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Abstract

Downy mildew (Hyaloperonospora brassicae) is one of the most devastating
and widely reported diseases on horticultural and agricultural Brassica
plants worldwide. Yield losses can be up to 90-100% if environmental con-
ditions are favourable for downy mildew, especially at the early stages of
plant development. In recent years, downy mildew incidence has increased
in many Brassica growing countries, most likely due to the steady rise of
seasonal temperatures in some of these regions of the world caused by cli-
mate change, making the disease more widespread. To palliate this, cultural
and chemical techniques for controlling downy mildew have been reported
to be ineffective due to the systemic nature of the disease. As a result, Bras-
sica cultivars with inherent genetic resistance to this pathogen can provide
the best and most cost-effective alternative to avoid yield losses in the fu-

ture.

To achieve this, in this thesis, I have created a collection of single spore H.
brassicae isolates from 9 field isolates collected from distinct geographical
locations in the UK and USA (Chapter 2). In Chapter 3, I assessed different
sources of plant material at the cotyledon stage and identified new sources
of resistance to H. brassicae. The host specificity of all H. brassicae isolates
used in this thesis was very high, only being able to infect B. oleracea and a
very few B. napus genotypes (Chapter 3). In Chapter 4, a specific F2 cross-
segregating for a single dominant downy mildew resistant gene at the seed-

ling and adult plant stage was used for genetic mapping using a bulk



segregant analysis approach. The bulk segregant analysis was able to map
the downy mildew resistance to an NLR cluster in the B. oleracea chromo-
some 2. The NLR cluster was observed to have a high level of copy number
variation when compared to other genome assemblies. Therefore, to resolve
the NLR cluster, a draft genome assembly of the resistant parental line was
created using long-read sequencing. I used the assembly to create diagnos-
tic KASP markers of the resistance and validate them using 466 F: individ-

uals for marker-assisted selection.

These newly identified sources of downy mildew resistance could provide
a solid foundation to improve the management of this disease in the fields
of many B. oleracea crops, especially vegetable crucifers. To date, only 4
sources of resistance to downy mildew have been mapped in B. oleracea. The
new source of resistance located to the B. oleracea Chromosome 2 and the
diagnostic KASP markers created in this thesis can be used in marker-as-
sisted breeding selection to develop new commercial varieties resistant to
downy mildew. Finally, the data generated in this thesis of the NLR cluster
and sequences of the candidate genes based on the long-read draft genome

assembly could be used to clone the gene responsible for the resistance.
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FIGURE 4.10. ZoOM ON THE CHROMOSOME 2 PEAK (* FIGURE 4.9) VARIANTS BULK FREQUENCY RATIOS (BFR)
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“Show a human a closed door, and
no matter how many open doors
she finds, she’ll be haunted by

what might be behind it.”

— James S.A. Corey
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Chapter 1

Introduction

Downy mildew (Hyaloperonospora brassicae) is a very common and devas-
tating disease in many Brassica growing countries (Carlier et al., 2012;
Farinh¢ et al., 2007), resulting in huge yield losses of up to 90-100% if cli-
matic situations are favourable for downy mildew (Butler, 1918; Monot et
al., 2010). In recent years, downy mildew incidence has increased in many
brassica crops, especially at the seedling stage due to a steady rise in sea-
sonal temperatures in many Brassica growing countries as a result of climate
change. To palliate this, cultural and chemical techniques for controlling
downy mildew have been reported to be ineffective due to the systemic na-
ture of the disease (Vicente et al., 2012). Fungicides were likewise ineffective
in preventing downy mildew disease, which lead to the emergence of new
more virulent isolates (Brophy & Laing, 1992; Singh et al., 2013). As a result,
Brassica cultivars with inherent genetic resistance to this pathogen can pro-
vide the best and most cost-effective alternative to avoid yield losses in the
future. For this purpose identification of new sources of resistance and
knowledge of the genetics of resistance are prerequisites to develop new,

durable and effective downy mildew resistant varieties.
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1.1 Brassicaceae family
1.1.1 Economic Importance

The Brassicaceae family, previously known as Cruciferae currently consist
of 372 genera, and 4.060 species (The Plant List. Version 1., 2010). This family
includes some of the world’s most economically important crops, particu-
larly the members of the Brassica genus which include cabbage, oilseed rape,
cauliflower, broccoli, kale, collards, mustards, turnips, Chinese cabbages,
etc; Raphanus L. (radish), Armoracia G.Gaertn., B.Mey. & Scherb. (horserad-
ish), Eutrema R. Br. (wasabi), Eruca Mill. (rocket), Lepidium Fabr. (garden
cress) and Nasturtium W. T. Aiton (watercress) (Al-Shehbaz, 2012). In food
markets, the main uses of these Brassica cultivars are oilseed, forage, condi-
ment and leafy vegetables, by using seeds, stems, roots, buds, inflorescences
and leaves. Brassica vegetables are a staple food in many countries around
the world and the oil produced from brassica oilseed crops represents 14%
of the world’s vegetable oil, making it the third most important supply of
edible oil after soybeans and palm oil (OECD, 2012). The principal vegetable
market species is B. oleracea, also referred to as “cole crops”, which includes
vegetable and forage cultivars like kale, cabbage, broccoli, Brussels sprouts,
kohlrabi and collard greens. B. rapa is also another source of vegetable and
forage cultivars like turnip, Pak Choi and Chinese cabbage. B. napus culti-
vars (oilseed rape, OSR) are mainly used for oil production, but on a smaller
scale, they are also used as a vegetable. B. nigra, B. carinata and B. juncea are
included together in the “mustard group” and are mainly used as a

condiment (OECD, 2012; Sadowski & Kole, 2016).

All the world's commercial Brassica products are subdivided into two cate-

gories (cabbages and other brassicas and cauliflowers and broccoli), in the
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FAO database (FAOSTAT, 2020). In 2020 the total production for these two
categories combined was 96.4 million tonnes from 3.8 million hectares. By
region, Asia holds the highest brassica production with 74.9 Mt, followed
by Europe with 12 Mt and America and Africa with 4.7 and 4.3 Mt respec-
tively. Since 1961 the total worldwide vegetable Brassica production has in-
creased five times. In terms of Brassica consumption, around 88% of the pro-
duction goes for fresh human consumption, 1.2% is processed, 4% is used

for animal feeding and the rest is considered waste (FAOSTAT, 2009).

Import and export FAO data estimated that in 2020 the total exported Bras-
sicas in the world was approximately 4.119.069 tonnes, representing a value

of approximately 3,557 million USD (Figure 1.1).

The annual growth worldwide for both brassica FAO groups production
and export/imports has been gradually increasing from 1961 until 2020 (Fig-
ure 1.1, Figure 1.2). Therefore, to meet the growing demand and reduce en-
vironmental impacts, varieties with beneficial marketable traits will be

needed by farmers.
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Figure 1.1. Worldwide annual Brassica production (Cabbages and other Brassicas &
Cauliflowers and broccoli) from 1961 to 2020 (FAOSTAT, 2020). Data is shown as
a million tonnes produced per year.
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Figure 1.2. Worldwide annual imported and exported Brassicas (Cabbages and
other Brassicas & Cauliflowers and broccoli) from 1961 to 2020 (FAOSTAT, 2020).
Data is shown as million tonnes produced per year.
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1.1.2 Brassica genetics and resources

As previously mentioned, the Brassicaceae family includes many important
crop species. Of all the cultivated species included in the family, almost all
belong to six species, Brassica rapa, Brassica nigra, Brassica oleracea, Brassica
juncea, Brassica carinata and Brassica napus. The relationship between these
six cultivated Brassica crops was investigated and clarified by inter-specific
hybridization experiments, creating the well-known and highly accepted
“triangle of U” model (Nagaharu, 1935); (Figure 1.3). Three of these species
are diploid (Brassica rapa [n=10; A), Brassica nigra [n=8; B] and Brassica
oleracea [n=9; C]), and the other three, intercrossed with each other to create
the three polyploid species (Brassica juncea [n=18; AB], Brassica napus [n=19;
AC] and Brassica carinata [n=17; BC]). Compared to the model organism Ar-
abidopsis thaliana, Brassica species underwent an extra whole-genome tripli-
cation (WGT) event, which occurred around 9-15 (Beilstein et al., 2010;
Wang et al., 2011) to 28 million years ago (Arias et al., 2014; Lukens et al.,
2004).

Brassica nigra

Brassica juncea Brassica carinata

Brassica rapa Brassica napus Brassica oleracea

Figure 1.3. Brassica species within the triangle of U (Nagaharu, 1935)
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Recent developments in genome sequencing and assembly techniques have
enabled the scientific community to access the genetic resources of various
crop species and wild relatives, in which many brassica crop species are
included (Bevan et al., 2017). To date, several genome assemblies are avail-
able for the three diploid Brassica species, B. oleracea (Belser et al., 2018;
Golicz et al., 2016; Liu et al., 2014; Lv et al., 2020; Parkin et al., 2014), B. rapa
(Belser et al., 2018; Cai et al., 2017; Cai et al., 2021; Li et al., 2021; Li et al.,
2020; Wang et al.,, 2011; L. Zhang et al., 2018) and B. nigra (Paritosh et al.,
2020; Paritosh et al., 2021; Yang et al., 2016).

1.2 Downy Mildew in Brassicas
1.2.1 Hyaloperonospora brassicae classification

Downy Mildew (Downy Mildew) is a worldwide plant disease caused by
the obligate biotrophic oomycete Hyaloperonospora brassicae (Gaumann)
Goker, Voglmayr, Riethmiiller, Wei and Oberwinkler (syn. Hyaloperonos-
pora parasitica (Pers. ex Fr.) Constant. and Peronospora parasitica) (Goker et
al., 2009). In the past, Downy Mildews were considered to be part of the
fungi kingdom due to their morphology, physiology and ecology, but mo-
lecular and biochemical studies demonstrated that they belong to the king-
dom Chromista (Dick, 2001, 2002). The first to describe downy mildew on a
brassica species (Capsella bursa-pastoris) was Persoon (1796), considering it
as a fungus and identifying it as Botrytis parasitica Pers. Fries (1849) classi-
fied the pathogen in the Peronospora genus, which was introduced by Corda
in his description of Peronospora ramicis in 1837 (Corda, 1837). After this, all
isolates obtained from Brassicaceae plants were assigned to Peronospora par-
asitica (Pers. ex. Fr.). Gaumann (1918) started naming downy mildew iso-

lates obtained from Brassica species as Peronospora brassicae Gaum, due to
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the narrow host specialization observed at the species level. After this point,
researchers have been constantly reviewing and changing the taxonomy of
downy mildew members. Constantinescu and Fatehi (2002) divided the ge-
nus Peronospora into three genera, Peronospora s. str., Hyaloperonospora and
Perofascia. At the present time, based on molecular, and morphological fea-
tures and also, ITS 1, ITS 2 and 5.8 SrDNA sequence and phylogenetic anal-
ysis, Hyaloperonospora was confirmed to be a pathogen-specific to brassica
crops. H. brassicae to Brassicaceae species, H. arabidopsidis to Arabidopsis tha-
liana and H. parasitica to Capsella bursa-pastoris (Goker et al., 2004; Goker et
al., 2009; Goker et al., 2007; Goker et al., 2003; Young-Joon et al., 2003). Cu-
riously, compared to Peronospora, Hyaloperonospora and Perosfacia seem to be
highly restricted to the Brassicaeae family. With more than 100 species the
Hyaloperonospora genera is the third largest genus for Downy Mildews in-
fecting many brassica crops. On the other side, the downy mildew specific
for the model organism A. thaliana (H. arabidopsidis) has become a plant
pathogen model organism to investigate plant pathogen interactions
(Baxter et al., 2010; Coates & Beynon, 2010). After the manuscript published
by Constantinescu (1991), even though new monophyletic groups have
been found in different phylogenetic analyses (Goker et al., 2009; Thines &
Choi, 2016), very few new species have been discovered and published
(Voglmayr et al., 2014). In the next chapters of this thesis, the term downy

mildew will be used to refer to Hyaloperonospora brassicae (Gaum.) Goker.

1.2.2 Downy Mildew host specificity

As previously noted, the species concept for downy mildew has been a very
contentious subject. The fundamental issues with downy mildew species
delimitation are that one, they have a wide range of plant host species, two,

they are morphologically highly similar and three, most of them have very
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confined host ranges due to their biotrophic nature, therefore could repre-
sent genetically different species. Molecular phylogenetic studies on
Downy Mildews have reported a high level of specialization for both, the
Peronospora (Belbahri et al., 2005; Choi et al., 2010; Choi et al., 2008; Choi et
al., 2007; Choi et al., 2015; Choi et al., 2009; Thines et al., 2009) and Hy-
aloperonospora (Goker et al., 2009; Voglmayr et al., 2014) genera. Disease
downy mildew assessments on brassica plants also indicate that they are
often very host-specific (Byford, 1967, Gaumann, 1918; Gaumann, 1923;
Lebeda & Syrovatko, 1988; Sherriff & Lucas, 1990), and only a few excep-
tions exist where a downy mildew species appear to have a wide range of
hosts (Kenneth, 1981; Runge et al., 2011). The phylogenetic analysis per-
formed by Goker et al. (2009) revealed that downy mildew species could be
easily interpreted biologically in terms of host specialization, supporting
the concept of confined species that are highly specialized to a few or a sin-
gle closely related host species (Constantinescu & Fatehi, 2002; Goker et al.,
2004; Goker et al., 2003; Young-Joon et al., 2003). Therefore, even if they are
morphologically indistinguishable, some authors proposed that downy
mildew collections with distinctive DNA sequences and host ranges should
be recognized as independent species (Garcia-Blazquez et al., 2008; Goker,
2006; Goker et al., 2004; Goker et al., 2009; Goker et al., 2003). So, a combi-
nation of molecular and host traits could be a reliable method to distinguish

downy mildew species (Goker et al., 2009).

1.2.3 Phylogenetic analyses

The species classification for plant pathogens is especially important for
practical reasons, such as plant protection, and biological control as well as
playing a very important role in comparative research involving model or-

ganisms and crops. Nonetheless, defining species boundaries remains a
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very challenging taxonomic problem in numerous groups. As previously
noted, this challenge is prominently observed in the obligate biotrophic
downy mildew genera, which exhibit substantial variations in terms of ge-
netic divergence and host specificity. Despite this genetic diversity, the
downy mildew genera are, for the most part, characterized by relatively

uniform morphological traits.

Although very few studies have been performed to solve this issue, to date,
the most comprehensive molecular study of the downy mildew genus is the
one performed by Goker et al. (2009), exploring the phylogenetic relation-
ships within the genus Hyaloperonospora. This study used a wide array of
samples from multiple host species and geographical locations and per-
formed a molecular analysis of the nuclear ribosomal internal transcribed
spacer (ITS) and large subunit (LSU) sequences. Utilizing Perofascia as an
outgroup, Hyaloperonospora was strongly supported as a monophyletic
group with a 100% bootstrap support (BS) value (Figure 1.4). Although se-
quences were obtained from multiple Lepidium host species, Perofascia lepidii
emerges as a genetically uniform single species. Within Hyaloperonospora,
six distinct clades were identified, each of them containing more than one
species and supported by high BS values, in addition to several isolated

species.

Clade 1 acts as a sister group to a clade encompassing the remaining five
clades and all single species lineages, with both low (65%) and high (98%)
BS values in maximum likelihood (ML) and maximum parsimony (MP)
analyses, respectively (Figure 1.4). The central structure connecting these
groups exhibits low resolution compared to the well-supported terminal
nodes. This clade also includes six unique lineages that parasitize various

Cardamine or Rorippa species from Europe and East Asia, as well as
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European Barbarea vulgaris and Arabis soyeri. All host genera, except the lat-

ter two, belong to Cardamineae.

Clade 2 consists of samples from European Draba verna and East Asian
Draba nemorosa, forming two separate clusters with significant genetic dif-
ferences. Hyaloperonospora arabidis-alpiniae (parasitic on Arabis alpina) di-
verges before Clade 2, and Hyaloperonospora niessleana after Clade 2, both
without support in the phylogenetic tree. Hyaloperonospora isatidis, Hy-
aloperonospora thlaspeos-arvensis, and the parasite of Biscutella auriculata are

closely related to Clade 3, but also lack support.

Clade 3 contains parasites of a diverse array of hosts, such as Reseda, one of
the few non-Brassicaceae host genera. The basal split within Clade 3 be-
tween the East Asian Sisymbrium luteum pathogen and the other specimens
is moderate to highly supported (87 to 95% BS). Subclades within Clade 3
are challenging to delineate, and it is unclear if the parasite of Arabis turrita
belongs to Hyaloperonospora arabidopsidis or if Hyaloperonospora thlaspeos-per-
foliati includes specimens from Noccaea caerulescens. Isolated lineages with
high monophyletic support (Figure 1.5), yet unresolved relationships, in-
clude Hyaloperonospora cheiranthi, Hyaloperonospora hesperidis, Hyaloperono-
spora mnesliae, Hyaloperonospora camelinae, and Hyaloperonospora parasitica,
along with pathogens of Lepidium draba, Descurainia sophia, Iberis sempervi-
rens, and Helianthemum (Cistaceae). Clade 4 consists of Hyaloperonospora gal-
ligena and Hyaloperonospora berteroae, while Clade 5 includes two distinct

lineages of Sisymbrium parasites.

Finally, Clade 6 has a notably large number of specimens and is split into
two subclades: those primarily parasitizing Cardaminae (Cardamine and rel-

atives like Nasturtium) and those primarily parasitizing Brassica and
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relatives (tribe Brassiceae; Diplotaxis, Eruca, Erucastrum, Raphanus, Sinapis).
This division is strongly supported by both ML and MP analyses. Within
the first subclade, differentiation between samples from North America
(specimen 21-01), East Asia (GenBank sequences), and Europe is evident.
The second subclade also includes parasites of Armoracia, Lobularia, Lunaria,
Sisymbrium, Teesdalia, and Tribulus (Zygophyllaceae). Parasites of Diplotaxis
and Sinapis occur within at least two lineages. Both Sinapis and Brassica
downy mildew appear to infect Armoracia as well. The classification of Hy-
aloperonospora lunariae is ambiguous, as it cannot be clearly distinguished

from the downy mildew affecting Erucastrum nasturtiifolium.

In addition to the findings by Goker et al. (2009), a more recent study by Lee
et al. (2017) included additional samples from Korea and made a phyloge-
netic analysis based on internal transcribed spacer (ITS) rDNA but also on

cox2 mtDNA sequences.

The phylogenetic analyses performed by Lee et al. (2017) using samples col-
lected in Koread (Figure 1.6 and Figure 1.7) revealed that accessions from
different Arabis species fell into four distinct lineages: one representing H.
arabidis-alpinae, another representing H. arabidis-turritae, a third on Arabis
soyeri (previously described by Goker et al. (2009)), and a fourth clade with
two Korean accessions on Arabis glabra, representing a new combination, H.
arabidis-glabrae. An unknown Hyaloperonospora lineage from Catolobus pen-
dulus (= Arabis pendula) clustered with Hyaloperonospora arabidis-turritae, Hy-
aloperonospora mayli, and Hyaloperonospora thlaspeos-perfoliati and may repre-

sent an unknown species.

Accessions from Rorippa species formed two major clades (Figure 1.6): one

representing Hyaloperonospora nasturtii-montani, and another comprising
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Hyaloperonospora nasturtii-islandicae and Hyaloperonospora nasturtii-palustris.
The latter two species, parasitic on Rorippa palustris, formed a highly sup-
ported group (91/98%), but each represented a distinct Hyaloperonospora

species.

The Hyaloperonospora brassicae complex fell into four related clades in the
ITS tree, as suggested by Goker et al. (2009): one clade parasitic on Brassica
species, another on Sinapis alba, a third on Sinapis arvense, and a fourth on
Raphanus species. Intriguingly, accessions from spider flower, Tarenaya has-
sleriana (= Cleome spinosa), were placed within the first Hyaloperonospora bras-
sicae clade, indicating a close genetic relationship based on ITS and cox2 se-

quences.

Korean accessions from Cardamine impatiens grouped within the Hy-
aloperonospora dentariae clade, albeit with weak support in the ITS dataset
and strong support in the cox2 mtDNA dataset. They formed a well-sup-
ported subclade in the cox2 dataset, consistent with Voglmayr et al. (2014),
who observed host-specific substructures within Hyaloperonospora dentariae.
Notably, there was a divergence between European and Korean accessions
from Cardamine impatiens. An unknown Hyaloperonospora lineage from Car-
damine scutata was found to be closely related to Hyaloperonospora sp. ex Ar-
abis soyeri and may represent an overlooked species. Korean accessions from
Thlaspi arvense grouped with GenBank sequences of Hyaloperonospora
thlaspeos-arvensis, marking the first report of Hyaloperonospora dentariae and

Hyaloperonospora thlaspeos-arvensis in Korea.

Overall, the phylogenetic analysis of Hyaloperonospora reveals a complex
picture with multiple clades and lineages, each exhibiting diverse host spec-

ificity and geographic distribution. These studies underscore the challenges
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in delineating species boundaries and emphasize the need for continued re-
search to better understand the evolutionary relationships within this ge-

nus.
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= H. on Arabidopsis arenosa 20-03 | H. cardaminapsidis
H. on Sisymbrium luteum AY211008 | H. sp.
H. on [satis tinctoria 22-07
H. on [satis tinctoria 51-04 | H. isatidis
H. on [satis tinctoria 22-05
H. on Thlaspi arvense 07-10
H. on Thlaspi arvense 37-06
H. on Thlaspi arvense 15-01
100/100 H. on Thilaspi arvense 49-11 H. thlaspeos-arvensis
H. on Thlaspi arvense AY211010
H. on Thlaspi arvense AF465759
H. on Thiaspi arvense AY211009
H. on Biscutella auriculata 51-02 | H. sp.

100/100

69/66

H. on Alliaria petiolata 49-09
H. on Alliaria petiolata AF465763
H. on Alliaria petiolata 03-01
H. on Alliaria petiolata 02-12
g9i100| M- on Alliaria petiolata 37-01
H. on Alliaria petiolata 04-01
H. on Draba verna 48-12
H. on Draba verna 48-11
H. on Draba verna 51-01
H. on Draba verna 42-08
H. on Draba verna 36-02 | H. cf. erophilae p.p.
’:;1'. on B.)Driba vemaa4336(‘112
. on Draba verna 43-
H. on Draba verna 43-03 Clade 2
H. on Draba verna 43-05
H. on Draba nemorosa AY210997
H. on Draba nemorosa AY210998
100/100| H. on Draba nemorosa AY210995 | H. sp.
H. on Draba nemorosa AY210999
H. on Draba nemorosa AY210996
H. on Arabis alpina 37-02 | H. arabidis-alpinae
H. on Rorippa ‘islandica’ AY211003
H. on Rorippa ‘islandica’ AY211005
H. on Rorippa ‘islandica’ AY211004 = H. sp.
— H. on Rorippa ‘islandica’ AY211006
100i100] H- on Rorippa ‘islandica’ AY211007
H. on Rorippa palustris 38-07
H. on Rorippa palustris 38-08
10098 H. on Rorippa palustris 20-01
H. on Rorippa palustris 20-02
H. on Cardamine scutata AY210994 I H
H. on Cardamine flexuosa AY210988 - SP-

H. niessleana

65/98

100/100

95/96|

H. rorippae-islandicae®

98/82 H. on Arabis soyeri 37-03 | H. sp.
-85 H. on Barbarea vulgaris 44-08 Clade 1
100/99 H. on Barbarea vulgaris 38-02

H. on Barbarea vulgaris 20-10 H. barbareae
H. on Barbarea vulgaris 13-05
H. on Barbarea vulgaris 22-01
H. on Cardamine bulbifera 21-02

1004100

H. on Cardamine impatiens 38-04 H. sp.

H. on Cardamine impatiens 38-05
H. on Cardamine impatiens 13-09
H. on Cardamine impatiens 18-06

P. on Lepidium apetalum AY211011
P. on Lepidium virginicum AY211014
P.on Lepidium densiflorum AF465760 o
1001100 P, on Lepidium virginicum AY211013 | P. lepidii
LI P, on Lepidium apetalum AY211012
100/

P on Lepidium ruderale 22-08

— 0.005 substitutions/site P. on Lepidium ruderale 22-09

Figure 1.4. The lower portion of the phylogenetic tree, generated using RAxML
with a GTRMIX nucleotide substitution model approximation, was rooted with
Perofascia and is presented with branch lengths scaled to reflect the expected num-
ber of substitutions per site Bootstrap support (BS) values above 50% from both
maximum likelihood (ML, left) and maximum parsimony (MP, right) bootstrap-
ping are denoted above the branches. Specimens of Hyaloperonospora (H.) and
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Perofascia (P.) are labelled with their DNA isolation numbers and host species, and
GenBank accession numbers are provided where sequences were sourced from the
database. Thick vertical bars, along with accompanying names, represent the pro-
posed species names, with asterisks indicating binomials introduced in this study.
In instances where species boundaries are uncertain, the bars are depicted in light
grey. Thin vertical bars and corresponding numbers identify clades that appear to
be above the species level, as further discussed in the text. The upper portion of
this tree can be found in Figure 1.5 (Goker et al., 2009).
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H. on Lunaria rediviva 46-03
H. on Lunaria rediviva 18-10
H. on Erucastrum nasturtiifolium 36-07 | oo vio

H. on Erucastrum nasturtiifolium 36-09 :
on Lunaria rediviva 20-11
on Lunaria rediviva 37-07
on Sinapis alba 14-03
on Sinapis alba 22-02
H. on Sinapis alba 36-08 H. brassicae p.p.
H. on Armoracia rusticana 23-09
H. on Sinapis alba 15-03
95 H. on Eruca sativa 52-04
H. on Eruca sativa 52-06 | H. sp.
H. on Eruca sativa 51-06
— H. on Sinapis arvensis 27-04 | H. brassicae p.p.
H. on Brassica napus 49-01
H. on Armoracia rusticana 26-10
H. on Brassica napus 24-05
H. on Brassica napus 26-09 .
H. on Brassica napus 46-01 H. brassicae p.p.
H. on Armoracia rusticana 21-11
H. on Brassica napus 24-08
H. on Brassica campestris AY210985
H. on Brassica campestris AY210986
S H. on Lobularia maritima 22-10 | H. lobulariae*
H. on Diplotaxis tenuifolia 23-12 H
96/94| H. on Diplotaxis virgata 51-05 - SP-
H. on Raphanus sativus AY211002
88/88] 11 on Raphanus sativus AY211000
H. on Raphanus sativus AY211001
H. on Raphanus raphanistrum 52-02 H b .
H. on Raphanus raphanistrum 51-12 - brassicae p.p.
98193 H. on Raphanus raphanistrum 51-08
H. on Raphanus raphanistrum 51-10 Clade 6
H. on Raphanus raphanistrum 12-09
H. on Sisymbrium irio 44-05
H. on Sisymbrium irio 51-09 H. s
H. on Sisymbrium volgense 24-02 - Sp-
1001100 H. on Sisymbrium irio 52-05
H. on Tribulus terrestris 44-09 | H. tribulina
H. on Diplotaxis tenuifolia 23-11 H. s
00100 ﬁf on ]Qip.'(ga,‘xis w'g;ata ’51-2%704 - SP-
LETEE) H. on Teesdalia nudicaulis 23~ "
H. on Teesdalia nudicaulis 23-02 I A. teesdallae
H. on Cardamine hirsuta 36-11
H. on Cardamine hirsuta 49-06
H. on Cardamine hirsuta 44-04
H. on Cardamine hirsuta 05-01
H. on Cardamine pratensis 04-03
H. on Cardamine pratensis 17-08
H. on Cardamine pratensis 49-05
H.
H.
H.
H.

H.
H.
H.

H.

75

100/100

62/65)
65/~

on Nasturtium officinale 24-03 1 sp
. on Nasturtium officinale 38-06 e
on Cardamine hirsuta 21-07
on Cardamine flexuosa 21-08
H. on Cardamine amara 36-05
H. on Cardamine flexuosa 38-03
H. on Cardamine amara 20-08
H. on Cardamine flexuosa 20-04
H. on Cardamine flexuosa 22-04
H. on Cardamine leucantha AY210990
H. on Cardamine leucantha AY210992
H. on Barbarea orthoceras AY210984 H.sp
H. on Cardamine leucantha AY210991 T
H. on Cardamine leucantha AY210993
64161 H. on Turritis glabra AY210983
H. on Cardamine sp. 21-01 | H. sp.
H. on Helianthemunm sp. 46-05 | H. sp.

