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ABSTRACT OF THE DISSERTATION

Role of Light, Humidity, and Nutrition in Sporulation of Phytophthora species

by

Andrea Linh Vu
Doctor of Philosophy, Graduate Program in Plant Pathology

University of California, Riverside, March 2020
Dr. Howard S. Judelson, Chairperson

Oomycetes, a class in the kingdom Stramenopila, are filamentous
eukaryotic microorganisms that are known informally as water molds, but have
adapted to many environmental niches. Phytophthora, an oomycete genus of
approximately 100 plant-pathogenic species, has specifically adapted to several
environmental niches. Environmental conditions play an influential role in the
development of Phytophthora, particularly in sporangium formation. Sporangia,
the main driver of Phytophthora epidemics, are especially susceptible to damage
by environmental conditions, such as light-induced DNA lesions or desiccation by
drying. Variable by species, light can stimulate (e.g. P. infestans) or repress (e.g.
P. capsici) the production of sporangia. Light may have two developmental roles:
an early pre-sporangiophore induction signal, and a later post-sporangiophore
repression signal. In this work, | found that although many types of

photoreceptors are described in eukaryotes, Phytophthora genomes encode only



cryptochrome photoreceptors. The foliar-adapted species P. infestans encodes
three cryptochromes, while the soilborne species P. capsici encodes two
cryptochromes. Silencing of the P. infestans gene encoding cryptochrome
PITG_01718, which lacks an ortholog in P. capsici, inhibits sporulation. While
cryptochromes have traditionally been described in other organisms as blue light
receptors, each red and blue light represses P. infestans sporulation. In contrast,
P. capsici sporulation responds to blue light but not red light. This work also
describes the use of RNA-seq to study the genetic control of sporulation by light
and humidity. Constant light was found to repress the expression of genes
induced in the post-sporangiophore stage by P. infestans, while constant
darkness repressed the expression of genes in the pre-sporangiophore stage in
P. capsici. Humidity also had a strong effect on repressing gene expression in
the pre-sporangiophore stage of sporulation in P. infestans. This work also
describes that specific types of nitrogen starvation induce sporulation. In addition
to advancing our knowledge of sporulation control in oomycetes, this work also
provides a better understanding of the homology-based gene silencing method.
While this technique is an effective method for functional genomics in
Phytophthora, work in this dissertation shows that the technique must be used

with prudence due to the frequency of off-target effects.
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Chapter 1: Introduction

Plant pathogens in the genus Phytophthora threaten food security and
cause billions of dollars of lost revenue every year worldwide. Phytophthora
species can spread quickly within a field by asexually-produced sporangia.
However, little is known about the molecular regulation signals of sporangia
production, the specific genes involved in the pathway, or the role of metabolites
in sporangia production. We know that light can play a regulatory role in
sporangial production, but the specific photoreceptors and proteins involved in
this interaction remain unknown. The more that we know about the molecular
mechanisms behind sporangial production, the more targeted chemical control

strategies can be made to prevent production of sporangia.

Oomycetes

The oomycota is a large class of fungal-like organisms in the Kingdom
Stramenopila. This group contains organisms that are important pathogens of
plants, animals, and insects, and are commonly found in marine, freshwater, and
terrestrial environments (Beakes et al., 2012). Oomycetes are considered to be
fungal-like due to convergent evolution, but are more evolutionarily related to
other stramenopiles such as brown algae and diatoms based on molecular
taxonomies, and physical characteristics such as cell wall composition and the

presence of motile cells with tinsel flagella. Oomycetes differ from fungi in



important ways, such as in having cell walls composed largely of cellulose and -
glucans versus chitin as found in fungi, which affects management strategies for
the two groups. Also, unlike fungi, oomycetes do not readily exhibit homologous
recombination of plasmid DNA with the chromosome during transformation, so

distinct strategies for reverse genetics of oomycetes must be employed.

Phytophthora

Phytophthora is a genus within the oomycota that contains approximately
101 described species, most of which are plant pathogens (Kroon et al. 2012).
Taken together, Phytophthora species cause billions of dollars of crop loss
annually in the United States alone, and many times that amount worldwide
(Erwin and Ribeiro 1996). Phytophthora lifestyles range from soilborne to foliar
plant pathogens, and the host range of a species can vary from very narrow (one
or two host species) to broad (hundreds of host genera). Phytophthora infestans
and Phytophthora capsici are two significant pathogens that have been studied
as model species, and differ in several notable ways.

Phytophthora infestans is perhaps the most notorious plant pathogen, as it
caused several devastating epidemics in North America and Europe in the
1840s, including the Irish Potato Famine, which led to the death and emigration
of millions of people in Ireland (Bourke 1964, Ristaino 2002). Additionally, this
pathogen continues to cause epidemics that threaten crop production and food

security worldwide (Fry et al. 2015). The host range of P. infestans is limited to



potato, tomato, and several wild Solanum spp. relatives of potato and tomato,
with few exceptions (Erwin and Ribeiro 1996). Phytophthora infestans causes a
disease called late blight, and can attack foliage, fruit, stems, and tubers. This
pathogen mainly survives without long-term survival structures such as
chlamydospores or oospores, and for this reason is not traditionally considered to
be a soilborne pathogen.

Phytophthora capsici, however, has a broad host range that includes
peppers, cucurbits, solanaceous plants, and lima beans (as reviewed by Lamour
et al. 2012b). Phytophthora capsici was first described in the southwestern
United States in 1918, and has since been reported in locations worldwide
(Leonian 1922, Erwin and Ribeiro 1996). Phytophthora capsici causes fruit rot,
crown and root rot, or a more general disease referred to as Phytophthora blight,
and can attack any part of the plant. In contrast to P. infestans, P. capsici can

survive in soil in debris (Schlub 1983, Lamour and Hausbeck 2003).

Life cycle of Phytophthora species

The life cycle of Phytophthora species includes vegetative hyphae that
can develop asexually into sporangia or chlamydospores, or sexually into
oospores. Almost all Phytophthora species can reproduce both sexually and
asexually, though some species, such as P. infestans, lack the ability to make
chlamydospores. Two mating types for sexual reproduction in Phytophthora

exist: A1 and A2. Although some species are heterothallic and require both



mating types for sexual reproduction, other species are homothallic, and thus
sexual reproduction can occur within a single strain. Both Phytophthora capsici
and Phytophthora infestans are heterothallic; however, sexual reproduction
occurs in nature much more commonly in P. capsici than in P. infestans.
Although there have been reports of sexually-reproducing P. infestans
populations in North America, P. infestans is mainly considered to be clonal, or
asexual outside of Mexico and Northern Europe (Danies et al. 2014, Fry 2008,
Fry et al. 2015, Niederhauser 1956, Grinwald et al. 2001, Andersson et al. 1998,
Yuen and Andersson 2013). Particularly, from the 1840s to the 1980s, only one
of the two mating types was found outside of Mexico, so epidemics were caused
by asexual lineages due to geographic isolation of mating types (Hohl and Iselin
1984). Even with broader geographic distribution of both mating types, asexual
reproductive cycles continue to cause severe epidemics, including in the United
States (Fry et al. 2015).

Phytophthora capsici is the only Phytophthora species that commonly
outcrosses in nature, producing oospores that can survive in soil for years
(Hausbeck and Lamour 2004, Lamour and Hausbeck 2003). However, sporangia
are crucial in the epidemiology of P. capsici, with approximately three billion
viable sporangia produced on a single diseased cucurbit fruit, which can be
easily dislodged by rain or irrigation water (Lamour et al., 2012). When
submerged in water, P. capsici sporangia readily cleave and release zoospores,

which swim chemotactically towards host tissue. Large-scale epidemics can



occur from just a few diseased plants, particularly in locations with moderate
rainfall, and regions that share irrigation water (Schlub 1983, Sujkowski et al

2000, Gevens et al. 2007).

Sporangia

As discussed, sporangia are important infective propagules for
Phytophthora species. Sporangia are asexually produced, and can cleave into
motile zoospores, or directly germinate into hyphae (Fig. 1.1). Sporangium
formation starts with a sporangiophore initial, which will extend into a
sporangiophore, which is a specialized aerial hypha that bears the sporangium at
the end. The tip of the sporangiophore will expand, and then the protoplast from
the sporangiophore is pumped into the expanded end, which will become the
sporangium. When the sporangium is mature, a specialized septa called a basal

plug will form at the base (Fig 1.1).

Relationship of humidity and light to sporulation

It has long been recognized that environmental factors can influence
sporangia production in Phytophthora species, particularly factors related to light,
air, water, and humidity (Waterhouse 1931, Warren and Colhoun 1975, Zentmyer
and Ribeiro 1977). Humidity and air speed experiments relative to sporulation in

P. infestans showed that increased air speed leads to increased sporangial



production, and lower humidity leads to lower sporangial production (Harrison
and Lowe 1989).

Light, in particular, has been shown to play a differential role in sporulation
in several Phytophthora species. In P. capsici, sporangial production is starkly
affected by light, showing an inhibition in sporangial production in culture on solid
media in darkness, as compared to frequent to abundant production in light
(Harnish 1965, Alizadeh and Tsao 1985). A similar pattern was shown in P.
cactorum and P. palmivora as well (Harnish 1965, Alizadeh and Tsao 1985). In
contrast, blue light will inhibit sporulation of P. infestans on potato leaves and on
wheat agar media (Cohen et al. 1975). Sporangiophore production by P.
infestans, however, was not shown to be photosensitive, and in contrast to blue
light, green and red wavelengths showed very little effect on sporulation (Cohen
et al. 1975).

To investigate the molecular basis of the differential response to light
relative to sporulation, a previous study searched the available Phytophthora
genomes for putative photoreceptor proteins (Xiang and Judelson 2014).
Currently, genomes are available for P. sojae, P. ramorum, P. infestans, P.
capsici, P. cinnamomi and P. parasitica (Tyler et al. 2006, Haas et al. 2009, and
Lamour et al. 2012a). Domain-level searches revealed that of the six types of
photoreceptor proteins (van der Horst et al. 2004), only blue light receptor
cryptochrome proteins could be found (Xiang and Judelson 2014). The genome

of P. infestans is predicted to encode three cryptochrome proteins, which are



produced by genes PITG 01718, PITG_16100, and PITG_16104. Phytophthora
capsici is predicted to have two cryptochrome genes: Phyca_ 44729 and

Phyca_574436.

Phytophthora infestans asexual life cycle is suited to rapid dissemination

The life cycle of P. infestans can involve asexual or sexual reproduction.
In the asexual cycle, the vegetative hyphae grow to form sporangiophores that
bear sporangia. The mature sporangia are dehiscent to disperse by wind or
water (Aylor et al. 2001, Granke et al. 2009). Sporangia can then directly
germinate to infect a host, or indirectly germinate through cleavage and release
of zoospores. Zoospores are single-nucleate, wall-less, motile spores with two
flagella (tinsel and whiplash) and can swim towards host tissue. Upon finding a
suitable host, zoospores encyst, attach to the host, and germinate to infect the
tissue.

The sexual cycle is important for generating genetic diversity through
recombination, while the asexual cycle propels the success of advantageous
genotypes through rapid propagation and efficient dissemination. For this reason,
the asexually produced sporangia largely drive epidemics of late blight. One
example of this is the recent P. infestans population dynamics in the
Netherlands, and the success of strain A2_13, also known as Blue_13. The
aggressive strain Blue_13 had been first characterized in 2005, and quickly

became dominant in various parts of Europe and Asia, driving epidemics in areas



where late blight had typically not been severe previously, such as India (Cooke
et al. 2007, Cooke et al. 2012, Chowdappa et al. 2013, Li et al. 2012, Li et al.
2013). More recently, Green_33 has displaced Blue_13 as the dominant clonal
lineage in fluazinam-sprayed fields in the Netherlands, as Green_33 is resistant

to fluazinam while Blue_13 is sensitive (Schepers et al. 2018).

Rapid reproduction

The P. infestans asexual reproduction cycle is fast, and produces copious
amounts of spores. A single lesion can produce several hundred thousand
sporangia. Once sporangiophore initials begin to emerge from stomata, mature,
deciduous sporangia will be formed in about 6-7 hours (Maltese et al. 1995).
Sporangium production can occur every day from a lesion for several days,
allowing for a polycyclic disease cycle. Once sporangium production begins, a
plant can reportedly be destroyed in several hours, with whole fields wiped out in

7-9 days (Fry 2008, Fry et al. 2015).

Timing of sporulation is optimized for survival and spread

P. infestans spores can be spread aerially or through water. Wind speeds
of 1-2 m/s remove spores from the potato canopy in a field, and sporangia can
travel 10-20 km in less than 3 hours (Aylor et al 2001). P. infestans sporangia
can be sensitive to drying in low humidity, and prone to UV damage from light

(Minogue and Fry 1981, Warren and Calhoun 1975). On sunny days, solar



irradiance drastically decreases the viability of P. infestans sporangia, and
exposure to low humidity significantly decreases the spore germination rate after
rehydration (Mitzubuti et al. 2000, Minogue and Fry 1981).

Unlike fungi with colored spores, P. infestans spores are not colored and
are thus susceptible to damage by light. To avoid damage, P. infestans has
evolved to sporulate when environmental conditions are optimal, to minimize
both damage from light and desiccation. Excessive light can suppress or delay
sporulation (Cohen et al. 1975, Xiang and Judelson 2014). P. infestans typically
sporulates in the dark when the humidity is high, usually early morning in the
field, associated with dew (Bashi et al 1982). When humidity drops, P. infestans
will respond within 60 seconds, with sporangiophores twisting and throwing off
mature sporangia in otherwise still cultures (Granke et al. 2009).

Not all of these characteristics are shared by all other Phytophthora
species. For example, Phytophthora capsici sporangia are not spread by wind,
and do not detach with a drop in humidity (Granke et al. 2009). Although light
cycles can result in cyclic sporangia production in P. capsici, and P. capsici
sporangia production and morphology are highly affected by light, there is not a
clear diurnal pattern or time of day for optimal sporangia production in the field
(Alizadeh and Tsao 1985, Nielsen et al. 2006, Granke et al. 2009). This may be
because P. capsici is more adapted for soil dispersal, with faster
zoosporogenesis, and a stronger role for oospores and chlamydospores (a

survival spore that P. infestans does not make) in the disease cycle.



Role of temperature

Temperature affects both the production and germination of sporangia. As
temperature rises from 10 to 25°C, the speed of leaf infection on tomato
increases and lesion size increases, though sporulation is greatest around 15°C
(Mitzubuti and Fry 1998). When sporangia are exposed to wet conditions below
12-15°C, cold shock induces cleavage of the sporangial cytoplasm into single-
nucleate zoospores. Zoosporogenesis in Phytophthora is considered one of the
most rapid developmental processes in any biological system (Walker and van
West 2007). The cold temperature is sensed in sporangia through increased
rigidity of the membrane, which triggers zoosporogenesis and cold box motif-

mediated transcription to control gene expression (Tani and Judelson 2006).

Chemotaxis

When zoospores are released, the spores swim chemotactically towards
host tissue (Zentmyer 1961). Zoospores can swim centimeters in soil, or travel
meters in water. Chemotaxis allows the spores to quickly and efficiently find
suitable host tissue. The amount of time that zoospores stay actively swimming
before encystment can vary from 1-24 hours, depending on temperature (Melhus
1915). There has been research indicating that auto-aggregation may also play a
role in zoospore behavior, but its role or importance in nature is still

undetermined (Savory et al. 2014).

10



Overall, Phytophthora species are well-adapted plant pathogens that have
evolved strategies to sense and respond to environmental conditions. Although
much has been observed about the response of Phytophthora species to
changes in the environment and plant host, only few studies have been
conducted to explore the molecular basis for these responses. The goal of this
study was to further understand the molecular basis for the light, humidity, and

nutritional signals that influence sporulation in Phytophthora species.
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Figure 1.1. Detailed description of the Phytophthora asexual life cycle (credit:
H.S. Judelson).
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Chapter 2: Role of light and cryptochrome proteins in sporulation of
Phytophthora species

Introduction

Light is an important signal in the development of many organisms. Light
can serve as a source of energy, but can also cause direct damage to DNA. Light
also serves as an informational signal for space and time, such as position
relative to soil and shade, and the time of day and year. Many organisms have
developed sophisticated ways to sense light and regulate development

accordingly.

