i3 Mp8g15020 Spermidine synthase Ser 2 Leu NTSR in A. tuberculatus

Table 4.4. List of candidates for resistance-conferring mutations in Mptar lines.
Strong candidates were determined by three different approaches; SNPs in the same
gene in different mutants, SNPs which would lead to an increase in ROS, or SNPs in
genes which are associated with NTSR in herbicide-resistant A. tuberculatus.
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4.5. Discussion

In this chapter, | identified 176 candidate resistance-conferring SNPs in 13 TXTA-
resistant M. polymorpha mutant lines. | identified the most likely resistance
conferring SNP in 11 out of the 13 TXTA-resistant mutant lines. | will test if these

SNPs are responsible for resistance to TXTA in the next chapter.

Using the non-allelism based SNP discovery pipeline (Champion et al., 2021), |
identified 102 candidate resistance-conferring SNPs in chlorsulfuron-resistant mutant
lines, and 176 in TXTA-resistant lines. The majority of the Mptar mutant lines were
generated using a UV-B dose corresponding to a kill rate of 50-90 %, whereas the
Mpchir mutant lines were generated using a UV-B kill rate of 20-50 %
(Supplementary Table S3.1). Mptar mutant lines therefore carry more mutations in
their genomes than Mpchlr mutant lines; assuming that each Mptar mutant line has a
single mutation which confers NTSR, this suggests that the pipeline identifies more
“false positives” (candidate resistance-conferring SNPs which do not confer
resistance) the higher the mutation load in the mutants with the phenotype of

interest.

All chlorsulfuron-resistant mutants are allelic, each carrying one of a variety of SNPs
in the single copy MpAHAS gene. However, most thaxtomin-A resistant mutants
were not allelic; only 3 of the 13 mutants carried a mutation in the same gene,
namely MpRADS8. Therefore, a maximum of 3 Mptar mutant lines could carry a
target-site mutation; between 10 and 13 Mptar mutant lines must carry non target
site resistance (NTSR) mutations. Given the lack of knowledge surrounding

mechanisms of NTSR, especially those conferred by loss-of-function mutations, the

144



identification of resistance-conferring mechanisms in Mptar mutant lines will likely

lead to the discovery of novel NTSR mechanisms.

| found that three Mptar mutant lines carried a mutation in the same gene, MpRADS.
|dentifying allelic lines usually requires a series of crosses to define complementation
groups; the 13 Mptar mutant lines carry many background mutations which affect
their growth and which make them recalcitrant to crossing, but | was able to bypass
the need for crossing by using the non-allelism based SNP discovery pipeline. Since
a mutation in MpRADS8 was identified in three separate Mptar mutant lines, it is
highly likely that loss-of-function of RAD8 confers resistance to TXTA. RAD8 is a
mitochondrial NADPH oxidoreductase required for coenzyme Q (CoQ) biosynthesis;
a loss-of-function of RAD8 causes accumulation of reactive oxygen species in C.
elegans and in mouse myoblast cells (Fujii et al., 2011, Park et al., 2021). Pre-
treatment of A. thaliana cells with ROS has previously been shown to decrease their
sensitivity to TXTA, suggesting that the assumed phenotype of increased ROS in
Mprad8 mutant lines may be the basis of their resistance to TXTA (Awwad et al.,

2019).

| identified 5 further SNPs in 5 other Mptar mutant lines (Mptar1, Mptar3, Mptar7,
Mptar8, and Mptar12) lines which may also cause increased ROS, supporting the
hypothesis that an increase in cellular ROS could be the basis of resistance in Mptar
mutant lines with a mutation in MpRADS, as well as potentially other Mptar mutant
lines. Two of the SNPs identified in this way are found in components of or
associated with the photosynthetic electron transport chain (MpPSBP and MpPSAD).
Given the role of MpRADS in the biosynthesis of CoQ, a component of the

mitochondrial electron transport chain, 5 SNPs in 5 different Mptar mutant lines are
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predicted to disrupt an electron transport chain. This supports the hypothesis that a
disruption of the electron transport chain — either in the mitochondria or in the
chloroplast — leads to increased electron leakage from the chain resulting in
accumulation of ROS, which could confer NTSR to TXTA. One of the other SNPs
predicted to cause increased ROS is in a gene with a domain which has homology to
the TIM44 subunit of the PAM complex which also includes MpPAM16. Together
with the mutation in the peroxidase in Mptar1, this is also the only strong candidate
NTSR-conferring SNP which causes an early stop codon, making it more likely to
lead to loss-of-function. If this SNP confers resistance to TXTA via disruption of the
PAM complex, it cross-validates the mechanism of NTSR conferred by loss-of-

function of PAM16 which presumably also causes disruption of the PAM complex.

| also identified 4 SNPs in 4 Mptar lines in genes which have been associated with
NTSR in glyphosate-resistant Amaranthus tuberculatus; GALS2, EIF5, ARIA, and
spermidine synthase. Spermidine synthase is involved in the biosynthesis of
spermidine, a polyamine with antioxidant properties which can act as a ROS
scavenger (Saha et al., 2015). It is therefore possible that the SNP in spermidine
synthase in Mptar13 leads to overaccumulation of ROS due to lack of spermidine;
based on my hypothesis that increased ROS can confer resistance to TXTA, this
could be the basis of resistance in Mptar13. GALSZ2 is a glycosyltransferase, a gene
family previously associated with NTSR; the other three SNPs are in genes which
had not been linked to NTSR prior to the GWA study. If these SNPs confer TXTA
resistance in Mptar lines, it suggests that these alleles not only constitute novel
NTSR mechanisms but also novel mechanisms of cross-resistance, conferring
resistance to both glyphosate and TXTA. This would be an important discovery and

validates the use of my approach to cross-validate population genomics studies.
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In conclusion, | identified strong candidate NTSR-conferring mutations in 11 of the
13 Mptar lines purely by bioinformatic analysis without the need for crossing.
Although this saved time and allowed me to identify candidate resistance-conferring
SNPs in mutant lines which | was unable to cross, the ability to cross my mutants
and follow the segregation of the candidate SNPs with the mutant phenotype would
have allowed me to further narrow down which SNPs are responsible for resistance.
Nevertheless, functional characterisation — which is now required to confirm the
ability of the identified SNPs to confer NTSR — is facilitated in M. polymorpha by the
variety of genetic tools available to perform reverse genetics, the lack of redundancy
in the genome, and its dominant haploid nature. In my next chapter | will use reverse
genetics to functionally characterise the effect of loss-of-function of the candidate
NTSR-conferring genes | identified in this chapter in a wild-type background to

determine if they play a role in NTSR in Mptar lines.
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4.6. Supplementary data

Line Mutation Amino acid change  Gene ID Functional annotation
Mpchir1 C->T Ala->Thr Mp1g02380 NPR1

Mpchir1 C->T Leu->Phe Mp1g19350 RNA binding

Mpchir1 G->A Ala->Val Mp2g00820 ARIH1; ariadne-1; ubiquitin ligase
Mpchir1 C->T Thr->Iso Mp2g08400 Reticula related protein
Mpchir1 C->T Pro->Ser Mp3g00210

Mpchir1 G->A Glu->Lys Mp5g13920 Mitochondrial elongation factor
Mpchir1 C->T Asp->Asn Mp7g01940 MpAHAS

Mpchir1 G->A Gly->Arg Mp7g16260 ABC transporter

Mpchir2 C->T Leu->Phe Mp2g10510 DHDDS

Mpchir2 G->A Pro->Ser Mp4g08370

Mpchir2 G->A Pro->Leu Mp7g01940 MpAHAS

Mpchir3 G->T Pro->Leu Mp7g01940 MpAHAS

Mpchir4 C->T Thr->Iso Mp1g25850 Symporter

Mpchlr4 G->A Val->Iso Mp3g03050 Fe-S binding domain
Mpchir4 G->A Thr->Met Mp3g09700 Germin related protein
Mpchir4 C->T Ser->Phe Mp3g12890 Aspartyl protease

Mpchir4 C->T GIn->Leu Mp3g22920 RAD51; DNA repair protein
Mpchlr4 C->T Cys->Phe Mp4g12090 Glysocysl hydrolase (chitosanase)
Mpchir4 G->A No start codon Mp4g13170 RNA helicase

Mpchir4 G->A Pro->Ser Mp4g19930 Phosphate symporter
Mpchir4 C->T Ser->Phe Mp6g01160

Mpchir4 G->A Gly->Asp Mp6g12190 Transcriptional regulator
Mpchir4 G->A Pro->Ser Mp7g01940 MpAHAS

Mpchlr4 C->T Ser->Pro Mp7g02870 Glycosyl hydrolase
Mpchir4 C->T Ser->Leu Mp8g07340 GYF domain

Mpchir9b  G->A Pro->Leu Mp7g01940 MpAHAS

Mpchir9b ~ G->A Glu->Lys Mp8g00590

Mpchir10 G->A Ala->Val Mp1g02100

Mpchir10 C->T Asp->Asn Mp4g22460 NOP9

Mpchir10 G->A Glu->Lys Mp5g16780

Mpchir10 G->A Pro->Leu Mp7g01940 MpAHAS

CSR1 G->A Ser->Phe Mp1g00220

CSR1 G->A His->Tyr Mp2g01000 Redox protein

CSR1 C->T Thr->Iso Mp2g01380

CSR1 G->A Pro->Leu Mp7g01940 MpAHAS

CSR1 G->A Pro->Leu MpVg00710 MED12; RNA pol Il subunit
CSR2 G->A Gly->Asp Mp1g16300 Membrane protein

CSR2 G->A Ser->Asn Mp1g17810 Kinesin like

CSR2 C->T Glu->Lys Mp1924680

CSR2 C->T Thr->Iso Mp2g17140

CSR2 C->T Pro->Phe Mp3920910 Sec61

CSR2 G->A Pro->Leu Mp7g01940 MpAHAS

CSR2 G->A Pro->Ser Mp8g07080 Serine protease

CSR2 C->T Pro->Ser Mp8g15030 RABGGTA prenyltransferase
CSR3 C->T Ser->Asp Mp1g14070 Kinesin line

CSR3 C->T Gly->Glu Mp1g17000 CDC73 rna polii accessory factor
CSR3 C->T Pro->* Mp1g24100 CLCNT7 chloride channel
CSR3 G->A Arg->Cys Mp4g09370

CSR3 G->A Glu->Lys Mp4g10260 SYF2; splicing factor
CSR3 G->A Pro->Leu Mp7g01940 MpAHAS

CSR4 G->A Pro->Leu Mp2g09030

CSR4 C->T Glu->Lys Mp2g14340 Protein kinase

CSR4 C->T Pro->Ser Mp3g22900 HSP70 chaperonin
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CSR4 C->T Glu->* Mp4g12080 Glucanotransferase
CSR4 C->T Ser->Phe Mp5g05200

CSR4 C->T Glu->Lys Mp5g20110 Pseudouridine synthase
CSR4 C->T Glu->Lys Mp6g01130 Redox protein

CSR4 C->T Val->Met Mp6g20010 Rabb5 interacting protein
CSR4 G->A Pro->Leu Mp7g01940 MpAHAS

CSR4 G->A Arg->Lys Mp7g16820 Splicing factor

CSR6 C->T Asp->Asn Mp1g21450 MpRR-MYB1

CSR6 C->T GIn->* Mp1g29640 Histidine kinase
CSR6 C->T Gln->* Mp1g29740

CSR6 G->A Gly->Glu Mp3g08290 Membrane transporter
CSR6 G->A Ser->Phe Mp3g09840 MTIF2

CSR6 C->T Asp->Asn Mp3g11480

CSR6 C->T Glu->Lys Mp4g02740 Ubiquitin

CSR6 G->A Ser->Phe Mp4g12430 Aminopeptidase
CSR6 G->A Leu->Phe Mp5g10130 Sentaxin

CSR6 G->A Pro->Leu Mp5g17290 Glutaredoxin

CSR6 C->T Gln->* Mp6g08750 CRN/SYF

CSR6 G->A Glu->Lys Mp6g13870

CSR6 G->A Pro->Ser Mp7g01940 MpAHAS

CSR6 G->A Arg->STOP Mp7g08970

CSR6 C->T Leu->Phe Mp7g16360 Kinase

CSR6 C->T Pro->Ser Mp8g02850

CSR6 G->A Glu->* Mp8g05810 Kinase

CSR7 C->T Ala->Thr Mp1g16360 Midasin

CSR7 C->T Pro->Ser Mp1g19640 Kinase

CSR7 G->A Pro->Ser Mp2g11520 MpCXC1

CSR7 C->T Thr->Iso Mp3g03720 Oxidoreductase

CSR7 G->A Pro->Ser Mp3g17820

CSR7 G->A Pro->Leu Mp5g00210 Ribosomal protein
CSR7 G->A Ala->Val Mp5g20470 Mitochondrial chaperonin
CSR7 G->A Pro->Ser Mp6g08780 Hydrolase

CSR7 C->T Glu->* Mp6g18490 MOT1

CSR7 G->A Pro->Leu Mp7g01940 MpAHAS

CSR7 G->A Gly->Glu Mp7g06560

CSRY7 G->A Gly->Asp Mp7g09090 LRR

CSR7 G->A Ser->Phe Mp7g14340

CSR7 G->A Pro->Leu Mp8g11930

CSR9 C->T Pro->Leu Mp1g04070 Splicing factor

CSR9 G->A Thr->Iso Mp1g17770 CNOT6

CSR9 C->T Ala->Val Mp1g24360

CSR9 C->T Gly->Glu Mp2g24630 Terpene cyclase
CSR9 C->T Thr->Iso Mp3g09810 Protease

CSR9 G->A Arg->Cys Mp3g10030

CSR9 G->A His->Tyr Mp4g18010 Ser/Thr kinase

CSR9 G->A Arg->GIn Mp7g00840 Tuftelin-interacting Protein TIP39
CSR9 G->A Pro->Leu Mp7g01940 MpAHAS

CSR9 C->T Pro->Ser Mp7g02750

CSR9 G->A Pro->Ser Mp7g15910 DNA gyrase

Supplementary Table S4.1. List of candidate resistance-conferring mutations found in Mpchlir lines. Candidate

resistance-conferring SNPs were identified using an adapted version of the non-allelism based SNP discovery
pipeline (Champion et al., 2021).
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Line Mutation Amino acid change  Gene ID Functional annotation
Mptar1 C->T Pro->Ser Mp1g26460 Nucleoside phosphatase
Mptar1 C->T Ser->Phe Mp2g04330 Helicase

Mptar1 C->T Gly->Glu Mp3g02860 COG7; Golgi transport

Mptar1 C->T Arg->GIn Mp4g17100 LRR protein

Mptar1 G->A Glu->* Mp4g22890 NAC4

Mptar1 C->T Glu->* Mp6g13550 Peroxidase

Mptar1 C->T Ala->Thr Mp8g12790 ATP citrate lyase

Mptar1 G->A Gly->Glu Mp8g18770 Transcription factor

Mptar2 C->T Ser->Phe Mp1g17110 F box protein

Mptar2 G->A Val->lle Mp2g05240 TPR; GTPase

Mptar2 G->A Ser->Phe Mp3g02220 Actin related protein

Mptar2 C->T Gly->Glu Mp3g19030 MpRADS8

Mptar2 G->A Arg->Lys Mp4g06580

Mptar2 G->A Try->* Mp4g16020

Mptar2 G->A Arg->GIn Mp4g21500

Mptar3 C->T Pro->Ser Mp2g12440 Xyloglucan fucosyltransferase
Mptar3 C->T Leu->Phe Mp2g16550 Cysteine Protease

Mptar3 C->T Asp->Asn Mp2g17160 Tyrosine kinase

Mptar3 C->T Gly->Arg Mp3g07830 Branched chain aminotransferase
Mptar3 G->A Gly->Asp Mp3g20420 Ran gtpase activating protein
Mptar3 G->A Glu->Lys Mp4g12270

Mptar3 C->T Glu->Lys Mp4g02430 Dna helicase

Mptar3 C->T Pro->Leu Mp8g09190 Splicing factor

Mptar3 G->A Glu->Lys Mp8g10040 MpPSBP

Mptar4 C->T Leu->Phe Mp1g04260 Mitochondrial RNA synthetase
Mptard C->T Glu->Lys Mp1g10330 Mp1R-MYBG6

Mptar4 C->T Pro->Ser Mp1g18300 Adenylylsulfate kinase

Mptard G->A Ala->Thr Mp2g07440

Mptard G->A Pro->Ser Mp2g03680 Germin-like protein

Mptar4 G->A Leu->Phe Mp2g20920 BMS1; ribosome biogenesis
Mptar4 C->T Glu->Lys Mp3g13070 Damage specific DNA binding complex
Mptar4 C->T Gly->Arg Mp3g19030 MpRADS8

Mptard C->T Ser->Asn Mp3g22320 CBX1; heterochromatin protein
Mptard C->T Ala->Val Mp4g15540 RNPC3; RNA binding protein
Mptar4 G->A Pro->Leu Mp5g02280 AKR1A1 alcohol dehydrogenase
Mptard C->T Val->Iso Mp5g22100