100/100 H. on Sisymbrium loeselii 23-05 . i I
H. on Sisymbrium loeselii 23-10 I h. sisymbrii-loeselii Clade 5
69/82] 100100 | H. on Sisymbrium officinale 21-10 I H. sp ade

H. on Sisymbrium officinale 51-11
H. on Aurinia saxatilis 20-12
QSRF‘

97/87
00/100]

-I68

— at/e4

H. on Aurinia saxatilis 49-03

H. on Aurinia saxatilis 18-03 | H- 9aligena

Clade 4

1004100

l[ I_J‘-f on élginia saxatilis 2449—(%
. on Berteroa incana 24-

9983l 1 on Berteroa incana 23-08 | H- berteroae
H. on Iberis sempervirens 22-06 | H. sp.
BB?S:’FF H. on Capsella bursa-pastoris 52-03

o7see]| H. on Capsella bursa-pastoris 52-07
H. on Capsella bursa-pastoris 19-01
1007100 H. on Capsella bursa-pastoris 37-04
|.|_ H. on Capsella bursa-pastoris AY210988
8883 4. on Capsella bursa-pastoris AY210987
H. on Descurainia sophia 21-04
H. on Descurainia sophia 44-07
H. on Descurainia sophia 49-02
mo‘,"?‘?"gz H. on Camelina microcarpa 24-07
H. on Camelina sativa 36-12 H. camelinae
H. on Camelina sativa 21-06
H. on Neslia paniculata 37-08 | H. nesliae
H. on Hesperis matronalis 20-06
H. on Hesperis matronalis 20-07
100/100 | H. on Hesperis matronalis 23-06 | H. hesperidis
H. on Bunias orientalis 21-09
H. on Hesperis matronalis 23-01
H. on Lepidium draba 21-03
H. on Lepidium draba 37-05
H. on Lepidium draba 49-07
u f'-‘:i un_LepidiL’;m d5a2bg ?:IS-OB
. on Erysimum cheiri 22- . .
H. on Erysimum crepidifolium 26-08 I H. cheiranthi

Figure 1.5. Upper half portion of the phylogenetic tree from Figure 1.4, including
clades 4-6. For a description, see Figure 1.4 (Goker et al., 2009).

H. parasitica

H. sisymbrij-sophiae™

1001100 H. sp.

— 0.005 substitutions/site
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AY531408 H. brassicae ex Armoracia rusticana
AY5314086 H. brassicae ex Armoracia rusticana
EU049216 H. brassicae ex Brassica napus
EU049254 H. brassicae ex Brassica napus
10011001 EU049211 H. brassicae ex Sinapis alba

AY531403 H. brassicae ex Sinapis alba

EU049218 H. brassicae ex Sinapis arvensis

soro0 | EV049277 H. ex
7 EU049278 H. ex
AY211000 H. brassicae s.l. ex Raphanus sativus
87/89[~ AY211001 H. brassicae s.. ex Raphanus sativus
MF784716 H. brassicae s.l. ex Raphanus sativus

100/100 GQ919015 H. sp. ex Eruca sativa

81175 | KC494996 H. i i ex C laciniata
(C494994 H. ex C. diphylla
AY210990 H. phylla ex Ci

96789 AY210992 H. phylla ex

100/100 | KC495026 H. nasturtii-aquatici ex Cardamine hirsuta
KC495031 H. nasturti-aquatici ex Cardamine pratensis
KC495018 H. ex C: i

99/88' KC495019 H. ex C phy

100/100 | MF784703 H. arabidis-glabrae ex Arabis glabra
MF784704 H. arabidis-glabrae ex Arabis glabra
MF784706 H. parasitica ex Capsella bursa-pastoris
MF784707 H. parasitica ex Capsella bursa-pastoris
AY211009 H. thlasp v ex Thlaspi
1001100 AY211010 H. % ex Thlaspi
MF784722 H. th v ex Thlaspi
o AY531445 H. thlaspeos-arvensis ex Thlaspi arvense
EU049264 H. thiaspeos-arvensis ex Thiaspi arvense

97/951 AY211008 H. sp. ex Catolobus cf. pendulus
MF784715 H. sp. ex Catolobus cf. pendulus
EU409223 H. arabidis-turritae ex Arabis turrita
KC495022 H. malyi ex Cardamine graeca
AY531432 H. rfoliati ex Mi
EU049219 H. rfoliati ex Mi

100/100 | GU189411 H. norvegica ex Draba nemorosa
GU189412 H. norvegica ex Draba nemorosa
100/100 | GU189409 H. drabae ex Draba nemorosa
- AY210996 H. drabae ex Draba nemorosa
AY531466 H. arabidis-alpinae ex Arabis alpina

1001 MF784717 H. nasturtii-montani ex Rorippa indica
MF784718 H. nasturtii-montani ex Rorippa indica
7355 MF784719 H. nasturtii-montani ex Rorippa indica

100/100

74/88

74/ MF784720 H. ex Rorippa
AY211006 H. p ex Rorippa palustri
52881 AY211003 H. ex Rorippa
9198| [AY211007 H. ex Rorippa
[EU049234 H. rorippae-islandicae ex Rorippa palustris
96/86° EU049235 H. rorippae-islandicae ex Rorippa palustris
AY531392 H. parasitica s.|. ex Arabis soyeri
100/100 70/70F AY210994 H. sp. ex Cardamine scutata
61770 MF784714 H. sp. ex Cardamine scutata
KC494997 H. dentariae ex Cardamine bulbifera
C495005 H. ex Ci i I
6055 lkca95010 H. ex Cardami h
KC495009 H. iae ex Ci ine i ie
MF784708 H. ex C:
MF784709 H. ex C.
MF784710 H. ex C:
MF784711 H. ex C
MF784712 H. ex C:
8155 MF784713 H. ex C: i
1001100 {HF7M72‘.! F lepidiiex L
MF784724 lepidiiex L

aos

Figure 1.6. Minimum evolution trees, generated using the internal transcribed
spacer (ITS) rDNA sequences, are presented with support values obtained from
maximum likelihood inference. Bootstrap support values greater than 60% are dis-
played above/below the branches, indicating the level of confidence for each clade.
Specimens collected in Korea are highlighted in bold text, and species that were
previously unknown in Korea are emphasized with coloured boxes. The scale bar
represents the number of nucleotide substitutions per site, providing a visual rep-
resentation of the genetic distance between taxa within the tree (Lee et al., 2017).
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MF784674 H. ox C
MF784675 H. ex C
MF784673 H. ex C
100100 1L mMF784672 H. ex C
— MF784676 H. ox C

KC494957 H. dentariae ex Cardamine bulbifera
9999 KC494970 H. ex C
95105 96/89 KC494965 H. exC
KC494971 H. ex Ci

|oonooE MF784677 H. sp. ex Cardamine scutata
MF784678 H. sp. ex Cardamine scutata
MF784692 H. nasturtii-palustris ex Rorippa palustris
MF784693 H. P ex Rorippa
MF784694 H. nasturtii-palustris ex Rorippa palustris
MF784695 H. nasturtii-palustris ex Rorippa palustris

MF784696 H. 7 is ex Rorippa i

89/96
100/100|

100100 MF784688 H. nasturtii-montani ex Rorippa indica
100/99 | MF784690 H. nasturtii-montani ex Rorippa indica
MF784691 H. nasturtii-montani ex Rorippa indica
MF784700 H. thlaspeos-arvensis ex Thlaspi arvense

100/100 MF784699 H. thlaspeos-arvensis ex Thlaspi arvense

MF784698 H. thlaspeos-arvensis ex Thlaspi arvense

MF784680 H. sp. ex Catolobus cf. pedulus
MF784679 H. sp. ex Catolobus cf. pedulus
KC494982 H. malyi ex Cardamine graeca

DQ365711 H. perfoliati ex Mi ip

100/100; MF784683 H. norvegica ex Draba nemorosa
MF784684 H. norvegica ex Draba nemorosa

96/90

MF784669 H. ex Capsella b ris
100100 MF784668 H. ex Capsella b
2| MF784670 H. ex Capsella bursa-pastori:
MF784671 H. p ex Capsella b ris
MF784667 H. icae ex i P
MF78466 H. ex
MF784665 H. ex
MF784697 H. sp. [P. cf. ox y

MF784685 H. sp. ex Eruca sativa
MF784687 H. brassicae ex Raphanus sativus
MF784688 H. brassicae ex Raphanus sativus
MF784686 H. brassicae ex Raphanus sativus
100/100; KC494978 H. ex Ci
KC494979 H. ex C
1001100~ KC494986 H. nasturtii-aquatici ex Cardamine hirsuta
KC494992 H. turtii-aquatici ex C

70/81

KC494953 H. ex Ci diphylla
KC494955 H. ex C: ine laciciata
1001100 KC494974 H. phyila ex C
KC494976 H. phylla ex C:

100/100 | MF784681 H. drabae ex Draba nemorosa

| MF784682 H. drabae ex Draba nemorosa

001

100/100; MF784701 lepidii ex Lepidi
MF784702 Perofasica lepidii ex Lepidium virginicum

Figure 1.7. Minimum evolution trees, generated using the cox2 mitochondrial
DNA (mtDNA) sequences, are presented with support values obtained from
Bayesian inference. Bootstrap support values, derived from both minimum evolu-
tion and maximum likelihood analyses, are displayed above/below the branches
for values greater than 60%, indicating the degree of confidence associated with
each clade. Specimens that were collected in Korea are emphasized in bold text,
and species that were previously unidentified in Korea are accentuated within col-
oured boxes. The scale bar represents the number of nucleotide substitutions per
site, visually illustrating the genetic divergence between taxa within the tree (Lee

et al.,, 2017).
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1.2.4 Hyaloperonospora brassicae life cycle

Downy mildews are a group of obligate parasitic pathogens that are very
specific to the host species they infect. To multiply and progress in their life
cycle, downy mildews require specialized nutrients that are created or be-
come available during pathogenesis (S. Kluczewski & J. Lucas, 1982; Singh
et al., 1980). On Brassicaceae adult plants downy mildew is primarily a fo-
liar disease but the infection may extend to other parts of the plant like the
inflorescence of cauliflower and broccoli cultivars. Compared to adult
plants, seedlings and young plants are more vulnerable to this disease
(Koike et al., 2009), especially in plant nurseries where they could be very
destructive (Channon, 1981). In the field, new downy mildew infections
usually occur via sexually produced oospores stored over winter in crop
residues in the soil (LeBeau, 1945), but after this initial infection successive
colonization takes place via asexually produced spores formed on the coty-
ledons, hypocotyls and young leaves and spread by wind or water droplets

to other uninfected parts of the plants (Chang et al., 1963).

1.2.4.1 Asexual reproduction

When environmental conditions are favourable (10-15°C and high relative
humidity), conidiophores germinate, developing a short germ tube and a
haustorium that penetrates the surface of the cotyledon/leaf/inflorescence
at the anticlinal juncture of two epidermal cells or occasionally, through the
stomata (Shiraishi et al., 1975). Following penetration, the hypha continues
growing, branching out in all directions and changing in diameter and form
according to the size of the space between the cells of the host plant tissues
(Chou, 1970). After the mycelium has completed its vegetative growth, co-

nidiophores emerge vertically, singly or in groups, through stomata on the
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abaxial side of the cotyledons and leaves of the host plant, primarily during
the night (Figure 1.8). The entire process takes about 4-6 hours from emer-
gence to spore formation (Davison, 1968). The intercellular hyphae differ-
entiate to form the conidiophores which are white/grey hyaline and meas-
ure 200-500 um in length. Conidiophores can branch 3-8 times which bifur-
cate to form pairs of long, slender, pointed sterigmata, ending in a single
conidium (Figure 1.8). Conidia are hyaline, elliptic or globose in shape and
measure 24-27 by 12-23 um and are delimited from the sterigmata by cross

walls at maturity.

Disease intensity can be increased using concentrations of up to 3x10*
spores/mL, but increasing it further have little or no effect (Achar, 1992). In
the fields, sporulation takes place mostly at night, disseminating the spores
when the sporangia start to dry out in the morning, producing a violent
twist that releases the spores into the air (Pinckard, 1942). In the fields, the
average survival time for spores stored on plant debris is up to 10 days on
moist soils and warm days but if the soil is dry it can survive for up to 115

days.

Figure 1.8. (a) Sporangia and hyaline spores of H. brassicae (30x magini-
fication). (b) Early sporangia emergence at the point of inoculation on a
B. oleracea cotyledon.

33



1.2.4.2 Sexual reproduction

Downy mildew oospores generated in senescent host tissues are a very im-
portant mechanism for survival during periods of adversity. To form oo-
spores, downy mildews can reproduce sexually by passing nuclear material
from an antheridium to an oogonium (Figure 1.9). Senescence of the host
tissues caused by a deficiency of nitrogen or phosphorous favour oospore
development (McMeekin, 1960). As a result, oospores can be found more
frequently in senescent rather than green healthy tissues and in comparison
to leaves oospores were found more frequently in cotyledons because they
senesced earlier if the infection starts at early stages of the host development
(McMeekin, 1960). Downy mildew oospores can survive in the soil for up
to three years (Jang & Safeeulla, 1990). As a result, oospores are a crucial
source of survival for downy mildew so after a growing season, oospores

stored in plant debris could remain in the soil for many years (Edwards et

al., 2011).
O = .
OQ =
o (e
Airborne conidia Germinating conidium / Oospores
‘ with appressorium and
haustoria in epidermal cells
ASEXUAL f
SEXUAL
CYCLE ‘ CYCLE
Intercellular hyphae An . )
Conidiophore with conidia forming intracellular haustoria theridium and oogonium

Figure 1.9. Downy mildew life cycle showing asexual and sexual cycles to form
spores and oospores respectively on Brassicaceae species (Lucas et al., 1994).
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1.2.5 Downy Mildew symptoms on Brassicaceae species

Downy mildew is one of the most widely reported diseases on horticultural
and agricultural Brassica plants (D. Silue et al., 1996). The disease primarily
affects young seedlings, which can be damaged or killed in severe situa-
tions. Later stages of infection cause debilitation and a decline in the host
plant's quality and performance (D. Silue et al., 1996). After initial infection,
the first symptoms include chlorotic small pale yellow spots on the upper
surface of the cotyledons and leaves, and white/grey sporangia carrying
spores on the underside of the cotyledon and leaf. In the field, the most
common visible symptoms on adult brassica plants are black, greyish or
brown spots on the surface of leaves, curd heads and radish and turnip
heads. The entire undersurface of Brassica seedlings can become completely
covered by downy mildew sporangia. After infection, downy mildew can
create multiple sunken black spots on cotyledons/leaves (Sherf & MacNab,
1986) and also on cauliflower and broccoli curds (Channon, 1981; Chorin,
1946). These dark black spots can also be seen at the point of inoculation on
cotyledon and leafs inoculated in the laboratory (Figure 1.10-a). On highly
susceptible genotypes, damage caused by downy mildew can make the en-
tire leaf or cotyledon yellow, dry up and drop off the plant. On moderately
resistant genotypes, initial spots caused by downy mildew on leaves remain
confined to the point of inoculation not being able to extend to other parts
of the leaves (Figure 1.10-b). Adult brassica plants have been reported to be
more resistant to downy mildew infection compared to cotyledons from the

same genotypes (Coelho & Monteiro, 2003a, 2003b; Coelho et al., 2009).
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(b)

Figure 1.10. (a) Black spots at the Downy Mildew point of inoculation on the abax-
ial side of B. oleracea cotyledons. (b) localized Downy Mildew black spots and spo-
rangia on the abaxial side of B. oleracea leaves.
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1.2.6 Biotic and abiotic factors affecting downy mildew in

the fields and disease management

In the case of downy mildew on Brassiceae species, the interaction between
the host plant, the pathogen, and the environment is a complicated process
that controls the rate of the disease progression. In addition, downy mildew
infections in the field have a relatively short latency period, resulting in a
fast disease progression making the epidemics rapid and unpredictable

(Jeger & Spencer-Phillips, 2004).

Environmental temperature and relative humidity are the two most im-
portant abiotic factors that affect significantly downy mildew development
before and after infection. Other environmental variables like wind and
rainfall duration and intensity, and dew have an important effect on the
downy mildew infection, survival, multiplication and spread as primary
and secondary sources of inoculum. In downy mildews, primary inoculum
usually starts with a modest amount of pathogen inoculum and then grows
exponentially through repeated cycles on the plant host over the growing
season. Therefore, the presence or absence of the aforementioned environ-
mental abiotic variables will have a significant impact on the overall sever-
ity of the downy mildew infection in the fields, especially on the secondary
spread of the pathogen. Cultural practices such as sowing time, nutritional
conditions (macro and micronutrients), cultural operations, type of cultivar,
crop rotations, continuous harvesting, plant debris burning, and so on have
a significant impact on the downy mildew life cycle on Brassicaceae crops.
Therefore, since downy mildew oospores remain in the plant debris of the
infected host tissue, cultural practices for controlling downy mildew in the

fields should focus on sanitation and management by removing and
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destroying the infected plant debris to limit the supply of the primary inoc-
ulum in the next growing season. In addition to these measures, other cul-
tural practices to make the environment less favourable for downy mildew
infection should be applied. For example, increasing the aeration and avoid-
ing dense seeding will reduce the relative humidity around plants (Butler,

1918; Sherf & MacNab, 1986).

Biotic factors like the age of the host tissue, availability of young tissues,
host-like proximity to the primary source of inoculum, leaf wetness dura-
tion, low wax content on leaves, pathogen virulence, susceptibility of the
host sown, etc are all factors that affect the downy mildew disease severity
favourably. From all these biotic factors the most cost-effective solution to
control downy mildew in the fields is to use naturally resistant genotypes.
So the identification and mapping of new sources of resistance should be

the priority for brassica breeders

Alternatively, brassica growers use fungicides or other chemical treatments
to protect their crops from downy mildew (Monteiro et al., 2005) or to con-
trol it to some extent (Brophy & Laing, 1992). Fungicides have been used in
a variety of ways, including foliar spraying on affected plants or seed treat-
ment before sowing (Gisi, 2002). Jensen et al. (1999) reported that the spor-
ulation intensity of downy mildew was significantly reduced on brassica
seedlings by using CGA245704 (systemic acquired resistance chemical acti-
vator) as a seed treatment. Seed treatment with metalaxyl was also effective
in controlling downy mildew in cauliflower (Verma et al., 1994). However,
downy mildews have the capability to evolve and become resistant to fun-
gicide treatments (Brophy & Laing, 1992; Tyler, 2007) including the previ-
ously mentioned metalaxyl (Crute et al., 1985). As with any other biological

system, no single strategy can be viable, effective, ecologically safe or
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economically feasible. Fungicides and cultural practices have only provided
limited control to downy mildew in the fields (Barbetti et al., 2011). Also,
fungicides and other chemicals cannot be used regularly in certain brassica
crops, like crops with short periods between sowing and harvesting and or
ecologically branded, like baby leaves. Therefore the use of resistant geno-
types is the most cost-effective way to control downy mildew in the fields,

and for this reason, this was the main research focus of this thesis.

1.3 Sources of resistance to downy mildew in
brassicas

Downy mildew is a very common and devastating disease in many Brassica
growing countries (Carlier et al., 2012; Farinhd et al., 2007), resulting in huge
yield losses of up to 90% if climatic situations are favourable for downy mil-
dew (Butler, 1918; Monot et al., 2010). Several cultural and chemical tech-
niques for controlling downy mildew have been reported to be ineffective
due to the systemic nature of the disease (Vicente et al., 2012), fueling the
research for new ways to reduce the yield losses caused by downy mildew
(Eshraghi et al., 2007). Fungicides were likewise ineffective in preventing
downy mildew disease, which lead to the emergence of new more virulent
isolates (Brophy & Laing, 1992; Singh et al., 2013). As a result, Brassica cul-
tivars with inherent genetic resistance to this pathogen can provide the best
and most cost-effective alternative to avoid yield losses in the future. For
this purpose, the identification of new sources of resistance and knowledge
of the genetics of resistance are prerequisites to developing downy mildew
resistant varieties. Downy mildew resistance has been identified to be con-
trolled by different loci (Coelho et al., 1998; Coelho & Monteiro, 2003a;
Dickson & Petzoldt, 1993) at both seedling (Monteiro & Williams, 1989;
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Natti et al.,, 1967; Thomas & Jourdain, 1992) and adult plant stage (C. E.
Thomas & E. Jourdain, 1990). For B. oleracea, some accessions were reported
to be resistant at the seedling stage but susceptible at the adult plant stage
(Coelho & Monteiro, 2003a, 2003b; Monteiro et al., 2005). But for other ac-
cessions the resistance observed at seedling stage for downy mildew was
also observed at the adult plant stage (Jensen et al., 1999; Wang et al., 2000).
At the seedling and adult-plant stages, multiple resistance sources were ob-
served for all B. oleracea cultivars (Branca et al., 2005; Carlsson et al., 2004;
Coelho & Monteiro, 2003b; Dickson & Petzoldt, 1996; Dickson & Petzoldt,
1993; Farnham et al., 2002; Hoser-Krauze et al., 1984; Hoser-Krauze et al.,
1995; Jensen et al., 1999; Kontaxis et al., 1979; Mahajan et al.,, 1991;
Mohammed et al., 2019; Monteiro et al., 2005; Monteiro & Williams, 1989;
Natti et al., 1967; Pandey et al., 2001; Sharma et al., 1995; Silué et al., 1995;
Singh et al., 1987; Singh et al., 2013; C. E. Thomas & E. L. Jourdain, 1990;
Vicente et al., 2012) and other cultivated Brassica species (Ge et al., 2008;
Lucas et al., 1988; Nashaat & Awasthi, 1995; Nashaat et al., 2004; Nashaat et
al., 1997; Séguin-Swartz, 2005). The genetics of downy resistance has been
reported to be complex with various modes of inheritance for both seedling
and adult plant resistance (Table 1.1). At the seedling stage, a single domi-
nant gene (Farnham et al., 2002; Jensen et al., 1999; Natti et al., 1967; Vicente
et al., 2012), a recessive gene (Carlsson et al., 2004; Hoser-Krauze et al.,
1984), multiple genes (Carvalho & Monteiro, 1996; Hoser-Krauze et al.,
1995; B. D. Jensen et al., 1999; Monteiro et al., 2005) have been reported. At
the adult plant stage, a single dominant gene (Barnes, 1968; Coelho &
Monteiro, 2003b; Mahajan et al., 1995; Monteiro et al., 2005; Natti & Atkin,
1960 ; Saha et al., 2020; Verma & Singh, 2018) and a recessive gene (Mahajan

et al., 1995) have been reported.
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Table 1.1. Inheritance of resistance in B. oleracea to the pathogen H. brassicae.

Species Resistance gene Reference

B. oleracea  One dominant gene Barnes (1968)

B. oleracea  One dominant gene Natti and Atkin (1960 )

B. oleracea One dominant gene Mahajan et al. (1995)

B. oleracea  One dominant gene Farnham et al. (2002)

B. oleracea  One dominant gene Natti et al. (1967)

B. oleracea  One dominant gene Coelho and Monteiro (2003b)
B. oleracea  One dominant gene Monteiro et al. (2005)

B. oleracea  One dominant gene Saha et al. (2020)

B. oleracea  One dominant gene Verma and Singh (2018)

B. oleracea  Two dominant genes Natti et al. (1967); Vicente et al. (2012)
B. oleracea  Two dominant genes Carvalho and Monteiro (1996)
B. oleracea  One recessive gene Carlsson et al. (2004)

B. oleracea  One recessive gene Hoser-Krauze et al. (1984)

B. oleracea  One recessive gene Mahajan et al. (1995)

B. oleracea  One recessive gene Carlsson et al. (2004)

B. oleracea  Multiple dominant genes Hoser-Krauze et al. (1995)

B. oleracea Multiple dominant genes Moss et al. (1988)

B. oleracea  Partial resistance B. D. Jensen et al. (1999)

B. oleracea  Quantitative genes Dickson and Petzoldt (1996)
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1.3.1 Identified QTLs conferring downy mildew resistance

on Brassica crops

Positional cloning has been a popular approach for isolating resistance
genes in model organisms and crop species. To date, twenty sources of re-
sistance to downy mildew have been mapped in A. thaliana (Crute et al.,
1997). These identified sources of resistance genes (Resistance to Peronospora
parasitica, RPP) are NB-LRR which encode for receptor-like proteins with a
conserved nucleotide binding motif and a leucine-rich repeat domain, and
most of them are found in clusters across the genome instead of being ran-
domly dispersed across the chromosomes (Bittner-Eddy et al., 2000; Botella
et al., 1998; McDowell et al., 1998; Parker et al., 1997). Compared to A. tha-
liana, only a few sources of resistance have been identified and mapped in

B. oleracea and other Brassicas.

In B. oleracea, most sources of resistance were found to be monogenically
inherited. A single dominant gene located at the end of chromosome 8
shortest arm was identified (Pp523) in broccoli (Carlier et al., 2012; Coelho
& Monteiro, 2003b; Farinho et al., 2004), and markers flanking the locus
were identified (Farinho et al., 2007). These markers were revealed to be in
synteny with the top arm end of the A. thaliana chromosome 1 (Farinho et
al., 2007). Another source of resistance against downy mildew (BoDowny
Mildew1) was mapped to the B. oleracea chromosome 5 (Gao et al., 2003;
Giovannelli et al., 2002) and was found in close proximity to the glucosin-
olate pathway gene BoGsl-elong (Gao et al., 2007). Another single dominant
resistance gene to downy mildew was mapped (Ppa3) in cauliflower (Singh
et al., 2012). Saha et al. (2020) discovered another monogenic inherited dom-

inant gene (Ppa207) located at the end of chromosome 2 longest arm.
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In B. rapa, multiple sources of resistance were also mapped and candidate
genes were reported (Kim et al., 2011; Li et al., 2011; Yu et al., 2016; Yu et al.,
2009; Yu et al., 2011; B. Zhang et al., 2018; Zhi et al., 2016). Four closely
linked QTLs (yBrDowny Mildew8, sBrDowny Mildew8, rBrDowny Mil-
dew8, and hBrDowny Mildew8) were found to be associated with downy
mildew resistance and were mapped to the long arm of the B. rapa chromo-
some 8 (Yu et al., 2016). Another two QTLs (BraDowny Mildew and BrDW)
were located in the short arm of the B. rapa chromosome 8 (Li et al., 2011;
Yu et al,, 2009; Yu et al.,, 2011). Two other QTLs (rBrDowny Mildew6 and
hBrDowny Mildew4) were mapped to the chromosome 6 and 4 top arm of
the B. rapa genome respectively (Yu et al., 2016). A single resistance QTL
(Br-Downy Mildew(04) was identified to be located on the longest arm of
the B. rapa chromosome 4 (B. Zhang et al., 2018). Another single QTL
(BrRPHP1) was mapped to the shortest chromosome 1 arm on the B. rapa

genome (Kim et al., 2011).
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Table 1.2. Collection of genes/QTLs linked to Downy mildew resistance in Brassica

oleracea (Shaw et al., 2021).

