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SUMMARY

Agriculture is facing many chall enges: a 2
population by 2050 that will require a rise in land and resources use, with a 70 % to

110 % food production increase, global warming with rising carbon dioxide emissions

and temperatures, as well as more stringent regulations on disease control. This

means that managing and mitigating diseases in the field will be harder as
environmental factors might i nf | uence t he pat hogenos popu
through selective pressure.

Raspberry root rot, caused by Phytophthora rubi, and strawberry red stele, caused by
Phytophthora fragariae, are two oomycete pathogens that have decimated soft fruits
production, there are few commercially available cultivars with resistance and limited
chemical control options. Although both pathogens appeared in the 1930s in the UK,
they still remain under-studied in terms of phenotypes, genotypes, and infection

mechanisms.

This project aimed to increase the understanding of P. rubi and P. fragariae,
particularly their potential to overcome external pressures caused by higher
temperatures or chemicals. Phenotypic studies (Chapter 2) showed here that P. rubi
and P. fragariae possess the potential to adapt to current control chemicals and to
changing climatic conditions. Parallel genetic studies (Chapter 3), using target
enrichment sequencing on pathogen sequences associated with virulence (PenSeq),
found evidence for variation in the effector families between and within species. In this
study, effectors unique to just one of the sister species were uncovered, indicating a
role in determining host range. Core effectors conserved between the two pathogens
and predicted to be essential for virulence were identified. Altogether, these results
suggest that P. rubi and P. fragariae have great potential for adaptation and evolution

to adjust to environmental stresses in the field.

Common problems for the study of root infecting pathogens reside in developing
infection assays: often, these pathogens only sporulate in non-sterile solutions, and
start infecting the crop by entering the root at the elongation zone. A clean method to
propagate raspberries was developed here (Chapter 4), using hydroponics systems,
which showed a great potential to grow soft fruits disease-free in fully controlled

environments. This new system was used to infect raspberry cultivars with various



XIX

levels of resistance, with a strain of P. rubi that had previously been genetically
modified to emit a red fluorescent protein, trackable in real time in the plant roots
through confocal microscopy. This was the first report of a fluorescent P. rubi strain
used for raspberry roots infection assays. Complete life cycle of P. rubi was observed
on susceptible raspberries, while limited life stages were detected on resistant cultivar.
Four effectors of a particularly important class, called RxLR, were up-regulated during
infection, conceivably indicating some essential virulence function as well as some
more specific early infection roles, like plant immunity suppression or host selection

functions.

This work has enhanced our understanding of P. rubi and P. fragariae of raspberries
and strawberries while reviewing and expanding the methodology to work with such
diseases. It provides scientific knowledge to strengthen the horticultural industry and
to decrease the crop losses due to pathogens through various strategies such as
breeding and development of novel pathogen control approaches.



CHAPTER 1. | NTRODUCTI ON

1.1. The current challenges and food crisis

According to NOAA (National Oceanic and Atmospheric Administration) National
Centres for Environmental information, the global temperature has been rising
between 0.3 °C and 1 °C every year since 1990 (NOAA, 2020). At the moment, it is
feared that carbon dioxide emissions and following increased temperatures could lead
to a 5'tC of warming by the end of the century ( Mat t hews et al .,
2017; Tollefson, 2020). Turning towards alternative growing methods, growing your
own (use of allotments) and eating locally are all food-related practices that can help
reduce the carbon footprint.

However, by 2050, t here wil/ be a 20

reaching just over 9 billion, needing a subsequent increase in global food production
projected between 70 % and 110 % (FAO, 2009; Tilman et al., 2011). Nevertheless,
this crucial crop production rise faces many additional challenges. Diets need to be
rebalanced, both on a worldwide and an individual level, while reducing food related
emissions by 70 % by 2050 (WWF, 2017). While around 660 million people are
malnourished in the world, there are close to 2 billion who are overweight, and a third
of the produced food is wasted (FAO, 2016). The livewell 2020 diet established by
WWF recommends around 35 % of fruits and vegetables, 9 % of fatty food and drinks,
15 % of dairy products, 29 % of starchy food (pasta, rice, breads, potato etc.) and 12
% of non-dairy protein (meat, fish, eggs etc.). It highlights the importance of healthy
fruits and vegetables consumption and is planned to help decrease GHG (greenhouse

gas) emissions.

An essential part of producing more food is to reduce the crop loss associated with
pests and pathogens, which is considered to be the biggest threat to food security
(BBC-News, 2011; Savary et al., 2019). Worldwide yield loss for crops is estimated to
reach between 20 % and 40 % annually, leading to billions of pounds lost (Savary et
al., 2012; Savary et al., 2019). Current Integrated Pest Management (IPM) Strategies

combine management practices to reduce diseases and pests while maintaining
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environmental integrity. Strategies can be preventive, cultural, physical / mechanical,
biological, or chemical.

1.1.1. Temperature rising

Climate change can affect crop pests and pathogens: survival, geographical
distribution, population size, disease intensity and development are all susceptible to
change following shifts in factors such as temperature and rainfall. In the UK, the
average temperatures have increased by 0.8 to 1 °C since the 80s, while the winter
rainfall appears to have increased (UKRI-NERC, 2016). It is therefore critical to keep
research up to date on the effects of such variations to pathogenic populations, while
trying to mitigate the problems.

1.1.2. Adapting to climate change: towards greener solutions and decrease in

carbon footprint

As well as studying the effects of global warming on diseases, solutions can arise to
decrease the carbon footprint, thus slowing down the temperature increase. Such
solutions include alternative growing method employing less resources and

diminishing waste as well as eating locally and in season.

1.1.2.1. Hydroponics: a better growing alternative and a valuable tool for the study of
root pathogens

Even though soil is the natural and most common agricultural plant growth medium,
providing everything that plants need (drainage, airflow, nutrients, water retention, and
medium for root growth), alternative substrates (coco coir, rockwool etc.) are more and
more common. All components of soil can be provided by other alternatives that might
be better for controlling pathogens and excellent systems for producing disease free
material (Barker and Pilbeam, 2007). For example, hydroponic systems provide
adequate and targeted amounts of water, oxygen, and nutrients to the plant, while
recycling the water and nutrient solution by recirculating it. In hydroponics, alternative
growing media can be used to provide a substrate for root growth and nutrient uptake.
It needs to have good moisture retention (nutrient uptake function) and air porosity
(drainage function) (Ferguson et al., 2014). The most common growth media are

coconut fibre (coir), perlite, vermiculite and rockwool, and they are usually composites
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of natural materials (Treftz and Omaye, 2015). Growing fruits in hydroponics has a
very positive connotation amongst consumers due to the numerous benefits that it
offers compared to soil-based systems, such as lower water consumption and waste:
up to 85 % less water used in hydroponics compared to traditional agriculture (Mpusia,
2006), more efficient use of nutrient / fertilisers with controlled application and no run-
off (Howland et al., 2012), reduced amount of pesticides, and high yields (Resh, 2012),
thus making it a good option for sustainable food production in non-arable regions of
the world. Furthermore, hydroponic systems provide an all-year-round growing
season. Commonly, there are six different types of hydroponics: Drip System, Ebb and
Flow (or Flood and Drain), Nutrient Film Technique (NFT), Deep Water Culture (DWC),
Aeroponics, and Wick. Drip systems are one of the most widely commercially used
systems around the world, as it is very versatile and effective, especially for plants
requiring a lot of root space. A drip system works by dripping nutrient solution onto the
plant roots (Figure 1.1.a). Unlike other hydroponic systems, the Ebb and Flow (Figure
1.1.b) does not constantly expose roots to nutrient solution but works on periodic
floods. Water is pumped onto the roots a few times a day to soak them, until the level
reaches the height of an overflow outlet, when it then drains back down into the
reservoir and gets recirculated. Nutrient Film Technique, or NFT, is a popular system
for both commercial and home hydroponics (Figure 1.1.c). In NFT, plants are placed
into the channel using a growing medium, where a shallow solution is running along
the bottom, enabling bare roots to absorb nutrients and water. NFT allows the roots to
remain moist and have good access to water, nutrient and oxygen but prevent them
from being completely submerged. Deep Water culture, or DWC, is one of the easiest
and most basic types of hydroponics (Figure 1.1.d). Plants are placed into growing
medium inside net pots and the roots are suspended in the nutrient solution, where an
air pump and air stone are placed and distribute oxygen. Aeroponics systems are
similar to NFT in that the roots are suspended in the air, but in Aeroponics, nutrient
solution is distributed via a constant mist sprayed onto the roots (Figure 1.1.e). In this
system, roots get maximum oxygen, and the system generally uses less water than
other types of hydroponics. The Wick system, also known as passive hydroponics,
uses capillary action (via wicks) to bring nutrient and water from a reservoir to the plant
(Figure 1.1.f). Wick systems are usually used for smaller plants which do not require

so much water or nutrients.
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alternative substrate
(e.g. rockwool plug)

to air pump

b.
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C.
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to air pump

Figure 1. 1. Schematic views of different hydroponic systems. a. Drip Hydroponic system; b. Ebb

& Flow (Or Flood & Drain) Hydroponic system; c. Nutrient Film Technique Hydroponic system; d. Deep

Water culture (DWC) Hydroponic system; e. Aeroponics system (photo from medigrowinnovation.com);

f. Wick Hydroponic system. Figures were made in BioRender.com

As cultivated land is declining (Pandey and Seto, 2015; Touliatos et al., 2016), new

growing methods emerge, like vertical farming. More and more popular, vertical

farming systems (VFS) most often use vertical hydroponics, referred to as vertical

columns, and show many improvements over conventional growing methods. They

offer the ability to grow plants in small spaces while maintaining high yields, and

regularly lead to a better product that is therefore marketable faster, due to the

controlled environment granting optimal conditions (Liu et al., 2005; Resh, 2012;
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Touliatos et al., 2016). The controlled environment allows the best conditions to grow
all year around while final yields are not dependant on external biotic and abiotic
factors, thus limiting loss due to extreme temperatures, drought, or disease. The
systems reduce soil-borne diseases (as hydroponics) and the automatic feeding and
watering simplify the farming process. They can be running on renewable energy to
considerably decrease GHG emissions and move towards a greener agriculture.
Those numerous benefits make vertical columns very attractive and numerous plants
have already been trialled (Arias et al., 2000; Liu et al., 2005; Hayden, 2006; Linsley-
Noakes et al., 2006; Coolong, 2012; Ramirez Gémez et al., 2012; Resh, 2012;
Ferguson et al., 2014; Treftz and Omaye, 2015; Touliatos et al., 2016). They can be
used for commercial growth or for research purposes, due to the wide range of
variables that can be controlled. Since soil-less growing conditions produce clean
roots that are easy to access and assess without causing damage, it can improve
research of root-based pathosystems that usually involve manipulation of roots, many

washing steps, de-contamination, that can all lead to root breakage.
1.1.2.2. Eating locally

Growing food in vertical farms is a good way to get local food, that would otherwise
not be in season. Eating more locally and in season can increase the healthfulness of
foods while helping to reduce the carbon footprint by lessening the packaging,
processing, and transport. Investment is being made in new agriculture platforms that
can help the UK intensification and widen the range of foods that can be propagated
and grown (Agriculture 4.0) in a sustainable manner (Rose and Chilvers, 2018). This
means that the UK should take advantage of local products, like fruits and vegetables,

which constitute a third of the diet.

1.2. Soft Fruits: raspberries and strawberries

1.2.1. Increasing demand for soft fruits

Another challenge agriculture has to face is the push from populations to seek more
variety, fresh and healthful produce for their diets, such as fruits and vegetables, as
recommended by the livewell 2020 diet (WWF). At present in the UK, soft fruit

represents approximately a quarter of all consumer fruit purchases (22 %) (DEFRA).
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Raspberries and strawberries are particular favourites, due to their many health
benefits. Indeed, studies have found that raspberries contain high levels of many
beneficial vitamins (A, E, B1, B2, B3, B5, B6, and Vitamin K) while strawberries contain
high levels of vitamin C. Raspberries and strawberries also contain a variety of
polyphenolic compounds, including anthocyanins (responsible for the red colour in the
fruit flesh), mostly pelargonidin for strawberries and cyanidin for raspberries (Aaby et
al., 2007; Sariburun et al., 2010; Fang, 2015; Ponder and Hallmann, 2019), that can
suppress the inflammation that leads to cardiovascular and coronary artery diseases,
reduce heart diseases, and inflammation such as postprandial inflammation (Mink et
al., 2007; Sesso et al., 2007; Huntley, 2009; Basu et al., 2010; Edirisinghe et al., 2011;
Ellis et al.,, 2011; Wallace, 2011; Schaeffer, 2013; Basu et al., 2014; Ponder and
Hallmann, 2019), improve memory and prevent mental declines due to aging
(Thomasset et al., 2009; Spencer, 2010; Takanori, 2012). Plants from the Rosaceae
family (raspberry, strawberry, blackberry, sour cherry etc.), show some of the highest
levels of antioxidants (Halvorsen et al., 2002). These antioxidants have displayed anti-
carcinogenic properties (Stoner and Mukhtar, 1995; Waladkhani and Clemens, 1998;
Gundesili et al., 2019), improve eye health (Snodderly et al., 1991; Snodderly, 1995;
Mozaffarieh et al., 2003), improve blood antioxidant status and decrease oxidative
stress (Aaby et al., 2007; Henning et al., 2010; Tulipani et al., 2011; Basu et al., 2014).

As a result of the research revealing the numerous health benefits of raspberry and
strawberry consumption, they have become increasingly desirable to consumers, and
more attractive to growers, as they become a higher value product.

1.2.2. Production of raspberries and strawberries

Following the increasing popularity of raspberries, it is not surprising to see an
increase in both the fruit demand and the production. Over the past 20 years, the
consumption of soft fruits in the UK has grown from 67,000 tonnes of strawberries and
13,000 tonnes of raspberries in 1996, to 168,000 tonnes of strawberries and 29,000
tonnes of raspberries in 2015: a 150 % increase for the former and a 123 % increase
for the latter (Anderson, 2017). Similarly, as availability must match the demand, the
production of soft fruit in the UK has also increased significantly, from 60,000 tonnes
of soft fruit (strawberries, raspber 000es and

tonnes in 2015, representing a 131 % increase in the UK production of berries

CHAPTER 1. INTRODUCTION



(DEFRA, 2016). Amongst soft fruits, strawberries and raspberries are the most
produced and currently showing the fastest growing popularity on the UK market
(DEFRA, 2016). On a worldwide scale in 2016, the UK is the 11" largest producer of
raspberries and 14™ largest producer of strawberries (Figures 1.2 and 1.3). Raspberry
production is an important high-value industry in the UK, providing processed produce
(pulp for jam manufacture, canning or freezing) as well as fresh fruits, that have now

become the focus.

m Russian Federation

a0 305 2%2%2% E United States of America

m Poland
Mexico
u Serbia
m Ukraine
® Bosnia and Herzegovina
H Chile

H Spain

Figure 1. 2. Raspberry production worldwide. Pie chart representing the tonnes of raspberries
produced worldwide for the 11 first producer countries and the corresponding percentage in 2016
(DEFRA, 20186).

® China, mainland
H United States of America
m Mexico
Egypt
H Turkey
H Spain
B Russian Federation

H Poland

® Republic of Korea

Figure 1. 3. Strawberry production worldwide. Pie chart representing the tonnes of strawberries
produced worldwide for the 11 first producer countries and the corresponding percentage in 2016
(DEFRA, 2016).

Soft fruit production methods have evolved in recent years, as growers face wage
inflation and shortage of lower-cost labour due to Brexit, whilst market prices remain
stationery (Anderson, 2017). Growers are pushed to generate almost all year round
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supplies of high-quality fresh produce at low cost while also adapting to the risks of
diseases and loss of active compounds that help control pests and pathogens due to
changes in regulations. These factors have driven the increased use of pot-based
production systems in polytunnels for extending the soft fruit growing season. In the
tunnels, alternative artificial substrate such as peat or coir rather than soll, is
increasingly used to grow crops such as strawberries or raspberries (Anderson, 2017).
Consequently, there is an increase in demand for new varieties that are better suited
to this short and intensive method on top of the constant demand for better yield,

guality, and disease resistant varieties.
1.2.3. A brief history of raspberry and strawberry cultivation

The Virginia strawberry, Fragaria virginiana, was brought to England from America in
the 16™ century. During the early 19" century, it was cross bred with a Chilean
strawberry, Fragaria chiloensis in France, giving the strawberry we know today,
Fragaria ananassa, before being brought to England. Fragaria virginiana and Fragaria
chiloensis both diverged from an older strawberry, which resulted from the
hybridization of four different species: two from Japan, Fragaria iinumae and Fragaria
nipponica, a Eurasian species, Fragaria viridis, and a North american species,
Fragaria vesca (Bertioli, 2019).

Red raspberry, Rubus idaeus, is native to Turkey. After the Romans spread
raspberries throughout their empire, the British kept propagating them before
exporting the plants to America, with the first plant nursery in the American colonies in
1737 in New York. In the late 1800s, a breeding program for raspberry started in New
York and by 1925, more than 400 varieties were available with thousands of acres of
raspberries grown in north-eastern America. Rubus strigosus, the American red
raspberry has often been treated as a descendant variety of its European relative, as
Rubus idaeus var. strigosus, but is now thought of as a distinct species (Malcolm,
2013).

Four raspberry cultivars were used throughout this study: Glen Dee, Glen Moy, Glen
Fyne and Latham. Latham was bred in the USA in 1920 using a complex series of
Rubus spp. hybrids (Rubus strigosus, Amercian raspberry and Rubus idaeus,
European). It is not a current commercial cultivar as it lacks many desirable traits

required by modern growers: more than one crop a year, good yields, attractive
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appearance and flavour of the fruits. However, it does possess a durable resistance
to Phytophthora root rot (P. rubi) and has been used in genetic crosses that have
identified the microsatellite resistance marker Rub118b, that has consequently been
used in commercial breeding programmes (Graham et al., 2011). Still, not all cultivars
with the Rub118b markers are symptoms-free for root rot. For instance, Glen Fyne,
which possesses the marker, is susceptible to root rot, and not only to specific races,
with symptoms quickly showing in the field. The d@lenéseries of raspberries were bred
by the Raspberry Breeding Consortium (a partnership of growers, marketing groups,
propagators, AHDB and Scottish Government) managed by James Hutton Limited at
the James Hutton Institute. Glen Moy was first introduced in 1981 in Scotland, Glen
Fyne in 2007 and Glen Dee in 2014. The immediate generations of crossing of those
cultivars are from Rubus idaeus, although Glen Dee has a Rubus strigosus ancestor
(nine generations prior). These three cultivars are susceptible to Phytophthora root
rot.

More research is presently carried out for raspberry breeding in programmes like the
one at the James Hutton Institute, in order to gain root rot resistance. At the moment,
none of the commercial varieties have resistance against the disease, although the
Canadian variety Cowichan seems to partially tolerate it. Genomic regions significantly
associated with resistance are identified through mapping (Quantitative Trait Loci, or
QTL, mapping) to keep developing molecular markers that will be used in breeding

where selections displaying resistance phenotypes will be quickly identified.

1.3. Phytophthora diseases of raspberry and strawberry

Strawberry red stele is a disease caused by the oomycete pathogen Phytophthora
fragariae. A similar disease of raspberry, root rot, is majorly caused by the oomycete
Phytophthora rubi.

1.3.1. Phytophthora root rot (PRR): Phytophthora rubi and Phytophthora

fragariae

P. fragariae Hickman (Hickman, 1940) was originally described as a pathogen of

strawberry (Fragaria X ananassa), causing red core disease. Isolates were later
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obtained from Rubus idaeus (red raspberry) and described as P. fragariae var. rubi

(Waterson,

morphologically and physiologically and cause very comparable symptoms on the
different hosts (strawberry and raspberry). It is only following genetics studies in 2007
(Man in't Veld, 2007) that P. rubi was identified as a separate species, infecting
VIe. lfrabaride 2v&r.Ofrdgariag and R.

fragariae var. rubi were reproductively isolated by genetic barriers to gene flow. From

raspberries.

that study, unique alleles were found in strains of P. fragariae var. fragariae whereas
different unique alleles were found in strains of P. fragariae var. rubi, demonstrating
that there are no gene flows between the two varieties under laboratory conditions.
The analysis was completed by determination of the cytochrome oxidase | (Coxl)

sequences of some of these strains and showed consistent differences between the

1937; Wilcox et al.,

Ma n

strains at 15 distinct positions.

Both P. rubi and P. fragariae belong to Clade 7 of the Phytophthora genus (Figure
1.4). P. rubi and P. fragariae are currently listed as A2 pests by the European and
Mediterranean Plant Protection Organisation (EPPO) which recommends treating and

regulating them as quarantine pests.
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Figure 1. 4. Phytophthora clades.
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1.3.2. Phytophthora rubi, cause of raspberry root rot

Raspberry root rot, primarily caused by Phytophthora rubi, is currently the most
economically damaging of all pests and diseases that affect raspberries in the UK.
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Several Phytophthora species can cause root rot symptoms on raspberries, such as
P. rubi, P. idaei, P. syringae, P. drechsteri, P. cactorum, P. cambivora, P.
megasperma, P. citricola, P. cryptogea, P. citrophthora, and P. gonopodyides, though
P. rubi is the most common and devastating (Wilcox, 1989; Wilcox et al., 1993; Wilcox
and Latorre, 2002; Stewart et al., 2014, Ellis, 2016).

P. rubi is a soil-borne pathogen that infects raspberry through the roots. The disease
will eventually affect every part of the plant, leading to wilt and death of the plant. Once
established, it could be locally spread, and oospores, which are reproductive spores,
could remain dormant in the soil for years. As field tolerance to PRR is only seen in a
few raspberry cultivars, most of which are not used commercially, highly susceptible
cultivars are planted, contributing to the rapid progress of the disease. Symptoms can
sometimes be confused with other diseases such as Verticillium wilt, Armillaria root
rot, or cane blight. Once in the root, P. rubi targets the vascular cylinder. Lesions form
and extend above and below the point of infection. Infected roots often show a reddish
colour and start to decay quickly, dying from the root tip upwards. Eventually the root
becomes necrotic and lateral and new roots will be poorly developed and weak
(Stewart et al., 2014) (Figure 1.5). Meanwhile, leaves on infected canes appear yellow
and scorched. They will soon start to wilt, and blackish / purple lesions appear at the
base of the cane (Figure 1.5). Severely affected canes will produce little to no new
spawn in the spring and those that de
crooko s hap5H. Ulinkaiely, uhe efectied plant ceases to grow and dies,
forming patches of dead mat er i alStewant ettalh
2014) (Figure 1.5). In less severe infection, early senescence and loss of vigour can
be the only symptoms observed (Fordyce, 1991). Infections create opportunities for
secondary fungi to attack the plant which might mask the initial Phytophthora
pathogen, making disease diagnosis more difficult.
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Figure 1. 5. Red stele and Root rot symptoms on strawberries and raspberries. a. Non-infected
strawberry roots. b. Strawberry roots infected with P. fragariae, causing red stele disease. Roots have
a typical firat tail 0 ap peRaspkemycraots:amtide left hog-imfacted roass,
on the right, roots infected with P. rubi causing root rot. Root vigour is reduced in the infected plant. d.
Declining root volume in raspberry plants caused by increasing levels of P. rubi infection. e-f. Canes
infected with P. rubi: purple lesions appear at the base of the cane, just above the ground. g. Whole
raspberry plants infected with P. rubi ceasing to grow and wilting. h. Wilted and dying infected raspberry
canes.i.l nfected raspberry canes s hroow knég jdt.fieralcview i
raspberry fields infected with root rot: as plants die, they leave patches in the field, called disease
pockets. (Photos a-c, g and j-k from The James Hutton Institute; Photos e-f and h from Aurelia
Bezanger; Photos d and i from Raffle and Allen (2007)).

There are two known races of P. rubi (race 1 and 3) with distinct levels of disease on
several raspberries, that could be identified using three cultivars: Latham, Autumn
Bliss and EM5605/12. Race 1 is avirulent on the cultivars Latham and Autumn Bliss
whereas race 3 is avirulent on the cultivars Latham, Autumn Bliss and EM5605/12
(Kennedy & Duncan, 1993).
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1.3.3. Phytophthora fragariae, cause of strawberry red stele

Very closely related to P. rubi, P. fragariae is a pathogenic disease of strawberry,
causing red core root rot (also known as red stele or red stele root rot). The life cycle
is very similar to P. rubi. P. fragariae attacks and progresses inside strawberry roots,
leading to plant decline and collapse. Roots get discoloured to a typical reddish tint,
where the disease getsitsname,and r oots produce firatb.tail sso
Numerous studies have looked at racing of P. fragariae and have finally identified

eleven races and hypothesised resistance genes (Adams, 2019; Adams et al., 2020).
1.3.4. Hosts of P. rubi and P. fragariae

P. fragariae natural hosts include two different soft fruit species: cultivated strawberries
(Fragaria x ananassa) and loganberry (Rubus x loganobaccus) (Figure 1.6), a hybrid
of the North American blackberry (Rubus ursinus) and the European raspberry (Rubus
idaeus) (Hickman, 1940; McKeen, 1958; Pepin, 1967). Artificial infections of other
Rubus members indicate that P. fragariae can survive on hosts such as European
blackberry (Rubus fruticosus). However, even though P. fragariae has been isolated
from loganberries, most cases of root rot in Rubus are caused by P. rubi (Wilcox, 1989)
(Figure 1.6). P. rubi naturally infect cultivated raspberries (Rubus idaeus) and possibly
other Rubus hybrid berries, like loganberries or tayberries, a cross between a
blackberry and a red raspberry (Rubus fruticosus x ideaus), even though disease
could not be reproduced in inoculation experiments on tayberries (Figure 1.6) (EPPO;
Duncan et al., 1987).