Mptard G->A Asp->Asn Mp5g23420 Germin-like protein

Mptard C->T Ala->Val Mp6g03430 Protein phosphatase

Mptar4 C->T Glu->Lys Mp7g01020

Mptard C->T thr->Iso Mp7g11880 Elongation complex

Mptard G->A Pro->Ser Mp8g04820 Redox protein

Mptard G->A Ser->Phe Mp8g13300 MED14; regulator of RNA pol Il transcription
Mptar4 G->A Ser->Asn Mp8g13400 Dehydrogenase

Mptar4 C->T Ser->Phe Mp8g14840 Teolmere interacting protein
Mptarb G->A Pro->Ser Mp1g00100 Fucosyltransferase

Mptar5 G->A Pro->Ser Mp1g00330 Ubiquitin protein ligase

Mptarb C->T Pro->Leu Mp1g01140 Mitochondrial elongation factor
Mptarb G->A Gly->Glu Mp2g04470 MEI2; meiosis

Mptar5 G->A Asp->Asn Mp2g15090 Histidine kinase

Mptarb G->A Leu->Phe Mp2g23470 CEM1; oxoacyl synthase
Mptar5 G->A Pro->Leu Mp4g07230

Mptarb C->T Arg->His Mp4g21980 Chalcone synthase

Mptar5 G->A Pro->Leu Mp5g05010 Ribosomal protein

Mptar5 G->A GIn->* Mp6g10370 DNA helicase

Mptarb G->A Ser->Leu Mp6g12540 RAY1; beta-arabinofuranosyltransferase
Mptarb C->T Ser->Phe Mp6g19260 Galactan synthase

Mptar5 C->T Ser->Phe Mp7g01000 RNA helicase

Mptar5 C->T Gly->Glu Mp8g06930

Mptar6 C->T Ala->Val Mp1g20550 DNA binding protein
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Mptar6 G->A Glu->Lys Mp2g17840 SFR2; galactolipid galactosyltransferase
Mptar6 G->A Pro->Ser Mp2g21320 FTSZ; cell division (microtubule)

Mptar6 G->A Gly->Glu Mp2g22110 MYB factor

Mptar6 G->A Gly->Arg Mp3g07260

Mptar6 C->T Glu->Lys Mp3g13360 ADPRHL2; poly(ADP-ribose) glycohydrolase
Mptar6 C->T Arg->Lys Mp3g922120 Xylogucan endotransglucosylase

Mptar6 G->A His->GIn Mp4g05100 E3 ubiquitin ligase

Mptar6 G->A Gly->Asp Mp5g11820

Mptar6 C->T Ser->Phe Mp6g12850

Mptar6 C->T Asp-->Asn Mp7g01940 MpAHAS

Mptar6 C->T Ser->Phe Mp7906620 Mitochondrial elongation factor

Mptar6 G->A Glu->Lys Mp7916560 USP16_45; ubiquitin carboxyl-terminal hydrolase
Mptar6 C->T Ser->Leu Mp8g12080 SMG7/EST1

Mptar6 C->T Arg->Lys Mp8g13160 RNA helicase

Mptar6 C->T Pro->Ser Mp8g14270

Mptar6 A->G Leu->Pro Mp3g19030 MpRADS8

Mptar7 C->T Glu->Lys Mp1g06710 MSH3; DNA mismatch repair Protein
Mptar7 C->T Pro->Ser Mp1921520 Dynein assembly factor

Mptar7 C->T Pro->Ser Mp1g22190 PUST; tRNA pseudouridine38-40 synthase
Mptar7 C->T Asp->Asn Mp1g24670 Cyclin

Mptar7 C->T Gly->Ser Mp2g01360

Mptar7 G->A Ser->Leu Mp2g21800 ABC transporter

Mptar7 G->A Asp->Asn Mp3g16720

Mptar7 G->A Pro->Ser Mp3g23610

Mptar7 G->A Arg->* Mp3g01110 MpTIM44L

Mptar7 C->T Glu->Lys Mp3g03070

Mptar7 G->A Ser->Leu Mp3g03600 Lipase

Mptar7 G->A Leu->Phe Mp3g09230 LRR apoptotic atpase

Mptar7 G->A Glu->Lys Mp4g20820

Mptar7 G->A Arg->Lys Mp5g02870 Protein kinase

Mptar7 C->T Arg->GIn Mp5g18320 Phosphoribosylglycinamide formyltransferase
Mptar7 C->T Pro->Ser Mp5g21570 Mur ligase

Mptar7 C->T Gly->Arg Mp5g22840 Pectin acetylesterase

Mptar7 G->A Pro->Ser Mp6g07670 Splicing factor

Mptar7 G->A Glu->Lys Mp7g19740 Protein deglycase

Mptar8 G->A Gly->Glu Mp1g25950

Mptar8 C->T Gly->Asp Mp1g01470 RAN binding protein

Mptar8 G->A Pro->Ser Mp1g29110 Splicing factor

Mptar8 G->A Glu->Lys Mp2g23850 E3 ubiquitin ligase

Mptar8 G->A Glu->Lys Mp4g05490 ABC transporter

Mptar8 G->A Pro->Leu Mp4g13540

Mptar8 G->A Glu->Lys Mp5g04200 MpPSAD

Mptar8 C->T Leu->Phe Mp6g07490 PPR

Mptar8 G->A Pro->Ser Mp8g07660 COPII; vesicle coat complex

Mptar9 C->T Glu->* Mp1g00270 LOG

Mptar9 G->A Ser->Leu Mp1g02560 Chaperonin

Mptar9 G->A Ser->Phe Mp1g22090

Mptar9 G->A Ser->Leu Mp1g25870 SLC25A42; mitochondrial solute transport
Mptar9 C->T Gly->Ser Mp2g07720

Mptar9 G->A Ser->Phe Mp2g11140 HD7/KNOX

Mptar9 G->A Arg->GIn Mp2g21290 MpEIF5

Mptar9 G->A Gly->Ser Mp2g24010

Mptar9 C->T Pro->Ser Mp3g00360 Mp1R-MYB2

Mptar9 C->T Gly->Glu Mp4g19240

Mptar9 G->A Glu->* Mp5g22800 PPIL4; peptidyl-Prolyl cis-trans Isomerase-like 4
Mptar9 C->T Ala->Val Mp6g05900 ABC transporter

Mptar9 C->T Asp->Asn Mp7g07400 Xyloglucan fucosyltransferase

Mptar9 G->A Arg->Glu Mp7g13480

Mptar9 C->T Ala->thr Mp7g12800 GT2 TF MYB like

Mptar9 C->T Lys->* Mp8g08400

151



Mptar9 G->A Gly->Val Mp8g05150 Lipase

Mptar9 C->T Ala->Thr Mp8g15440

Mptari0  G->A Glu->Lys Mp1g26570 Hydrolase

Mptar10 G->A His->Tyr Mp3g02820 Voltage gated channel
Mptar10  C->T Cys->Tyr Mp3g11890 GDP-fucose protein O-fucosyltransferase
Mptar10 C->T Pro->Ser Mp3g13870 PPCS; phosphopantothenate-cysteine ligase
Mptari0  G->A Glu->Lys Mp5g09730

Mptar10 G->A Asp->Asn Mp6g09000 Carbonic anhydrase
Mptar10 C->T Arg->Glu Mp6g14430 Cation transport atpase
Mptar10  C->T Pro->Ser Mp6g00060 MpSRC2

Mptar10  C->T Pro->Ser Mp7915140 RNA methylase

Mptar10  C->T Gly->Ser Mp7g19430

Mptar11 C->T Ser->Leu Mp1g04850 Ribonuclease

Mptar11 G->A Pro->Leu Mp1g05680 Kinase

Mptar11 C->T Glu->Lys Mp1g08300 Transcription factor

Mptar11 G->A Leu->Phe Mp1g11730 MpPPR13

Mptar11 G->A His->Tyr Mp1g22070 Ornithine decarboxylase
Mptar11 G->A Gly->Glu Mp2g09930 tRNA methyltransferase
Mptar11 C->T Leu->Phe Mp2g18500 Peptidase

Mptar11 C->T Ser->Leu Mp3g04910 FabZ dehydratase

Mptar11 C->T Glu->Lys Mp3g09570 CCD4 related

Mptar11 G->A Pro->Ser Mp3g10370 Karyopherin

Mptar11 G->A Ala->Val Mp3g15620 TATD; DNAse

Mptar11 G->A His->Tyr Mp3g23970 Mitochondrial carrier protein
Mptar11 G->A Ser->Phe Mp4g13120 RNA helicase

Mptar11 C->T Glu->Lys Mp4g15450 Methyltransferase

Mptar11 C->T Try->* Mp5g01910 Nucleoside transporter
Mptar11 C->T Ser->Phe Mp5g06320 Transcription factor

Mptar11 G->A Arg->Lys Mp5g20180

Mptar11 C->T Ser->Phe Mp6g03190 DNA pol subunit Il

Mptar11 C->T Glu->Lys Mp6g04100 rRNA methyltransferase
Mptar11 C->T Pro->Ser Mp6g06190 Munc-13 like

Mptar11 G->A Ser->Leu Mp6g12580 DNA repair helicase
Mptar11 C->T Ser->Phe Mp6g15570 Kinase/phosphatase
Mptar11 C->T Arg->Lys Mp6g18490 MOT1

Mptar11 G->A Leu->Phe Mp7g18010 MAP4K

Mptar11 G->A Pro->Leu Mp7g03220

Mptar11 C->T Glu->Lys Mp8g03730 Peptidoglycan binding
Mptar11 C->T Leu->Phe Mp8g15560 RAS

Mptar12  C->T Gly->Glu Mp1g05090 Kinase

Mptar12 G->A Pro->Ser Mp1g22530

Mptar12 G->A Glu->Lys Mp2g00260 TPR repeat protein

Mptar12 G->A Ala->Val Mp2g05930 Ankyrin domain

Mptar12 G->A Arg->GIn Mp2g13400 DRS2; phospholipid-transporting ATPase
Mptar12  C->T Gly->Asn Mp2g25720 SUPT6H, transcription elongation factor
Mptar12  G->A Gly->Asp Mp6g10360 HSP110

Mptar12 G->A Pro->Ser Mp7g19170 Redox protein

Mptar12 C->T His->Tyr Mp8g06830 MpARIA

Mptar12 G->A Glu->Lys Mp8g07330 HSPA9

Mptar12  G->A Try->* Mp8g07520 DNA helicase

Mptar12  C->T Gly->Arg Mp8g07680 MpBELL4

Mptar13 G->A Pro->Leu Mp1g16360 Midasin

Mptar13 C->T Gly->Ser Mp3g16530 Root cap protein

Mptar13 G->A Leu->Phe Mp7g17660 Kinesin-like

Mptar13 G->A Val->Iso Mp8g08430 Adenosylmethionine synthetase
Mptar13 G->A Ser->Leu Mp8g15020 Spermidine synthase
Mptar13  C->T Gly->Arg Mp8g09860

Supplementary Table S4.2. List of candidate resistance-conferring mutations found in Mptar lines. Candidate
resistance-conferring SNPs were identified using an adapted version of the non-allelism based SNP discovery
pipeline (Champion et al., 2021).
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M. M.
polymorpha polymorpha

_gene ID Evalue A. tuberculatus gene ID gene ID Evalue A. tuberculatus gene ID
Mp1g00100 3E-64 AMATA_chromosomes_ 08764 Mp2g22110 2E-32 AMATA_chromosomes_27616
Mp1g00270 3E-18 AMATA_chromosomes_ 28258 Mp2g23470 2E-32 AMATA_chromosomes_27762
Mp1g00330 4E-16 AMATA_chromosomes_08194 Mp2g23850 3E-19  AMATA_chromosomes_17494
Mp1g01140 3E-43 AMATA_chromosomes_ 08487 Mp2g24010 9E-09 AMATA_chromosomes_ 12748
Mp1g01470 4E-143 AMATA_chromosomes_05941 Mp2g25720 6E-113 AMATA_chromosomes_19753
Mp1g02560 0 AMATA_chromosomes_16892 Mp3g00360 3E-06 AMATA_chromosomes 21322
Mp1g04260 6E-43 AMATA_chromosomes_ 02214 Mp3g01110 N/A N/A
Mp1g04850 3E-18 AMATA_chromosomes_ 05874 Mp3g02220 2E-46  AMATA_chromosomes_23185
Mp1g05090 5E-69 AMATA_chromosomes 26348 Mp3g02820 N/A N/A
Mp1g05680 3E-151 AMATA_chromosomes_28222 Mp3g02860 1E-61 AMATA_chromosomes_23090
Mp1g06710 2E-74 AMATA_chromosomes_11736 Mp3g03070 7E-20  AMATA_chromosomes_02557
Mp1g08300 N/A N/A Mp3g03600 N/A N/A
Mp1g10330 8E-09 AMATA_chromosomes_11069 Mp3g04910 2E-38  AMATA_chromosomes_01138
Mp1g11730 1E-40 AMATA_chromosomes_18163 Mp3g07260 N/A N/A
Mp1g16360 0 AMATA_chromosomes_20875 Mp3g07830 2E-10  AMATA_chromosomes_15558
Mp1g17110 6E-06 AMATA_chromosomes_ 05784 Mp3g09230 1E-37  AMATA_chromosomes_17399
Mp1g18300 8E-34 AMATA_chromosomes_ 05048 Mp3g09570 7E-13  AMATA_chromosomes_08049
Mp1g20550 N/A N/A Mp3g10370 4E-06 AMATA_chromosomes_03396
Mp1921520 N/A N/A Mp3g11890 9E-65 AMATA_chromosomes_19847
Mp1g22070 6E-97 AMATA_chromosomes 05314 Mp3g13070 N/A N/A
Mp1g22090 N/A N/A Mp3g13360 N/A N/A
Mp1g22190 1E-50 AMATA_chromosomes_08999 Mp3g13870 9E-21 AMATA_chromosomes_08910
Mp1922530 N/A N/A Mp3g15620 8E-94  AMATA_chromosomes_28085
Mp1g24670 N/A N/A Mp3g16530 7E-72  AMATA_chromosomes_14179
Mp1g25870 2E-59 AMATA_chromosomes_ 24997 Mp3g16720 N/A N/A
Mp1g25950 N/A N/A Mp3g19030 9E-31 AMATA_chromosomes_14111
Mp1g26460 1E-20 AMATA_chromosomes_06311 Mp3g20420 N/A N/A
Mp1g26570 5E-30 AMATA_chromosomes_10752 Mp3g22120 9E-70  AMATA_chromosomes_ 24935
Mp1g29110 4E-12 AMATA_chromosomes_06548 Mp3g22320 N/A N/A
Mp2g00260 3E-35 AMATA_chromosomes_ 06284 Mp3g23610 N/A N/A
Mp2g01360 N/A N/A Mp3g23970 1E-51 AMATA_chromosomes_05515
Mp2g03680 6E-20 AMATA_chromosomes_ 13392 Mp4g02430 0 AMATA_chromosomes_01070
Mp2g04330 7E-25 AMATA_chromosomes_ 13154 Mp4g05100 N/A N/A
Mp2g04470 2E-53 AMATA_chromosomes_17598 Mp4g05490 0 AMATA_chromosomes_24939
Mp2g05240 N/A N/A Mp4g06580 N/A N/A
Mp2g05930 N/A N/A Mp4g07230 N/A N/A
Mp2g07440 N/A N/A Mp4g12270 N/A N/A
Mp2g07720 2E-37 AMATA_chromosomes_15637 Mp4g13120 6E-35 AMATA_chromosomes_ 18911
Mp2g09930 4E-13 AMATA_chromosomes_13709 Mp4g13540 N/A N/A
Mp2g11140 N/A N/A Mp4g15450 2E-23  AMATA_chromosomes_14527
Mp2g12440 2E-61 AMATA_chromosomes_06282 Mp4g15540 N/A N/A
Mp2g13400 2E-174 AMATA_chromosomes_19890 Mp4g16020 N/A N/A
Mp2g15090 2E-19 AMATA_chromosomes_06439 Mp4g17100 6E-14  AMATA_chromosomes_ 14461
Mp2g16550 4E-60 AMATA_chromosomes_09100 Mp4g19240 N/A N/A
Mp2g17160 5E-25 AMATA_chromosomes_08006 Mp4g20820 N/A N/A
Mp2g17840 6E-64 AMATA_chromosomes_ 19162 Mp4g21500 N/A N/A
Mp2g18500 2E-47 AMATA_chromosomes_06232 Mp4g21980 N/A N/A
Mp2g20920 5E-49 AMATA_chromosomes_ 12166 Mp4g22890 2E-46  AMATA_chromosomes_15637
Mp2g21290 3E-101 AMATA_chromosomes_04173 | Mp5g01910 5E-34  AMATA_chromosomes_18027
Mp2g21320 3E-26 AMATA_chromosomes_ 14498 Mp5g02280 9E-38  AMATA_chromosomes_10050
Mp2g21800 0OE+00 AMATA_chromosomes_ 24939 Mp5g02870 9E-12  AMATA_chromosomes_10437