Mapping

population

Locus/QTL

Chr

Linked Marker

References

F>

E>

|3

|3

F>

F>

RIL

Pp523

Pp523

BoDowny
Mildew1

Pp523

Ppa3

Ppa207

C05

Co8

Co8

Co05

Co08

Co02

UBC359620
OPM16750
OPK17_980

ATCTA_133/134

SCR15

SCAFB1/Bful

Downy
Mildew1-F
Downy
Mildew1-R
CB10139
CB10028
OPrC141186
OPE141881
ISSR-231103
OPrCi141186
OPE141881
ISSR-231103
BoGMS0486
BoGMS0900

Giovannelli et al. (2002)

Farinho et al. (2004)

Farinho et al. (2007)

Gao et al. (2007)

Carlier et al. (2012)

Singh et al. (2012)

Singh et al. (2015)

Saha et al. (2020)
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Table 1.3. Collection of genes/QTLs linked to Downy mildew resistance in Brassica

rapa (Shaw et al., 2021).
Mapping  Locus/QTL  Chr Linked Marker References
population
DH BraDowny  A08 K14-1030 Yu et al. (2009)
Mildew PGM
Ol12G04
F» BrRPHP1 A01  OPA08650 and Kim et al. (2011)
BrPEK15B
DH BrDW A08 Brb062-Indel230 Li et al. (2011)
Brb094-Dral787
Brb(094-Aatll666
Brb043-Bg111715
Brh019-SNP137
bru1209
DH BrDW A08 SCK14-825 Yu et al. (2011)
kbrb058m10-1
kbrb006c05-2
DH sBrDowny A08 A08-709 Yu et al. (2016)
Mildew$ A06 A08-028
yBrDowny  A04 A08-018
Mildew8
rBrDowny
Mildew8
hBrDowny
Mildew8
rBrDowny
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Mildew6

hBrDowny
Mildew4
Inbred lines QTL
DH, F Br-Downy
Mildew04

A01
A04

A0124655323
A04_5235282
A04_5398232

Zhi et al. (2016)
B. Zhang et al. (2018)
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1.3.2 Molecular plant-microbe interactions

Plants are constantly exposed to a variety of microbial pathogens, including
bacteria, fungi, oomycetes, and viruses that can cause disease and affect ag-
ricultural productivity (Jones & Dangl, 2006). One of these diseases, downy
mildew, caused by the oomycete Hyaloperonospora brassicae, poses a signifi-
cant threat to Brassica oleracea crops, including cabbage, broccoli and cauli-
flower. To defend against these pathogens, plants have evolved a two-level
immune system consisting of molecular interactions between the plant sur-
face-localized and intracellular protein receptors that recognize and re-
spond to secreted pathogen molecules, also known as effectors, during

pathogen invasion (Bigeard et al., 2015).

The first layer of defence is mediated by membrane-anchored pattern recog-
nition receptors (PRRs), subdivided into receptor kinases (RLKSs) and recep-
tor-like proteins (RLPs). Both groups share common structural features,
such as extracellular domains for ligand recognition, but they differ in their
intracellular domains, which play a role in signal transduction (Couto &
Zipfel, 2016). This type of receptor has a variable ectodomain that can rec-
ognize molecular signatures coming from the pathogen as pathogen-asso-
ciated molecular patterns (PAMPs) or danger-associated molecular patterns
(DAMPs) and initiate defence responses against invading pathogens (Boller

& Felix, 2009).

RLKSs are a large family of transmembrane proteins that play an essential
role in plants. These receptors typically consist of an extracellular ligand-
binding domain, a transmembrane domain, and an intracellular kinase do-
main (Shiu & Bleecker, 2001). Based on their extracellular domains, receptor

kinases can be further classified into various families, including leucine-rich
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repeat receptor kinases (LRR-RKSs) and lysin motif receptor kinases (LysM-
RKs) (De Smet et al., 2009), which are responsible for recognizing and bind-
ing to PAMPs (Macho & Zipfel, 2014). Upon PAMP recognition, the intra-
cellular kinase domain becomes activated, initiating a cascade of phosphor-
ylation events that ultimately lead to the activation of downstream defence

signalling pathways (Couto & Zipfel, 2016).

RLPs are another group of transmembrane proteins that also contribute to
the recognition of PAMPs. Like RLKs, RLPs possess extracellular ligand-
binding domains and single-pass transmembrane domains (Wang et al.,
2010). However, RLPs lack the intracellular kinase domain found in RLKSs.
Instead, they rely on interactions with other proteins, such as kinases or
adaptor proteins, to transduce signals upon ligand binding (Gust & Felix,

2014).

Despite this defence, many pathogens have evolved to be able to suppress
this first layer of defence (PTI) by delivering effectors into the plant cells.
As a result, plants have evolved a second layer of defence mediated by in-
tracellular nucleotide-binding and leucine-rich repeat receptors (NLRs),
that are capable to recognize specific pathogen effectors and coordinate a
quick signalling response known as effector-triggered immunity (ETI), of-
ten resulting in a hypersensitive response (HR) (Chisholm et al., 2006; Jones

et al., 2016).

NLRs represent a class of intracellular immune receptors that play a critical
role in plant defence against diverse pathogens (Cui et al., 2015). NLRs are
characterized by a nucleotide-binding domain (NBD) and a leucine-rich re-
peat (LRR) region, which are involved in ATP-binding and hydrolysis, and
pathogen recognition, respectively (Takken & Goverse, 2012). NLRs can be

48



divided into several types based on their structural features, particularly
the presence of distinct N-terminal domains. The three main types of plant
NLRs are, coiled-coil (CC)-NLRs, Toll/interleukin-1 receptor (TIR)-NLRs
and RPW8-NLRs (Meyers et al., 2003).

Both TIR-NLRs and CC-NLRs are involved in recognizing pathogen-de-
rived effectors and activating downstream defence responses (Wu et al.,

2017).

In addition to these main types, some atypical NLRs have been identified,
such as NLRs with integrated domains (ID-NLRs) or unconventional N-ter-
minal domains. ID-NLRs contain additional domains within their NLR
structure, which are thought to directly recognize pathogen effectors (Ce-

sari, 2018).

Further characterization of these NLRs and their potential roles in downy
mildew resistance in Brassica oleracea crops could lead to the development

of improved breeding strategies for enhanced disease resistance.

49



1.4 Aim and objectives.

As previously detailed, downy mildew is a very important foliar disease
that can cause significant economic losses in all Brassicaceae crops world-
wide. The pathogen is most dangerous to young plants and seedlings, but
it can also be very destructive to adult plants, especially very susceptible
genotypes, where infection may become systematic affecting the inflo-
rescence and other parts of the plant reducing the overall quality of the
crops and rendering the crop unmarketable. Fungicides can be used alone
or in combination with cultural practices, but they have only provided lim-
ited control to downy mildew in the fields. Therefore, the use of resistant

genotypes is the most cost-effective way to control downy mildew.

For these reasons, the main objective of this PhD was to find and map new

sources of resistance to downy mildew in Brassica oleracea.
The objectives of this thesis:

1. To collect and maintain various downy mildew field isolates from
distinct geographical locations in the UK and USA and to derive all
field isolates into single spore isolates and preserve them long term

(Chapter 2).

2. Use the downy mildew collection to find new sources for Downy
Mildew resistance in Brassica oleracea from different sources of plant

material and create biparental mapping populations (Chapter 3).

3. To map the downy mildew resistance observed from a selected gen-
otype by bulk segregant analysis and create markers for marker-as-

sisted selection (MAS) (Chapter 4).
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Chapter 2

Culture collection establishment
of Hyaloperonospora brassicae

from Brassica oleracea crop fields

in the UK and USA

2.1 Introduction

Downy mildews are a unique group of obligate plant pathogens classified
in the Mastigomycotina of the Oomycete order Peronosporales. Some indicators
suggest that due to their obligate parasitism, downy mildews have very
limited host ranges and hence could represent separate species. Due to this
reason, based on molecular analysis, Constantinescu and Fatehi (2002) seg-
regated several isolates from the genus Peronospora into two new genera, i.e.
Perofascia and Hyaloperonospora. Hyaloperonospora was the pathogen on cru-
ciferous hosts, with H. arabidopsidis specific to Arabidopsis thaliana, H. para-
sitica to Capsella bursa-pastoris and H. brassicae specific to Brassicaceae. Some

of the most extensively researched H. brassicae isolates have come from the
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United Kingdom, France, Italy, Portugal, India, and South Africa.

Due to their obligate pathogenic nature, downy mildews cannot be culti-
vated in artificial conditions and must rely only on the host plant for nutri-
tion and survival (Lucas et al., 1994). For this reason, to study H. brassicae, a
steady supply of pathogen material by successive transfers on cotyledons
and leaf material from established sources is necessary. Downy Mildew cal-
lus culture has been described using a variety of approaches (Achar, 1995;
Ingram, 1969). In addition, callous tissue allowed Downy Mildew to survive
for 14-21 days on the callous, and it was observed that it decreased cross-
contamination compared to other methods. However, calluses infected
with Downy Mildew could not be transferred directly, and cell wall struc-
ture differences compared with whole-plant cell walls could affect coloni-
zation and growth (Ingram, 1969). For these reasons, callous was not the
ideal tissue for testing host germplasm for resistance purposes since it did

not always reflect the reaction of the entire plant.

It is critical to keep H. brassicae in a controlled environment on appropriate
brassica hosts or, preferably, in vitro under favourable environments for
propagation. A simple method for maintaining H. brassicae in vitro on a suit-
able living host in a controlled environmental room was developed (S. M.
Kluczewski & J. A. Lucas, 1982; Kluczewski & Lucas, 1983; Sheriff & Lucas,
1989a, 1989b). Cotyledons of the host plant were detached nine days after
sowing and placed face down on a damp filter paper in a translucent plastic
box (Bonnet & Blancard, 1987; S. M. Kluczewski & ]. A. Lucas, 1982;
Kluczewski & Lucas, 1983; Sheriff & Lucas, 1989a, 1989b). These cotyledons
were inoculated with Downy Mildew in a sealed container and covered to
maintain a constant relative high humidity. These containers were kept in

a C.E.R at 14-20°C and a day-night cycle with a 12-16h photoperiod (Bonnet
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& Blancard, 1987; Channon, 1981; S. M. Kluczewski & J. A. Lucas, 1982;
Kluczewski & Lucas, 1983; Nashaat & Awasthi, 1995; Sheriff & Lucas, 1987;
Sheriff & Lucas, 1989a, 1989b; Sherriff & Lucas, 1990; D. Silue et al., 1996).
In approximately 5-7 days, these cotyledons will be sporulated and ready
to be subcultured onto fresh cotyledons. Some control measures could be
taken to minimise cross-contamination for experiments where this can be
problematic, including autoclaving soil, surface sterilisation of seed and
subculturing at intervals of 7-9 days in previously sterilised environments

for every isolate.

Highly variability has been reported on H. brassicae isolates collected from
the fields due to the presence of different races or forma specialis of H. bras-
sicae (Natti et al., 1967; Sherriff & Lucas, 1990; Tham et al., 1994). Therefore,
for long-term consistency between experiments, it is necessary to create a
uniform genetic collection of isolates, also defined as monospore lines or

single-spore isolates.

The viability of spore sources could complicate inoculum availability.
Spores' ability to survive is determined by the environment in which they
are stored or maintained. For example, H. parasitica spore on cabbage sur-
vives longer in cold, dry conditions (Krober, 1981). In general, a constant
relative humidity is more important than the temperature for spore viabil-
ity. Spores can survive for ten days on detached leaves in the field during
warm days. If the spore is buried in dry soil, it can survive for 110 days. If
the soil is moist, the survival span is drastically reduced to a maximum of
22 days. A marked decline in survival has also been reported following
summer storage in dry and moist soils. When the spores are stored in air-
dried soil at a constant temperature of 5 °C, the viability of the spores is

extended for up to 130 days (Krober, 1970). Spores stored at —25 °C and

53



moderately dry on leaf discs sustain a relatively high germination rate after
one year or more (Krober, 1970; Krober, 1981). Nevertheless, oospore for-
mation is prolific in infected tissues of all cultivated brassica crops, and they
represent a crucial source of survival for downy mildew over periods of
unfavourable conditions (Jang & Safeeulla, 1990; Kolte, 1985; LeBeau, 1945;
McMeekin, 1960). In the soil, oospores have been observed to stay viable

and infective for two to three years.

Michelmore and Ingram (1980) described several long-term methods to
store obligatory pathogens. Generally, the pathogen is maintained long-
term by storing a few sporulating cotyledons sealed in tiny vials at -70 °C
(Michelmore & Ingram, 1980; Nashaat & Rawlinson, 1994). Such treatment
did not generally result in any significant loss of viability, even after one
year of storage. (Paul et al.,, 1998)successfully used the cryoprotective
agent's glycerine polyethene glycol (PEG) 400 or 1000 allowed for the long-

term preservation of H. brassicae spore in a freezer at -21 °C for one year.
The objectives of the present chapter are:

a) To collect and preserve different Hyaloperonospora brassicae iso-

lates from distinct geographical locations in the UK and USA.

b) To obtain single spore isolates and preserve them long term.
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2.2 Material and Methods
2.2.1 Hpyaloperonospora brassicae culturing in the laboratory

Brassica oleracea seeds, specifically from the commercial kale variety Dwarf
Blue (CN Seeds), were used for maintaining cultures and multiplying the
sporangial inoculum of all H. brassicae isolates. Before using this line for ex-
periments and downy mildew maintenance, this variety was tested for
seed-borne infection of plant pathogens. A subset of seeds from a 500g pack-
age was surface sterilised with 2% sodium hypochlorite for 2-3 minutes and
grown in pots filled with JIC Arabidopsis mix. These pots were placed in a
covered propagator in a CER under the following conditions: 10-hour day,
20°C. After ten days, these uninoculated seedlings were moved to a differ-
ent CER set at the optimum conditions for H. brassicae infection, 12-hour
day, 15°C. After two weeks, the seedlings did not show any sign of infec-
tion. This seed package was used for culturing and multiplying all the iso-

lates or for phenotyping experiments as a control.

An in vitro method was used to maintain all fields and single spore H. bras-
sicae isolates. UK isolates of H. brassicae of the Brassica oleracea pathotype
were collected by CN seeds from different customers, and field trials in six
growing locations (Table 2.1). USA isolates of H. brassicae of the Brassica
oleracea pathotype were sent by post from three fields in the USA. (Table
2.1). Most customers were growing different kale varieties purchased from
CN seeds, so DB was used as a universal susceptible variety for culturing

and maintaining the isolates.

B. oleracea seeds were surface sterilised for 1 min with 2% sodium hypo-
chlorite and sowed in pots at 20°C in a CER After 10-14 days, the cotyledons

are big enough for inoculation, but this depends on the Brassica species and
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cultivar; 10-14 days was sufficient for all B. oleracea cultivars tested, but for
many B. napus lines, 7-10 days was preferable. All downy mildew work was
performed inside a Class 2 Microbiological Safety Cabinet to avoid the dis-
persal of spores in the laboratory. Inside the cabinet, previously cultured
cotyledons showing downy mildew sporulation were transferred to a 5mL
Eppendorf tube containing 2mL 0.05% sterile tween 20 solution using ster-
ilised tweezers. The tube was shaken or vortexed gently for a few seconds
to produce spore suspension (1-3 fully sporulated cotyledons are usually
enough to inoculate 30 cotyledons). The resulting suspension was inocu-
lated by pipetting two 10ul droplets on each side of the 10-14 days old seed-
ling cotyledons (Abaxial side) placed on water agar plates with benzimid-
azole (6g Agar + 900 mL distilled water + 100 mL Benzimidazole [1g/L]).
After inoculation, the plates were sealed with micropore tape to ensure high
humidity. These plates are then incubated for 7-14 days in a growth room
at 15°C with a day length of 12h. The cabinet must be carefully swabbed
with 70% ethanol and allow 10-20 minutes between subcultures to prevent
cross-contamination. Forceps were sterilised by dipping in 70% ethanol and
flaming. Depending on cotyledon collapsing, every 7-10 days, the isolates
were subcultured routinely and incubated at the optimum maintenance
conditions described earlier. For long-term storage, 5-10 entire cotyledons
exhibiting pathogen sporulation were collected in a 5 ml Eppendorf tube

and stored at -80°C for up to one year.

2.2.2 Hyaloperonospora brassicae single spore isolates deri-

vation

Single spore isolates were produced from field isolates collected by trans-

ferring a single conidium to the surface of an excised cotyledon. The
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primary goal was to achieve successful infection and profuse sporulation
from the single conidium so that genetically homogeneous isolates could be

subsequently propagated and maintained over time.

Single spore isolates were derived using nine field isolates (Table 2.1) col-
lected between 2016, 2018 and 2019 from the U.K. and U.S.A. Nine-day-old
susceptible kale seedlings (cv. Dwarf Blue) were used for this experiment.
These isolates were maintained on cotyledons detached from the seedlings
using sharp, sterilised tweezers. Two of these cotyledons were placed up-
side down in square sealed plastic boxes (4x2cm) filled with water agar with
benzimidazole (6g Agar + 900 mL distilled water + 100mL Benzimidazole
[1g/L]), one of them was infected by single spore, and the other one was
used as a control (Figure 1). For every isolate, a total of 12 small individual

plates were prepared.

2.2.3 Inoculum preparation

Inside a Class 2 Microbiological Safety Cabinet, cotyledons showing downy
mildew sporulation were used as the source of inoculum. Three cotyledons
were transferred into a 5mL Eppendorf tube containing 1mL of 0.05% sterile
tween 20 solutions. The tube was gently shaken to produce spore suspen-
sion and filtered using two layers of Miracloth. The spore concentration of
the resulting suspension was calculated using a hemocytometer and ad-

justed to a final concentration of 0.5 spores/pl.

2.24 Single spore isolation and inoculation

A single 2% water agar Petri plate was prepared, and several agar plugs
were cut using a 3mm @ biopsy puncher. Those plugs were placed on top of

a microscopy slide (Figure 2.1-a). Two microliters of the inoculum prepared
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in section Inoculum preparation were pipetted on each one of them (Figure
2.1-a). Immediately after pipetting, the whole surface of the plug was
scanned using a microscope (40x magnification), discarding plugs with 0, 2

or more conidiospores and solely using the ones with one conidiospore

(Figure 2.1-b, c).

()

Figure 2.1. (a) Pipetting 2ul of inoculum on top of the agar plug; (b) Inoculated
agar plug under the microscope; (c) Single conidiospore on an agar plug (*single
conidiospore on top of an agar plug).

To favour the infection process on the inoculated cotyledon, a 10ul droplet
of sterile distilled water was pipetted on the surface. Plugs with a single
conidiospore were transferred spore side down onto the droplet on the sur-
face of one of the two cotyledons placed on the small plates (Figure 2.2-a,
b). Twelve plates were prepared and placed inside a bigger sealed squared
plastic plate for each isolate (Figure 2.3). These plates were placed inside a
CER programmed under the following conditions: 12 hours daylight, 15°C.
Every isolate was closely monitored every day until sporulation was visible.
When cotyledons were fully colonised (Figure 2.3), individual cotyledons
were subcultured. Excellent sporulation was seen six to eight days after in-

oculation.
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Figure 2.2. (a) Transferring agar plugs with a single conidiospore using tweezers;
(b) Agar plug spore side down onto one of the cotyledons.

The spore isolation procedure was repeated one more time for every isolate.
After this, five plates full of fresh Dwarf Blue cotyledons (100 cotyledons)
were prepared and inoculated for all nine isolates. One of the plates was
used to maintain the single spore isolates, and the rest were transferred into
six different 5 mL Eppendorf tubes and stored at -80°C. Single spore isolates

were named with their original names plus "S.S-2" (Single Spore).

Figure 2.3. Square plate showing all 12 small, inoculated plates using agar plugs
with a single conidiospore (Left cotyledon on every plate) for one of the isolates.
*3 out of 12 plates successfully sporulated.
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2.3 Results
2.3.1 Hyaloperonospora brassicae culture collection

A comprehensive single spore isolate set from different commercial fields
in the UK and the USA was created from field isolates collected in 2016,
2018 and 2019 (Table 2.1). All isolates represented in Table 2.1 successfully
infected the universally susceptible Brassica oleracea commercial line Dwarf
Blue (CN seeds). Therefore, this line was used to maintain all single spore
and field isolates in the laboratory on a two-week basis. Due to low infection
levels, the derivation of three other field isolates sent by CN seeds custom-

ers from the USA. was impossible even using the original commercial vari-

ety.

Table 2.1. List of all Hyaloperonospora brassicae field isolates collected between 2016-
2019 from commercial B. oleracea fields.

Isolate Name Origin Year Crop
Colchester field  Colchester field, UK 2016  B. oleracea var. acephala
Intercrop field  Deal field, UK 2016  B. oleracea var. acephala
Martin’s field ~ Spalding field, UK 2016  B. oleracea var. acephala
Malcom’s field  Thetford field, UK 2016  B. oleracea var. acephala
Lettuce field West Sussex field, UK 2016  B. oleracea var. acephala
Vel fresco field  Evesham field, UK 2016  B. oleracea var. acephala
1047 field Salinas, California, USA 2018  B. oleracea var. acephala
1048 field Salinas, California, USA 2018  B. oleracea var. acephala
Happyland field Salinas, California, USA 2019  B. oleracea var. acephala
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2.3.2 Maintenance of Hyaloperonospora brassicae single

spore and field isolates

The most important environmental factors influencing Downy mildew in-
fection for B. oleracea in the laboratory were air temperature and relative
humidity. Downy mildew sporulation could not occur on seedlings without
relatively high environmental humidity, but this was even more critical for
in vitro assays. At 20-28°C, symptoms appeared quickly after inoculation,
but sporulation was limited. Cotyledons become senescent at this tempera-
ture range and collapse after 5-7 days. Atlow temperatures between 5-10°C,
Downy mildew infection growth was slowed, and sporulation was delayed
to 10-14 days after inoculation. For susceptible lines, cotyledon senescence
was slowed considerably at this temperature range of 2-3 weeks after inoc-
ulation. Cotyledon senescence was minimal at 5-15°C; susceptible lines
would start collapsing after 12-16 days, and resistant lines or not inoculated
susceptible lines would start yellowing after 21 days, and some cotyledons
will start rooting in the water agar plate. After inoculation, high relative
humidity was achieved by sealing the plates with parafilm or micropore

tape.

Based on these findings, the laboratory's most favourable temperature for
maintenance and disease assays was 14-16°C. This range was the balance
between downy mildew growth and host senescence, allowing both the
host and the pathogen to grow at a slower pace, resulting in minor damage
and, therefore, a more widespread disease development. Under these envi-
ronmental conditions, profuse sporulation of H. brassicae was achieved 6-8

days after inoculation (Figure 2.4).
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Figure 2.4. Sporulated B. oleracea cotyledon from H. brassicae single spore.

Single spore derivation methodology from downy mildew field isolates re-
sulted in infection rates ranging from 25-50%. Successful infection relied on
the single spore being entrapped between the water agar plug and the ab-
axial surface side of the cotyledon. Adding a 10ul droplet of water to the
infection site allowed the agar plug to stay in place and further boost the
infection. Small individual sealed plates (Figure 2.4) were highly effective
at maintaining the high humidity required for Downy Mildew infection and

sporulation.

After five days, single spore isolates, which showed the first sporangia
emergence, were monitored until day eight, when they were bulked by in-
oculating a plate with susceptible DB cotyledons. Figure 2.3 depicts the pro-
fuse sporulation of three cotyledons out of twelve plates used to produce
single spore cultures of the Colchester field isolates. Isolates were grown for
several generations by subculturing at regular intervals. After inoculum
preparation, the spores concentration was higher when spores were col-

lected using 0.05-0.1% Tween 20 solution rather than distilled water.
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2.4 Discussion

Downy mildews are biotrophic organisms with very sophisticated nutri-
tional requirements that cannot be supplied when the host plant dies.
Therefore, early work on this pathogen concentrated on different strategies
for cultivating it in the laboratory with varying levels of success (Ingram,
1969; Krober, 1969; Krober, 1970; McMeekin, 1981). Guttenberg and
Schmoller (1958) attempted, with minimal success, to culture downy mil-
dew isolates in the absence of living plant tissue. Ingram (1969) was able to
grow and maintain cultures of downy mildew effectively on callus tissues
for more extended periods. This methodology, however, was not widely
used because calluses could not be transferred directly (Ingram, 1969).
Moreover, callus culture could not be used to research plant resistance since
the actual response to the pathogen did not represent that of the seedling or

the adult plant.

Therefore, the most cost-effective and widely used way to maintain and
produce inoculum is to culture downy mildew on host seedlings or de-
tached cotyledons in vitro. Early investigations by Davison (1968) and
Pinckard (1942) produced significant information on the optimal conditions
that promote infection and sporulation of downy mildew. In summary,
high humidity, low temperature and a dark-light cycle favour downy mil-
dew culture maintenance. The possibility to freeze the inoculum on host
plants for more extended periods made it easier to have a ready source of
inoculum when necessary (Satou & Fukumoto, 1993; VH & E, 1993). In this
study, the temperature range for maximum infection of seedlings and de-
tached cotyledons in vitro using a known susceptible B. oleracea host was

15°C. The water agar plate provided high relative humidity and hydration
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on in vitro assays. Under these settings, sporulation was observed 6-8 days

after inoculation.

In the long run, it was crucial to find a universally susceptible B. oleracea host
for all the isolates before initiating a downy mildew maintenance routine.
The time and effort involved in the maintenance decreased considerably by
not having to sow different susceptible varieties/lines for different isolates.
The biotrophic nature of downy mildew made it necessary to find ways to
preserve the culture collection. One necessary measure to avoid the loss of
isolates due to a climatic chamber or freezer malfunction was to back up the
cultures in different freezers and locations. Special measures had to be taken
during shipping for the importation of isolates from the USA to the John
Innes Centre. Large amounts of fresh sporulating imported material were
necessary due to the very low viability of the spores. Higher spore viability
was achieved by sending infected cotyledons 1-2 days after inoculation in a
sealed water agar plate. High viability was also achieved using frozen spor-

ulated cotyledons in dry ice.

In this study, an H. brassicae collection was successfully bulked and main-
tained using the universally susceptible commercial variety Dwarf Blue. All
isolates were collected from 9 different B. oleracea commercial fields. Six of
these fields were in different geographical locations in the UK and three
separate fields from a single location in the USA. Many single spore isolates
were created for every isolate from the fields. This provides a suitable H.
brassicae isolate collection with the aim of identifying new sources of re-
sistance to H. brassicae in B. oleracea germplasm, which is the core of this

work and will be discussed in the subsequent chapters.
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Chapter 3

Finding new sources for H. bras-

sicae resistance in B. oleracea

3.1 Introduction

Downy mildew, caused by the oomycete Hyaloperonospora brassicae (Gaum.)
(Goker et al., 2003), is the most widely reported foliar disease in horticul-
tural and agricultural Brassicaceae species including Brassica oleracea (Coelho
et al., 2012; D. Silue et al., 1996). It can be very destructive at all develop-
mental stages, but young seedlings are more vulnerable (Koike et al., 2007),
causing heavy losses in plant nurseries (Channon, 1981). In the fields, yield
losses from this disease can be very high (Butler, 1918) or completely fatal
depending on climatic situations (Monot et al., 2010). Severe Downy Mil-
dew disease can severely impair the final market product quality for spe-
cific brassica crops where the external appearance of the products is very
important like broccoli/cauliflower heads and crops like kale or collard

leaves (Coelho et al., 2012; Dickson & Petzoldt, 1993; Koike et al., 2009).

Downy mildew control with fungicides or cultural strategies has only
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achieved limited or partial control at a considerable expense (Neik et al.,
2017; Vicente et al., 2012). Therefore, the adoption of genetically resistant
plants is one of the most efficient, low-cost, and environmentally friendly
ways for plant disease prevention. Several sources of genetic resistance to
downy mildew have been found in B. oleracea seedlings and adult plants
(Branca et al., 2005; Carlsson et al., 2004; Coelho et al., 1998; Coelho &
Monteiro, 2003b; Dickson & Petzoldt, 1996; Dickson & Petzoldt, 1993;
Farnham et al., 2002; Hoser-Krauze et al., 1995; Jensen et al., 1999; B. D.
Jensen et al., 1999; Kontaxis et al., 1979; Mahajan et al., 1991; Mahajan et al.,
1995; Ménard et al., 1999, Mohammed et al., 2019; Monteiro et al., 2005;
Monteiro & Williams, 1989; Natti & Atkin, 1960; Natti et al., 1967; Neik et
al., 2017; Pandey et al., 2001; Rooster et al., 1999; Sharma et al., 1991; Sharma
et al., 1995; Silué et al., 1995; Singh et al., 1987; Singh et al., 2013; C. E.
Thomas & E. Jourdain, 1990; C. E. Thomas & E. L. Jourdain, 1990; Vicente et
al., 2012). However, there have been limited studies on the genetic mapping
of these resistances (Carlier et al., 2012; Farinho et al., 2004; Gao et al., 2003;
Giovannelli et al., 2002; Saha et al., 2020; Singh et al., 2012), and to date, no

R gene has been cloned from Brassica species.