Fragaria P fragariae

strawberry — Fragaria ananassa -«

Rubus P. rubi

blackberr Rubus fruticosus *

Y Rubus ursinus

European red raspberry Rubus idaeus
loganberry Rubus x loganobaccus

tayberry Rubus fruticosus x idaeus

<10 MYA
Figure 1. 6. P.rubi and P. fragariae hosts. P.fragariae can infect hosts from the Fragaria and Rubus
genus while P. rubi infects Rubus species. MYA stands for Million years ago. Red lines indicate
divergence between P. fragariae and P. rubi; orange lines indicate divergence between Fragaria and
Rubus in the Rosacea family. Blue lines indicate P. fragariae hosts, while green lines are P. rubi hosts.

Full lines are natural hosts while dash lines are hosts infected through artificial infections.
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1.3.5. Root rot in the UK

Strawberry red stele disease first appeared in the UK in 1920, caused by Phytophthora
fragariae (Alcock and Howells, 1936), and similar symptoms were observed on
raspberry shortly after, in 1937 (Waterson), caused by P. fragariae var. rubi. But it is
only in the 1980s, following years of agriculture intensification, that several disease
outbreaks appearing on raspberries all around the world brought Phytophthora root
rot (PRR) and its global impacts back to attention, when Europe, the UK, North
America, South America, and Australia all had reports of PRR (Alcock and Howells,
1936; Waterson, 1937; Hickman, 1940; Waterhouse, 1963; Baurritt et al., 1979;
Montgomerie and Kennedy, 1980; Seemidiller et al., 1986; Duncan and Kennedy, 1987;
Duncan et al., 1987; Nourisseau and Baudry, 1987; Washington, 1988; Duncan and
Kennedy, 1989; Heiberg et al., 1989; Wilcox, 1989; Latorre and Mufioz, 1993). The
disease spread fast and was locally carried to other growers through infected soil,
water or equipment, rapidly infecting susceptible plants across fields, regions and
ultimately countries. Furthermore, as homothallic species, P. rubi and P. fragariae can
rapidly produce oospores. These survival structures can stay dormant in the soil for
many years, therefore making root rot control difficult once the disease hass been
established in a field. In 2003, a survey conducted in Scotland concluded that 89% of
raspberry growers had Phytophthora in their crop (Cooke, personal communication,
2017) . Presentl vy, mo r e -bdsesl masplbedryoproductiontilh e UK O

affected by PRR, forcing growers to adopt different growing systems.

1.4. Oomycete pathogens

1.4.1. Characterisation of Oomycetes
1.4.1.1. Oomycetes phylogeny

Oomycetes form a distinct phylogenetic line of filamentous eukaryotic fungus-like
microorganisms belonging to the StramenopilesAlveolataRhizaria(SAR) supergroup
(Cavalier-Smith, 2018). The Oomycota are broadly divided into two subclasses: the
Saprolegniomycetidae and the Peronosporomycetidae (Figure 1.7, McCarthy and
Fitzpatrick, 2017).
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Most Peronosporales are hemibiotrophic
phytopathogens, can exhibit both broad
Most Pythium species are necrotrophic host ranges (e.g. Ph. ramorum}
generalistic phytopathogens, but and more specific host ranges
genus also includes mammalian (e.g. Ph. infestans, Ph. sojae)
pathogens (Py. insidiosum)
and mycopathogens (Py. ofigandrum),
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blotrophic Albugo b fnpn rogens Albuginales Rhizaria eukaryotes, including some plankton
also known as white rusts. (e.g. Bigelowiella natans)
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(e.g Saprolegnia, Aphanomyces). 095 -
s
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<G
As well as the comycetes, stramenopiles also
encompasses microalga. brown alga (e.g. keip),
Basal comycete orders include autotrophic diatoms and phytoptankion,
marine pathogens of arthropods, and the mammalian pathogen Blastocystis.

nematodes and brown algae

Figure 1. 7. Oomycetes phylogeny. Consensus phylogeny of the oomycetes class within the greater

SAR grouping, including information pertaining to various taxa. The cladogram is from McCarthy and

Fitzpatrick, (2017).

Saprolegniomycetidae ar e usually referred to as the fAw
orders Eurychasmales, Leptomitales, and Saprolegniales. The
Peronosporomycetidae orders are mostly plant pathogens: the Rhipidiales, Pythiales,

and Peronosporales (Fawke et al., 2015). Oomycete pathogens can infect leaf, stem

and root tissues.
1.4.1.2. Oomycetes and fungi

Although oomycetes are morphologically similar to fungi, they are genetically more
closely related to brown algae and diatoms, based on analyses of the 18S rRNA
(Baldauf et al., 2000; van West, 2006; Diéguez-Uribeondo et al., 2009; Beakes et al.,
2012). Differences between true fungi and oomycetes include cell walls composition,
as fungi have chitin while oomycetes possess b-1,3-g | u c a 41,6-glucabs and
cellulose. The cellular organisation within hyphae also differs, with oomycetes
displaying aseptate and coenocytic tubular hypha and fungi displaying single-cell
septate hyphae (Latijnhouwers et al., 2003). Other differences between oomycetes
and fungi include a diploid vegetative mycelial stage for oomycetes and a haploid or
dikaryotic one for fungi (Emerson, 1941; Lévesque et al.,, 2010). Oomycete
mi tochondria possess tubul ar cristae as opp

mitochondria (Taylor, 1978).
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1.4.1.3. Oomycetes host range

Oomycetes host range greatly varies between species. For example, P. cinnamomi
can infect up to 3,000 different species (Hardham, 2005), while Phytophthora fragariae
natural hosts include two different soft fruit species (McKeen, 1958; Pepin, 1967).
Some oomycetes are biotrophic and establish a feeding relationship with a living host.
Obligate biotrophs solely rely on living host tissues, restricting their host range with
highly specific infection mechanisms (Fawke et al., 2015). On the other hand, hemi-
biotrophic oomycetes, such as Phytophthora species, invade living host tissue before
switching their feeding strategy to kill the cells as the infection progresses. Oomycetes
can also be necrotrophic, such as Pythium ultimum (Fawke et al., 2015), which rapidly

kills host tissue to obtain nutrients from the dying cells.
1.4.2. The Phytophthora genus

The Phytophthora genus has been first described by Heinrich Anton de Bary in 1875.
Phytophthora spp. belong to the Peronosporale order of oomycetes. There are over
120 known species of Phytophthora (Martin et al., 2014) which are all plant pathogens,
but Brasier (2009) estimated that there are likely to be between 200 and 600
Phytophthora species. Most Phytophthoras are plant pathogens, and the name
Phytophthora comes from Greek, me ani ng fApl ant destroye
well suited as some of the most destructive plant diseases are caused by
Phytophthora species. Indeed, Phytophthoras have caused some of the most socially,
economically and environmentally devastating plant disease outbreaks. The infamous
Irish potato famine in 1840s, which was caused by Phytophthora infestans, first
arriving from Mexico to Europe, where there were no resistant cultivars being grown
on a large scale and subsequently destroyed most of the main European potato

cultivars (Figure 1.8).
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Figure 1. 8. Potato field infected by Phytophthora infestans. Damage visible in field of potatoes

infected by P. infestans (TSL, Jonathan Jones Group, tsl.ac.uk)

Ireland was hit the hardest as many poor farmers relied on potato as a stable food and
the disease therefore led to the death of one million people and the exodus of another
million (Yoshida et al., 2013). Phytophthora ramorum emerged in the mid-1990s,
causing gudden oak death6and Gudden larch deathéin America and Europe, leading
to great losses of these tree species (Grunwald et al., 2012). Phytophthora colocasiae
is another example of the dramatic impacts of Phytophthora spp., as it wiped out taro
production in the Samoan islands in the mid-1990s (Lamour, 2013). Phytophthora
species are divided into ten different clades, which include sub-clades (Figure 1.4)
(Blair et al., 2008; Kroon et al., 2012; Martin et al., 2014; Yang et al., 2017).

1.4.3. Reproduction and infection structures of Phytophthora spp.

Oomycetes and Phytophthoras can reproduce sexually and/or asexually. In many
species, sexual structures have never been observed, or only in laboratories.
Homothallic species have both male and female reproductive structures on the same
thallus e.g. P. rubi and P. fragariae; whereas heterothallic species have different
mating types, e.g. P. infestans, named Al and A2. Sexual reproduction occurs via the
production of gametangia: oogonia and antheridia. When mated, antheridia introduce
gametes into oogonia thus producing oospores. Oospores (Figure 1.9) are thick-
walled long-term survival structures that usually result from sexual reproduction but
can also be produced through apomixis (asexual reproduction without fertilization)
(Lamour and Kamoun, 2009). Similar thick-walled resting spores, called

chlamydospores, are produced from asexual reproduction. Under the right conditions,
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chlamydospores or oospores germinate to form sporangia. These sporangia can either
germinate directly, and form invasive hyphae or additional sporangia, or indirectly,
which leads to the release of zoospores (Figures 1.9 and 1.10). Zoospores swim
towards the host and encyst (Figures 1.9 and 1.10), shedding their flagella to form a
cell wall, strongly attaching themselves to the surface with secreted adhesives
(Hardham and Shan, 2009). The cyst forms a germ tube that grows across the plant
surface and may develop into an appressorium (Latijnhouwers et al., 2003; Boevink
et al., 2020) (Figures 1.9 and 1.10) or penetrate between plant cell walls (Figure 1.10
B.).

- o
m oospores
germinating
—_
oospores oospores
- — e zoospares
- - - sporangium SWIMming
- < to the roof,
\ a ® encys‘[lng
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root cells
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production of
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Figure 1. 9. Schematic representation of root-infecting Phytophthora life cycle. Oospores
germinate, producing sporangia, full of zoospores. Under the right conditions, sporangium bursts and
release zoospores, that swim towards a host root. They encyst, attach, and penetrate the cells with
appressorium and haustorium. Pathogen progresses inside the host, generating more reproduction
structures for re-infection. In later stages, long-term survival structures, oospores, are released, and

can remain dormant for many years. Image made with BioRender.
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Plant defenses sparked by pathogen penetration might result in the formation of a
papilla or the death of the infected cell (Figure 1.10 B.) and during the biotrophic stage
of infection, structures called haustoria are formed (Figure 1.10). However, these
structures have not yet been observed for P. rubi and P. fragariae infections of

raspberry and strawberry plants.
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Figure 1. 10. Oomycetes infection strategies. A. Fawke et al. (2015) schematic representation of
the different infection strategies of oomycetes according to their lifestyle. (a) Typical asexual
Phytophthora dispersal structures. (b) Leaf colonization. (c) Root colonization. (Fawke et al., 2015). B.
Boevink et al. (2020) Phytophthora infection process. SP: sporangia; GT: germinating tube; AP:
appressorium; 1V: Infection Vesicule; H: haustoria; PF: pit fields (Boevink et al., 2020).
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1.5. Molecular Plant-Pathogen Interactions

1.5.1. MAMPs and PAMP- triggered Immunity (PTI)

Pathogens perception occurs when conserved exogenous molecular motifs of
pathogens, like pathogen-associated molecular patterns (PAMPs, also sometimes
referred to microbe-associated molecular patterns MAMPS) or host endogenous
DAMPs (Damage Associated Molecular Patterns), are recognized by the plant pattern-
recognition receptors (PRRs), which results in PAMP-triggered immunity (PTI).
PAMPs / MAMPs can be proteins, unsaturated fatty acids or carbohydrates (Henry et
al., 2012). PAMPs are structurally conserved and essential for the pathogen life cycle
and can adapt and co-evolve with PRRs (Kamoun et al., 1998; Jones and Dangl, 2006;
Hein et al., 2009). Examples of PAMPs include the well-known P. infestans INF1,
leading to cell death (Hein et al., 2009; Chaparro-Garcia et al., 2011), PEP-13 eliciting
defense responses (Nurnberger et al., 1994), or b-glucans, which can trigger the
biosynthesis of phytoalexins, secondary metabolites from the plant with antimicrobial
activity. Additionally, some proteins are characterized with dual activity, as both PAMP
and effector, such as PsXEG1 and PsXLP1. This recognition of PAMPs / MAMPs /
DAMPs initiates several events inside the host plant, such as calcium influx (Ca?*),
ROS burst, stomatal closure, MAPK signalling and changes in phytohormones
jasmonic acid (JA) and salicylic acid (SA). Calcium influx is one of the earliest
responses to PAMP recognition, causing alkalinization and a depolarization of the
plasma membrane (Jeworutzki et al., 2010; Bigeard et al., 2015; Naveed et al., 2020).
This event was found to be required for the following extracellular production of
reactive oxygen species (ROS burst), components that can be toxic to pathogens and
involved in a programmed cell death response ( O6 Br i e n elarroquk et al.,
2013; Kadota et al., 2014; Bigeard et al., 2015). Also following calcium changes,
MAPK (mitogen-activated protein kinases) are activated. MAPK heat shock proteins
HSP70 and HSP90 are for instance involved in INF1 induced HR, the hypersensitive
response characterized by cell death (Kanzaki et al., 2003; Naveed et al., 2020).
Hormones like SA and JA are commonly involved in plant defenses: SA brings
resistance to biotrophic and hemi-biotrophic pathogens, while JA plays a role in
defenses against necrotrophic pathogens. Tempering of these hormones thus reduces

the host defenses. Finally, stomatal closure, linked to PAMP signalling and SA
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homeostasis, occurs as part of the plant immune response (Melotto et al., 2008;
Bigeard et al.,, 2015). These various pathways that trigger transcriptional
reprogramming lead to the PAMP-triggered immunity (PTI) response, through HR (cell
death), with callose deposition (with formation of papilla), biosynthesis of phytoalexins
etc. (Collinge, 2009; Larroque et al., 2013; Chang et al., 2015; Du et al., 2015; van
den Berg et al., 2018; Boevink et al., 2020). In non-host plants, pathogens cannot

overcome the PTI response (non-host interactions).
1.5.2. Effector Triggered Susceptibility (ETS)

When pathogens enter the host, they must evade or suppress the PTI that follows
perception of MAMPs / PAMPs and DAMPs, before feeding from the host tissues
nutrients. To do so, they secrete various effectors that are generally species- or family-
specific microbial proteins, delivered into the hosts to manipulate their molecular and
biochemical pathways to cause disease. In the absence of host resistance proteins (or
R proteins), the effector function is to overcome plant defenses in a wide variety of

ways, but all ultimately aim to induce effector-triggered susceptibility (ETS).

In the absence of host R proteins, the alteration and overcoming of plant defenses
leads to effector-triggered susceptibility (ETS), and can occur through many various
processes: interaction with GTPase, stabilization of specific proteins, RNA
interference, prevention of the secretion of plant defense proteases, interactions with
cell death regulators, hormone regulation and suppression of salicylic-acid-mediated
defenses, targeting of the ubiquitination system, disruption of the attachment between
the plant cell wall and the plasma membrane, calcium and MAPK signalling (Figure
1.11), and many more mechanisms (Mackey et al., 2002; Axtell et al., 2003; Zhao et
al., 2003; Brooks et al., 2005; Eulgem, 2005; Kim et al., 2005; Bos et al., 2010; Bozkurt
et al., 2011; Caillaud et al., 2013; King et al., 2014; Chaparro-Garcia et al., 2015; He
et al., 2020; Naveed et al., 2020). One mechanism through which plant gain defenses
is the deployment of RNA interference (RNAI). However, pathogens like oomycetes
have developed effectors targeting and inhibiting these RNAI. Regulation of the host
transcription can also happen when effectors directly bind to host DNA (Ahmed et al.,
2018a; Ahmed et al., 2018b). Furthermore, effectors can alter the host metabolism at

different stages, particularly JA and SA. As SA and JA are antagonist to each other,
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pathogen usually regulates one or the other to interfere with host defenses (Melotto et

al., 2008; Jaswal et al., 2020; Naveed et al., 2020).

Once a pathogen effector is recognized by the plant, it is termed an avirulence protein
(Avr protein) and effector-triggered immunity (ETI) follows (see 1.5.4). Examples of
well-studied predicted effectors include Phytophthora Avr effectors: Cladosporium
fulvum AVR2, Pseudomonas syringae AvrRpt2, AvrRPM1, AvrB, AvrPtoB,
Xanthomonas campestris AvrBs3 and many others (Table 1.1, Franceschetti et al.,

2017). Nevertheless, many effectors functions remain unknown.
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Figure 1. 11. Effector functions. A. He et al. (2020) schematic representation of different functions
of effectors. Effectors are shown in yellow. Positive regulators of immunity are shown in blue, and
negative regulators of immunity are shown in red. The mode of action of the effectors is written in purple

text, with an upward arrow denoting increase and a downward arrow denoting decrease.
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Table 1. 1. Franceschetti et al. (2017) examples of predicted effectors of pathogens

Effector class

Hyphal pathogen

Example(s)

Chorismate mutases
Lipase effector

Enzyme inhibitors
Protease inhibitors

Cystatin-like protease inhibitor domains

Chitinase inhibitor
Proteases and peptidases

Proteases

Secreted peptidases

Serine protease
Alkaline serine protease alp1

Metalloproteases
Zinc metalloprotease
Deuterolysin metalloprotease

Metalloprotease

Nudix hydrolases

Crinklers
Kinase activity

Ustilago maydis

Fusarium graminearum

Cladosporium fulvum
Phytophthora infestans
Cladosporium fulvum

Zymaoseptoria tritici (Mycosphaerella
graminicola)

Colletotrichum sp.

Zymoseptoria tritici (Mycosphaerella
graminicola)

Fusarium oxysporum f. sp. lycopersici

Sclerotinia sclerotiorum

Magnaporthe oryzae

Sclerotinia sclerotiorum

Fusarium oxysporum f. sp. lycopersici
Phytophthora sojae

Colletotrichum truncatum
Melampsora lini

Phytophthora infestans

Cmul

FGL1

Avr2
EPIC1, EPIC2B
Avra

Astacin (peptidase family M12A),
serine carboxypeptidase 528

Sep1l

Peptidase inhibitor 19

AVR-Pita (AVR2-YAMO)

Deuterolysin metalloprotease (M35)
family (PF02102) homolog of M.
oryzae AVR-Pita

Mep1

Avr3b

CtNUDIX
AvrM14

CRN8

1.5.3. Oomycete effectors

When oomycetes colonize plants, they introduce effectors via haustorium, a finger-like
projection that forms an enclosed intimate contact point between the oomycete and
the host plant plasma membrane (Figure 1.12). Just like any pathogen effectors,
oomycetes effectors can have many roles: they can be structural (formation of
haustoria), involved in nutrient leakage, dispersal, modification or suppression of
recognized elicitors, reduction of salicylic acid etc., and numerous effectors have
enzyme activities (kinases, proteases, hydrolases) (Badel et al., 2002; Schulze-Lefert
and Panstruga, 2003; Jones and Dangl, 2006; He et al., 2020). Effector size is typically
small (less than 300 amino acids), with a high cysteine content. Effectors that are most
essential for infection will be highly upregulated during early in planta stages (Jaswal
et al.,, 2020). Oomycetes effectors can act outside (apoplastic effectors) or inside

(cytoplasmic effectors) the host plant cells.
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Intercellular space Plant cell
® wall

Figure 1. 12. Schematic representation of oomycete effector secretion and host-haustorium
interactions (Dodds et al.,, 2009). Dodds et al. (2009) hosti haustorium interactions. During
haustorium development, the pathogen penetrates the plant cell wall and invaginates the host plasma
membrane which becomes the extrahaustorial membrane. The region between the haustorial cell wall
and the extrahaustorial membrane is called the extrahaustorial matrix (a gel-like layer enriched in
carbohydrates). Effectors (red dots) are secreted into the apoplast, including the extrahaustorial matrix,
and must cross the extrahaustorial membrane before entering the plant cytoplasm.

Cytoplasmic and apoplastic effectors have an N-terminal signal peptide of usually 18-
30 amino acids, allowing them to exit the cell, and a C-terminal domain carrying the
effector bioactivity (Damasceno et al., 2008; Schornack et al., 2009; Oh et al., 2010;
Schornack et al., 2010; Jiang et al., 2013; Arif et al., 2018), although there has been
reports of cytoplasmic effectors that do not contain a predictable signal peptide (Stam
et al., 2013) (Figure 1.13). Cytoplasmic effectors, such as CRN or RXLR, are
translocated into host cells by a still debated mechanism (Birch et al., 2006; Kamoun,
2006; Kamoun, 2007; Birch et al., 2008; Dodds et al., 2009; Petre and Kamoun, 2014;
Fawke et al., 2015; Whisson et al., 2016); while apoplastic effectors remain in the
extra-cellular space (apoplast) (Birch et al., 2006; Birch et al., 2008; Dodds et al., 2009;
Schornack et al., 2009; Petre and Kamoun, 2014).
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Figure 1. 13. Review and examples of oomycete effector structures. a. Schornack et al. (2009)
figure showing the modularity of oomycetes effectors. All known effectors carry N-terminal signal
peptides for secretion (yellow). Cytoplasmic effectors also have conserved motifs in their N-termini
(RXLR or LXLFLAK for Crinkler effectors). The C-terminal domain carries the module with biochemical
effector activity. EPI1 is a P. infestans apoplastic effector, an extracellular protease inhibitor; Avr3a is a
P. infestans RXLR avirulence factor and CRN2 is a P. infestans CRN effector. Numbers indicate protein
length. b. Jiang et al. (2013) figure of RXLR effectors structure, showing the signal peptide, RXLR motif
and WY domain. c. Arif et al. (2018) figure of examples of RXLR effector structures: P. infestans
PiAVR3a (Bos et al., 2006), P. infestans PiAvrblbl and PiAvrblb2 (Vleeshouwers et al., 2008; Oh et al.,
2009; Oh et al., 2010) and P. sojae Avrlb-1 (Shan et al., 2004). Numbers indicate the amino-acid
positions and grey domains highlights the regions of the effector proteins that are involved in secretion
and targeting. d. Schornack et al. (2010) figure of CRN effectors modular structure and examples: P.
infestans CRN2, CRN8, and CRN16.

1.5.3.1. Oomycete apoplastic effectors

Apoplastic effectors can be enzymatic or non-enzymatic proteins, secondary
metabolites or small RNAs, and include glucanases, glucanase inhibitors, serine and
cysteine protease inhibitors, as well as small cysteine-rich proteins (Rose et al., 2002;
Tian et al., 2004; Tian et al., 2005; Kamoun, 2006; Tian et al., 2007; Damasceno et
al., 2008), and generally show a higher cysteine content than cytoplasmic effectors.
Apoplastic effectors are al so us uagdlutags

which compose oomycetes cell walls, are PAMPs, which a host might recognize and
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i nhi bi't usi ng -gldtanasésn abendamtly presdnt i the apoplast.
Pathogenic apoplastic effectors can thus modify elements of the cell wall to evade
recognition by the host. Examples in the Phytophthora genus include EPIC1, EPIC2B,
which inhibit host cysteine proteases, EPI1, an extracellular protease inhibitor (Figure
1.13), or GIP1, inhibiting the host endoglucanases (Rose et al., 2002; Tian et al., 2004,
Tian et al., 2005; Rocafort et al.,, 2020). However, studies have also shown that
apoplastic effectors can interfere with the host glycan-triggered immunity. P. sojae
PsXEG1 and PsXLP1 constitute interesting examples: PSXEG1 is essential for P.
sojae virulence but is targeted by the host endoglucanase inhibitor protein GmGIP1.
P. sojae uses PsXLP1, an apoplastic effector similar to PSXEG1 but with a shortened
GH12 domain disabling the glucanase activity, as a decoy to protect PsXEG1 from
GmGIP1 (Ma et al., 2015; Ma et al., 2017).

1.5.3.2. Translocated oomycete effectors

Effectors translocated inside host cells are cytoplasmic effectors, such as RXLR and
Crinkler (CRN) (Figure 1.13). Different species of Phytophthora have different
predicted cytoplasmic effector repertoires and various numbers of predicted RXLR and
CRNs effectors (Table 1.2, (Chepsergon et al., 2020)).

Table 1. 2 Chepsergon et al. (2020) predicted number of cytoplasmic RXLR and CRN effectors
in Phytophthora spp.

Phytophthora spp Genome Size (Mb) RxLR CRN
P. cactorum 1215 199 77
P. capsici 64 357 84
P. cinnamomi 58 171 45
P. infestans 240 563 450
P. litchii 38 245 14

P. megakarya 126.8 336 152
P. multivora 41 84 60
P. palmivora 151.2 415 137
P. parasitica 64.5 172 80
P. ramorum 65 350 60
P. sojae 95 350 202

A RXLR effectors

Cytoplasmic RXLR effectors carry conserved peptide motifs: the RXLR and EER
motifs, following the N-terminal signal peptide (Figure 1.13). Protein sequence
comparisons between oomycete avirulence proteins recognized inside plant cells by

resistance (R) proteins revealed that, although they were each dissimilar at the primary
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sequence level, they share a signal peptide for secretion, then an RXLR motif defined
by the amino acid sequence arginine (R) - any amino acid (x) T leucine (L) i arginine
(R). This is often but not always followed by an EER motif: glutamic acid (E) i glutamic
acid (E) 7 arginine (R) (Figure 1.13), within a certain amino acid distance (Allen et al.,
2004; Shan et al., 2004; Armstrong et al., 2005; Rehmany et al., 2005; Birch et al.,
2008), indicative of a similar RxLXED/Q motif than malaria parasites (Hiller et al.,
2004). In some cases, the RXLR motif can be absent or replaced by motifs such as
QXLR or RxLQ, with Q representing the glutamine amino acid (Fabro et al., 2011).
RXLR effector show adaptive selection in their C-terminal and approximately half of
the C-terminal regions of these proteins contain repeat units made up of W, Y and L
motifs, respectively tryptophan, tyrosine and leucine (Jiang et al., 2008; Jiang et al.,
2013; Zhao et al.,, 2018). RXLR effectors have been demonstrated to enhance
colonization (Figure 1.14, Wang et al., 2019).
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Figure 1. 14. Wang et al. (2019) figure of virulence test of P. infestans RXLR candidate effectors.
Of the 51 candidate RXLR effectors tested, 44 boosted the growth of P. infestans significantly (indicated
with asterisks). Two effectors are not shown as they caused cell death. P-values were from a one-way
St ude#estd*P<0t. 05, **pP<0.01,***P0O0.001) . Each effector

replicates.