Light in plant-pathogen interactions

In plants, light influences metabolism, growth, development, and
physiology (Chen et al., 2004; Darko et al., 2014; Deng, 1994; Ouzounis et al.,
2015). As photosynthetic, sessile organisms, light is the energetic driver of plant
biomass production, but can also be a signal for external stress (Kangasjarvi et
al., 2012; Trotta et al., 2014). Light modulates plant defense responses, such as
R-gene mediated defense, jasmonate signaling, and salicylic acid-mediated
defense responses, including pathogen-associated molecular pattern (PAMP)-
triggered immunity, effector-triggered immunity (ETI), and systemic acquired
resistance (SAR) responses (Gangappa and Kumar, 2018; Griebel and Zeier,
2008; Karpinski et al., 2003; Kazan and Manners, 2011; Lu et al., 2017; Roden
and Ingle, 2009; Stael et al., 2015; Wang et al., 2011). Light also influences

pathogen biology, which can have a significant influence in disease outcome and
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severity (Adam et al., 2018; Larrondo and Canessa, 2019; Lyu et al., 2016;
Marine et al., 2018; Schumacher et al., 2014). This has been shown in several
Phytophthora pathosystems including P. infestans on potato, P. capsici on
pepper, pumpkin, and tomato, P. drechsleri on safflower and pigeon pea, and P.
megasperma on soybean (Islam et al., 2002; Lebecka and Sobkowiak, 2013;
Schumann, 1977; Singh and Chauhan, 1985; Thomas and Allen, 1971; Victoria
and Thurston, 1974; Ward and Buzzell, 1983). Zonate, concentric rings radiating
from the point of infection are common among Phytophthora diseases, both on
foliage and fruit. This could be a result of periodicity underlying pathogenesis, or

light-regulated biological changes in the pathogen itself.

Light in Phytophthora

Previous studies have shown that light has an effect on the biology of
Phytophthora species, particularly related to sporulation. Notably, light has been
shown to have a differential effect on sporulation in different species. In P.
capsici, sporangial production is starkly affected by light, with sporulation
inhibited in darkness and stimulated in light (Alizadeh and Tsao, 1985; Harnish,
1965). A similar pattern was shown in P. cactorum, P. palmivora, and P. lateralis
(Alizadeh and Tsao, 1985; Englander, 1972; Harnish, 1965). In contrast, light will
inhibit sporulation of P. infestans on potato leaves and on media (Cohen et al.,
1975; Lebecka and Sobkowiak, 2013). Visible light also inhibits sporulation of

Phytophthora ramorum (Englander et al., 2006). In P. infestans, although
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sporangium production is light-sensitive, sporangiophore production was not
shown to be light-sensitive, and green and red light wavelengths showed no
effect on sporulation, while blue light did show an effect (Cohen et al., 1975).
Light also has an effect on sporulation of downy mildews such as Peronospora
belbahrii and Bremia lactucae (Nordskog et al., 2007). As in P. infestans,
sporulation of Peronospora belbahrii is light-inhibited but sporophore production
is not light-sensitive; however, in contrast to P. infestans, green, red, and blue
single-spectrum wavelengths all decreased sporulation (Cohen et al., 2013). In
both P. belbahrii and Bremia lactucae, this light-related suppression has an
interaction with temperature (Cohen et al., 2013; Nordskog et al., 2007).
Previous to this study, little research had been conducted to understand
the molecular basis for the light response in Phytophthora. Several light-
regulated sporulation transcription factor genes have been identified, but the
initial photoreceptors have not been identified (Leesutthiphonchai and Judelson,
2018; Xiang and Judelson, 2014). Through domain-level searches of the
available Phytophthora and oomycete genomes, the only known photoreceptor

genes that could be identified were cryptochromes (Xiang and Judelson, 2014).

Cryptochromes

Cryptochromes are a class of flavoproteins that are found in all kingdoms
of life. Cryptochromes belong to the photolyase/cryptochrome superfamily, which

also contains light-dependent photorepair enzymes known as photolyases (Wang
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et al., 2015). Although members of the photolyase/cryptochrome superfamily
have similar structure, the functions of these proteins can vary widely. Functions
include DNA repair, reception of blue light, red light, and UV-A, transcriptional
regulation, circadian rhythm entrainment, and magnetoreception (Gegear et al.,
2010; Maeda et al., 2012; Veluchamy and Rollins, 2008; Zoltowski et al., 2019).
Some cryptochromes are regulated at the transcript level, while others are

regulated post-translationally (Lin and Todo, 2005).

Cryptochrome structure

Cryptochromes have an FAD-binding domain, photolyase homology
domain, and a Rossmann-like alpha beta alpha sandwich fold (Chaves et al.,
2011; Kim et al., 2014). Animal-type and plant-type cryptochromes have a C-
terminal extension that can be active in light signaling, nuclear localization, and
protein-protein interactions (Chaves et al., 2011; Lin and Shalitin, 2003; Liu et al.,
2011; Thieulin-Pardo et al., 2015). The C-terminal extension in animal-type
cryptochromes varies in length and sequence, is intrinsically disordered, and is
thought to be critical for function and signaling in some species (Franz et al.,
2018; Franz-Badur et al., 2019; Michael et al., 2017; Oldemeyer et al., 2016;
Thieulin-Pardo et al., 2015).

All members of the photolyase/cryptochrome protein superfamily have
flavin adenine dinucleotide (FAD) as a co-factor (Zhang et al., 2017). Some of

the members of this protein family also have a second chromophore, a pterin or
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folate such as methenyltetrahydrofolate (MTHF), flavin mononucleotide (FMN),
7,8-didemethyl-8-hydroxy-5-deazariboflavin (Fo), or 8-hydroxy-5-deazaflavin (8-
HDF), which acts as an antenna, transferring the excitation energy to the
canonical FAD (Gdbel et al., 2017; Ozturk, 2017; Oztirk et al., 2007; Selby and
Sancar, 2012). The second chromophore binding pocket is generally in the
Rossmann fold of the photolyase homology region near the amino terminal,
either directly in the groove (as with 8-HDF) or next to it (as with MTHF) (Franz et

al., 2018; Sancar, 2003; Scheerer et al., 2015).

Cryptochrome types

Members of the photolyase/cryptochrome family can be divided into two
groups: cryptochromes and photolyases. Photolyases use blue light to repair two
types of ultraviolet-induced photolesions: cyclobutane pyrimidine dimers (CPDs)
or pyrimidine-pyrimidone (6-4) photoproduct (6-4PP) (Liu et al., 2015). Members
of the photolyase protein class are grouped by which of these lesions are
repaired. However, some cryptochromes are bi-functional and have retained
DNA repair activity.

Although cryptochromes were once defined as “proteins with a high
degree of sequence homology to DNA photolyase but with no DNA repair
activity”, this definition has changed over time as more information has been
uncovered about proteins in this family that exhibit DNA repair function (Balland

et al., 2009; Chaves et al., 2011; Coesel et al., 2009; Franz-Badur et al., 2019;
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Holub et al., 2019; Ozturk, 2017; Pokorny et al., 2008; Selby and Sancar, 2006;
Tagua et al., 2015).

Cryptochromes can further be divided into sub-classes: plant-type, DASH-
type, and animal-type (Ozturk, 2017; Selby and Sancar, 2006). The sub-classes
differ in structure, particularly at the C-terminal extension and FAD binding
pocket (Ozturk, 2017). Plant-type cryptochromes have only been found in plants
and have been shown to be involved in a range of growth and developmental
processes including inhibition of hypocotyl elongation, photoperiodic control of
floral initiation, entrainment of the circadian clock, regulation of stomatal opening,
guard cell development, inhibition of germination of dormant grain, root growth,
plant height, fruit and ovule size, tropic growth, stimulation of cotyledon
expansion, apical dominance, apical meristem activity, programmed cell death,
suppressing leaf senescence, osmotic stress response, light-dependent stress
responses, shade avoidance, and responses to pathogens (as reviewed in Liu et
al., 2011; Wang et al., 2018).

DASH-type proteins are named for Drosophila melanogaster, Arabidopsis
thaliana, Synechocystis, and Homo sapiens, and exist in a wide range of
organisms (Brudler et al., 2003; Daiyasu et al., 2004). DASH cryptochromes
have photoreceptor activity, and repair single-stranded DNA damage.
Cryptochromes in fungi are mostly DASH-type, and serve functions in processes
such as circadian regulation, secondary metabolism, and development (Castrillo

et al., 2013; Heintzen, 2012; Nsa et al., 2015). However, some researchers have
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proposed that because DASH cryptochromes repair DNA, they should be
classified as photolyases and not cryptochromes, or placed in a separate
category (Balland et al., 2009; Schelvis and Gindt, 2017).

Animal-type cryptochromes were originally characterized in Drosophila,
humans, mouse, monarch butterfly, birds, zebrafish, and frogs, but have since
been also described in non-animal systems such as algae (Beel et al., 2012; Kim
et al., 2014; Michael et al., 2017). Animal-type cryptochromes are most well-
known for their role in circadian timekeeping and transcriptional repression, but
have also been shown to play roles in regulation of the DNA damage response,
cancer progression and glucocorticoid signaling, sexual development in algae, as
well as possibly magnetoreception (as reviewed in Michael et al., 2017). Animal-
type cryptochromes can be classified further into three groups: type 1, type 2,
and type 4. Type 1 cryptochromes are typically photoreceptors involved in
circadian timekeeping, type 2 are non-photoreceptive transcriptional repressors,

and type 4 are the putative magnetoreceptors.

Blue and red light perception

In plants and microorganisms, blue light is detected by LOV-domain-
containing proteins (such as phototropins, aureochromes, and white collar
proteins), cryptochromes, or BLUF-domain containing proteins (van der Horst

and Hellingwerf, 2004).
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In Chlamydomonas reinhardltii, red light regulates the sexual cycle, and
reception is mediated by an animal-type cryptochrome (Beel et al., 2012;
Oldemeyer et al., 2016). However, red light is sensed in most plants and
microorganisms by phytochrome proteins. Phytochromes have also been
described to sense temperature (Legris et al., 2016). In plants, plant-type
cryptochromes Cry1 and Cry2 have been shown to have blue light-independent
activity, and specifically red light-dependent activity (Yang et al., 2008). However,
it is not hypothesized that the plant cryptochromes directly sense red light, rather
that the cryptochromes play a role in mediating the expression of genes related

to phytochromes and phytochrome-interacting factors (Yang et al., 2008).

Light control of sporulation in fungi

In fungi, some species within a genus have differential response to light,
as we see in Phytophthora. One example is Aspergillus, where Aspergillus
oryzae has sexual development repressed by light, while sexual development in
Aspergillus nidulans is stimulated by light (Hatakeyama et al., 2007). In
Aspergillus fumigatus, single-spectrum blue light and red light were able to inhibit
condium germination to the same level as white light (Fuller et al., 2013).

Neurospora crassa is one of the best-studied biological systems for light.
However, light sensing in fungi involves many more types of photoreceptors than
in Phytophthora, such as phytochromes, light-oxygen-voltage (LOV domain

proteins), rhodopsins, and opsin-like proteins (Fuller et al., 2015; Z. Wang et al.,
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2018). The cryptochrome in Neurospora is DASH-type, and does not have
primary photoreception function, rather participating in circadian regulation.
Knockout and overexpression of the Neurospora cryptochrome does not totally
interrupt photoreception or the circadian clock, but results in a small phase delay
in the circadian rhythm (Froehlich et al., 2010).

A recent large-scale network analysis of pan-proteomes of flamentous
eukaryotic plant pathogens and saprobes (including oomycetes and fungi)
showed that cryptochrome/photolyase activity is significantly enriched in
biotrophic and hemibiotrophic plant pathogens (Pandaranayaka et al., 2019).
Although cryptochromes are present in the necrotrophs, the enriched activity in
biotrophs and hemibiotrophs indicate that these proteins may play a central role
in virulence on plants, with roles that may include photoprotection and
photomorphogenesis (Pandaranayaka et al., 2019).

To investigate the molecular basis of the differential response to light
relative to sporulation, the available Phytophthora genomes were searched for
putative photoreceptor proteins. Domain-level searches revealed that of the
known types of photoreceptor proteins (van der Horst et al. 2004), only
cryptochrome proteins could be found (Xiang and Judelson 2014). The genome
of P. infestans is predicted to have three cryptochromes proteins: PITG_01718,
PITG_16100, and PITG_16104. Phytophthora capsici is predicted to have two:
Phyca_44729 and Phyca_574436. In this chapter, | describe the effects of

manipulating these genes through gene knockdown and overexpression.
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Additionally, several studies were conducted to understand the role of light and

light quality on sporulation of these two species.

Materials and Methods
Strains

Phytophthora infestans strain 1306, an A1 strain isolated from tomato in
California, was maintained on rye-sucrose media at 18°C in the dark (Judelson
and Whittaker, 1995). Phytophthora capsici strain LT1534, a lab strain created
through a cross of LT51 and LT263, backcrossed twice to LT263 to reduce
heterozygosity, was maintained on 10% V8 juice agar at 18-23°C in the dark
(Hurtado1Gonzales and Lamour, 2009). Experiments were conducted with three

biological replicates, unless otherwise noted.

Photoreceptor identification

Domain-level searches were performed against the Phytophthora
infestans T30-4 reference genome sequence, P. capsici LT1534 reference
genome sequence, and the genomes of P. sojae, P. ramorum, P. parasitica, P.
cinnamomi, and Hyaloperonospora arabidopsidis (Baxter et al., 2010; Haas et
al., 2009; Lamour et al., 2012; Tyler et al., 2006) using BLASTp in FungiDB
(FungiDB, http://fungidb.org/) and domain search in InterPro (EMBL-EBI,

https://www.ebi.ac.uk/interpro/).
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Gene models

Gene models were verified for the putative photoreceptors identified in P.
infestans and P. capsici. DNA was extracted from 7-day-old wild-type P.
infestans 1306 cultures grown on solid rye-sucrose agar and 7-day-old P. capsici
LT1534 grown on 10% V8 juice agar, with the Wizard SV DNA extraction kit
(Promega Corporation, Madison, WI) or the GeneJet Plant Genomic DNA
extraction kit (Thermo Fisher Scientific, Waltham, MA). Genes were amplified
from genomic DNA by PCR, cloned into pGEM-T (Promega Corporation,
Madison, WI), and sequenced by Sanger sequencing with a 3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA). Predicted introns were verified
by mapping available lllumina RNA-seq transcript reads to the reference genome
(Abrahamian et al., 2016). Once gene models were determined, protein
sequences were predicted with the exPASY translate tool (Swiss Institute of
Bioinformatics, https://web.expasy.org/translate/).

Cap analysis gene expression sequencing (CAGE-seq) data was
generated for P. infestans to verify transcription start sites. RNA was prepared by
Dr. Audrey Ah-Fong, using the Plant Spectrum Total RNA extraction kit (Sigma-
Aldrich, St. Louis, MO). Libraries were prepared and sequenced by GenXPro
(Frankfurt, Germany). Initial bioinformatic analysis was performed by Amy Boyd.

Protein domain architecture was predicted with the Conserved Domains
Database CD-Search tool using the Pfam v31.0 database, which included 16,709

pre-calculated position-specific scoring matrices (National Center for
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Biotechnology Information,
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The CD-Search tool uses
the reverse position-specific basic local alignment search tool algorithm (RPS-

BLAST), which is a variation of the position-specific iterated BLAST.

Phylogeny

Protein sequences of Phytophthora cryptochromes and cryptochromes
from other organisms were collected from FungiDB, NCBI, and JGI genome
databases. The sequences were aligned in SeaView (Pble Rhone-Alpes de
Bioinformatique Site, http://doua.prabi.fr/software/seaview) using the MUSCLE
algorithm, then trimmed with the Transitive Consistency Score (TCS) program in
the T-Coffee suite (Centre for Genomic Regulation,
http://tcoffee.crg.cat/apps/tcoffee/), and a Maximum Likelihood phylogeny was
calculated using PhyML in SeaView using the approximate likelihood ratio test to

mreasure branch support.