The resistant and moderately resistant genotypes identified in this study
against H. brassicae offers opportunities to map these sources of resistance

and/or develop new highly resistant commercial varieties.

3.2 Material and Methods
3.2.1 Brassica oleracea plant material

In this study, a total of 529 genotypes from three different sources were used
to assess them for H. brassicae resistance at the cotyledon stage. For every

experiment, cv. Dwarf Blue (CN seeds) was used as positive control by
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inoculating it alongside the other genotypes, and as a negative control by

inoculating it with distilled water.

3.2.1.1 A12xGD fixed DH population

The first source is a double haploid (DH) population derived from a cross
between Brassica oleracea ssp alboglabra (A12DHd) and B. oleracea ssp italica
(Green Duke GDDH33), also known as the A12xGD population. Seed ma-
terial of 75 DH genotypes, including thirteen substitution lines (Ramsay et
al., 1996) and the two parental lines A12DHd and GDDH33 (Appendix D1),

were made available from the John Innes Centre, Norwich, UK.

3.2.1.2 Brassica oleracea Diversity Fixed Foundation Set (Bol DFFS)

The second source is a subset of 58 fixed genotypes (DH) from the B. oleracea
diversity fixed foundation set, from Warwick University (Walley et al,,
2012). This seed set includes many different B. oleracea cultivars, including
broccoli, cauliflower, cabbage, brussels sprout, kale, calabrese, kohlrabi, etc
(Appendix D2). This set includes TO1000, a genotype used to create one of
the reference genomes available for B. oleracea. Seeds were made available
by Rachel Wells from the John Innes Centre, Norwich, UK. All data for the

DH lines are given in the Appendix D1 table.

3.2.1.3 Brassica oleracea accessions from the Warwick genetic resources

unit and breeding genotypes from CN seeds

The third source consists of 390 Brassica oleracea var. acephala accessions from
the Warwick genetic resources unit (WIEWS instcode-GBR006) gently pro-
vided by Charlotte Allender (Warwick gene bank) and six breeding lines
from CN Seeds. The country origin of all accessions is summarised in Table

3.1. Full details for all the accessions and breeding lines are given in the
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Appendix D3 table.

Table 3.1. Country of origin for the 390 B. oleracea var. acephala accessions from the
Warwick GRU and the 6 breeding lines from CN seeds.

Country Number of accessions
Portugal 189
Great Britain 120
Spain 23
Japan 15
France

[
w

Unknown
Ireland
Germany
Italy
New Zealand
Netherland
Sweden
Yugo Slovakia
Denmark
Syria
USA

— R, R NDNDN O WA N

3.2.2 Hyaloperonospora brassicae isolates

For all three seed sets described in section 3.2.1, a mixture of nine single
spore isolates or a single field isolate was used to screen the material for
downy mildew resistance. Due to isolate availability, the first seed set of 389
Brassica oleracea var. acephala accessions was initially screened for downy
mildew resistance using a single H. brassicae isolate from the Colchester
field (Table 2.1). Later, a subset of the most resistant accessions to downy
mildew was screened again but this time in vitro using a mixture of all nine
single spore isolates. For the other two seed sets, a mixture of nine single-

spore H. brassicae isolates derived from field isolates was used (Table 2.1).

All H. brassicae isolates used in this study were maintained individually in
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vitro on 10-14-day old seedlings of the universally susceptible B. oleracea cv.

Dwarf Blue.

3.2.3 Inoculum preparation

To ensure the viability of the maximum number of spores, fresh inoculum
from infected cotyledons must be used every time. Therefore, if fresh inoc-
ulum is not available, frozen spores must be transferred at least once into

fresh cotyledons.

For all H. brassicae isolates used in this study, cotyledons that displayed
abundant sporulation were collected and placed in a 50 mL tube containing
40 mL of 0.05% sterile tween 20 solution inside a Class 2 microbiological
safety cabinet. The tubes were gently shaken/vortex to dislodge the sporan-
gia. The resulting suspension was filtered into a new 50 mL tube using a
funnel and two layers of Miracloth to remove suspended plant material and
other contaminants. The spore suspension concentration was calculated us-
ing a hemocytometer and adjusted to a final concentration of 4x10*
spores/mL. Due to time, space and seed availability limitations, all individ-
ual isolates could not be tested individually for all B. oleracea genotypes
used in this study. Therefore, the purpose of using a mixture of isolates from
different geographical locations in the UK and the USA (Table 2.1) was to
minimize any potential unique pathotype-specific interaction that may oc-

cur when screening B. oleracea genotypes for H. brassicae resistance.

3.24 Hyaloperonospora brassicae inoculation

In this study, seedlings were inoculated in two ways. The first set, including
all 389 accessions from Warwick and the six breeding lines from CN Seeds,

were inoculated for downy mildew resistance at the seedling stage by

69



pipetting the H. brassicae inoculum directly on the seedlings cotyledons
growing on the trays (Figure 3.1). For the other two sets (A12xGD DH; Bol
DFFS) and the subset from the Warwick accessions, all the genotypes were

screened in vitro.

3.2.4.1 Seedling inoculation on trays

Each B. oleracea accession was sown in 40 cell seedling trays containing JIC
Arabidopsis Mix. After seven days every cell was reduced to two seedlings.
All the accessions were grown at 22°C day, 15°C night, 16-hour photoperiod
and 70-90% humidity in a CER. All trays were watered daily to field capac-
ity. Ten days after sowing all seedlings were inoculated with a single H.
brassicae field isolate (Colchester field) fresh spore suspension adjusted to
4x10*/mL, by pipetting two 10ul droplets to the top side of each cotyledon
(Figure 3.1-a,b). Immediately after inoculation, trays were watered and cov-
ered with a transparent propagator lid to maintain high relative humidity
and moved to a CER at 15°C day, 10°C night and 70-90% humidity for 17

days (Figure 3.1-c).
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Figure 3.1. (a) Seedlings inoculated with H. brassicae. (b) Closeup of an inoc-
ulated seedling. (c) Trays covered with a transparent propagator lid to main-
tain high relative humidity in a CER at 15°C day, 10°C night. (d) Susceptible
B. oleracea genotype with visible H. brassicae sporangias at 17 dpi.

3.2.4.2 In vitro cotyledon inoculation

Seeds were sown in 40 cell seedling trays containing JIC Arabidopsis Mix.
After sowing the trays were moved to a CER at 20°C and a 10-hour day.
After ten days trays were taken out of the CER into a Class 2 Microbiological

Safety Cabinet and cotyledons were detached from the seedlings using a
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sterilised tweezer. For every experiment and genotype, cotyledons were
placed upside down randomly into three different plates containing water
agar with benzimidazole (6g Agar + 900 mL distilled water + 100 mL Ben-
zimidazole [1g/L]). All genotypes were inoculated using a fresh inoculum
mixture of all nine single spore isolates (Table 2.1) and pipetting two 10ul
droplets on each side of the cotyledon. After inoculation plates are sealed
using micropore tape and incubated at 15°C with a day length of 12h for 14
days. The plates are placed in a fully randomized design over a metallic grill
to allow for air circulation to try to minimise condensation on the plates

(Figure 3.2).

Figure 3.2. Sealed water agar plates with benzimidazole on top of a metallic grill
to allow for air circulation around the plate and avoid excessive condensation on
the plate lid.

3.2.4.3 Invitro leaf disk inoculation

To assess downy mildew resistance at the adult plant stage of selected very
resistant genotypes from the BolDFFS, 22 mm width leaf discs were cut us-
ing a cork-borer from different leaves at the 6-leaf stage. To allow the downy

mildew inoculum to adhere properly to the leaf surface the wax was
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removed by submerging the disks in 2% distilled water with tween 20 for 2
minutes. After this, disks were submerged again in distilled water to re-
move the tween 20 and dried gently with a paper roll. Physically damaged
disks were discarded and no damaged ones were placed upside down on
plates containing water agar with benzimidazole (6g Agar + 900 mL dis-
tilled water + 100 mL Benzimidazole [1g/L]). Three plants were used per
genotype and 16 disks were assessed per plant. All leaf disks were inocu-
lated by spraying the Downy Mildew inoculum (68) using a hand spray
bottle. After inoculation, plates are sealed using micropore tape and incu-
bated at 15°C with a day length of 12h for 14 days. Genotypes were assessed
for Downy Mildew resistance and categorized into resistant or susceptible

based on leaf sporulation after 14 dpi.

3.2.5 Cotyledon disease assessment

The H. brassicae disease severity was assessed at two different time points
after inoculation. For seedlings on trays (389 accessions from Warwick and
the six breeding lines), the disease was assessed at 10 and 17 dpi for every
cotyledon. For in vitro studies, cotyledons were assessed at 7 and 14 dpi.
The infection was evaluated based on a category scale from 0 to 3: 0 = no
symptoms; 1 = necrotic flecks at the point of inoculation, no sporulation
(Figure 3.4-a); 1.5 = very sparse sporulation (one to five sporangia) localized
at the points of inoculation (Figure 3.4-b); 2 = sparse sporulation localised at
the points of inoculation (Figure 3.4-c); 2.5 = abundant sporulation, sporan-
gia are not localised to the points of inoculation; 3 =heavy sporulation, most
of the surface of the cotyledon is covered with sporangia (Figure 3.3). The
Townsend— Heuberger formula (Townsend & Heuberger, 1943) was used
to calculate the disease index (DI%) using the disease scores for all replicates

per genotype. The equation used to calculate the disease index (DI%) =X (n
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x V/Z x N) x 100. Where n is the number of cotyledons with a specific disease
score on the scale, V is the scale value, Z is the highest scale value and N is
the total amount of cotyledons scored. All genotypes were categorised us-
ing the DI% from the latest day, 14 dpi for in vitro and 17 for seedlings
Downy Mildew assessment. Genotypes with a DI% between 0-33.3 were
categorised as highly resistant, 33.3-70 as moderately resistant and >71 as

susceptible.

(0) (1) (1.5)

(2.5) (3)

Figure 3.3. All six categories for visual H. brassicae dissease assessment.
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Figure 3.4. Closeup for one of the inoculation points for category 1, 1.5 and 2. All
three have visual necrotic flecks. Category 1.5 has very few Downy Mildew co-
nodiophores visible localised at the point of inoculation. Category 2 has more
abundant quantity of visible Downy Mildew sporangias but localised to the
point of inocualtion.

3.2.6 Creation of F2 and BC: populations

F1 hybrids were created by manually crossing identified resistant genotypes
to downy mildew with identified susceptible genotypes to downy mildew.
All selected accessions were selfed by hand once before using them to create
the F1 crosses. Fixed DH genotypes were not selfed before creating the F:
crosses. Only closed buds were used for crossing to prevent self-pollination.
These closed flower buds were emasculated by removing all unmatured an-
thers from the bud, leaving the stigma out and hand-pollinating it with
other genotype anthers pollen. Fi hybrids were self-pollinated by hand to
produce the F2, while BC: were developed by crossing back F1 hybrids with
the susceptible parent. The majority of the F2 populations were created by
Sujit Tha Shrestha at the CN Seeds facilities and some of the F2 populations

and all the BC: were created at the JIC facilities.
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3.2.7 Multiplex PCR assay for rapid identification of Brassica
species

DNA isolation was performed by Richard Goram from the genotyping ser-
vice platform at the John Innes Centre using leaf material from three differ-
ent seedlings. Initially, as a proof of concept, a Brassica diversity panel in-
cluding close relatives was tested and DNA material was extracted from all
26 different genotypes and commercial varieties, including very diverse
genotypes for all 6 Brassica genomes and also 3 Brassicaceae close relatives
(Table 3.2). DNA material was also extracted from all 390 B. oleracea acces-
sions from the Warwick GRU (Section 0) and the 6 breeding lines from CN
seeds. Genomic DNA was quantified using the NanoDrop 1000 spectropho-
tometer (Thermo Fisher Scientific, USA) according to the manufacturer’s in-
structions. DNA concentrations (ng/ul) were adjusted in sterile distilled wa-

ter to concentrations of = 100ng/ul.

According to the methodology described by Koh et al. (2017); 5 primers
were used (Table 3.3). Two A genome-specific markers, A6-1 (253 bp) and
A6-2 (186 bp) (both located on chromosome A06 of B. rapa, separated by 30
kbp), two C genome-specific markers, C1 (157 bp, located on chromosome
CO01 of B. oleracea) and C9 (612 bp, located on chromosome CO09 of B. oleracea)

and one B genome marker, B (331bp).

PCR reactions were performed on an Eppendorf Mastercycler® pro in 15 ul
volumes containing 2 pl genomic DNA, 7.5 ul HotStartTaq Master Mix (Qi-
agen, Germany), primer mix (forward and reverse each) of 0.8 ul (10 uM)
C1 and C9, 0.4 ul (10 uM) A6-1 and A6-2, and 0.3 pl (10 uM) B; 0.1 ul of
water. PCR cycling conditions were as follows: 96°C for 15 min followed by

35 cycles at 95 °C for 30 s (Ramp 50%), 58 °C for 20 s (Ramp 60%) and 72 °C
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for 30 s, then a final extension step at 72 °C for 2 min. PCR products were

separated by electrophoresis in 2% (w/v) agarose in 1x TBE (Tris-Borate-

EDTA).

Table 3.2. Small Brassica diversity panel including 20 Brassica genotypes and 6 close

Brassica relatives.

Code name Specie
Dwarf blue Brassica oleracea [C genome]
Kale 1028 Brassica oleracea [C genome]

53 Brassica oleracea [C genome]

57 Brassica oleracea [C genome]

2 Brassica rapa [A genome]

16 Brassica rapa [A genome]

24 Brassica rapa [A genome]

28 Brassica rapa [A genome]
1127 Brassica nigra [B genome]
1142 Brassica nigra [B genome]
1156 Brassica nigra [B genome]

49 Brassica napus [A+C genome]

50 Brassica napus [A+C genome]

65 Brassica napus [A+C genome]

32 Brassica juncea [A+B genome]

36 Brassica juncea [A+B genome]

38 Brassica juncea [A+B genome]

61 Brassica carinata [BC]

1212 Brassica carinata [BC]

1213 Brassica carinata [BC]

163 Diplotaxis tenuifoilia
2443(168) Diplotaxis tenuifoilia

24 Eruca sativa

25 Eruca sativa

26 Eruca sativa

Columbia Arabidopsis thaliana
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Table 3.3. List of primers used for the mPCR Brassica identification (Koh et al., 2017).

Primer Sequence (5’-3’) Length Tm (°C) Species Chromosome Gene Genomic location Product (bp)

A6-1 F: CCAGCGAAGGATTTGACGAC 20 59.3 B. rapa A06 Bra019579 A06:12049397-120493649 253
R: GACGAATCGAGTGCCCTG 18 57.9

A6-2  F: GTTTTGGCCGTAAATCCCAC 20 57.6 B. rapa AO6 Bra019582 A06:12019296-12019481 186
R: GTTACGGGTAGCGTGTGTC 19 58.3

C1 F: TGCTGCGCCGAACAATAG 18 58.5 B. oleracea co1 Bolg016520  C1:5373673-5373829 157
R: CCGATCGTGGTTCATATTGC 20 57.2

9 F: GTTAACGCACTTAAGGACCATG 22 57.7 B. oleracea Co9 B09g098720  (C9:32340576-32341187 612
R: ATTGACAACACCACCTCCCG 20 60.3

B F: GGCATCTGAAGAGAGAGTC 19 54.4 B. nigra All - - 331
R: CCATCTTCTTCTTGCCATG 19 53.7
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3.3 Results

For all the experiments, no disease was found after 14-17 dpi on the negative
control (DB) inoculated with sterile water. On the other side, the positive
control (DB) showed symptoms of H. brassicae infection at 3 dpi and was

heavily sporulated after 7-10 dpi.

3.3.1 A12xGD DH population

Initial downy mildew resistance assessment of both parental lines of the
A12xGD population showed moderate resistance to downy mildew at 7 and
14 dpi in the broccoli type (B. oleracea ssp italica) GDDH33 parental line and
Downy Mildew susceptibility in the Chinese kale type (Brassica oleracea ssp
alboglabra) A12DHd parental line at 7 and 14 dpi. No resistant lines were
found in this population at 7 dpi or 14 dpi. At 7 dpi 32 lines were moderately
resistant and 40 were susceptible to downy mildew. At 14 dpi only DH lines
2068 (Figure 3.6-a), 2208 and 5080 were considered moderately resistant to
downy mildew with a DI% below 70. The other 70 lines showed a suscepti-
ble phenotype with a DI% above 71. DH line 1012, which is the genotype
used as a model for brassica Agrobacterium tumefaciens mediated transfor-
mations had a susceptible phenotype after 14 dpi (Figure 3.6-b). At7 dpi 30
lines that showed a moderate resistant phenotype to downy mildew
showed a susceptible phenotype at 14 dpi (Figure 3.7; Figure 3.8). Signifi-
cant differences were found when comparing the DI% average for all the
genotypes in the population at 7 and 14 dpi (Figure 3.5). Therefore, having
a second downy mildew assessment at 14 dpi after the early assessment of
downy mildew resistance at 7 dpi was crucial to verify if a line was resistant

to downy mildew.
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Figure 3.5. Boxplot illustrating the distribution of the DI% to Downy Mildew for
the 75 genotypes in the A12xGD DH population at 7 and 14 dpi (P-value <0.0001).

Figure 3.6. Illustrates the phenotypes of a moderate resistant and a suscep-
tible genotypes to Downy Mildew after 14 dpi for visual comparison. (a)
Moderate resistant DH line 2068. (b) Susceptible DH line 1012.
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Figure 3.7. Downy Mildew levels of resistance for 75 genotypes of the A12xGD population, expressed by the disease index percentage of H.
brassicae disease at 7 dpi. Parental lines are shown in violet-coloured bars and the most resistant genotypes in the population after 14dpi are in
orange-coloured bars. *Limit between Resistant and moderately resistant genotypes to Downy Mildew. **Limit between moderately resistant and
susceptible genotypes to Downy Mildew.
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Figure 3.8. Downy Mildew levels of resistance for 75 genotypes of the A12xGD population, expressed by the disease index percentage of H.
brassicae disease at 14 dpi. Parental lines are shown in violet-coloured bars and resistant genotypes in the population after 14dpi in orange-
coloured bars. *Limit between Resistant and moderately resistant genotypes to Downy Mildew. **Limit between moderately resistant and sus-
ceptible genotypes to Downy Mildew.
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3.3.2 BolDFFS DH set from Warwick GRU

A total of 58 fixed genotypes were assessed for Downy Mildew resistance
at7 and 14 dpi against an inoculum mix of 9 isolates from the UK and USA.
This set was very biodiverse including several different B. oleracea cultivars
(Appendix D2). Compared to the biparental population A12xGD (79) this
seed set was very heterogeneous for Downy Mildew resistance phenotypes.
Genotypes HRIGRU008658 (Waltham 29) and HRIGRU005108 (Kailan) had
total resistance to Downy Mildew. None of these two genotypes showed
Downy Mildew sporulation after 14 dpi, at this time point, HRIGRU008658
showed a bit of discolouration but no necrotic flecks at the points of inocu-
lation and HRIGRU005108 showed necrotic flecks at the points of inocula-
tion (Figure 3.9-a,b). The broccolo nero spigariello type line HRIGRU004885
was not considered resistant to Downy Mildew because very few sporan-
gias were visible at the points of inoculation at 14 dpi, but the overall
Downy Mildew resistance was very high compared to the other genotypes
of the set (Figure 3.9-c). At 7 dpi a total of 15 genotypes were considered
moderately resistant to Downy Mildew but after 14 dpi only 5 were moder-

ately resistant. For susceptible genotypes, at 7 dpi 41 genotypes were sus-

ceptible and the number increased to 51 after 14 dpi (Figure 3.11; Figure

(c) (d)

3.12). (a)

Figure 3.9. (a) Resistant genotype HRIGRU008658 (Waltham 29) at 14 dpi. (b)
Resistant genotype HRIGRU005108 (Kai lan) at 14 dpi. (c) Moderate resistant
genotype HRIGRU004885 broccolo nero spigariello at 14 dpi. (d) Susceptible
genotype TO1000DH3 at 14 dpi.
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Genotypes HRIGRU008658, HRIGRU005108 and HRIGRU(004885 were also
assessed for Downy Mildew resistance at the adult plant stage. All three
were highly resistant to Downy Mildew at this stage. As previously men-
tioned, Downy Mildew was able to sporulate at the points of inoculation on
genotype HRIGRUO004885 but was not able to spread to the rest of the coty-
ledon. On leaves, no Downy Mildew sporulation was observed on any of
the disks for this genotype. Necrotic flecks were observed for genotypes
HRIGRU005108 and HRIGRU004885, but not on HRIGRU008658. Signifi-
cant differences were found when comparing the DI% average for all the
genotypes in the population at 7 and 14 dpi (Figure 3.10). Although the dif-
ference was not as big as the one observed in the A12xGD population (79)

it was useful to verify the resistant or susceptible phenotype at a later stage.
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Figure 3.10. Boxplot illustrating the distribution of the DI% to Downy Mildew for
58 DH lines included in the B. oleracea diversity fix foundation set from Warwick
at 7 and 14 dpi (P-value <0.0358).
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BolDFFS DH lines

Figure 3.11. Downy Mildew levels of resistance for 58 DH lines included in the B. oleracea diversity fix foundation set from Warwick, ex-

pressed by the disease index percentage of H. brassicae disease at 7 dpi. (1 and 2) Resistant lines to Downy Mildew at 14 dpi coloured blue
bars. (3) Moderate resistant lines to Downy Mildew at 14 dpi coloured orange bars. *Limit between Resistant and moderately resistant

genotypes to Downy Mildew. **Limit between moderately resistant and susceptible genotypes to Downy Mildew.
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BolDFFS DH lines

Figure 3.12. Downy Mildew levels of resistance for 58 DH lines included in the B. oleracea diversity fix foundation set from Warwick, ex-

pressed by the disease index percentage of H. brassicae disease at 14 dpi. (1 and 2) Resistant lines to Downy Mildew at 14dpi coloured blue
bars. (3) Moderate resistant lines to Downy Mildew at 14dpi coloured orange bars. *Limit between Resistant and moderately resistant

genotypes to Downy Mildew. **Limit between moderately resistant and susceptible genotypes to Downy Mildew.
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3.3.3 Brassica oleracea accessions from the Warwick genetic

resources unit and breeding lines

This Downy Mildew resistance assessment on B. oleracea accessions and
breeding lines was performed at the CN Seeds facilities in Pymoor, Ely, UK.
The CER where the plants were incubated after Downy Mildew inocula-
tions were set at a lower temperature compared to the one used at the JIC
facilities. Therefore the Downy Mildew scorings were adjusted using the
universally Downy Mildew susceptible line DB from 7 and 14 dpi for the
in-vitro assays at the JIC to 10 and 17 dpi at CN seeds achieving very similar

phenotypes at both 7-10 dpi and 14-17 dpi.

A minimum of ten seeds were sown for all 390 accessions and 6 breeding
genotypes. Due to the low emergence, accessions with four or fewer biolog-
ical replicates (eight technical replicates) were eliminated from the final
analysis. After 10 dpi, 106 accessions were highly resistant meaning no
sporulation was observed, 159 accessions were moderately resistant and 67
accessions were susceptible. In comparison, after 17 dpi, the total number
of highly resistant accessions was 28, 151 accessions were moderately re-
sistant and 153 accessions were susceptible (Figure 3.14). After retesting the
28 resistant accessions against a mixture of all nine Downy Mildew isolates
in vitro at the JIC following the methodology explained in Section 3.2.4.3
(71), all accessions showed an identical phenotype after 14 dpi in vitro com-
pared to the one observed at 17 dpi in seedlings, so the change in the con-

ditions of the CER didn’t affect the observed phenotype.

Furthermore, as evidenced by the DI% values, there were overall varied
ranges in comparative resistance responses to Downy Mildew depending

on the country of origin after 17 dpi. From the top five countries with more
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accessions (Portugal, UK, Spain, Japan and France), Portuguese accessions
were the most moderately resistant on average with a DI% of 47.35. Spanish
and British accessions were also moderately resistant to Downy Mildew on
average with a DI% of 62.98 and 60.96 respectively. Japanese and French
accessions were very susceptible to Downy Mildew on average with a DI%

of 90.94 and 81.38 respectively (Figure 3.15).

Comparing this accession seed set with the other two with DH fixed lines,
higher variability between replicates was observed. This observed pheno-
typic variability for Downy Mildew resistance could be due to genetic var-

iability on the seed packages for some of these accessions.

As observed in the A12xGD DH population and the BolDFFS, significant
differences were found when comparing the DI% average for all the geno-
types in the set at both Downy Mildew assessment times at 10 and 17 dpi
(Figure 3.13).
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Figure 3.13. Boxplot illustrating the distribution of the DI% to Downy Mildew for
390 B. oleracea accessions from the Warwick GRU and 6 B. oleracea breeding lines
from CN seeds (P-value <0.0001).
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Figure 3.14. Disease index resistance percentage to H. brassicae at 10 and 17 dpi of 390 Brassica oleracea var. acephala accessions from the
Warwick genetic resources unit (WIEWS instcode-GBR006) and six breeding lines from CN Seeds. *Limit between Resistant and moderately
resistant genotypes to Downy Mildew. **Limit between moderately resistant and susceptible genotypes to Downy Mildew.
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Figure 3.15. Bar chart illustrating the average and SD for the DI% to H. brassicae of all 396 B. olerecea genotypes tested at the cotyledon stage
according to their country of origin (Portugal, United Kingdom, Spain, Japan, France, Unknown, Ireland, Germany, Italy, New Zealand,
Netherland, Sweden, Yugo Slovakia, Denmark, Syria and USA). Countries were ordered based on the number of genotypes available.
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3.3.4 Multiplex PCR assay for rapid Brassica identification

Downy mildew host specificity has long been reported for many isolates on
different Brassica species (Byford, 1967; Gaumann, 1918; Gaumann, 1923;
Lebeda & Syrovatko, 1988; Sherriff & Lucas, 1990). And there are only a few
cases where a downy mildew isolate appears to have a large range of hosts
(Kenneth, 1981; Runge et al., 2011). For this reason and the morphological
variability observed for the individuals in some of the Brassica oleracea var.
acephala accessions from the Warwick genetic resources unit. I tested all of
them plus the six breeding lines from CN Seeds to verify if they were B.

oleracea.

To achieve this I used a multiplex PCR assay designed by Koh et al. (2017).
This PCR consists of 5 primers specific to all 3 brassica genomes (Table 3.3).
After testing all 26 genotypes included in the Brassica panel (Table 3.2), this
mPCR assay was able to identify correctly all 20 accessions from the Brassica
panel producing distinct and discernible gel banding patterns. A small sub-
set of the bands observed in a 2% (w/v) agarose in TBE gel for all 6 brassica
genomes can be seen in Figure 3.16. No PCR product was detected in the
Eruca sativa, Diplotaxis erucoides and Arabidopsis thaliana samples also pre-
sent in the panel. Primers used for the reaction were specific to their corre-
sponding genomes and no spurious amplification was detected on all
gDNA samples. These results suggest that these PCR markers are specific
to each Brassica A, B and C genome and can distinguish between diploid

and polyploid Brassica species.



Pool 1 AA BB cC AABB  AACC cceB Pool 2

Figure 3.16. mPCR amplification of 6 control samples with known species identity
plus 2 gDNA pools including DNA from all 6 Brassica species (Pool 1 and Pool 2).
Diploid Brassica species: AA: B. rapa, BB: B. nigra and CC: B. oleracea. Polyploid
Brassica species: AABB: B. juncea, AACC: B. napus and CCBB: B. carinata. PCR
products were resolved on 2% TBE agarose gel.

From all 390 accessions, 5 accessions were identified as B. rapa, 3 as B. napus
and the other 382 accessions were identified as B. oleracea which is the spe-
cies they were initially labelled. All 6 breeding lines from CN seeds, includ-

ing the resistant genotype 1028 were identified as B. oleracea.