During infection, RXLR effectors are highly and differentially expressed, usually during
the biotrophic phase (Bhattacharjee et al., 2006; Haas et al., 2009; Schornack et al.,
2009; Bozkurt et al., 2011; Gilroy et al., 2011; Evangelisti et al., 2013; McLellan et al.,
2013; Na et al., 2013; Oliva et al., 2015; Evangelisti et al., 2017; Guo et al., 2020;
Naveed et al., 2020). To date, all identified oomycete avirulence effectors (effector

recognized by the plant) have been cytoplasmic RXLR effectors.
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Translocation mechanisms are not yet fully understood. Indeed, not all oomycetes
form haustoria and studies have shown that oomycete RXLR effectors may not require
pathogen structures to be delivered inside host cells (Dou et al., 2008b), whereas
contradictory conclusions consistently showed that haustoria are major sites for
effector delivery and that RXLR effectors do not enter plant cells in the absence of the
pat hogends tr an s |l(Boseadl.,i2006; Wimssanteti ah, 200%, Haas et
al., 2009; Oh et al., 2009; Schornack et al., 2010; Gilroy et al., 2011; Liu et al., 2014;
Whisson et al., 2016; Wang et al., 2017). It is currently believed that the signal peptide
sequence of RXLR effectors might be sufficient for their secretion, and that the RXLR
motif might be necessary but not the only system for translocation (Bhattacharjee et
al., 2006; Whisson et al., 2007; Wang et al., 2017; Boevink et al., 2020). For instance,
the oomycete H. arabidopsidis effector ATR5 presents an EER motif without an
associated RXLR; and is recognized by Arabidopsis RPP5 and translocated into the
host cell without the RXLR motif (Bailey et al., 2011). Furthermore, the roles of RXLR-
EER motifs in recognition of the Avr effector by the plant are still discussed, as the
recognition of Avr3a by R3a has been shown to be independent of the RXLRI EER
motif (Bos et al., 2006).

A Crinkler effectors

CRN effectors (Figure 1.13) are named after their crinkling and necrosis effects (Torto
et al., 2003) and are also believed to have a conserved translocation motif, LXLFLAK
(Leucine-any-Leucine-Phenylalanine-Leucine-Alanine-Lysine) (Whisson et al., 2007;
Haas et al., 2009). Most CRN effectors carry a diversified DWL domain, located after
the LXLFLAK motif and characterized by a specific and conserved amino acid
sequence at its end, the HVLVXXP motif, that is defined by Histidine-Valine-Leucine-
Valine-any-any-Proline (Haas et al., 2009; Schornack et al., 2009; Schornack et al.,
2010). This HVLVXXP motif forms a connection to a wide range of C-terminal
domains, holding the effector activity (Haas et al., 2009; Schornack et al., 2009).
Examples of Phytophthora CRN effectors include P. sojae CRN108, inhibiting the plant
heat shock proteins, CRN63 and CRN115, interacting with host catalases to alter the
hydrogen peroxide (reactive oxygen species) pathways involved in plant defenses,
with the former inducing cell death and the latter suppressing it; and CRN70,
suppressing cell death triggered by Avh241 ( Ku ¥ni ak and Ur ban
2011; Rajput et al., 2014; Zhang et al., 2015; Song et al., 2016; Ai et al., 2021). Other
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examples in P. infestans include CRN2 or CRN8 localized in the host nucleus and
causing cell death (van Damme et al., 2012; Du et al., 2015). Several studies show
that similarly to RXLR, CRN effectors are highly and differentially expressed during
infection, at early and / or late stages (Haas et al., 2009; Shen et al., 2013; Stam et
al., 2013; Amaro et al., 2017; Adams, 2019; Ai et al., 2021).

CRN and RXLRs are frequently organised in clusters in the genome and localized in
repeat-rich regions with transposable elements (Jiang et al., 2006; Haas et al., 2009;
Schornack et al., 2009). These effectors have the capacity to rapidly diversify, with
high polymorphism rates, leading to non-synonymous amino acid substitutions and
contributing to the pathogendéds adaptation.
phylogenetically restricted to Phytophthora species and downy mildews within the
Peronosporales, while missing in P. ultimum and A. euteiches (Gaulin et al., 2008;
Lévesque et al., 2010). Following observations of RXLR accumulating at haustoria
during infection (Lévesque et al., 2010; Wang et al., 2017), Levesque et al. (2010)
hypothesized that RXLR effectors have evolved recently in the Phytophthora and
downy mildew groups, as haustoria were emerging. In contrast, the CRN family is
ubiquitous in oomycetes (Cheung et al., 2008; Gaulin et al., 2008; Lévesque et al.,
2010), suggesting that the CRN effector group appeared early in oomycete evolution,
before the evolution of haustoria. The fact that P. ultimum and A. euteiches do not
possess RXLR effectors and do not produce haustoria reinforces this hypothesis
(Schornack et al., 2010). Zhang et al. (2016) further demonstrate that CRN effectors

occur in non-pathogenic eukaryotic organisms.
1.5.4. Effector Triggered Immunity (ETI)

R proteins, usually nucleotide-binding leucine-rich-repeat proteins, also known as
NBS-LRRs or NLRS, encoded in the plant genome by resistance genes (or R genes),
can directly recognize specific effectors or indirectly recognize effector activities
(Figure 1.15). Indirect recognition happens when effector-mediated alterations of host
target proteins are detected (Jones and Dangl, 2006; Birch et al., 2008). Once a
pathogen effector or its activity is recognized by the plant, it is termed an avirulence
protein (Avr protein). This confers effector-triggered immunity (ETI). ETI is usually
accompanied by a localised and programmed hypersensitive response (HR) or cell

death. Recognition of the Avr genes by the host R genes triggers further waves of
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changes in the plant, such as rebalancing of phytohormones JA and SA, calcium
signalling with further Ca?* influx, and subsequent MAPK signalling (Jaswal et al.,
2020; Naveed et al., 2020). With pathogen and host co-evolution, further ETS and ETI
might ensue. Studies have shown that the cell death triggered by RXLRs during ETI
can be suppressed by pathogens CRNs effectors, such as P. sojae CRN70 and RXLR
Avh241 (see 1.5.3).
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Figure 1. 15. The zig-zag-zig model for plant-pathogen interactions from Hein et al. (2009).

Although this zig-zag-zig model involving effectors and R genes is how well known,
there are many processes involved during plant-pathogen interactions, where PTI and
ETI responses overlap (hormonal manipulation, calcium and MAPK signalling etc.),

eliminating the boundaries between them.
1.5.4.1 Oomycete Effector Recognition

RXLR effectors have been proved to act as avirulence factors, and some
corresponding host R genes responsible for recognition and triggering cell death have
been identified. This includes P. infestans Avrl, Avr2, Avr3a, Avr3, Avrblbl, Avrblb2,
Avr4d and PexRD2 (Armstrong et al., 2005; van Poppel et al., 2008; Vleeshouwers et
al., 2008; Oh et al., 2009; Bos et al., 2010; Gilroy et al., 2011; King et al., 2014; Du et
al., 2015); or P. sojae Avrla, Avrlb, Avrld, Avr3a, Avr3b, Avr3c, Avr4/6, Avr5 and
Avh241 (Shan et al., 2004; Dong et al., 2009; Qutob et al., 2009; Dou et al., 2010;
Dong et al., 2011; Yu et al., 2012b; Yin et al., 2013). For instance, P. infestans Avrl
RXLR effector suppresses host defense by potentially disturbing vesicle trafficking,
suppresses CRINKLER2 (CRN2)-induced cell death and triggers R1-mediated
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resistance (Du et al., 2015). P. infestans Avr3a is another interesting RXLR, that was
shown to target the E3 ubiquitin ligase CMPGL1 to suppress plant immunity. Avr3a is
encoded by two alleles, Avr3aKIl and Avr3aEM, that differs by three amino acids.
Avr3aKIl is recognised by the host R3a resistance gene while Avr3aEM eludes
recognition by R3a (Bos et al., 2006). Similarly, P. sojae Avrld, which triggers a
hypersensitive response in the presence of the host R gene Rpsld, is polymorphic,
though both alleles are avirulent. This highlights P h y t o p h abhitpto divérsify their

effectors arsenal and the importance for polymorphism screening on effector genes.
1.5.4.2. Co-evolution and adaptation of the plant and pathogen

To infect plants, pathogens must constantly adapt and change their effector molecules
to avoid being recognized by the plant inducing immunity responses. While pathogens
diversify their effector arsenal, altering the recognized effectors or acquiring more
effectors to supress ETI, new or modified R proteins are found in plant, which will
activate ETI when facing new effectors and so on (Jones and Dangl, 2006; Hein et al.,
20009).

By diversifying their set of effectors, oomycetes can rapidly overcome the R-gene
based resistance. It has been shown that the C-terminal half of RXLR effectors have
high rates of amino acid polymorphisms, leading to mutation and diversification (Allen
et al., 2004; Rehmany et al., 2005; Win et al., 2007; Allen et al., 2008). Facing these
quick changes in effectors, the plant expands the R protein repertoire. However, this
is a long process and agricultural problems arise while the pathogen is overcoming
plant resistance. Indeed, resistance in crop varieties is only durable if the required Avr
gene is critical to the pathogends success.
found diverse ways to improve the survival and resistance of plants in the lab and in
the field, such as assembling multiple R genes within one variety (Zhu et al., 2012),
using variety mixtures (Zhu et al., 2000) or multi-lines (several lines of the same variety
but showing different R-gene combinations) (Brunner et al., 2012), as well as R-gene
engineering, expanding the plant recognition potential (Chapman et al., 2014; Segretin
et al., 2014). While research on plant genetics is crucial, it is also essential to identify
pathogenic effectors required for virulence and infection (Vleeshouwers et al., 2011).
This is the plant-pathogen co-evolutionary arms race (Kamoun, 2007; Hogenhout et
al., 2009), sometimes also referred to as the Red Queen Hypothesis, where organisms

must continuously adapt and evolve to survive against ever-evolving opposing
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organisms in a constantly changing environment. It is named after a phrase in Lewis
Car r ol |ITéareughthe ddoking-Glass, wher e t he Red Queen say:

here, you see, it takes all the runningyou can do, to keep in the s

1.6. Potential methods of controlling root rot diseases

Seeing the complex interactions between pathogen and host, it is crucial to explore
the effects of the environment on all the components of the disease triangle and the
severity of the infection to mitigate diseases in the field. Such studies evaluate the
effects of climate and climate change (temperature, humidity, drought, flood), as well
as man-made pressures, like agricultural practices, chemical control, use of resistant
cultivar etc. When trying to manage disease in the field, it is important to study and act
on all parameters. The disease triangle (Figure 1.16) is a simple representation of the
factors that can influence the success and severity of a disease: the environment, the
host, and the pathogen. Research on every aspect will enable an IPM approach for
disease management. IPM integrates several techniques like targeted use of
fungicides, biocontrol, improvement of agricultural practices, habitat management and
use of resistant varieties and cultivars. While some of these alternative have been
assessed to control Phytophthora root rot, such as cultivar choice, planting techniques
and biocontrol, options remain limited (Wilcox et al., 1999). Fungicides represent the
majority of pesticides applied to soft fruit crops in the UK, compared to herbicides,
insecticides and other treatments, illustrating the major threats that fungi and
oomycetes pose on the crops (Ridley et al., 2018) and further highlighting the risk of
the emergence of resistance. A combination of prevention, novel chemical products
and resistance-bred cultivars increases the chance to reduce the spread of
Phytophthora root rot (Wilcox et al., 1999; Anandhakumar and Zeller, 2008;
Wedgwood and Woodhall, 2013).
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Pathogen

Figure 1. 16. Disease triangle. The disease triangle includes parameters that influence the success

and severity of a disease: the host, the environment and the pathogen.
1.6.1. Growth conditions

The best form of control for P. rubi is prevention, as once it is established, getting rid
or even containing the disease is very difficult. Choosing cultivars with high tolerance
to Phytophthora root rot and planting clean material are other ways to control the
disease. New clean raspberries need to be planted in soil where raspberries have not
been grown before (Duncan et al., 2000; Duncan and Cooke, 2002) and infected
plants, on which the pathogen depends for reproduction, need to be destroyed as soon
as possible. Raspberry growers have thus been forced to adapt to a pot-based annual
or short-term production in substrate. Since the disease thrives in wet conditions such
as badly drained soils (Figure 1.17), techniques improving drainage or aeration, like
hilling (planting raspberries on ridges) are good practices that should minimize root rot
spread (Maloney et al., 1993; Heiberg, 1995; Heiberg, 1999; Wilcox et al., 1999).
Adapting to growing techniques such as indoor vertical farming using hydroponics also
enables better control and prevention of diseases, eliminating potentially

contaminated soil and using sterilization methods easy to put in place. However, as
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mentioned before, it is always best to adopt an integrative management approach,

combining different control measures.

Figure 1. 17. Flood located near a raspberry polytunnel infected with root rot. Photo was taken

at a field sampled in August 2018 in Kincardineshire (farm B) (see Chapter 2).
1.6.2. Chemical control

Unfortunately, there is a lack of effective chemical control treatments for PRR. Since
raspberry crop production is such a small part of the overall agro-industry, fungicides
are not specifically developed to control raspberry root rot but for similar diseases

affecting major crops. Nevertheless, these fungicides can and have been tested since

t he 1980sl avietlhd daopfpfr oval f or unspke, RdomilPlass pber r

(Metalaxyl + copper nitrate) was introduced and tested in the 1980s but was shortly
discarded as the level of control was not consistent (Maloney et al., 1993; Heiberg,
1995; Wilcox et al., 1999). Following the let-down of the first product, Recoil (Oxadixyl
+ mancozeb) was developed as a replacement and large-scale fields trials in the

1990s were promising, pr ovi nRhytophthera, fhoughd uct 6 s

the level of control varied with the severity of the disease. However, in 2002 Recoil
was withdrawn. Lately, more chemicals have been tested in trials before approval for
use on raspberries against root rot. Rotation in chemical applied is important in order
to avoid the potential build-up of resistant pathogen populations (Wilcox et al., 1999;
Pinkerton et al., 2009; Stewart et al., 2014). Indeed, selection pressure built through
chemical application of the same products over time can push pathogens to evolve
and adapt, resulting in the development of resistant isolates. Hunter et al. (2018)

explain the factors and implications of chemical-associated adaptive evolution of

pat hogens. They def i nehe ardcasp byi whieh ae ergahisimt i o n

changes in response to expos uByepeatedly betny e |
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the target of a same chemical treatment, fast evolving pathogens like Phytophthora
spp. can develop tolerance to it (McDonald and Stukenbrock, 2016; Hunter et al.,
2018).

1.6.3. Identifying and deploying durable resistances

Research into the hostodés genome ¢ aan be
combined with characterization of resistance in specific cultivar using phenotypic
infection assays. Current breeding projects screen raspberries and other Rubus

species in infected plots to identify sources of PRR resistance in existing cultivars e.g.,

Lat ham, Wi nkl erds S2 ml i ngR. stigosuswR. bcdiderRalisb u s

and R. ursinus (Barritt et al., 1979; Graham et al.,, 2011) ; and in hybrids like the
Tayberry (raspberryi blackberry hybrid) (Duncan and Kennedy, 1987; Duncan et al.,
1987). Some level of resistance has been identified against P. rubi but other
Phytophthora species can cause PRR and the level of resistance in the cultivars can
vary with the pathogen species (Stewart et al., 2014). Mechanisms of resistance
existing in raspberry and strawberry remain to be determined. For example, there are
at least several known races of P. fragariae in existence and efforts in elucidating
strawberry resistance Rpfl-5 (Resistance to Phytophthora fragariae race 1-5) and
markers for breeding are in progress. This has suggested that NBS-LRR and effector

gene recognition plays a part in the resistance of soft fruit to Phytophthora pathogens.
1.6.4. Understanding the genetics, epidemiology and lifestyle of the pathogen

Current breeding projects assess cultivars of raspberries to identify sources of PRR
resistance though without knowing the genotypes, phenotypes and genetics of the
pat hogen popul ati ons present . Researc
variation using bioinformatic tools is essential to identify key virulence factors that
might be required to cause infection and likely to be highly conserved in all strains
examined. Genes under significant diversifying selection indicate a selection pressure
and may be recognized in some potentially resistant host. Therefore, predictions on
the evolutionary potential of Phytophthora spp. are essential before the successful
deployment of wide scale resistance. Numerous mechanisms are deployed for Avr
genes mutation: polymorphism between isolates allows for mutation (SNP, Single

Nucleotide Polymorphism) and amino acid changes, epigenetic selection under host
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resistance (R) gene pressure, allelic variation etc, can all alter the effector protein to
elude the plant ETI. Truncation or complete, though reversible, loss of Avr genes are

also common for Phytophthora species (Gijzen et al., 2014).

A small number of genetic studies have focussed on P. rubi and P. fragariae genomes
(Manin't Veld, 2007; Gao et al., 2015; Tabima et al., 2017; Tabima et al., 2018; Adams,
2019; Adams et al., 2020; Gao et al., 2021). These studies generally use whole
genome sequencing to look at genome content and evolution and are essential to
predict effectors. Estimations revealed that around 1 % of Ph y t o p h gemame
typically encode effectors. New information on P. rubi and P. fragariae effectors
diversity could be discovered using novel technique like Pathogen Enrichment
Sequencing (PenSeq), only targeting effectors and specific genes of interest (Thilliez
et al., 2019) in an attempt to understand the diversifying pressures that can lead to
mutation. As well as diversity assessment, genetic studies can identify genes such as
candidate Avr, or genes that could be involved in host recognition (Adams, 2019;
Adams et al., 2020). Along with transcriptomic data, these studies could shed some
light onto the pathogené sfection mechanisms and the key effectors associated with

the disease.

Combined with research on such genes, phenotypic studies greatly add to the
understanding of the pathogen and its evolutionary potential. In the current global
warming context, it is important to follow and predict pathogens response to a
changing environment. These changes include man-made pressures like chemical
applications, which have led to the emergence of resistance in the past (Parra and
Ristaino, 2001; Gisi and Sierotzki, 2008; Pérez et al., 2009; Randall et al., 2014). When
insensitivity to an active is found amongst isolates, it can sometimes be traced back
to specific target proteins (Randall et al., 2014) which can then be used to develop
screening methods to assess the evolutionary potential of the pathogen to overcome
control. P. rubi and P. fragariae current responses to external stresses like warmer
temperatures and commonly used chemicals need to be assessed to identify

population changes and potential resistance.

To date, studies of Phytophthora infections in planta have used model plants and
focussed on aboveground infected tissues, easier to inoculate and use for downstream
analyses (Maor et al., 1998; Dumas et al., 1999; Sexton and Howlett, 2001; Chen et
al., 2003; Si-Ammour et al., 2003; Vallad and Subbarao, 2008; Li et al., 2011; Njoroge
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etal., 2011; Dunn etal., 2013; Yu et al., 2013; Zhou et al., 2014; Hakkinen et al., 2015;
Lu et al., 2015; Ochoa et al., 2019). Certain infection assays utilize fluorescent strains
of pathogens to follow the disease progression in real time and identify specific
structures (haustoria, hyphae, sporangia) (Le Berre et al., 2008; Evangelisti et al.,
2017). P. rubi and P. fragariae would benefit from similar surveys, with reviewed
approaches using hydroponics, transgenic fluorescent pathogen strains, and qRT-
PCR to screen for life markers and effectors identified with genome and effectors

studies.

1.7. Summary of the project aims

Following the description of important factors that might influence a disease in the
field, and with the identification of knowledge gaps in P. rubi and P. fragariae
phenotypes, genotypes, and infection mechanisms, several aims will be addressed in

this research project:

A Following the current temperature increase and usage of chemical control in
the field, the knowledge gap in the behaviour of P. rubi and P. fragariae needs
to be addressed. Responses of recent and old P. rubi and P. fragariae isolates
to these environment pressures (temperatures and chemicals will be assessed.

A P. rubi and P. fragariae isolates genomes will be studied to identify conserved
effectors genes as well as those that have diversified due to selection pressure,
and thus evaluate the ongoing threat to the soft fruit industry.

A To allow a detailed first real time infection study of raspberry roots,
transformation assays on P. rubi isolates using green and red fluorescent
proteins (eGFP and tdTomato) will be carried out.

A The lifecycle on susceptible and resistant raspberry cultivars using hydroponics
raspberries and transgenic fluorescent P. rubi, will then be investigated with
confocal microscopy and qRT-PCR, screening for key Phytophthora life stages

and gene expression.

Methods and data resulting from this work will feed back into studies on raspberry root
rot (P. rubi) and strawberry red stele (P. fragariae) by providing scientific knowledge
to underpin the horticultural industry with the development of novel pathogen control

strategies.
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CHAPTER 2. PHENOT YOHHPC 8ABDH.ESFRAGARI AE
ASSESSI NG RESPONSES TO AGRI CULTURALLY I |

2.1. Introduction

Phytophthora root rot of raspberry is a soil-borne disease, with the causal pathogen
starting its infection cycle in the soil. There is thus a delay between the start of the
infection in the roots, and the visible above-ground symptoms on raspberry plants. The
first signs of P. rubi disease on raspberries include leaf chlorosis, lack of or reduced
fruit production, and can be noticeable from spring, although the pathogen would have
started to infect the root tips during late autumn (Bain and Demaree, 1945). If disease
prevails, new cane growth will be limited, and present canes will wilt and show
discolouration in late summer and autumn. It is thought that P. rubi is active and
benefits from winter weather, with cool temperatures and wet climate, ideal conditions
for sporangia and zoospore formation (Bain and Demaree, 1945; Duncan and
Kennedy, 1987; Duncan and Kennedy, 1989; Kennedy and Duncan, 1993; Wilcox et
al., 1993). However, this opinion is based on older publications of P. rubi and P.
fragariae, when information on the pathogens was limited, leaving a knowledge gap in
the behaviour of isolates present in the field today, as well as in the adaptation of older
isolates to current environmental factors and temperatures. Moreover, evidence has
been found that the pathogens could also be actively associated with summer
symptoms, indicating their ability to infect new plants during warmer weather (Weiland
et al., 2018; Graham et al., 2020). Several temperature studies for P. rubi and P.
fragariae, principally looking at hyphal development, confirmed the optimal growth
temperature to be between 18 °C and 22 °C with declining growth from 25 °C (Leonian,
1934; Bain and Demaree, 1945; Duncan, 1985; Wilcox et al., 1993; Wilcox and
Latorre, 2002; Graham et al., 2020). P. rubi is a widespread disease in Scotland,
leading to root rot symptoms in the summer, which is usually characterized by
temperatures between 11 °C and 21 °C, and higher rain fall (21 to 125 mm / month
averaging 70 mm) compared to winter (-2 °C to 8 °C and 8 to 118mm rain / month

averaging 59 mm) (Figure 2.1).
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Figure 2. 1. Weather data in Invergowrie, Scotland, between 1991 and 2019. Data shows the
average minimum air temperature (Air Min), the average maximum air temperature (Air Max), the soil
temperatures at 30 cm and 100 cm depth and the rainfall. a. per month b. per season.