153



M. M.
polymorpha polymorpha E

_gene ID E value A. tuberculatus gene ID gene ID value  A. tuberculatus gene ID
Mp5g04200 5E-57 AMATA_chromosomes_05225 Mp7g07400 1E-47  AMATA_chromosomes_05588
Mp5g05010 2E-100 AMATA_chromosomes_12302 Mp7g11880 2E-08  AMATA_chromosomes_27315
Mp5g06320 N/A N/A Mp7g12800 N/A N/A
Mp5g09730 N/A N/A Mp7g13480 N/A N/A
Mp5g11820 N/A  N/A Mp7g15140 N/A N/A
Mp5g18320 4E-23 AMATA_chromosomes_08376 Mp7g16560 2E-46  AMATA_chromosomes_19855
Mp5g20180 3E-24 AMATA_chromosomes_19110 Mp7g17660 3E-28  AMATA_chromosomes_07395
Mp5g21570 N/A  N/A Mp7g18010 2E-41 AMATA_chromosomes_12970
Mp5g22100 1E-20 AMATA_chromosomes_19480 Mp7g19170 8E-28  AMATA_chromosomes_08704
Mp5g22800 2E-14 AMATA_chromosomes_30348 Mp7g19430 N/A N/A
Mp5g22840 1E-17 AMATA_chromosomes_ 04076 Mp7g19740 3E-23  AMATA_chromosomes_14099
Mp5g23420 2E-26 AMATA_chromosomes_26542 Mp8g03730 1E-11 AMATA_chromosomes_00181
Mp6g00060 2E-10 AMATA_chromosomes_12556 Mp8g04820 3E-38  AMATA_chromosomes_05355
Mp6g03190 1E-18 AMATA_chromosomes_06162 Mp8g05150 6E-103 AMATA_chromosomes_ 20463
Mp6g03430 4E-75 AMATA_chromosomes_ 03468 Mp8g06830 3E-35 AMATA_chromosomes_28414
Mp6g04100 1E-39 AMATA_chromosomes_29482 Mp8g06930 N/A N/A
Mp6g05900 2E-79 AMATA_chromosomes_14761 Mp8g07330 OE+00 AMATA_chromosomes_ 06235
Mp6g06190 N/A N/A Mp8g07520 2E-50 AMATA_chromosomes_29898
Mp6g07490 9E-21 AMATA_chromosomes_ 29378 Mp8g07660 N/A N/A
Mp6g07670 9E-167 AMATA_chromosomes_28960 Mp8g07680 N/A N/A
Mp6g09000 1E-07 AMATA_chromosomes_20182 Mp8g08400 N/A N/A
Mp6g10360 3E-169 AMATA_chromosomes_ 00483 Mp8g08430 0 AMATA_chromosomes_03472
Mp6g10370 5E-13 AMATA_chromosomes 23870 Mp8g09190 1E-52  AMATA_chromosomes_24931
Mp6g12540 4E-47 AMATA_chromosomes_06059 Mp8g09860 N/A N/A
Mp6g12580 9E-134 AMATA_chromosomes_06509 Mp8g10040 1E-14  AMATA_chromosomes_25545
Mp6g12850 2E-11  AMATA_chromosomes_01982 Mp8g12080 6E-53  AMATA_chromosomes_ 12212
Mp6g13550 3E-63 AMATA_chromosomes_ 14868 Mp8g12790 1E-61 AMATA_chromosomes_19019
Mp6g14430 9E-09 AMATA_chromosomes_10074 Mp8g13160 1E-35 AMATA_chromosomes_06482
Mp6g15570 3E-09 AMATA_chromosomes_14081 Mp8g13300 8E-103 AMATA_chromosomes_15827
Mp6g18490 0 AMATA_chromosomes_28107 Mp8g13400 N/A N/A
Mp6g19260 2E-33 AMATA_chromosomes_28406 | Mp8g14270 N/A N/A
Mp7g01000 0 AMATA_chromosomes_05165 Mp8g14840 4E-20 AMATA_chromosomes_05860
Mp7g01020 N/A N/A Mp8g15020 S5E-32 AMATA_chromosomes_08316
Mp7g01940 0 AMATA_chromosomes_26000 Mp8g15440 N/A N/A
Mp7g03220 N/A  N/A Mp8g15560 1E-25 AMATA_chromosomes_14405
Mp7g06620 0 AMATA_chromosomes_04049 Mp8g18770 2E-56  AMATA_chromosomes_12448

Supplementary Table S4.3. List of genes in which there is a candidate resistance-conferring SNP in Mptar lines and
the corresponding A. tuberculatus homologue. A. tuberculatus homologues were identified via a tBLASTn search
against the A. tuberculatus genome assembly by (Kreiner et al., 2019). Only homologues with an E value < 1 E -5 were
retained. Genes highlighted in bold are those for which the A. tuberculatus gene has been associated with NTSR to
glyphosate (Kreiner et al., 2021).
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Chapter 5: Functional characterisation of a novel
mechanism of non-target site resistance conferred by loss-

of-function of MpRADS8
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5.1. Abstract

Although non-target site herbicide resistance (NTSR) in weeds is increasingly
observed in the field, few of the molecular mechanisms underlying NTSR have been
identified. This is partly due to our lack of knowledge of the types of genes involved
in NTSR, and partly due to the difficulty of functionally characterising candidate
mechanisms of NTSR in weeds. In this chapter, | used a reverse genetic approach in
the model species M. polymorpha to demonstrate that a loss-of-function of
Mp3g19030 (MpRADS8) confers resistance to the herbicides thaxtomin A (TXTA) and
isoxaben. | also found that Mprad8 loss-of-function lines overproduce reactive
oxygen species (ROS), and that the actions of ROS and TXTA in the cell are
antagonistic; overgeneration of ROS in Mprad8 lines may therefore increase their
resistance to TXTA. Furthermore, | found that Mprad8 loss-of-function mutant lines
produce less of a predicted TXTA metabolite than wild-type lines, which may
contribute to their TXTA resistance. My approach combining forward and reverse
genetics in M. polymorpha allowed me not only to identify a novel mechanism of
NTSR involving loss-of-function of MpRADS, a gene not previously associated with
NTSR, but also to undertake a phenotypic analysis of Mprad8 lines and propose
several hypotheses as to how the phenotypes conferred by loss-of-function of

MpRADS could lead to resistance.
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5.2. Introduction

In the previous chapter, | identified SNPs most likely to confer resistance to the
herbicide thaxtomin A (TXTA) in 11 M. polymorpha mutants (Mptar). Three of these
SNPs were in Mp3g19030, which is the M. polymorpha homologue of the C. elegans
gene RADS. It is therefore likely that a mutation in Mp3g19030 (MpRADS) confers
resistance to TXTA. In this chapter, | used targeted mutagenesis in wild-type M.
polymorpha to confirm that loss-of-function mutations in MpRADS8 confer resistance

to TXTA, and to functionally characterise the effect of loss of MpRADS8 function.

The RADS8 gene was originally identified in Caenorhabditis elegans as a UV-B
radiation-sensitive mutant isolated from an EMS mutagenesis screen (Hartman and
Herman, 1982). C. elegans rad8 mutants are more sensitive to the oxidative stress
conferred by methyl viologen, also known as paraquat, than wild-type (Ishii et al.,
1993). Paraquat diverts electrons from the chloroplast or mitochondria electron
transport chains to O2 forming superoxide radicals (-O27), a form of reactive oxygen
species (ROS) which is toxic and can cause cell death by peroxidation of lipids in cell
membranes (Fukushima et al., 1993, Hawkes, 2014). The overproduction of
superoxide anions in rad8 mutants in C. elegans causes hypersensitivity to paraquat;
mutants of the M. musculus RAD8 homologue RTN4IP1 also overproduce ROS
(Fujii et al., 2011, Park et al., 2021). The human RAD8 homologue RTN4/P1 has
been shown to be a mitochondrial NADPH oxidoreductase (Park et al., 2021).
Interactome profiling of H. sapiens cells showed that the RTN4IP1 protein interacts
with components of the coenzyme Q (CoQ) biosynthetic pathway, and CoQ levels in
rtn4ip1 knockout cells are lower than wild type cells, suggesting that RTN4IP1/RAD8

is involved in CoQ biosynthesis. CoQ is an electron carrier involved in the
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mitochondrial electron transport chain; the overproduction of ROS in rad8 mutants
may therefore be due to inhibition of biosynthesis of CoQ disrupting the flow of
electrons through the electron transport chain, which then react with Oz to form

superoxide radicals (Park et al., 2021).

Several herbicides — including paraquat, PPO inhibitors, and glufosinate — act by
causing increased levels of ROS in plant cells, leading to cell death (Hawkes, 2014,
Dayan et al., 2019b, Takano et al., 2020). It could therefore be considered unusual
for a mutation such as that in RAD8 which causes overproduction of ROS to confer
herbicide resistance. However, in the specific case of TXTA, the only known
mechanism of resistance in the literature — loss-of-function of PAM16 — causes
overproduction of ROS (Huang et al., 2013). Furthermore, the addition of exogenous
hydrogen peroxide (a form of ROS) to wild-type A. thaliana cells grown in culture
confers significant resistance to TXTA (Awwad et al., 2019). It is therefore possible
that an increase in ROS at sub-lethal levels conferred by a mutation in RAD8 could

be a novel mechanism of non-target site resistance to TXTA.

In this chapter, | undertook a phylogenetic analysis of homologues of RAD-
8/RTN4IP1 and found that Mp3g19030 (MpRADS) is the closest homologue of H.
sapiens, C. elegans, and M. musculus RTN4IP1/RADS8, and that the residues
mutated in MpRADS in the 3 TXTA-resistant mutants are highly conserved. | then
used CRISPR-Cas9 mutagenesis to generate 19 Mprad8 putative loss-of-function
mutants. | found that these gene edited Mprad8 loss-of-function mutants are
significantly resistant to TXTA, as well as isoxaben, and that putative loss of
MpRADS function leads to slower growth in control conditions. | found that 2

independent Mprad8 putative loss-of-function mutants generated by CRISPR-Cas9
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mutagenesis, and at least 3 TXTA-resistant UV-B lines, produce higher levels of
ROS than wild-type M. polymorpha lines, and that TXTA and ROS have antagonistic
effects in vivo. Finally, | found that putative loss-of-function of MpRADS inhibits the
production of a TXTA metabolite produced in wild-type plants. | have therefore
successfully identified and functionally characterised a novel mechanism of non-

target site resistance to the herbicide TXTA.
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5.3. Materials and Methods
5.3.1. Phylogenetic analysis of RAD8 homologues

Orthologues of the H. sapiens gene RTN4IP1.1 were identified by protein BLASTp
search against the reference proteomes of various species (Table 5.1). Only

orthologues with an E value less than 1E-5 were used to construct the tree.

Orthologues were aligned via the L-INS-i strategy using MAFFT version 7 (Katoh et
al., 2019). The alignment was trimmed using BioEdit7.2. A maximum likelihood tree
was constructed with PhyML 3.0 using an estimated gamma distribution parameter
and the LG model of amino acid substitution. A non-parametric approximate
likelihood ratio test based on a Shimodaira-Hasegawa-like procedure was used to
calculate branch support values using PhyML 3.0 (Guindon et al., 2010). The tree

was rooted with the Saccharomyces cerevisiae Yim1p protein sequence.
5.3.2. Guide RNA design

Guide RNAs were designed which would anneal to different parts of MpRADS8
(Mp3g19030) for the Cas9 nuclease to introduce targeted double strand breaks.
Guide RNAs were placed 5’ of an “NGG” site (PAM sequence) as required by the
CRISPR-Cas9 system (Sugano et al., 2014). The guide RNA sequences are as

follows:

sgRNA Sequence

1 CAAATGTTTAGGTCCGTCG
2 GTGGAGAAATTTCAGCTGTG
3 CGGCCATTACCTCACTTTGC
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5.3.3. Cloning of CRISPR-Cas9 vectors

See Chapter 2 Section 2.3.7.

5.3.4. Agrobacterium-mediated transformation of M. polymorpha spores

See Chapter 2 Section 2.3.8.

5.3.5. Genotyping potential mutants generated by CRISPR-Cas9 mutagenesis

See Chapter 2 Section 2.3.9.

5.3.6. Gemmaling dose-response assays

See Chapter 2 Section 2.3.5.

5.3.7. DAB staining

3,3’-diaminobenzidine (DAB) (D8001) in powder form was obtained from Sigma
Aldrich. The DAB staining solution was prepared as in (Daudi and O'Brien, 2012). M.
polymorpha gemmae were incubated in 3 ml solution in 24 well plates and vacuum
infiltrating for 5 minutes. The plates were covered in tin foil and incubated for 1.5
hours shaking at 100 rpm. After incubation, the staining solution was replaced by
bleaching solution as set out in (Daudi and O'Brien, 2012); gemmae were bleached

for 2 hours. Bleached gemmae were imaged using a Keyence VHX-7000.

5.3.8. Ferric-xylenol orange (FOX) assay

A modified FOX assay was carried out as set out in (Li, 2019). The FOX working

solution was prepared as follows:
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500 yM ammonium ferrous sulphate
400 uM xylenol orange
200 mM sorbitol

25 mM H2SO4

Twelve-day old gemmalings were frozen and ground in liquid nitrogen and
homogenised in 200 mM perchloric acid. Samples were centrifuged at 1000g for 5
minutes at 4 °C. 500 pl of the supernatant were mixed with 500 pl FOX working
solution. Samples were incubated at room temperature in the dark for 30 minutes
followed by quantification of the absorbance at 560 nm using an Ultrospec 3100 pro
spectrophotometer. The concentration of H.O2 in each sample was calculated using
a calibration curve of known concentrations of H202 quantified using the same

protocol.

5.3.9. Metabolomic analysis of pure and modified TXTA in M. polymorpha

thallus

Gemmae were grown on autoclaved cellophane on solid %2 Gamborg medium
supplemented with 0.1 % DMSO for 14 days at 23 °C in 24 h light. Gemmalings were
then transferred (by transfer of the cellophane disc) onto solid Y2 Gamborg medium
supplemented with either 0.1 % DMSO or 5 uM TXTA and grown in these conditions
for 2 days at 23 °C in 24 h light. Treated and untreated gemmalings were harvested

by flash freezing in liquid nitrogen.

Frozen tissue samples were ground in liquid nitrogen and homogenised in ice-cold
extraction solvent (2:1:1 methanol:acetonitrile:H20, v/v) for 2 min at 4 °C followed by

incubation at -20 °C for one hour. Samples were centrifuged at full speed at 4 °C for
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3 mins. Supernatants were collected and kept at -20 °C. Pellets were redissolved in
ice cold 80 % (v/v) methanol and homogenised for 1 min at 4 °C followed by
incubation at -20 °C for one hour. Samples were centrifuged at full speed at 4 °C for
3 mins. Supernatants were collected and added to the supernatants from the first
extraction step. Samples were incubated at -20 °C for 2 hours. Samples were then
centrifuged at full speed at 4 °C for 10 mins. Supernatants were collected and shock

frozen in liquid nitrogen.

Reversed phase chromatography directly coupled to mass spectrometry (LC-
MS/MS) analysis of samples was performed by the Metabolomics Facility at Vienna
BioCenter Core Facilities (VBCF), member of the Vienna BioCenter (VBC), Austria.
Thaxtomin A was analysed by injecting 1 pl of the metabolite extract onto a Kinetex
(Phenomenex) C18 column (100 A, 150 x 2.1 mm) connected with the respective
guard column, and using a 4-minute-long linear gradient from 96 % A (1 %
acetonitrile, 0.1 % formic acid in water) to 90 % B (0.1 % formic acid in acetonitrile).
Detection and quantification was done by LC-MS/MS, employing the selected
reaction monitoring (SRM) mode of a TSQ Altis mass spectrometer (Thermo Fisher
Scientific), using the following transitions in the positive ion mode: 439.1 m/z to 247 .1
m/z and 439.1 m/z to 219.1 m/z. Quantification was done by external calibration
using an authentic standard. The putative Thaxtomin A metabolite was discovered
by analysing the samples with precursor ion scanning for the dominant fragment ions
of the Thaxtomin A standard. Here only one compound was evident with a m/z of
394. This metabolite was analysed in the samples using the transitions 394.1 m/z to
247.1 m/z and 394.1 m/z to 219.1 m/z. Data interpretation was performed using

TraceFinder (Thermo Fisher Scientific).
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5.3.10. Primers

Primer Sequence Use

GR8_1Fw ACTTGTGTTCGGGTGGAGTT Genotyping Mprad8 CRISPR mutants (sgRNA1)
GR8_1Rv  ACATGAGCGTCCAAGAAATCA Genotyping Mprad8 CRISPR mutants (sgRNA1)
GR8_2Fw GACTGTCGGAATTGCCCTCA Genotyping Mprad8 CRISPR mutants (sgRNA2)
GR8_2Rv CCTGCTGCGGAGTATTTGAG Genotyping Mprad8 CRISPR mutants (sgRNA2)
GR8 3Fw TCAAAGGGATGAGGTAGACATTT Genotyping Mprad8 CRISPR mutants (sgRNA3)
Gr8_3Rv CGTTCCCCGTATTGCTGTG Genotyping Mprad8 CRISPR mutants (sgRNA3)
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5.4. Results

5.4.1. There are SNPs in conserved residues of MpRADS8 in Mptar2, Mptar4 and

Mptar6 mutants

| generated 13 TXTA-resistant M. polymorpha mutant lines (Mptar lines) via UV-B
mutagenesis (Chapter 3). | found that 3 of these lines (Mptar2, Mptar4, and Mptar6)
each have a candidate resistance-conferring SNP in Mp3g19030, a homologue of
the C. elegans RAD8 gene (Chapter 4). | therefore hypothesised that a mutation in

Mp3g19030 (MpRADS8) can lead to resistance to TXTA.