Interestingly, all 8 incorrectly labelled accessions included in the WGRU
material were classified as highly resistant to the UK Downy Mildew isolate
from Colchester (Section 3.3.3-87) tested in previous screenings, denoting
the high host specificity of the isolates collected from a B. oleracea host in the

UK (Appendix D3).
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3.3.5 Investigating Downy mildew host specificity of the H.
brassicae single spore isolates collected from B. oleracea

fields

To investigate the host specificity observed on the 8 non B. oleracea lines
from section 3.3.4 (92) a total of 232 Brassicaceae genotypes were assessed
for resistance against an inoculum mix of all 9 H. brassicae isolates collected
originally from B. oleracea hosts on fields in the UK and USA. The plant ma-
terial consists of the Brassica diversity panel used for the mPCR (Table 3.2)
assay plus 12 extra genotypes for every Brassica species (Diploid: Brassica
oleracea, Brassica rapa and Brassica nigra; Polyploid: Brassica napus, Brassica
carinata and Brassica juncea) (Table 3.4). In total this new Brassica diversity
panel consists of 98 genotypes, which were assessed using the mPCR assay
from section 3.3.4 (92) to confirm the Brassica species that they belong to. In
addition to these 98 genotypes, I also included an extra set of 134 B. napus
genotypes but they were not assessed using the mPCR assay to confirm
their Brassica species. All genotypes in the Brassica diversity panel (98) and
the B. napus set (134) were assessed in vitro for downy mildew resistance
following the same methodology used for the A12xGD DH and the BolD-
FFS from section 3.2.5 (73), at separate times. A minimum of 20 seeds were
sown and 10-16 cotyledons were assessed for every genotype at 7 and 14

dpi.

After 14 dpi, none of the 9 single spore downy mildew isolates included in
the inoculum mix was able to sporulate on any of the lines shown in (Table
3.2) for B. rapa, B. nigra, B. napus, B. carinata, B. juncea, E. sativa, D. erucoides
and A. thaliana genotype hosts included in the Brassica diversity set and they

were considered as highly resistant to Downy Mildew. On the other side
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sporulation was observed on all B. oleracea genotypes included in the Bras-
sica diversity panel except for genotype 1028 which was considered highly

resistant.

I increased the number of B napus lines in the screen to confirm whether all
accessions were resistant. I screened an additional set of 134 lines and after
14 dpi 9 genotypes were susceptible to H. brassicae showing profuse sporu-
lation. The other 125 genotypes showed a highly resistant phenotype and
no sporulation was observed after 14 dpi. The resistant phenotype observed
was identical to the resistant phenotypes on the other brassica species,
meaning dark black/brown flecks at the two points of inoculation for each
cotyledon tested and no sporulation. Although the 134 B. napus genotypes
used in this study were previously used for breeding purposes, the mPCR
assay should be performed at least on the susceptible genotypes to confirm
which brassica species they belong. This experiment highlights the physio-
logical specialization present in H. brassicae previously reported by many

authors.
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Table 3.4. Ampliation of the Brassica diversity panel (Table 3.2) to investigate H. brassicae host specificity.

Genome Species Accesion name Crop type Origin Source

AA Brassica rapa Brocaletto 372 Brocaletto Italy JIC

AA Brassica rapa Chi Hi Li Chinese Cabbage China UKVGB, Warwick
AA Brassica rapa Mizuna 371 Mizuna Japan JIC

AA Brassica rapa Sonja Oilseed UK JIC

AA Brassica rapa Pak Choi 375 Pak Choi China JIC

AA Brassica rapa Lange weisse Rotkopfige ~ Turnip Germany UKVGB, Warwick
AA Brassica rapa Zeltomiannaja Unknown Russia VIR, St. Petersburg
AA Brassica rapa R500 Yellow sarson USA JGI

AA Brassica rapa genes (99) Unknown Unknown JIC

AA Brassica rapa Ryou Pak Choi China CN Seeds

AA Brassica rapa Komatsuna 9490F Komatsuna Japan Johnsons Seeds
AA Brassica rapa Tat soi 9489/D Tat soi China Johnsons Seeds
BB Brassica nigra Turkey 1127 Black Mustard Turkey JIC

BB Brassica nigra Ethiopia 1142 Black Mustard Ethiopia JIC

BB Brassica nigra India 1119 Black Mustard India JIC

BB Brassica nigra Puerto rico 1131 Black Mustard Puerto rico JIC

BB Brassica nigra Ethiopia 1130 Black Mustard Ethiopia JIC

BB Brassica nigra USA 1152 Black Mustard USA JIC

BB Brassica nigra India 1156 Black Mustard India JIC

BB Brassica nigra Yugoslavia 1149 Black Mustard Yugoslavia JIC



BB
BB
BB
BB
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
AABB
AABB
AABB
AABB
AABB
AABB
AABB

Brassica nigra
Brassica nigra
Brassica nigra
Brassica nigra
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica juncea
Brassica juncea
Brassica juncea
Brassica juncea
Brassica juncea
Brassica juncea

Brassica juncea

Afganistan 1132
Yugoslavia 1145
Pakistan 1151
Poland 1147
Purple Vienna
Green Curled
All Year Round
Walcheren
Robinsons Champion
AAA

January King 3
Nero di Toscana
Rubine

Summer Purple
Romanesco

Al2

J136

J151

Poorbi raya
Canaklijski
Blaze

Pan xi da Zhai you Cai
J149

Black Mustard
Black Mustard
Black Mustard
Black Mustard
Kohl rabi

Kale dwarf
Cauliflower
Cauliflower
Giant cabbage
Kale

Savoy cabbage
Kale nero
Brussel sprout

Broccoli

Broccoli romanesco

Kai lan

Mustard
Mustard
Mustard
Mustard
Mustard
Mustard
Mustard

Afganistan
Yugoslavia
Pakistan
Poland
Austria
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Italy
Europe
Unknown
Italy
China
Russia
Turkey
Pakistan
Poland
Canada
China

India

JIC

JIC

JIC

JIC

Mr Fothergill's
Thompson and Morgan
Thompson and Morgan
Mr Fothergill's

W. Robinson and Son
CN seeds

Thompson and Morgan
Thompson and Morgan
Mr Fothergill's
Thompson and Morgan
Thompson and Morgan
JIC

USDA

USDA

USDA

USDA

USDA

USDA

USDA
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AABB
AABB
AABB
AABB
AABB
BBCC
BBCC
BBCC
BBCC
BBCC
BBCC
BBCC
BBCC
BBCC
BBCC
BBCC
BBCC
AACC
AACC
AACC
AACC
AACC
AACC

Brassica juncea
Brassica juncea
Brassica juncea
Brassica juncea
Brassica juncea
Brassica carinata
Brassica carinata
Brassica carinata
Brassica carinata
Brassica carinata
Brassica carinata
Brassica carinata
Brassica carinata
Brassica carinata
Brassica carinata
Brassica carinata
Brassica carinata
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus

Brassica napus

BJ58

BJ16

K-1072

J153

Japanese greens
Jimma kefa 5002 5
Gonclar bagem 5002 16
Bekedjamor 5002 5
Kuni harege 5002 1
Rabi bade 5002 21
HAYK welo 5002 40
Addis 1212

Sao tome isle 5002 47
Negelli 5002 99

Sire Arhus 5002 26
Eth chambre 1213
5003 172

Ningyou 1

Canard

Tapidor

Jet Neuf

Lesira

N02D-1952

Mustard

Mustard

Mustard

Mustard

Greens

Mustard

Mustard

Mustard

Mustard

Mustard

Mustard

Mustard

Mustard

Mustard

Mustard

Mustard

Mustard
Semi-winter oilseed rape
Winter forage rape
Winter oilseed rape
Winter oilseed rape
Winter oilseed rape

Spring oilseed rape

India
Germany
Afghanistan
Puerto Rico
Japan
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
China
Unknown
France
France
Unknown

Australia

UKVGB, Warwick
USDA

USDA

USDA

UKVGB, Warwick
JIC

JIC

JIC

JIC

JIC

JIC

JIC

JIC

JIC

JIC

JIC

JIC

OCRI, Wuhan
UKVGB, Warwick
UKVGB, Warwick
UKVGB, Warwick
UKVGB, Warwick
UKVGB, Warwick

98



AACC
AACC
AACC
AACC
AACC
AACC

Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus

Brassica napus

Topas
Palmedor
Ningyou 7
Temple
Westar

Tina

Spring oilseed rape
Winter oilseed rape
Semi-winter oilseed rape
Winter oilseed rape
Winter oilseed rape

Swede

Unknown
Unknown
China

Unknown
Unknown

Unknown

UKVGB, Warwick
UKVGB, Warwick
OCRI, Wuhan

UKVGB, Warwick
UKVGB, Warwick
UKVGB, Warwick
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3.4 Discussion

This study identified several B. oleracea genotypes from three sources of
plant material with very high pathotype-independent resistance to H. bras-
sicae from six different locations in the UK and three in the USA. These iden-
tified resistant genotypes were included in the CN seeds breeding programs
to create new downy mildew-resistant kale varieties and also to develop F
and BC: segregant populations for further analysis. Apart from the three
resistant phenotypes from the BolIDFFS which were tested at the adult plant
stage, this study mainly focused on cotyledon tests. Nevertheless, resistance
expression on cotyledons is generally very similar to that on leaves in lab
conditions (Wang et al., 2000) or field tests (Jensen et al., 1999; B. Jensen et
al., 1999; Monteiro & Williams, 1989; Natti, 1958), therefore using cotyle-
dons to assess Downy Mildew resistance at the seedling stage is a good in-

dicator of overall resistance at the adult plant stage.

The higher variability observed on the accession plant material compared
to the fixed DH genotypes from the A12xGD and the BolDFFS could be ex-
plained by genetic variability on the seed packages. Seed banks usually bulk
accessions by placing several plants of a similar assumed genetic back-
ground in cages allowing them to fertilize each other. If these accessions are
not screened individually before placing them in the cages, some of the ac-
cessions could be a mix of different genotypes or in some cases even differ-
ent species if the family or genre have very similar morphological attributes.
To investigate this further, I used an mPCR assay designed by Koh et al.
(2017) to identify all the accessions included in the plant material at the spe-
cies level. This assay identified 8 of the 28 downy mildew-resistant acces-

sions from section 3.3.3 (87) to be a different brassica species, 5 of which
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were identified as B. rapa and 3 as B. napus. This data suggested that the
physiological specialization previously reported by many authors is also
prevalent in the isolates used for this thesis. Although DNA for the mPCR
assay was extracted from 3 different individuals for every accession in the
accession plant material, other brassica species apart from B. oleracea could
be mixed in small quantities or the identified B. napus accessions could be a
mix of a B. oleracea and B. rapa genotypes. Therefore, this physiological spe-
cialization could explain the phenotypic variability previously observed for

the downy mildew disease assays.

No other Brassica species apart from B. oleracea was identified as being sus-
ceptible to downy mildew in the accession plant material. I investigated the
H. brassicae physiological specialization by infecting a Brassica diversity
panel consisting of 98 different genotypes of all the Brassica species in the
triangle of U and close relatives (16 B. oleracea, 16 B. rapa, 15 B. nigra, 15 B.
napus, 15 B. juncea and 15 B. carinata; 2 D. erucoides, 3 E. sativa and 1 A. thali-
ana), and a set of 134 B. napus genotypes against an inoculum mix of all 9
single spore isolates from the UK and USA. After 14 dpi only 15 B. oleracea
genotypes and 8 B. napus genotypes were identified as susceptible out of
the 232 genotypes tested. The rest of the genotypes from all brassica species
and close relatives showed a very resistant phenotype against the H. brassi-

cae isolates mix, all collected from B. oleracea hosts in the UK and the USA.

These results highlight the physiological specialization present in H. brassi-
cae for isolates collected from specific Brassica hosts, in this thesis B. oleracea.
If, like in this study, some isolates can infect other brassica hosts, these new
sources of resistance present in other Brassica hosts could be used to im-
prove commercial varieties on other Brassicas species because all six bras-

sica species share the same 3 diploid genomes. The susceptible genotypes
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to H. brassicae found in this study are from B. oleracea and B. napus geno-
types, which both share the C brassica genome. Therefore, to investigate H.
brassicae host specificity further, more genotypes should be included, espe-
cially from B. rapa, B. nigra, B. carinata and B. juncea in order to test if they
can also infect and sporulate on this Brassica species or if this physiological
specialization observed for this specific isolates is linked to the three bras-

sica genomes.

As observed on all three plant materials, having a second Downy Mildew
assessment at 14 or 17 dpi after the early assessment of resistance at 7 or 10
dpi was very useful to verify if a line was resistant to Downy Mildew (Fig-
ure 3.5; Figure 3.10; Figure 3.13). Many genotypes had this latent period
when the visible damage caused by Downy Mildew compared to other gen-
otypes was much lower at the first time of assessment, but were finally over-
come by the pathogen at the second time of assessment. Therefore the more
interesting phenotypes are the ones that are resistant or moderately re-

sistant consistently over a long period, in this case of 14 or 17 dpi.

Pathotype independent resistances are extremely valuable for breeders and
farmers to fight effectively against all different pathotypes of H. brassicae
present in the fields in all Brassica growing countries. These identified
Downy Mildew host resistances provide great potential to improve the
management of this disease in the fields of many B. oleracea crops, especially
vegetable crucifers. In the short term, some of these resistant genotypes
could be directly deployed as new commercial varieties, if they are in gen-
otypes with agronomically adequate backgrounds. In the long term, these
genotypes could be used as a source of Downy Mildew resistance in breed-
ing programs to produce new resistant commercial varieties or to gene pyr-

amid several of them in a single more durable resistant hybrid variety. Even
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though nine different Downy Mildew isolates from two countries were
used to test all the genotypes, there is the possibility that some other isolates
from other regions could be able to overcome the qualitative resistance ob-
served in these individuals. Therefore, another approach could be to use
some of the most interesting genotypes identified to have moderate re-
sistance to Downy Mildew as a quantitative source of resistance. This could
be used in combination with one or more qualitative ones to increase the
non-race specificity and achieve a long-lasting resistance to Downy Mildew

in the fields.

Another approach to managing Downy Mildew in fields is using chemical
products such as pesticides, however, they only give irregular control when
applied to genotypes with limited resistance to Downy Mildew (Barbetti et
al., 2011). On top of this, for many leafy B. oleracea cultivars where the actual
product is the immature plant, like baby leaves, there is a very short time
frame where the pesticides can be applied, therefore the use of agrochemi-
cals is not usually recommended. For that reason, there is an immediate
need to use new sources of Downy Mildew resistance to develop and com-
mercialize new resistant varieties to Downy Mildew. Finally, at least some
of the resistances revealed in the current investigation across all the materi-
als tested may comprise new sources and/or kinds of host resistance not

previously recognized.
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Chapter 4

Mapping a new dominant re-
sistance to Hyaloperonospora
brassicae by Bulk-Segregant
Analysis on Chromosome 2 of

Brassica oleracea L.

4.1 Introduction

The use of genetically resistant plants is one of the most successful, low-
cost, and environmentally friendly techniques for plant disease control.
Therefore, resistance to plant pathogens such as the oomycete Hyaloperono-
spora brassicae, also known as downy mildew, is one of the most desired

traits in Brassica breeding programs. The identification of new sources of
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resistance, mapping and cloning of useful QTLs and candidate genes would
help Brassica breeders improve their commercial varieties against downy
mildew in the fields. The availability of next-generation long-read sequenc-
ing and affordable Illumina short-read sequencing has created new oppor-
tunities to develop large amounts of genomic data and resources, all of
which make it easier to map and clone new sources of resistance to many
pathogens, including downy mildew. These new sources of resistance could
then be used to improve the efficiency and precision of conventional bras-
sica breeding via Marker Assisted Selection (MAS) and allow them to gene
pyramiding different sources of resistance to create superior and more du-

rable brassica cultivars.

In this chapter, an F2 population created using one of the resistant genotypes
identified on the plant materials screened for downy mildew resistance in
Chapter 3 was selected to further investigate the observed resistance. This
F2 population was derived from a cross between Downy Mildew resistant
genotype 1028 (Kale variety - CN seeds) and the susceptible commercial
variety Dwarf Blue (Kale variety - CN seeds) and it was selected to map the
resistance to Downy Mildew observed in the 1028 genotype using a Bulk
Segregant Analysis approach. A small region containing an NLR cluster
was identified to be linked with the resistance to Downy Mildew observed
on the 1028 genotype in chromosome 2 of the pangenome B. oleracea assem-
bly. A de novo draft genome assembly using long reads sequencing of the
1028 genotype revealed a copy-number variation of the NLR genes between
the pangenome, HDEM and this draft assembly. Using this 1028 draft ge-
nome assembly KASP markers highly linked with the Downy Mildew re-
sistance were designed for MAS. These markers will be very useful for bras-

sica breeders looking to incorporate new sources of downy mildew
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resistance into new B. oleracea commercial varieties or to incorporate them

into new ones.

411 Segregating F2 populations for genetical mapping

An F2 segregating population is a genetically diverse progeny from a cross
between two parental genotypes that differ for one or more genetically con-
trolled traits. To discover and map which regions are associated with a spe-
cific trait this type of segregant population is normally used. To create an F:
segregant population, the first step is to cross two parental lines with dif-
ferent alleles. Assuming homozygosity for these alleles, parent A has a
dominant resistant gene “R/R” (1028 resistant genotype), and parent B has
a recessive “s/s” (DB susceptible genotype). For this type of cross, all F1 seg-
regant individuals will have a combination of both alleles “R/s” and all of
them will express the dominant trait because the recessive allele is masked
by the dominant allele (Mendelian segregation). After this, one or more F:
individuals are self-pollinated to produce an F2 segregant population that
will segregate in a 1:2:1 (RR:Rs:ss) or 3:1 (Resistant:Susceptible) ratio. When
a trait is mapped to a specific genomic region, genetic molecular markers
that detect polymorphism between different genotypes or alleles can be
used by scientists and breeders to test if a certain allele and subsequently a

trait is present in a particular individual without the need to phenotype it.

4.1.2 Bulk Segregant Analysis (BSA)

Bulk Segregant Analysis (BSA) is a molecular technique used to identify
variants (genetic markers) associated with a trait by bulking the DNA of
specific individuals from a segregant population that differ for that specific
trait (Giovannoni et al., 1991; Michelmore et al., 1991). Using this approach

one can find a region/s that is overrepresented or enriched in the respective
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bulk by merging many independent individuals with the same trait. This
allows the identification of the causative variants in the gene or locus of
interest. In a single dominant gene segregant population, the region associ-
ated with the dominant trait will be enriched for the allele present on both
parental genotypes, meaning it will be homozygote for the susceptible allele
in the susceptible bulks and a mix of heterozygote and homozygote for the
resistant allele. Regions not associated with the trait will be heterozygotes
on both bulks. Depending on the complexity of the trait mapping by BSA
approach can be done with different NGS methods like RNASeq (R. H.
Ramirez-Gonzalez et al., 2015), DNA whole genome sequencing (This chap-
ter - section 5.3.4-123), exome capture (Martinez et al., 2020), or a combina-

tion (Sharma et al., 2021).

To find variants associated with a trait in a diploid organism, variants must
be called from NGS data on both contrasting bulks (Resistant and Suscepti-
ble) against a reference genome, preferably contiguous. As can be seen in
Figure 4.1., first, the SNP-Index (Takagi et al., 2013) is calculated by dividing
the times a specific allele is observed on a genomic position (allele count)
by the sum of times both alleles have been observed for that position (cov-
erage). The SNP index is calculated for both the Alternative and Reference
alleles. And second, depending if the reference is carrying the allele for the
trait, the SNP index for the alternative or the reference will be used to cal-
culate the bulk frequency ratio. Variants with high BFR are linked with the
trait being mapped (Trick et al., 2012). Neighbouring regions for the vari-
ants with high BRF are then examined using a genome browser with the
alignments for all the bulks to look for possible candidate genes and struc-
tural variations that could be responsible for the trait. As mentioned in sec-

tion 5.3.4 (123), a limitation of this approach is that for variants where the

107



allele counts for one of the bulks is zero due to no escapes in the bulks or
because of a region or gene that is not present in one of the bulks, the BFR
can’t be calculated and therefore that specific variant won’t be included in
the analysis and the Manhattan plots, which are graphical ways of demon-
strating associations between traits and genes on a chromosome. For this
reason, careful analysis of all the variants after calculating the BFR is neces-
sary to understand the reason why that is happening and if this could be a

limitation or not for our specific analysis.
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Figure 4.1. Schematic representation for the calculation of the Bulk Frequency Ra-
tio for an SNP in a diploid species like Brassica oleracea. The figure represents the
reads aligned to a reference genome for the resistant and susceptible bulks. The
rectangle box marks an SNP for the recessive allele (T) present in the susceptible
parent that matches the reference and the SNP for the allele (A) carrying the allele
from the resistant parent. SNP-Index is calculated by dividing the allele count for
the alternative resistant allele (to the reference) by the allele coverage for that SNP
position. BFR is calculated by dividing the resistant bulk SNP-Index by the suscep-
tible SP-Index.
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4.2 Material and Methods

Some sections in this chapter required the use of some standard tools. All
the code used for this chapter is available on the GitHub repository: Abra-
hamGoGu/PhDThesis 2022 (github.com)

421 Fi, F2and BCi Downy Mildew disease assessment

F1, F2 and BCrindividuals derived from a cross between the resistant Downy
Mildew breeding line 1028 (CN seeds) and the susceptible Downy Mildew
commercial variety Dwarf Blue (CN seeds) were assessed for Downy Mil-
dew resistance at 7 and 14 dpi following the methodology described in
Chapter 3. If sampling was needed for DNA extraction, both cotyledons
were assessed for every individual in vitro at separate times. The first coty-
ledon was assessed for Downy Mildew resistance at 14 dpi and the second
cotyledon at 21 dpi. All cotyledons were placed in individual sealed small
plates (Figure 4.2) containing water agar with benzimidazole (6g Agar + 900
mL distilled water + 100 mL Benzimidazole [1g/L]). The reasons to do it this
way were: one, by detaching a single cotyledon instead of both at the same
time, the seedlings could still grow at a normal pace; two, by detaching the
cotyledons and assessing the resistance to downy mildew in vitro, tissue
from susceptible seedlings was not contaminated and grow speed was not
decreased by a systemic downy mildew infection; three, two technical rep-
licates were available to verify the phenotype for every seedling. If the phe-
notype was not confirmed with the second cotyledon, the individual was

not used for further DNA extraction and analysis.
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Figure 4.2. First cotyledons from F: individuals were in small sealed plates with
water agar and benzimidazole before Downy Mildew inoculation.

Both parental lines were assessed for Downy Mildew resistance at the adult
plant stage. A total of six plants per genotype were inoculated with all 9
Downy Mildew isolates (Table 2.1) by spraying both sides of the leaves at
the 6-leaf stage. Plants were watered and incubated on sealed trays with
transparent lids at 15°C with a day length of 12h for 14 days. Plants were

assessed for Downy Mildew resistance at 7 and 14 dpi.

4.2.2 Bulk creation and high-quality DNA isolation for Illu-

mina sequencing

The phenotypic data of the F2 population was used to produce six bulks,

three susceptible and three resistant to Downy Mildew. To ensure that a
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similar amount of DNA is present for every individual in the bulk, 0.05 g of
leaf tissue from five-week-old F: individuals were sampled and snap freeze
in liquid nitrogen. For every bulk three 50 mL, falcon tubes were produced.
Plant material from both parental genotypes was collected at the same time.
DNA was isolated from all six bulks and both parental lines using an in-
house protocol kindly supplied by Rachel Wells and created by Lorelei Bil-
ham “DNA preparation from Brassica for Illumina Sequencing” (Appendix A).
Alongside the bulks, DNA from both parental lines was isolated. After
DNA isolation, every DNA sample was measured using nanodrop, qubit
BR and run on 1% agarose gel to visualize for possible degradation and/or

RNA contamination.

4.2.3 DNA Illumina sequencing

All six DNA bulks and the Downy Mildew susceptible parent DB were sent
to NOVOGENE for whole-genome sequencing using Illumina, PE150 with
consistent coverage of 100x (50Gb output) for every bulk and 10x (5Gb out-
put) for the parental line. None of the bulks had more than 60 individuals
in them which ensures that each DNA sample was sequenced between 1-2

times per bulk.

424 Sequencing reads cleaning and Quality Control

Trimmomatic (Bolger et al., 2014) was used to clean the [llumina reads and
remove the Illumina paired-end adaptor sequences from every sample. The
quality of the sequencing was assessed with FastQC v0.11.9 (Babraham-
Bioinformatics, 2012).

4.2.5 Alignment DNA reads to reference genomes

[Nlumina DNA reads were aligned using BWA v0.7.12 (Li & Durbin, 2009)
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to reference and draft genomes (Belser et al., 2018; Golicz et al., 2016; Parkin
et al., 2014). Using Samtools v1.9 (Li et al., 2009), alignment SAM files were
sorted and stored as a BAM file per sample against a given reference, which

allows compression and random access to the alignments.

4.2.6 Variant calling and Variant filtering

Freebayes v1.3.1 (Erik Garrison, 2012) was used to call variants for every
reference genome using the alignment “sorted.bam” files. The tool was run
in parallel using a custom Python script for all the samples at the same time
by dividing the reference genome into 100000bp chunks and processing
them independently using different cores in the cluster. This improved the
calling efficiency and decreased the total run time in the cluster. Variants
called using all six bulks were stored in a single VCF file for every reference

genome used.

A hard filter was applied for all VCF files using bcftools v1.8 (Danecek et
al., 2021). Filtering out variants with a depth of <40, a quality score of <1000
and variants that were identical on both, the Resistant and Susceptible

bulks.

4.2.7 Bulk Frequency Ratio calculation and mapping

The bulk frequency ratios (BFRs) were calculated using the methodology
described by Trick et al. (2012). Using R studio, information from all variant
calls from the three Resistant bulks and the three Susceptible bulks were
combined into a single Resistant and Susceptible bulk. BFRs were calculated
for each variant call by dividing the frequency of the reference variant in
the Resistant bulk by the frequency of the reference variant in the Suscepti-

ble bulk, and the same for the alternative variant. A database with the BFRs
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and the QUAL, DEPTH, REFERENCE ALLELE COUNT (RO) AND AL-
TERNATIVE ALLELE COUNT (AO) for all the variants and their position
in the reference chromosomes was created to navigate the regions easily
and find the most significant markers associated with Downy Mildew re-

sistance in the F2 population.

Using R studio, ggplot2 was used to plot chromosome-level Manhattan
plots with all the BFRs values for each variant position in the B. oleracea ge-

nome.

4.2.8 KASP primer design and assay

All KASP markers were designed using the tool PolyMarker (Ricardo H.
Ramirez-Gonzalez et al., 2015). To use references not available on the online
tool, PolyMarker had to be installed and run on the cluster. All the primers
include the standard FAM or HEX compatible tails (FAM tail: 5
GAAGGTGACCAAGTTCAT-GCT 3; HEXtail: 5 GAAGGTCGGAG-
TCAACGGATT 3’) and were ordered from Sigma Aldrich.

To run the KASP assay, DNA was extracted from all F2 individuals previ-
ously phenotyped for Downy Mildew resistance (110) and both parental
lines. DNA isolation and KASP validation for the SNPs were performed by
Richard Goram from the genotyping service platform at the John Innes Cen-

tre.

4.2.9 NLR annotator

NLR-annotator tool was run on the reference genomes in order to annotate
and predict possible loci associated with NLRs in all reference genomes
used in this chapter (Steuernagel et al. (2018); Steuernagel et al. (2020);
GitHub - steuernb/NLR-Annotator: NLR-Annotator upload). This tool
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searches for amino acid motifs within all 6 frames of a DNA sequence. After
this, an NLR locus is defined from the first to the last motif that could be

associated with a possible NLR.