Gene knockdown and overexpression

In P. infestans, each gene was targeted for knockdown using homology-
based gene silencing. A 500 bp region was selected in each gene, and a hairpin
construct was made by cloning the 500 bp homologous sequence into the
pSTORA cloning vector, upstream of the Ste20 intron, then the reverse

compliment sequence was cloned directly downstream of the Ste20 intron, using
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primers listed in Table 2.1. The pSTORA vector is a modified version of the
pTOR cloning vector (Ah-Fong et al., 2008). Constructs were confirmed by
restriction digest and Sanger sequencing and cloned into DH5a chemically
competent cells. Plasmid minipreps were performed with the GeneJet plasmid
extraction kit (ThermoFisher, Waltham, MA), and maxipreps were performed with
the Nucleobond Maxi kit (Machery-Nagel, Duren, Germany). Additionally, the 500
bp sense region was cloned into the pTOR cloning vector to attempt gene
knockdown through sense-mediated post-transcriptional gene silencing.
However, none of the transformants from these constructs were silenced for the
target gene. Therefore, only hairpin-induced gene silencing transformants were
used in the rest of this study.

To assess the effect of overexpression, the full-length gene was cloned
behind the strong constitutive promoter ham34, with an added peptide tag using
the pTOR cloning vector, using primers listed in Table 2.1. Because each end of
the protein could have signaling function, particularly in PITG_01718, constructs
were made with a myc-tag (EQKLISEEDL) at the amino terminal, or a FLAG-tag
(DYKDDDDK) at the carboxyl end. The genes were amplified from genomic
DNA, as no introns are present in any of these genes.

Potential knockdown transformants were screened by gPCR. Initial
screening of overexpression transformants was completed with Western blotting.
Positives were single nuclear purified via single zoospore selection, and

transcript levels were quantified by real time reverse transcription PCR (qRT-
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PCR), using primers listed in Table 2.1. PITG_01718 knockdown transformants

were also screened by Western blot.

Quantitative real time PCR (gRT-PCR)

RNA was extracted with the Plant Spectrum total RNA kit (Sigma-Aldrich,
St. Louis, MO). RNA was treated with RQ1 DNase (Promega Corporation,
Madison, WI), and complementary DNA (cDNA) was made using the Maxima
first strand synthesis kit (Thermo Scientific, Waltham, MA). gRT-PCR was
performed on a Bio-Rad CFX Connect using the Dynamo Sybr Green Hot Start
master mix kit (ThermoFisher, Waltham, MA) with a program of 95° C for 15 min,
40 cycles of 94° C for 10 sec, 58°C or 62°C for 20 sec, 72°C for 30 sec, and a
melting curve to 95°C. Primers were designed to amplify 100-150 bp fragments
towards the 3’ end of the gene, outside of the hairpin construct target region, as
listed in Table 2.1. The ribosomal protein S3A gene was used as an internal
control for both P. infestans and P. capsici, and three technical replicates were
run for every sample. No-reverse transcriptase (RT) controls (DNase-treated
RNA with Maxima reaction mix, but no RT enzyme) were run to assess DNA
contamination, and negative controls were run to assess contamination of
reagents. Primer efficiency was calculated. Fold-change was calculated by the

delta-delta-Cq method, and standard error fold-change was calculated.
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Western blots

Western blots were performed on 0.45 um nitrocellulose membranes,
using monoclonal M2 anti-FLAG (Sigma-Aldrich, St. Louis, MO) with an anti-
mouse secondary antibody (ThermoFisher, Waltham, MA), anti-myc
(ThermoFisher, Waltham, MA) with a goat-anti-rabbit secondary antibody
(Invitrogen, Carlsbad, CA), or custom anti-PITG_01718 antibodies raised in
rabbit and affinity purified using peptide SQTSKKRQREGSDDESKQQ, and the
goat-anti-rabbit secondary antibody.

Proteins were extracted from 5-7-day-old cultures grown on solid media.
Tissue was scraped from the surface of two 100-mm rye-sucrose plates per
isolate with a flamed scalpel, then ground in a ceramic mortar and pestle under
liquid nitrogen. Extraction buffer (50mM Tris pH 7.4, 30 mM NacCl, 1% SDS
(sodium dodecyl sulfate), 1 mM dithiothreitol, 1mM phenylmethylsulfonyl fluoride,
20% glycerol) was made fresh and added at approximately 1 pl per mg frozen
tissue in a screw cap 1.5 ml tube. Tissue in extraction buffer was vortexed at max
speed for 30-60 seconds then placed on a rotational shaker at room temperature
(22°C) for 10 min at 60 rpm. Tubes were then centrifuged for 10 min at max
speed (12,000 xg) in a tabletop microcentrifuge at room temperature. The
supernatant was transferred to a new tube, as only soluble protein was used.

Proteins were denatured for 5 minutes at 98°C in a thermal cycler in
Laemmli SDS-PAGE gel loading buffer (60 mM Tris pH 6.8, 10% glycerol, 0.01%

bromophenol blue, 3% SDS, 5% [B-mercaptoethanol). Proteins were separated in
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0.75 mm polyacrylamide gels with 10% acrylamide resolving gel and 4%
acrylamide stacking gel, in running buffer (25 mM Tris, 192 mM glycine, 0.1%
SDS, pH 8.3). Proteins were transferred from the acrylamide gel to nitrocellulose
membrane using migration buffer with SDS (25 mM Tris, 192 mM glycine, 0.05%
SDS, 20% methanol, pH 8.3) at 4°C.

Gels were stained with Coomassie blue (0.25% w/v Coomassie Brilliant
Blue R-250, 50% methanol, 10% acetic acid). Membranes were stained with
Ponceau stain (0.5% w/v Ponceau S, 1% glacial acetic acid). Membranes were
blocked in 5% milk blocking buffer, washed in Tris-buffered saline with Tween-
20, and developed with Amersham ECL western blotting detection reagent (GE
Healthcare, Marlborough, MA) in a Li-Cor C-Digit blot scanner (Li-Cor, Lincoln,

NE).

Transformation

Transformants were obtained by a modified version of published
protoplast methods (Judelson et al., 1991; Vu et al., 2019). Twelve 150 mm rye-
sucrose media plates were spread with approximately 200 ul of a 6x10* spore
suspension and incubated for 10-14 days at 18°C in the dark. The plates were
then flooded with sterile water and rubbed with a bent glass rod to dislodge
sporangia, and the sporangial suspension was poured through a 50 ym nylon
mesh in a ring holder over a 400 ml plastic beaker to remove hyphal fragments.

The spore concentration was adjusted with water to 5x10° spores/ml, then an
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equal volume of clarified amended lima bean agar was added, to a final
concentration of 2.5x10° spores/ml (Bruck et al., 1980). The spore suspension
was amended with 40 units nystatin, 25 pyg/ml vancomycin, and 50 pg/ml
ampicillin, and distributed to 1-L glass flasks, with approximately 150 ml/flask.
Cultures were incubated stationary at 18°C in the dark for 36 hours, until the
sporangia germinated and formed a thin mat of young, sparsely branched
hyphae. The hyphal mat was dislodged by swirling and collected by pouring the
solution through a 50 ym nylon mesh in a ring holder over a 400ml plastic
beaker. The hyphal mat was collected with bent flat-paddle forceps and washed
with protoplasting buffer (PB; 0.4 M mannitol, 20 mM KCI, 20mM MES pH 5.7,
10mM CacClz) by one gentle inversion in a 50 ml conical tube, and re-collected on
the nylon mesh. The washed hyphal mat was quickly weighed, then moved to a
50ml conical containing 3 ml/gram hyphae of PB with 5 mg/ml of filter-sterilized
cellulase (from Trichoderma reesi, Sigma-Aldrich, St. Louis, MO) and 10 mg/ml
B-glucanase (Vinoflow NCE (Novozymes A/S, Bagsvaerd, Denmark) or Extralyse
(Laffort USA, Petaluma, CA)). Typically, 5 grams of hyphae was harvested and
added to 15 ml PB containing 25 mg cellulose and 50 mg -glucanase. The
conical was then wrapped in aluminum foil to protect the enzyme mixture from
light, and incubated at room temperature on an orbital shaker at 50 rpm. When
the hyphal mat was approximately 80-90% digested, about 45 minutes, the
solution was passed through a 40 ym cell strainer (Fisherbrand, Waltham, MA)

seated in a 50 ml conical to remove any undigested hyphae. The protoplasts
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were then pelleted in the 50 ml conical tube in a swinging bucket centrifuge at
700xg at room temperature for 5 minutes. During this first centrifugation, 30 pg
plasmid DNA in 40 ul volume was mixed in a 14ml round bottom polystyrene tube
with 60 ul Lipofectin (ThermoFisher, Waltham, MA) and left to incubate at room
temperature. The protoplast pellet then had the liquid gently poured off, and was
resuspended in 30ml PB and respun. The pellet was then resuspended in 15 ml
PB plus 15 ml of MT (1M mannitol, 10mM Tris pH 7.5). The pellet was spun
again and resuspended in 30 ml MT plus 10mM CaClz. The pellet was
centrifuged again and resuspended in 4 ml MT plus 10mM CaClz, to a final
concentration of 2-9 x107 protoplasts/ml. One ml of the protoplast suspension
was slowly added while turning the tube, to each of 4 polystyrene tubes
containing a DNA-liposome mixture, which has been incubating for about 30
minutes. After 4 min, 1 ml 50% polyethylene glycol MW 3350 containing 10 mM
Tris pH 7.5 and 25 mM CaClz2 was slowly added while rotating the tube, then
inverted once gently. The tube was again incubated for 4 min, then 2 ml clarified
rye-sucrose broth containing 1M mannitol (regeneration media) was added and
the tube was gently inverted once. After 1 min, 6 ml of regeneration media was
added, for a total volume of 10 ml. The 10 ml was then added to a 50 ml conical
containing 25 ml regeneration media amended with 40 units nystatin, 25 pg/mi
vancomycin, and 50 ug/ml ampicillin, and stored stationary at 18°C in the dark for
24 hours. The regenerated protoplasts were then centrifuged at 1000 xg for 5

min. The liquid was carefully poured off except for 2 ml, and the pellet was
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resuspended in the remaining 2 ml. The regenerated protoplasts were then
carefully plated on rye-sucrose agar amended with 8 pg/ml G418 (geneticin) and
spread with a bent glass rod. After 5-9 days, individual colonies were moved to
50mm Petri dishes containing rye-sucrose agar amended with 16 pg/ml G418,
and maintained on rye-sucrose agar amended with 16 pg/ml G418 thereafter.
Per transformation reaction, 35-50 transformants were typically obtained,

depending on the specific construct being introduced.

Light treatments

Experiments were conducted in a Percival I-36LLVL environmental control
chamber at 18°C. For 60-minute light exposure, cultures were grown under
constant dark conditions, then exposed to light for 60 minutes before harvesting.
The intensity and light emission spectra of light treatments were measured with
an Apogee PS-200 spectroradiometer (Apogee Instruments,.Logan, UT). The
light emission spectrum of the white light treatment is shown in Fig. 2.1, and the
photon fluence rate was 75 pmol/m?/sec. Blue and red LED bulbs were used for
single-spectrum blue and red light treatments (Fig. 2.1). The photon fluence rate
of these single-spectrum lights was set to 100 umol/m?/sec using a dimmer. Dark
treatments were incubated in the same chamber as light treatments, but light was
blocked from cultures using a combination of cardboard, thick black fabric, or

black plastic.
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CRISPR/Cas9

To assess the role of the putative photoreceptors in P. capsici, 5 or 6
single guide RNAs were designed for each of the two genes. The single guide
RNAs (sgRNAs) were designed using Eukaryotic Pathogen CRISPR guide
RNA/DNA Design Tool (EuPaGDT; University of Georgia, Athens, GA,
http://grna.ctegd.uga.edu/), and secondary structure was checked with the RNA
structure tool (University of Rochester Medical School,
http://rna.urmc.rochester.edu/RNAstructureWeb/). Sequences are listed in Table
2.2. Off-targets were checked using BLASTn against the P. capsici LT1534
reference genome in FungiDB (FungiDB, http://fungidb.org/). SQRNA inserts
were made by annealed oligos and cloned into the all-in-one pYF515 vector
containing the Cas9 enzyme (Fang et al., 2017). Plasmids were prepared as
described (shaken at 150 rpm for 12-14 hours), and transformed via protoplast
transformation as described above, with a few modifications for P. capsici: V8
juice media was substituted for rye-sucrose media, initial inoculum plates were
inoculated with three to four 7mm hyphal plugs then incubated for 8-20 days in
light, ALBA flask cultures were incubated for 18-24 hours, and transformed

protoplasts were incubated for 12-18 hours regeneration before plating.

Infection assays

P. infestans cryptochrome knockdown transformants were checked for

pathogenicity on tomato cultivar ‘New Yorker’. Plants were grown in UC Special
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Mix at a 12-hour 23°C/18°C light/dark cycle in a Percival E41L2 growth chamber.
Detached leaves were inoculated with 7 pl of 2 x 10° sporangia/ml water dropped
along the midline of the adaxial leaf surface and incubated on 0.8% water agar in
a deep Petri dish under 12-hour light/dark conditions at 18°C in a Percival I-

37LLVL growth chamber.

Results
Sporulation

Sporulation in P. infestans was repressed by light, while sporulation in P.
capsici was stimulated by light (Fig. 2.2A,B), under white light versus dark
conditions. When exposed to single-spectrum blue light, both species had the
same sporulation response to blue light as to broad-spectrum white light (Fig.
2.2C,D), indicating that blue light is sensed by both species and this signal
affects sporulation. However, when given single-spectrum red light, sporulation
in P. infestans responded the same to red light as to white light, but sporulation in

P. capsici was not changed by red light (Fig. 2.2D).

Phytophthora cryptochromes

Domain-level searches revealed that of the known types of photoreceptor
proteins, only cryptochromes are present in the available Phytophthora genomes.
Phytophthora infestans contains 4 Per-ARNT-Sim (PAS) domain-containing
proteins: PITG_01203 (mitogen-activated protein kinase), PITG_23006 (hybrid

signal transduction histidine kinase), PITG_13826 (hybrid signal transduction
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histidine kinase), and PITG_14416 (PAS-domain containing protein). Although
two of these PAS-domain containing proteins also contain histidine kinase
domains, as would be found in a phytochrome (PITG_23006 and PITG_13826),
neither of these P. infestans proteins additionally contain the GAF or
phytochrome central domain (PHY) domains of a phytochrome (Nagatani, 2010).
GAF domains were predicted in 22 P. infestans genes, but no PHY domains
were predicted in any Phytophthora sequence. None of the PAS domains in P.
infestans are light-oxygen-voltage (LOV) domains, as would be found in
phototropins, white collar proteins, vivid proteins, or aureochromes. Two P.
infestans proteins have PAS-like photoactive yellow protein (PYP)-like domains,
PITG_12584 and PITG_12760. However, these are not predicted to be
xanthopsins, as the domain is not predicted to be a full PAS domain and the
overall predicted protein structures do not have p-coumaric acid chromophore
binding pockets (Kort et al., 1996; Pellequer et al., 1998; van der Horst et al.,
2005). No BLUF domains were found. No rhodopsin or opsin-like G-protein
coupled receptors were found.

Phytophthora infestans has three cryptochromes (PITG_01718,
PITG_16100, and PITG_16104), while P. capsici has two cryptochrome genes
(Phyca_44729 and Phyca_574436). Their relationships to each other and
cryptochromes from other species are shown in Fig. 2.3. Each of these genomes
also has one other member of the cryptochrome/photolyase superfamily, a

deoxyribodipyrimidine photolyase that is predicted to have DNA repair activity but
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no photoreception/signaling function: PITG_20715 and Phyca_12143 (Fig.
2.3A).