Mptar2, Mptard, and Mptar6 each have only one SNP in MpRADS. If these SNPs
cause changes in conserved amino acids that are important for MpRADS function,
they are likely to impair the function of the protein. Amino acids which are important
to the function of a protein are more likely to be conserved across species. |
therefore hypothesised that if the residues mutated in the MpRADS protein in
Mptar2, Mptard and Mptar6 are highly conserved amongst RAD8 homologues, then
the SNPs in Mptar2, Mptar4 and Mptar6 are likely to cause strong loss-of-function of

MpRADS in these lines.

To determine whether the residues mutated in Mptar2, Mptar4, and Mptar6 are
conserved, | compared the protein sequence of MpRADS8 and its homologues in a
variety of species. | collected protein sequences similar to the human homologue of
RAD8 (RTN4IP1) from 9 species using the BlastP algorithm to search their
proteomes (Table 5.1). These species included Homo sapiens, Saccharomyces
cerevisiae, Mus musculus, Caenorhabditis elegans, Marchantia polymorpha,
Arabidopsis thaliana, Selaginella moellendorffii, Azolla filiculoides, and Picea abies.

The RTN4IP1 homologue (Yim1p) from the yeast Saccharomyces cerevisiae was
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used to root the tree. | aligned the protein sequences via the L-INS-i strategy in

MAFFT.

Mptar2 has a glycine - glutamic acid amino acid change at position 396 (G396E);
Mptard has a glycine - arginine amino acid change at position 402 (G402R); and
Mptar6 has a leucine - proline amino acid change at position 708 (L708P). Based
on the alignment of RADS8 protein homologues, the glycine residues at positions 396
and 402 mutated in Mptar2 and Mptar4 respectively are highly conserved (Fig. 5.1).
The residue at position 708 mutated in Mptar6 is less highly conserved, however the
equivalent residue in each homologue broadly has the same chemical properties:
most of the homologues have leucine, methionine, valine, isoleucine, or
phenylalanine at this position, which all have a hydrophobic side chain (Fig. 5.1). In
Mptar6 the leucine residue is mutated to a proline which is nonpolar and is the only
cyclic amino acid, so this mutation likely causes a change in the 3D structure of the
peptide. These data demonstrate that the SNPs in Mptar2, Mptar4d and Mptar6 are
found in residues which are highly conserved across homologues of MpRADS8, and

are therefore likely to lead to strong loss-of-function.
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Organism BLAST tool Number of RTN4IP1 homologues (E < 1E-5)

Homo sapiens NCBI 7
Saccharomyces cerevisiae NCBI 5
Caenorhabditis elegans Wormbase 5
Mus musculus NCBI 4
Marchantia polymorpha marchantia.info 7
Arabidopsis thaliana TAIR 7
Selaginella moellendorffii NCBI 8
Picea abies Congenie 6

Azolla filiculoides Fernbase 7

Table 5.1. Species included in the phylogenetic analysis of RTN4IP1 orthologues.
Proteins similar to RTN4IP1.1 (H. sapiens) were identified via BLASTp search of proteomes
from these 9 species. Only homologues with an E value < 1 E-5 were included in the analysis.
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Fig. 5.1 Amino acid alignment of regions of RTN4IP1 (RAD8) homologues from a variety
of species. Homologues of RTN4IP1 from Homo sapiens were identified by protein BLAST

search (E value < 1E-5) against the reference proteomes of various species (Table 5.1).

Homologues were aligned via the L-INS-i strategy using MAFFT version 7. Green tick marks
represent the amino acids mutated in Mptar2, Mptar4, and Mptar6.
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5.4.2. Mp3g19030 (MpRADS) is a member of the clade that is sister to the

monophyletic group containing H. sapiens RTN4IP1 and C. elegans RADS8

The most detailed functional characterisation of RAD8/RTN4IP1 has been conducted
in C. elegans, H. sapiens and M. musculus. The H. sapiens, M. musculus and C.
elegans proteins with the highest sequence similarity to Mp3g019030 based on
BLASTp searches of their proteomes are RTN4IP1.1 (E value 4 x 10°°), RNT4IP1 (E
value 1 x10%°) and RADS8 (E value 2 x 10-2") respectively. | therefore refer to
Mp3g019030 as MpRADS8. However, the evolutionary relationships between
Mp3g019030 and RAD8 homologues is unclear from sequence similarity searches.
To clarify the evolutionary relationships between Mp3g19030 (MpRADS8) and other
RAD8 homologues, | conducted a phylogenetic analysis. | timmed the amino acid
alignments of RAD8 homologues (Section 5.4.1) to remove non-conserved regions
and constructed a maximum likelihood tree using a non-parametric approximate
likelihood ratio test based on a Shimodaira-Hasegawa-like procedure to calculate

node support values in PhyML 3.0 (Guindon et al., 2010) (Fig. 5.2).

| rooted the tree using the S. cerevisiae RAD8 homologue identified by BLASTDp,
Yim1p (E value 4 x10-%9) (Fig. 5.2). The first branch following another yeast
homologue (Ast1p) is a well-supported monophyletic group of plant-specific genes
from A. thaliana, A. filiculoides, P. abies, M. polymorpha, and S. moellendorffii
(support value 0.9999). These genes are derived from a gene in the common
ancestor of land plants. Several genes in this group are annotated as 2-methylene-
furan-3-one reductases. This monophyletic group also contains the P. abies and A.
filiculoides homologues of RTN4/P1 as identified by BLASTp (MA_427213g0010; E

value 1.85 x 104!, and Azfi_s0123.g048404; E value 1 x 1044).
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Two monophyletic groups originate at the next node. However, these groups are not
well supported (support value 0.5025). One of these monophyletic groups contains
Mp3g19030 (MpRADS), as well as the closest RTN4/P1 homologues from A.
thaliana, S. moellendorffii, C. elegans, H. sapiens and M. musculus. Mp3g19030
(MpRADS) and the closest A. thaliana and S. moellendorffii orthologues to RTN4IP1
(AT3G15090.1; E value 6 x 1054, and XP_024530385.1; E value 1 x 10¢) are in a
well-supported sister group to a group containing the RAD8/RTN4IP1 genes from H.
sapiens (RTN4IP1.1; E value 0), M. musculus (RTN4IP1; E value 0), and C. elegans
(RADS; E value 4 x 10%%) (Fig. 5.2) (support value 0.9864). | also found that the
common ancestor of these groups likely underwent a plant-specific duplication to
form the chloroplast envelope quinone oxidoreductase homologues (CEQORH); the
branch containing the CEQORH homologues is a sister group to the monophyletic
group containing the RAD8/RTN4IP1 genes from H. sapiens, M. musculus, and C.

elegans, although this node is not well supported (support value 0.5576) (Fig. 5.2).

The second monophyletic group from the node with a support value of 0.5025
contains a well-supported branch of mammalian quinone oxidoreductase-like genes
(support value 0.9223), which is a sister group to a well-supported branch containing
two monophyletic groups (support value 0.9913). The first of these monophyletic
groups contains a branch with a M. polymorpha gene and two C. elegans genes
which is a sister group to a monophyletic group containing genes annotated as
quinone oxidoreductases. The second of these monophyletic groups contains a well-
supported first branch with an A. thaliana NADPH:quinone reductase and an
unannotated M. polymorpha gene (support value 0.9593). This is a sister group to a
poorly supported branch (support value 0.2886) containing two groups: one group

contains a S. cerevisiae NADH:quinone reductase and an A. thaliana gene, and the
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other group contains a branch with two S. cerevisiae alcohol dehydrogenases and a
C. elegans gene (support value 0.7753), and a branch with a M. polymorpha and an
A. thaliana gene sister to mammalian prostaglandin reductases (support value
0.9999). | conclude that this clade, which is sister to the RADS8/CEQORH clade,
contains a number of genes encoding enzymes which have similar protein

sequences and activities to RTN4IP1 such as quinone oxidoreductases.

This analysis shows that a variety of RAD8 homologues are present in different
eukaryotes, with enzymatic activities similar to that of RAD8 (oxidoreductases, and in
some cases NADPH oxidoreductases). Mp3g19030 (MpRADS) is found in a sister
group to a monophyletic group containing the RAD8/RTN4IP1 genes from C.
elegans, H. sapiens and M. musculus, so these genes had a recent common
ancestor. Because Mp3g19030 is the most closely related gene to RADS8/RTN4IP1
in the M. polymorpha genome and because of the topology of the RAD8/RTN4IP1

gene tree, | shall refer to it as MpRADS.
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Fig. 5.2. Phylogenetic analysis of the RAD8 protein. A phylogenetic tree (rooted with Yim7p from S. cerevisiae) of a maximum likelihood analysis by
PhyML 3.0 using an estimated gamma distribution parameter, the LG model of amino acid substitution and a non-parametric approximate likelihood
ratio test based on a Shimodaira-Hasegawa-like procedure to calculate branch support values (Guindon et al., 2010). Stars represent H. sapiens
RTN4IP1 and M. polymorpha Mp3g0190s0 (MpRADS). Genes in bold are those annotated as the closest homologues of H. sapiens RTN4IP1.
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5.4.3. Nineteen Mprad8 putative loss-of-function mutants were generated using

CRISPR-Cas9 mutagenesis

Mptar2, Mptard, and Mptar6 each have candidate TXTA-resistance-conferring SNPs
in conserved residues in MpRADS (Fig. 5.1). These SNPs are likely to cause strong
loss-of-function, so | hypothesised that loss-of-function of MpRADS8 would confer
resistance to TXTA. To test this hypothesis, | generated Mprad8 mutants using
CRISPR-Cas9 mutagenesis. | designed a guide RNA (sgRNA 1) at the beginning of
the gene to induce frameshifts leading to strong loss-of-function (Fig. 5.3). | also
designed 2 guide RNAs (sgRNA 2 and sgRNA 3) to target the regions of the gene
mutated in Mptar2, Mptar4d, and Mptar6 to try and replicate the putative strong loss-
of-function mutations in these lines (Fig. 5.3). The guide RNAs were cloned into
vectors containing the Cas9 coding sequence and transformed into A. tumefaciens
(Fig. 5.4). Wild-type M. polymorpha spores (from a cross between Tak-1 and Tak-2)
were transformed with the A. tumefaciens strains carrying the CRISPR-Cas9
constructs, and positive transformants were selected for and genotyped. In total, 19
Mprad8 mutants were generated with mutations around sgRNA 1, sgRNA 2 and
sgRNA 3 (Table 5.2, Fig. 5.5). | predicted the protein sequence of Mprad8 in each
Mprad8 mutant line based on the mutations induced by the CRISPR-Cas9 complex
(Fig. 5.5). | found 5 mutants with predicted indels fewer than 15 amino acids in frame
(Mprad8©&158, Mprad8CE""", Mprad8CE'57, Mprad8©&153% Mprad8©E1536), which |
classed as putative weak loss-of-function. The remaining 14 mutants had predicted
frameshifts or early truncations; | classed these as putative strong loss-of-function.
However, since the function of the RADS8 protein was not tested in these lines, the

mutations are only predicted to cause loss-of-function.
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Fig. 5.3. Regions of the MpRADS8 gene targeted by sgRNAs. Coding sequences are annotated
in yellow, sgRNA binding sites are annotated in green, and the mutations in the MpRADS8 gene in

Mptar2, Mptar4 and Mptar6 are annotated with orange arrows.
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Fig. 5.4. CRISPR-Cas9 vectors used to generate mutations in MpRAD8 and their mutation
efficiencies. Vectors used to generate (A) Mprad8©®t'52 — Mprad8©E1554 (B) Mprad8©&82,
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Line gRNA Mutation
Mprad8CE152 1 1 bp deletion
Mprad8CE1%4 1 4 bp deletion
Mprad8CE1%8 1 9 bp deletion
Mprad8CE1511 1 9 bp deletion
Mprad8CE1512 1 5 bp substitution
Mprad8CE1517 1 3 bp deletion
Mprad8CE1518 1 17 bp deletion
Mprad8CE151® 1 too large to determine
Mprad8CE1523 1 1 bp insertion, 4 bp substitution
Mprad8CE1535 1 21 bp insertion
Mprad8CE1536 1 11 bp insertion, 5 bp deletion
Mprad8CE1537 1 4 bp deletion

2 6 bp insertion, 1bp substitution, 4 bp deletion
Mprad8©E1538 1 too large to determine
Mprad8CE1539 1 1 bp deletion

2 3 bp deletion
Mprad8CE1546 1 1 bp deletion
Mprad8CE1549 1 8 bp deletion, 23 bp insertion
Mprad8CE1552 2 1 bp insertion
Mprad8CE15%4 1 too large to determine
Mprad8CE®? 3 2 bp deletion

Table 5.2. List of Mprad8 lines and the mutations present in their MpRADS8 gene. Mprad8
lines were generated using CRISPR-Cas9 mutagenesis to target the MpRADS8 gene. Wild-type
spores (from a cross between Tak-1 and Tak-2) were transformed with Agrobacterium
tumefaciens strains carrying the vector containing the Cas9 gene and guide RNAs to target
MpRADS. Positive transformants were genotyped using Sanger sequencing to determine the
mutations induced by the CRISPR-Cas9 complex.
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MpradBGE1538 __________________________________________________________________________________
MpradBGE1554 __________________________________________________________________________________
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Mprad8®t'%%® GTGGAGAAATTTCA-———————— GTGGGGAGTGGAGTCAGGCAATTGCA
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C MpRAD8 CGGCCATTACCTCACTTTGCAGGTAATGGAAACATTCAAA
Mprad8®5? CGGCCATTACCTCAC--TGCAGGTAATGGAAA--——————

MpRAD & |7 LQ-mmmmmmmmmmmem
Mpradg®e62 LTAGNGNIQSVYAKQNNVYNSRSNTPQQARDLLLALFRKDQFRTFVEYYEGRQHRADYKK IQETGLNVRERNPSTV

Fig. 5.5. Predicted nucleotide and protein sequences of MpRAD8 and MpRADS in Mprad8 loss-of-function
lines. Mprad8 lines were generated using CRISPR-Cas9 mutagenesis to target the MpRADS8 gene. Wild-type spores
(from a cross between Tak-1 and Tak-2) were transformed with Agrobacterium tumefaciens strains carrying the vector
containing the Cas9 gene and (A) sgRNA 1 (B) sgRNA 2 or (C) sgRNA 3 targeting MpRADS. Positive transformants
were genotyped using Sanger sequencing to determine the mutations induced by the CRISPR-Cas9 complex.
Predicted protein sequences were determined based on the mutations in each line. Nucleotide or protein sequences
were aligned via the L-INS-i strategy using MAFFT version 7. The top rows in (A), (B) and (C) is the reference
MpRADS nucleotide or MpRADS protein sequence (MpTak1v6.1). Protein sequences for Mprad8©t'5'®, Mprad8®&1538,
and Mprad8©®E'5% could not be determined as the mutation in their nucleotide sequences were too large to align
reliably to the reference genome. Lines highlighted in green are resistant to TXTA with respect to Tak-1 and Tak-2.
The amino acid highlighted in blue is that mutated in Mptar2; the amino acid highlighted in red is that mutated in
Mptard; the amino acid highlighted in purple is that mutated in Mptar6.
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5.4.4. Predicted strong loss-of-function of MpRADS8 confers resistance to TXTA

To test if the Mprad8 lines are resistant to TXTA, | grew gemmae from the wild-type
lines Tak-1 and Tak-2 and from the 19 Mprad8 lines on solid %2 Gamborg medium
supplemented with 5 yM TXTA, a dose at which wild-type lines die or grow very little.
| also grew on 5 yM TXTA gemmae from 4 lines which were transformed with one of
the two CRISPR constructs targeting MpRADS8 but in which the construct had not
induced a mutation in the MpRADS8 gene; these lines therefore have a wild-type copy
of MpRADS8 and were included as further controls (MpRAD8'>', MpRAD&8"5%3,
MpRAD8%'* MpRAD8%'®, MpRAD®8®%6). After 12 days of growth on 5 uM TXTA, |
quantified the lateral area of living gemmaling tissue (Fig. 5.6). Since only living
tissue was measured, for dead gemmalings the gemmaling area is quantified as zero
although the actual area is greater than zero. | found that 11 out of 19 Mprad8 lines
grew significantly larger than Tak-1 (the more resistant wild-type line) on 5 yM TXTA
(Mprad8GE152, Mprad8GE154, Mprad8GE1518, Mprad8GE1519, Mprad8GE1523, Mprad8GE1537,
Mprad8CE153°, Mprad8CE1546, Mprad8©CE1°49, Mprad8©E'%52, Mprad8©E®?) (Fig. 5.6).
Another line (Mprad8©®E15%4) grew observably larger than Tak-1, although this
difference was not significant (Fig. 5.6). These data suggest that mutations in

MpRADS8 can confer resistance to TXTA.

| used the predicted protein sequences of each Mprad8 line to determine whether
the nature of the mutation in MpRADS8 affects the degree of TXTA resistance. | found
that 12 of the 14 putative strong loss-of-function Mprad8 lines are TXTA-resistant (all
except Mprad8CE'512 and Mprad8©E'5%8), and all 5 of the putative weak loss-of-
function Mprad8 lines are TXTA-sensitive (Fig. 5.6). Based on these data, | conclude

that loss-of-function of MpRADS confers resistance to TXTA.
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To determine if loss-of-function of MpRADS8 affects growth rate in control conditions,
| also grew gemmae from Tak-1 and Tak-2 (wild-type lines) and each of the 21
Mprad8 lines on solid Y2 Gamborg medium supplemented with 0.1 % DMSO (the
final concentration of DMSO found in TXTA-supplemented media). After 12 days of
growth | quantified the lateral area of living tissue of gemmalings (Fig. 5.7). | found
that wild-type lines (Tak-1 and Tak-2) and most of the putative weak loss-of-function
lines grew larger than the putative strong loss-of-function lines (Fig. 5.7). These data
demonstrate that loss-of-function of MpRADS is likely to cause decreased growth in

control conditions.