Overall, this suggests that P. rubi and P. fragariae might thrive in warmer
environments, a particularly important question with the current global warming threat

that could not only impact crop yields but also pathogens behaviour.
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According to NOAA (National Oceanic and Atmospheric Administration) National
Centres for Environmental information, the global temperature has increased at an
average of 0.08 °C every decade since 1880 (NOAA, 2020). Data from soil
temperatures taken at 30 and 100 cm depth from a weather station in Invergowrie,
Dundee, from 1991 to 2019, show an average ¢
30 cm and 0.6 eC at 1 0 @01 whilebtleetinereasenin é@ir9 91 an
temperature is similar to the one stated by NOAA (between 0.2 °C and 0.8 °C in that
time frame) (Figure 2.1). Therefore, the first objective of this study is to assess the
effect of temperatures on two important life stages of P. rubi and P. fragariae: hyphal
growth and sporulation. While hyphae are formed when the pathogen infects the roots
and is essential for the disease to develop and grow, formation of sporangia is
necessary for the pathogen to reproduce and spread from plant to plant. Data
compiled from raspberry polytunnels and pots, strawberry polytunnels and substrate
bags, and soil temperatures at 30 cm and 100 cm depth showed that soil-borne
diseases infecting these hosts could be exposed to temperatures as high as 30 °C in

pots or substrate bags, with highest averages between 17 °C and 20 °C (Figure 2.2).
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Figure 2. 2. Temperatures in raspberry (a.) and strawberry (b.) cultures in 2020. a. shows the air
temperature in the raspberry polytunnel and the soil temperature in the raspberry pots (Invergowrie,
Scotland). b. shows the air temperature in the strawberry polytunnel and the soil temperature in the

strawberry substrate bags (Laurencekirk, Scotland).
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Accordingly, five temperatures were chosen for this study: a low culturing temperature
of 15 °C that has also been reported to induce sporulation (Bain and Demaree, 1945;
Goode, 1956; Converse, 1962; Felix, 1962; Mussel and Fay, 1973), a typical culturing
and control temperature of 18f e dndegwhith
we believe P. rubi and P. fragariae could still thrive, and two higher temperatures of
25 °C and 28 °C. While climate change and temperature rising can affect microbial
communities and disease development, other stresses can likewise build selection
pressure, pushing pathogens to evolve and adapt. Man-made stress like chemical
treatment, widely used in agriculture, can be an important selection pressure and may
lead to the emergence of resistant isolates. As under-studied pathogens, there is a
lack of information on the current P. rubi and P. fragariae behaviour and intra-species
variation of responses to chemical treatments. Such survey would give us insights to
their sensitivity to chemicals registered for use on raspberries and strawberries to treat
Phytophthora, and their potential for adaptation. Consequently, the second objective
of this study is to assess the effect of several chemicals on P. rubi and P. fragariae
mycelial growth and sporulation. Seven different treatments were used: Fluazinam,
Dimethomorph, Metalaxyl-M (Mefenoxam), Phorce, Fluopicolide, Propamocarb
(Propamocarb hydrochloride) and Ametoctradin. The first four treatments are still
registered for use on raspberries. Metalaxyl-M, first registered in 1979, is a fungicide
used against oomycetes, though resistance to the chemical has now been
demonstrated multiple times (Maloney et al., 1993; Heiberg, 1995; Wilcox et al., 1999;
Parra and Ristaino, 2001; Gisi and Sierotzki, 2008; Randall et al., 2014). Metalaxyl-M
belongs to the FRAC class of phenylamides (PA-fungicides) and likely acts on RNA
polymerase | and ribosomal RNA synthesis. Ridomil Plus using Metalaxyl-M and
copper nitrate was first used shortly after the root rot outbreaks in the mid-1980s and
had off-label use after trials performed at The James Hutton Institute (Duncan and
Kennedy, 1987). Following the reports of resistance to Ridomil, Recoil, a replacement
using Oxadixyl (another phenylamide fungicide targeting RNA polymerase) and
mancozeb (dithiocarbamate, with multi-sites activity) emerged in the 1990s and was
promptly accepted as the fungicide of choice until it was withdrawn in 2002. An
extension of authorisation for minor use (EAMU) on raspberries and strawberries of
SL567A® (Syngenta), a product containing Metalaxyl-M was given in the UK in 2002,
even though resistance and sensitivity levels should be carefully monitored. Fluazinam

(targeting respiration) surfaced from a newer generation of chemical treatments
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against oomycetes (mid 1990s) and showed promising efficacy. Fluazinam was first
registered as a pesticide in 1992 and is the active ingredient of Shirlan® (Syngenta)
and Tizca® (Cheminova), fungicides, developed for the control of potato blight (P.
infestans). Tizca® was released in 2014 and a 'Specific Off Label Approval' (SOLA)
was obtained for its use on raspberries, since its predecessor Shirlan®, released in
1993, lost approval. Fluazinam belongs to the uncoupler of oxidative phosphorylation
FRAC (Fungicide Resistance Action Committee) class and is thought to act on
respiration. Dimethomorph was first registered in 1998 and is the main active
ingredient of Paraat® (BASF), a fungicide used against strawberry crown rot
(Phytophthora cactorum) and raspberry / blackberry root rot (Phytophthora spp.).
Paraat® was released in 2011 and is still currently approved for use on raspberry root
rot. Dimethomorph belongs to the carboxylic acid amides FRAC classification (CAA
fungicides) and targets cell wall cellulose biosynthesis. Fluopicolide (2007) and
Propamocarb (1984) are active ingredients of Infinito® (Bayer Group), fungicide
released in 2007 and generally used against oomycetes such as Pythium spp. and
Phytophthora spp. on vegetables and potatoes. Nevertheless, while Infinito® once had
a raspberry approval, it has now been revoked. Fluopicolide is thought to act on
cytoskeleton and motor protein (delocalisation of spectrin-like proteins) while
Propamocarb may act on the cell membrane permeability. Ametoctradin is the most
recently registered pesticide (2009) of the ones tested in this study and is the active
ingredient of fungicides controlling major oomycete pathogens, such as Initium®
(BASF, 2010) or Zampro® (BASF, 2012). Ametoctradin is thought to inhibit the
cytochrome bcl and act on zoospores and sporangia by stopping the differentiation
within the zoosporangium, the release of zoospores from the zoosporangium, the
motility of any released zoospores and the germination of encysted zoospores. Most
of these chemicals are used in foliar application or drip irrigation at doses ranging
between 0.1 and 1 ppm. Due to higher restrictions on chemicals and doses applied to
crops, growers use a variety of more natural products, such as fertiliser, with some
thought to have biocidal effects on certain pathogens. For instance, numerous studies
on phosphite (Phi; H2PO3") showed that this compound used in fertilisers could control
many pathogens, like Phytophthora infestans, Phytophthora plurivora, Fusarium
solani, Erwinia carotovora (Lobato et al., 2008; Lobato et al., 2010; Lobato et al., 2011;
Silvaetal . , 2011, Burra et al ., 2014, Dal i
Merino and Trejo-Téllez, 2015; Groves et al., 2015). Consequently, Phorce, a
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phosphite-based fertiliser, was additionally screened against P. rubi and P. fragariae

in this study.

In summary, this chapter aims are to describe the phenotypic responses of P. rubi and
P. fragariae to agriculturally important factors and major stresses that can exert

pressure on the populations by:

A Assessing the hyphal growth and sporulation of several isolates of P. rubi and
P. fragariae from different countries and years, under a range of temperatures
realistically found in the UK in raspberry and strawberry crops

A Examining hyphal development in response to several doses of old and newer
chemical treatments

A Exploring the variation between the two closely related species as well as
variation within these species to these environmental factors to yield indications

of their potential for evolution

2.2. Materials and methods

2.2.1. Cultures of Phytophthora rubi and Phytophthora fragariae
2.2.1.1. P. rubi isolation from infected raspberry canes

A Collection of samples

To isolate soil borne Phytophthora species, Schmitthenner and Bhat (1994) suggested
sampling stems with active lesions, just above ground level, rather than roots, in order
to minimize possible contamination by Pythium, another oomycete often present on
raspberry roots and canes. Stems of Glen Dee (susceptible to PRR) were sampled in
April (spring) and August (summer) 2018 from a commercial grower in Kincardineshire
(farm B), from plants showing symptoms of root rot. This field was in arable rotation
before raspberries (Glen Dee) were planted for the first time in 2017, and symptoms
showed very quickly. Two other varieties that are tolerant to the disease were planted
at the same time in adjacent fields and remained healthy with no signs of PRR disease.
Raspberry stems were sampled, as opposed to roots, and a cane-based isolation

method adapted from Stewart et al. (2014) was trialled.
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A Isolation technique

Isolation from canes was carried out using a protocol adapted from Stewart et al.
(2014) using a modified V8 medium with a mix of antibiotics and fungicides to inhibit
growth of contaminant such as fungi, bacteria or Pythium spp (David Cooke, The
James Hutton Institute, personal communication, 2017). Calcium carbonate (0.03
g/mL) was added to V8 juice, mixed well and allowed to settle for 15 minutes. The
resultant slurry was filtered through a cheesecloth and volume was made back up to
100 mL. The modified V8 medium was mixed with distilled water (10 % solution) before
adding agar (15 g/L), and pH was corrected with potassium hydroxide (KOH) or
hydrochloric acid (HCI) to 7.0-7.4 before being autoclaved (media cycle, 121 °C for 15
mins). A total of 5 mL of antibiotics stock made with pentachloronitrobenzene,
pimaricin, rifampicin, nystatin, hymexazol and ampicillin, was added per litre of
autoclaved medium (Table 2.1).

Table 2. 1. Details of chemicals used in this study.Chemical names, nature, supplier and quantities

used for the selection media for P. rubi isolation from infected raspberry canes

Chemical Nature Supplier Quantity (mg) | Final
in 10 mL of 80 | concentration
% ethanol in V8 plates
Pentachloronitrobenzene fungicide 50 mg 25 pg/mL
(PCNB)
Pimaricin (also known as fungicide 20 mg 10 pg/mL
Natamycin) Sigma Aldrich
Rifampicin antibiotic 20 mg 10 pg/mL
Ampicillin antibiotic 400 mg 200 pg/mL
Nystatin fungicide Melford 50 mg 25 pg/mL
Laboratories
Hymexazol fungicide VWR 100 mg 50 pg/mL

Raspberry cane pieces of approximately 5 mm length from the margin of the disease
lesion were cut and surface sterilized, using a 2-minutes wash in 0.5 % sodium
hypochlorite, followed by a 2-minutes wash in 70 % ethanol. After washing, the stem
pieces were buried in the antibiotic-containing agar (Figure 2.3.a), incubated at 18 °C
in the dark, and checked regularly until growing hyphae were visible. At the first signs
of growth, candidate P. rubi were quickly sub-cultured onto more of the same selection
medium. The morphology of hyphae was examined under the microscope to confirm

Phytophthora-like structures, such as coenocytic hyphae, oospores or sporangia

CHAPTER 2. PHENOTYPIC STUDIES OF P. RUBI AND P. FRAGARIAE: ASSESSING RESPONSES TO
AGRICULTURALLY IMPORTANT FACTORS



45

(Erwin and Ribeiro, 1996) (Figure 2.3. b-c). Once the mycelia grew actively and
contamination-free, it was cultured on rye agar containing 100 pg/mL of ampicillin

before DNA was extracted.

Figure 2. 3. Photos of the P. rubi isolation process from infected canes. a. Small pieces of surface-

sterilised stems buried in agar showing 'fungus-like' growth; b. re-isolated mycelia growing in a Petri

dish (rye agar); c. aseptate mycelia sampled from plate in b. observed under microscope.

A DNA extraction

Once the pathogen had been isolated and growing without contamination, it was sub-
cultured in a Petri dish of liquid lima bean medium (Bruck et al., 1981) amended with
100 pg/mL of ampicillin for two weeks. Whena mycel i al Omat 0
removed from the medium, blotted dry and frozen in liquid nitrogen before being stored
at -80 °C. Between 20 and 40 mg of frozen mycelium was ground in liquid nitrogen
and used for DNA extraction. DNA extraction buffer was made of 200 mM Tris HCI,
250 mM NacCl, 25 mM EDTA and 0.5 % SDS (chemicals from Sigma Aldrich, UK).
Ground mycelium was transferred to a 2 mL micro-centrifuge tube, 1 mL of extraction
buffer was added and vortexed thoroughly until completely suspended. Equilibrated
phenol (700 pL) was added to the sample, vortexed, and then chloroform (300 pL)
was added and vortexed further. The sample was then centrifuged for 10 minutes at
10,000 x g at room temperature. The upper phase was transferred to a new 1.5 mL
tube, where 1 volume of chloroform was added and mixed. The sample was
centrifuged for 5 minutes at 10,000 x g at room temperature and the upper aqueous
phase was transferred to a new tube, where 0.5 volume of isopropanol was added to
precipitate DNA. The sample was incubated at -20 °C for one hour, then centrifuged
for 5 minutes at 10,000 x g at room temperature. The supernatant was discarded, all
remnants removed by pipetting and the final pellet was re-suspended in 60 pL of AE
buffer from a DNeasy Plant Mini Kit (QIAGEN, UK). To remove RNA and increase the
purity of DNA, 1.2 uL of RNase A (100 mg/mL, from DNeasy Plant Mini Kit, QIAGEN,
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UK) was added and incubated for 20 minutes at room temperature. DNA was then
purified as per the DNeasy Plant Mini Kit (QIAGEN, UK) protocol using spin columns.
Finally, DNA was eluted twice in 20 pL of buffer AE and assessed for purity using a

NanoDrop (NanoDrop 1000 Thermo Fisher Scientific).
A 1dentifying P. rubi from field samples with Coxl PCR and sequencing

Newly extracted DNA was used in a PCR with Cytochrome C oxidase subunit | (Coxl)
primers OomCoxl-Levup and OomCoxI-Levlo from Martin and Tooley (2003). Phusion
High-Fidelity (HF) reagents and PCR protocol from BioLabs were used, with 3 uL of
10 pM primers and 20 - 80 ng of DNA template. After initial denaturation at 98 °C for
30 seconds, the following steps were repeated for 40 cycles: 98 °C for 10 seconds, 52
°C for 30 seconds and 72 °C for 20 seconds. Lastly, the final extension was maintained
at 72 °C for 10 minutes. Agarose gel electrophoresis (2 % agarose) was used to
confirm PCR products of appropriate size (~ 700 bp) and run at 80 V for 50 mins.
Subsequent PCR products were purified using the QIAGEN Mini-Elute PCR
Purification kit. Purified products were assessed on a NanoDrop (NanoDrop 1000
Thermo Fisher Scientific, UK) and dilutions were made to get 20 ng / uL of DNA in
nuclease-free water, before being sequenced (Sanger Sequencing at The James
Hutton Institute). Resulting Coxl sequences were compared to known P. rubi
(SCRP1202 and SCRP324) and P. fragariae (NOV-9 and SCRP245) isolates and
aligned using BioEdit v. 7.0.5.3.

2.2.1.2. Growth media and culturing conditions for P. rubi and P. fragariae

Several isolates of P. rubi and P. fragariae were used throughout this study (Table 2.2
and Figure 2.4.).
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Table 2. 2. Details of P. rubi and P. fragariae isolates used in the phenotypic study assessing

the effects of temperatures and chemicals. Isolates in bold were designated as the twelve main

studied isolates.

Sample species | Sample name Country Year | Race
SCRP333 Scotland 1985 | Race 3
SCRP1202 The Netherlands 2010 | Unknown
SCRP1208 Scotland 2017 | Unknown
SCRP1213 Scotland 2018 | Unknown
P rubi SCRP324 Scotland 1991 | Race 1
' SCRP249 Germany 1985 | Unknown
SCRP296 Scotland 1993 | Unknown
SCRP339 France 1985 | Race 3
SCRP1212 Scotland 2018 | Unknown
SCRP1207 Scotland 2017 | Unknown
BC-1 Canada 1991 | Race 1 (CAl)
P fragariae BC-16 Canada 1992 | Race 2 (CA3)
1rag NOV-9 Canada 1986 | Race 3 (CA2)
SCRP245 England 1945 | Unknown
> Canada
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Figure 2. 4. Representation of the location and year of isolation of P. rubi and P. fragariae
isolates.

P. rubi isolate SCRP333 was considered a reference isolate, as studies from other
research groups used it as a representative of P. rubi (Schena and Cooke, 2006;
Koprivica et al., 2009; D'Urban-Jackson, 2018; Adams, 2019). A historic culture
collection containing more than 120 P. rubi isolates has been maintained at The James
Hutton Institute, representing a wide range of years and countries / regions of isolation.

These isolates were regularly brought out of collection and sub-cultured to expand the
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list of actively growing P. rubi that could be used in research assays. This work was
done collaboratively with L. Welsh, The James Hutton Institute. Cultures were stored
on various media: rye and French bean agar (FBA) slopes, oil slopes or liquid nitrogen.
Plugs of agar from the stored isolate were cut out and placed onto French bean agar
amended with 100 pg/mL of ampicillin, 5 pg/mL of pimaricin (in 70 % ethanol) and 2
pg/mL of rifampicin (in 96 % ethanol). Once the culture was growing without
contaminants, DNA was extracted and the Coxl region was sequenced along with

positive controls to confirm identity of P. rubi, as described previously.
2.2.1.3. Short- and long-term storage of P. rubi and P. fragariae isolates

Actively growing isolates of P. rubi and P. fragariae regularly used for experiments
were stored at 18 °C in the dark, on rye agar with ampicillin (100 ug/mL). Each isolate
that was positively recovered and identified as P. rubi / P. fragariae was cultured on
slopes of rye agar and ampicillin (100 pg/mL) and stored at 4 °C in the dark, for long-
term storage. Isolates were successfully recovered in collaboration with L. Welsh and
kept in the James Hutton Institute collection and include P. fragariae isolates obtained
from NIAB-EMR. A total of 56 % were successfully retrieved, sequenced (Coxl gene),
and confirmed to be P. rubi. However, difficulties were encountered during the
recovery, with some isolates that did not grow back, and thus, agar slopes of isolates
that were not regularly employed in assays were kept at 15 °C and 18 °C instead of 4

°C for long-term storage.
2.2.1.4. P. rubi and P. fragariae isolates assessed in phenotypic assays

Following recent cane isolation (2017 and 2018) and recovery of P. rubi and P.
fragariae isolates, a total of ten P. rubi (SCRP249, SCRP296, SCRP324, SCRP333,
SCRP339, SCRP1202, SCRP1207, SCRP1208, SCRP1212 and SCRP1213) and
four P. fragariae were used in this phenotypic study (BC-1, BC-16, NOV-9 and
SCRP245).

2.2.2. Chemical sensitivity testing

Seven different treatments were used in this study: Fluazinam, Fluopicolide,
Propamocarb, Ametoctradin, Phorce, Dimethomorph and Metalaxyl-M (Mefenoxam)
(Table 2.3). All chemicals except Ametoctradin were screened against the twelve main

isolates (Table 2.2). Due to previously reported resistance in Phytophthora (Nickerson,
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1998; Parra and Ristaino, 2001; Vawdrey et al., 2004; Elansky et al., 2007; Gisi and
2008; Zhwu et al., 2008;
et al., 2014), two more P. rubi isolates, SCRP1207 (isolated in Scotland in 2017) and
SCRP1212 (isolated in Scotland in 2018) were added to the Metalaxyl-M assay to

Sierotzki,

increase the number of recent P. rubi and assess the effect of the fungicide on newer
strains. Ametoctradin, a chemical impacting the zoospores and sporangia life stage of
oomycetes, was screened on four P. rubi isolates as part of an initial mycelial growth
test: SCRP333, SCRP324, SCRP1202 and SCRP1212 (from 1985 to 2018, Table
2.2). This selection provided preliminary insights into the effect of Ametoctradin on
mycelia of P. rubi isolated over a long period of time. Fluazinam, Dimethomorph,
Fluopicolide, Propamocarb and Ametoctradin were sourced from Sigma Aldrich.

Metalaxyl-M (Mefenoxam) was obtained from Syngenta and Phorce from Nutriphite®.

Rye agar with 100 pg/mL of ampicillin was used as a base medium for growing P. rubi
and P. fragariae isolates for both assays. Stock solutions of 100,000 ppm were
prepared for each chemical, using dimethyl sulfoxide (DMSO) as a solvent.

Table 2. 3. List and description of the fungicides incorporated into media and their mode of

action. (N/A: non-applicable)

P®r ez

Treatment Chemical name Chemical Year first | Chemical | Action
common formula described | FRAC
name classificat
ion
number
3-chloro-N-(3- Ci3H4Cl2FeN4 | 1992 29 Action on respiration
£ chloro-2,6-dinitro- | O4 (uncoupler of
o 4- oxidative
N trifluoromethylphe phosphorylation)
= nyl)-5-
- trifluoromethyl-2-
pyridinamine
2,6-dichloro-N- Ci4HsCl3F3N2 | 2007 43 Action on
3 [[3-chloro-5- o cytoskeleton and
§ (trifluoromethyl)- motor protein
a 2- (delocalisation of
S pyridinyljmethyl] spectrin-like
L benzamide proteins)
o Propyl [3- CoH20N202 1984 28 Action on cell
& (dimethylamino)pr membrane
3 opyl]carbamate permeability
s
2
o
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Treatment Chemical name Chemical Year first | Chemical | Action
common formula described | FRAC
name classificat
ion
number
5-ethyl-6- CisH2sNs 2009 45 Action on respiration
- octyl[1,2,4]triazol (inhibition of
5 o[1,5-a]pyrimidin- complex IlI,
s 7-amine cytochrome bcl -
3 ubiquinone
UEJ reductase- at Qo
< site stigmatellin
binding sub site)
o H2PO3' 1950 N/A N/A
E
Q.
(2]
@]
e
o
c 3-(4- C21H22CINO4 | 1998 40 Action on cell wall
g— chlorophenyl)-3- biosynthesis
£ (3,4- (cellulose synthase)
2 dimethoxyphenyl)
GE) -1-morpholin-4-
o) ylprop-2-en-1-one
s N- C15H21NO4 1979 4 Action on nucleic
< (methoxyacetyl)- acid synthesis (RNA
P N-(2,6-xylyl)-DL- polymerase 1)
s alaninate
(]
=

Appropriate amounts of each

chemical were incorporated into this base medium,

similarly to previously reported methods (Lee et al., 1999; Groves and Ristaino, 2000;
Randall et al., 2014; Saville et al., 2015)). An equivalent dose of DMSO was added to

the controls. Four doses were used for each chemical: 0 ppm (control), 0.1 ppm, 1

ppm and 10 ppm (Appendix A, Table A.1). To further investigate resistance to

Metalaxyl-M that had been previously reported in Phytophthora spp., an additional

dose of 100 ppm was included in the screening.

2.2.3. Inoculation and growth conditions

Agar plugs of 9 mm diameter of P. rubi and P. fragariae were taken from the actively

growing colony margin and placed onto rye agar medium (described in 2.2.2) in 50

mm diameter Petri dishes. Three replicates were used for each study (chemical and

temperature screening). For chemicals with results showing potential resistance

(Fluazinam and Metalaxyl-M), screening was carried out three times.
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Plates were randomized, using the GenStat (19" edition v.19.1) random block design
tool, and incubated in the dark, at 18 °C for the chemical study and 15 e C,

(contr ol 25,°Cand 28 éCfor the temperature assay. Several publications
looking at hyphal toxicity effect of fungicides against Phytophthora species, mention
an incubation period of one to two weeks (Groves and Ristaino, 2000; Saville et al.,
2015) and carried out a similar method to screen pathogen growth than the one
described here. Wilcox and Latorre (2002) used an incubation period of 8 days for P.
rubi on plates when assessing the growth response to different temperatures. Initial
tests for growth of P. rubi and P. fragariae isolates on control plates (50 mm) at 18 °C
in the dark revealed that a week of growth was indeed best to assess chemical and

temperature effects.
2.2.4. Hyphal growth measurements

Foll owing a weekO0s growth at the appr
diameter of P. rubi and P. fragariae isolates was measured along two perpendicular
axes (Figure 2.5). The average of the two measurements was calculated and results
were expressed in percentage of controldé sgrowth, where no chemical was
incorporated into the base medium / the incubation temperature was setat1 8 . Af@r
a week of incubation, plates showing no growth at all at 25 ¢ Gnd 28 ¢ Qvere placed

back at 18 °C for a further 10 days and re-assessed.

petri dish
pathogen plug

grown mycelia

first measurement

second
measurement

Figure 2. 5. Representation of the colony diameter measurements for the study. Two
measurements were recorded per plug per plate, perpendicular to each other, measuring the diameter
of the colony. The average of the two measurements was calculated and results were expressed in

percentage of controlés growth, where no chemi

CHAPTER 2. PHENOTYPIC STUDIES OF P. RUBI AND P. FRAGARIAE: ASSESSING RESPONSES TO
AGRICULTURALLY IMPORTANT FACTORS

18 &ec
opri at
cal wa s



52

2.2.5. Sporangia production and sporangia count

Sporulation was tested under temperatures of 15 °C, 18 °C and 21 °C, for five P. rubi
isolates chosen to represent a variety of old and new strains: SCRP1212, SCRP1213,
SCRP296, SCRP324 and SCRP333. Single agar plugs from clean cultures growing
on rye agar with ampicillin (100 pg/mL) were transferred onto French bean agar (FBA),
containing 100 pg/mL of ampicillin. FBA plates were incubated at 18 °C in the dark for
one week. Sporulation solutions were generated by mixing 150 g of standard compost
mix (Appendix A, Table A.2), ordered from ICL (Gretna, Scotland), in 1.5 L of distilled
water for 30 minutes at room temperature before being passed twice through
Whatman filter paper (grade 2V, from Sigma Aldrich, UK) to remove large soil
particles. Sporulation solutions were stored at i 20 °C. Ten square plugs (~ 5 mm?) of
mycelia actively growing onto ampicillin-amended FBA were then placed into a sterile
150 mm Petri dish. Two 150 mm plates were used per isolate and per temperature.
Plates were flooded with sporulation solution and incubated at 15 °C, 18 °C and 21 °C
in the dark. Solutions were replaced twice in the following 24 hours, as this was known
to increase final number of sporangia (Mussel and Fay, 1973): once after 14 to 16
hours and a second time after a further 6 to 9 hours. Four days later, plates with cut
plugs of agar in sporulation solution were placed under a standard microscope and
number of sporangia per field of view per plug was recorded for each of the ten plugs

per plate (Figure 2.6).

Figure 2. 6. Photo representing a field of view for counting P. rubi / P. fragariae sporangia
(microscope). A plate containing 5 mm?2 plugs of agar with sporangia is put under the microscope.
Sporangia (pointed by the arrows) are counted in the field of view to observe most of the plug from the

corner as well as mycelial branches growing out and showing sporangia.
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2.2.6. Chemical target genes sequences alignment

Chemical target genes for fungicides that showed diversity in hyphal growth responses
were retrieved using NCBI and PenSeq data (Chapter 3). Cellulose synthase genes
CesAl, CesA3 and CesA4 were retrieved from P. sojae sequences found on NCBI
and similar protein and nucleotide sequences were found for P. rubi isolates of interest
using the BLAST tool BLASTx and BLASTp (PsCesAl: ABP96906.1; PsCesA3:
EF563999.1; PsCesA4: ABP96909.1) . Cellulose synthase gene CesA2 sequences
were extracted from PenSeq data. Genes encoding subunits of RNA polymerase
(RNAPaI) in P. infestans as listed in Randall et al. (2014) were likewise retrieved from
NCBI for P. rubi and P. fragariae isolates of interest, using the BLASTx and BLASTp
tools (NCBI): RPABC23 (PITG_12877), RPABC27 (PITG_10445), RPA190
(PITG_03855), RPA135 (PITG_02420), RPAC19 (PITG_05854) and RPA12.2
(PITG_06706). Nucleotide sequences were aligned using Clustal Omega alignment in
Geneious v2020.2.1. When SNPs (Single Nucleotide Polymorphisms) were identified
between sequences in different isolates, protein sequences were similarly aligned to

assess potential resulting changes in amino acids.
2.2.7. Statistical analysis

Statistical analyses (ANOVA and Tukeyds HSD
using R Studio v1.1.383. Statistical differences were considered significant if the p-
value was lower than 0.05 (using a 95 % confidence interval). Dose-response models
were fitted using the drm function (drc version 2.5-12). The half maximal inhibitory
dose (ID50) was calculated when the growth reached 50 % of the untreated. Bar chart

and line graphs were performed in Excel (v. 2102 for Microsoft Office 365).