PITG_16100 is an ortholog of Phyca_44729, and PITG_16104 is an
ortholog of Phyca 574436. PITG_01718 does not have an ortholog in P. capsici,
but does have orthologs in P. parasitica, P. ramorum, P. sojae, and all of the
downy mildew pathogens that were included in this phylogeny: Plasmopara
halstedii, Bremia lactucae, Hyaloperonospora arabidopsidis, and Peronospora
effusa (Fig. 2.3B). All of the Phytophthora genomes contain at least two
cryptochromes. Most of the oomycete cryptochromes group together and form
two distinct subclades within that group (Fig. 2.3B). The oomycete clade then
groups with the known animal-type cryptochromes, which is the subtype of
cryptochrome that the oomycete cryptochromes are expected to be (Kim et al.,
2014; Xiang and Judelson, 2014). The exception is the Saprolegnialean
oomycetes. Aphanomyces astaci and A. invadans cryptochromes group directly
with the animal-type cryptochromes from stramenopile algae. Interestingly, the
rest of the Saprolegnialean oomycetes that were included in this phylogenetic
analysis (Saprolegnia diclina, Saprolegnia parasitica, Achyla hypogyna, and
Thraustotheca clavata) only have proteins that group with the photolyases, not
the cryptochromes (Fig. 2.3A). This is notable as the photolyases are not
predicted to have photoreception activity, and therefore, the Saprolegnia diclina,
Saprolegnia parasitica, Achyla hypogyna, and Thraustotheca clavata genomes

are not predicted to contain any known or canonical photoreceptors. However, it
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is worth nothing that previous studies have indicated that light affects oospore
production of Saprolegnia diclina and sporangium production in Saprolegnia
parasitica (Clausz, 1968; Lee, 1962; Szaniszlo, 1965). Therefore, it is possible
that the lack of characterized photoreceptor proteins is an artifact of genome
sequencing or assembly specific to this set of organisms.

PITG_16104 in the P. infestans T30-4 genome assembly was predicted to
have two introns, neither of which are supported by our RNA-seq data at any
developmental stage. The gene model of PITG_16104 was adjusted accordingly,
and a new predicted protein sequence was generated (Table 2.2). Both P.
capsici gene models (Phyca_ 574436 and Phyca_44729) as predicted in the
LT1534 454-based reference genome database lacked stop codons, and
Phyca_ 44729 also lacked a start codon. The mapped RNA-seq reads for P.
capsici (discussed in Chapter 3) left the start codon for Phyca 574436
ambiguous, as very few reads covered the most likely start codon.
Phyca_574436 has one obvious open reading frame, and the distance from the
ambiguous start codon to the next start codon in frame is 339 nucleotides, which
is much larger than the average 45 nucleotide 5’UTR in Phytophthora genomes.
The N-terminal extension of Phyca_574436 is predicted to be the first 336 bases,
with the photolyase homology domain predicted to start at amino acid 113. The
first 112 amino acids are conserved among Phytophthora species, including the

P. infestans ortholog PITG_16104.
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The transcription start sites (TSS) of the P. infestans genes were mapped
by CAGE-seq, which confirmed the TSS predicted in the T30-4 genome and the
5" UTRs mapped in the RNA-seq of P. infestans strain 1306 for all three genes.
The TSSs for the P. capsici cryptochromes were predicted as the most likely start
site based on comparison of orthologous gene model DNA sequences,
particularly with the CAGE-seqg-confirmed P. infestans models, RNA read
coverage, and protein sequence conservation among Phytophthora species,
leading to the protein sequences used in this study (Table 2.2).

Since P. capsici appeared to encode fewer cryptochromes than P.
infestans, we considered the possibility that the public LT1534 assembly was
incomplete. However, a new P. capsici LT1534 genome assembly generated
using long-read PacBio sequencing and Illumina reads still only contained two
sequences predicted to encode cryptochrome photoreceptors.

The new P. capsici genome assembly showed two distinct alleles for
Phyca_44729. This was confirmed by PCR, cloning, and Sanger sequencing.
The alleles are distinguished by a 9-base insertion/deletion near the 5’ end, a 9-
base insertion/deletion in the photolyase homology domain, and an 11-base
insertion/deletion at the 3’ end that interrupts the stop codon and leads to an
alternative stop codon (Fig. 2.4B, Table 2.2).

Structurally, the N-terminal end before the photolyase domain is longer in
most Phytophthora cryptochromes than in cryptochromes in other organisms,

with the exception of PITG_01718 (Fig. 2.4C). However, cryptochrome size and
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structure varies in different organisms and with different functions (Lin and Todo,

2005).

Light-requlated expression of cryptochrome genes

Based on qRT-PCR results, gene expression of PITG_16100 and
Phyca_44279 were higher under constant white light versus constant dark
conditions (2.5 to 3.7-fold and 6 to 10.5-fold, respectively), while PITG_01718
and Phyca_574436 were not differentially expressed in response to light (Fig.
2.5A,B). PITG_16104 had slightly reduced expression under constant light at 2
days post inoculation (30% reduced), but was not differentially expressed at 3 or
4 days post inoculation (Fig. 2.5A).

Because some cryptochromes in other species are induced in response to
short bursts of light but level off expression due to acclimatization to the constant
light (Schwerdtfeger and Linden, 2001), the expression levels were also checked
after 60 minute exposure to white light. When P. infestans cultures were grown in
the dark for several days then exposed to white light for 60 minutes before
harvest, PITG_16100 transcripts were again induced under the light condition (6-
fold) as compared to constant dark (Fig. 2.5C). This is a larger fold-change than
in constant light (Fig. 2.5A). PITG_01718 transcript levels were not significantly
differentially expressed under the short light exposure (Fig. 2.5C). PITG_16104
expression was 45% reduced after 60-minute light exposure, both when

harvested at day 4 and day 6 (Fig. 2.5C).
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Taken together, these experiments show that PITG_16100 and the P.
capsici ortholog, Phyca_ 44729, both have higher transcript levels in light than
dark, while expression of PITG_01718 and Phyca_574436 were unchanged, and
PITG_16104 had slightly less transcripts detected in light as compared to dark,

using ribosomal S3A gene expression as an internal control.

P. infestans cryptochrome knockdowns

Transformants were generated using the constructs and strategies
described in Fig. 2.6A. Although both hairpin and sense silencing constructs
were made and transformed into Phytophthora, only hairpin constructs yielded
positives for knockdown or silencing. No sense-mediated knockdown
transformants were identified.

One PITG_01718-silenced transformant and two transformants with
reduced expression were identified using the hairpin construct (Fig. 2.7A).
Expression levels of neighboring genes were checked for off-target silencing
effects (Fig. 2.7A). Isolates were single-nuclear purified, and 4-5 single nuclear
derivatives per isolate were checked for expression of PITG_01718 (Fig. 2.7B).
For the silenced strain, AV9, all four single nuclear derivatives were silenced for
PITG_01718, indicating that AV9 was likely homokaryotic. Strain 17 also showed
similar expression of PITG_01718 in all of its single-nuclear derivatives. Strain
26, however, had some derivatives were either less-reduced than the original

culture, or no longer reduced in expression of PITG_01718 (Fig. 2.7B). This
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indicates that strain 26 was likely heterokaryotic, or had some nuclei that
reverted to wild-type PITG_01718 expression levels, while maintaining G418
antibiotic resistance. Transformants were grown for 7 days under 12-hour
light/dark conditions and checked for sporangia production. All three transformant
strains were reduced in sporulation as compared to wild-type strain 1306 (Fig.
2.7C). This experiment was repeated under constant blue light, constant red
light, and constant darkness, and reduced sporulation was observed in all three
knockdown strains (Fig. 2.7D). Under constant light, constant dark, and 12-hour
light/dark conditions, radial growth was only reduced in the silenced strain AV9,
as compared to wild type (Fig. 2.7E). All three silenced strains retained
pathogenicity on detached tomato leaves, however, AV9 continued to show
reduced growth rate as compared to the other strains (Fig. 2.7F). Silenced strain
AV9 has distinct colony morphology from wild-type in both light and dark
conditions, again showing a slower growth rate as compared to wild-type (Fig.
2.7G).

Transformations targeting PITG_16100 also yielded silenced and
knockdown strains. Once seven individual silenced or strong knockdown
transformants were identified, all with the hairpin construct, further screening was
stopped. Three biological replicates per isolate were checked for off-target gene
expression changes in the neighboring genes (Fig. 2.8A). Isolate 5A had a flat
colony growth and reduced growth rate as compared to wild-type and the other

silenced transformants, and gRT-PCR revealed reduced expression of
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PITG_16099, an EF-hand domain-containing protein located immediately to the
left of the target gene (Fig. 2.8A). Strain 17 also had reduced expression of
PITG_16099. Because any phenotype could therefore not be reliably attributed
solely to the reduction of PITG_16100 transcripts, these two strains were
excluded from further study. Strains 5A, 18, and 19 had an approximately 40%
increase in expression of PITG_16101, an anoctamin-like protein. The remaining
PITG_16100-silenced transformants showed normal expression of its flanking
genes, and were thus assayed for growth, colony morphology, and sporulation in
light versus dark. No growth or sporulation changes were observed (Fig. 2.8B).
Transformations with three different constructs targeting PITG_16104
were performed, and yielded about 12 transformants with reduced transcript
levels for PITG_16104 (Fig. 2.9A). Unfortunately, all of these transformants were
severely developmentally delayed or stunted, and several died before
phenotyping could be performed. Although none of these cultures sporulated
well, if at all, gRT-PCR of the neighboring genes showed that expression of a
proximal non-coding RNA was significantly reduced in all of the transformants, as
was expression of nearby gene PITG_16105, an E3 ubiquitin ligase with a zinc
RING finger domain (Fig. 2.9A,B). One transformant also showed slightly
reduced expression of PITG_16103, a Major Facilitator Superfamily protein.
Because these transformants had off-target alterations in gene expression, any

deviation in cultural and sporulation phenotypes from wild-type could not be
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reliably attributed to the reduction of PITG_16104 transcripts. No further analysis

was conducted.

P. infestans cryptochrome overexpression

Overexpression transformants were generated using constructs described
in Fig. 2.6B. Positive transformants were obtained for all three genes (Fig. 2.10).
Transformants overexpressing PITG_16100 with the peptide tag were not easy
to obtain, as only one positive was identified from 77 screened: 16100-OE-22,
which has the N-terminus myc tag (Fig. 2.10A). For PITG_01718, 6 positive
transformants were identified from 33 screened, all of which all have the C-
terminal FLAG tag. Each isolate was single nuclear purified, and derivatives were
again checked by Western blot for production of the target gene with the small
peptide tag attached (Fig. 2.10B). For PITG_16104, 5 transformants
overexpressing this protein with a C-terminal FLAG tag were identified from 41
screened (Fig. 2.10C). Also, mRNA levels of the target gene and other
cryptochromes were quantified for each isolate using RT-gPCR. PITG_16100-
OE-22 has an 86-fold increase in expression of PITG_16100 mRNA compared
to wild-type, with slight alterations in expression of the other cryptochrome
genes, with a 25% reduction of PITG_16104 and 50% increase in transcripts of
PITG_01718 (Fig. 2.11A). PITG_16104-OE isolates 35, 36, and 38 have 72-, 66-,
and 92-fold increases in expression of PITG_16104, respectively, with about an

80% increase in expression of PITG_01718 and a 2-fold increase in PITG_16100

48



(Fig. 2.11B). PITG_01718-OE isolates 28, 34, and 35 have 37-, 72-, and 18-fold
increases in expression of the target gene PITG_01718, with a 50% increase in
expression of PITG_16104, and a 2-fold increase in PITG_16100 (Fig. 2.11C).
These strains were phenotyped for growth and sporulation under constant light
and constant dark conditions (Fig. 2.12). PITG_01718 transformants OE-28 and
OE-34 sporulated the same as wild type in both light and dark, while OE-35 had
sporulation reduced in the dark. PITG_16104 transformant OE-35 did not differ
from wild type, while OE-36 had a 2-fold increase in darkness, but did not differ
from wild type in light, and OE-38 had a 60% decrease in sporulation in both light
and dark conditions. PITG_16100 OE-22 sporulation did not differ from wild type

in light or dark (Fig. 2.12).

Discussion

Cryptochromes are conserved response proteins that exist in all kihngdoms
of life, so it is not surprising that Phytophthora genomes contain cryptochromes.
It is surprising that Saprolegnialean oomycetes (with the exception of
Aphanomyces spp.) appear not to contain cryptochromes. Although
cryptochromes are involved in the circadian clock in many organisms, no
evidence has been published to demonstrate a circadian rhythm or any
circadian-regulated processes in Phytophthora species, or in any oomycete.
Circadian rhythms have been identified in photosynthetic stramenopiles,
including brown algae, diatoms, and Nannochloropsis spp. (Braun et al., 2014;

Ragni and D’Alcala, 2007; Schmid et al., 1992; Schmid and Dring, 1992).
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It is worth noting that no light-oxygen-voltage (LOV) domains were
identified in the Phytophthora genomes. LOV domains are in the Per-ARNT-Sim
(PAS) domain superfamily and detect blue light through a flavin cofactor
(Crosson et al., 2003). Many photoreceptors contain LOV domains, such as vivid
and the white collar photoreceptors in fungi, phototropins in plants, and
aureochromes in photosynthetic stramenopiles (He et al., 2002; Schwerdtfeger
and Linden, 2003; Takahashi et al., 2007). LOV domains are conserved in all
kingdoms of life, including bacteria and archaea (Herrou and Crosson, 2011).
However, my searches of the stramenopiles only found LOV domains in the
photosynthetic stramenopiles. The lack of LOV domains in Phytophthora and
other oomycetes was confirmed in an extensive search of the InterPro/UniProt
database, using a bioinformatic pipeline for identifying LOV domains while
excluding false positives (Glantz et al., 2016; Brian Chow, personal
communication).

All of the Phytophthora genomes contain two or more cryptochromes.
Based on the PhyML phylogeny, Phytophthora cryptochromes group into two
clades (Fig 2.2). The P. infestans and P. capsici cryptochromes that have light-
responsive transcription are in one clade, and the P. infestans and P. capsici
cryptochromes with constitutive (or nearly constitutive) expression are in the
other clade (Fig. 2.2).

Some cryptochromes are constitutively expressed, such as Arabidopsis

thaliana Cry2, while other cryptochromes have light-regulated gene expression,
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such as Drosophila melanogaster Cry or Gallus gallus Cry1 (Emery et al., 1998;
Haque et al., 2002; Wang, 2019; Zuo et al., 2012). Constitutively expressed
cryptochromes tend to be regulated by light-dependent post-transcriptional
mechanisms (Guo et al., 1999). In Phytophthora infestans, PITG_16100
transcription is light-responsive, while PITG_01718 expression is constitutive.
PITG_16104 appears to have reduced transcript levels with 60-minute light
exposure, and when grown two days in constant light. This may be due to a light-
related mechanism for short-term light exposure.

P. capsici strain LT1534 was found to have two distinct alleles for
Phyca_44729 (Fig 2.3B). The three changes between the two copies are in the
N-terminal extension, photolyase homology domain, and the C-terminal
extension. Oomycete cryptochromes have an extended N-terminal region before
the photolyase homology domain that is conserved among Phytophthora
species. The function of this region has not been studied. In making the
overexpression transformants, a small peptide tag was put on either end of the
protein, and of the 57 transformants generated with the amino terminal myc tag,
only one positive was identified attached to PITG_16100. Most of the
transformation reactions with PITG_16104 and PITG_01718 overexpression
constructs with the 5’ myc tag yielded very few to no surviving transformants.
This does not indicate that the amino terminal is essential to the protein, as the
construct preps could have had an issue. The photolyase homology domain

contains the Rossmann fold and in other cryptochromes is where the second
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chromophore binds. A 3 amino acid change could affect the folding and binding
of the second chromophore, but a second chromophore has not been determined
for Phytophthora cryptochromes. The C-terminal extension has been shown in
have a role in signaling and localization in other cryptochromes, and the 4 amino
acid change due to the indel and alternative stop codon could alter function of the
C-terminal extension.

Phytophthora infestans sporulation responds to red light, while P. capsici
sporulation is not affected by red light. This difference is likely caused by one of
two things: P. capsici does not sense red light while P. infestans does, or both
species sense red light, but the signal does not affect sporulation in P. capsici.
More experiments need to be done to determine the underlying molecular basis
for the difference.