Two of the 14 putative strong loss-of-function lines — Mprad8©¢&'52 and Mprad8©E1538
— were sensitive to TXTA (Fig. 5.6). Mprad8©F'5'2 has a predicted early stop codon,
and Mprad8©E'538 has a large indel which | was unable to align with the reference
genomic sequence so its predicted protein sequence is uncertain but likely
significantly different to the reference sequence (Fig. 5.5). These lines therefore
have two of the strongest mutations affecting their MpRADS protein; given my finding
that loss-of-function of MpRADS8 confers TXTA resistance, | would have expected
these lines to be strongly resistant to TXTA. However, | have also shown that loss-
of-function of MpRADS is likely to cause decreased growth rate in control conditions.
Accordingly, both lines grow significantly smaller than either wild-type line in control
conditions (Fig. 5.7). | hypothesise Mprad8©&1512 and Mprad8©E'%%8 incur such a large
fithess cost due to the very strong mutations in their MpRADS that they are unable to
grow well in any condition, including on TXTA, and that this may be the reason for

their apparent sensitivity to TXTA at this dose.
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Fig. 5.6. Growth of Mprad8 mutant lines on TXTA. 19 Mprad8 lines were generated using CRISPR-Cas9 mutagenesis to target the MpRADS8 gene. Gemmae from
these lines were plated onto solid 72 Gamborg medium supplemented with 5uM TXTA, and grown for 12 days (n=1-3). The lateral area of living gemmaling tissue was
determined using a Berthold Nightowl! Il LB 983 In Vivo Imaging System. Since only living tissue was measured, for dead gemmalings the gemmaling area is quantified
as zero although the actual area is greater than zero. Red tick marks mark lines with a wild-type copy of MpRADS, orange tick marks represent putative weak loss-of-
function lines (in frame mutations affecting fewer than 15 amino acids). Stars represent the level of significance of the difference between mutant and control lines
(Tak-1 in red and Tak-2 in green) as determined by Student’s t-tests: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Error bars are + standard deviation.
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Fig. 5.7. Growth of Mprad8 mutant lines in control conditions. 19 Mprad8 lines were generated using CRISPR-Cas9 mutagenesis to target the MpRADS8 gene.
Gemmae from these lines were plated onto solid %2 Gamborg medium supplemented with 0.1 % DMSO, and grown for 12 days (n=1-3). The lateral area of living
gemmaling tissue was determined using a Berthold Nightowl! Il LB 983 In Vivo Imaging System. Red tick marks mark lines with a wild-type copy of MpRADS, orange
tick marks represent putative weak loss-of-function lines (in frame mutations affecting fewer than 15 amino acids). Stars represent the level of significance of the
difference between mutant and control lines (Tak-1 in red and Tak-2 in green) as determined by Student’s t-tests: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Error bars
are * standard deviation.
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5.4.5. Mprad8 mutant lines are up to 9 times more resistant to TXTA than Tak-2

To quantify the dose-dependent TXTA resistance of Mprad8 lines, | grew gemmae
from Tak-1 and Tak-2 (wild-type lines) and two independent TXTA-resistant Mprad8
mutant lines (Mprad8©E'5'® and Mprad8©®E'%4%) on solid %2 Gamborg medium
supplemented with different doses of TXTA. After 12 days of growth, | quantified the
lateral area of living gemmaling tissue (Fig. 5.8, Fig. 5.9). Since only living tissue was
measured, for dead gemmalings the gemmaling area is quantified as zero although
the actual area is greater than zero (Fig. 5.8). | used three parameters to quantify the
resistance of Mprad8 lines; ICso (the concentration of TXTA at which the lateral area
of gemmalings is reduced by 50 %), LD1oo (lethal dose; dose of TXTA at which there
is no surviving gemmaling tissue), and RI (resistance index; comparison of wild-type
and mutant ICso). | found that the ICso and LD1oo of both Mprad8 mutant lines was
significantly higher than either wild-type line (Table 5.3). The ratio between the 1Cso
values of mutant and wild-type gives the Resistance Index (RI); | used the ICso of
Tak-2 to calculate the most conservative estimate of Rl of each Mprad8 line. | found
that Mprad8©E'51® and Mprad8©E'%4° are at least 9 times and 4 times more resistant

to TXTA than wild-type respectively (Table 5.3).

Genotype ICs0 (NM) LD1o0 (M) RI
Tak-1 186 + 33 5 -
Tak-2 304 + 39 5 -
Mprad8©E1518 2760 + 824 >10 9.1
Mprad8CE1549 1241 £ 676 >10 4.1

Table 5.3. Quantification of TXTA resistance of two independent Mprad8 lines.
Gemmae from Tak-1, Tak-2, Mprad8©t'518, and Mprad8©E'54° were grown on solid
Y2 Gamborg medium supplemented with different doses of TXTA. After 12 days of
growth the lateral area of living gemmaling tissue was quantified using a Berthold
Nightowl Il LB 983 In Vivo Imaging System. ICso was calculated by fitting a four-
parameter log-logistic dose-response curve to the data using the drc package in R.
LD100 is the lowest concentration at which living gemmaling area of all replicates
was 0. Rl was calculated as the ratio between Mprad8 and Tak-2 I1Cso.
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Fig. 5.8. Gemmalings from wild-type and Mprad8 mutant lines grown on TXTA.
Gemmae from wild-type (Tak-1 and Tak-2) and 2 independent Mprad8 predicted loss-of-
function lines (Mprad8©®E'5'8 and Mprad8©E'54%) were grown on solid %2 Gamborg medium
supplemented with 5 yM TXTA or 0.1 % DMSO for 12 days. Gemmalings were imaged
with a Keyence VHX-7000. Scale bars represent 2 mm.
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Fig. 5.9. Dose-response curve of wild-type and Mprad8 mutant lines on TXTA.
Gemmae from wild-type (Tak-1 and Tak-2) and 2 independent Mprad8 predicted loss-of-
function lines (Mprad8©®E'5'8 and Mprad8©E'54%) were grown on solid %2 Gamborg medium
supplemented with different concentrations of TXTA for 12 days. Gemmalings were
imaged using a Berthold Nightow! Il LB 983 In Vivo Imaging System which detects
chlorophyll autofluorescence (560nm). The lateral area of autofluorescing (living) tissue
was determined after 14 days of growth using the indiGo™ software package and plotted
using the ggplot2 package in R. Since only living tissue was measured, for dead
gemmalings the gemmaling area is quantified as zero although the actual area is greater
than zero. The fitted curve was calculated using the four-parameter log-logistic equation
included in the drc package in R. Error bars represent + standard deviation (n = 3).
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5.4.6. Mprad8 mutant lines are cross-resistant to the herbicides isoxaben and

chlorsulfuron

| found that predicted loss-of-function mutations in MpRADS8 confer NTSR to the
herbicide TXTA. Mechanisms of NTSR can lead to herbicide cross-resistance. To
determine if loss-of-function of MpRADS8 confers herbicide cross-resistance, |
assayed the resistance of Mprad8 mutant lines to the herbicides isoxaben,
dichlobenil, chlorsulfuron, and 2,4-D. TXTA and isoxaben are classed as group 1
cellulose biosynthesis inhibitors, dichlobenil is a group Il cellulose biosynthesis

inhibitor, chlorsulfuron is an AHAS inhibitor, and 2,4-D is an auxin mimic.

To quantify the dose-dependent effect of these herbicides on wild-type and Mprad8
mutant lines, | grew gemmae from the wild-type lines Tak-1 and Tak-2 and from 2
independent Mprad8 predicted loss-of-function lines (Mprad8®t'%'8 and
Mprad8©E'%49) on solid %2 Gamborg medium supplemented with different doses of the
herbicides. After 10 days of growth, | measured the lateral area of living gemmaling
tissue (Fig. 5.10). Since only living tissue was measured, for dead gemmalings the
gemmaling area is quantified as zero although the actual area is greater than zero. |
calculated ICso, LD10o, and RI for wild-type and Mprad8 mutant lines from the

resulting dose-response curves (Fig. 5.10).

| found that Mprad8 mutant lines are significantly resistant to isoxaben (Fig. 5.10A).
Mprad8CE'518 has an RI of 4.22 and Mprad8©E'%4° has an RI of 3.94 on isoxaben.
The error margins of the 1Cso values are too high for these values alone to be
reliable, but both Mprad8 mutant lines also have a significantly higher LD1go than

wild-type, surviving at a concentration of 20 yM isoxaben which is lethal to Tak-1 and
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Tak-2. Taken together, these data demonstrate that predicted loss-of-function of

MpRADS confers resistance to isoxaben.

| also found that Mprad8 mutant lines are slightly resistant to chlorsulfuron (Fig.
5.10C). Mprad8©®E'%18 has an RI of 1.88 and Mprad8©&'54° has an Rl of 1.51 on
chlorsulfuron; the error margins of the 1Cso values do not overlap between mutant
and wild-type lines, so although these RI values are low they are significant.
Furthermore, Mprad8©E'5'8 survives on 33 nM chlorsulfuron, which is lethal to wild-
type lines. Predicted loss-of-function of MpRADS therefore confers a slight but

significant resistance to chlorsulfuron.

Mprad8 mutant lines are not resistant to dichlobenil (Fig. 5.10B). Although the RI
values for Mprad8Ct'%'8 and Mprad8©&154° on dichlobenil are 2.41 and 1.64
respectively, the error margins of the ICso values are too large for these values to be
significant, and neither line has a higher LD1o0 than Tak-1; both Mprad8®E'%'8 and

Mprad8©E154° are therefore not significantly resistant to dichlobenil (Fig. 5.10B).

Mprad8 mutant lines are also not significantly resistant to 2,4-D (Fig. 5.10D); the RI
values for Mprad8Ct'%'8 and Mprad8©&154° on 2,4-D are 0.326 and 0.558
respectively, suggesting that the lines are sensitive to 2,4-D, however the error
margins of the 1Cso values are too high for the Rl values to be significant. Neither
Mprad8 loss-of-function line has a higher LD1qo than wild-type lines on 2,4-D;
Mprad8©®E1518 has a significantly lower LD1go as it cannot survive on 10 uM 2,4-D

whereas both Tak-1 and Tak-2 survive at this dose (Fig. 5.10D).

Overall, these data show that predicted loss-of-function of Mprad8 confers cross-

resistance to isoxaben and chlorsulfuron, but not to dichlobenil or 2,4-D (Fig. 5.10).
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Fig. 5.10. Quantification of cross-resistance of Mprad8©t'5'® and Mprad8®E'54°, Wild-type (Tak-1 and Tak-
2) and 2 independent Mprad8 loss-of-function lines (Mprad8©E'5'® and Mprad8®E'54%) were grown on solid %2
Gamborg medium supplemented with different concentrations of the herbicides (A) isoxaben, (B) dichlobenil,
(C) chlorsulfuron, or (D) 2,4-D for 10 days. Gemmalings were imaged using a Berthold Nightowl 11 LB 983 In
Vivo Imaging System which detects chlorophyll autofluorescence (560 nm). The lateral area of autofluorescing
(living) tissue was determined after 10 days of growth using the indiGo™ software package and plotted using
the ggplot2 package in R. Since only living tissue was measured, for dead gemmalings the gemmaling area is
quantified as zero although the actual area is greater than zero The fitted curves and 1Cso were calculated
using the four-parameter log-logistic equation included in the drc package in R. Error bars represent +
standard deviation (n = 3). LD10o is the lowest concentration at which living gemmaling area of all replicates
was 0. Rl was calculated as the ratio between Mprad8 and the wild-type line with the highest ICso on that
herbicide. 185



5.4.7. Mptar2 and Mptar4 are cross-resistant to isoxaben but not chlorsulfuron

To confirm the finding that loss-of-function of MpRADS confers cross-resistance to
isoxaben and chlorsulfuron, | quantified the resistance to chlorsulfuron and isoxaben
of the three TXTA-resistant UV-B lines with a mutation in MpRADS8 (Mptar2, Mptar4
and Mptar6). In Chapter 3, based on their LD100, | found that Mptar2, Mptar4 and
Mptar6 are significantly resistant to isoxaben, but that Mptar2 and Mptar4 are
sensitive to chlorsulfuron (Fig. 3.12). Mptar6 is resistant to chlorsulfuron: the
sequencing of the Mptar6 genome revealed that there is a mutation in Mptar6 in the
gene encoding the target site of chlorsulfuron (MpAHAS) (Table S4.2). This may be
conferring a degree of target site resistance. Quantifying resistance by LD1qo alone
may not have been sufficient to identify cross-resistance: for example, the LD1oo of
Mprad8CE'549 on chlorsulfuron is the same as that of Tak-1 and Tak-2, but its ICso
and RI are significantly higher (Fig. 5.10). To assay the cross-resistance of Mptar2,
Mptard and Mptar6 more comprehensively, | grew gemmae from these lines on solid
Y2 Gamborg medium supplemented with different doses of isoxaben or chlorsulfuron.
After 10 days of growth, | measured the lateral area of living gemmaling tissue (Fig.
5.11). Since only living tissue was measured, for dead gemmalings the gemmaling
area is quantified as zero although the actual area is greater than zero. | calculated
ICs0, LD100, and RI for wild-type and Mptar lines from the resulting dose-response

curves (Fig. 5.11).

| found that Mptar2, Mptar4 and Mptar6 are significantly resistant to isoxaben, with
Rls of 5.64, 3.53, and 3.17 respectively, and a LD1oo greater than those of either
Tak-1 or Tak-2 (Fig. 5.11). This corroborates my findings that Mprad8 loss-of-

function lines generated by CRISPR-Cas9 mutagenesis are resistant to isoxaben.
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However, | found that Mptar2 and Mptar4 are sensitive to chlorsulfuron; the Rl of
Mptar2 is 1.11 and that of Mptar4 is 0.89, but the 1Cso value error margins overlap
with those of wild-type lines, so these RI values are not significantly different than
those of wild-type lines (Fig. 5.11). The LD1oo of both Mptar2 and Mptar4 is the same
as wild-type lines (33 nM) (Fig. 5.11). Mptar6 is significantly resistant to
chlorsulfuron, with an Rl of 2.04 and an LD1g0 of 100 nM (Fig. 5.11). However, this is
likely due to its mutation in MpAHAS rather than its mutation in MpRADS8. Mptar6
therefore cannot be used to make inferences about the effect of a mutation in
MpRADS8 on resistance to chlorsulfuron. These data show that in Mptar2 and Mptar4,
a mutation in MpRADS8 which leads to TXTA resistance does not confer cross-

resistance to chlorsulfuron.
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Fig. 5.11. Quantification of cross-resistance of Mptar2, Mptard and Mptar6. Gemmae from wild-type (Tak-
1 and Tak-2) and Mptar lines (Mptar2, Mptar4, and Mptar6) were grown on solid %2 Gamborg medium
supplemented with different concentrations of (A) isoxaben or (B) chlorsulfuron for 10 days. Gemmalings were
imaged using a Berthold Nightow! Il LB 983 In Vivo Imaging System which detects chlorophyll
autofluorescence (560 nm). The lateral area of autofluorescing (living) tissue was determined after 10 days of
growth using the indiGo™ software package and plotted using the ggplot2 package in R. Since only living
tissue was measured, for dead gemmalings the gemmaling area is quantified as zero although the actual area
is greater than zero. The fitted curves and ICso were calculated using the four-parameter log-logistic equation
included in the drc package in R. Error bars represent + standard deviation (n = 3). LD1oo is the lowest
concentration at which living gemmaling area of all replicates was 0. Rl was calculated as the ratio between
Mprad8 and the wild-type line with the highest ICso on that herbicide.
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5.4.8. Loss-of-function of MpRADS results in an increased concentration of

reactive oxygen species (ROS) in thallus tissue

Since rad8 mutants in C. elegans and mouse myoblast cells overproduce ROS (Fujii
et al.,, 2011, Park et al., 2021), | hypothesised that Mprad8 lines also produce more
ROS than wild-type. To measure the concentration of ROS in wild-type (Tak-1 and
Tak-2) and 2 independent Mprad8 predicted loss-of-function lines (Mprad8©t'%'8 and
Mprad8©E1549), | stained 12-day old gemmalings with 3,3’-diaminobenzidine (DAB),
which forms a brown precipitate upon reaction with hydrogen peroxide (H202), one
form of ROS. | bleached the stained samples to remove chlorophyll (Fig. 5.12). The
amount of brown precipitate is proportional to the concentration of H20- in each
sample. Both Mprad8 mutant lines are visibly darker than the two wild-type lines,

indicating a higher concentration of H20> in their thalli (Fig. 5.12).