4.2.10 RNA sequencing and quality control

Four RNA samples isolated from fourteen-day-old seedling cotyledons
from the Downy Mildew susceptible parental line DB and Resistant paren-
tal line 1028 were sent for RNA sequencing. A total of six cotyledons were
pooled and snap-frozen in liquid nitrogen from six different seedlings per
sample. These samples were ground into a fine powder using a mortar and
pestle while keeping the cotyledons frozen using liquid nitrogen. RNA was
extracted using the RNEasy plat mini kit from QIAGEN® according to the
manufacturer’s instructions. After RNA isolation all samples were treated
with TURBO DNA-free™ kit from INVITROGEN according to the manu-
facturer’s instructions. Nanodrop was used to measure the final RNA con-
centration and contamination of the samples. To check for RNA degrada-

tion samples were run on 1% agarose gel.

Non-degraded or non-contaminated RNA samples were sent for sequenc-
ing to Novogene (Cambridge, UK). Sequencing was performed using the
[Nlumina HiSeq platform PE 150 for 20 million paired-end reads (6 Gb) per

sample.

4.2.11 Alignment of RNA paired reads to reference genomes

RNAseq paired reads were aligned using HISAT2 to B. oleracea assemblies.
Using Samtools v1.9 (Li et al., 2009), alignment SAM files were sorted and
stored as a BAM file per sample against a given reference, which allows

compression and random access to the alignments.
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4.2.12 Resistant parental line 1028 Draft Genome assembly

High molecular DNA isolated from the resistant parental line 1028 was sent
to the Earlham Institute (Norwich, UK) for long-read whole-genome se-
quencing using Pacbio HiFi technology, aiming for 18X coverage and 15kb

insert sizes assuming a 620Mb B. oleracea genome size.

4.2.13 Parental line 1028 Draft Genome annotation

The pipeline used to identify gene models in the 1028 draft genome was
provided by Matthew Moscou (TSL). Both samples were aligned to the draft
genome using HISAT2 (Kim et al., 2015) and gene models were identified
and merged using Cufflinks (Trapnell et al., 2010). Finally, (TransDecoder)
was used to identify candidate coding regions using the merged transcript

sequences.
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4.3 Results

4.3.1 F2Mapping population

4.3.1.1 Cotyledon Downy Mildew resistance assessment and bulks cre-

ation

The F2 mapping population was developed by crossing the resistant Downy
Mildew breeding line from CN seeds 1028 and the susceptible Downy Mil-
dew commercial variety Dwarf Blue from CN seeds (Figure 4.3). Fifty Fi
individuals, 576 F2 individuals and 240 BC: individuals were assessed for
downy mildew resistance. For the Fz individuals, a total of 576 seeds from
a single F1 plant were sown in three batches of 192 seeds and were assessed
in vitro for downy mildew resistance at 7 and 14 dpi following the method-
ology from section 4.2.1. Tissue sampling for every individual was per-
formed 35 days after sowing. The segregation expected from a single dom-
inant gene in an F1 population is 1:0 resistant and susceptible individuals,
for an F2 population is 3:1 of resistant and susceptible and for BCi is 1:1 re-
sistant and susceptible. All F1 individuals were highly resistant to downy
mildew showing the phenotype of the resistant parent 1028. From the 576
F2 individuals assessed for downy mildew resistance 21 were eliminated
because of differences in the resistance observed between the first and the
second cotyledon. From the remaining 555 Fz individuals, a total of 417 were
resistant and 138 were susceptible to the pathogen (x* 0.01), which matches
almost perfectly the segregation for a single dominant gene. Finally, from
the 240 BC: individuals, 124 were resistant and 116 were susceptible, which
deviates slightly from the ratio expected from a single dominant gene (x*
0.27). This lower number of susceptible individuals in the BCi and the
higher number of resistant individuals could be explained by escapes where

inoculum failed to infect in the Downy Mildew resistance assays. DNA was
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extracted from all the individuals to perform KASP assays and selected in-
dividuals from all three batches were bulked into 6 different bulks, 3 re-

sistant and 3 susceptible.

Figure 4.3. Timelapse of downy mildew infection over 15 days. Genotype on the
left is the resistant parental line 1028 and on the right is the susceptible parental
line Dwarf Blue (Right-click = open in a browser to visualize).

Progenitors

1028 Downy DB Downy Mil-

\ ] s;’f;} )
F1
@ |

Resistant F2 Susceptible

R1: 40 Ind. S1:35 Ind.
\_ s Sam )
Figure 4.4. (a) Phenotype of the Downy Mildew resistant parental line 1028 (left)
and the Downy Mildew susceptible parental line Dwarf Blue (right); 14 days post
inoculation at seedling and adult plant stage. (b) F2 population developed by
crossing 1028 and Dwarf Blue, followed by self inoculation of one F1 plant. F2 in-
dividuals were phenotyped for Downy Mildew resistance at 7 and 14 dpi and
bulked based on their resistant or susceptible phenotype.The & represent self-pol-
lination.
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4.3.1.2 Adult plant downy mildew resistance assessment

Both parental lines were assessed for Downy Mildew resistance by spraying
Downy Mildew inoculum (9 isolates) on both sides of the leaves at the 6-
leaf stage. Every leaf was assessed individually at 7 and 14 dpi by visual
screening and categorized into susceptible or resistant. Susceptible parental
line Dwarf Blue showed signs of infection and sporulation with Downy Mil-
dew at 7 and 14 dpi (Figure 4.5). On the other side, resistant parental line
1028 showed no signs of infection to Downy Mildew at 7 or 14 dpi (Figure
4.6). At the seedling stage, genotype 1028 was highly resistant but necrotic
flecks were visible on the points of inoculation. In comparison, at the adult
plant stage, no signs of damage caused by Downy Mildew were visible for
the 1028 genotype. It is worth mentioning that the damage and sporulation
caused by Downy Mildew in the susceptible parental line DB on leaves was
significantly less compared to the damage and sporulation observed on the
cotyledons. After 14 dpi cotyledons were fully colonised by Downy Mildew
and tissue started to collapse not long after, but on leaves, the disease was
more localised, and tissue took 21-28 dpi to start yellowing and collapse.
However, this could be caused by the different methods of inoculation and

incubation and not increase resistance to downy mildew of this tissue.

119



Figure 4.5. Downy Mildew susceptible parental genotype Dwarf Blue at 14 dpi. Leaves were sprayed with Downy Mildew inoc-
ulum on both sides.

Figure 4.6. Downy Mildew resistant parental genotype 1028 at 14 dpi. Leaves were sprayed with Downy Mildew inoculum on
both sides.
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4.3.2 Sequencing and Mapping

High molecular weight DNA from all 6 bulks and both parental lines were
successfully isolated using a custom CTAB method (Appendix A). All DNA
samples were sent to Novogene for [llumina sequencing. The bulks aimed
for 100x coverage and the parental line DB for 10x. FastQC was run with its
default parameters for each of the FASTQ files and a summary of the se-
quencing data and QC analysis for all the samples can be seen in Appendix
B. Raw read sequence reads and GC content % for every sample can be seen
in Table 4.1. An average low GC (%) was observed for all the samples (37-
38%) which is similar to the 36.76% reported by Sun et al. (2019) for the
cauliflower draft genome.

Table 4.1. Raw reads, Raw data (G), Effective % and GC% for the 3 resistant and

the 3 susceptible F2 bulks and Dwarf blue parental genotypes were sequenced us-
ing Illumina reads.

Sample Rawreads Raw data(G) Effective % GC(%)
RES_BULK1 230,013,470 69.0 99.90 37.55
SUS_BULK1 204,344,821 61.3 99.88 37.08
RES_BULK2 372,161,110 55.8 99.24 36.73
SUS_BULK2 463,217,314 69.5 99.22 37.25
RES_BULK3 378,816,152 56.8 99.20 37.25
SUS_BULK3 442,824,430 66.4 99.19 37.25

DB_SUS 37,668,020 5.7 98.91 38.38

When the experiment was undertaken, several B. oleracea reference genomes
were available: TO1000 (rapid-cycling Chinese kale; B. oleracea var. albo-
glabra) (Parkin et al., 2014), 02-12 (cabbage; B. oleracea var. capitata) (Liu et
al., 2014), Pangenome (Golicz et al., 2016) and HDEM (broccoli type; Brassica
oleracea var. italica). From these four assemblies, the more genetically similar
to my parental kale lines (B. oleracea var. acephala) is the pangenome which

is an assembly based on TO1000 but it also integrated additional sequences
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from other B. oleracea cultivars like cabbage, cauliflower, broccoli, brussels
sprout, kohlrabi and the kale DH line ARS_18 (Arsis DH) (Golicz et al,,
2016). Therefore, the pangenome was selected as the main assembly to per-
form all the initial analyses. Using BWA v0.7.12 (Li & Durbin, 2009) all the
samples were aligned to both the pangenome and HDEM assemblies and

the resulting alignments were sorted using Samtools (Li et al., 2009).

4.3.3 Variant calling and filtering

To call for variants Freebayes v1.3.1 (Erik Garrison, 2012) was used on all
six bulk alignments and the resulting variants were stored in a single VCF
file for every assembly used. Using bcftools v1.8 (Danecek et al., 2021) a
hard filter was applied for depth and quality (DP<60, QUAL<1000). To re-
move non-informative variants for the analysis, identical variants on both
the resistant and the susceptible bulks were excluded from all VCF files.
After applying the hard filters to the vcf file, a total of 7,574,161 variants
were found on the pangenome assembly. 7,298,803 of them on all 9 B.
oleraceca chromosomes, and the other 275,358 spread out along the scaffolds
not anchored to chromosomes on the assembly (Table 4.2.). Types of vari-

ants and the total amount on the assembly can be seen on

Table 4.3.
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Table 4.2. Total chromosomal variant number and rate for the B. oleracea Pange-
nome assembly.

Chromosome Length Variants  Variants rate
C1 46,852,435 1,419,503 33
C2 56,582,104 663,327 85
C3 70,374,523 603,720 116
C4 57,422,787 1,481,487 38
C5 49,931,166 1,085,026 46
Co 42,849,748 353,046 121
Cc7 51,750,011 955,163 54
C8 44,999,818 295,431 152
c9 58,447,134 442,100 132

Total 479,209,726 7,298,803 86

Table 4.3. The total number of variants by type for all chromosomes and scaffolds
on the B. oleracea pangenome assembly.

Type Total
SNP 2,902,792
MNP 1,181,026

INS 207,848

DEL 216,525
MIXED 3,065,970
Total 7,574,161

4.3.4 Bulk Frequency Ratios

After calling and filtering the variants present on the resistant and suscep-
tible DNA bulks the objective was to find which variants were enriched for
the resistant parental allele (1028 genotype) compared to the susceptible
(Dwarf Blue genotype). Based on the segregation observed for the Downy
Mildew resistance on the F2 and BC: populations (single dominant gene),

the region linked to the phenotype is expected to be

123



homozygote/heterozygote for the resistant allele (1028) on the resistant
bulks and entirely homozygote for the susceptible allele (DB) on the suscep-
tible pools. Therefore, to score this enrichment, the BFR, which is the ratio
between the frequency of each allele (alternative; reference) for every vari-
ant was calculated between the resistant and the susceptible bulks (R. H.
Ramirez-Gonzalez et al., 2015; Trick et al., 2012). Thus, a higher BFR value
is indicative of an allele that is present in high numbers in the resistant bulk

but has very low numbers or it is absent in the susceptible bulk.

In the pangenome assembly, the reference allele was expected to be linked
with the susceptible phenotype and the alternative allele to the resistant
phenotype. The pangenome assembly was mainly based on the previous
TO1000 reference genome, and this genotype was very susceptible in the
Downy Mildew resistance assessments performed in Chapter 3. Therefore,
the BFRs for the alternative allele (AO) were selected and plotted against

their chromosomal position in the B. oleracea pangenome.

A very narrow peak representing this enrichment was observed in the B.
oleracea chromosome 2 on the pangenome assembly (Figure 4.7). To verify
the position of the peak the HDEM assembly (broccoli type) was used with
the same methodology. In the HDEM broccoli-type assembly, the previ-
ously observed peak on C2 on pangenome assembly was also observed in
chromosome 2 and a very similar region on the chromosome (Figure 4.8).
As can be seen on the close-up peak region in Figure 4.10, the peak encom-
passes a region of approximately 100.000 bp, from 53.275 kb to 53.385 kb on
chromosome 2 of the pangenome assembly. While analysing all the variants
(High-Low BFR) on the peak region, some of these variants perfectly
matched the expected segregation for a single dominant gene (homozygote

for the reference allele on the susceptible bulks and
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heterozygote/homozygote on the resistant bulks). But these aforementioned
ideal variants were unfortunately not included in the initial Manhattan
plots because their BFR values tended to infinity due to having a value of
zero for the allele count of one of the bulks, in this case, the susceptible bulk.
Therefore, to include these ideal variants in the analysis, variants with a
value of 0 for the alternative allele count on the susceptible bulks were
changed from 0 to 1 on the pangenome and HDEM assembly. This change
made the peak located on chromosome 2 more defined as can be seen in
Figure 4.10. So even though in this scenario where there is a lack of coverage
or complete homozygosity for a variant it is impossible to use the data, it
can be resolved by changing the values from 0 to 1. Nevertheless, this is not
ideal and is a limitation of the Bulk Segregant Analysis pipeline used in this
chapter. Based on the number of homozygote variants found on the suscep-
tible bulks we can assume that no escapes from the Downy Mildew resistant
essays were included at least in the susceptible bulks. A summary of all the
variants with a BFR value above 300 can be seen in Table 4.4. SNPs from
this table were used to create KASP markers for Marker Assisted Selection

(MAS) for the breeder on the pangenome assembly.
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Figure 4.7. Variants Bulk Frequency Ratio (BFR) values plotted against their position on each chromosome on B. oleracea pangenome assembly.
Higher BFR values are indicative of an allele that is highly associated with Downy Mildew resistance. C2 peak pinpoints the region with the
variants that are highly associated with the resistance to Downy Mildew observed in the 1028 parental genotype.
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Figure 4.8. Variants Bulk Frequency Ratios (BFR) plotted against their position on each chromosome on B. oleracea HDEM assembly. Higher
BFR values are indicative of an allele that is highly associated with Downy Mildew resistance. C2 peak is also present in the HDEM (broccoli)
assembly and in the same region pinpointing the region assiciated to the resistance Downy Mildew observed the 1028 parental genotype.
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Figure 4.9. Chromosome 2 variants Bulk Frequency Ratios (BFR) plotted against their position on B. oleracea pangenome assembly. Higher

BEFR values are indicative of an allele that is highly associated with Downy Mildew resistance. * Location of the peak on 49,000,000-
55,000,000 C2 position (Pangenome).
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Figure 4.10. Zoom on the Chromosome 2 peak (* Figure 4.9) variants Bulk Frequency Ratios (BFR) plotted against their position on B.
oleracea pangenome assembly (49,000,000-55,000,000).
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Table 4.4. Variants with a BFR_AO (alternative allele count) value above 300
mapped to the B. oleracea pangenome assembly (Highly associated with Downy
Mildew resistance).

CHROM POS REF ALT TYPE QUAL DP BFR_AO
C2 53287602 GT AA mnp 13153 2217 555.2
C2 53287593 C T snp 11875 2132 520.1
C2 53285674 GTAAAT GTAACT snp 5668 2339 479.4
C2 53381916 C A snp 12156 2804 476.6
C2 53374760 T G snp 34645 2286 454.9
C2 53381937 A G snp 10646 2685 447.4
Cc2 53288943 C T snp 4076 2271 432.2
C2 53288559 G T snp 3017 2504 418.6
C2 53286315 A T snp 4423 1758 416.6
Cc2 53288569 A G snp 2951 2501 413.9
C2 53368396 T C snp 12099 1290 408.1
Cc2 53286304 G A snp 4454 1757 405.5
C2 53309024 A G snp 22312 1787 400.1
Cc2 53379955 TTGA ATGA snp 12049 3011 393.1
Cc2 53286571 C G snp 6566 1392 381.9
C2 53288618 A G snp 2130 2390 368.9
Cc2 53288437 G C snp 2493 2533 363.8
C2 53381834 C A snp 4930 2387 360.3
C2 53288902 T A snp 2277 2173 351.3
C2 53286202 G C snp 4614 1616 345.8
C2 53330178 C T snp 22151 2253 3344
C2 53286147 A G snp 4840 1468 331.8
C2 53329540 ATTTTCTTGT CTTTTCTTGT snp 20850 2343 331.3
C2 53309004 C A snp 21569 1651 330.3
C2 53325024 A C snp 21402 2258 330.2
C2 53325767 T G snp 23403 2411 326.9
C2 53330384 G T snp 23095 2432 323.6
C2 53330199 AAA GAC complex 21880 2331 3231
C2 53330415 G A snp 22718 2323 320.8
C2 53330455 A C snp 22777 2397 320.3
C2 53329179 A T snp 21755 2521 318.1
C2 53329188 CTTACC CTTGCT complex 22220 2443 317.6
C2 52143173 G A snp 6349 1006 317.4
Cc2 53325674 A C snp 23187 2419 317.1
C2 53381965 c T snp 6776 2215 316.1
Cc2 53325794 G C snp 23283 2377 315.5
C2 53330449 c T snp 22506 2362 315.1
Cc2 53330311 A G snp 22015 2399 315.0
Cc2 53326185 AAC GAG complex 22166 2375 314.8
C2 53329417 T c snp 21287 2251 314.7
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4.3.5 Pangenome peak region and candidate genes analysis

The peak encompasses a 100.000 bp region on chromosome 2 of the B.
oleracea pangenome assembly (Figure 4.10). Based on the annotation, 12
genes are included in the region and all these genes are catalogued as un-
characterized proteins. Therefore, I blasted all 12 annotated genes against
the A. thaliana genome and annotated their corresponding homologue and

function (Table 4.5).

Table 4.5. A. thaliana homologues and function description of all candidate genes
associated with Downy Mildew resistance in the chromosome 2 peak region (B.
oleracea pangenome).

CDS Name
B02g159380
B02g159390

A. thaliana ID
AT5G24450.1
AT5G24340.1

A. thaliana description

Transcription factor IIIC, subunit 5
3'-5' exonuclease domain-containing protein

B02g159400
B02g159410
Bo2g159420
B02g159430
Bo2g159440
B02g159450
Bo2g159460
B02g159470
B02g159480
B02g159490

AT1G59620.2
AT1G58807.2
AT1G59620.2
AT5G24450.2
AT1G59620.2
AT1G58400.1
AT1G58807.2
AT4(G32180.2
AT5G24350.2
AT1G58807.2

Disease resistance protein (CC-NBS-LRR class)
Disease resistance protein (CC-NBS-LRR class)
Disease resistance protein (CC-NBS-LRR class)
Transcription factor IIIC, subunit 5
Disease resistance protein (CC-NBS-LRR class)
Disease resistance protein (CC-NBS-LRR class)
Disease resistance protein (CC-NBS-LRR class)
Pantothenate kinase activity protein
Haloacid dehalogenase-like hydrolase (HAD)
Disease resistance protein (CC-NBS-LRR class)

Seven of these genes have high homology with three different A. thaliana
disease-resistant related homologues. Genes Bo2g159400, Bo2g159420 and
B02g159440 have high homology to the CW9 (At1g59620) gene, coding for
a CC-NBS-NLR and a probable disease-resistance gene. Genes Bo2g159410,
B02g159460, and B02g159490) have high homology with AT1G58807.2
(B02g159450) and gene Bo2g159450 with AT1G58400.1, which both encode

for a probable disease resistance-related protein in A. thaliana. All three A.
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thaliana homologous genes are in a similar region and have very high ho-
mology with each other. Moreover, all three genes have high homology
with RPP7 (AT1g58602) or recognition of Peronospora parasitica 7 (A. thali-
ana downy mildew). This data suggests that these 7 genes in chromosome 2
of B. oleracea could be part of an NLR cluster related to Downy Mildew re-
sistance. To confirm if these 7 genes or some of them are functional NLRs I
ran the tool NLR annotator (Steuernagel et al., 2018; Steuernagel et al., 2020)
on the assemblies to predict possible loci associated with NLRs. Out of the
7 genes, 5 of them are predicted to be completely functional NLRs and one
of them (C2_nlr_25; PANG_NLR4) is not included in the annotation (Figure
4.12). NLR clusters are known to have drastic structural variations between
different genotypes, therefore I compared the NLR cluster on the pange-
nome assembly to investigate if all 5 predicted NLRs were also present in
the HDEM assembly. Analysing the two NLR clusters, only 3 NLRs were
present in the HDEM assembly compared with the pangenome, and in this
case two of them were predicted to be non-functional NLRs so only one is
predicted to be complete and functional if expressed (Figure 4.12). In addi-
tion to this, some motifs on the predicted NLR genes were highly enriched
compared to other motifs from the same gene (more reads aligned to these
motifs). This could be due to the high sequence similarity between NLR
genes in the cluster and reads could be aligned to more than one place in
the genome. This was the case for some motifs but for others, all the reads
were unique to that specific motif. This observation suggests that more
NLRs could be present in the 1028 parental genotype but the reads from
these genes can’t be mapped to the assemblies because they don’t exist in
the genotypes that were used to create the assemblies or they couldn't be

properly resolved and assembled due to the use of short reads to create it.
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Therefore, due to the high sequence similarity observed between the NLRs
in the cluster, some of the reads from other NLRs not present in the assem-
blies could be mapped to similar regions in the NLRs present in the assem-
blies, enriching those sites. Moreover, analysing the NLR cluster and neigh-
bouring regions using a genome browser, big deletions were detected on
both assemblies for the reads coming from the 3 susceptible bulks and the
susceptible DB parental genotype. These deletions were mostly on non-cod-
ing regions around the NLRs in the cluster but also on the coding regions
of 2 of these NLRs. No deletions were observed on the resistant bulks.
Therefore, to fully resolve the NLR cluster region present in the downy mil-
dew resistant genotype 1028, a long-read sequencing assembly was per-

formed.

It is worth mentioning the presence of the gene Bo2g159320 in the neigh-
bouring regions of the NLR cluster. This gene is a homologue of the
AT5G24530.1 A. thaliana gene which encodes for a 2-oxoglutarate (20G) and
Fe(II)-dependent oxygenase superfamily protein also known as Downy
MildewR6. Downy MildewR6 was identified by Van Damme et al. (2005) as
a susceptibility factor in A. thaliana. The effects of the inactivation of Downy
MildewR6 resulted in increased salicylic acid levels, conferring resistance
to different plant pathogens (Zeilmaker et al., 2015). Analysing the variants
identified in the coding and nearby regions of Bo2g159320 (Downy Mil-
dewR6 homologue) between the susceptible and resistant bulks and sus-
ceptible parental genotype Dwarf Blue, no variants were found to have an
effect for the resistance observed on the 1028 genotype. Analysing these
gene on the pangenome and HDEM assembly some variants were identified

but all of them were identical in the resistant and susceptible bulks.
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4.3.6 1028 Draft genome assembly using PacBio HiFi long

reads

To fully resolve the NLR cluster identified using the bulk segregant analysis
pipeline previously described a high molecular weight DNA sample of the
Downy Mildew resistant 1028 genotype was sent to the Earlham Institute
(Norwich, UK) for long-read whole-genome sequencing using Pacbio HiFi
technology. This sequencing generated 9.5Gb of Hifi data (>=Q20 quality)
with about 15.3x coverage assuming a 620Mb B. oleracea genome size. The

average insert size is 22Kb with reads up to 30-35Kb (Appendix C3).

To create the assembly I used the tool hifiasm v0.16.1 to de novo assemble
the PacBio HiFi reads. The genome assembly resulted in a 685Mb B. oleracea
var acephala (kale) genome size with 1542 contigs, with a contig N50 length
of 2.97 Mb and a 22.8Mb biggest contig. The genome size of this draft as-
sembly (685Mb) is a bit bigger compared with other B. oleracea assemblies
like D134 (cabbage) with 530Mb (Lv et al., 2020), 02-12 (cabbage) with
514Mb (Liu et al., 2014), TO1000 (kale-like) with 489Mb (Parkin et al., 2014),
pangenome with 587Mb (Golicz et al., 2016), and the HDEM (broccoli) with
555Mb (Belser et al., 2018).

4.3.6.1 NLR prediction and gene models identification

The 1028 draft assembly was analysed using NLR annotator (Steuernagel et
al., 2018; Steuernagel et al., 2020) to predict all possible loci associated with
NLRs. The gene models were identified using RNA-Seq data derived from
two samples coming from cotyledon and leaf tissue from six different plants
each. The pipeline used to identify gene models in the 1028 draft genome
was kindly provided by Matthew Moscou (TSL). Both samples were aligned

to the draft genome using HISAT2 (Kim et al., 2015) and gene models were
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identified and merged using Cufflinks (Trapnell et al.,, 2010). Finally,
TransDecoder was used to identify candidate coding regions using the
merged RNA-Seq alignments to the 1028 Draft genome generated by Cuf-
flinks.

4.3.7 NLR cluster analysis

The de novo 1028 draft assembly was processed using the same methodol-
ogy previously used with the pangenome and HDEM assemblies to calcu-
late and plot the BFR using the 3 Downy Mildew resistant bulks and the 3
Downy Mildew susceptible bulks. In contrast to the pangenome assembly,
the expected allele carrying the resistance to Downy Mildew in the 1028
draft assembly is the one from the reference. Therefore, the BFRs for the
reference allele (RO) were selected and plotted against their chromosomal
position (Figure 4.11). After analysing the data, the peak and NLR cluster
observed on chromosome 2 on the pangenome and HDEM assemblies was

localised to a single 888kb contig on the 1028 draft genome (utg0001491).
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Figure 4.11. Variants Bulk Frequency Ratio (BFR) values plotted against their po-
sition on the utg0001491 contig from the 1028 draft genome assembly. Higher BFR
values are indicative of an allele that is highly associated with Downy Mildew re-
sistance. It represents a section (400kb-800kb) of the contig utg0001491 (888kb).