A possible biological explanation for the difference is that this is an
adaptation to the light color distribution under the plant canopy versus above the
plant canopy. Under the plant canopy, the light wavelengths are mainly blue and
green with little to no red, while the intensity of red is higher than blue light above
the plant canopy (Neff et al., 2000). P. capsici, a pathogen of roots, crowns,
stems, and mostly fruits that grow shaded by the plant leaves and sit on or near
the ground (such as pumpkin, squash, eggplant), would likely be more adapted
to below canopy light quality than above canopy light quality. In contrast, P.
infestans is primarily a foliar pathogen that causes disease on the canopy, or in

the above canopy light quality that includes more red light.
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It would be worth investigating if the species that were included in the
phylogenic analysis that contain a PITG_01718 ortholog (P. parasitica, P.
ramorum, P. sojae, Plasmopara halstedii, Bremia lactucae, Hyaloperonospora
arabidopsidis, and Peronospora effusa) also respond to red light. Because
Plasmopara halstedii, Bremia lactucae, Hyaloperonospora arabidopsidis, and
Peronospora effusa are downy mildews, these pathogens are directly exposed to
above-canopy light, but since these are obligate pathogens any response to red
light may result from signals attributable to the plant. Peronospora belbahrii, a
downy mildew pathogen of basil, has been described previously as having a
sporulation response to red light, which to my knowledge, is the only previous
report of an oomycete plant pathogen with a sporulation response to red light
(Cohen et al., 2013). A BLASTn search of the publically available Peronospora
belbahrii genome assembly with the query sequence of PITG_01718 nucleotide
sequence results in 4 hits, one of which has an E-value of 0, and is
approximately 1500 nucleotides (500 amino acids) on scaffold sc_02239
(CACTHDO01000239: 442,315 - 443,843) (Thines et al., 2019). The predicted
domain architecture of this protein (using exPASY translate and NCBI cDART
CDD-search as described above) results in a protein similar to PITG_01718, with
no N-terminal extension before the photolyase homology domain.

Of the Phytophthora cryptochromes, PITG_01718 is structurally the most
like the C. reinhardtii aCRY red light receptor (Fig. 2.3C). This gene is the most

likely candidate for further studies relative to red light reception. Heterologous
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expression and UV/Vis spectroscopy would help determine which wavelengths
this protein absorbs. | speculate that PITG_01718 may perceive red light.

Although a previous study showed that P. infestans sporulation is not
affected by red light, it is possible that the red light intensity in the previous study
was too weak to elicit an effect (Cohen et al., 1975). The previous study
conducted an experiment with several blue light intensities, then chose the
lowest effective photon fluence that inhibited sporulation on potato leaves for
blue light, and only conducted experiments with red and green light at that rate
(15.5 ymol/m?/sec) (Cohen et al., 1975). However, sunlight and greenhouse
lighting are not equal in intensity of blue, red, and green light, and it is possible
that the red light effect is elicited under a higher intensity than blue light. In this
study, the red and blue intensity was high, with the intention of reaching
saturation. Results showed that even at a high intensity, red light did not affect
sporulation in P. capsici as compared to the dark condition, which we see with
blue light and white light. It is worth noting that the white light intensity used in the
study by Cohen et al. (1975) was approximately double the intensity that | used
here.

In other organisms, such as Arabidopsis or Chlamydomonas, knocking out
the red light receptor is not a lethal mutation, but does cause developmental
delays and changes. In Arabidopsis thaliana, for example, knockout of the
phytochrome red light receptors result in developmental delays and increased

susceptibility to stress (Monte et al., 2003).
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Because knockout strains exist for PITG_01718 and PITG_16100, RNA-
seq of these strains, particularly looking at light-induced and dark-induced genes
(discussed later in this dissertation) may help identify the genes that
cryptochromes regulate in P. infestans. In P. capsici, the cryptochromes have
close neighboring genes, which could make homology-based gene silencing
challenging, as the cis-spread of heterochromatin from the silenced loci may lead
to a change in expression of the neighboring genes. CRISPR/Cas9 genome
editing technology may provide a more precise method for knocking out these
genes. Although | did not screen enough transformants to find CRISPR-edited

positives, the constructs and sequences provided could be used for this purpose.
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Phytophthora capsici cryptochromes, B) P. capsici Phyca_ 44729 distinct alleles,
and C) cryptochromes from other organisms. Green triangles represent the

location and number of amino acids that are lacking in the other allele.
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Figure 2.6. Linearized maps of A) silencing constructs, and B) overexpression
constructs for the predicted cryptochromes in P. infestans. Yellow band
represents a myc-tag, and green band represents a FLAG-tag, black line is the
plasmid backbone, which contains a nptll gene (not shown).
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and PITG_01719 in silenced and knockdown transformants AV-9, 17, and 26. B)
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knockdown transformants. C) Sporulation of PITG_01718 silenced and
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light/dark (LD), and constant dark (DD).
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Table 2.1 Primers used in this chapter.

Primer

Sequence

Experiment

161040E-3-FLAG-F

AAGACTAGTATGACGGATCGCACTCTCCCG

Overexpression

161040E-3-FLAG-R

AGCGGCCGCCTACTTGTCGTCGTCGTCCTTGTAGTCCTGCGTA
GACTCTTCGGA

Overexpression

161040E-5-MYC-F

CCAACTAGTATGGAGCAGAAGCTGATCTCGGAGGAGGACCTG
ACGGATCGCACTCTCCCGC

Overexpression

161040E-5-MYC-R

TGCGGCCGCCTACTGCGTAGACTCTTCGG

Overexpression

017180E-3-FLAG-F

GCAACTAGTATGAAGGTGCTTCTTTGGTT

Overexpression

017180E-3-FLAG-R

AGCGGCCGCCTACTTGTCGTCGTCGTCCTTGTAGTCCTGCTGC
TTCGACTCGT

Overexpression

017180E-5-MYC-F

TCGACTAGTATGGAGCAGAAGCTGATCTCGGAGGAGGACCTG
AAGGTGCTTCTTTGGTTCCG

Overexpression

017180E-5-MYC-R

CGCGGCCGCCTACTGCTGCTTCGACTCGT

Overexpression

161000E-3-FLAG-F

CCTACTAGTATGACCAGGAAGCGGCAA

Overexpression

161000E-3-FLAG-R

CGCGGCCGCTCACTTGTCGTCGTCGTCCTTGTAGTCCTCGGG
CTGCGAGATCGA

Overexpression

161000E-5-MYC-F

TCGACTAGTATGGAGCAGAAGCTGATCTCGGAGGAGGACCTG
ACCAGGAAGCGGCAACG

Overexpression

161000E-5-MYC-R

CGCGGCCGCTCACTCGGGCTGCGAGAT

Overexpression

PITG 16104pcrR GCGGCGTCTAGCGTTGATTC Overexpression
PITG 01718pcrR GCCACACGGTCTTGATCACT Overexpression
PITG 16100pcrR CGTCCTTCCAGCACTGCAAC Overexpression

PITG_01718s-Fm GCCCATCGATTGCCATCCCCCACGAGAAAGCACA Silencing
PITG_01718s-Rn TGGCCATTAAGGCCTGGCGCGACCGTGGCAATGGTA Silencing
PITG_16100s-Ff GCCCATCGATACCACAACGCTGAGTGCTTACCTGA Silencing
PITG_16100s-Rn TGGCCATTAAGGCCCGTCGCTCCTCGAAGCCACGAA Silencing
PITG_16104s-Ff AAGTATCGATACTCTCCCGCTTTCTGCGCCAC Silencing

PITG_16104s-Rn

TGGCCATTAAGGCCTTGACGCCGCACAGCATGATCT

Silencing
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PITG 16104ant-F-n | GCCTCTAGATTGACGCCGCACAGCATGATCTT Silencing
PITG 16104ant-R-n | AATGCGGCCGCACTCTCCCGCTTTCTGCGC Silencing
PITG 01718ant-F-n | TCCTCTAGATGGCGCGACCGTGGCAATGGTAGAA Silencing
PITG 01718ant-R-n | TTAGCGGCCGCCTGCCATCCCCCACGAGAAA Silencing
PITG 16100ant-F-n | GCCTCTAGACGTCGCTCCTCGAAGCCACGAA Silencing
PITG 16100ant-R-n | ATTGCGGCCGCACCACAACGCTGAGTGCTTA Silencing
s16104-F ACCTTAATTAATCTGCCCAGTGAGCTCTACCAA Silencing
s16104-R AATGCTAGCGAAGCTGTCCGTCCAAGCTCACAG Silencing
as16104-F GCCTCTAGAGAAGCTGTCCGTCCAAGCTC Silencing
as16104-R AATGCGGCCGCTCTGCCCAGTGAGCTCTA Silencing
ham34-F-544 CGACCTTCACTCTCACCGAC Plasmid confirmation
ham34-R-41 TCTGCAACTTCGCACTCAGT Plasmid confirmation
16104RT-F148 ATACGTTCCAGCACTCAGCA gRT-PCR
16104RT-R148 ACTTCGACGCATAGCGATCTT gRT-PCR
01718RT-F151 TCTATGAGCCGTGGAAAGCC gRT-PCR
01718RT-R151 CCATACTGGCCGTTGGCATA gRT-PCR
16100RT-F154 CTGACTGCCTCATCGGGAAA gRT-PCR
16100RT-R154 TCTTCAGTTTGGGTGCGTGT gRT-PCR
PITG 16099F GCTGTGTTGTAGGGGGCTTT gRT-PCR
PITG 16099R TGCTCAGTTGTCTGCTCACC gRT-PCR
PITG 16101F TGCAAGAAAGCGCAGTGAGA gRT-PCR
PITG 16101R TCAGGTCGTGCAGATTGGTG gRT-PCR
PITG 16103F GCTCATCGGTGGCTACTTCT gRT-PCR
PITG 16103R AGCTCAGCCTCCTCCAGATA gRT-PCR
16104aRT-F ATTCTGCAAGATGCGCGTTC gRT-PCR
16104aRT-R TCGCTGTCTTCCTCGTCGTT gRT-PCR
16104RT-F ATCATCTAGCACGTCACTCGGTA gRT-PCR
16104RT-R CTAGCACTAAGCCACAGCCAG gRT-PCR
PITG 16105F GAGACGACGAGGAGTTCCCA gRT-PCR
PITG 16105R GGGAATGAGTCGAGCAGTGG gRT-PCR




¥8

PITG_01717F GCTGCCTATTCTCCAGGTCA gRT-PCR
PITG_01717R TTGCAGTACCCAGTGAGAGG gRT-PCR
PITG_01719F CACAACGTGCGTGAGATGAG gRT-PCR
PITG_01719R AACCTTGCCGTTCGGGTAAA gRT-PCR
Pc_44729F-146 CAATTACCGTCATGTGGCGT gRT-PCR
Pc_44729R-146 GCTGTACCTTCAATGGTGCG gRT-PCR
Pc_44729F-160 AAGAGGGGCAGCTTACTTCC gRT-PCR
Pc_44729R-160 GAACTGGCCTTGTTGATCCCA gRT-PCR
Pc_574436F-149 TCCTTACACGGGGTGACCTA gRT-PCR
Pc_574436R-149 GTACACCCGGAAGTAAGCCG gRT-PCR
Pc_574436F-160 ACCGTCGACATTTGGCAAGAA gRT-PCR
Pc_574436R-160 CGGATAGTCTTTGCCGATCAGA gRT-PCR
RiboS3A_F TAAGACGACGGACGGATAC gRT-PCR
RiboS3A_R AGGCACAAACTTCAGGAATAG gRT-PCR
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Table 2.2. Predicted protein sequences of cryptochromes in P. infestans and P. capsici.

Species

Gene ID

Protein sequence

Predicted
molecular
weight

P.
infestans

PITG_01718

MKVLLWFRRDLRLHDNLALNAALQHIEEAKSDVELISLYIIHRPQIMRCG
ANRFQFVLESVADLSGALAERGSKLVVAKGDSIQVLRRVLPAWDITHM
FFDGVCEPYAVERDDRALALAKSLGVQTHVTKGYNLYDLEVVIASHSG
KAPKTYQRFLKAVGAQPTPREPIPTPETLPSPTRKHSELYEQIANYWK
DRKLSDEEKEDDLEERERQIDQIAGPEHDFTLPDLTYFGYETPEKHSFI
YGGEQKALEMLKNYCSDQDRVALFEKPKTSPAQIPPTPSTTVLSPYMF
YGCLSPRTFYHQVRSIQRGRKKVSVPPVSLIGQLLWRDFYHCHGRAN
PYFDKMEESSTCLQVNWRYHTIPENEEDLSDDDKLARSQFEAWRDG
RTGFPWIDAIMIQLKEEGWMHHLARHSVACFLTRGDLYISWVRGLEVF
QERLIDHDWSLNAGNWLWLSSSYFFTAYFRVYSPISFGKKSDPEGLFI
KKYIPALKNFPAKYIYEPWKAPLTLQHAAGCRIGKDYPTPIIEHKTAMKR
CVEGLKMSYANGQYGIPPTSQTSKKRQREGSDDESKQQ*

65.5 kDa

P.
infestans

PITG_16100

MTRKRQRSASVRHVDDHPTPQRRHNATQNDVNGEADLTTPPRQDNA
ENANNNGPSITSPTITVTSSLNVLDGEVTTKVETVKDDDEQAKVNVALP
KRRAIVWFRRDLRIHDNLALDAAMRAQMQLQKAGDEEMALLPIYILHR
PKRQRCGPVRFQFLLEAIEDLARSIAKLDGRLLVLSGDAEEVLRTVIAA
WGVTDLFFEAGVAHYAVDRDNRVRAIAKSLDVNVTTIRGVTLYNPHEII
RLNSGQAPTDYERLLEITEKMPQPTQPIPAPVKLLNAACFSTDKLFSLL
EDVCQQNPSEADVIAGVAGDVKKTESELFVAPPLTAFGLTPPTPHAPLI
GGESAAMKRLDDFCEDERRVGQFEKPKTSPVSIDGPSTTTLSAYLSF
GCLSAREFFYRIMFIQLQYPHRPGLPTQVTLEGQLMWREFFYCYMCG
TRNFDSQELNPSCKQIDWRLLNEYYVSHPEYDEQEPKKVTEADEKLA
MRQLQCWKDGRTGFPWIDAVMRQINQEGWTHHAGRHAVACFLTRG
VLYISWLRGATYFQEKMIDLDWPINVGNWLWVSASCFFTNYRRMASP
STFPQRWDQQGQFIRKYIPALRNMPDKYVFEPWKAPLKVQRDADCLI
GKNYPFPIVDSKLAMSRCIAGMSRSFSDSDTESTTSSLTSTRTQTEDA

78.6 kDa
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EADGSSPWSGDDMCYNYRVPGSISQPE*

P.
infestans

PITG_16104

MTDRTLPLSAPLLPTEGTNNDAADDADLVDFASSLLDAADPDSELPES
TLDAATLDAVHAAINAPRELASEAISTSDLPVGSQQQQSTVEEEKKESI
PSESLPATDSGGGSDDEIRILVWFRRDLRLHDNLAISAALDWIKQEEEK
IPGRKVVFIPLYIVHRPKIMLCGVNRFQFLLESVSDLADALAARGSRLVV
ARGDGVQVLRRLLPAWRISHLFFDAASEPFAIDRDNRAVALARQLGVE
THVTHGYTLYDLDAVIAGNNGEPPKTYTAFLRALAMQPKPPKPLPTPE
KVPAPVYLPSELYQQVIDYWQNRLKPDSVTQSDVKEEKTEDETVKQD
FEADDDPQEKAKHLDEIAGPEQQFTLPEVTDFGFVAPERHPFIYGGEQ
IALGILRDYCRNEGRVVKFEKPKTSPAQTTPSASTTSLSPYLYFGSISP
RTFLHHVRGIQEHHAKALSATPVSLDGQLLWREFFHCHGRANAYFDK
MEESPTCLQIDWRWHTIPEREEDMTDDDKLARSQFQAWIDGQTGFP
WIDAIMIQLKEEGWMHHLARHSVACFLTRGDLYISWVRGLEVFQERLI
DHDWSINCGNWLWLSASYFFSAYFRVYSPSTFGKKWDPEGLFIRKYV
PALSKMPVKYIYEPWKAPMTVQHAAGCLIGKDYPFPIVDHKIAMRRSM
AGMKKSYALNEYGTPPAPNPPSSPRFKRPRENSASSSETSEESTQ*