To quantify tissue levels of ROS, | used a modified ferric-xylenol orange (FOX)
assay (Li, 2019). This assay measures various forms of ROS, including H-02 and
lipid hydroperoxides (Gay et al., 1999). In acid conditions, Fe?* is oxidised to Fe** by
ROS; upon the addition of xylenol orange (XO), a purple Fe3*-XO complex forms
which absorbs at 560nm (Wolff, 1994). The more ROS in the initial sample, the
higher the concentration of Fe**-XO and the greater the absorbance. Using this
assay, | measured the concentration of ROS in 12 day old wild-type gemmalings
(Tak-1 and Tak-2) and two independent Mprad8 mutant lines (Mprad8©&15'® and
Mprad8CE'549). Both Mprad8 lines had significantly higher concentrations of ROS
than wild-type (Fig. 5.13). Given that adding exogenous H20> confers TXTA
resistance to A. thaliana cells in culture (Awwad et al., 2019), the increased

concentration of ROS in Mprad8 lines may be the basis of their TXTA resistance.
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Fig. 5.12. DAB staining of wild-type lines (Tak-1 and Tak-2) and Mprad8 mutant lines
(Mprad8CE1518 and Mpradg®t'5+). 12-day old gemmalings were stained with 3,3'-
diaminobenzidine (DAB), which forms a brown precipitate upon reaction with hydrogen
peroxide (H202), a form of ROS. Stained plants were bleached to remove chlorophyll from
their tissues and imaged with a Keyence VHX-7000. Scale bars represent 500 ym.

(A) Tak-1 (no DAB) (B) Tak-1 (C) Tak-2 (D) Mprad8©E'%'® (E) Mprad8©E154°
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Fig. 5.13. Concentration of ROS as determined by FOX assay in wild-type and Mprad8 mutant
lines. The concentration of ROS in 12-day old gemmalings from wild-type lines (Tak-1 and Tak-2) as
well as Mprad8©E'5'® and Mprad8©E'%*° was determined by homogenising frozen samples in
perchloric acid, followed by incubation with ferric xylenol-orange (FOX) and measurement of
absorbance at 560 nm using an Ultrospec 3100 pro spectrophotometer. The absorbance readings
were converted to concentration of ROS using a calibration curve. Stars represent the level of
significance of the difference between mutant and control lines (Tak-1 in red and Tak-2 in green) as
determined by Student’s t-tests: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Error bars represent +
standard deviation (n=3).
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5.4.9. Mptar1, Mptar3, and Mptar8 mutant lines — which have mutations in a
peroxidase, MpPSBP, and MpPSAD respectively — accumulate higher cellular

ROS levels than wild-type

The 3 Mptar lines with mutations in MpRADS8 (Mptar2, Mptar4, and Mptar6) and 4
other Mptar lines have candidate resistance-conferring SNPs in genes which when
dysfunctional are predicted to cause increased ROS (Chapter 4). Mptar1 has a
mutation in a peroxidase (Mp6g13550), Mptar3 has a mutation in MpPSBP
(Mp8g10040), Mptar7 has a mutation in a gene containing a TIM44-like domain

(Mp3g01110), and Mptar8 has a mutation in MpPSAD (Mp5g04200).

To determine whether these lines exhibit a change in cellular ROS levels, | carried
out a FOX assay and calculated the concentration of ROS in 12-day old thallus
tissue from wild-type lines (Tak-1 and Tak-2), Mptar1, Mptar3, and Mptar8. | found
increased concentration of ROS in the tissues of the Mptar lines with respect to wild-
type lines (Fig. 5.14). ROS levels are therefore higher in Mptar1, Mptar3, and Mptar8
than in wild-type lines. These data support the hypothesis that increased ROS may
be the basis of TXTA resistance not only in Mprad8 lines (Mptar2, Mptar4, and

Mptar6) but also in several other Mptar lines (Mptar1, Mptar3, and Mptar8).
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Fig. 5.14. Concentration of ROS as determined by FOX assay in wild-type and Mptar mutant
lines. The concentration of ROS in 12 day old gemmalings from wild-type lines (Tak-1 and Tak-2)
as well as Mptar1, Mptar3 and Mptar8 was determined by homogenising frozen samples in
perchloric acid, followed by incubation with ferric xylenol-orange (FOX) and measurement of
absorbance at 560 nm using an Ultrospec 3100 pro spectrophotometer. The absorbance readings
were converted to concentration of ROS using a calibration curve. Stars represent the level of
significance of the difference between mutant and control lines (Tak-1 in red and Tak-2 in green) as
determined by Student’s t-tests: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Error bars represent
standard deviation (n=3).
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5.4.10. Mprad8 predicted loss-of-function lines are sensitive to ROS

Mprad8 mutant lines with predicted loss-of-function mutations in MpRADS8
overproduce ROS (Fig. 5.13). ROS are involved in cellular signalling at low
concentrations but are toxic at high concentrations (Auten and Davis, 2009, Dietz et
al., 2016). | hypothesised that Mprad8 mutant lines would be more sensitive than

wild-type plants to toxic levels of ROS because of their higher baseline ROS levels.

To determine the dose-dependent toxic effect of ROS on wild-type and Mprad8
mutant lines, | grew gemmae from wild-type lines (Tak-1 and Tak-2) and Mprad8
mutant lines (Mprad8©E'5'® and Mprad8©®E'%4%) on solid %2 Gamborg medium
supplemented with different concentrations of H202. After 10 days of growth, |
quantified the lateral area of living gemmaling tissue (Fig. 5.15). Since only living
tissue was measured, for dead gemmalings the gemmaling area is quantified as zero
although the actual area is greater than zero. | calculated the ICso, LD10o and RI of
each line (Fig. 5.15); | used the ICso of Tak-1 to calculate the most conservative

estimate of Rl as Tak-1 is more sensitive to H2O2 than Tak-2.

| found that Mprad8 mutant lines are more sensitive to H2O» than wild-type lines. The
RI values of Mprad8CE'5® and Mprad8©E'154° were 0.64 and 0.88 respectively,
demonstrating that these lines are more sensitive to H2O2 than Tak-1, the more
sensitive wild-type line (Fig. 5.15). The RI value of Mprad8©E'%'8 is significant,
therefore Mprad8©E'%8 is more sensitive to H20- than wild-type. The error margins
are too large for the RI value of Mprad8©E'% to be significant: however, the LD1oo of
Mprad8CE'%49 is lower than either wild-type line (Fig. 5.15). Together, these data
demonstrate that Mprad8 predicted loss-of-function lines are more sensitive to H2O2

than wild-type lines.
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Fig. 5.15. Quantification of dose-dependent toxicity of H202 on wild-type and
Mprad8 loss-of-function lines. Gemmae from wild-type (Tak-1 and Tak-2) and 2
independent Mprad8 loss-of-function lines (Mprad8©t'%'8 and Mprad8©E'54°%) were
grown on solid %2 Gamborg medium supplemented with different concentrations of
H20: for 10 days. Gemmalings were imaged using a Berthold Nightow! Il LB 983 In
Vivo Imaging System which detects chlorophyll autofluorescence (560 nm). The lateral
area of autofluorescing (living) tissue was determined after 14 days of growth using
the indiGo™ software package and plotted using the ggplot2 package in R. Since only
living tissue was measured, for dead gemmalings the gemmaling area is quantified as
zero although the actual area is greater than zero. The fitted curves and ICso were
calculated using the four-parameter log-logistic equation included in the drc package in
R. Error bars represent + standard deviation (n = 3). LD10o is the lowest concentration
at which living gemmaling area of all replicates was 0. Rl was calculated as the ratio
between Mprad8 lines and Tak-1 1Cso.
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5.4.11. ROS and TXTA have antagonistic effects in vivo

Mprad8 predicted loss-of-function lines and at least three TXTA-resistant UV-B
mutagenesis lines (Mptar1, Mptar3, and Mptar8) over-accumulate ROS compared to
wild-type lines (Fig. 5.13, Fig. 5.14). In A. thaliana, adding exogenous H20: to cells
in culture increases their resistance to TXTA (Awwad et al., 2019). | therefore
hypothesised that the increased ROS in Mprad8 lines and in Mptar1, Mptar3, and

Mptar8 may be the basis of their TXTA resistance.

To determine whether increased ROS can confer resistance to TXTA in M.
polymorpha, | pre-treated wild-type (Tak-1) M. polymorpha gemmae with different
concentrations of H20> for 3 hours. | grew H2O2-pretreated and untreated gemmae
on solid 2 Gamborg medium supplemented with 0.1 % DMSO only or 100 nM TXTA
as well as the concentration of H202 applied during pretreatment for 12 days. After
12 days of growth, | quantified the lateral area of living gemmaling tissue (Fig. 5.16).
Since only living tissue was measured, for dead gemmalings the gemmaling area is

quantified as zero although the actual area is greater than zero.

The doses of H20: pretreatment | chose spanned the entire range of the dose-
dependent effect H202 exerts on M. polymorpha (Fig. 5.15). Gemmalings grown
without TXTA (blue boxes) show no significant decrease in growth when pretreated
with 100 nM H20>, but are significantly smaller when pretreated with 1000 nM H20x,

and die at 3333 nM H20..

Without H202 pretreatment, gemmalings grown on 100 nM TXTA are significantly
smaller than those grown in control conditions (Fig. 5.16). Similarly, with a H20-
pretreatment of 100 nM, gemmalings grown on 100 nM TXTA are significantly

smaller than those grown on DMSO (Fig. 5.16). However, with a H2O- pretreatment
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of 1000 nM, plants grown on TXTA grow significantly larger than plants grown
without TXTA (Fig. 5.16). This suggests that TXTA confers resistance to H20: at this

concentration.

Overall, | could not conclude that ROS conferred resistance to TXTA, as no plants
pre-treated with H2O2 and grown on 100 nM TXTA grew significantly larger than
plants grown on 100 nM TXTA without H202 pretreatment (Fig. 5.16). However, the
finding that 100 nM TXTA can confer resistance to 1000 nM H202 suggests that

TXTA and H20:2 have antagonistic effects in the plant.
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Fig. 5.16. Box and whisker plots to show growth of H20.-treated and untreated Tak-
1 grown on DMSO or on TXTA. Tak-1 (wild-type) gemmae were pre-treated with
different concentrations of H2O> for 3 hours, then grown for 12 days on solid %2 Gamborg
medium supplemented with 0.1 % DMSO (0 nM TXTA — blue boxes) or 5 yM TXTA
(orange boxes) (n = 6). The line intersecting the boxes represents the median; the limits
of the boxes represent the lower and upper quartiles. Whiskers represent the largest and
smallest values within 1.5 x interquartile range from the upper and lower quartiles
respectively. Stars represent the level of significance of the difference between H>O-
treated and untreated plants (O nM TXTA in blue, 100 nM TXTA in orange), and between
TXTA-treated and untreated plants within each H202 pretreatment concentration (black)
as determined by Student’s t-tests: * = p < 0.05, ** =p < 0.01, *** = p < 0.001.
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5.4.12. Mprad8 predicted loss-of-function mutants produce less of the same

putative TXTA metabolite than wild-type

Mprad8 predicted loss-of-function lines are resistant to TXTA and accumulate higher
ROS levels than wild-type lines. Herbicides can be detoxified to less toxic
metabolites; Phase | of herbicide detoxification involves oxidation of the herbicide
(Edwards et al., 2011). | hypothesised that the increased ROS levels in Mprad8
mutant lines may lead to increased oxidation of TXTA to a less toxic form and that

this may underlie their resistance to TXTA.

To test this hypothesis, | undertook a metabolomic analysis to determine the
concentration of TXTA and chemically modified TXTA in the thallus tissue of the
wild-type line Tak-1 and the Mprad8 mutant line Mprad8©&'54° grown in the presence
of TXTA. | grew gemmae from Tak-1 and Mprad8©E'%° for 14 days on solid ¥z
Gamborg medium supplemented with 0.1 % DMSO. | then transferred plants from
each line to solid Y2 Gamborg medium supplemented with either 0.1 % DMSO
(control) or 5 uM TXTA and grew the plants in these conditions for 2 days. |
harvested TXTA-treated and untreated plants and extracted the TXTA-containing
fraction. The concentration of pure and modified TXTA in each sample was

quantified via LC-MS/MS (Fig. 5.17).

| found that both Tak-1 and Mprad8©E'54° have peaks with a retention time of 8.96
minutes; this peak corresponds to pure TXTA (Fig. 5.17). The intensity of the peak of
pure TXTA is high in both samples; the concentration of pure TXTA is not
significantly different between TXTA treated Tak-1 and TXTA treated Mprad8®E'54°

samples (p > 0.05) (Fig. 5.18 A).
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| also found that TXTA treated Tak-1 has a peak with a high relative intensity
corresponding to a compound with a retention time of 9.24 minutes (Fig 5.17). This
peak is present in TXTA treated Mprad8©E'54° but at a significantly lower intensity
corresponding to a significantly lower concentration in TXTA treated Mprad8CGE'549
than in TXTA treated Tak-1 plants (Fig. 5.18 B). The compound corresponding to this
peak has a molecular mass of 45 less than that of pure TXTA, so is likely to be a
metabolite of TXTA missing the nitro (NO2) group (Fig. 5.18 C). This compound is
not present in the TXTA stock used for the experiments nor is it present in DMSO-
treated samples of Tak-1 or Mprad8©®E'%4° (Fig. 5.18 B). | therefore conclude that
Tak-1 and Mprad8©E154° generate the same metabolite of TXTA, but that this
metabolite is produced to a lesser extent in Mprad8©E'%49 than in Tak-1. The
difference in concentration of this compound between Mprad8%E'%4° and Tak-1 may

therefore contribute to the basis of resistance in Mprad8©&1549,
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Fig. 5.17. Chromatograms of TXTA and its metabolite in Tak-1 and Mprad8cE154°
extracts. Gemmalings from each line were grown on solid Y2 Gamborg medium
supplemented with 0.1 % DMSO for 14 days, then transferred to solid %2 Gamborg
medium supplemented with 5 yM TXTA and grown for 2 days. Cellular fractions were
extracted from TXTA-treated (A) Tak-1 and (B) Mprad8®E'%*° (n = 6) and analysed via
LC-MS/MS.
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Fig. 5.18. Concentration of pure TXTA and of a predicted TXTA metabolite in Tak-1
and Mprad8CE154° plants. Gemmalings from each line were grown on solid %2 Gamborg
medium supplemented with 0.1 % DMSO for 14 days, then transferred to solid 2 Gamborg
medium supplemented with either 0.1 % DMSO or 5 yM TXTA and grown for 2 days.
Cellular fractions were extracted from each sample and the concentration of pure TXTA
and potential TXTA metabolites in each sample was determined by LC-MS/MS. Error bars
represent + standard deviation (n = 6). The level of significance between wild-type and
mutant plants was determined by Student’s t-tests.

(A) concentration of pure thaxtomin A

(B) concentration of predicted thaxtomin A metabolite with a retention time of 9.24 min

(C) chemical structure of thaxtomin A

(D) chemical structure of predicted thaxtomin A metabolite with a retention time of 9.24 min
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5.5. Discussion

In this chapter, | identified a novel mechanism of non-target site resistance to the
herbicide thaxtomin A involving loss-of-function of RADS8. | generated predicted loss-
of-function mutants of RAD8 in M. polymorpha and used these mutants to confirm
my hypothesis that loss-of-function of MpRADS8 confers resistance to TXTA as well

as to functionally characterise this mechanism of resistance.

| hypothesised that loss-of-function of MpRAD8 (Mp3g19030) conferred resistance to
TXTA based on my finding that 3 independent TXTA-resistant UV-B lines (Mptar2,
Mptar4, and Mptar6) had a candidate resistance conferring SNP in MpRADS8
(Chapter 4). In the current chapter, | found that the residues mutated in Mptar2,

Mptard, and Mptar6 are highly conserved across eukaryotes.

| also found that Mp3g19030 (MpRADS) is in a well-supported sister group to a
monophyletic group containing the RAD8/RTN4IP1 genes from H. sapiens, M.
musculus, and C. elegans, the three species in which RAD8 and its homologues
have been most studied. | therefore used the phenotypic analyses of rad8 mutants
from these species to inform the phenotypes | expected in Mprad8 mutants (such as
increased ROS) and conducted my functional characterisation of Mprad8 mutants

accordingly.