2.3. Results

2.3.1. Five new isolates of P. rubi infecting raspberry fields were successfully

isolated from diseased canes in the summer

In 2018, two samplings were carried out in Kincardineshire (farm B), from a field of
susceptible cultivar Glen Dee affected by Phytophthora root rot (P. rubi). Crop
symptoms were more noticeable in August (summer sampling) compared to April
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(spring sampling), where cane isolation did not yield any new isolates of P. rubi (Figure
2.7). From August 2018, when purplish lesions at the base of the raspberry canes

were sampled, five new P. rubi isolates were recovered.

Figure 2. 7. Photos of infected raspberry canes sampled during April and August 2018. a. Cane
sampled in April 2018; b-d. Canes sampled in August 2018, showing typical PRR purple lesion; e-f.
Wilted infected canes from August 2018 sampling.

Coxl sequences presented ten SNPs (Single Nucleotide Polymorphism) differentiating
P. rubi and P. fragariae. Interestingly, one additional SNP was identified between the
isolates sampled in Perthshire (farm A) in August 2017, using the same isolation

method, and those from Kincardineshire (farm B), 2018 (Figure 2.8).
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Figure 2. 8. Alignment of Coxl sequences from samples isolated from infected raspberry canes.

From top line to bottom line: P. rubi positive control SCRP1202, P. rubi positive control SCRP324, P.
fragariae SCRP245, P. fragariae NOV-9, Kincardineshire (farm B) samples from 2018 C9, SCRP1210,
SCRP1211, SCRP1212, SCRP1213, Perthshire farm A samples from 2017 Bullion8, Bullion6, Bullion4,
Bullion3 and Bullion2. Alignement performed in BioEdit v. 7.0.5.3.
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2.3.2. Effect of temperature on in vitro P. rubi life cycle stages: hyphal

development and sporulation

2.3.2.1. Effect of temperature on hyphal growth: P. rubi hyphal development increases

with temperatures rising to 21 °C but is inhibited above 25 °C.

Overall, hyphal growth increased when the temperature increased from 18 °C to 21
°C, decreased at a temperature of 15 °C and 25 °C compared to controls, and was
fully inhibited at 28 °C, with the exception of P. fragariae NOV-9, isolated from Canada
in 2007 (Figure 2.9).
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Figure 29. Boxplot representation of the effect of temperature on the mycelial growth of 12 isolat&ffect

of temperature (X axi s: 15 e B frag@ride apdight R. 5ubigs@atea,nd 28 e
expressed as percentage of controls (y axi s: gr own
temperature were used. Asterix * indicates a statistical difference compared to controls (p<0.05) per

isolate.

Statistical analysis showed an effect of the temperature and the isolate on hyphal

growth (Table 2.4). Generally, although hyphal growth slightly increases from 18 °C to

21 °C, statistical differences between the two growth temperatures were only observed
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for isolates NOV-9, BC-16, SCRP296 and SCRP1213. When temperature raised to
25 °C, hyphal growth was significantly different than the 18 °C controls, except for P.
rubi isolates SCRP249, SCRP333 and SCRP296. Growth at 15 °C and 25 °C were
only significantly different from each other for isolates NOV-9, BC-16, SCRP1208 and
SCRP296 (Table 2.4).

Table 2. 4. Statistical analyses on the effect of temperature. ANOVA and Tukeys test (performed

in R) analysing effect of temperature on the isolatef¢
per isolate)
) Isolates
5
© N ® ® 0 o © < ™ | o
o) © o I I by < < > N ™ | @
o — - g S S S N N N ™ M| M
c g g g| B |E|E |8 |&|& &|E|¢
) s} & 4 o4 o4
[ Z O O O @] @] O O O O
g g g N N N N n |0

15 b a a b a b b ab b b b b
18 a |a b c a c c b c c c a
21 a |b c c a a c b d c c a
25 b c [ b b b b b cd ab bc | b
28 b c bc a b d a a a a a c

This shows that P. rubi and P. fragariae hyphal growth thrived at temperatures of 21
°C, and that all P. rubi and two P. fragariae isolates (isolated in 1945 and 2007) could
still grow at 25 °C.

Plates that did not grow under high temperatures were re-incubated at 18 °C for 10
days to determine if the high temperatures were lethal or only inhibitory to P. rubi
growth. P. rubi isolates SCRP333 and SCRP1208 were the only isolates developing
mycelia when incubated back at 18°C for 10 days.

2.3.2.2. Effect of temperature on P. rubi sporulation i P. rubi sporulation is successful

and statistically similar in efficiency at all temperatures checked

Since hyphal growth showed statistical differences between temperatures for some
isolates, assessing the effect of temperature on another aspect of the P. rubi life cycle,
here the sporulation, is significant to gain an insight into the pathogen response to
climate change induced by temperature fluctuations. Although it seems that there was
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an increase in the number of sporangia produced at 18 °C and 21 °C compared to 15
°C, there were no statistical differences for sporulation between the temperatures for

any isolate (Figure 2.10).
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Figure 2. 10. Boxplot representation of the effect of temperature on the sporulation of five P.
rubi isolates. The vertical axis represents the number of sporangia per field of view; the x axis
represents the temperatures: 15 ecC, leBandetetnpeaatuick
were used, as 10 mycelial plugs in two plates of sporulation solution. Each temperature experiment was

performed once.

2.3.3. Effects of chemicals on P. rubi and P. fragariae isolates

2.3.3.1. In vitro inhibition of P. rubi and P. fragariae hyphal growth greatly depends on

the chemical

A Fluazinam

Isolates of P. rubi and P. fragariae grown with 0.1 ppm of Fluazinam in agar displayed
a mean hyphal growth of 75 % to 100 % of controls (90 % on average for P. rubi and
93 % for P. fragariae, Table 2.5 and Figure 2.11). When the dose increased to 1 ppm,
close to the field application dose, the average pathogen growth was 54 % of the
controls and only P. rubi SCRP324 and SCRP339, and P. fragariae SCRP245 and
BC-16, show growth below 50 % of controls. At the highest Fluazinam dose (10 ppm),
SCRP339 and SCRP245 were the most affected, with growth below 20 % of controls,

while other isolates showed a response averaging of a quarter of control growth.
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Table 2. 5. Average colony diameter for P. rubi and P. fragariae grown on media incorporated
with seven chemicals. Average is calculated in percentage of controls (grown without chemical, i.e.
at a dose of O ppm) per treatment and dose for a. P. rubi isolates and b. P. fragariae isolates.

a. P. rubi
Treatment

= _g. ) e

o 5 IS k=) = ©

Doses g g S = = Q S

S o N L T 5] S

= = © =3 = = ©

) ) S =] Q o Q

£ = T =2 = o

< a L o
average 83.0 55 56.0 43.0 246 | 105.3 84.1
0.1 ppm 90.0 15.0 89.8 68.3 49.0 | 107.2 94.7
1 ppm 84.2 1.3 54.1 47.1 27.6 | 106.5 86.8
10 ppm 74.7 0.0 24.0 13.7 9.6 | 1018 70.7
100 ppm N/A N/A N/A N/A 2.0 N/A N/A

b. P. fragariae
Treatment
Doses Dimethomorph Fluazinam Fluopicolide Metalaxyl

average 0.9 541 39.3 41.4
0.1 ppm 2.7 92.8 79.0 53.4
1 ppm 0.0 53.6 38.3 47.4
10 ppm 0.0 19.6 0.5 33.8
100 ppm N/A N/A N/A 25.6
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Figure 2. 11. Effect of Fluazinam on isolates growth. a. Boxplot representation of the effect of
Fluazinam incorporated at different doses (0.1ppm, 1ppm and 10ppm, x axis) on the diametral hyphal
growth (expressed in percentage of controls, y axis) of eight P. rubi and four P. fragariae isolates. b.
Dose-response model fitted to Fluazinam. Doses are represented on the x axis in ppm and growth in
percentage of controls is represented on the vy

were used and experiment was performed once.
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A Fluopicolide

Variation of growth inhibition was found between doses with isolates grown on medium

incorporating Fluopicolide (Figure 2.12).
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Figure 2. 12. Effect of Fluopicolide on isolates growth. a. Boxplot representation of the effect of
Fluopicolide incorporated at different doses (0.1ppm, 1ppm and 10ppm, x axis) on the diametral hyphal
growth (expressed in percentage of controls, y axis) of eight P. rubi and four P. fragariae isolates. b.
Dose-response model fitted to Fluazinam. Doses are represented on the x axis in ppm and growth in
percentage of controls is represented

on the vy

were used and experiment was performed once.
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At 0.1 ppm, most isolates had a mean hyphal growth under 95 % of controls (on
average, 68 % for P. rubi and 79 % for P. fragariae, Table 2.5), although a lot of
variation was observed between isolates (Figure 2.12).

At 1 ppm, this dissimilarity is even clearer, while the average growth is under 50 % of
controls, except for SCRP1207. At 10 ppm, only P. fragariae SCRP245 and BC-1, and
P. rubi SCRP1202 and SCRP249 showed absence of growth, while all others
displayed variable response to the chemical. P. fragariae isolates were more sensitive
to the chemical at 10 ppm, as the average growth is only 0.5 % of untreated, while the
average growth of P. rubi cultures was 14 % of untreated. Overall and similarly to
Fluazinam, a general decrease is observed in the hyphal growth when the Fluopicolide

dose is increased.
A Propamocarb

Unlike the two previous chemicals, Propamocarb did not show a statistically significant
decrease of the mean hyphal growth with an increased dose incorporated in the
medium (Table 2.5 and Figure 2.13).
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Figure 2. 13. Effect of Propa mocarb on isolates growth. a. Boxplot representation of the effect of
Propamocarb incorporated at different doses (0.1ppm, 1ppm and 10ppm, x axis) on the diametral
hyphal growth (expressed in percentage of controls, y axis) of eight P. rubi and four P. fragariae isolates.
b. Dose-response model fitted to Fluazinam. Doses are represented on the x axis in ppm and growth
in percentage of controls is represented on the vy

dose were used and experiment was performed once.
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A Ametoctradin

Average hyphal growth on agar incorporating the highest dose (10 ppm) of
Ametoctradin stayed at 75 % of the untreated (Table 2.5 and Figure 2.14). Lower
doses (0.1 and 1 ppm) of Ametoctradin led to hyphal growth over 80 % of the controls,
regardless of the isolates. There was no evident effect of the year of isolation: both
SCRP1212 (isolated in Scotland in 2018) and SCRP324 (isolated in Scotland in 1991)
showed hyphal growth higher than the controls at 0.1 ppm (up to > 110 % of untreated).

SCRP1202 SCRP1212 SCRP324 SCRP333
150 -

125 =
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Growth in percentage of untreated
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e ~ K o N ) N N S e N )
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Figure 2. 14. Effect of Ametoctradin on isolates growth. Boxplot representation of the effect of
Ametoctradin incorporated at different doses (0.1ppm, 1ppm and 10ppm, x axis) on the diametral hyphal
growth (expressed in percentage of controls, y axis) of eight P. rubi and four P. fragariae isolates. Three

replicates per isolate and dose were used and experiment was performed once.

A Phorce

Phorce, a phosphite-based product used as a fertiliser, led to similar growth as
observed with Propamocarb (Figure 2.15): the hyphal growth of P. rubi isolates did not
significantly decrease with an increasing dose. In fact, the average hyphal growth for
all isolates was nearly 100 % of the controls (Table 2.5), therefore demonstrating

negligible effects of this treatment on hyphal development.
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None of the five chemicals described above (Fluazinam, Fluopicolide, Propamocarb,
Ametoctradin, Phorce) could fully inhibit P. rubi and P. fragariae hyphal growth.
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Figure 2. 15. Effect of Phorce on isolates growth. Boxplot representation of the effect of Phorce

incorporated at different doses (0.1ppm, 1ppm and 10ppm, x axis) on the diametral hyphal growth

(expressed in percentage of controls, y axis) of eight P. rubi and four P. fragariae isolates. Three

replicates per isolate and dose were used and experiment was performed once.

A Dimethomorph

Dimethomorph, the active ingredient of Paraat®, showed strong inhibition of hyphal
growth. The lowest dose of Dimethomorph (0.1 ppm) resulted in less than 40 % of the
control growth for P. rubi and P. fragariae isolates, with an average of 15 % of
untreated for P. rubi and 3 % of untreated for P. fragariae (Table 2.5 and Figure 2.16).
At 1 ppm, the usual field application dose for Dimethomorph, only P. rubi SCRP333
and SCRP324 showed any mycelia development, with an average growth below 2 %

of the untreated. At the highest dose, none of the isolates tested grew.
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Figure 2. 16. Effect of Dimethomorph on isolates growth. Boxplot representation of the effect of
Dimethomorph incorporated at different doses (0.1ppm, 1ppm and 10ppm, x axis) on the diametral
hyphal growth (expressed in percentage of controls, y axis) of eight P. rubi and four P. fragariae

isolates. Three replicates per isolate and dose were used and experiment was performed once.
A Metalaxyl-M

Metalaxyl-M, also still approved for use on raspberry, showed great variation in its
efficacy amongst the isolates (Table 2.5 and Figure 2.17). Around 86 % of isolates
tested could grow on 1 ppm of Metalaxyl-M, with hyphal growth up to 90 % of the
untreated ones. At 10 ppm, 50 % of all isolates screened grew, and at 100 ppm, 21 %
showed growth. Generally, the colony diameter decreased with increasing doses of
Metalaxyl-M, except for P. rubi SCRP339, where it plateaued, showing the resistance
of some isolates to Metalaxyl-M. P. fragariae isolates BC-1 and BC-16, and P. rubi
SCRP1208 could still grow at a very high dose of the chemical (100 ppm, Figure 2.17).
Lee et al. (1999) and Randall et al. (2014) considered isolates sensitive to Metalaxyl-
M if they show hyphal growth below 40 % of the untreated under a 10 ppm dose, while
isolates with 40 to 50 % of untreated growth were classed as showing an intermediate
response and isolates with hyphal growth above 50 % of those untreated were

resistant. At 10 ppm and following those criteria, BC-1 and SCRP339 were resistant
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to Metalaxyl-M, BC-16 displayed an intermediate response, and all other isolates were
sensitive. When the dose was increased to 100 ppm, only BC-16 stayed resistant to

the chemical.
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Figure 2. 17. Effect of Metalaxyl on isolates growth. a. Boxplot representation of the effect of
Metalaxyl-M incorporated at different doses (0.1ppm, 1ppm and 10ppm, 100ppm, X axis) on the
diametral hyphal growth (expressed in percentage of controls, y axis) of ten P. rubi and four P. fragariae
isolates. b. Dose-response model fitted to Fluazinam. Doses are represented on the x axis in ppm and
growth in percentage of controls is represented
and dose were used and experiment was performed twice for P. rubi isolates and three times for P.

fragariae isolates.
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A Half maximal inhibitory dose (ID50)

The half maximal inhibitory dose (ID50) is commonly used to measure the
concentration needed to inhibit, in vitro, a biological process by 50 % (here hyphal
growth). ID50 are often used in chemical screening publications (Parra and Ristaino,
2001; P®r ez 20009; Qi  eln thisastudy, we2 0 1 2 ;
observe that Dimethomorph always inhibits 50 % or more of the hyphal growth,

et al .,
compared to the controls, while Phorce, Ametoctradin and Propamocarb almost never
inhibit the isolates growth to 50 % or less of the untreated (Table 2.6). Metalaxyl-M,
Fluazinam and Fluopicolide provide a variety of intermediate responses (Table 2.6),
with ID50 lower than 0.1 ppm (e.g. SCRP296 with Fluopicolide) or higher than 10 ppm
(e.g. BC-1 with Metalaxyl-M).

Table 2. 6. Half-inhibitory doses of the seven chemicals tested against P. fragariae and P. rubi

isolates
ID50 (ppm)
Isolates
P. fragariae P. rubi

Chemical o N ~ @ N ® o © < ™ o
. © o < QI & Ql d by < o) N Ive} ™
D B I N O B~ B L~ B - G (-

O ! o o o o o
@ O O [ o o0 o0 o o [ o o x x
o zZ Q O O O O O Q (@] (@] Q Q
0 A e} e} A A 0 0 7] 0 0

Ametoctra

-
oV

din 10
Dimethom < < < < < < < < < < <
orph 01] 01| 01] 01 0.1 01/ 01| 01]01] 01| 0.2
>| 11| 09| 06| 16 08| 11| 11| 04| 22| 04
Fluazinam 10 0 1 2 2 8 8 5 2 3 8
Fluopicolid 10| 02| 06| 03| 04 06| 05| 00| 10| 13| 0.1
e 3 7 2 3 0 1 3 4 5 3 1
Metalaxyl- > | 2.2 < <| 0.0 00| 00| 00| 00| 01| 29
M 10 71 01] 0.1 1 6 6 1 2 4 2
> > > > > > > > > > >
Phorce 10 10| 10 10 10 10 10 10 10 10 10
Propamoc > | 4.6 > > > > > > > >
arb 10 0] 10 10 10 10 10 10 | >10 10 10

2.3.3.2. Chemical target genes for Metalaxyl-M did not explain the phenotypic

resistance of P. rubi and P. fragariae isolates

SNPs and amino acid changes were investigated in the suspected target genes to

explain the observed resistance, as previous studies have done before (Randall et al.,
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2014). Even though diversity in P. rubi responses to Dimethomorph showed that
SCRP324 and SCRP333 were growing at 1 ppm, this was not considered target site
mediated resistance, for which almost complete insensitivity to the chemical would be
expected. Metalaxyl-M screening however detected resistance for two P. fragariae
isolates: BC-1 and BC-16, that could grow at 100 ppm; while P. fragariae isolates
SCRP245 and NOV-9 did not grow under the same dose. P. infestans RNA Pol genes
RPABC23, RPABC27, RPA190, RPA135, RPAC19 and RPA12.2 sequences were
used in BLASTx and BLASTp searches on NCBI for the four P. fragariae isolates,
translated into proteins and aligned. Only RPAC19 showed amino acid differences
between the four isolates sequences, though resulting in a different clustering than the
resistance observed (data not shown). This means that nucleotide and protein
sequences for these RNAPol genes were not enough to explain phenotypic

differences in resistance levels to Metalaxyl-M.

2.4. Discussion and Conclusions

Phenotypic studies are important for characterizing under-studied species and
assessing the diversity of isolates through variation in responses to different stimuli.
This chapter investigates the phenotypic behaviours of several isolates of P. rubi and
P. fragariae, regarding adaptation to rising temperatures and assesses the relevance

of several control chemicals, representing modern field conditions.

Five isolates of P. rubi causing raspberry root rot in Scotland have been obtained in
2018, providing this study with up-to-date strains for phenotypic and genetic studies.

The temperature screening study in this chapter indicates that P. rubi and P. fragariae
hyphal growth increased from 15 °C to 18 °C and to 21 °C but decreases at 25 °C and
is fully inhibited at 28 °C while P. rubi sporulation is statistically similar at all
temperatures tested. Wilcox and Latorre (2002) found similar patterns for P. rubi
hyphal growth at 25 °C and reducing at higher temperatures, though no differences
amongst isolates were examined. Bain and Demaree (1945) and Leonian (1934)
observed the same temperature responses for P. fragariae, with an optimum between
18 °C and 22 °C and a declining rate of growth at 25 °C. Similarly, Duncan (1985),

found that P. fragariae inoculum was detected in drainage water of plants kept at
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temperatures between 2 °C and 20 °C but not in water from plants kept at 26 °C.
Comparing the two closely related species P. rubi and P. fragariae shows that the
latter does not consistently thrive under temperatures higher than 21 °C. Indeed, the
hyphal growth of two P. fragariae isolates, BC-1 and BC-16 (isolated from Canada in
2007), is inhibited at 25 °C, while other isolates NOV-9 (Canada, 2007) and SCRP245
(England, 1945), as well as all eight P. rubi tested show hyphal development at 25 °C.
Although a non-significant increase in sporangia numbers was observed at 18 °C and
21 °C compared to 15 °C, previous studies have used low temperatures for the
production of sporangia and zoospores (Bain and Demaree, 1945; Goode, 1956;
Converse, 1962; Felix, 1962; Mussel and Fay, 1973). These findings demonstrate the
ability of P. rubi to survive and reproduce at higher temperatures than the ones
commonly observed in cooler winter months. Average winter air temperatures
recorded in Invergowrie, Scotland, vary between -2 °C and 8 °C (Figure 2.1) while
winter soil temperatures recorded at 30 cm and 100 cm depth at the same location
showed an average of 4 °C to 6 °C (Figure 2.1). In the winter (2020), the average
temperature for soil in raspberry pot was 4 °C and 13 °C in strawberry substrate bag
(Figure 2.2). The range of temperatures studied and under which pathogens lived (15
°C to 21 °C), is in fact, closer to Scottish summer temperatures (11 °C to 21 °C for air
temperatures, 13 °C to 16 °C for soil, and 14 °C to 17 °C for pots and bags), where
the disease has been prevalent for over 80 years. Presence of active disease on
raspberry roots and canes in the summer confirms P. rubi as a pathogen that thrives
in wetter environment, since rain fall is higher in the summer than in the winter in
Scotland. It should be noted that isolates from Kincardineshire in 2018 were recovered

from diseased canes near a flooded field (Figure 1.17, Chapter 1).

Overall, this work gives insights into the effect of temperature on P. rubi and P.
fragariae on hyphal growth and sporangia production, including recent isolates (2017
and 2018) and data on variation amongs
by adding information on these diseases and demonstrates that P. rubi and P.
fragariae should not only be associated with cold weather. Other Phytophthora species
that can be found on raspberries (Duncan et al., 1987; Meszka and Michalecka, 2016)
have also been reported to thrive in wetter environment, though their optimal
temperature range is diverse. While P. rubi and P. fragariae optimal temperature

ranges between 18 °C and 22 °C and is close to P. idaei, P. cactorum, P. cryptogea
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(Waterhouse and Backwell, 1954; Waterhouse, 1956; Waterhouse, 1963; Falloon and
Grogan, 1991; Erwin and Ribeiro, 1996a; Haverkort et al., 2009; Grove et al., 1985),
other Phytophthora species have a lower (P. syringae) or higher optimum (P.
drechsleri, P. cambivora, P. megasperma, P. citricola, P. citrophthora) (Erwin and
Ribeiro, 1996a; Pane et al., 2001; Mostowfizadeh-Ghalamfarsa et al., 2010; Vannini
and Vettraino, 2011; Scanu et al., 2015). Added to the current and foreseeable global
warming, these results should encourage growers to be mindful of the disease all year
around, and rule out summer temperatures for disease inhibition (Bain and Demaree,
1945). These results raise the question of adaptations to other stresses, such as man-
made stresses and chemical pressures, which can commonly lead to resistance
(Nickerson, 1998; Parra and Ristaino, 2001; Vawdrey et al., 2004; Elansky et al., 2007;
Gi si and Sierotzki, 2008; Zhu et al,?2012;
Randall et al., 2014).

The chemical screening study in this Chapter highlights different responses showing
both inter and intra-species diversity, including resistance to chemicals still used on

raspberries, at doses close to field application doses (Figures 2.18 and 2.19).

Dimethomorph exhibits the best inhibitory effect on the hyphal growth of the isolates
tested, to an adequate level of control. Elansky et al. (2007), Zhu et al. (2008) and
Re k a n etwali (2012) also observed very little or no resistance to Dimethomorph,
further confirming these findings. Fluazinam and Fluopicolide treatments lead to a
decreased hyphal growth with an increasing dose, showing sensitivity of the P. rubi
and P. fragariae isolates to the chemicals, as observed formerly in studies such as
Toquin et al. (2007) and Jackson et al. (2010); with P. fragariae generally more
sensitive to Fluopicolide than P. rubi. Propamocarb, Ametoctradin, and Phorce display
very little to no decrease of the hyphal growth with an increasing dose, indicating a
l ack of sufficient i nhi bimilarlyseen instudieg bydchaa
and Kwee (1986), Chase (1993), Hu et al. (2007) and Tofoli et al. (2016). Even though
studies have found that higher doses can reduce hyphal development (Ldchel and
Birchmore, 1990; Samoucha and Cohen, 1990), active compounds are limited in their
application and only products like fertilisers (such as Phorce) could realistically be

used at much higher concentrations in the field.
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Figure 2. 18. Effect of seven chemicals on P. rubi and P. fragariae isolates. Boxplot representation

of the effect of all chemicals incorporated at different doses (0.1ppm, 1ppm and 10ppm, 100ppm) on
the diametral hyphal growth (expressed in percentage of controls, y axis) for P. rubi and P. fragariae

isolates. Three replicates per isolate, dose and chemical were used.
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Figure 2. 19. Photos illustrating chemical screening plates. Plates incorporated with a. Fluazinam

and b. Dimethomorph for several isolates at O ppm (controls), 0.1 ppm, 1 ppm and 10 ppm.

Metalaxyl-M incorporation reveals a variety of responses depending on the isolate
screened, with both inhibition under high doses of the chemical, and resistance where

isolates grow with no statistical difference compared to controls. Resistance to

CHAPTER 2. PHENOTYPIC STUDIES OF P. RUBI AND P. FRAGARIAE: ASSESSING RESPONSES TO
AGRICULTURALLY IMPORTANT FACTORS



73

Metalaxyl-M has previously been reported by other studies on Phytophthora species,
such as P. fragariae (Nickerson, 1998), P. infestans (Elansky et al., 2007; Zhu et al.,
2008; P®rez et al., 2009; Rekanmecapsici(Parra al . ,
and Ristaino, 2001; Qi et al., 2012) and P. palmivora (Vawdrey et al., 2004). Such
emerging resistance, as well as more stringent regulations on pesticides has led to
numerous chemical withdrawals, leaving very few chemical control options available,
and sometimes relying on single active ingredient (SL567®, Paraat®), which can also
increase the chances of new resistance. For example, frequent replacements of

control chemicals for raspberry root rot have been made in the last 40 years.