The NLR cluster in the 1028 draft genome contig contained a total of 12 pre-
dicted NLRs from which 9 are predicted to be complete by NLR annotator
(Figure 4.12) in a 350kb region. From these 3 partial NLRs, only one is ex-
pressed in the 1028 genotype the other 2 are in the 1028 genotype genome
but they are not expressed. In comparison, as previously mentioned, the
NLR cluster in the pangenome assembly had 5 predicted complete NLRs
and 3 NLRs in the HDEM assembly, out of which just one was predicted to
be complete (Figure 4.12). Even though gene clustering is uncommon in eu-
karyotes (Lee & Sonnhammer, 2003), it is more frequent for NLR genes (van
Wersch & Li, 2019). In A. thaliana NLR clusters range from small NLR clus-

ters, containing only two NLR genes (Narusaka et al., 2009), to very large
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with 11 NLR genes (Holub, 2001). Assuming that the observed structural
variations for this NLR cluster are real and not due to assembly issues due
to NLR sequences similarities that prevented a proper assessment of the
CNV and diversification of duplicated sequences. This NLR gene cluster
associated with Downy Mildew resistance shows a significant structural di-
versification among all three B. oleracea assemblies, with gene copy number
variation ranging from 3 to 12 NLRS. From the three assemblies tested the
only one that could have had technical limitations to assess the NLR present
in the cluster is the pangenome due to the use of short reads to create it. For
the other two assemblies, long reads sequences were used, HDEM (Na-
nopore PromethION) and 1028 draft genome (Pacbio HiFi), which increases
the probability of assessing regions with high gene structural variation, like
NLR clusters properly. To assess how similar these NLRs sequences are to
each other, I ran a progressive pairwise alignment using default settings on
Geneious prime for all the NLRs predicted by NLR annotator on all three
assemblies (pangenome; HDEM; 1028 Draft genome). Data is presented as

identity percentage in
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1028_NLR1_partial 81 72 73 86 0 96 0O 8 8 8 7983 8 84| 9 81 83 83 84
1028_NLR2 | 81 66 72 86 0 79 o 79 77 93 75170 8 73|74 81 74 80 81
1028_NLR3 | 72 66 70 68 0 381 0O 8 72 67 72|74 70 74|70 70 98 79 78
1028_NLR4 | 73 72 70 76 0 84 o 79 72 75 72|71 75 76| 72 67 77 99 75
1028_NLR5 | 86 86 68 76 0 85 O 8 8 8 79|72 97 78| 8 78 80 84 85
1028_NLR6_partial 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 25 0 0
1028_NLR7_partial | 96 79 81 84 85 0 O 8 8 83 86|83 8 8| 8 79 82 83 85
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1028_NLR8 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 25 0 0

1028 NLR9 | 86 79 82 79 84 0 86 0 91 8 91| 72 8 88 71 81 81 92

1028 NLR10 | 80 77 72 72 82 0 87 0 91 80 88| 75 81 83| 76 84 85 84 90

1028 NLR11 | 85 93 67 75 88 0 83 0 84 80 781 70 90 76| 81 82 80 84 84

1028 NLR12 | 79 75 72 72 79 0 86 0 91 88 78 73 79 79| 77 75 82 81 98

HDEM_NLR1_partial [ 83 70 74 71 72 0 83 o 72 75 70 73 72 78172 70 74 71 73

HDEM_NLR2 | 86 8 70 75 97 0 &5 0 8 81 90 79| 72 791 8 75 80 84 &5

HDEM_NLR3_partial [ 84 73 74 76 78 0 89 0O 8 8 76 79| 78 79 75 74 78 78 79

PANG_NLR1 | 90 74 70 72 82 0 84 0 8 76 81 77|72 81 75 67 73 81 83

PANG_NLR2 | 81 81 70 67 78 0 79 0O 71 84 8 75|70 75 74| 67 61 74 79

PANG_NLR3 | 83 74 98 77 80 25 8 25 81 8 8 8| 74 80 78| 73 61 80 84

PANG_NLR4 | 83 80 79 99 84 0 83 0O 81 84 84 81|71 8 78| 81 74 80 81
PANG_NLR5 | 84 81 78 75 85 0 &5 0O 92 90 84 98| 73 8 798 79 84 81

Table 4.6 and NLRs are named with the assembly to which they correspond
(PANG; HDEM; 1028) + a number in the order of appearance based on their
position in the NLR cluster; partial NLRs are also included in the compari-
son. The pairwise percentage identity for all 20 NLRs is very high (79.6%).
Every NLR sequence identified in the assemblies is identical or almost iden-
tical to 1 or 2 NLRs on the same or the other assemblies. Starting with all 12
NLRs identified in the 1028 draft genome assembly with a % identity above
90: 1028_NLR1_partial sequence is 96% similar to 1028_NLR7 and 90% to
the pangenome nlrl (PANG_NLRI1). 1028_NLR2 sequence is 93% similar
1028_NLR11. 1028_NLR3 sequence is 98% similar to PANG_NLR3.
1028_NLR4 sequence is 99% similar to PANG_NLR4. 1028_NLRS5 sequence
is 97% similar to HDEM_NLR2. 1028_NLR6_partial sequence is 100% simi-
lar to 1028 _NLRS8. 1028_NLR7_partial sequence is 98% similar to
PANG_NLR3. 1028_NLR8 sequence is 100% similar to 1028_NLRe6.
1028_NLR9 sequence is 91% similar to 1028_NLR10 and 1028_NLR10, and
92 to PANG_NLR5. 1028_NLR10 sequence is 90% similar to PANG_NLR5
and 91% to 1028_NLR9. 1028_NLR11 sequence is 90% similar to
HDEM_NLR2 and 93% to 1028_NLR2. 1028_NLR12 sequence is 91% similar
to 1028_NLR9 and 98% to PANG_NLRS.

For the 3 NLRs in the HDEM assembly with a %identity above 90: For

139



HDEM_NLR1_partial sequence, no other NLR sequence has above 90%
%identity but 1028_NLR1_partial and 1028_NLR7_partial have 83% iden-
tity. HDEM_NLR2 sequence is 90% similar to 1028_NLR11 and 97% to
1028_NLR5. For HDEM_NLR3_partial no other sequence had above 90%
identity but as well as HDEM_NLR1 has 84% and 89% identity to
1028_NLR1_partial and 1028_NLR?7_partial respectively.

For the 5 complete NLRs in the pangenome assembly with a %identity
above 90: PANG_NLRI1 sequence is 90% similar to 1028_NLR1_partial. For
PANG_NLR2 no other sequence had above 90% identity but has 84% iden-
tity to 1028_NLR10. PANG_NLR3 sequence is 98% similar to 1028_NLR3.
PANG_NLR4 sequence is 99% similar to 1028_NLR4. And PANG_NLR5
sequence has a 90%, 92% and 98% identity to 1028_NLR10, 1028_NLR9 and
1028_NLR12 respectively.

This data suggests that the identified NLR cluster could have had more than
one event of contraction and/or expansion creating the different CNV NLR
numbers observed in all 3 assemblies. The resolved NLR cluster using the
de novo assembly of the 1028 genotype complicates the search for the gene
responsible for the high Downy Mildew resistance observed at the seedling
and adult plant stage increasing the total number of possible NLR genes
from 1-5 in the HDEM and pangenome assembly to 9 in the 1028 draft as-
sembly. The initial idea of using RNA-seq data was to possibly eliminate
some of the candidate genes if some of the predicted NLR genes were not
expressed but based on the annotation created with the RNA-Seq reads, 8
out of the 9 complete NLRs are expressed. In addition to this, even though
the F2 population matches perfectly the segregation for a single dominant
gene, 2 or more genes could be functioning together (van Wersch & Li, 2019)

and don’t segregate as 2 separate genes because of how physically close
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they are in the 1028 genome.
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Table 4.6. Pairwise comparison for all predicted NLR (complete and partial) sequences from the Pangenome, HDEM and 1028 draft genome
assemblies. All values are represented as percentage identity.

— - = 8 I

1] 1] © =} =

= £ ® @ ©

© © © [} -9
e L 9 © « N ‘E:'I o 2' o & & <
T & 2 ¥ 2 2 & & 8 & =z 2|2 3 3|% %5 g ¥ g
- ' - ' - ' - ' - ' - ' 2 2 2 2 2 2 2 2
ZI ZI ZI ZI ZI ZI ZI ZI ZI ZI ZI ZI EI EI EI (DI L')I (DI L')I (DI
4 8 X 3 B R R X R R R QX w w2 2 2 2 2
o o o o o o o o o o o o (=] (=] =] < < < < <
- - - - - - - - - - - - = = I a a a a a
1028_NLR1_partial 81 72 73 86 0 96 0O 8 8 8 79|83 8 84| 90 81 83 83 84
1028_NLR2 | 81 66 72 86 0 79 o 79 77 93 75|70 8 73| 74 81 74 80 81
1028 NLR3 | 72 66 70 68 0 81 O 8 72 67 72|74 70 74| 70 70 98 79 78
1028 NLR4 | 73 72 70 76 0 &4 o 79 72 75 72171 75 76| 72 67 77 99 75
1028 NLR5 | 86 86 68 76 0 85 O 8 8 8 79|72 97 78| 82 78 80 84 85
1028_NLR6_partial 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 25 0 0

1028_NLR7_partial | 96 79 81 84 85
1028 NLR8| 0 0O 0 O O 1200 O

o
o
(o]
o o
(o]
o
0o
o w
(o]
o o
(o]
o w
(o]
o un
(0]
o ©
o]
o b
~
o ©
N 00
o N
(o]
o w
(o]
o un

1028_NLR9 [ 86 79 82 79 84 0 86 0 91 8 91 72 8 8 8 71 81 81 92
1028_NLR10 | 80 77 72 72 82 0 87 0 91 80 88| 75 81 83| 76 84 8 84 90
1028_NLR11 ( 85 93 67 75 88 0 83 0 84 80 781 70 90 76| 81 82 80 84 84
1028_NLR12 | 79 75 72 72 79 0 86 0 91 88 78 73 79 79| 77 75 82 81 98

HDEM_NLR1_partial [ 83 70 74 71 72 0 83 o 72 75 70 73 72 78 72 70 74 71 73
HDEM_NLR2 | 86 86 70 75 97 0 85 0O 8 81 90 79| 72 791 81 75 80 84 85

HDEM_NLR3_partial | 84 73 74 76 78 0 89 0O 8 83 76 79| 78 79 75 74 78 78 79
PANG_NLR1 [ 90 74 70 72 82 0 84 0O 8 76 81 77|72 81 75 67 73 81 83
PANG_NLR2 | 81 81 70 67 78 0 79 0O 71 8 82 75|70 75 74| 67 61 74 79
PANG_NLR3 | 83 74 98 77 80 25 82 25 81 8 80 82| 74 80 78| 73 61 80 84
PANG_NLR4 | 83 80 79 99 &4 0 83 0O 8 84 84 81|71 84 78| 8 74 80 81
PANG_NLR5 | 84 81 78 75 &5 0 85 0O 92 90 84 98| 73 & 79| 8 79 84 81

142



(a) Pangenome assembly - C2
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Figure 4.12. NLR cluster region on all 3 assemblies: (a) Pangenome (C2), (b) HDEM (C2) and (c) 1028 de novo draft genome (utg001491). For all three assemblies:
black dotted line represent the size of the NRL cluster and the initial and end position in the chromosome or contig; annotated genes are represented in blue;
Predicted complete NLR are represented in light green and partial NLR represented in orange and red; KASP markers designed using high BFR SNPs for the
Pangenome and the 1028 draft genome are represented as vertical orange lines with two dots. Space between genes in the regions have been compressed for
space efficiency.
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4.3.8 KASP marker analysis of the NLR cluster

4.3.8.1 SNPs validation

To validate the mapped Downy Mildew resistance loci (Section 5.3.5-132),
KASP assays were designed using SNPs with high BFR from the BSA in
both the Pangenome and the 1028 draft genome assembly. To automate the
design and validation of specific primers for every assembly, the tool Poly-
Marker was used (Ricardo H. Ramirez-Gonzalez et al., 2015). The main cri-
teria to select the SNPs in the mapped Downy Mildew loci region for
marker creation was the BFR, only selecting the ones above 300 for the pan-
genome assembly SNPs and above 200 for the 1028 draft genome assembly
(Table 4.4. Variants with a BFR_AQO (alternative allele count) value above
300 mapped to the B. oleracea pangenome assembly (Highly associated with
Downy Mildew resistance). The selected SNPs should originate from the
allele coming from the 1028 parental genotype, for the pangenome assem-
bly is the AO (alternative allele) and for the 1028 assembly is RO (reference
allele).

A total of 26 SNPs were selected using SNP data from the BSA and markers
were designed for them. In total, 12 KASP markers were designed for the
Pangenome assembly (Table 4.7), and 14 for the 1028 draft genome assem-
bly (Table 4.8). As a control, 2 KASP markers were designed based on SNPs
outside of the mapped Downy Mildew resistant loci for both the pange-
nome (KASP markers 1 and 14) and the 1028 genome assembly (KASP
markers 16 and 17). To validate if the 30 SNPs for both assemblies were
polymorphic and diagnostic of the Downy Mildew resistance loci, a subset
of 96 F2 individuals plus both parental lines and four Downy Mildew sus-
ceptible breeding lines from CN seeds were tested. For both assemblies,

markers outside of the mapped Downy Mildew resistance loci (KASP
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marker 1, 14, 16 and 17) were polymorphic but they were not diagnostic of
the Downy Mildew resistance. For the 12 SNPs on the pangenome assem-
bly, only 2 were polymorphic and diagnostic (KASP markers 3 and 12) of
the Downy Mildew resistance loci (17%). Of the 14 SNPs on the 1028 assem-
bly, 9 were polymorphic and diagnostic (KASP markers 18, 19, 20, 22, 23,
24, 26, 28 and 29) of the Downy Mildew resistance loci (64%).

All the polymorphic and diagnostic SNPs for both the pangenome and the
1028 assembly were further tested on the whole F2 population consisting of
555 individuals with phenotypic information for the resistance to downy
mildew. Of those 555 89 were removed from the analysis due to having
more than 2 missing data points. Therefore a total of 466 F: individuals (119
susceptible; 347 resistant) were assessed with the 11 most closely linked
KASP markers for the Downy Mildew resistance. After running the assay,
all 11 KASP markers were highly associated with the resistance on both as-
semblies. Nevertheless, false positives were observed, for example, one
completely resistant individual was scored as susceptible due to being ho-
mozygote for the susceptible allele for all 11 SNPs tested. Because of the
consistency for all the KASP markers assessed this was probably an escape
while phenotyping the individuals for Downy Mildew resistance or a
wrongly labelled sample. On the other side of the spectrum, some lines phe-
notypically identified as susceptible were scored as resistant (heterozygote)
for KASP markers 3, 22 and 28 with 1, 1 and 3 lines respectively. For the rest
of the markers, all resistant individuals carried at least one copy of the re-
sistant 1028 haplotype and all the susceptible were homozygotes for the
susceptible dwarf blue haplotype (KASP markers 12, 18, 19, 20, 23, 24, 26,
and 29). From these highly associated SNPs, it is worth annotating that
KASP markers 20, 24, 26, and 29 have less than 2 missing data points out of
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466 individuals and no false positives.
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Table 4.7. Primer details and genome position in the pangenome assembly (Chromosome 2) for the markers to validate. Primers in dark
blue are outside of the mapped downy mildew resistant locus and markers in bold are markers validated to be polymorphic and diagnostic

of the Downy Mildew resistance.

KASPID  Position Contig Regions A B Common Orientation
1 16412166 C2:16412038-16412290  acaaagaaaggtgctctgacaT acaaagaaaggtgctctgacaC gatagaggggcaagctcact forward
2 53285674 (C2:53285565-53285797  aacatcctgccaagtaggtaaA aacatcctgccaagtaggtaaC cgtgcatcacctgaggacaa forward
3 53286147 C2:53286018-53286264  tccactcttttaccctcttgtgtaT tccactcttttacectcttgtgtaC gatgcagactatgttgacacgg reverse
4 53287593 (C2:53287476-53287697  aacttgcatacatccatgaacttC aacttgcatacatccatgaacttT tggttgcagggaactcagta forward
5 53288437 (C2:53288328-53288549  atgtgctcaagtgcaagacC atgtgctcaagtgcaagacG ccaaaagggggcatgatcct reverse
6 53288559 (C2:53288440-53288665  ggtcaattcctgggaagcaG ggtcaattcctgggaageaT gcgcaaaatcattecttgec forward
7 53288569 (C2:53288456-53288673  tgggaagcagtttgtcagcA tgggaagcagtttgtcageG gcgcaaaatcattecttgec forward
8 53288943 (C2:53288829-53289033  cgtaaaaacctcagaaacacaaaaC cgtaaaaacctcagaaacacaaaaT gggagtggtggacctaaaaca forward
9 53325767 C2:53325650-53325875  acaaacacccatgtattgacattT acaaacacccatgtattgacattG tgcgttgttttgttatatgega forward
10 53329540 (C2:53329427-53329664  cccggeccactaaacaaatattA cccggeccactaaacaaatattC acatagtgtcaaacaacttattgca forward
11 53330449 C2:53330334-53330566  agtgtacaagttgttccttaggT agtgtacaagttgttccttaggG caggtttggacgtatgtgtgt reverse

12 53368396 C2:53368328-53368497  tcatcattggtgcaacatggT tcatcattggtgcaacatggC gcgeatggacttcattgetg forward
13 53379955 (C2:53379848-53380072  atacaaaacaccgtaaaccttcaA atacaaaacaccgtaaaccttcaT tagagggagtgggtctgacg reverse
14 54570284 (C2:54570153-54570411 ttctacctggttctgatgaaacT ttctacctggttctgatgaaacA gtggtgtgatccctgeacta forward
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Table 4.8. Primer details and genome position in the 1028 draft genome assembly (utg001491 contig) for the markers to validate. Primers

in dark blue are outside of the mapped downy mildew resistant locus and markers in bold are markers validated to be polymorphic and
diagnostic of the Downy Mildew resistance.

KASPID  Position Contig Region A B Common Orientation
16 129517 utg0001491:129385-129646 atatatgcatcaactttgcttgttG atatatgcatcaactttgcttgttT agaatgaaatgggaaacgttgtagt forward
17 304207 utg0001491:304075-304339  cacaacggatctgataaagctcT cacaacggatctgataaagctcA ggctaacagtggctcttect reverse
18 617669 utg0001491:617538-617799  agattatagaggggaatttcactgC agattatagaggggaatttcactgT tgaaccctaccagctcatca reverse
19 624162 utg0001491:624031-624295  ttcagtttgatgttaacagtgcaT ttcagtttgatgttaacagtgcaC actgtggataggcatctcca reverse
20 624401 utg0001491:624274-624531  gtgcttccactagetccaT gtgcttccactagetccaC cttcggtggacgtcctctaa forward
21 624449 utg0001491:624326-624578  tggtatatgattatgctegettcG tggtatatgattatgctcgcttcA tccatgaaatcggcatcgec reverse
22 626432 utg0001491:626320-626559  gctgaagagtttcatgtcactttcC gctgaagagtttcatgtcactttcT gctcagacatgacgagggaa reverse
23 635067 utg0001491:634949-635187  atgtgctcaagtgcaagacG atgtgctcaagtgcaagacC ccaaaagggggcatgatect reverse
24 635189 utg0001491:635082-635303  ggtcaattcctgggaageaT ggtcaattcctgggaagcaG cgcaaaaccattccttgeca forward
25 635199 utg0001491:635094-635315  tgggaagcattttgtcageG tgggaagcattttgtcagcA cgcaaaaccattccttgeca forward
26 635248 utg0001491:635126-635377  tttcttggatggcaaggaatgG tttcttggatggcaaggaatgA ggctatcagttcatcttttggeg forward
27 635673 utg0001491:635555-635799  agttgatatctcggtagttccaagT agttgatatctcggtagttccaagA gggcgagegttgtttttact forward
28 637412 utg0001491:637298-637536 ccatgttttatctcagggcttgtG ccatgttttatctcagggcttgtA cctgcaaatatcttetggtctge forward
29 854513 utg0001491:854386-854643  accagatgcttataaaacaactctG accagatgcttataaaacaactctC caatccccacacagegtaga reverse
30 855123 utg0001491:855009-855249  tgaccagtcactacattgaagcA tgaccagtcactacattgaagcT cctgcattaatgtacaggttttgt forward
31 856973 utg0001491:856843-857104  cgattctcgtttcggttecT cgattctegtttcggttccC tagaacacgaggggcagaac forward
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4.4 Discussion

In this chapter, I identified and map a new source of resistance to H. brassicae on
Chromosome 2 in an F2 population derived from the cross between the downy
mildew resistant genotype 1028 and the susceptible commercial variety Dwarf
Blue. To date, four different loci conferring resistance to downy mildew have been
mapped in B. oleracea, three of them with a known chromosomal location in the
genome. BoDowny Mildew1 in chromosome 5 (Gao et al., 2003; Giovannelli et al.,
2002), Pp523 in chromosome 8 (Carlier et al., 2012; Coelho & Monteiro, 2003b;
Farinho et al., 2004) and Ppa207 in chromosome 2 (Saha et al., 2020). The loci asso-
ciated with downy mildew resistance presented in this chapter were identified
from a kale breeding variety 1028 (CN seeds). Despite the fact that Ppa207 and the
QTL identified in this study were both located on C02, Ppa207 is located in the
extreme of the longest arm (Shaw et al., 2021) and the resistance from this study in
the extreme of the short arm, so their physical placements indicate that they are
two separate QTLs (

Figure 4.13).
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Figure 4.13. Chromosomal locations of mapped downy mildew resistance loci on
B. oleracea. The blue line pinpoints the location of the resistance mapped in this
chapter. Adapted from (Shaw et al., 2021).

The bulk segregant analysis approach I used to map the resistance present



in the 1028 genotype in an F2 population was very cost-effective, locating
the QTL to a 100.000 bp region on the chromosome 2 of the B. oleracea pan-
genome assembly (Figure 4.10). While designing the initial BSA experiment
I ran into the question of how many recombinants to include in the bulks
and the average sequencing coverage per individual. I decided to aim for
coverage of 1-2x per individual, therefore I could not include in the bulks
all the F2 recombinants I assessed, so I selected recombinants with a very
clear resistant or susceptible phenotype to Downy Mildew in the bulks. To
compare what is the minimum amount of recombinants (1-2x coverage per
individual) to be able to map the loci observed in C2, I run the BSA analysis
using the sequencing data from RES_BULKI1 (40-F:2 recombinants) and
SUS_BULKI1 (35-F: recombinants) and as it can be seen in Figure 4.14 even
though the noise has increased and the BFRs are lower compared to using
6 bulks (Figure 4.9), the peak is located in the same region in C2. This data
suggests that it is possible to map a trait with a low number of recombi-
nants, but this will greatly depend on several other factors like the complex-
ity of the trait, the quality of the phenotyping, the coverage per individual,

the assembly and the quality of the assembly, etc.

Besides the initial BSA analysis using the B. oleracea pangenome as a refer-
ence that was able to locate the Downy Mildew resistance to a small region
in C2. Using the B. oleracea HDEM broccoli assembly and tools like NLR
annotator, structural variation (SV) was observed in the location of the
mapped loci (NLR cluster) and nearby regions in the form of deletions on
coding and non-coding regions only present in the susceptible bulks and
the DB susceptible parental genotype. In addition, copy number variation
(CNV) of the number of predicted NLR genes in the pangenome NLR clus-

ter was also observed in comparison to the number of predicted NLR genes

150



present in the NLR cluster of the HDEM assembly, ranging from 5 to 1 copy
respectively. Several studies have reported that this structural and copy
number variation of NLR genes associated with plant pathogen resistance
is very frequent (Lee & Chae, 2020; Wang et al., 2021). For this reason, the
creation of a 1028 draft genome was necessary to fully resolve the NLR clus-
ter structure present in the 1028 Downy Mildew resistant genotype. The
1028 draft genome assembly and the annotation created using RN Aseq data
from the parental line revealed that the NLR cluster present in the 1028 draft
genome contained a total of 12 predicted NLR genes in a 350Kb region, from
which 9 are predicted complete NLRs and 3 are predicted to be incomplete
NLRs from which 2 are not expressed (Figure 4.12). This reveals a big dif-
ference in copy number variations of NLR genes in the NLR cluster associ-
ated with the resistance present in the 1028 genotype, ranging from 1 to 9

predicted NLR in all three assemblies used for the analysis.

In addition, up to now, there was still no high-quality, comprehensive as-
sembled kale (B. oleracea var. acephala) genome, which hinders greatly basic
genetics and genomics research, as well as crop improvement. The closest
assembly available for kale cultivars is TO1000, a rapid-cycling Chinese
kale, but its growth, morphology and molecular levels are very different
compared to a kale variety like 1028 or dwarf blue. For this reason, it is im-
portant to have available several genome assemblies for different mor-
photypes of B. oleracea and other brassica species. Three of the most used B.
oleracea reference genomes by researchers are TO1000, 02-12 and the pange-
nome were created using short read sequencing and all three assemblies are
known for errors and gaps, making them difficult to use for many studies
(Lee et al., 2016; Liu et al., 2017; Zhang et al., 2015). In the last few years,

long-read sequencing like PacBio HiFi or Nanopore PromethION has
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become more affordable, therefore, the use of long-read sequencing on pre-
sent and future assemblies will be able to improve considerably the genome
assembly’s integrity, particularly on high repeat regions like NLR clusters.
Recently, some assemblies have been published for some brassica cultivars
using long-read sequencings, like HDEM (broccoli) and cabbage and cauli-
flower assemblies (Belser et al., 2018; Guo et al., 2021; Lv et al., 2020). There-
fore, this draft assembly of a kale-type B. oleracea cultivar using PacBio long-
read sequences, in combination with other recent long-read assemblies in

other cultivars could help future research to improve B. oleracea crops.

To promote marker-assisted selection (MAS) and gene pyramiding into de-
sirable B. oleracea cultivars it is essential to find DNA markers associated
with the traits needed. Compared to traditional breeding, molecular mark-
ers allow for a fast and targeted selection to improve and/or develop new
and enhanced commercial varieties. For that reason, attention has switched
to molecular breeding, which could make it easier to combine various
sources of resistance into existing elite varieties making the resistances more
durable over time. With this objective in mind, in this study, the use of BFRs
to select SNPs and create highly associated KASP markers with the 1028
Downy Mildew resistant haplotype was very effective. From the 26 SNPs
tested on both the pangenome (12 KASPs) and the 1028 draft assembly (14
KASPs), 11 were polymorphic and diagnostic of the Downy Mildew re-
sistance observed in the 1028 genotype. Besides their use as a control for the
KASP assay, KASP markers 1, 14, 16 and 17 that are outside of the mapped
Downy Mildew resistance loci can be used to observe the allele enrichment
that happens the closer the SNPs are to where the loci are located in the
genome due to recombination events. It is worth mentioning the biggest

difference observed between the number of polymorphic and diagnostic
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SNPs from all 26 assessed in the pangenome assembly (17%) compared with
the 1028 assembly (64%). Most KASP markers designed using the SNPs in
the pangenome assembly have a high number of missing points and/or
were not polymorphic or diagnostic of the resistance, even though the BSA
variant data suggested it could be a reliable diagnostic SNP. This difference
compared to the 1028 assembly could be explained due to the structural
variation observed in the NLR cluster and nearby regions for that specific

location in the B. oleracea Chromosome 2.

In this chapter, the use of different layers of data facilitated the identifica-
tion of a new source of resistance to downy mildew on the B. oleracea Chro-
mosome 2. This resistance was defined as an NLR cluster with a high degree
of structural variation when compared to different B. oleracea reference ge-
nomes. The creation of a draft genome assembly using long-read sequenc-
ing technology of the resistant parental genotype 1028 helped resolve the
NLR genes in the cluster which will help with the cloning of the candidate
NLR genes. Finally, the identification of this new source of resistance in
combination with the 11 associated KASP markers will be very helpful in
molecular breeding in order to incorporate this Downy Mildew resistance

to current and new B. oleracea varieties.
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Figure 4.14. Chromosome 2 variants BFRs of only two bulks (RES_BULK1 - 40 F2 recombinants and SUS_BULK1 - 35 F2 recombinants)
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Chapter 5

General discussion

The research presented in this thesis started with the main objective of find-
ing and mapping new sources of resistance to H. brassicae in B. oleracea. The
main steps to achieve this started with the creation of a collection and deri-
vation of 9 H. brassicae field isolates into single spore isolates from distinct
geographical locations in the UK and USA and the optimization of the B.
oleracea — downy mildew pathosystem under laboratory conditions (Chap-
ter 2). This collection of isolates was used to identify new sources of H. bras-
sicae resistance by assessing 3 different sources of plant material at the cot-

yledon stage (Chapter 3).

Identified H. brassicae resistant individuals were used to create biparental
mapping populations. From all the Fz populations created, a specific cross-
segregating for a single dominant gene was selected for genetic mapping
using a bulk segregant analysis approach (Chapter 4). This F> mapping pop-
ulation was developed by crossing the resistant Downy Mildew breeding
line from CN seeds 1028 and the susceptible Downy Mildew commercial

variety Dwarf Blue from CN seeds (Figure 4.3). Both parental lines were



also assessed at the adult plant stage and were confirmed to be susceptible

(DB) and resistant (1028) at both stages.

The bulk segregant analysis was able to map the downy mildew resistance
present in the 1028 parent to a very narrow region (100Kb) in the B. oleracea
chromosome 2. By using different bioinformatic tools the C2 region was
confirmed to be an NLR cluster and by comparing it to other B. oleracea ge-

nome assemblies a high level of copy number variation was observed.

To fully resolve the NLR cluster sequence, a draft genome assembly of the
1028 resistant parent was created using PacBio HiFi long-read sequencing
and expressed genes were annotated using RNAseq data. The resolved
NLR cluster in the 1028 genome assembly was confirmed to contain a total
of 12 predicted NLR genes in a 350Kb region from which 9 were predicted
to be complete and expressed NLR genes (Figure 4.12). Using significantly
associated SNPs from the bulk segregant analysis, KASP markers were de-
signed and tested on all 466 F: individuals and polymorphic and diagnostic
markers for the downy mildew resistance present in 1028 were identified to

be used for marker-assisted selection.