80.8 kDa

P.
capsici

Phyca_574436

MTDHSQPPPTPPLPPEDPNEASDDTDLVNFASSLLDAADPDSQLPES
ALDAATLDAVHAAINAPQESPPERNILEVQGDPHATVAEEQREPIPSEI
DPETASERIDQDEVRILMWFRRDLRLHDNLALTEALELVKQQEEKMKQ
TTGRKVVFIPLYIVHRPKIMLCSVNRFQFMLESVSDLADALAARGSRLV
VARGDGVQVLRRLLPAWRITHLFFDAASEPFAIARDNRAVALATRLGV
QTRVTHGYTLYDLDAVISGNDGEPPKTYTAFLRSLAMQPKPPKPLPTP
EQVPALVYLPSELYQQVADYWKNRLKPDPVGQTDVKEEKTEEEEVKQ
EEEDDPKEKAKQLEEIGGPEQQFTLPEVTDFGYEAPERHPFIYGGEQI
ALSILRDYCRNEGRVVKFEKPKTSPAQTTPSASTTSLSPYLYFGCISPR
TFLHHVQGIQEHHAKALSATPVSLDGQLLWREFFHCHGRANPYFDKM
EESPTCLQIDWRWHTIPEKEEDMTDDDKLARSQFKAWTDGQTGFPWI
DAIMIQLKEEGWMHHLARHSVACFLTRGDLYISWVRGLEVFQERLIDH
DWSINAGNWLWLSSSYFFSAYFRVYSPSTFGKKWDPEGLFIRKYVPA
LSKMPVKYIYEPWKAPVTVQHAAGCLIGKDYPFPIVDHKIATRRCMEG
MKKSYAINQYGTPPVPKHPSSPRLKRQRENSSSSSETSEESTQG*

81.1 kDa
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P.
capsici

Phyca_44729

MARKRQRSVSTENSDDVHQLETPVQNTLEVAEEEDDWIEFIDGNSND
PSIMSAQSSFVLDGELQTEAVDSNVQEDNSELDTNAKQSDVDVTLPK
RRAVVWFRRDLRLHDNLALDAAIRAQQQLQKTEEMALLPIYILHRPKHL
RCGPMRFQFLLEAIEDLAKSIDKLHGRLLVLRGEAEEVLRVVMEAWGV
TDLFFEAGVMSYAVERDDRVKAIARTLNVKVTAIRGVTLYDPNEIIRLN
GGKPPTDYERLLEITENMPQPAQPIAAPVKLKNAAALSTSQLVKLLKDF
CKQDPSTANSIVGGTVDAEKADSELFVVPVLAVFGMEQPDPHTPLVG
GESEALKRLEEFCKDKRRVGLFEKPKTSPVAINAPSTTALSAYLCFGCL
SAREFFYRIMFIQLQFPLRPGPTQVTLEGQLMWREFFYCYACGTPNFA
SQERNPGCKQIEWRLRDEAHVTNPEYDQPVPLDADEKLALRQLQCW
KDGRTGFPWIDAVMRQINQEGWTHHAGRHAAACFLTRGVLYISWLR
GAAYFQEKLVDMDWPMNIGNWLWVSASCFFSNYRHVASPSRFPQR
WDQQGQFIRKYIPALRNMPDKFVHEPWNAPLKVQRDAGCLIGKDYPF
PIVDSKLAMSRCIAGMSLAYSDSETDSTASSVSSSRTQTEDADTGGSS
PWSADDMCYNYRGSQP*

77.0 kDa

P.
capsici

Phyca 44729
alternative
allele

MARKRQRSVSTENSDDVHQLVQNTLEVAEEEDDWIEFIDGNSNDPSI
MSAQSSFVLDGELQTEAVDSNVQEDNSELDTNAKQSDVDVTLPKRRA
VVWFRRDLRLHDNLALDAAIRAQQKTEEMALLPIYILHRPKHLRCGPM
RFQFLLEAIEDLAKSIDKLHGRLLVLRGEAEEVLRVVMEAWGVTDLFFE
AGVMSYAVERDDRVKAIARTLNVKVTAIRGVTLYDPNEIIRLNGGKPPT
DYERLLEITENMPQPAQPIAAPVKLKNAAALSTSQLVKLLKDFCKQDPS
TANSIVGGTVDAEKADSELFVVPVLAVFGMEQPDPHTPLVGGESEALK
RLEEFCKDKRRVGLFEKPKTSPVAINAPSTTALSAYLCFGCLSAREFFY
RIMFIQLQFPLRPGPTQVTLEGQLMWREFFYCYACGTPNFASQERNP
GCKQIEWRLRDEAHVTNPEYDQPVPLDADEKLALRQLQCWKDGRTG
FPWIDAVMRQINQEGWTHHAGRHAAACFLTRGVLYISWLRGAAYFQE
KLVDMDWPMNIGNWLWVSASCFFSNYRHVASPSRFPQRWDQQGQF
IRKYIPALRNMPDKFVHEPWNAPLKVQRDAGCLIGKDYPFPIVDSKLA
MSRCIAGMSLAYSDSETDSTASSVSSSRTQTEDADTGGSSPWSADD
MCYNYRRS*

76.1 kDa

* represents stop codon
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Table 2.3 P. capsici sgRNAs

Gene Position sgRNA name Sequence

Phyca_44729 49 44729 49 revcom  ACGATCCACTTCCAAGCACAAGG
Phyca_44729 276 44729 276_revcom CTCTGAGCACTCATAATGGAGGG
Phyca_44729 417 44729_417_revcom CGTGCAGTCTCAAGTCCCGACGG

Phyca 44729 547 44729 547 ATTTACGGTGTGGCCCCATGCGG
Phyca 44729 1422 44729 1422 GCTGTAAACAGATCGACTGGAGG
Phyca 44729 2121 44729 2121 revcom CACATATCGTCCGCACTCCAAGG

Phyca 574436 353 574436_2 TGTGGTTCCGACGAGACCTGCGG
Phyca 574436 378 574436 _27 GCACGATAACCTGGCACTGACGG
Phyca 574436 919  574436_190 revcom TCTCGAGCATGAACTGGAAGCGG
Phyca 574436 1491 574436_1140 GCACACGATTCCAGAGAAAGAGG
Phyca 574436 1558 574436_1207 GCTTGGACGGATGGTCAGACCGG




Chapter 3: Humidity and light-regulated gene expression in Phytophthora
infestans and Phytophthora capsici

Introduction

The ability to sense and respond to environmental conditions is critical for
many organisms, including Phytophthora species. Environmental conditions play
an influential role in plant disease incidence and severity, with a large role in
severity of epidemics. This environmental influence on plant disease has
informed plant production practices as early as Ancient Greece (Agrios, 2005).
Environmental conditions are used to inform decision support systems for
Phytophthora diseases, such as BLITECAST or BlightPro, but also inform
cultural best practices for disease avoidance, such as water management to
decrease periods of high humidity (Harrison, 1992; Krause et al., 1975; Lehsten
et al., 2017; Raposo, 1993; Seijo-Rodriguez et al., 2018; Small et al., 2015).

Environmental factors, particularly light and humidity, affect physiology of
both pathogen and host. However, limited research has been conducted to
understand the effect of light on Phytophthora biology at the molecular level, and
humidity research has been hampered by ineffective methods to accurately

measure and control humidity at the plant or media surface (Harrison, 1992).

Humidity
Humidity has a profound effect on sporulation of Phytophthora species

(Crosier, 1934). Humidity, rainfall, and frequency of wet days are three of the top
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four factors that influence occurrence of Phytophthora diseases in the field
(Utrata, 1980). Although light and temperature have an interactive effect relative
to sporulation in Phytophthora and other oomycetes, humidity has not been
shown to have an interactive effect with light or temperature (Minogue and Fry,
1981; Nordskog et al., 2007). In plants, humidity has independent regulatory
functions, and controls some processes that are independent of light and

temperature (Mwimba et al., 2018).

Light

Light is an important signal for space, time, and stress. In Phytophthora,
light regulates sporulation, and has a differential effect on various species of
Phytophthora, as discussed in Chapter 2. Little is known about which processes
other than sporulation are light-responsive, which sporulation genes are light-
responsive, or where in the sporulation cascade light has an effect. Additionally,
little research has been conducted to understand the difference in short-term
illumination (48 hours or less) versus long-term illumination in Phytophthora
species.

Understanding transcriptional shifts relative to environment is important for
understanding how the organism is adapting at the molecular level. However,
gene expression changes under differential environmental conditions has not

been thoroughly explored in Phytophthora species.
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Materials and Methods
Strains

Phytophthora infestans strain 1306, an A1 strain isolated from tomato in
California, was maintained on rye-sucrose media at 18°C in the dark (Judelson
and Whittaker, 1995). Phytophthora capsici strain LT1534, a lab strain created
through a cross of LT51 and LT263, backcrossed twice to LT263 to reduce
heterozygosity, was maintained on 10% V8 juice agar at 18-24°C in the dark

(HurtadoJGonzales and Lamour, 2009).

Light treatment

For the experiments with Phytophthora infestans and Phytophthora capsici
under constant light and constant dark conditions with two timepoints, the white
light treatment was the same as described in Chapter 2 (Fig. 2.2). For P.
infestans, pre-sporulation cultures were harvested at 2-days post inoculation, and
actively sporulating cultures were harvested at 4-days post inoculation. For P.
capsici, pre-sporulation cultures were harvested at 4-days post inoculation, and
actively sporulating cultures were harvested at 6-days post inoculation. These
experiments involved the collection of two biological replicates. Cultures were
grown face-up, with the Petri dishes directly on the wire rack in a single layerin a
Percival I-36LLVL incubator outfitted with cool-white fluorescent lighting, kept at a
constant 18°C. Photon fluence rate was measured at the media surface, under

the Petri dish lid, using an Apogee PS-200 spectroradiometer (Apogee
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Instruments, Logan, UT), and was approximately 75 umol/m?/sec. Cultures
exposed to continuous darkness were stored in individual cardboard boxes inside
a polystyrene box covered in light-tight black fabric in the same incubator at the
same time. The use of individual cardboard boxes prevented the later (4- and 6-
day incubated) cultures from any incidental light exposure during the harvest of
the earlier (2- and 4-day incubated) cultures.

In the experiments that were originally published in Xiang and Judelson
(2014), and used for RNA-seq analysis in this study, plates were stored upside
down inside sealed polystyrene moisture chambers, housed in a Percival I-
37LLVL incubator outfitted with cool-white fluorescent lighting, at a constant 18°C
temperature (Xiang and Judelson, 2014). Using the same Apogee PS-200
spectroradiometer as above, the photon fluence rate at the time of the
experiment was measured at 32 ymol/m?/sec; the media and polystyrene box lid
decreased that intensity at the surface of the culture by approximately half since
my measurements and calculations indicated that the photon fluence rate was
around 15 ymol/m?/sec. Cultures exposed to continuous darkness were stored in

light-tight black plastic bags in the same incubator at the same time.

Humidity treatment

P. infestans cultures were grown on rye-sucrose media with 0.8% agar
with a polycarbonate membrane placed on the agar surface. Plates were spore

inoculated with 200 pl of a spore suspension of 2x10° spores/ml in sterile water.
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Plates were incubated for two days under high humidity in a polystyrene box in
the dark. At 48 hours after inoculation, the first timepoint was harvested. Plates
were then split into two plastic incubation chambers: a chamber with low humidity
(34% relative humidity) or a chamber with high humidity (99-100% relative
humidity).

High and low humidity conditions were achieved by using plastic
incubation chambers with a compressed air input line. The low humidity set-up
had a compressed air line directly to the chamber, while the high humidity
chamber had a series of three water bubbler humidifier cups between the
compressed air regulator and the chamber. The humidity in the low humidity
chamber was maintained around 34% relative humidity, while the high humidity
chamber was maintained at 99-100% relative humidity, with the same rate of air
flow (3.5 liters/minute) in both chambers. Humidity was measured with traceable
meters purchased from Thermo Fisher. Samples were collected every 24 hours
from each humidity chamber for 3 days. At 3 days after moving (5 days after
inoculation), the low humidity chamber was converted to a high humidity
chamber by adding three water bubbler humidifier cups between the compressed
air regulator and the chamber of the low humidity chamber, and samples were

collected ever 12 hours (Fig. 3.1).
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RNA isolation and library preparation

Total RNA was extracted with the Sigma Plant Spectrum Total RNA kit
(Product number STRN10-1KT, Sigma-Aldrich, St. Louis, MO). RNA quality was
assessed by agarose gel electrophoresis, and with a Bioanalyzer 2100 using the
RNA nano kit (Agilent Technologies, Santa Clara, CA). Library preparation was

conducted with the TruSeq kit (Illumina, San Diego, CA).

Sequencing

RNA sequencing was conducted by 100-nt paired-end read sequencing
on an lllumina HiSeq4000 at University of California-Davis Genome Center DNA
Technologies and Expression Analysis Core (UC-Davis, Davis, CA) or by 75-nt
single-end reads on an lllumina NextSeq500 at CoFactor Genomics (St. Louis,

MO).

Data analysis

P. infestans reads were mapped to the P. infestans T30-4 reference
genome sequence using Bowtie2 and Tophat (Haas et al., 2009; Langmead et
al., 2009). P. capsici reads were mapped to the P. capsici LT1534 reference
genome sequence also using Bowtie2 and Tophat (Lamour et al., 2012). The
SystemPipeR pipeline was used to run EdgeR to generate trimmed-M-means-
normalized counts per million (CPM) gene expression values (Robinson et al.,

2010). For the cyclic light/dark study, DESeq2 was additionally run to generate
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DESeg2-normalized counts (Love et al., 2014). Reads per kilobase of transcript
per million mapped reads (RPKM) gene expression was also calculated for all
datasets. Differentially expressed genes were identified through comparison of
normalized or CPM or RPKM values, with a false discovery rate (FDR) cutoff of
0.05, and a P-value cut off of 0.01. GO term analysis was conducted with
GOHyperGAll (Horan et al., 2008). Heat maps were generated with per-gene-
normalized values and average Euclidian distance clustering of rows with Partek
Genomics Suite (Partek, St. Louis, MO). P. capsici orthologs of P. infestans
genes were identified using reciprocal best BLAST using P. capsici LT1534

reference genome gene models and P. infestans T30-4 gene models.

Results

Humidity-related gene expression in P. infestans

RNA sequencing yielded an average of 105,793,553 reads per library for
each of the 36 libraries, with about 80-85% of reads mapping to the P. infestans
T30-4 genome. A total of 13,884 genes were expressed with a CPM over 1 in
any condition (Fig. 3.2). Approximately one-third of genes in this dataset show
steady expression (<1.3-fold change) under both conditions (Fig 3.2).

Further analysis identified 1216 genes that increase in expression by 2-
fold as the culture grew under low humidity (Fig. 3.3). Since no sporulation was
occurring in these cultures, | refer to these as "aging-related" genes although it is
possible that some could reflect early-induced sporulation phenomena. GO term

analysis of this data set showed that overrepresented gene ontology terms
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included microtubule motor activity, cilium, and potassium ion transport (Table
3.1).

To identify sporulation-associated genes, comparisons were made of the
sporulating versus non-sporulating cultures: low humidity versus high humidity
days 3, 4, and 5, low humidity day 5 to “low to high humidity” day 5.5, and low
humidity day 5 to “low to high humidity” day 6. Lists were compiled, and aging-
related genes were removed. This resulted in the identification of 1332
sporulation-associated genes (Fig. 3.4). Many of the genes that are highly
expressed in the actively-sporulating high humidity samples at 5.5 and 6 days
after inoculation increased expression in the low humidity-grown cultures shifted
to high humidity, indicating that these genes may be controlled by a factor
directly downstream of the humidity response mechanism (Fig. 3.4). GO term
analysis of this set of 1332 genes included some known sporulation-related
genes, such as cilia-related genes.