It should also be noted that both phenotypic studies would benefit from further
research and replication of experiments looking at the effects of these factors on other
cells like sporangia or zoospores, which are the infective propagules for these soil-
borne pathogens. However, such experiments can prove difficult and time-consuming,
as described in Chapter 4 (Coffey, 1984; Duncan, 1985; Chan and Kwee, 1986; Cohen
and Coffey, 1986; Hu et al., 2007; Lawrence et al., 2017; Wu et al., 2020).

Chemical treatments on raspberries and strawberries are usually applied via drip
irrigation, one of the most efficient delivery methods for soil fungicide, with a more
uniform distribution and a reduction in pesticide application and plant disturbance
(Ghidiu et al., 2012). However, only a low percentage of the active ingredient(s) will
eventually reach the pathogen. This contrasts with in vitro studies on hyphal growth
that use chemical incorporated directly into the growing medium, thus allowing the full
dose to be in contact with the pathogen. Therefore, while ID50 are very useful to
compare efficacy of different chemicals, pathogen cont r ol to grsower 6s
should be assessed by looking at the minimum growth for the minimum dosage.
Bearing this in mind, this study highlights the control potential of Dimethomorph
(Paraat®) at low doses, the variation in tolerance to Fluazinam (Tizca®), and the
existence of resistance to high doses of Metalaxyl-M (SL567A®). These findings
reflect the current usage of these three treatments still allowed for use on raspberries
and strawberries. In fact, pesticides usage surveys show a decrease in use of
Fluazinam (from 44 % in 2012 to 10 % in 2018), a low use of Metalaxyl-M (1 % in 2012
and 2 % in 2018) and an increased use of Dimethomorph (2 % in 2012 and 28 % in
2018) (Government, 2019).
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In conclusion, this chapter provides novel information on P. rubi and P. fragariae in
vitro responses to agriculturally important factors, showing the difference in efficacy of
controlling products and the presence of resistance amongst specific isolates. It
illustrates the possibility of resistance and thus the impact humans could have on the
evolution of pathogens through single-chemical application and selection pressure
(Hunter et al., 2018). Generally, as previously stated, a reduction in pesticides has
been observed in the UK, with the weight of authorised pesticides applied to soft fruit
crops in the United Kingdom going from 350 tonnes in 2010 to 150 tonnes in 2018, of
which 35 % were fungicides (Ridley et al., 2018). Pesticide reduction as well as the
many withdrawals and replacements due to resistance and toxicity to the environment
are evidence that integrated pest management (IPM) is necessary to manage
diseases such as P. rubi and P. fragariae. Control of pathogens should be
comprehensive with research on 1) t he host 6s resistance pote
resistance genes in resistant and susceptible cultivars, 2) the pathogen and its
essential components (housekeeping genes) and attacking proteins (effectors) and 3)
external factors that can influence both the pathogen and the host (temperatures,
chemical pressure, examined in this study) (Figure 1.15, Chapter 1). This inclusive
approach looking at every element of the plant disease triangle (Figure 1.15) is key to
disease control and can lead to resistant or tolerant cultivars (1), the discovery of novel
chemicals targeting essential pathogen biology (2) and accordingly amend guidance
for growers considering all environmental factors (3). To address pathogen biology,
both the phenotype and the genotype should be explored. Pathogen genotype can be
assessed through sequence analysis of chemical target genes for mutations that could
lead to resistance, as well as pathogenicity effectors and their diversity (see Chapter
3) which could impact the perception by host resistance proteins. In this study,
phenotypic variation of isolates to Metalaxyl-M could not be explained with amino acid
changes in the genes screened. However, it should be noted that the target proteins
for most chemicals used in this study are not fully understood, making conclusions

from this data difficult at present.
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CHAPTER 3. DI UPRSIUYPR&EHOGEN ENRI CHMEN
SEQUENCI NG ( PENSEQ)

3.1. Introduction

3.1.1. Current Assessment of Diversity of P. rubi and P. fragariae

P. rubi and P. fragariae are two very closely related pathogens that were originally
classed as a single species, as detailed in Chapter 1. P. rubi is only known to infect
species from the Rubus genus. P. fragariae, although mainly a pathogen of cultivated
Fragaria (Fragaria x ananassa), has been found to naturally infect some Rubus
species e.g. Loganberry (Rubus x loganobaccus) (Figure 1.6, Chapter 1). Intriguingly,
the genus Rubus diverged from Fragaria approximately 57 million years ago (Zhang
et al., 2017), while it is estimated that P. fragariae and P. rubi diverged only 10 million
years ago (Xiang et al., 2016). Based on these observations on host range and host
divergence, Gao et al. (2021) suggest that P. fragariae went through a rare host
change to Fragaria hosts that could have been driven by divergence within the Rubus
genus, as opposed to divergence between Rubus and Fragaria hosts. Schulze-Lefert
and Panstruga (2011) proposed that the inability of a pathogen to establish infection
in non-host plants could be relative to the phylogenetic distance between host and
non-host plants. In distantly related plants, PAMP triggered immunity (PTI) is thought
to be the major contribution to resistance as effectors are inappropriately attuned to
perturb their orthologous plant targets. In contrast, in non-host plants that are more
closely related to the host plants, effector triggered immunity (ETI) and therefore the
early in planta recognition of successfully delivered effectors could be the major
mechanism determining the outcome of an attempted infection. Based on this theory,
we hypothesize that ETI (and effectors) should be contributing towards limiting the
host range of these sister species of Phytophthoras between their related hosts.
Similarly, changes in pathogen host range are driven by variation in pathogen effector
genes repertoires, which highlights the importance of the study of pathogen genetics.
Taken altogether, if Gao et al. (2021) and Schulze-Lefert and Panstruga (2011) are
correct, then we hypothesize that there should be some P. fragariae effectors that

have been lost or diverged compared to P. rubi to successfully infect Fragaria species;
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and that those might be widely conserved in P. rubi isolates. Consequently, one
important aim of this chapter is to assess the inter-species diversity of effector genes
by identifying core effectors conserved in the two species as well as species-specific

effectors.

Identifying species of pathogens in the field is important and can be used to inform
growers of disease threat before symptoms and important crop losses are incurred.
This is particularly valuable for detecting the presence of persistent pathogens
contaminating the soil for many years or when disease symptoms are slow to develop,
such as Phytophthora diseases of raspberries and strawberries. Traditionally, PCR
based diagnostic tools have been used to distinguish pathogens at the species level.
Until recently, the major way to distinguish Phytophthora species like P. rubi and P.
fragariae was using PCR amplification and sequencing of the spacer region between
eukaryotic mitochondrial cytochrome c oxidase (Cox) subunits | and 2 (Man in't Veld,
2007) or of the Coxl encoding region (Peters and Woodhall, 2014). These diagnostic
tools rely on the identification of genes with 1) enough variation between the species
to be able to design species-specific primers, and 2) that are less likely to evolve to
insure the relevance of the diagnostic tool. Genes such as housekeepers, included in
this study, that present species-specific polymorphism, could constitute good

candidates for PCR based diagnostic tools.

Population genetics is a powerful tool to understand patterns and evolutionary
processes that are involved in pathogen emergence and adaptation. Genotyping by
sequencing studies on P. rubi and P. fragariae isolates from Western United States,
Canada and EU confirmed hypotheses that P. rubi appears to be a monophyletic
species (descending from a common evolutionary ancestor) distinct from P. fragariae
(Tabima et al.,, 2018). Evaluation using SNP variant analysis revealed very high
population differentiation between these two species further supporting previous
conclusions that the two Phytophthorasar e geneti cally i sol ated s
2007; Tabima et al., 2018). However, this study highlighted evidence for low genetic
diversity between the different isolates of P. rubi examined and a lack of evidence for

clustering by geographical origin.

P. rubi and P. fragariae isolates have been shown to infect multiple cultivars and so
the intra-species diversity amongst isolates of a single species is important to assess.

P. rubi has been tentatively divided into two races, based on virulence / avirulence on
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a single raspberry line known as EM5605/12 (Kennedy and Duncan, 1993; van de
Weg, 1997). P. fragariae has had up to 11 races described, (Kennedy and Duncan,
1993; van de Weg, 1997) and at least three races are of major significance to the UK
(UK1-2-3). Therefore, another major aim of this chapter is to identify polymorphic

effector genes which could determine avirulence or be used as isolate specific marker.

However, recent PacBio and lllumina sequencing of P. rubi and P. fragariae genomes
indicated little evidence of gene loss or presence of insertions / deletions (INDELS) or
Single Nucleotide Polymorphisms (SNPSs) in pathogenicity genes (Adams et al., 2020).
Adams et al. (2020) indicate that around 26 % of predicted P. fragariae RXLRs, 31 %
of CRNs and 20% of apoplastic effectors show evidence of expression in planta. The
study speculates that it is the differential expression of effectors during attempted
infection of resistant and susceptible hosts that accounts for race and isolate
differences within P. fragariae. However, we here use Pathogen Enrichment
Sequencing (PenSeq) to focus on effector genes, which can be under significant
diversifying selection, and therefore expect polymorphism as well as presence /
absence variation of some of these between isolates and species. This should help to
identify distinguishing features between isolates at the genome level, rather than

transcription level.
3.1.2. Pathogen Enrichment Sequencing (PenSeq)

Various models have been used to predict the number of effectors in Phytophthora
spp. and have estimated that RXLR effectors are encoded by a small percentage of
the genome. Enrichment sequencing deploys bespoke RNA baits combined with
short- or long-read sequencing technologies to examine specific gene families of
interest. This technology has major advantages over whole genome sequencing: 1) it
saves money by sequencing only DNA of interest 2) depending on the application,
accurate short read sequencing technologies can be combined with long-read
sequencing such as PacBio 3) it ensures sufficient high-quality read coverage for
robust analyses of targeted genes. Indeed, the enrichment step significantly increases
the read depth of genes of interest usually swamped by the sequences from the rest
of the genome (Kozarewa et al., 2015). Since effectors are typically encoded by short
sequences, lllumina-based re-sequencing via PenSeq yields cheaper and more

accurate results if compared to long-reads sequencing platforms such as PacBio or
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MinlON, that can also show higher per base error rates (Goodwin et al., 2015; Rhoads
and Au, 2015).

PenSeq (enrichment sequencing of pathogen sequences) is a powerful tool that has
been developed and deployed in house for analysis of inter- and intra-species diversity
of effectors and neutral markers of P. infestans and P. capsici (Thilliez et al., 2019).
The efficiency and power of PenSeq was initially deployed at JHI / TSL using bespoke
baits library designed for P. infestans and P. capsici virulence factors. This was
successfully used to examine presence and absence variation, SNP diversity within
the effector families, and neutral markers (Thilliez et al., 2019). Due to the diverse
nature of effector families across species, the existing baits designed for P. infestans
and P. capsici were not suitable for analysis of P. rubi and P. fragariae effectors, and
a new gene list for bespoke bait design has to be generated. Jupe et al. (2013)
previously highlighted that biotinylated RNA baits can be utilized to enrich for target
sequences with a minimum of 80 % sequence identity to the bait probes. It is therefore

expected that genes highly similar to targets will also be re-sequenced.

This chapter describes the application of PenSeq to P. rubi and P. fragariae. Here,
published genome information (Table 3.1) was used to develop gene lists for a
bespoke bait library (Table 3.2) by targeting cytoplasmic and apoplastic effector
candidate genes alongside housekeepers. Using such baits in our PenSeq study will
enabl e the genetic variation t alleltdvesity,udi ed,

mutations and revealing patterns of adaptive evolution within and between species.

Table 3. 1. List of P. rubi and P. fragariae sequenced genomes
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Table 3. 2. Effector gene predictions in sequenced isolates of P. fragariae and P. rubi (Table
from Adams et al., 2020)

Phytophthora fragariae Phytophthora rubi

A4 BC-1 BC-16 BC-23 NOV-5 NOV-9 NOV-27 NOV-T1 NOV-77 ONT-3 SCRP245 SCRP249 SCRP324 SCRP333

The main objectives of this chapter are to:

A Apply PenSeq to examine the diversity between species (inter-species) and
between isolates (intra-species) of P. fragariae and P. rubi effectors genes,
neutral markers and candidate drug targets.

A Assess the level of diversity in the species and the threat to agriculture, through
presence / absence and sequence polymorphism of specific effector genes in

P. rubi and P. fragariae, where other methods have failed.

T

Identify core effectors, conserved amongst isolates and species.
A Identify diversifying effectors that are unique to P. rubi or to P. fragariae, which

could be essential for virulence and in limiting host range.

3.2. Materials and methods

3.2.1. P. rubi and P. fragariae samples preparation
3.2.1.1. Isolate selection and preparation for Pathogen Enrichment Sequencing

A total of 24 isolates were used for Pathogen Enrichment Sequencing (PenSeq) in two
runs of 12 samples each: 20 P. rubi and four P. fragariae (Table 3.3), representing a
variety of years and countries of isolation as well as races. DNA was collected from
the 24 isolates with a method described in Chapter 2 (2.2.1.1) and yield was assessed

with a Qubit fluorometer (Thermofisher).
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Table 3. 3. Details of P. fragariae and P. rubi isolates used in this PenSeq study

Species Isolate name Race Isolation Isolation location PenSeq
date run
BC-1 Race 1 | 2007 Canada 1
g o (CAL)
£ BC-16 Race 2| 2007 Canada 1
s g (CA3)
£ NOV-9 Race 3 | 2007 Canada 1
£ (CA2)
SCRP245 unknown 1945 England 1
SCRP1202 unknown 2010 The 1
Netherlands
SCRP1207 unknown 2017 Scotland Farm A, 2
Perthshire
SCRP1208 unknown 2017 Scotland Farm A, 1
Perthshire
SCRP1212 unknown 2018 Scotland Farm B, 2
Kincardine
SCRP1213 unknown 2018 Scotland Farm B, 1
Kincardine
SCRP249 Race 1 1985 Germany 1
SCRP250 unknown 1985 Scotland Farm C, 2
— Perthshire
'g SCRP260 unknown 1986 England 2
o SCRP283 Race 3 1987 USA 2
E SCRP287 unknown | 1989 Scotland 2
'§- SCRP288 unknown 1989 Denmark 2
= SCRP290 unknown | 1989 France 2
a SCRP292 unknown | 1989 Norway 2
SCRP293 Race 1 1991 The 2
Netherlands
SCRP296 unknown 1993 Scotland Farm A, 1
Perthshire
SCRP323 Race 1 1991 Scotland Farm D, 2
Perthshire
SCRP324 Race 1 1991 Scotland Farm D, 1
Perthshire
SCRP333 Race 3 1985 Scotland Farm C, 1
Perthshire
SCRP338 Race 3 1987 Canada 2
SCRP339 Race 3 1985 France 1

3.2.1.2. Sequenced reference genomes of P. rubi and P. fragariae

Reference genomes for PenSeq analysis were provided by Adams T. (Adams, 2019).

SCRP333 constituted the reference genome for P. rubi (GenBank accession
GCA_009733145.1) and BC-16 was the reference genome for P. fragariae (GenBank
accession GCA 009729455.1) (Table 3.1).
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3.2.2. Designing the bait library

A biotinylated RNA bait library was designed with nucleotide sequences for P. rubi and
P. fragariae genes of interest (Tables 3.4 and 3.5). It included RXLR, CRN and
apoplastic effectors, predicted from the genomes of eleven different P. fragariae
isolates (A4, BC-1, BC-16, BC-23, NOV-5, NOV-9, NOV-27, NOV-71, NOV-77 and
ONT3) and three P. rubi isolates (SCRP249, SCRP324 and SCRP333) (Adams,
2019). RXLRs were originally predicted by Adams (2019) using three models: the
RXLR HMM model by Whisson et al. (2007), and the RXLR and RXLR- EER Regex
models by Armitage et al. (2018). CRNs list comprise of CRNs predicted by Adams
(2019) with both the CRN LFLAK HMM and the CRN DWL HMM models by Armitage
et al. (2018). Finally, apoplastic effectors were predicted using ApoplastP
(Sperschneider et al., 2018). In addition, known drug target and housekeeping genes
were also included in the bait library compiling data from NIAB-EMR, NCBI BLAST
searches and various publications (loos et al., 2006; Schena et al., 2007; Blair et al.,
2008; Peters and Woodhall, 2014) and was purposefully inclusive. The resulting list of
gene sequences was sent to Arbor Biosciences for bait design and library production:
more than 185,732 sequences, covering a gene space of approximately 5 million
nucleotides per isolate were provided for bait design, which produced 50,234 baits.

Table 3. 4. Total numbers and types of genes incorporated into the input for bait library design.
The biotinylated RNA bait library was designed with nucleotide sequences for P. rubi and P. fragariae
RXLR, CRN and apoplastic effectors, predicted from the genomes of eleven different P. fragariae
isolates (A4, BC-1, BC-16, BC-23, NOV-5, NOV-9, NOV-27, NOV-71, NOV-77 and ONT3) and three P.
rubi isolates (SCRP249, SCRP324 and SCRP333) (Adams, 2019)

Bait type P. fragariae P. rubi Total
Apoplastic effectors 119948 32026 151974
RXLR effectors 25389 6752 32141
CRN effectors 1181 404 1585
Known drug target and

housekeeping genes 9 9 18
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Table 3. 5. Housekeeping, drug target and pathogenic genes incorporated into the input for
bait library design. Genes sequences were obtained from the following papers and partners, either
directly for P. rubi and P. fragariae or via BLAST searches from other Phytophthora spp. (such as P.
sojae): ! NIAB-EMR files, 2 Blair et al., 2008, 3 Schena et al., 2007, 4 loos et al., 2006, ° Peters and
Woodhall, AHDB SF130, 2014

Genes names Genes

RPABC27 /Rpb5 large subunit of RNA polymerase | RPABC27 1

RPABC23/Rpb6 large subunit of RNA polymerase | RPABC23 !

CesA2 cellulose synthase A2 !

Bgx1 betaglucosidase *

Mft major facilitator transporter *

tigA glyceraldehyde-3-phosphate dehydrogenase (G3PDH) 2

60S_L10 60S ribosomal protein L10 2

28S.1 28S ribosomal DNA 2

Btub betatubulin 2

Ef 1U elongation factor 1 alpha 2

Enl enolase ?

Hsp90 heat shock protein 90 2

Yptl ras-like yptl 34

Coxl Mitochondrial cytochrome oxidase | ®

AsflA antisilencing factor 4

Gpal G-protein alpha 14

Trpi indole-3-glycerol-phosphate synthase N-5'-phosphoribosyl
anthranilate isomerase 4

Nadh9 NADH dehydrogenase subunit 9 *

RXLR

CRN Effectors !

Apoplastic

3.2.3. Enrichment: PenSeq Library preparation, hybridization and sequencing

For each PenSeq run, 500 ng gDNA was used per isolate. Library preparation,
consisting of DNA fragmentation, indexing with adaptor-ligation and fragment size
selection was performed following the

(NEB, Ipswich) protocol. AMPure XP purification beads (Beckman Coulter) were used
multiple times during the protocol at a 1:0.8 ratio of beads-to-sample to eliminate
fragments smaller than ~ 300 bp. After library preparation, each DNA sample was
guantified using a Qubit Fluorometer (Thermo Fisher Scientific). Equimolar amounts
of DNA from the 12 indexed libraries were combined to achieve 750 ng of total
material. Hybridization and target enrichment were carried out with the Total

SureSelectXT Target Enrichment System protocol from Agilent Technologies using
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the myBaits buffer from Arbor Biosciences. Post-capture amplification was performed
with Herculase 1l polymerase (Agilent Technologies). Enriched samples were
sequenced using lllumina MiSeq at The James Hutton Institute using the v.2 reagent
kit and 2 x 250 bp conditions.

3.2.4. Computational analyses
3.2.4.1. Preparation of reads prior to analysis

Raw reads resulting from PenSeq were filtered using FastP (Chen et al., 2018) to a

minimum length of 100 bp with a minimum quality score of 20 (> 99% certainty) using
settings anticipating 30 anchored adapters a
quality score. Filtering resulted in a total of 29,421,901 filtered reads, corresponding

to an average of 1,225,913 reads per isolate; and the average read length was 225

bp.

3.2.4.2. Mapping and cross-species mapping of reads to reference genomes

The filtered reads were mapped to reference genomes (FASTA files) sequenced by
NIAB-EMR: P. fragariae BC-16 (GCA _009729455.1) and P. rubi SCRP333
(GCA _009733145.1) (Table 3.1) using Bowtie2 (Langmead and Salzberg, 2012)
v.2.2.1 at 0 %, 3 % and 5 % mismatch mapping rates (here referred to as 0 %, 3 %
and 5 % fofieach dsplate. Same species mapping mapped reads from one
species to the corresponding species reference genome (P. rubi reads mapped to
SCRP333 and P. fragariae reads mapped to BC-16); while cross-species mapping
used reads from one species mapped to the other species reference genome (P. rubi
reads mapped to BC-16 and P. fragariae reads mapped to SCRP333). The resulting

bam alignments were sorted and indexed using samtools v1.3.1 (Li et al., 2009).

3.2.4.3. Preparation of reference genomes for coverage analysis: intersecting baits

with reference genes

The 50,234 bait sequences containing baits for both P. rubi and P. fragariae were
mapped to the reference genomes (FASTA files) using Bowtie2 and samtools at 0 %
mismatch mapping rate (mm), similarly to 3.2.4.2. This provided a list of genes (and
genes ID) for which at least one bait mapped to. The newly created bed files were
used for coverage analyses (see 3.2.4.5).
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3.2.4.4. Function identification for gene of interest

Proteins obtained from NIAB-EMR had been previously annotated as RXLR, CRN or
apoplastic effectors (Adams, 2019). However, we checked RXLR predictions by
running all effector proteins used for baits through the Galaxy platform (Cock et al.,
2013) using both the strict Whisson et al. (2007) and the more relaxed Win et al. (2007)
RXLR prediction models.

3.2.4.5. Coverage analysis for genes of interest

Mapping of baits to the reference genomes resulted in bed files compiling a list of
genes that were targeted for enrichment where at least one bait mapped to. Using
these conditions, 14,958 genes for P. fragariae BC-16 and 14,295 genes for P. rubi
SCRP333 were targeted. These bed files of enriched genes were used as references
for coverage analyses. Coverage of the enriched genes (bed files), was calculated at
each mismatch mapping rate (0 %, 3 % and 5 %) for each isolate using Bedtools
coverage v. 2.25.0 (Quinlan and Hall, 2010). Coverage graphs were plotted with R
Studio v1.1.383. Overall coverage graphs were plotted to give the number of genes
and the proportion covered for all genes and per isolate. Coverage graphs for
particular genes of interest were plotted to give the read depth (log10 transformed)
and the corresponding position (bp) for each gene. Such representations enable quick
and easy identification of potential SNPs and gaps compared to the reference
sequence for several isolates of one species. Coverage tables were created with the
coverage info for each enriched gene, each isolate and at each mismatch mapping
rate; and given a colour code based on the proportion covered (Table 3.6).

Table 3. 6. Colour code used for coverage tables

% coverage colour code
0

0-10
"10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100
"100
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3.2.4.6. Heterozygous Single Nucleotide Polymorphism (SNP) analysis

While coverage graphs for specific genes can indicate heterozygous version of SNPs
with a lower number of reads at 0 % mm compared to 3 % mm, heterozygous SNP
calling was performed to assess true heterozygous SNPs (~ 50 % occurrence) over
all genes screened. Overall heterozygous SNP calling (here referred to as HeSNP)
was performed using the filtered reads and VarScan.v2.3.7 with a frequency of SNP

between 40 % and 60 % for a minimum of 30 reads.
3.2.4.7. Inter- and intra-species diversity: presence / absence analyses

Potential SNPs and sequence diversity for specific genes of interest were identified
using the 0 % mismatch mapping rate coverage tables and graphs, where a coverage
under 100 % would indicate possible SNPs compared to the reference genome used
for mapping. For those polymorphic genes, sequences were retrieved with samtools
from the 3 % mismatch mapping rate files and translated into amino acid from the start
codon with Geneious v2020.2.1 translation tool, to investigate whether SNPs resulted
in changes in the amino acid sequences. Nucleotide and protein alignments were

made using Clustal alignment in Geneious v2020.2.1.

Absence of genes was identified by screening for genes showing 0 % coverage at the
highest mismatch mapping rate (5 %). Genes identified as absent in specific isolates
were discarded (not considered truly absent) if heterozygous versions were found

using heterozygous SNP calling.
3.2.4.8. General effector diversity: k-mer analysis

K-mer analysis was performed by Dr Paolo Ribeca. PenSeq reads were filtered by
mapping them against the different gene sets obtained for the baits library: apoplastic
genes, CRN and RXLR. Reads were used for k-mer generation using 25 nucleotide
length and mapped to the gene sets with the GEM mapper (Marco-Sola et al., 2012)
with a 8 % mismatch mapping rate and fast mapping mode selected. Paired-end reads
were kept when at least three portions of 25 nucleotides from the pair mapped to the
gene set. The resulting read files were then processed to deduce k-mer counts and
de-duplicate palindromic k-mers (where complementary sequences read the same in
both directions). K=12 was selected after studying cluster convergence as a function
of k. K-mer counts were normalised and subjected to Correspondence Analysis
(Greenacre, 2016).
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3.2.5. Validation of observations made through PenSeq

Presence / absence of genes of interest in specific isolates was verified through
conventional PCR, while specific nucleotide sequences and SNPs observed from

PenSeq data were confirmed through sequencing.

3.2.5.1. Conventional PCR for PenSeq validation

For general PCR amplification, a Taq polymerase (obtained from Dr Hazel McLellan,
JHI) was used with 10x PCR buffer (100nM MgClz, 1M KCI, 1M Tris-HCI and 0.1%
gelatin) and 2.5mM dNTP mix (New England Biolabs). Primers for genes of interest
were designed with Primer3 and secondary structures were checked using NetPrimer.
Primers were ordered from Eurofins Genomics (Germany). For genes showing
polymorphism, conserved regions were identified using the nucleotide sequences
alignment in Geneious. Primers were first tested in silico with the Geneious primer

testing function on the gene of interest and on reference genomes (Table 3.7).