Overall, the studies presented in this thesis have identified several patho-
type-independent resistant B. oleracea genotypes to downy mildew from dif-
ferent sources of plant material (Chapter 3) by using a total of 9 single
spored derived H. brassicae field isolates collected in 2016, 2018 and 2019
from different B. oleracea fields in the UK and USA (Chapter 2). These newly
identified sources of downy mildew resistance could provide a solid foun-
dation to improve the management of this disease in the fields of many B.
oleracea crops, especially vegetable crucifers. Downy incidence has in-

creased over the last few decades in many Brassica growing countries most
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likely due to the steady rise of temperatures in some regions of the world
caused by climate change, and this will most likely continue, making the
disease more widespread. Due to the systemic nature of the disease, various
cultural and chemical techniques have been reported to be ineffective
against downy mildew in the fields (Barbetti et al., 2011; Vicente et al., 2012)
and in some cases the continuous use of certain products has lead to the
emergence of new more virulent isolates (Brophy & Laing, 1992; Singh et
al., 2013). For this reason, the adoption of genetically resistant plants is one
of the most effective, low-cost, and environmentally friendly ways to pre-
vent downy mildew in the fields. To achieve this objective, the sources of
resistance identified in this thesis could be incorporated into breeding pro-
grams to improve existent commercial B. oleracea varieties or to be deployed
immediately if the resistant genotypes have adequate agronomical charac-
teristics. Although some of the most resistant genotypes identified in this
thesis were also assessed at the adult plant stage, cotyledon assessment was
the primary methodology to identify resistant individuals. Some authors
have reported that seedling and adult plant stage downy mildew resistance
is controlled by different loci (Coelho et al., 1998; Coelho & Monteiro, 2003a;
Dickson & Petzoldt, 1993), but based on the results from the genotypes
tested in this thesis the resistance observed at the seedling stage was also
present in later stages of the plant development. So even though in some
genotypes downy mildew resistance at the seedling stage may not be indic-
ative of resistance at later stages, using cotyledons to assess downy mildew
resistance is a good indicator of overall resistance at the adult plant stage
under laboratory or field conditions (Jensen et al., 1999; B. D. Jensen et al.,

1999; Monteiro & Williams, 1989; Wang et al., 2000).

AsIreported in Chapter 3, downy mildew physiological specialization was
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observed for the isolates used for this thesis. First, by identifying 8 of the 28
resistant genotypes in the 390 B. oleracea accessions from Warwick to be B.
rapa (5) and B. napus (3) using a mPCR assay for Brassica identification; and
second by assessing for downy mildew resistance a Brassica diversity panel
consisting of 98 different genotypes of all the Brassica species in the triangle
of U and close relatives (16 B. oleracea, 16 B. rapa, 15 B. nigra, 15 B. napus, 15
B. juncea and 15 B. carinata; 2 D. erucoides, 3 E. sativa and 1 A. thaliana), and
third a set of 134 B. napus genotypes against an inoculum mix of all 9 single
spore isolates from the UK and USA in which only 9 showed susceptibility.
These experiments highlight the level of host specificity present in the H.
brassicae isolates used in this thesis. This specialization has long been docu-
mented (Gaumann, 1926; Hiura & Kanegae, 1934; Thung, 1926; Wang,
1944). Since these initial reports, other authors have encountered the same
host specialization of downy mildew isolates collected from many brassica
species and cultivars (Chang, 1964; Dickinson & Greenhalgh, 1977; Felton
& Walker, 1946; Lucas et al., 1994; Masheva et al., 1996; Mehta & Saharan,
1994; Morris & Knox-Davies, 1980; Moss et al., 1988; Natti, 1958; Semb, 1969;
Sherriff & Lucas, 1990; Tham et al., 1994) but the methodologies and geno-
types they used were not standardised and/or reproducible. For this reason,
over the years some authors have tried to create a standardised set of host
differentials of isogenic genotypes for H. brassicae isolates (Coelho et al.,
2012; Mehta & Saharan, 1994). However, these standardised sets haven’t
been fully adopted and there is still a need to identify and establish a uni-
versal set of host differential genotypes for H. brassicae to categorize the
pathotypes of all reported isolates. Having this information, we could know
whether the new and previously reported H. brassicae pathotypes including

the ones used in this thesis, are the same or different. Therefore, knowing
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this will be crucial if the objective is to develop new durable downy mildew

resistant Brassicaceae varieties, especially for gene pyramiding strategies.

In Chapter 4, using a biparental F2 mapping population derived from a cross
between the highly downy mildew resistant genotype 1028 and the suscep-
tible commercial variety dwarf blue, previously phenotyped in Chapter 3. I
reported how I was able to map a new pathotype-independent H. brassicae
resistance to a 100Kb region in B. oleracea Chromosome 2 by bulk segregant
analysis. The resistance observed at seedling stage on the resistant parental
genotype 1028 was also confirmed to be present at adult plant stage. In A.
thaliana, 20 sources of downy mildew resistance have been mapped (Crute
et al., 1997), but this attention has not been translated to Brassica crops. To
date, only 4 Downy mildew resistances have been mapped in B. oleracea and
only 3 of them have a known chromosomal location, BoDowny Mildew1 in
chromosome 5 (Gao et al., 2003; Giovannelli et al., 2002), Pp523 in chromo-
some 8 (Carlier et al., 2012; Coelho & Monteiro, 2003b; Farinho et al., 2004)
and Ppa207 in chromosome 2 (Saha et al., 2020), and to this point, no R gene

has been cloned in B. oleracea or any other Brassica species.

After mapping the H. brassicae resistance to a 100Kb region in Chromosome
2, I used different bioinformatic tools and discovered that most genes in the
mapping region were NLRs (Chapter 4). By comparing this NLR cluster
structure with two different genome assemblies (Pangenome and HDEM) I
realised that the copy number of the NLR genes present in the cluster varied
from 5 predicted complete NLRs in the pangenome assembly to only 1 in
the HDEM assembly. On top of this, checking the bulk read alignments on
both assemblies, I observed a read enrichment in some NLR motifs only
present in the resistant bulks and big deletions in the NLR cluster and

neighbouring regions only present in the susceptible bulks. These two
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observations lead me to conclude that the NLR cluster region in the resistant
parental line 1028 could also have different copy number variation com-
pared to the other two assemblies and due to the enrichment and the high
sequence similarity between NLR genes, the NLR cluster could have more

NLR genes.

By using different bioinformatic tools the C2 region was confirmed to be an
NLR cluster and by comparing it to other B. oleracea genome assemblies a
high level of copy number variation was observed. Therefore, to fully re-
solve the NLR genes included in the cluster region present in the 1028 gen-
otype, a long read sequencing assembly was performed using PacBio HiFi
and genes were annotated using RNAseq data. The resulting 1028 draft as-
sembly confirmed the observations and mapped the resistance to a single
contig in the assembly. A total of 12 NLR genes were predicted and mapped
to a 350Kb region in the contig, from which 9 were predicted to be complete
and were expressed NLR genes (Figure 4.12). This copy number variation
present in the NLR cluster compared with different assemblies suggests
that using a single reference will hardly capture all gene paralogs in a clus-
ter accurately and representatively and that characterizing these additional
structural variations requires a reference-agnostic approach (Lee & Chae,
2020). In addition to this, the genome complexity caused by the triplication
of the ancestral Brassica genome (O'neill & Bancroft, 2000; Parkin et al., 2005)
has resulted in the clustering and various structural variations of R genes,
making their identification and possible cloning difficult due to the high
sequence similarity between this genes which makes them difficult to as-
semble properly if short reads are used. In addition, even though the draft
assembly is not continuous, it is the first long-read sequencing assembly in

a B. oleracea kale variety to date. In combination with other recent long read
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assemblies in other cultivars, this long read sequence could help future re-
search to improve B. oleracea crops, especially for research involving high
repeat regions like NLR clusters. Finally, the identified candidate R genes
in the NLR cluster in combination with the gDNA sequence from the 1028
draft genome assembly and the cDNA from the annotation could be used
to synthesize the candidate genes and identify the gene/s responsible for the

downy mildew resistance observed in the 1028 genotype.

After mapping the downy mildew resistance by bulk segregant analysis
and identifying potential candidate genes it is critical to identify DNA
markers linked to the trait in order to facilitate marker-assisted selection
and future R gene pyramiding strategies. Even though traditional breeding
methods are very effective they are very time-consuming. Marker-assisted
selection is a good alternative and could in many cases improve the produc-
tivity and accuracy of breeding programs greatly. For this reason, KASP
markers were designed and tested on all 466 F: individuals and polymor-
phic and diagnostic markers for the downy mildew resistance present in
1028 were identified in order to be used for marker-assisted selection. Even
though, Polymarker (Ricardo H. Ramirez-Gonzalez et al., 2015) was used to
design all KASP markers due to the recent whole genome duplication and
the ancestral Brassica genome triplication, no closely related gene copies
were found. Finally, although this KASP markers were very specific in di-
agnosing the resistance present in the 1028 genotype, they need to be fur-

ther validated including more B. oleracea breeding varieties.

For decades, breeding for pathogen resistance has solely focused on deploy-
ing commercial varieties with a single source of resistance, impacting the
stability of the identified resistance genes due to selection pressure between

the host and the pathogen (McDonald & Linde, 2002). Therefore, in order to
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deploy more durable resistance to downy mildew and other plant patho-
gens, breeders should avoid the deployment of single dominant and race-
specific genes, and focus on breeding several sources of qualitative and
quantitative resistances into a single commercial variety. To achieve this,
new sources of resistance to H. brassicae should be mapped and ideally
cloned in B. olereacea and other Brassica species and wild relatives to increase

the number of new sources of resistance available for breeders.

To conclude, this thesis I have identified several sources of resistance in dif-
ferent genotypes to H. brassicae isolates collected from B. oleracea hosts. By
using a bulk segregant analysis approach one of the identified resistances
present in the 1028 genotype was mapped to an NLR cluster in the B. oleracea
Chromosome 2. This investigation including the KASP markers for the new
C2 downy mildew resistance and the identified genotypes could provide
Brassica breeders with new sources of resistance to improve existing com-
mercial varieties or to create new ones. Finally, as discussed earlier, relying
on a single assembly for all brassica species could hinder the identification
and possible characterization of new resistance genes due to the high level
of structural variation usually present in NLR clusters. For this reason, the
creation of the first long read Kale draft assembly in combination with other

brassicas long read assemblies will help B. oleracea future research.
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Appendix A

DNA preparation from Brassica

for Illumina Sequencing
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This protocol was developed by Lorelei Bilham at the JIC

Reagents used:

Nuclei Extraction Buffer (NEB):
10 mM TRIS-HCI (pH:9.5)
10 mM EDTA (pH:8.0)
100 mM KCl
500 mM Sucrose
4 mM Spermidine
1 mM Spermine
0.1% e-mercaptoethanol
Lysis Buffer:
10% Triton-x
90% Nuclei Extraction Buffer
CTAB Extraction Buffer:
100 mM TRIS-HCl (pH:7.5)
0.7 M NaCl
10 mM EDTA (pH:8.0)
1% CTAB (adjusted in this study, originally in SOP; 0.1%)
1% eo-mercaptoethanol
Others:
3M NaAc
Chloroform/Isoamyl Alcohol (24:1)
Phenol/Chloroform/Isoamyl Alcohol (24:23:1)
Proteinase K (10 pg/ul)
RNase A (10 pg/ul) RNase T1 (1000u/pl)

Preparation of leaf tissue:

1. Grow plants to the 2-4 true leaf stage before starving by placing a
cardboard box over the plants to exclude light for 48hours. This
should reducethe amount of sugars/carbohydrates in the leaves.

2. Harvest leaf tissue into foils and snap freeze in liquid nitrogen.
3. Turn on the centrifuge to cool to 4°C and water bath to 60°C
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4. Grind 3g of leaf tissue to a fine powder in liquid N2

Nuclei extraction:

5. Transfer to 50ml falcon tube containing 40ml ice-cold nuclei extrac-
tion buffer

6. Vortex until ground disuse is evenly distributed through buffer

7. Filter the homogenised tissue through two layers of Miracloth (Cal-
biochem) to remove leaf tissue material

Lysis:

8. Add 8ml lysis buffer to filtered homogenate and keep on ice for 2min

9. Centrifuge at 1,000g for 20min at 4°C. This should pellet the nuclei at
the bottom of the tube.

10. Remove the supernatant

11. Resuspend the pellet in 3ml of CTAB extraction buffer
12. Incubate in the waterbath for 30min at 60°C

13. Drop waterbath temperature to 37°C

Chloroform/isoamyl alcohol (24:1) extraction:

14. Perform x1 chloroform/isoamyl alcohol (24:1) clean by adding equal
volumes of chloroform/isoamyl alcohol

15. Rotate for 10min in cold room
16. Centrifuge for 10min at 1,000g

RNase/Protinase treatment:

17. Remove the aqueous phase into a clean 15ml falcon tube and add
RNase T1 (0.6l stock) and RNaseA (15ul stock) to the sample so the
final concentrations are 50units/ml and 50ug/ml respectively

18. Mix the sample by inverting the tube 10-20 times

19. Incubate in the waterbath at 37°C for 45min

20. Make the solution 150pg/ml Protinase K (1/100 of vol if stock solu-
tion is at 10pug/ul)

21. Incubate in waterbath at 37°C for 45min

Phenol/chloroform/isoamyl alcohol (24:23:1) extractions:
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22. Add an equal volume of phenol/chloroform/isoamyl alcohol
(24:23:1)

23. Invert x20 to mix

24. Centrifuge for 10min at 1,000g

25. Retain the supernatant and repeat steps 22-24

Chloroform/isoamyl alcohol (24:1) extraction:

26. Perform x1 chloroform/isoamyl alcohol (24:1) clean by adding equal
volumes of chloroform/isoamyl alcohol

27. Rotate for 10min in cold room
28. Centrifuge for 10min at 1,000g. Retain top phase for precipitation by
removing into a clean 15ml falcon tube

DNA precipitation:

29. Add 10% 3M NaAc and 2.5-3 x volume of 100% ethanol

30. If DNA spindles out of solution then centrifuge at 1,000g for 1min to
gently pellet and then wash with 3-5ml 75%

31. Gently centrifuge and air dry DNA
32. Gently resuspend DNA so as not to shear, in 50ul dH=0

QA:

33. Quantify by Qubit BR and run 100-250ng on 0.8-1% gel
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Appendix B

Quality Control Illumina DNA
and RNA Reads
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B1. Per base quality scores

Sample Read 1 Read 2

Qualty scares ssross 51 bises (Senger /llumina LB encoding)

Qualty scares scross 31 bases [Ssmger/ lumina 1.5 encoding!

RES_BULK1

12 % 4% 8 7B 1510 2320 3590 4940 U550 6a00 /370 BAHY G360 Ll01L4 L23L16 100 10208 4 % 6 78 0 1919 ZaJ0 3599 4040 WaUD SuU0 (300 838 0580 101LM 12313 140
Fesition i read ibs) Fasition i read (b}

Cuality scares scross 34 bases [Samgar  IUmina 1.8 encodingh ity scoras scross =1 bazes (Sanger  llumina 1.9 encoding)

RES_BULK2

120 4% 8 7B B 1510 2520 3550 4540 5550 G068 /50 BHY S50 110114 125126 140 10203 4% 6 78 9 1510 2520 3595 4540 H55D G060 500 HaE 8588 110114 195026 140
Position i read fbg) Pasitian In read bo)

[sanger / llumina di tsanger ; ilumina d

RES_BULK3

P23 45 6 7 8 9 1518 2529 3539 4540 5559 6560 57 G4HS 9598 110114 125128 140

Fasition I read (b}

123456 7 B 5 1519 2520 359 4548 5559 5568 7579 BABE 5590 110-114 125120 190
Fositon  read ibs)
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Sample Read 1 Read 2

uslity scores scross s bases [Sanger/ llumina 1.9 encoding) Qualty scares ssross ' bses (Sanger /llumina LB encoding)

SUS_BULK1

128458 7 B @ 15192520 3530 4540 5350 6560 /570 960 9590 1104l 12528 140
Fosition in read ibs)

120345 6 F 89 1319 2520 3539 4540 Y359 6960 1570 6989 9580 10Ul 123lae 140
Fosition in read (b9}

Gualty scares seross s bases [Sangar  llUTina 1.9 encoding) ity scoras scross =1 bazes (Sanger  llumina 1.9 encoding)

SUS_BULK2

12 % 45 8 7 B B 1518 25.20 3559 4540 5550 60.60 /570 BL.H9 9558 110-1L4 125128 140

10203 4% 6 78 9 1510 2520 3595 4540 H55D G060 500 HaE 8588 110114 195026 140
Posttion in read fba) Pasitian In read bo)

Guality ccares scrose 51 bases [sanger / llumina 1,8 encoding)

SUS_BULK3

o

123456 7 B9 15192520 3539 1548 5559 6560 /579 B39 9599 110414 125109 140
Postuen i read iBa) Festien i read (bo)

120345 6 78 9 1518 2520 3535 1540 4559 6069 /500 HaE G558 110111 125120 140
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Sample Read 1 Read 2

Guslity scores cross 3l bases (Sanger / Hluming L, encading] Quslity seores aeross allbases [Sanger f lmina 1,6 encading]

T 204567089 1518 300: 549 G0es 7579 9084 105108 120124 195139 150 T 204656709 1518 303 4548 0ot 7578 5084 103109 120124 195135 150
Fosition v read (bp} Fosttion i read (b}

GQuality scores acss all bases (Sangar /lluming 1.5 encoding] Quality zcores acnss all bases (Sangar / llumina 1.5 encoding]

DB_SUS

123506709 1518 303 4549 089 7579  $a94 L0SLGP 120120 133130 150 12356708 1518 03¢ 4508 08 7579  $041 L0Si0P 1201zt 133130 180
Positon i read (bg! Fostion i read [bg]
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Sample Read 1 Read 2

Quality zcores acnss all bases (Sangar / llumina 1.5 encoding] Quality zcores acnss all bases (Sangar / llumina 1.5 encoding]

1028CON1

1235570089 1519 a3 054p 5080 7579 091 L0309 12024 1anis 150 123557089 1519 a3 0540 5080 7579 9091 L0309 12024 1anis 150
Fositon i read [bp) Fositon i read [bp)

Quality £5aras acmes allbases (Sangar  iumina 1,9 anceding] Quality £5aras acmes allbases (Sangar  iumina 1,9 anceding]

1028INO2

123¢56 708 1518 3034 458 5054 7579  £044 L0508 120474 195139 150 123¢56 708 1518 3034 4508 5054 7579  £044 L0508 120474 195139 150
Fosition i read bp) Fosition i read bp)

Quality scores acrnes all bases (Sanger / lumina 1,6 enceding] Quality scores acrnes all bases (Sanger / lumina 1,6 enceding]

DB03CON_1

T23¢56 708 1918 d03¢ 4549 G0od J579 5094 105100 120124 195139 150 T23¢56 708 1918 303¢ 4549 c0o J579 5084 105100 120124 195139 150
Fosiven i read [by! Fositien i read bg)

Quality zcoras acnes all bases (Sangar lumina 1.8 enceding) Quality zcoras acnes all bases (Sangar lumina 1.8 enceding)

DB03CON_2

1232567006 1510 03 154p 5080 7579 9091 L030R 120124 13513 150 1232567006 1510 03 1540 5080 7579 9091 LO3L0R 120124 13513 150
Fositon i read [bp) Fositon i read [bp)
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2.

Sequence GC content

Sample

Read 1

Read 2

RES_BULK1

2 st ipution over 3l sequances

count per read
8000000, Thecretical Distribution

8000000

7a08000,

808000,

500000,

4800000

3000000,

1000000,

Gt stripution over 3l seauances

count per read
Theoratical Distribuzion

8000000,

8000000

7a08000,

808000,

500000,

4800000

3000000,

1000000,

1000000,

" 0245811 15 18 23 27 31 35 39 47 51 55 58 63 67 71 75 79 03 87 91 95 %9

Mean oG content i)

2000000,

- 31 35 39 47 31 35 59 63 67 71 75 79 B3 @7 - 46811 15 1% 23 27 31 35 39 43 47 51 55 59 63 67 71 75 79 B3 67 91 93 IO
Mean GC content (%] Mean GC content (%]
7408000 Theoretical Distbution  74am000 hesetical DistrbLzion
[ma] f— -
. .
count per read 5¢ count per read
8000000 Theeretical Distribuil Theeretical Distribution

Ta5011 15 15 23 27 3L 35 39 43 47 5L 55 59 63 67 71 75 79 53 07 81 95 99
Mean oG content i)
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9
QO
3

=
o

Read 1 Read 2

SUS_BULK1

G sistrivution over 3| seauances G distrioution over 3l sequances.

3¢ count per read
8005000 Theoratical Distribuzion

005000
002000, 7a08000
800000 B0gE000
5008000

s00z000

0g5000 4000000,

3002500 3608000,

Latzs60 8500,
o T50 11 15 1e 25 27 3L 35 99 43 47 51 55 58 63 &7 71 73 78 63 67 E] " A58 11 15 15 23 27 3 3 99 43 47 51 55 58 63 67 71 73 79 63 07 o1 83 59
tean G sontent (4] Fean G content (4]
5 Satrbutiar ouer 3l sequences G datr outicr o &l sequencas
count per resd count per read
Theeretical Cistib hesretical Distrbuzion
7002000, 7aaz000
o~ 8002200,
1 sn0z000) 000000
1005000, 1000000
o o
STA6011 15 1§ 23 27 3L I 3 43 47 31 35 58 63 &7 71 73 7@ 03 07 6L 65 6B GI46011 15 17 23 27 3 SLss 58 63 67 71 75 79 63 07
t8an GC zontant (5]
C Gt rbutian owr 3l sequences G detrioution ovar 3l sequencas
8002500 ¢ er read 000 ¢ count per read
Thecretical Distibusion Thecretical Distrbision
000000, 12900,
o 7002000, 7a08000
N sanzong
: ) 5002200 5008000
wn sa0zoon saas0n0
wn 2005000 2000000
10a000)
° S2a6011 15 1e 23 27 3L 95 9 43 47 51 55 58 63 &7 71 73 79 03 07 61 65 &9 " TAeB 11 15 15 23 27 3 3 39 43 47 51 55 58 63 67 71 73 79 03 07 61 &5 59
tean ¢ sontent (6] tean o content 4]
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Sample Read 1 Read 2

GC distribution over all sequences G distribution over all sequences
— ¢ count per read count per read
Theareticsl Distribution Theretical Distribution
soaenn
soccan
00500, 200800
2ot -
s -
‘ o 0246811 15 18 23 27 31 35 39 &3 47 51 55 50 63 67 71 75 79 83 07 Ol 95 99 o G2a%8 11 15 18 23 27 31 35 39 &3 47 51 S5 50 63 67 71 79 83 B7 91 95 99
D Treon o corter (61 T 5 content (4
) o E—— ——
et hesvene b

200000} 200000)
1752004 175000)
150600)

1502004

Loazon, 100000)
Ty 75000
0052 50000

47 31 35 39 853 &7 71 73 7% 99 07 91 93 9%

an G content (%}

27 31 3 3 43 47 31 33 38 63 87 71 73 78 83 @ WL 95 88 G288 11 15 1e 23 27 3L 35 3
Hean G5 cantent (%) L

A80 11 15 1¢
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Sample Read 1

strisution aver all sequances

ot prrend 2 count pr rend

E—— hegreneacismbucon
e 120330
e e
OZ aaaeso sucooo
o aancnn
e e

Trnn TR o = T Amomen A W E
[P — [P ——

1028INO2

1480000 count per read 0 e count per read
hesretical Distnbsion hesretical Distrbsion

1208000 1208000

1000000 1088000

800200 800200

s0ao00

40500 40500

200000 200000

o o

T45011 15 17 23 27 31 35 38 43 47 SL 55 58 63 67 71 75 78 63 07 T4560 11 15 19 23 27 31 35 38 43 47 SL 55 58 63 67 71 75 78 63 o7 &1 9%
Mean GG cantent (5] rent 1

6 dstripution ovar 3l seauances 6 dstrioution over 3l sequances.

ount per read  count per read
1200000, Thecretical Distribution 16000 Thecretical Distribution
1005000, 1000000,
Ranson 800000
80000 80000
400500 400500
200000 200000
° s = =

DB03CON_1

5245011 15 18 23 27 31 35 3¢ 43 47 5L 55 58 63 67 71 75 78 03 67 El 5235011 15 18 23 27 31 35 38 43 47 SL 55 58 63 67 71 75 78 03 67 61 85 68
Mean GC content 4] Mean GC content 4]
Sistrioution aver 3l sequances G distrisutir ouer | sequances

DB03CON_2

| count per read GC count per read

1200000 Thesretical Distrbuzon 1200000 hesetical DistrbLzion
1088600 1002000

noaso Bazzo

#G500 sogzon

200000 200000

20500 E

o - o

TiE0 1 15 17 23 BRI TI601I 15 19 23 27 3 3 394_4‘ 5155 50 63 67 71 75 78 03 @7
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Appendix C

PacBio HiFi SMRT Cell Run QC
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Cl. Raw Data Report

Analysis Metric Value
Polymerase Read Bases 143,244,712,207
Polymerase Reads 2,931,042
Polymerase Read Length (mean) 48,872
Polymerase Read N50 160,750
Longest Subread Length (mean) 16,735
Longest Subread N50 24,750
Unique Molecular Yield 47,063,584,768

Polymerase Read Length Processed Read Length Versus Polymerase Read Length
<
1,050,000
100,000 oo
900,000 50,000
<
& w000
e 1000
750.000 5 10000
4 § 5000 .g
© 600,000 = S
g g w &
& 1000
450,000 s
£ s
300,000 20 "
100
150,000
o - I —_— —
0 50 100 150 200 250 300 A S S @_@“ 105@ 49& §<_>v“
<
Read Length (kb) Polymerase Read Length
(a) Polymerase Read Length (b) Longest Subread Length Versus Polymerase Read Length

Base Yield Density

u >=N50
W >= 95th percentile

900,000
800,000
: 700,000
600,000
500,000
400,000
300,000

200,000

Density (Bases Read per Unit Read Length)

200 300 400 500
Read Length (kb)

(¢) Base Yield Density
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C2. Control Report

Analysis Metric Value
Number of of Control Reads 1,533
Control Read Length Mean 54,487
Control Read Concordance Mean 0.84
Control Read Concordance Mode 0.87
Control Polymerase RL Control Concordance
400
320
350
280
300
240
20 n 200
® ®
g:., 200 % 160
150 120
100 80
50 40
0 0 50 100 150 200 250 o 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Read Length (kb) Mapped Concordance
(a) Control Read Length (b) Control Read Quality

178



C3. CCS Analysis Report

Analysis Metric

Value

HiFi Reads

HiFi Yield (bp)

HiFi Read Length (mean, bp)
HiFi Read Quality (median)
HiFi Number of Passes (mean)
<20 Reads

<Q20 Yield (bp)

<Q20 Read Length (mean, bp)
<20 Read Quality (median)

446,709
9,507,944,809
21,284
Q27
7
129,616
2,918,013,187
22,512
Q17

HiFi Read Length Distribution

54,000

48.000

42,000

36,000

w
=3
=3
=3
=3

24,000

Number of Reads

18,000

12,000

6,000

135,000

120,000

105,000

90,000

75,000

60,000

Number of Reads

45,000

30.000

15,000

0

"o

Number of Reads

Read Length Distribution

i Reads
WEm Other CCS Reads
Other Reads

450,000

400,000

350,000

300,000

250,000

200,000

150,000

100,000

50,000

0 ™

5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000
HiFi Read Length

(a) HiFi Read Length Distribution

Number of Passes

o 10,000 20,000 30,000 40,000 50,000

Read Length

60,000 70,000

(b) Read Length Distribution

Read Quality Distribution

W HiFi Reads
mmm Other CCS Reads
Other Reads

W Hifi Reads

32,000
Other CCS Reads

28,000

24,000

20.000

16,000

12,000

Number of Reads

8,000

4,000

10 15 25

Number of Passes

(c) Number of Passes

Q20 Q30 Q4

Q10 0
Predicted Accuracy (Phred Scale)

(d) Read Quality Distribution
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Predicted Accuracy vs. Read Length

sjunNo)

30,000 35,000 40,000

25,000

10,000

5,000

20,000
Read Length

15,000

(e) Predicted Accuracy vs. Read Length
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