Sets of known, well-characterized sporulation-related genes, i.e. those
encoding cilia, mastigoneme, Bardet-Biedel syndrome (BBS), and intraflagellar
transport (IFT) proteins, were examined separately to ascertain which genes are
turned on under low humidity, and which turned on expression when the low
humidity-grown cultures were shifted to high humidity to remove the sporulation
repression (Fig 3.5)(Blackman et al., 2011; Judelson et al., 2009, 2012). While
approximately one-third of the cilia-related genes were not differentially

expressed in sporulating (high humidity) cultures, two-thirds exhibited increased
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expression in sporulating cultures (Fig. 3.5A). The mastigoneme and BBS genes
all had increased expression in the sporulating cultures, including both the high
humidity sporulating cultures and the cultures shifted from low-to-high humidity
(Fig. 3.5B,C). While expression in the latter was not as high as in the cultures
treated with constant high humidity, the relative ratio of mRNA level to sporangia
concentration in the cultures were similar. The mastigoneme and BBS genes had
increased expression early in the high-humidity sporulation time course, and also
increased in the first 12 and 24 hours after the low humidity samples were
exposed to high humidity, which is consistent with these genes being turned on
early in the sporulation cascade (Fig. 3.5B, C). The twelve IFT genes showed a
very slight increase in expression in the cultures shifted from low to high humidity
induced-sporulation genes, albeit lower than observed in the constant high-

humidity cultures (Fig. 3.5D).

Effect of long-term illumination on gene expression in P. infestans and P. capsici

As discussed in Chapter 2, growth under constant light or dark conditions
results in normal sporulation in constant dark for P. infestans and sporulation in
only constant light for P. capsici (Fig. 2.1C, D). RNA sequence analysis of P.
infestans at day 2 (pre-sporulation) and day 4 (active sporulation), using two
biological replicates each, resulted in an average of 30 million reads per sample,
with approximately 87% alignment to the P. infestans T30-4 genome, with 13,179

genes expressed with a CPM over 1 in any condition. RNA analysis of P. capsici
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at day 4 (pre-sporulation) and day 6 (active sporulation), using two biological
replicates each, resulted in an average of 27 million reads per sample, with
approximately 86% alignment to the P. capsici LT1534 genome, and 14,643
genes expressed with a CPM over 1 in any condition.

Analysis of the P. infestans day 4 constant light (non-sporulating) and day
4 constant dark (sporulating) samples identified only 194 differentially expressed
genes with a 2-fold change threshold: 130 genes expressed higher in the dark
and 64 genes expressed higher in the light condition. By comparison, in the
humidity experiment described earlier 1498 differentially expressed genes with a
2-fold change threshold were identified between the day 4 high humidity and low
humidity samples: 1285 higher in the former, and 213 higher in the latter. GO
term enrichment analysis of the 194 differentially expressed genes between the
P. infestans day 4 constant light and constant dark cultures resulted in no
enriched GO terms. Analysis of selected sporulation-related gene sets (cilia,
mastigoneme, BBS, and IFT) showed that nearly all were expressed similarly in
the non-sporulating constant light and sporulating constant dark conditions at day
4, with slightly higher expression in the non-sporulating cultures (Fig.
3.6A,B,C,D). There were, however, several cilia genes that are higher in the
sporulating cultures than in the non-sporulating cultures (Fig. 3.6A). This
indicates these sporulation genes were already turned on in the P. infestans

cultures exposed to light, indicating that the light-related step is likely later in the
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sporulation cascade- after the cilia, mastigoneme, BBS, and IFT sporulation
genes are first turned on (Fig. 3.6).

Differential expression analysis of the P. capsici cultures grown under
constant light or constant dark conditions, harvested at day 4 (pre-sporulation) or
day 6 (active sporulation) sets differed from the results in P. infestans in several
ways. First, as described in Chapter 2, P. capsici sporulates in constant light and
not constant dark. At day 6, 505 genes were found to be differentially expressed
at least 2-fold in constant light versus constant dark, with 379 genes expressed
higher in constant light and 126 expressed higher in the constant dark. This is 2.5
times more genes differentially expressed than identified in P. infestans, with 3
times as many genes with increased expression in the sporulating cultures as
compared to the non-sporulating culture of the same time point.

Analysis of selected sporulation-related gene categories (cilia,
mastigoneme, BBS, IFT) in the P. capsici constant light and constant dark
cultures showed that many of these sporulation genes are expressed higher in
the sporulating cultures than the non-sporulating cultures (Fig. 3.7). Although
higher expression of sporulation genes in sporulating cultures, and lower
expression in non-sporulating cultures is the intuitive or expected result, this is in
contrast to P. infestans, where the sporulation genes were on in both sporulating
and non-sporulating cultures. However, interestingly, both P. infestans and P.
capsici have very similar expression of the cilia genes in constant light at the

early and later timepoints, regardless of sporulation (Fig. 3.6A, Fig. 3.7A).
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Expression of the cilia genes under constant dark conditions in P. infestans
versus P. capsici was somewhat similar in the two species, but the change in
expression from the non-sporulating early timepoint to the sporulating later
timepoint was starker in P. infestans than the two non-sporulating timepoints in
P. capsici, indicating a likely association with sporulation in this case (Fig. 3.6A,
Fig. 3.7A).

Approximately 30% of the cilia genes were expressed at higher levels in
the sporulating cultures of P. capsici (Fig. 3.7A). All three of the mastigoneme
genes were expressed higher in the sporulating cultures (Fig. 3.7B). Three of the
7 BBS genes were expressed higher in the sporulating cultures, and 8 of the 12
IFT genes are expressed higher in the sporulating cultures, with 1 of the 12 IFT
genes expressed higher in the non-sporulating day 6 culture as compared to the
sporulating day 6 culture (Fig. 3.7C, 3.7D). This expression pattern is in contrast
to the expression of the orthologs of these genes in P. infestans, where none of
these genes were expressed higher in the sporulating P. infestans cultures as
compared to the non-sporulating cultures at the later timepoint (day 4). The
expression pattern observed in P. capsici is more similar to the P. infestans
humidity-regulated sporulation observed in P. infestans, where all of the
mastigoneme and BBS, and 9 of the 12 IFT genes and two-thirds of the cilia
genes were expressed higher in the sporulating (high humidity) cultures (Fig.

3.5).
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To further investigate the differences in expression of sporulation-related
genes in the P. infestans and P. capsici light-regulated sporulation cultures under
constant light or constant dark, the 1332 P. infestans humidity-related sporulation
genes (Fig. 3.4) from the differential humidity datasets, along with the 1129 P.
capsici orthologs were analyzed in the P. infestans and P. capsici constant light
versus constant dark datasets. TMM-normalized CPM values were used and
data was per-gene-normalized per species. When looking at all of these genes
together, P. infestans again has little differential expression in the sporulating
versus non-sporulating day 4 cultures, with slightly higher expression of the
sporulation-associated genes in the non-sporulating cultures (Fig. 3.8A). In P.
capsici, however, 85% of these sporulation-associated genes were expressed
higher in the sporulating versus non-sporulating day 6 cultures (Fig. 3.8B). When
analyzing a subset of the 1332 genes with the strongest sporulation-related
expression in the humidity set, a clade calculated by Euclidean clustering and
selected visually (to reduce noise), only 15 of 60 genes in P. infestans had 2-fold
higher expression in the sporulating versus non-sporulating cultures (Fig. 3.8C,
Table 3.2). In P. capsici, all 48 of the orthologs were expressed higher in the
sporulating cultures as compared to the non-sporulating cultures, with strong

expression in only the day 6 constant light sporulating cultures (Fig. 3.8D).
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Cyclic light/dark gene expression in P. infestans

RNA was also sequenced from P. infestans cultures grown under constant
light, constant dark, and 12-hour light/dark cycles on media, and on tomato
leaves under 12-hour light/dark cycles. This used tissue samples previously used
for other experiments by Xiang and Judelson (Xiang and Judelson, 2014).
Cultures on media were sampled every 12 hours at 2 days after inoculation, then
3 to 7.5 days after inoculation, and in planta cultures were harvested every 4
hours from 2 days after inoculation to 6 days after inoculation. RNA sequencing
of media-grown cultures had an average 25 million reads per sample, with an
average of 86% mapping to the P. infestans T30-4 genome sequence. In planta
cultures were sequenced to an average of 77 million reads per sample, with 10-
80% reads mapping to P. infestans; this value increased progressively during the
experiment, reflecting the proliferation of the pathogen within plant tissue.
Approximately 15,984 genes were expressed in any condition with a DESeq2-
normalized counts >20, and RPKM>1 (Fig. 3.9). DESeq2-normalized counts and
RPKM were used with this dataset, in contrast to the TMM-normalized CPM
values with FDR and P-value calculations as above, as this dataset has single
replicates. Visualization of the overall expression patterns of genes shows 9
large groups of distinct expression patterns (Fig. 3.9). This includes genes that
are highly expressed early in plant infection but are steadily expressed in media,
genes that are high early in media, but are low early in planta, genes that are

expressed high early and decrease over time in both media and in planta, genes
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that appear to be light-regulated with a cyclic pattern in the 12-hour light/dark set,
genes that are higher in the dark media and likely contain sporulation genes, and
four other groups with gene expression that changes only slightly over time in the
different conditions.

Analysis of the 230 P. infestans transcription factors expressed in these
datasets showed that several transcription factors have differential expression
under constant light, as compared to constant dark, as compared to 12-hour
light/dark. A few were expressed higher in the dark sporulating cultures. This
included both in constant dark samples and tissue harvested during the dark
period of the 12-hour cyclic light/dark cultures, including Myb2R3 and MADS
(Fig. 3.10). As discussed in Chapter 2, photoreception in Phytophthora is still
poorly understood, and we know that in fungi, transcription factors are important
in photoreception. In this dataset, 4 transcription factors have slightly elevated
expression in light, however, none of these genes have a consistent light-
associated (sporulation-independent) gene expression pattern that would be
expected for a photoreceptor, which would be low in constant dark, high early in
constant light, and consistently higher in the light period that dark period in the
12-hour light dark cycle (Fig. 3.10).

When looking for light-associated or dark-associated gene expression
across all genes, 176 genes were identified with a 2-fold change threshold from
light to dark or dark to light in the 12-hour light/dark cyclic cultures (Fig. 3.11).

Although it may appear that more than 176 genes were cyclic in the overall
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heatmap (Fig. 3.9), most of the genes that appear cyclic change very little
(approximately 10% change). The 2-fold change threshold used for identification
of this gene set was arrived at using trial and error. When a low fold change
threshold of 1.25-fold change,was applied (25% change), 2141 genes were
cyclic, with 674 higher in light, and 1467 higher in dark. However, GO term
analysis returned no statistically-significant results, indicating that this set of
genes likely contains more noise than signal. When using a 1.8-fold change
threshold, GO term analysis again returns no statistically-significant results,
indicating that this set of genes likely contains more noise than signal. The genes
that appear cyclic in the overall heat map may be an artifact due to lack of
replication. However, biologically, gene expression changes of less than 2-fold
change can be significant, and there are biologically relevant genes included in
the lower fold-change threshold cyclic gene sets but excluded from the 2-fold
change set (i.e. Myb2R3 and MADS). Moreover, depending on mRNA half-lives,
changes in de novo transcription may be more dramatic than changes in mRNA
abundance. Nevertheless perhaps since noise increases as the threshold lowers,
a 2-fold change was the lowest fold-change threshold that resulted in enriched
GO terms.

In this 2-fold change threshold set of 176 light- or dark-associated genes,
53 genes are light-associated (higher in light) and 123 are dark-associated
(higher in dark). GO term analysis of the 53 light-associated genes showed

enrichment of histone kinase activity, response to UV, glycine catabolic process,
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chromatin-mediated maintenance of transcription, regulation of double-strand
break repair, and condensed nuclear chromosome (Table 3.3). As many of these
terms are light-related, these results were somewhat expected. GO term analysis
of the 123 dark-associated genes showed enrichment of mainly general growth-
related terms such as cell wall disassembly, cell wall organization or biogenesis,
beta-glucan metabolic process, and glycosyl bonds cell wall macromolecule
metabolism (Table 3.4). This result was less expected.

Because sporulation in P. infestans is higher in the dark, differential
expression of sporulation genes and enrichment of sporulation-related GO terms
was expected, but not found. Known sporulation-associated genes (cilia,
mastigoneme, BBS, and IFT) were then analyzed for expression (Fig. 3.12).
Many cilia genes have slightly elevated expression in the dark phase of the 12-
hour cyclic light cultures, with an expression increase of approximately 50%; note
that this is below the 2-fold threshold used in Fig. 3.11. None of the cilia genes
show increased expression in constant dark compared to constant light (Fig.
3.12A). Several cilia genes have an increase in expression in the in planta
cultures from 3.5 days after inoculation to 3 days, 20 hours, which is a dark
period and early in sporulation (Fig. 3.12A). All 4 mastigoneme genes have the
same expression pattern in P. infestans under constant light and constant dark
conditions (Fig. 3.12B). The mastigoneme genes have approximately an increase
in expression in the dark in the cyclic light/dark cultures, and have a strong

increase in expression in the in planta cultures 3 days, 8 hours post inoculation to
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4 days post inoculation, which spans both light and dark conditions, and is the
same time as the earliest and strongest increase in sporulation (Fig. 3.12B). The
BBS genes show a similar expression pattern as the mastigoneme genes in this
dataset, but with a lower degree of gene expression increase (Fig. 3.12C). Five
of the IFT genes have a similar expression pattern in all 4 conditions, and the
other 8 IFT genes have a similar expression pattern to the BBS genes (Fig.
3.12D).

Several additional known sporulation genes were also examined for
expression- Pks1, Myb2R1, Myb2R3, Myb2R4, Cdc14, and MADS (Fig. 3.13).
Although gqRT-PCR results had shown Pks1 to have a similar sporulation-related
expression pattern to Myb2R1 and Myb2R3, these results show an opposite
pattern (Xiang and Judelson, 2014). Myb2R1 expression increases 20% in the
dark period of the 12-hour light/dark media cultures when sporulation is slightly
increased, but expression is similar in the constant light and constant dark
conditions, although sporulation is higher in the constant dark samples (Fig.
3.13). Myb2R1 also has slightly higher expression in the dark period of the in
planta samples when sporulation is observed. Myb2R3 has 40% higher
expression in the dark period of the cyclic media samples, when sporulation is
increased, however, like Myb2R1, expression is similar in constant light and
constant dark, regardless of sporulation levels. In planta, Myb2R3 has increased
expression in the dark, when sporulation is higher, with a stronger increase in

expression when sporulation is first observed around 3.5 days after inoculation
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(Fig. 3.13). However, Pks1 expression in the 12h light/dark media samples is
opposite to Myb2R1 and Myb2R3, with 30-60% higher expression in the light,
when sporulation is lower. Pks1 expression in planta is higher in the later
timepoints while sporulation is occurring, but does not show a distinct light-
related expression pattern (Fig. 3.13). Myb2R4 expression is approximately 10%
higher in the dark period of the cyclic 12h light/dark media samples, but has a
strong increase in planta early in sporulation in the dark. Cdc14 does not show a
light- or dark-related expression pattern, but increases over time in all conditions.
MADS expression is 60-80% higher in the dark period of the 12h light/dark cycle
in media, and also shows an increase in the dark period in planta (Fig. 3.13).
Cryptochrome PITG_16100 expression was included as a control for light, as its

expression is increased in light, which was confirmed by qPCR in chapter 2.

Discussion

Humidity-related sporulation

Based on the gene expression and sporulation patterns of P. infestans
cultures grown under differential humidity, humidity likely regulates an early step
in the sporulation cascade, before the formation of the sporangiophore. Mid- to
early sporulation genes, such as the cilia, mastigoneme, and BBS genes that
turn on at day 4 under high humidity do not turn on in the low humidity non-
sporulating cultures (Fig. 3.5). This model is supported by the observation that
cultures in the low humidity condition showed flat growth until exposure to high

humidity. The repression of sporulation by humidity is likely an adaptation to the
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fact that Phytophthora sporangia are sensitive to damage by drying, therefore,
spore production timed for high humidity increases the likelihood of survival of

the spore (Warren and Colhoun, 1975).