Table 3. 7. Primers designed for a subset of P. fragariae and P. rubi genes of interest

Species Gene Primers Primers sequences 5'-3' - Selection criteria
of names S
Interest ey
g
<
g19167 Pr_g191 | TAACCACACCGCATACCAC 141 | P. fragariae RXLR
(PF0O03_ 67 491 | C effectors expressed in
— g21231) F planta at all time points
E Pr_g191 | AGAAGGACGGAAAAGGGCT screened (24, 48, 72
a 67 631 |G and 96 hpi) for
R infection assays using
isolates BC-1, BC-16
and NOV-9
3 BC- PrPf_F6 | ATGATCTGGCTGCACAGTC 186 | P. rubi RXLR effectors
©5 16_contig_ | 23 _1F C showing interesting
o5 = | 9LF623 o e T CAAGGGCTGGCAGAAATC inter / intra-species
>0 (PF003_g2 23 186 | G diversity patterns
= 6871) R
SCRP333_ | Pr_4275 | CCTTGGCTACGCTCCTATCA | 188
2 contig_427 | F7_F
3 S_F7 Pr_4275 | TCGCTCTTCATCGATGCTAT
o (PRO03_g2 F7 R T
8352) -
SCRP333_ | Pr_g286 | CATGCACAGCGACCAAGAC 111 | Apoplastic effectors
2 028651 51 F retrieved for P. rubi
2
. (PRO03_g3 "5, 5586 | GTTTCTCCTCCGCCTGTTC
0919) 51 R
s S o BC Pf_F246 | ATGAGCTCTGCTGCTTCCG 165 | P. fragariae RXLR and
s Sa 16 _contig_ | 8_1F apoplastic effectors
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Species | Gene Primers Primers sequences 5'-3' - Selection criteria
of names 8 ~
Interest i)
E N—r
<
38_F2468 Pf_F246 | CTATGGGTGCTTGGTGTAT showing interesting
(PFO03_g2 | 8 165R | GAAC inter / intra-species
2679) diversity patterns
o BC- Pf_g211 | GGAATCCGTGACGATCAAG 210
8 16_g2112 2 F A
C @
&5 | (PRO03_02 "B 211 | CGTAGCAACTTCTCCATAAC
£ |3%9 2 R cT

Conventional PCR assays were usually carried in 25 pL reaction with 5 pL of 10x
buffer, 4 pL of 2.5mM dNTPs, 2 pL of each primer at 10uM, 0.8 pL of Taq polymerase
and 10.2 pL of purified DNase-free water. For sequencing, PCR assays used 50 uL
reactions. The PCR programme consisted of 4 mins at 92 °C, followed by 35 cycles of
30 seconds at 92 °C, 30 seconds at 56 °C, 15 seconds at 72 °C; and a final extension
of 10 mins at 10 °C. Agarose gel electrophoreses (2 % agarose) were used to visualise
PCR amplicons and run at 80 V for 50 mins. The oomycete Coxl gene was used as a
positive DNA control and sterile distilled water (SDW) was used as negative control
for the PCR.

3.2.5.2. Sequencing of PCR products for nucleotide sequence and SNP confirmation

Following successful PCR amplification, 50 pL of PCR reactions were purified using
the QIAGEN Mini-Elute™ PCR Purification kit. A gel extraction was carried out when

gel electrophoresi s showed multiple bands, us i

clean up (Macherey-Nage |l E) . Purified and extracted

NanoDrop (NanoDrop 1000 Thermo Fisher Scientific, UK) and dilutions were made to
adjust concentrations to 3 ng / pL of DNA in nuclease-free water, before being Sanger
sequenced (The James Hutton Institute). For Coxl sequencing, protocol was carried
out as described in Chapter 2 (2.2.1.1).

3.3. Results

An inclusive list of predicted RXLR, CRN and apoplastic effectors, candidate drug
targets and housekeeping genes was generated from P. fragariae and P. rubi genome
information provided by NIAB-EMR ahead of publication (Adams et al., 2019). The
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customised RNA bait library was designed and produced by Arbor Biosciences. Target
enrichment of selected genes was conducted in two runs of 12 individually darcodedd
gDNA samples from 20 P. rubi and 4 P. fragariae isolates (Table 3.3) under the
supervision of Dr Miles Armstrong. Post-enrichment sequencing was performed in
house. Raw reads were filtered and mapped at three different mismatch rates (0, 3
and 5%) to P. rubi SCRP333 and P. fragariae BC-16 reference isolates. Coverage of

~ 15,000 baited genes for each species was assessed.
3.3.1. Mapping and coverage analyses
3.3.1.1. RXLR gene predictions

Predictions of P. rubi RXLR genes (using reference isolate SCRP333) identified 177
genes predicted to encode for RXLRs using the Whisson et al. (2007) model and 380
predicted RXLRs with the Win et al., 2007 model from the 14,295 baited genes.
Similarly, 182 P. fragariae genes were predicted to be RXLRs using Whisson et al.
(2007) model and 547 with the Win et al. (2007) model from the 14,958 baited genes
(using the reference isolate BC-16). However, since target enrichment allows for
sequence variation, with an 80 % sequence similarity to RNA baits, a higher number
of genes were retrieved and mapped to reference genomes, allowing the identification
of additional RXLR variants, not previously annotated.

3.3.1.2. Same-species mapping and coverage for intra-species analyses

Examination of the average mapping proportions to the same-species reference
genome is an essential first step in our data analysis pipeline and a tool to estimate
the overall diversity within the target sequences versus the reference genomes. In
general, less polymorphism leads to more reads mapped to the reference. Here,
filtered reads from each isolate were mapped to reference genomes P. fragariae BC-
16 and P. rubi SCRP333 using Bowtie2 at 0 %, 3 % and 5 % mismatch mapping rates.
The resulting alignments were sorted and indexed.

For P. rubi, the average 6éon targetd mappin
genome (SCRP333) when no polymorphism was allowed (0 % mm) was 59.5 % (Table
3.8 and Appendix B, Table B.1).
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Table 3. 8. Average mapping of reads at several Bowtie mismatch mapping rates. Averages are
displayed for P. rubi and P. fragariae mapped to same-species reference genomes at 0 %, 3 % and 5

% mismatch mapping rates.

Species Reference mapped Average mapping percentages
t - - -
© Bowtie mismatch mapping rate
0%mm 3%mm 5%mm
P. rubi SCRP333 59.5 90.0 92.2
P. fragariae BC-16 74.4 91.7 92.5

The average mapping for the P. fragariae isolates at 0 % mm was 74.4 % (Table 3.8).
This higher percentage is due to lower diversity within target sequences from four P.
fragariae isolates (although of three different races) being compared to the diversity
within target sequences from 20 P. rubi isolates (from a range of geographical
backgrounds). The influence of isolate sample number on strict average mapping

proportions was also seen in Thilliez et al., (2019).

The less stringent 3 % mismatch mapping rate allows inclusion of genes with up to 3
SNPs per 100 bp compared to the reference sequence. P. fragariae isolates mapped
on average at 91.7 % and P. rubi at 90 % under these conditions, which indicates
highly efficient targeted sequencing. This revealed that at 3 % mismatch rate the bias
caused by isolate sample number was lost. Decreasing the read mapping stringency
again, to 5 % mm, made little difference to the average mapping of reads to the
references, with 92.2 % for P. rubi and 92.5 % for P. fragariae (Table 3.8). We
conclude that the number of isolates examined within a single species is likely to bias
the average mismatch rate at 0 % mm for smaller sample sets but that at 3 % mismatch

rate or above this difference plateaued out.

The read coverage is determined by the percentage of nucleotides covered by
mapped reads on the total number of nucleotides per gene, for the enriched genes.
This was calculated at each mismatch mapping rate for each isolate and coverage
graphs were plotted with R Studio using the scripts developed by Thilliez et al., (2019)
and with the help of Dr Miles Armstrong. Overall coverage graphs of all selected genes
were plotted per isolate at 0 %, 3 % and 5 % mm, following same-species mapping
(Appendix B, Figures B.1 and B.2 and Table B.2). This gives an indication of the
number of genes and the proportion covered for all genes and per isolate. Most genes

showed a coverage between 97.5 % and 100 % (Appendix B, Figures B.1 and B.2 and
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Table B.2), as exemplified with P. fragariae isolate BC-1 and P. rubi isolate SCRP1208
(Figures 3.1 and 3.2).

BC1 coverage SCRP1208 coverage
10000 - I 7
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=
=1
=3
=3

5000~

number of genes
umber of genes

€ 2000-
2500 -

0 25

56 ?IE 160 6 2‘5 EID ?‘5 10‘0
proportion of genes covered proportion of genes covered
Figure 3. 1. Example of overall coverage graphs from 0 % mismatch mapping. Coverage graphs
for P. fragariae isolate BC-1 (left) P. rubi isolate SCRP1208 (right) from mapping at 0 % mismatch
mapping rate. Number of genes covered are represented on the y-axis and proportion of gene

covered (in percentage) is represented on the x-axis. Coverage graphs were plotted with R Studio
BC1 coverage SCRP1208 coverage
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Figure 3. 2. Example of overall coverage graphs from 3 % mismatch mapping. Coverage graphs
for P. fragariae isolate BC-1 (left) P. rubi isolate SCRP1208 (right) from mapping at 3 % mismatch
mapping rate. Number of genes covered are represented on the y-axis and proportion of gene covered

(in percentage) is represented on the x-axis. Coverage graphs were plotted with R Studio v1.1.383.

For P. fragariae, an average of 160 genes per isolate were not covered (0 % coverage
at 5 % mm), including an average of 129 apoplastic genes and 7 RXLR (Win et al.,
2007), and thus 14,798 genes were on average partially or fully covered. For P. rubi,
an average of 108 genes per isolate were not represented (0 % coverage at 5 % mm),
including 85 apoplastic and 2 RXLR (Win et al., 2007) effectors, with on average
14,187 genes represented with partial or full coverage. This lack of representation of
genes at a high mismatch mapping rate suggests that PenSeq reveals presence /
absence variation in these isolates; while the partial coverage is indicative of sequence

polymorphisms.
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Coverage graphs for particular genes of interest were plotted to give the read depth
(log10 transformed) and the position (bp). This allowed the read coverage to be
examined to determine the presence and position in the target sequence of potential
SNPs, gaps and regions of low coverage, compared to reference genome sequences.
These graphs are presented for all isolates and per gene of interest (see 3.3.2).
Coverage tables grouping the gene proportion covered per gene, per isolate and at

each mismatch mapping rate were generated.
3.3.1.3. Cross-species mapping and coverage for inter-species analyses

The cross-species analysis in this study used reads from the 20 P. rubi isolates
mapped to the P. fragariae reference genome, and vice versa (see 3.2.4.2), informing
us on the inter-species diversity. If the two species share similar genes, the
corresponding reads should map to the other species reference genome, with or
without SNPs, determined by using different mismatch mapping rates. On the other
hand, if at the highest mismatch mapping rate, no reads are mapped for any of the
isolate of one species to the reference genome of the other, it could indicate species-
specific genes. As before, percentage of reads mapped at 0 %, 3 % and 5 % mm were
calculated (Table 3.9 and Appendix B, Table B.3).

Table 3. 9. Average mapping of reads at several Bowtie mismatch mapping rates. Averages are

displayed for P. rubi and P. fragariae mapped to the other species reference genomes at 0 %, 3 % and
5 % mismatch mapping rates.

Average mapping percentages

Species Reference mapped to Bowtie mismatch mapping rate
0% 3% 5%
5 rubi BC-16 15.5 70.6 78.1
. fragariae SCRP333 16.1 70.5 78.7

When all P. rubi PenSeq reads were mapped to the P. fragariae reference genome,
15.5 % was successfully mapped at 0 % mismatch and the ratio went up to 70.6 %
and 78.1 % when using 3 % and 5 % mm respectively. Percentages were similar when
P. fragariae reads were mapped to P. rubi (Table 3.9). Those percentages are
consistently much lower than those from the same species mapping, with 59.5 % of
reads mapped for P. rubi and 74.4 % for P. fragariae at 0 % mismatch rate, thus

emphasizing the distinction between the two species.
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Coverage for each of the 24 isolates at each mismatch mapping rate was calculated
and plotted as described in 3.2.4.5 (Figures 3.3 and 3.4 and Appendix B, Figures B.3
and B.4 and Table B.4).

BC1 coverage SCRP1208 coverage
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Figure 3. 3. Example of overall coverage graphs from 0 % mismatch cross-mapping. Coverage
graphs for P. fragariae isolate BC-1 (left) P. rubi isolate SCRP1208 (right) from cross-mapping at 0 %
mismatch mapping rate. Number of genes covered are represented on the y-axis and proportion of
gene covered (in percentage) is represented on the x-axis. Coverage graphs were plotted with R
Studio v1.1.383.
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Figure 3. 4. Example of overall coverage graphs from 3 % mismatch cross-mapping. Coverage
graphs for P. fragariae isolate BC-1 (left) P. rubi isolate SCRP1208 (right) from cross-mapping at 3 %
mismatch mapping rate. Number of genes covered are represented on the y-axis and proportion of
gene covered (in percentage) is represented on the x-axis. Coverage graphs were plotted with R Studio
v1.1.383.

For P. fragariae reads mapped to P. rubi, an average of 602 genes per isolate were
not covered at 5 % mismatch mapping rate, including a number of predicted genes:
417 apoplastic genes, 6 CRNs and 25 RXLRs; while the rest of the genes (on average
13,693 P. rubi genes) were at least partially covered. For P. rubi mapped to P.
fragariae, an average of 594 genes per isolate were not represented at 5 % mm, which
included 375 predicted apoplastic, 7 predicted CRN and 47 predicted RXLR genes;

with 14,364 genes represented with partial or full coverage.
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3.3.2. Non-effector genes: housekeeping and drug target genes

Non-effector genes such as housekeeping or drug target were assessed in all isolates.
Diversity between species (inter-species) and between isolates (intra-species) in the
nucleotide and protein sequences were evaluated. We hypothesize that although
SNPs might be found between isolates in non-effector genes, the inter-species
diversity will be higher, identifying candidate genes presenting highly polymorphic

regions for future diagnostic tools.

3.3.2.1. PenSeq labelled Coxl species-specific SNPs were confirmed with PCR and

sequencing

Coxl gene is commonly utilised to distinguish oomycetes at the species level, including
P. rubi and P. fragariae. The ability of PenSeq to successfully identify Coxl SNPs

between isolates was examined.

Coxl sequences were extracted from PenSeq reads, mapped to reference genomes
for each species at 3 % mm, and aligned. A total of 22 species-specific SNPs were
identified within those PenSeq sequences (Table 3.10). To confirm the PenSeq SNPs,
the Coxl gene was amplified through PCR and sequenced on a subset of eight
isolates: NOV-9, SCRP245, SCRP1202, SCRP1208, SCRP1213 SCRP324,
SCRP333 and SCRP339, for which SNPs would be present. The cleaned nucleotide
consensus sequences obtained were aligned with the PenSeq sequences. The
overlapping region, representing a part of the Coxl gene, presented six species-
specific SNPs, in that they are similar in all isolates of one species but different to the
other (Figure 3.5). Those six species-specific SNPs were present and identical
between PenSeg-obtained sequences and sequencing-obtained sequences (Figure

3.5), emphasizing the reliability of the PenSeq method to identify real SNPs.
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Figure 3. 5. Validation of PenSeq SNPs for Coxl gene. a. Nucleotide alignment of CoxI gene for the
24 PenSeq isolates on the Coxl region that overlaps with amplicon from primers used for sequencing
(OomCoxI-Levup and OomCoxI-Levlo from Martin and Tooley (2003), see Chapter 2). Sequences were
extracted from PenSeq data. There are six highlighted species-specific SNPs in that region (black
de

s e % e opfar the Qoxl gehe fora bubset of eight isolates of P. rubi and P.

rectangles). b.Compar i son of nucl eoti sequences-PemtSzigmnég d

and Sanger

fragariae. The six species-specific SNPs are found and confirmed in both PenSeq obtained nucleotide

sequences and sequencing-obtained sequences, as pointed by the arrows.

3.3.2.2. Inter-species diversity analysis of housekeeping and drug target genes

Even though the Coxl gene is currently used to distinguish the two species, more
housekeeping / drug target genes (Table 3.5) were investigated for high level of
variation between P. rubi and P. fragariae. Polymorphism displayed in housekeeping
/ drug target genes at the species level, was assessed. Gene coverage of selected
housekeeping and drug target genes between species was examined. Coverage
graphs were plotted per gene for each isolate at 0 % mismatch mapping rates (Figure
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3.6). Genes showing absence of reads mapped to the other species genome,
di splayed in absence of c¢ove-mappgimgamlysesiR.r oughs
rubi to P. fragariae and vice versa) were selected as highly diversified between the

two sister species. Nucleotide sequences for the 24 isolates were aligned.
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Figure 3. 6. Coverage for housekeeping / drug target genes at 0 % mm from cross-species
mapping. Coverage graph at 0 % mm for housekeeping and drug target genes (bold) described in
Table 3.5 for P. fragariae isolates (left) mapped to P. rubi genome and P. rubi isolates (right) mapped

to P. fragariae genome at 0 % mismatch mapping rate.

Seven housekeeping genes were thus selected for high polymorphism: tigA
(glyceraldehyde-3-phosphate dehydrogenase), Coxl, Bgx1 (betaglucosidase), Hsp90
(heat shock protein 90), Gpal (G-protein alpha), Mft (major facilitator transporter),
60S_L10 (60S ribosomal protein L10) and Asfl1A (anti-silencing factor) (Table 3.10).

Table 3. 10. (Overleaf) Inter-species polymorphism for housekeeping / drug target genes. Single

Nucleotide Polymorphism and Amino Acid changes between P. fragariae and P. rubi.
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Nucleotide
Position P.

Gene name

g

P. fragaria€q

12
43
79
90
96
99
159
162
168
174
213
265
286
360

Cytochrome oxidase CExI)

462
516

651
681

798

39
115
494
554

G-protein alpha 1Gpal)

124
201
370

925
1485
1503
1513
1518
1557
1563
1566
1569
1570
1571
1572
1575
1578
1581
1584

Glyceraldehyde-3-phosphate dehydrogenasgX)

144
294
417
570
642
708
732
837
936
Heat shock protein 90H{sp90) 1014
1017
1104
1221
1301
1328
1398
1452
1458
1509

88
104
161
Major facilitator transporter Kft ) 179
188
197
231

216
230
60S ribosomal protein L10 (60S_L10) 333
336
582
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115
116
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564
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765
777
792
795
798
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This revealed diversity at the genome level between the two species on non-effector
genes, with non-synonymous polymorphisms detected. A total of 66 SNPs were
detected in those five genes, of which 15 led to non-synonymous amino acid change.
Coxl, tigA and Hsp90 showed the highest number of species-specific SNPs: 22, 20
and 19 respectively. Housekeeping genes showing several consecutive SNPs could
be candidate for species distinction diagnosis tools such as field PCR, using
appropriately designed primers. For instance, the tigA gene shows a total of 11 SNPs
between position 1,557 and 1,584 of the gene (i.e. over 28 bp), while Coxl displays
four SNPs between nucleotide 159 and 174 (16 bp).

3.3.2.3. Intra-species diversity analysis of housekeeping and drug target genes

Gene coverage of selected housekeeping and drug target genes (Table 3.5) between

isolates of the same species was examined. Coverage graphs were plotted per gene

for each isolate at 0 % (Figure 3.7). Genes from both sets, housekeepers and drug

targets, s howed t yrqughsoa,l WhNeR ei cover ageYptdfas-0 % mm
like GTP-binding protein YPT1), tigA (glyceraldehyde-3-phosphate dehydrogenase),

TRP1 (indole-3-glycerol-phosphate synthase N-5-phosphoribosyl anthranilate

isomerase), CesA2 (cellulose synthase A2), nad9 (NADH dehydrogenase subunit 9)

and Hsp90 (heat shock protein 90) for P. fragariae; and Bgx1l (beta-glucosidase),

Hsp90, tigA, CesA2, E F 1 (8longation factor 1 alpha), Coxl (cytochrome oxidase 1),

Gpal (G protein alpha 1) and nad9 for P. rubi (Table 3.5).

Naturally, mitochondrial genes such as the Nad9 and Coxl, yielded increased read
depth (higher numbers of baited and mapped reads, with a log10 (read depth+1) > 2)
as they are highly represented compared to nuclear encoded genes (Avila-Adame et
al., 2006; Martin et al., 2007; Cai and Scofield, 2020). Sequences from all isolates of
P. rubi or P. fragariae were extracted, translated and aligned to examine changes.
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Figure 3. 7. Coverage for housekeeping / drug target genes at 0 % mm. Coverage graph at 0 %
mm for housekeeping and drug target genes (bold) described in Table 3.5 for P. fragariae isolates
(left) and P. rubi isolates (right), when mapped against same-species genomes at 0 % mismatch

mapping rate.

SNPs were confirmed for two P. fragariae genes, Yptl and CesA2, and for seven P.
rubi genes: Bgx1, Hsp90, CesA2, E F 1, Ooxl, Gpal and Nad9 (Table 3.11). Coverage
lower than 100 % for genes where the presence of SNPs was not confirmed was due
to short gaps in the mapped sequences of those genes or to a lower representation
(less reads mapped) of this particular portion of gene. These analyses show that
around half of the identified SNPs revealed a non-synonymous change thus inducing
a change at the protein level. For any of the species, the number of SNPs per gene
stayed low (with a maximum of five SNPs in one gene, for P. rubi Nad9). On a total of
18 non-effector genes, seven showed intra-species polymorphism for P. rubi, with 22
SNPs in total, including 12 leading to non-synonymous amino acid change; while two
genes for P. fragariae displayed a total of four SNPs, all of which led to a non-

synonymous change.
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Table 3. 11. Intra-species polymorphism for housekeeping / drug target genes Single Nucleotide Polymorphism and Amino Acid changes for a. P. fragariae

and b. P. rubi housekeeping / drug target genes. Nucleotides in yellow are identical to the reference while nucleotides in blue are different from the reference

sequence. Two nucleotides (e.g. G/C) indicate heterozygous SNPs, with around 50 % of the reads with each selection. Cons.: Consequence is either S for

synonymous (same amino acid, in green) or NSfornon-s ynonymous (amino acid change, i ncleotidesseqgedce.. @ ? 0
a.P. fragariae
. . . . . . P. fragariae
Gene name Nucleotide position on Geneious alignmgAmino acig Cons. Ref. Alt.
P 9 BC-1 | BC-16 | NOV-9 | SCRP24
. 241 181V NS A G A A A G
ras-like yptl Yptl)
425 G142E NS G A G G G A
1175 T392I NS C T C C C T
Cellulose synthase AZ€ésA
y €sA3 2172 E724D | NS G C G G G ©
b.P. rubi
P. rubi
Gene name Nucleotide position on Geneious alignmentAmino acj Cons|Ref| Alt. |SCRP1208CRP1208CRP12§8CRP1218CRP12]SCRP24SCRP24GCRP248CRP2§SCRP2BCRP24SCRP29SCRP24BCRP248CRP246CRP3ISCRP3AECRP3ISCRP3IBCRP3;
Celllose synthase AZsA) 479 VIBA| NS T[C| T T T T T T Cc T T T T T T T T T T T T T
4 1383 valv| S |A[ G| A A A A A A G A A A A A G A A G G Al G| A
BetaglucosidaseBgx1) 1249 L417L S| T| C T T T T T © © T T T © CIT © T T © © T T T
3 FuF | sfclAa| ¢ c C C c c Cc c c C C c c c C C c A c C
! 34 SiP|Ns|T|C| T T T T T T T T T T T T T T T T T C T T
Heatshock protein SEH5p%) 67 v Ns|AlG] A L 6] 2 | A A Al A ALl Al ATA]ATA]ATA]A]TA]A]A]R
107 E36X | S |A|NG| AG | A 2 A A A A A A A A A A A A A A A A A
142 vagl [ NS| G| A| AG G | NG | AG | AG | AG | AG | AG | AIG | G A A G A G G | AG | AG | AG | A
Elongation factor 1 alpha@(¥ " 560 p1g7L | NS C| T C C C C C C T C C C CIT C T C C T CIT C C C
561 cle| 6c | 6c | 6ic | Glc c C clac|] clec|ec|eec| ¢c| 6 [cec| c|oc|oalc|aic| alc
28 RIR| S|C|A|] C A A c c Cc [ A A c Cc c A A c [ [ c A c
Cytochrome oxidase Cox)) 264 S88S| S |G| A G A A G G G G A A G G G G A G G G G A G
3 a0 | s|Tlc]| T C C T T T T c T T T T T C T T T T T T
404 PIsL|NS|c|T]| ¢ T T c c c C T T C c [ T T c Cc c c T C
819 M| Ns[A[ G| A G G A A A A G A A A A Al G| A A A A A A
NAD9 NADH dehydrogenase subuni@qg) 985 Q2Q| s|clT1] c C C c C C C c T C C C c c C C c c T C
1049 F3S0C| NS|T|G| T T T T T T T T T T T T G T T T T T T T
1085 BT [Ns[T[Cc] T Cc C T T T T Cc c T T T c c T T T T c T
724 RawW| Ns[c|T]| ¢ C C C c C C c c C C C c T C C C c c C
) 925 Tl6] T T T T T T T G T T T T T ? 2 T 2 T T T
G-protein apha 1pal) 95 WO T 7 v [t [T [T T Al T T Tl 7712 2172 [T 17
976 C6G| NS|T[G| T T T T T T T G T T T T T 2 2 T T T T T
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Interestingly, isolate SCRP245, the oldest and only UK P. fragariae isolate examined
here, with unknown race designation, displayed the most SNPs for housekeeping and
drug target genes when compared to the three Canadian P. fragariae, representatives
of three different races. Many factors could influence the diversity found in SCRP245,
such as country and year of isolation, host range and latent period / speed of infection,
as well as environmental factors like climate or chemical pressures. Chapter 2 did not,
however, find that SCRP245 behaved consistently different than all three other

isolates for the temperatures and chemicals tested.