Using CRISPR-Cas9 mutagenesis, | generated 19 Mprad8 predicted loss-of-function
mutants. None of the mutants | generated had mutations in the residues mutated in
Mptar2, Mptard, or Mptar6, so | was not able to confirm my hypothesis that the SNPs
at these specific sites lead to strong loss-of-function of Mprad8. | generated 5
putative weak loss-of-function mutants (with mutations affecting fewer than 15 amino

acids in frame) and 14 putative strong loss-of-function mutants (with mutations
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affecting greater than 15 amino acids in frame, frameshifts, or truncations). Although
| did not measure the function of the MpRADS protein in these mutant lines, | found
that 12 of the 14 putative strong loss-of-function Mprad8 lines were resistant to
TXTA, and that all the putative weak loss-of-function Mprad8 lines were sensitive to
TXTA. | therefore concluded that predicted strong loss-of-function of Mprad8 confers
resistance to TXTA. This finding validates my novel approach of using forward
genetics in M. polymorpha to identify — and reverse genetics in M. polymorpha to

confirm — novel mechanisms of resistance.

Both putative strong loss-of-function Mprad8 lines which were sensitive to TXTA
(Mprad8©E1512 and Mprad8©E'5%8) had very strong mutations in their MpRADS8 genes
(an early truncation and a mutation too large to identify respectively). | therefore
reasoned that such strong mutations would induce a very high fitness cost, which
may explain their sensitivity to TXTA. | measured the resistance of Mprad8 lines with
respect to wild-type lines by growing them on a dose of TXTA with is lethal to Tak-2
and near-lethal to Tak-1 (5 uM), and classing Mprad8 lines which grew significantly
larger than both wild-type lines on this dose as resistant. However, in the case of
Mprad8CE'512 and Mprad8CE'538 it may be more informative to conduct a dose-
response curve on TXTA and calculate Rl compared to Tak-1 and Tak-2, as this
parameter of resistance takes into account differences in the growth of each line in

control conditions.

| tested the cross-resistance of two independent Mprad8 mutant lines — Mprad8©¢&1518
and Mprad8©E'%49 — and found that both were weakly resistant to the AHAS inhibitor
chlorsulfuron. However, the TXTA-resistant UV-B lines with mutations in Mprad8 —

Mptar2 and Mptard — are sensitive to chlorsulfuron. (Fig. 3.12). Mptar®6 is significantly
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resistant to chlorsulfuron, but has a mutation in the gene encoding the chlorsulfuron
target site (MpAHAS) which may confer a degree of target-site resistance
(Supplementary Table S4.2). Given that the resistance to chlorsulfuron of
Mprad8©E'%18 and Mprad8©E154° is weak (with Rl values of 1.51 and 1.88
respectively), | cannot conclude with certainty that loss-of-function of MpRADS8

confers cross-resistance to chlorsulfuron.

| found that Mprad8®E'5'® and Mprad8®E'54° as well as Mptar2, Mptar4 and Mptar6
are significantly resistant to isoxaben. Predicted loss-of-function of MpRADS8
therefore confers cross-resistance to isoxaben. TXTA and isoxaben are both classed
as a group | cellulose biosynthesis inhibitors based on the effects they exert on
cellulose synthase subunits at the plasma membrane (Tateno et al., 2016). Since
Mprad8 lines are resistant to TXTA and isoxaben but not dichlobenil, a group |l
cellulose biosynthesis inhibitor, it is possible that loss-of-function of MpRADS affects
the cell in a way which prevents the action of group | but not group Il cellulose

biosynthesis inhibitors.

Most of the putative weak loss-of-function lines grew larger than the putative strong
loss-of-function lines, suggesting that loss-of-function of MpRADS8 confers a fitness
cost. Most weeds with NTSR do not exhibit a fithess cost when grown without a
herbicide (Keshtkar et al., 2017, Wu et al., 2018): NTSR involving strong loss-of-
function of RADS8 could therefore be absent in the field. However, studying the
phenotypes of Mprad8 mutant lines is informative to understand what cellular

processes can be disrupted to confer resistance to TXTA.

| found that Mprad8 lines overproduce reactive oxygen species (ROS), as do at least

3 TXTA-resistant lines with mutations in other genes (MpPSBP, MpPSAD, and a
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peroxidase). This is consistent with observation from metazoans where ROS levels
were higher in rad8 mutants in C. elegans and M. musculus. | also found that
Mprad8 lines are sensitive to ROS in the form of H2O», suggesting that the increase
in cellular levels of ROS in Mprad8 lines is substantial enough to cause significant

susceptibility to toxic levels of ROS.

A study in A. thaliana found that pretreatment with exogenous H2O, at 1 mM for 3
hours increased the resistance of cells to TXTA (Awwad et al., 2019), so |
hypothesised that the significant increase in ROS observed in Mprad8 lines could
underly their resistance to TXTA. The same study found that TXTA decreased levels
of ROS in cells, and that TXTA-treated cells exhibited decreases in cell wall stiffness
as determined by atomic force microscopy. Treating cells with H2O> increased cell
wall stiffness, and cells pre-treated with H202 prior to TXTA treatment retained the
increase in cell wall stiffness conferred by H202 (Awwad et al., 2019). The effect of
H202 on cell wall rigidity was suggested to be due to changes in activity of
peroxidase-mediated cross linking of cell wall components due to a change in
concentration of H2O2 (Awwad et al., 2019). If the cell walls of M. polymorpha cells
are affected in a similar way to those in A. thaliana, this effect could explain not only
the TXTA resistance of Mprad8 lines but also their cross-resistance to isoxaben;
both herbicides are classed as group 1 cellulose biosynthesis inhibitors, so may be

similarly hindered by a resistance mechanism involving increased cell wall rigidity.

When | repeated the experiment from (Awwad et al., 2019) in M. polymorpha, | was
unable to demonstrate that pre-treatment with H2O> at 1 mM for 3 hours conferred
resistance to TXTA. In A. thaliana, only a particular concentration of ROS with a

particular time of pre-treatment was able to confer TXTA resistance (Awwad et al.,
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2019); it is therefore possible that | did not find the specific concentration of ROS
which confers TXTA resistance in M. polymorpha. It is also possible that the types of
ROS species generated by M. polymorpha due to loss-of-function of MpRADS8 are
different to those generated in A. thaliana, and that H2O2 alone is unable to confer
resistance to TXTA in M. polymorpha. | did find that growing gemmae on 100 nM
TXTA confers resistance to 1 mM H2Oa. This finding suggests TXTA and H20O- have
antagonistic effects in the cell, which is consistent with the antagonistic effects of
TXTA and H20:2 on cell wall rigidity in A. thaliana, but this result does not definitely

prove that ROS is the basis of TXTA resistance in Mprad8 lines.

Finally, | undertook a metabolomic analysis to identify differences in the modification
of TXTA between Mprad8 predicted loss-of-function lines and wild-type lines, and
found that Mprad8©E'%4° produces significantly less of an unknown compound than
Tak-1. The compound in question is thought to be a TXTA metabolite without the
nitro group. One possible hypothesis as to why a decreased concentration of this
metabolite in Mprad8 lines leads to TXTA resistance is that unmodified TXTA is
inactive (a protoxin) but becomes modified in wild-type lines to form this compound
which is the bioactive (toxic) form of TXTA. TXTA is a natural product produced by
Streptomyces species; Streptomyces can produce protoxins to prevent autotoxicity if
they also require the target site of the toxin to function, such as in the case of
bialaphos which is produced as a protoxin but bioactivated in planta to form the toxic
chemical L-phosphinothricin which inhibits glutamine synthetase (Nandula et al.,
2019). If the TXTA metabolite missing the nitro group is the bioactive form of TXTA,
its decreased production in Mprad8 mutant lines could underly their resistance.
However, early experiments found that synthetic analogues of TXTA without the nitro

group are inactive (King et al., 1989). The nitro group in TXTA is part of a
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nitroaromatic group; these are known to be highly toxic and mutagenic, and
Streptomyces species can produce a range of these compounds, including the
antibiotic chloramphenicol (Ju and Parales, 2010, Kovacic and Somanathan, 2014). |
therefore do not think it likely that a TXTA metabolite missing the nitro group is the
bioactive form of TXTA. Instead, | hypothesise that the reaction to form this TXTA
metabolite could lead to the generation of toxic by-products; it has been reported that
the most common reaction of a nitro group as part of an aromatic compound is
reduction to an amine, and that the reactions involved in this conversion generate
highly reactive intermediate nitroso radicals which can react with biomolecules to
cause toxic effects (Spain, 1995). It is possible that removal of the nitro group from
the tryptophan moiety of TXTA involves reduction, and therefore that toxic nitrogen
containing radicals could be generated from the reaction to generate the TXTA
metabolite. Since Mprad8 predicted loss-of-function lines produce less of this
metabolite, fewer toxic by-products would be formed, which could underly the
resistance of these lines to TXTA. It is possible that the MpRADS protein directly
catalyses this reaction, or that the increased cellular ROS levels in Mprad8 lines

prevent this reaction from occurring.

In conclusion, | confirmed my hypothesis that loss-of-function of MpRADS8 confers
resistance to TXTA. This finding validates the ability of my approach in M.
polymorpha to not only identify candidate resistance-conferring SNPs via forward
genetics, but also to confirm their ability to confer resistance using reverse genetics.
RADS is not part of any gene family which has previously been implicated in non-
target site resistance; my approach can therefore identify completely novel
mechanisms of NTSR without any prior knowledge of the genes involved. | also

functionally characterised the phenotypes of Mprad8 mutant lines, leading to the
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discovery that predicted loss-of-function of Mprad8 confers cross-resistance to
isoxaben and allowing me to form hypotheses regarding the basis of resistance in
these lines. My approach can therefore be used not only to identify but also to
functionally characterise novel mechanisms of NTSR, and offers significant potential
for the discovery and understanding of the genetic and molecular basis of NTSR in

weeds.
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Chapter 6: General Discussion
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The extensive use of herbicides for decades in agriculture has exerted a huge
selection pressure for herbicide resistance to evolve in weeds (Gaines et al., 2020).
Non-target site resistance (NTSR) is particularly problematic because it can cause
herbicide cross-resistance, and its complex polygenic basis makes it more difficult to
identify molecular mechanisms of NTSR (Delye, 2013). Those which have been
identified in weeds mostly involve genes from four gene families — P450s, GSTs,
GTs, and ABC transporters — and all involve gain of function mutations (Yuan et al.,
2007). Very few mechanisms of NTSR involving loss of gene function have been
reported: two were discovered using forward genetic screening in the model species
A. thaliana and involve loss-of-function of the genes PAM16 or CUL1 which confer
resistance to thaxtomin A (TXTA) and indaziflam respectively (Scheible et al., 2003,
Huang et al., 2013, Reavell-Roy, 2019). In Chapter 2, | show that the mechanism of
NTSR to TXTA conferred by loss-of-function of PAM16 is conserved in M.
polymorpha, validating its use as a species with which to study NTSR. | generated
33 Mppam16 loss-of-function mutants of which 9 were weakly resistant to TXTA. Not
all loss-of-function mutations in MpPAM16 therefore conferred NTSR; future work
using homology modelling to show how each mutation affects the structure of the

PAM16 protein could elucidate why only certain mutations lead to NTSR.

In A. thaliana, total loss-of-function mutations in the PAM16 gene confer NTSR to
TXTA (Scheible et al., 2003); in M. polymorpha, weak loss-of-function of PAM16 is
sufficient to confer NTSR to TXTA. | hypothesise that this is due to the second
PAM16 gene in the A. thaliana genome (PAM16L) conferring genetic redundancy,
whereas there is only a single copy of PAM16 in M. polymorpha. These results
suggest that although this mechanism of NTSR may be conserved across land

plants and therefore potentially present in weeds, the level of genetic redundancy in
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the species in which it occurs affects the type of mutation required in PAM16 to

confer NTSR.

The 4 Mppam16 lines with the strongest TXTA resistance grew smaller than wild-
type plants in control conditions suggesting that growth defects are likely in
Mppam16 mutants with stronger resistance, which is consistent with the phenotypes
of A. thaliana pam16 mutants. | conclude that this mechanism of NTSR carries a
fitness cost and is therefore likely to evolve in the field only under herbicide selection
or if weeds carry additional compensatory mutations. Most weeds with NTSR do not
carry fitness costs (Keshtkar et al., 2017, Wu et al., 2018), so loss-of-function of
PAM16 may not be selected for as a mechanism of NTSR in the field. However,
determining the molecular basis of resistance in Mppam16 loss-of-function lines can
identify molecular processes which when disrupted confer resistance to TXTA, and
may therefore help with the identification of further mechanisms of NTSR which do
not carry fithess costs. If loss-of-function of PAM16 is identified as a mechanism of
NTSR in the field and is associated with a fitness cost, weed management practices
could be designed accordingly, for example by including herbicide “off” years or
fallow years, when weeds with a loss-of-function mutation in PAM16 would be
outcompeted by fitter herbicide-sensitive weeds which can then be controlled by a
herbicide the following year (Neve et al., 2009, Vila-Aiub et al., 2009). This example
illustrates how knowledge of a molecular mechanism of NTSR and its resulting

phenotypes can be used to design more effective weed management strategies.

Although few mechanisms of NTSR involving loss of gene function have been
identified, it is likely that these mechanisms exist in weeds but cannot be discovered

by methods that have been used to identify mechanisms of NTSR such as
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transcriptomics. A forward genetic approach can uncover novel mechanisms of
NTSR conferred by loss of gene function (Scheible et al., 2003, Reavell-Roy, 2019),
however genetic screens in diploid organisms such as A. thaliana are limited by the
number of mutants which can be screened (Jander et al., 2003). M. polymorpha is
well suited for forward genetics as one plant can produce millions of spores which
can be easily mutagenized, and it is a dominant haploid so mutants can be screened
in the first generation (Kohchi et al., 2021). In Chapter 3, | undertook a large-scale
forward genetic screen in M. polymorpha, and isolated 13 mutants resistant to the
proposed cellulose biosynthesis inhibitor TXTA (Mptar). Mptar mutants are likely
NTSR as they were screened at the lethal dose of TXTA, grew smaller on TXTA than
in untreated conditions indicating weak TXTA resistance, and 8 out of the 13 Mptar
lines were cross-resistant to other herbicides. A previous forward genetic screen in
A. thaliana was only able to isolate one TXTA-resistant mutant (Scheible et al.,
2003); here, the isolation of 13 Mptar mutants shows that large-scale forward genetic
screens in M. polymorpha can yield a greater number of likely NTSR mutants, so

offer greater potential of identifying novel NTSR mechanisms.

In Chapter 4, using an adapted version of a “non-allelism based” mapping-by-
sequencing approach (Champion et al., 2021), | identified candidate NTSR
conferring SNPs for 11 of the 13 Mptar mutants. Three of the 13 Mptar mutants had
a SNP in MpRADS. In Chapter 5, | used CRISPR-Cas9 targeted mutagenesis to
generate 19 Mprad8 loss-of-function mutants: 12 Mprad8 lines with predicted strong
loss-of-function mutations were significantly resistant to TXTA, proving that loss-of-
function of MpRADS is a novel mechanism of NTSR to TXTA. With this result |

demonstrate that a forward genetic approach in M. polymorpha can identify novel
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mechanisms of NTSR conferred by loss of gene function without the need for

crossing and classical complementation analysis.

In Chapter 4, | also show that 4 Mptar mutants have candidate resistance-conferring
SNPs in M. polymorpha homologues of 4 genes associated with NTSR in A.
tuberculatus (Kreiner et al., 2019, Kreiner et al., 2021). This result proves that a
forward genetic approach in M. polymorpha can not only identify novel mechanisms
of NTSR such as that conferred by predicted loss-of-function of MpRADS8, but can
also corroborate other hypothesized NTSR mechanisms that have been proposed
from the association of genetic polymorphisms with NTSR in wild weed populations,
further validating the use of M. polymorpha as a model species for studying NTSR.
The four NTSR associated genes identified in common between this study and the
GWAS in A. tuberculatus are strong candidates for conferring NTSR; whether or not
this is the case will be confirmed by targeted mutagenesis to induce SNPs in these
genes in a wild-type background, in the same way that reverse genetics was used to
demonstrate that NTSR is conferred by mutations in MpRADS8. Targeted
mutagenesis in M. polymorpha therefore provides a straightforward method to

supplement GWAS studies by confirming that a candidate mutation confers NTSR.