P. rubi isolates SCRP293 (collected in 1991, The Netherlands) and SCRP296 (1993,
Scotland) shared the most SNPs for polymorphic housekeeping genes compared to
reference SCRP333 (Scottish, 1985). This could suggest that this Scottish isolate may

be connected to The Netherlands isolate.

We suppose that the analysis of effectors will offer a higher determination of the
diversity of isolates than traditional housekeeping genes.

3.3.3. Intra-species studies of effector genes showed diversity amongst species

In order to find higher levels of variation with which to properly examine isolate
phylogeny and diversity, more rapidly evolving gene families, such as effectors, were
examined. Effectors are constantly under diversifying selection due to their virulence
function inside host plants and the risk of recognition. Those with the most essential
virulence function may be highly conserved amongst isolates as they are required to
overcome the host defense responses and generate the next generation of oospores.
On the contrary, if some host plants carry NB-LRR resistances that recognise
effectors, it will lead to selection of pathogen strains that will have mutated, lost, down-
regulated or suppressed recognised effectors to stay virulent. This leads to

diversification of effectors sequences in isolates over time.

Consequently, to assess the diversity, if any, between isolates of the same species,
presence / absence of specific effector genes was examined to identify most diverse,
most conserved, and most polymorphic effector genes for each species. In addition, it
was hypothesised that the PenSeq analyses of the effector gene families may highlight

possible geographical, chronological or race patterns.
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3.3.3.1. Diversity of effectors in P. fragariae

In this PenSeq study, coverage analysis identified 6,417 genes shared identically
between all four P. fragariae isolates, showing 100 % coverage at 0 % mm, which
corresponds to 43 % of the total genes screened. Of those, 50 genes were also found
to possess heterozygous SNPs which were revealed at 3 % mm. Amongst those
identical P. fragariae genes, 4,413 were predicted as apoplastic effectors (Adams,
2019), 77 as CRNs, (Adams, 2019), 344 predicted RXLRs using the relaxed Win et al.
(2007) algorithm and an additional 128 predicted by the stringent Whisson et al. (2007)
HMM model. This means that 64 % of the P. fragariae RXLR genes (including both
Win et al., 2007 and Whisson et al., 2007 models) are completely identical between
the four P. fragariae isolates, separated geographically and historically by 62 years in
the field (English SCRP245, 1945 and Canadian BC-1, BC-16, NOV-9, 2007).
Additionally, 70 % of the RXLR genes (Win et al., 2007 and Whisson et al., 2007
models) were identical between SCRP245 and the reference isolate BC-16. Looking
at coverage at 5 % mm, 83 % of the RXLR genes showed 100 % coverage in all four
P. fragariae, indicating polymorphism in the nucleotide sequences of those genes
present in all strains. Very few genes showed no coverage for the Canadian isolates
while present and divergent for SCRP245.

Coverage analysis of effectors discovered P. fragariae isolate-unique genes (Table
3.12), as well as genes uniquely absent in isolates, while fully covered and identical in
all others. The oldest UK P. fragariae isolate SCRP245 displayed the most diversity,
though only four P. fragariae isolates were compared. In total, 23 genes showed no
coverage at 5 % mm in SCRP245, while the same genes were shared and identical in
the three Canadian P. fragariae isolates. This suggests that the more recent Canadian
isolates have gained effectors or that SCRP245 has very diverse variant genes. Only
one RXLR gene (Win et al., 2007) was identified as one of the genes absent in
SCRP245, and the remaining genes were predicted apoplastic effectors. In
comparison, only three and nine genes respectively for BC-1 and BC-16, were absent

(at 5 % mm) and fully covered in all other isolates.
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Table 3. 12. Number of isolate-unique genes for P. fragariae

Number of genes P. fragariae isolates
BC-1 BC-16 NOV-9 SCRP245

Present only in this isolate (100 % covered in
this isolate at 0 % mm) - absent in all other
isolate (0 % covered at 5 % mm) 3 1 0 0
Present only in this isolate (> 80 % covered in
this isolate at 0 % mm) - absent in all other
isolate (0 % covered at 5 % mm) 4 1 0 0
Present only in this isolate (> 50 % covered in
this isolate at 0 % mm) - absent in all other
isolate (0 % covered at 5 % mm) 4 2 1 1

In order to examine the variation within more confidently predicted RXLR families,
effector gene coverage for baits specifically selected as RXLR effectors (Whisson et
al., 2007; Win et al., 2007) were filtered and shown to vary between isolates and
mismatch mapping rates, highlighting the existence of diverse RXLR genes (Table
3.13 shows ten diversified RXLR as an example to illustrate this variation).

Table 3. 13. Coverage for ten diversified P. fragariae RXLR genes. Coverage data for ten P.

fragariae BC-16 RXLR genes: five predicted with the Win et al. (2007) model and five with the Whisson
et al. (2007) model at 0 %, 3 % and 5 % mismatch mapping rates.

Bowtie mismatch mapping rate 0%mm 3%mm 5%mm
PenSeq gene ID (BC-18YCBI gene ID BC-1 BC-16 NOV-9 SCRP245BC-1  BC-16 NOV-9 SCRP245BC-1  BC-16 NOV-9 SCRP24%gene type

BC-16_g11021 PFO03_g12210 RXLR_Whisson20(
BC-16_contig 58 F206BF003 929093 RXLR_Whisson20(
BC-16_g6060 PFO03_g6757 RXLR_Whisson20(
BC-16_g21047 PFO03 23292 RXLR_Whisson20(
BC-16_g2282 PFO03_g2545 RXLR_Whisson20(

BC-16_contig_30_RC_|PF003_g19268

64.8979¢ 64.89798 44,8979 64.89796 44,89796RXLR_Win2007
BC-16_contig_76_RC_IPF003_g33346 50 RXLR_Win2007
BC-16_contig_12_ RC_|PF003_g9944 4568528 45.68528 45,68528 BRYLR_Win2007

BC-16_contig_49_RC_|PF003_g26165 RLR_Win2007
3RXLR_Win2007

BC-16_contig_4_RC_RPF003_g4054 0

Interestingly, when selecting a more stringent RXLR prediction model (Whisson et al.

2007), compared to the Win et al. (2007) model, the effectors appear less diversified,
with higher coverage (gene type RXLR_Whisson2007 in Table 3.13) but isolate
SCRP245 stands out again as genetically more diverse (Table 3.13).

Taken together, these results suggest that effectors could vary significantly between
the four P. fragariae isolates at the genomic level. Furthermore, this study has
identified some candidates that can be used to demonstrate the intra-species
variation. As expected with over time evolution and a different country of isolation, the

oldest and only UK P. fragariae isolate SCRP245 diverged the most from the reference
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BC-16. These studies have successfully identified intraspecies variation and have
surpassed what has been previously detectable (Adams, 2019; Adams et al., 2020).

3.3.3.2. Diversity of effectors in P. rubi

The diversity of P. rubi effectors was examined across 20 isolates to identify highly
conserved and thus potentially essential effectors as well as effectors under
diversifying selection.

Analyses for P. rubi found 3,024 genes shared identically between all 20 isolates (100
% coverage at 0 % mm) that did not have any heterozygous allele, which corresponds
to 22 % of the total genes examined. Of the 3,024 identical P. rubi genes, 2,294 were
identified as apoplastic effectors, 31 as CRNs (Adams, 2019) and 170 were predicted
RXLR by the Whisson et al. (2007) model and / or the Win et al. (2007) model (31 %).

The coverage analysis of effector families was used to attempt to identify any
discernible geographical, chronological or race-associated patterns to possibly predict
related pathogen introductions. Of the 20 P. rubi isolates, no isolate-unique effector
gene was found through coverage analysis, possibly due to the high number of

isolates screened.

When selecting specifically for RXLR effectors (Whisson et al., 2007; Win et al., 2007),
coverage varied between isolates and mismatch mapping rates, therefore we
highlighted RXLR genes with low coverage that are under diversifying selection (Table
3.14).

Race designation has not been thoroughly carried out on P. rubi isolates since the
1990s and is based on resistance / susceptibility of a single raspberry line. It is
probably not surprising that no race candidate gene could be found through both full

and partial coverage analysis and presence vs absence of genes.
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Table 3. 14. Coverage for ten diversified P. rubi genes. Coverage data for ten P. rubi SCRP333
RXLR genes with potential polymorphism: five predicted with the Win et al. (2007) model and five with
the Whisson et al. (2007) model at 0 %, 3 % and 5 % mismatch mapping rates.

Bowtie mismatch mapping rate
PenSeq gene ID (SCRPZBE)BI gene ID
SCRP333 g15422  PRO03_g16584
SCRP333 024428 PR003_g26341
SCRP333_g24183 PRO03_g26066
SCRP333 026002 PR003_g28078
SCRP333 27840 PR003_g30058
SCRP333_contig_1133_FRR003_g15927
SCRP333_contig_3826_FRR003_g27434
SCRP333_contig_326_FIRR003_g7067
SCRP333_contig_727_R PR003_g12193
SCRP333_contig_1135_|PR003_g15943

0%mm
SCRP249SCRP296SCRP324SCRP333SCRP339SCRP1203CRP1208CRP1218CRP250SCRP260SCRP283SCRP287SCRP288SCRP290SCRP292SCRP293 »SCRP32 3SCRP338SCRP1208CRP121gene type

5368852 0 51.4344
41.85567 45.36082 52.9896
0 72374 RXLR_Whisson20(

56.74916 X
0 0 0 5604396 0 54395
1981818 0 687272 0

BRXLR_Whisson20(
45.9854 62.48175 67.6642!
68.4492 47.05882 45.989 91974 0 0 RxLR_Win2007

RXLR_Whisson20(
RXLR_Win2007
0438642356.13577 0/68.66841 52.7415IGHABOERALR_Win2007

50.54545 0 RXLR_Win2007

0 0)

0)
67.62402

Bowtie mismatch mapping rate 3%mm
PenSeq gene ID (SCRPZBE)BI gene ID

SCRP333 g15422  PRO03 g16584
SCRP333_g24428 PR003_g26341
SCRP333 24183 PR003_g26066
SCRP333 26002 PR003 928078
SCRP333_g27840  PR003_g30058
SCRP333_contig_1133_MR003_g15927
SCRP333_contig_3826_FAR003_q27434
SCRP333_contig_326_FIRR003_g7067

SCRP333_contig_727_R PR003_g12193
SCRP333_contig_1135_IPR003_g15943

Bowtie mismatch mapping rate
PenSeq gene ID (SCRPZBE)BI gene ID
SCRP333 g15422  PRO03 g16584

SCRP249SCRP296SCRP324SCRP333SCRP339SCRP1208CRP1208CRP1213CRP250SCRP260SCRP2835CRP287SCRP288SCRP290SCRP292SCRP293SCRP323SCRP338SCRP1208CRP1218ene type
53.68852 84 2

58.66142

SCRP249SCRP296SCRP324SCRP333SCRP339SCRP1203CRP1208CRP1213CRP250SCRP260SCRP283SCRP287SCRP288SCRP290SCRP292SCRP293SCRP323 SCRPSaHSCRPlZ(BCRPlZ]Qene type
53.68852 2

SCRP333 g24428  PRO03_026341
SCRP333 g24183  PRO03_g26066
SCRP333 g26002  PRO03_g28078

SCRP333 027840 PR003_g30058
SCRP333_contig_1133_FRA003_g15927
SCRP333_contig_3826_FRR003_q27434
SCRP333_contig_326_FIRRO03_g7067
SCRP333_contig_727_R PR003_g12193
SCRP333_contig_1135_IPR003_g15943

.67.62402 50.39164 05744 JRALR_Wi

Most Scottish samples had duplicate isolations from the same sampling trip and could
be used to assess diversity existing within a single sampling site. We found six genes
absent from the 2017 Perthshire isolates (SCRP1207 and SCRP1208) and one gene
absent in the 2018 Kincardineshire isolates (SCRP1212 and SCRP1213), while being
covered in all other P. rubi. This highlights that the current PenSeq analysis is able to
detect gene loss for these recent isolates which is also confounded by the fact that
PenSeq reads are mapped against reference genomes and no de novo assembly has

been conducted.

Moreover, isolates sampled from the same location years apart harboured a few genes
of interest. P. rubi SCRP296 was sampled from the same location (Perthshire,1993)
than SCRP1207 and SCRP1208 (2017). Four RXLR genes were found to be 100 %
covered in SCRP1207 and SCRP1208 while showing 0 % coverage for SCRP296 at
0 % mm: SCRP333_contig_1684 F14 (PR003_g19710, Win et al., 2007 prediction),
SCRP333 _contig_3705 RC_R18 (PR003 g27151, Win et al.,, 2007 prediction),
SCRP333 029970 (PR0O03_g32342, Whisson et al.,, 2007 prediction) and
SCRP333_g9504 (PR003_g10169, Whisson et al., 2007 prediction). Nucleotide and
proteins sequences of those four RXLR genes were investigated for SNPs, INDELS
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and amino acid changes. SCRP333_contig_1684 F14 and SCRP333_g9504 showed

SNPs between the three sequences leading to some amino acid changes in the

resulting predicted protein, while SCRP333_contig_3705_RC_R18 SNPs did not lead

to protein changes (Table 3.1 5) . SCRP333 929970 nucleoti de:
earlier stop codon for SCRP296 and a shorter protein resulting in the absence of an

RXLR motif for P. rubi SCRP296 (Table 3.15).

Table 3. 15. Polymorphism in RXLR genes from Perthshire (farm A) P. rubi isolates. SNPs and
amino acid changes in four RXLR genes (SCRP333 contig 1684 F14/ PR003_g19710,
SCRP333_contig_3705_RC_R18/ PR003_g27151, SCRP333_g29970/ PR003_g32342 and
SCRP333_g9504/ PR003_g10169) from P. rubi isolates sampled from the same location (Perthshire,
farm A) in different years: SCRP296, 1993; SCRP1207 and SCRP1208, 2017. Nucleotides in yellow
are identical to the reference while nucleotides in blue are different from the reference sequence. Two
nucleotides (e.g. G/C) indicate heterozygous SNPs, with around 50 % of the reads with each selection.
Cons.: Consequence is either S for synonymous (same amino acid, in green) or NS for non-

synonymous (amino acid change, in orange).

Gene name Gene type Nuc‘|§0t|de Aml'no Cons. | Ref. Alt. RXLR mf —
position on | acid SCRP1203CRP1206CRP29PSCRP33E RXLR [RXLR positio
18 L6L S G A G G A G
. ' 93 N31K | NS T G T T G T
SCRP333_contig_1684_F1 RxLR (Win et al., 2007 17 RV T NS C T C C T C RSLR|  55-58
195 V65V S G A G G A G
SCRP333_contig_3705_RC_R1BXLR (Win etal., 2007) 156 R52R| S T € T T © T RQLR| 5255
70 K24Q | NS A © A A € A RFLR
) Stop (except
SCRP333_g29970  [RXLR (Whisson et al., 201 o wdonfol NS c T c c T c for 49-52
SCRP29 SCRP29
45 L15L S T ® T T © T
50 ALV | NS © T C © T ©
66 H22Q | NS C A © € A C
73 A G A A G A
74 TG | NS C G © © G C
198 L66F | NS G © G G € G
232 E78K | NS G A G G A G
251 R84H | NS G A G G A G
309 N103K | NS © A C © A ©
313 K105X | S A AIC A A AIC A
317 E106A| NS A © A A € A
SCRP333_ 99504  |RxLR (Whisson et al., 20! 336 NLL2K | NS © G € © G © RFLR|  50-53
343 Gl15R| NS G A G G A G
346 A G A A G A
347 SUeD| NS G A G G A G
417 AI9A| S A AlG A A AlG A
516 FIT2F| S T © T T € T
661 H221D| NS © G © © G ©
742 K248Q| NS A © A A € A
767 D256G| NS A G A A G A
774 M2581 | NS G T G G T G
797 G266V | NS G T G G T G
817 E273K| NS G A G G A G
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Interestingly, RXLR gene SCRP333 _g9504 (PR0O03 g10169) also showed different
coverages between SCRP333 and SCRP250, both sampled in 1985, Perthshire, and
between SCRP323 and SCRP324, both sampled in 1991, Perthshire. Polymorphism
in SCRP333_g9504 in those strains was investigated and revealed amino acid
changes between SCRP333 and SCRP250 (Table 3.16); while SCRP323 and
SCRP324 had what seemed to be heterozygous versions of the gene. All these
findings indicate that RXLR gene SCRP333 09504 is under high diversification
amongst P. rubi isolates and that there is some evidence of diversity in isolates form
a single sample site over time.

Table 3. 16. Polymorphism in RXLR genes from Perthshire (farm C) P. rubi isolates. SNPs and
amino acid changes in RXLR gene SCRP333_g9504 (PR003_g10169) from P. rubi isolates sampled
from the same location (Perthshire, farm C) in 1985: SCRP333 and SCRP250. Nucleotides in yellow
are identical to the reference while nucleotides in blue are different from the reference sequence. Cons.:

Consequence is either S for synonymous (same amino acid, in green) or NS for non-synonymous

(amino acid change, in orange).

Gene name Gene type Nut?lfeotide Amino acid Cons. Ref. Alt. RXLR motif —
position on (SCRP250#SCRP33 SCRP25PSCRP33B RXLR |RXLR positio

9 L3L S G A A G

27 VoV S G A A G

45 L15L S T © © T

50 V17A NS © T T ©

66 Q22H NS © A A ©

73 A G G A

72 G22T NS C G G C

198 F66L NS G © c G

232 K78E NS G A A G

251 X84R NS G R R G

309 K103N NS © A A ©

. 313 Q105K NS A C © A

SCRP333_g9504 RXLR (Whisson et al., 20 317 ALOBE NS A c C A RFLR 50-53

336 K112N NS © G G ©

343 R115G NS G A A G

346 A G G A

347 D116S NS G ~ n G

516 F172F S T C © T

661 D221H NS © G G ©

742 Q248K NS A C © A

767 G256D NS A G G A

774 1258M NS G T T G

797 V266G NS G T T G

817 K273E NS G A A G

Overall, PenSeq has shown that there is diversity amongst species, though it is hard
to quantify this across all gene families examined (close to 15,000 genes in total). This
will be addressed later by using k-mer analyses to provide a global analysis of diversity
to cluster isolates by relatedness (3.3.6).

3.3.4. Inter-species studies revealed core effectors as well as diversity between

the two closely related species

Cross species mapping and the resulting coverage analysis described in 3.2.4.

investigated differences in effector genes between the two species. Presence /
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absence with P. rubi and P. fragariae unique genes or highly diversified effectors

candidates as well as most conserved effectors were evaluated.

Using P. rubi isolates reads mapped to P. fragariae BC-16 reference genome, 554
effector genes were found to be identical between the 24 isolates, displaying 100 %
coverage at 0 % mismatch mapping rates, i.e., absence of any polymorphism. This
corresponds to 3.7 % of the total of effectors included in this study. Of those identical
effectors, 474 were apoplastic effectors as predicted by Adams (2019) and 33 were
predicted to be RXLR (32 with the Win et al.,2007 model, and one with the Whisson
et al.,2007 model: BC-16_contig_61 RC_R2199). The 33 RXLRs were additionally
mapped to the P. infestans genome of isolate T30-4 with Geneious (medium
sensitivity, no trim) to screen for RXLR conserved across more Phytophthora species.
We found one Win et al. (2007) RXLR gene (BC-16_contig 8 RC_R3463) showing a
P. infestans matching protein with 83 % identity and RXLR motifs (P. infestans
accession XP_002909763.1, Appendix B, Figure B.5).

This cross-mapping of P. rubi to the P. fragariae reference genome also revealed P.
fragariae unique genes: 218 effectors were not covered in any P. rubi isolate for any
of the mismatch rates, including 143 apoplastic, 12 predicted RXLR (such as BC-
16_g14605 further investigated in 3.3.7) as well as two CRN effectors. These genes
are either absent in P. rubi or display an extremely high rate of polymorphism and
diversification. The 12 RXLRs identified display an average coverage of 94 % for the
four P. fragariae isolates at 0 % mm and seven of those were conserved and identical
between P. fragariae (Table 3.17).

Table 3. 17. Coverage data for the 12 P. fragariae unique RXLR genes. Coverage data for 0 %
mismatch mapping rate (left) and 3 % mismatch mapping rate (right) for genes absent or highly
diversified in the 20 P. rubi isolates.

Bowtie mismatch mapping rate 0%mm 3%mm
PenSeq gene ID (BC-16) NCBI gene ID BC-1 BC-16 NOV-9 SCRP245BC-1 BC-16 NOV-9 SCRP24t
BC-16_contig_11_RC_R4163 PF003_g9039
BC-16_contig_111_F395 PF003_g38964
BC-16_contig_13_RC_R1406 PF003_g10642
BC-16_contig_16_F2222 PF003_g8598
BC-16_contig_36_F753 PF003_g21706
BC-16_contig_4 RC_R841 PF003_g4026
BC-16_contig_41_RC_R2774 PF003_g23528
BC-16_contig_45_RC_R509 PF003_g25084
BC-16_contig_46_RC_R3016 PF003_g25133
BC-16_contig_58 RC_R1909 PF003_g28960
BC-16_contig 66_RC_R64 PF003_g27233 68.58639 63.3507¢
BC-16_g14605 PF003_g16208
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This suggests that those seven P. fragariae predicted RXLRs may have an essential
function during infection of strawberry, and it could be speculated that they represent
determinants of host specificity and pathogen specialisation. On the other hand, two
of the 12 RXLR (BC-16_contig 4 RC_R841 and BC-16_contig RC_R64) displayed
presence / absence and sequence variation (SNP) across the four P. fragariae
isolates.

In a similar manner, P. fragariae isolates were mapped to P. rubi SCRP333 reference
genome and the subsequent coverage was assessed. A total of 217 effectors were
absent at any mismatch mapping rate in all four P. fragariae, while covered on average
89 % in the P. rubi isolates, indicating possible unique P. rubi effectors. This included
148 apoplastic  (Adams, 2019), 11 predicted RXLR (such as
SCRP333 _contig_4275_ F7 further investigated in 3.3.7) and two CRNs (Adams,
2019). Within the 11 RXLR genes (Table 3.18), one was identical in all 20 isolates
examined (SCRP333 _contig_2222 F4). This highlights some level of diversity
between the species-specific RXLRs isolates of P. rubi.

Table 3. 18. Coverage data for the 11 P. rubi unique RXLR genes. Coverage data for 0 % mismatch

mapping rate (top) and 3 % mismatch mapping rate (bottom) for genes absent or highly diversified in
the four P. fragariae isolates.

Bowtie mismatch mapping rate 0%mm

o
<
N
o
13
Q
(9]

SCRP29€
SCRP324
SCRP33¢
SCRP12C
SCRP12C
SCRP121
SCRP25C
SCRP26C
SCRP287
SCRP28E
SCRP29C
SCRP292
SCRP33€&
SCRP12C
SCRP121

PenSeq gene D (SCRP333) NCBI gene ID
SCRP333_contig_2222_F4  PR003_g22438
SCRP333_contig_1346_F32 PR003_g17526
SCRP333_contig_349_RC_RMRO03_g7415
SCRP333_contig_4334_RC_RRR003_g28463
SCRP333_contig_462_RC_RABRO03_g9040
SCRP333_contig_4202_RC_RRR003_g28211
SCRP333_contig_1339_RC_RRR003_g17480
SCRP333_contig_4275_F7  PR003_28352
SCRP333_contig_2886_F19 PRO03_g24908
SCRP333_contig_737_RC_RIBR003_12299
SCRP333_g26255 PR003_g28351

Bowtie mismatch mapping rate 3%mm

&

SCRP28&

SCRP29€
SCRP324
SCRP33¢
SCRP12C
SCRP12C
SCRP121
SCRP25C
SCRP287
SCRP28€&
SCRP29C
SCRP29Z
SCRP33€&
SCRP12C
SCRP121

w v 9 9
< V] <) o N
I\ [v] o N o]
o o o o o
ia [id x ¢ ¢
Q Q Q Q Q
(] 9] [0) [0] [0]

PenSeq gene ID (SCRP333) NCBI gene ID
SCRP333_contig_2222_F4  PR003_g22438
SCRP333_contig_1346_F32 PRO03_g17526
SCRP333_contig_349_RC_RPRO03_g7415
SCRP333_contig_4334_RC_RRR003_g28463
SCRP333_contig_462_RC_REBRO03_g9040
SCRP333_contig 4202 RC_FRR003 428211
SCRP333_contig_1339_RC_RRRO03_g17480
SCRP333_contig_4275_F7  PR003_g28352
SCRP333_contig_2886_F19 PR003_g24908
SCRP333_contig_737_RC_RI1AR003_g12299
SCRP333 (26255 PRO03_g28351
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These findings revealed both core and diverse effectors between P. rubi and P.
fragariae and confirmed previously published data (Adams, 2019; Adams et al., 2020),
while highlighting species unique RXLRs that might be determinants of host specificity.

3.3.5. Overall diversity analyses emphasized distinction between the two closely

related species

Overall diversity for P. rubi and P. fragariae isolates was summariz e d i Amadphde a t
styled coverage tables (Figures 3.8 and 3.9 and Table 3.6).

Figure 3. 8. P. fragariae coverage of genes when mappedto BC-16. AiZoomeaid 0 representat
of coverage for P. fragariae genes. a. RXLR predicted with the Whisson et al., 2007 model. b. RXLR
predicted with the Win et al., 2007 model. c. Apoplastic effector genes (predicted by Adams et al.,
2019). d. CRN genes (predicted by Adams et a., 2019). e. Housekeeping and drug target genes. Red
box indicates how to read the tables: first column represents the genes; all other columns represent the
different isolates coverage. Columns 2, 3, 4 and 5 are coverage at 0 % mm of P. fragariae isolates, in
order BC-1, BC-16, NOV-9 and SCRP245; followed by 3 % mm and 5 % mm. Colour code for coverage

described in Table 3.6.
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