Reverse genetics in M. polymorpha can be used to confirm mechanisms of NTSR
identified by forward genetics; it can also be used to functionally characterise NTSR
mutants. In Chapter 5 | show that Mprad8 predicted loss-of-function mutants
overproduce ROS. At least 3 further Mptar mutants also overproduced ROS. ROS
has been shown to confer resistance to TXTA in A. thaliana (Awwad et al., 2019),
and in Chapter 5 | show that TXTA and ROS have antagonistic effects in M.

polymorpha. Based on these results | propose that the mechanism of NTSR to TXTA
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in Mprad8 loss-of-function mutants — and potentially in the 3 further Mptar lines with
increased ROS levels — may be linked to their overproduction of ROS. | propose that
this could be due to ROS increasing the rigidity of the cell wall (Awwad et al., 2019),
which may hinder the action of both TXTA and isoxaben on the cell wall, explaining

the resistance of Mprad8 mutants to these two herbicides.

Alternatively, the decrease in putative TXTA metabolite levels in Mprad8 mutants
compared to wild-type lines may underly their resistance. An unknown compound
with a molecular mass consistent with that of thaxtomin A without the nitro group of
the 4-nitro-tryptophan moiety was present at lower levels in Mprad8 mutant lines with
respect to wild-type, suggesting that Mprad8 mutants metabolise TXTA to a lesser
extent. The significant difference in the concentration of this compound between the
sensitive wild type and resistant Mprad8 mutants is likely to be linked to TXTA
resistance in Mprad8 mutants. One hypothesis to explain the resistance of Mprad8
mutants is that this putative TXTA metabolite which is present at a lower
concentration in Mprad8 mutants is the bioactive form of TXTA. However, it has
been shown that the nitro group of TXTA is required for its phytotoxic activity (King et
al., 1989), and nitroaromatic compounds are well known for their toxicity (Ju and
Parales, 2010, Kovacic and Somanathan, 2014), suggesting that the unmodified
form of TXTA is the bioactive form and that the putative TXTA metabolite is less
active. Instead, | propose that the reaction to form the putative TXTA metabolite
results in the formation of toxic by-products. The reduction of nitro groups in
nitroaromatic compounds leads to the formation of toxic nitrogen containing radicals
(Spain, 1995), so if the removal of the nitro group involves its reduction this could
result in the formation of toxic by-products. The decreased incidence of this reaction

in Mprad8 mutants would therefore lead to decreased levels of toxic by-products
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upon TXTA treatment, hence NTSR to TXTA. | propose that MpRADS8 may directly
catalyse the reaction generating the putative TXTA metabolite, or that the increased

levels of ROS in Mprad8 mutants may prevent the reaction from occurring.

Further experiments elucidating the effect of ROS on the properties of the M.
polymorpha cell wall and studying the reaction to generate the putative TXTA
metabolite and its possible by-products are necessary to determine whether either of
these hypotheses regarding the basis of resistance in Mprad8 mutants is correct.
Although | am still unable to definitively explain why Mprad8 mutants are resistant to
TXTA, the ability to functionally characterise this mechanism of NTSR and to make
hypotheses regarding the basis of resistance demonstrates the potential of my
approach to not only identify novel mutations conferring resistance but also to
understand the mechanism behind the resistance. The growth defects of Mprad8
putative loss-of-function mutant lines suggests that loss of RADS8 function incurs a
fitness cost, therefore this mechanism of resistance may be less likely to evolve in
the field (Keshtkar et al., 2017, Wu et al., 2018). However, understanding the
mechanisms underlying resistance in Mprad8 mutant lines can indicate molecular
processes which when disrupted could confer resistance to TXTA, helping to identify
potential NTSR mechanisms which are more likely to be present in the field.
Furthermore, if loss-of-function of RADS is identified in the field, a better
understanding of the basis of this resistance can inform weed management
practices: based on the results in Chapter 5, weeds with NTSR due to a loss-of-
function of RADS8 are likely to overproduce ROS so are theoretically more sensitive
to herbicides acting via ROS overproduction such as paraquat or glufosinate
(Fukushima et al., 1993, Hawkes, 2014, Takano et al., 2019), cannot be controlled

by isoxaben to which they are cross-resistant, and carry a fitness cost so could be
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managed by exploiting their likelihood to be outcompeted by weeds with a wild-type

copy of RADS8 in non-herbicide conditions.

In conclusion, in this thesis | confirmed the conservation in M. polymorpha of the
NTSR mechanism identified in A. thaliana conferred by loss-of-function of the gene
PAM16 — one of only two known NTSR mechanisms conferred by loss of gene
function — and subsequently used M. polymorpha as a tool to identify novel
mechanisms of NTSR. Using a forward genetic approach coupled with mapping-by-
sequencing, | identified strong candidate NTSR-conferring SNPs in 11 TXTA-
resistant Mptar mutants, 4 of which were in genes associated with NTSR by a
GWAS in the glyphosate-resistant weed A. tuberculatus, and another 3 of which
were in the MpRADS8 gene. By generating Mprad8 loss-of-function mutants using
targeted mutagenesis, | identified a novel mechanism of NTSR to TXTA involving
loss-of-function of the RAD8 gene and undertook a detailed phenotypic
characterisation of Mprad8 mutants allowing me to propose hypotheses regarding
the molecular basis of their NTSR. The ability to not only identify but also functionally
characterise novel mechanisms of NTSR using the approach taken in this thesis
presents a novel and timely framework with which to broaden our understanding of

the genes and mechanisms involved in non-target site herbicide resistance in weeds.
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Appendix: GO enrichment analysis of candidate

resistance-conferring SNPs in Mpftar lines
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In Chapter 4, | hypothesised that some Mptar mutant lines including Mptar10 and
Mptar11 may have SNPs which mitigate the toxic effect of TXTA by affecting the
cellular pathway targeted by TXTA. These SNPs would be present in genes
annotated by GO terms relating to the mode of action of TXTA, which is thought to
be cellulose biosynthesis inhibition but is also consistent with microtubule inhibition

(Fry and Loria, 2002).

If multiple Mptar mutant lines contain SNPs conferring NTSR by affecting the
pathway targeted by TXTA, | hypothesise that GO terms related to the mode of
action of TXTA are enriched in the genes containing candidate resistance-conferring
mutations in Mptar lines. To identify enriched GO terms assigned to the candidate
resistance-conferring SNPs in Mptar mutant lines, | carried out a GO enrichment
analysis using the VISEAGO package in R (Brionne et al., 2019). This package
identifies GO terms which are significantly overrepresented in a list of candidate
genes. | found that the most significantly enriched “biological process” GO term was
G0:0042546 (cell wall biogenesis) (p = 0.00256) (Fig. A.1). The most significantly
enriched “molecular function” GO term was GO:0003676 (nucleic acid binding) (p =

0.000279), and there were no enriched “cellular component” GO terms.

The most significantly enriched “biological process” term in Mptar lines GO:0042546
(cell wall biogenesis) is unique to candidate resistance-conferring SNPs in Mptar lines,
whereas the most significantly enriched “molecular function” term GO:0003676
(nucleic acid binding) is common to both Mptar and Mpchlr lines (Table A.2). Since the
resistance-conferring mutations in Mpchir lines are in MpAHAS, all other mutations in
these lines are background UV-B induced mutations. In Mpchlr lines, the GO term

G0:0003676 (nucleic acid binding) therefore annotates one or more genes containing
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background mutations which do not confer resistance to TXTA since Mpchlir lines are
not cross-resistant to TXTA. | therefore conclude that in Mpfar lines also the GO term
G0:0003676 (nucleic acid binding) is more likely to annotate background mutations

than NTSR-conferring mutations.

| conclude that the mutations in the genes upon which the enrichment of GO:0042546
(cell wall biogenesis) is based are strong candidates for NTSR-conferring mutations
in Mptar lines related to the mode of action of TXTA (Table A.3). These include SNPs
in xyloglucan fucosyltransferases in Mptar3 and Mptar9, a SNP in xyloglucan
endotransglycolase in Mptar6, and a SNP in mur ligase in Mptar7. However, the most
likely resistance-conferring SNP was already identified for these lines. The SNPs
identified in Mptar3, Mptar6, Mptar7 and Mptar9 by the GO enrichment analysis will
be investigated further if the SNPs identified by previous analyses in Chapter 4 are

found not to confer resistance in these lines.
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G0:0042546 cell wall biogenesis
G0:0044085 cellular component biogenesis -

G0:0070589 cellular component macromolecule biosynthetic process 1
Aspect

B Biological Process
I Molecular Function

G0:0044038 cell wall macromolecule biosynthetic process 4

G0:0009273 peptidoglycan-based cell wall biogenesis -

G0:0009252 peptidoglycan biosynthetic process
G0:0006024 glycosaminoglycan biosynthetic process -
G0:0006023 aminoglycan biosynthetic process -
GO:0003676 nucleic acid binding

GO:1901363 heterocyclic compound binding -
G0:0097159 organic cyclic compound binding 1
G0:0032555 purine ribonucleotide binding -
G0:0017076 purine nucleotide binding 1

G0:0035639 purine ribonucleoside triphosphate binding
G0:0032553 ribonucleotide binding -

GO:0097367 carbohydrate derivative binding 1

G0:0016818 hydrolase activity, acting on acid anhydrides, |
in phosphorus-containing anhydrides

G0:0016817 hydrolase activity, acting on acid anhydrides
G0:1901265 nucleoside phosphate binding

GO:0000166 nucleotide binding 1

G0:0017111 nucleoside-triphosphatase activity -
G0:0043168 anion binding A

G0:0016887 ATPase activity

G0:0003723 RNA binding

GO Term ID

G0:0016462 pyrophosphatase activity -
G0:0036094 small molecule binding -
G0:0032559 adenyl ribonucleotide binding
G0:0030554 adenyl nucleotide binding
G0:0005524 ATP binding

G0:0003677 DNA binding

o 4
—
N
w
ES

-log,,(p-value)

Fig. A.1. GO enrichment analysis of candidate resistance-conferring genes in thaxtomin-resistant
lines. Thaxtomin-resistant lines were generated by UV-B mutagenesis. The genomes of each line were
sequenced using next-generation sequencing, and candidate resistance-conferring SNPs were identified
in a SNP-calling analysis. A GO enrichment analysis was carried out on the list of genes in which
candidate resistance-conferring SNPs are found using the VISEAGO package in R. A custom M.
polymorpha GO database was built using the functional annotation of the reference M. poymorpha v5.1
genome, and the lists of genes of interest (those mutated in either chlorsulfuron-resistant or thaxtomin A-
resistant lines) were annotated according to this database. The enrichment anlysis was performed using
Fisher’'s exact test using the classic algorithm for GO terms of all three aspects (biological process,
molecular function, and cellular component). Enriched GO terms from each GO aspect are ordered by
significance as determined by -log1o(p-value).
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Thaxtomin A only Both Chlorsulfuron only
G0:0000049  GO:0006511 G0:0017119 G0:0000027  GO:0009982  |G0O:0000150 G0:0042026
G0:0000103  GO:0006556  G0O:0019898 G0:0000155  GO:0016020 |G0O:0000724 G0:0070006
G0:0000151 G0:0006596  G0O:0020037 G0:0000160  GO:0016021 G0:0003690 G0:0071918
G0:0000398  GO:0006597  G0O:0030983 G0:0000166  GO:0016310  |GO:0003697 G0:0090228
G0:0000413  GO:0006606  GO:0031011 G0:0000287  GO:0016491 G0:0003700 G0:1990426
G0:0001510  GO:0006629  G0O:0031119 G0:0001522  GO:0016567  |GO:0004134 G0:2000022
G0:0002098  GO:0006633  G0:0031267 G0:0003676  GO:0016592  |GO:0004190 G0:2000031
G0:0003678  GO:0006979  G0:0032508 G0:0003677  GO:0016772  |GO:0004252 G0:2001070
G0:0003746  GO:0007017  G0:0032968 G0:0003712  GO:0016887 |GO:0004674

G0:0003755  GO:0008033  G0:0033588 G0:0003723  GO:0030145  |G0O:0005247

G0:0004014  GO:0008107  G0:0035267 G0:0003735  GO:0030976  |GO:0005576

G0:0004020 GO:0008168  G0:0035658 G0:0003743  G0O:0043531 G0:0005784

G0:0004089  GO:0008233  G0:0042254 G0:0003777  GO:0047834  |G0O:0005968

G0:0004222  GO:0008234  G0:0042546 G0:0003824  GO:0050660 |G0O:0006259

G0:0004315  GO:0008270  G0:0042626 G0:0003924  GO:0055085 |G0O:0006281

G0:0004478  GO:0008295  GO0:0042744 G0:0003984  GO:0070615  |G0O:0006368

G0:0004523  GO:0008757  G0:0043039 G0:0004386  GO:1990939  |G0O:0006415

G0:0004553  GO:0008763  G0:0043139 G0:0004672 G0:0006817

G0:0004601 G0:0009058  G0O:0043169 G0:0004842 G0:0006821

G0:0004644  GO:0009522  G0:0046872 G0:0005315 G0:0008094

G0:0004722  GO:0009523  G0:0046912 G0:0005515 G0:0008097

G0:0004812  GO:0009538  G0:0048046 G0:0005524 G0:0008236

G0:0004818  GO:0009654  G0:0051082 G0:0005525 G0:0008318

G0:0004843  GO:0010029  GO:0097255 G0:0005634 G0:0009055

G0:0005337  GO:0010411 G0:0140326 G0:0005737 G0:0009408

G0:0005507 GO:0015914  G0:1901642 G0:0005840 G0:0009416

G0:0005509  GO:0015935  G0:1990547 G0:0005975 G0:0009862

G0:0005618  GO:0015979 G0:0006355 G0:0010333

G0:0005874  GO:0016192 G0:0006357 G0:0010343

G0:0006073  GO:0016579 G0:0006396 G0:0015035

G0:0006139  GO:0016740 G0:0006412 G0:0015204

G0:0006189  GO:0016742 G0:0006413 G0:0016570

G0:0006260  GO:0016746 G0:0006457 G0:0016593

G0:0006289  GO:0016747 G0:0006468 G0:0016765

G0:0006298  GO:0016762 G0:0006508 G0:0016798

G0:0006325  GO:0016783 G0:0006886 G0:0016829

G0:0006342  GO:0016787 G0:0007018 G0:0016977

G0:0006397  GO:0016788 G0:0007165 G0:0018342

G0:0006414  GO:0016791 G0:0008017 G0:0018344

G0:0006418  GO:0016818 G0:0009082 G0:0019538

G0:0006424  GO:0016836 G0:0009451 G0:0022857

G0:0006470  GO:0016874 G0:0009507 G0:0030246

Table A.2. List of GO terms assigned to candidate resistance-conferring SNPs in thaxtomin-A resistant lines,
chlorsulfuron-resistant lines, or both. TXTA-resistant and chlorsulfuron-resistant lines were generated by UV-B or
EMS mutagenesis. The genomes of each line were sequenced using next-generation sequencing, and candidate

resistance-conferring SNPs were identified in a SNP-calling analysis. The GO terms in this table are those assigned to
the genes containing candidate resistance-conferring SNPs.
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M. GO terms Gene annotation Mptar

polymorpha line
gene ID
Mp2g12440 GO:0042546 (cell wall biogenesis)  Xyloglucan Mptar3

G0:0008107 (galactoside 2-alpha- Ucosyltransferase
L-fucosyltransferase activity)

G0:0016020 (membrane)

Mp3g22120 G0O:0042546 (cell wall biogenesis)  Xyloglucan Mptar6

GO0:0005975 (carbohydrate endotransglycolase
metabolic process)

G0:0048046 (apoplast)
G0:0010411 (xyloglucan metabolic
process)

G0:0006073 (cellular glucan
metabolic process)

G0:0005618 (cell wall)
G0:0016762
(xyloglucan:xyloglucosyl
transferase activity)

G0:0004553 (hydrolase activity,
hydrolyzing O-glycosyl compounds)

Mp5g21570 GO:0009058 (biosynthetic process) MpMURC; Mur Mptar7
G0:0005524 (ATP binding) ligase
G0:0016874 (ligase activity)
G0:0009252 (peptidoglycan
biosynthetic process)
G0:0008763 (UDP-N-
acetylmuramate-L-alanine ligase
activity)

Mp7g07400 GO:0042546 (cell wall biogenesis)  Xyloglucan Mptar9

G0:0008107 (galactoside 2-alpha- Ucosyltransferase
L-fucosyltransferase activity)
G0:0016020 (membrane)

Table A.3. List of genes containing a candidate resistance-conferring SNP upon
which the enrichment of GO:0042546 (cell wall biogenesis) is based. A GO
enrichment analysis was carried out on the list of genes in which candidate
resistance-conferring SNPs are found in Mptar lines using the VISEAGO package in R
(Fisher’s exact test, classic algorithm). The most significantly enriched “biological
process” GO term was GO:0042546; cell wall biogenesis (p = 0.00255521). The
enrichment was based on the presence of the genes listed; each gene is either
annotated with GO:0042546 or with a child term of GO:0042546 (e.g. GO:0009252;
peptidoglycan biosynthetic process).
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