Effect of long-term illumination on sporulation

Although constant light represses sporulation as compared to constant
dark in P. infestans, none of the mastigoneme, BBS, or IFT genes were
differentially expressed in the non-sporulating or reduced-sporulation constant
light condition as compared to the sporulating constant-dark-grown cultures. This
was observed in two independent experiments with different lighting qualities and
5-fold different light intensities that were conducted several years apart,
conducted by two independent researchers (Dr. Quijun Xiang and myself), (Fig.
3.6, 3.12). The results show that in the constant-light (long-term illumination)
sporulation-repressed cultures, sporulation genes are turned on, although mature
sporangia are not observed. It is likely that the repression signal from constant
light is late in the sporulation cascade. Previous studies have reported that when
light conditions repress sporulation in P. infestans and the downy mildew
Peronospora belbahrii, the production of the sporangiophore is not affected
(Cohen et al., 1975, 2013). This would be consistent with a repression signal late
in the sporulation cascade.

Early sporulation genes, such as Cdc14 or MADS in P. infestans, are

typically expressed before and during the sporangiophore initial stage, so a
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repression of the genes post-production of the sporangiophore, would have these
genes and some genes downstream of these early regulators already turned on
(Ah Fong and Judelson, 2003; Leesutthiphonchai and Judelson, 2018). Both
Cdc14 (PITG_18578) and MADS (PITG_07059) are turned fully on in the
constant light cultures with little to no sporulation observed. Cdc14 in particular
has higher expression in the non-sporulating constant light cultures as compared
to the sporulating constant dark cultures (Fig. 3.13). | speculate that the light
repression of sporulation that occurs post-production of the sporangiophore may
be related to the pumping of the protoplasm from the sporangiophore shaft to the
sporangiophore tip, or formation of the basal plug, as these processes occur after
the sporangiophore is produced, and after the ballooning of the tip. The
ballooning or expansion of the sporangiophore tip was shown to still occur in
light-related sporulation-repressed Peronospora belbahrii downy mildew cultures
(Cohen et al., 2013), though it is only speculation that the light repression would

also be after the tip ballooning in P. infestans as well.

Effect of 12-hour cyclic light dark

Conclusions from the cyclic light-dark study should be drawn with caution,
as this experiment was single replicate and statistical support is therefore
lacking. This is particularly an issue in determining the significance of shifts in

gene expression, such as the 20% increase in the expression of Myb2R1 (Fig.
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3.13). Although this is a small change, and far below the typical 2-fold change

threshold used in RNA-seq analysis,

Overall model

Based on the data in the two P. infestans RNA-seq datasets presented in
this chapter, this expression pattern of MADS is consistent with my hypothesis
that light regulates sporulation in P. infestans in two independent ways: an early,
short exposure signal upstream of genes that are expressed pre-sporangiophore
initial, and a later post-sporangiophore dark signal that is needed to break the
repression of sporulation caused by constant light (Fig. 3.13).

The hypothesis that light regulates sporulation in two independent ways is
also consistent with observations in P. capsici. In P. capsici, the long-term
illumination sporulation-repression does not occur, as light stimulates sporulation
in P. capsici. However, long-term darkness does repress sporulation in P.
capsici, and a light signal can be used to break the constant-dark-related
sporulation repression. The observation that, in contrast to P. infestans,
sporulation genes are not fully turned on in the dark-related sporulation-
repressed P. capsici cultures is consistent with the hypothesis that there is a
short exposure to light, like a qualitative “switch” that will turn sporulation on.
Likely this is the expression of a single gene, such as a transcription factor, that
then turns on a set of genes. The gene expression patterns indicate that the

dark-related sporulation-repression is likely not a repression, but a lack of
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induction. | base this statement on the fact that in P. infestans, the sporulation
cascade is turned on and many parts of the sporulation process occur, including
the production of the sporangiophore. However, in P. capsici, early sporulation
genes do not fully turn on then the process is stalled or inhibited in the non-
sporulating cultures as they do in P. infestans. The P. capsici early sporulation
genes turn on in response to light, and no do not turn on in the absence of light.
The P. capsici data presented in this chapter is limited, but consistent with the
hypothesis that there is a short burst of light signal that is a quantitative presence
or absence “switch”, and a long-term sporulation repression that requires

constant light, but is not seen in P. capsici.
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Figure 3.2. Expression of all P. infestans genes under high and low humidity
conditions. Top panel represents sporulation of each sample. Asterisk represents
low humidity cultures that were shifted to high humidity.
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Figure 3.3. Expression of aging-related genes in P. infestans cultures under low
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Figure 3.4. Expression of 1332 sporulation-associated genes in P. infestans. Top
panel represents sporulation of each sample. Asterisk represents low humidity
cultures that were exposed to high humidity.
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Figure 3.5. Expression of P. infestans genes in the categories A) cilia, B)
masitgoneme, C) Bardet-Biedl Syndrome, and intraflagellar transport genes in P.
infestans under high and low humidity from days 2-6 after inoculation. Top panel
represents sporulation of each sample. Asterisk represents low humidity cultures
that were shifted to high humidity.
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Figure 3.6. Expression of genes in categories A) cilia, B) mastigoneme, C)
Bardet-Biedl Syndrome (BBS), and D) intraflagellar transport (IFT) in P. infestans
under constant light or constant dark conditions. Top panel represents
sporulation of each sample.
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Figure 3.8. Expression of sporulation genes identified from the humidity RNA-seq
in A) P. infestans and B) P. capsici, and a select set of these genes in A) P.
infestans and B) P. capsici under constant light or constant dark conditions.
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Figure 3.9. Expression of all genes in P. infestans under constant light, constant
dark, or 12-hour light/dark conditions at high humidity. Black circles represent
dark, open circles represent light condition. Top panel represents sporulation of
each sample. Media-grown samples were taken at 2 days after inoculation, then
day 3, and every 12 hours until day 7.5. In planta samples were taken every 4
hours from 2 days after inoculation to day 6.
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Figure 3.10. Light-related gene expression of transcription factors in P. infestans.
Black circles represent dark, open circles represent light condition. Top panel
represents sporulation of each sample. Media-grown samples were taken at 2
days after inoculation, then day 3, and every 12 hours until day 7.5. In planta
samples were taken every 4 hours from 2 days after inoculation to day 6.
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Figure 3.11. Cyclic light/dark-associated gene expression in P. infestans. Black
circles represent dark, open circles represent light condition. Top panel
represents sporulation of each sample. Media-grown samples were taken at 2
days after inoculation, then day 3, and every 12 hours until day 7.5. In planta
samples were taken every 4 hours from 2 days after inoculation to day 6.
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Figure 3.12. Expression of genes in categories A) cilia, B) mastigoneme, C)
Bardet-Biedl Syndrome (bbs), and D) intraflagellar transport (IFT) under
constant light, constant dark, 12-hour light/dark, and in planta on tomato leaves.
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Figure 3.13. Expression of sporulation-related genes in P. infestans: Pks1,
Myb2R1, Myb2R3, Myb2R4, Cdc14, and MADS, with PITG identification on the
left side. Cryptochrome PITG_16100 has light-associated gene expression and
was included as a control.
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Table 3.1. GO terms of P. infestans aging-related genes under low humidity

GOID FDR Term Ontology
G0:0003774 | 2.39E-05 motor activity Molecular function
G0:0004674 | 4.09E-05 protein serine/threonine kinase activity Molecular function
G0:0003777 | 7.03E-04 microtubule motor activity Molecular function
G0:0007154 | 1.68E-07 | cell communication Biological process
G0:0003008 | 7.50E-07 | system process Biological process
G0:0071804 | 6.57E-06 cellular potassium ion transport Biological process
G0:0051273 | 8.17E-05 beta-glucan metabolic process Biological process
G0:0006813 | 1.13E-04 potassium ion transport Biological process
GO0:0007165 | 2.04E-04 | signal transduction Biological process
G0:0032501 | 2.78E-04 multicellular organismal process Biological process
G0:0006928 | 2.84E-04 movement of cell or subcellular component Biological process
G0:0042391 | 8.71E-04 regulation of membrane potential Biological process
G0:0042995 | 1.12E-15 | cell projection Cellular component
G0:0005929 | 4.17E-11 cilium Cellular component
G0:0120038 | 4.46E-11 plasma membrane bounded cell projection Cellular component
G0:0005856 | 1.85E-10 | cytoskeleton Cellular component
G0:0005886 | 1.41E-09 plasma membrane Cellular component
G0:0071944 | 2.18E-08 | cell periphery Cellular component
G0:0009986 | 6.57E-08 | cell surface Cellular component
G0:0098590 | 1.09E-06 plasma membrane region Cellular component
G0:0099080 | 1.43E-06 | supramolecular complex Cellular component
G0:0015630 | 2.61E-06 microtubule cytoskeleton Cellular component
G0:0097458 | 2.78E-04 neuron part Cellular component
G0:0005874 | 3.74E-04 microtubule Cellular component

129




Table 3.2. Sporulation-related genes in P. infestans constant dark Day 4

Gene ID Annotation

PITG 10438* SCP-like extracellular protein

PITG 08442 Conserved hypothetical protein

PITG 19644 Carbohydrate-binding protein

PITG 22680* Conserved hypothetical protein

PITG 12872 Sweet1 sugar transporter, Rag1-activating protein 1

PITG 19642 Endopolygalacturonase

PITG 15644 Acidic endochitinase

PITG 11849 Bifunctional arginine demethylase and lysyl-hydroxylase PSR

PITG 05386 Zinc transporter zupt

PITG 08148 Tyrosinase

*This gene also has FDR<0.05 and >2 fold-change CPM day 4 constant light vs. constant dark
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Table 3.3. GO terms of P. infestans cyclic light-associated genes

GO ID FDR Term Ontology
G0:0035173 3.09E-04 histone kinase activity Molecular function
G0:0009411 4.26E-04 response to UV Biological process
G0:0006546 6.54E-05 glycine catabolic process Biological process
G0:0048096 1.30E-04 chromatin-mediated maintenance of Biological process
transcription

G0:2000779 9.76E-04 regulation of double-strand break repair Biological process
G0:0000794 4.01E-03 condensed nuclear chromosome Cellular component
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Table 3.4. GO terms of P. infestans cyclic dark-associated genes

GO ID FDR Term Ontology
G0:0004096 2.83E-05 catalase activity Molecular function
G0:0008422 9.93E-05 beta-glucosidase activity Molecular function
G0:0016798 2.56E-04 hydrolase activity, glycosyl bonds Molecular function
G0:0044036 2.22E-08 cell wall macromolecule metabolism Biological process
G0:0051273 2.87E-08 beta-glucan metabolic process Biological process
G0:0005976 4.15E-06 polysaccharide metabolic process Biological process
G0:0044262 1.72E-05 cellular carbohydrate metabolic process Biological process
G0:0042743 2.05E-04 hydrogen peroxide metabolic process Biological process
G0:0044277 2.55E-04 cell wall disassembly Biological process
G0:0071554 3.13E-04 cell wall organization or biogenesis Biological process
G0:0009986 9.84E-07 cell surface Cellular component
G0:0009277 1.24E-05 fungal-type cell wall Cellular component
G0:1990819 7.81E-05 actin fusion focus Cellular component
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Chapter 4: Effect of nutrition on sporulation timing in Phytophthora
infestans

Introduction

Phytophthora species are non-photosynthetic heterotrophic hemibiotrophs
that obtain requisite nutrition from a plant host. Because Phytophthora species
cannot photosynthesize, when nutrition is exhausted in a host, the
microorganism must find a new source of compounds to sustain its growth. For
this reason, it has been the paradigm that starvation or a lack of certain nutrients
induces sporulation in Phytophthora. However, experiments aimed at studying
nutrient levels is challenging to conduct in planta, as samples would contain both
plant and microbe metabolites. An equally worthy hypothesis is that an
accumulation of a compound, such as a breakdown product, may be the signal

for sporulation.

Hemibiotrophy

Growth by hemibiotrophic plant pathogens, such as P. infestans, involves
an early biotrophic phase with minimal symptoms of plant damage, then a later
phase of necrotrophic growth. During the biotrophic phase, P. infestans forms
appressoria, primary and secondary hyphae, and specialized structures called
haustoria through which proteins and small molecules are exchanged with the
plant cells (Abu-Nada et al., 2007). The necrotrophic phase is characterized by
further hyphal ramification in the plant tissue, water soaking of plant tissue as a

consequence of cell wall degrading enzymes or plant processes, and finally
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tissue necrosis (Grenville-Briggs et al., 2005). Sporulation occurs during the later
necrotrophic phase. The goal of this study was to gain information about
metabolic signals that lead to sporulation in this later phase. Because | am
interested in the metabolic signals for Phytophthora, | conducted these controlled

experiments on artificial media.

Starvation signals in sporulation

It has been shown that sporulation may be triggered in staling media, but
the specific compounds that trigger sporulation have not been identified (Cope
and Hardham, 1994; Judelson and Blanco, 2005). To help obtain information
about metabolic signals during sporulation, | studied the fate of nutrients during

growth in media and also which specific compounds would repress sporulation.

Materials and Methods
Strain
P. infestans strain 1306 was grown and maintained on rye-sucrose media

at 18°C in the dark.

Metabolomics

Cultures were inoculated by aliquoting 200 ul of a fresh 2x10°
sporangia/ml water suspension on 85-mm polycarbonate membranes (Sterlitech,
Kent, WA) that were fit to the surface of clarified rye media (0.8% agar) in 100-

mm plastic Petri dishes, and then gently spread with a glass rod. The spore
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suspension was prepared by flooding two to four 5- to 10-day-old cultures with
sterile water and gently rubbing the culture surface with a bent glass rod,
counting the spores with a hemacytometer, and adjusting the concentration with
water.

One experiment was conducted and split into two sets- 1) P. infestans
hyphae early non-sporulating (day 2) versus sporulating (day 5); and 2) rye-
sucrose media uninoculated, day 2 during non-sporulation, and day 5 during
active sporulation. For P. infestans culture samples, tissue was separated from
the polycarbonate membrane for harvest. For media samples, the solid media
was pulled out of the petri dish, sliced, and frozen in a 50ml conical tube.

Four biological replicates were run per experiment per time point. Samples
were harvested, flash frozen, and lyophilized. Heat maps were generated using
Heatmapper (Babicki et al., 2016; heatmapper.ca). Metabolite analysis was
conducted by Metabolon, Inc. Samples were processed using four ultra high-
performance liquid chromatography/tandem accurate mass spectrometry
(UHPLC/MS/MS) methods, and compounds were identified by comparison with a
library of 15,000 metabolites using a proprietary analysis pipeline (Metabolon,

Inc, Morrisville, NC).

Effect of starvation and supplementation on sporulation

Cultures were inoculated as above, 200 ul of a 2x10° sporangia/ml water

suspension spread with a glass rod, except that 1.5% agar was used. Cultures
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were incubated in the dark in a Percival I-36LLVL environmental control chamber
at 18°C in polystyrene crisper boxes. Cultures were grown to sporulation-
competence (typically 2-days and 2.5-days after inoculation), and then the
polycarbonate membrane was lifted from the agar surface and moved to a new
plate. As a control, the membrane was lifted and set back down on the same
media; this is described as "not moved," as it was not moved to a new media
plate. Membranes were also moved to “fresh rye” (a previously uninoculated
plate of rye media), or to “water agar” (water and 1.5% agar only), or to water
agar supplemented with 1% casamino acids, 2% sucrose and glucose, 1 mM
ammonium sulfate, or individual amino acids at 10 mM, pH 7. Individual amino
acids were each made into solution in water, adjusted to pH 7 and filter-sterilized
before being added to the water agar to a final concentration of 10 mM. After
membranes were moved, V4 of the culture was excised and checked for

sporulation every 4 hours.

Results

Metabolomics

In total, 504 metabolites were identified in either the P. infestans hyphae
or media. Of these metabolites, 481 were detected in hyphae and 391 were
detected in the clarified rye media (Fig. 4.1). The 504 metabolites can be
classified into 9 general categories: amino acid metabolism, carbohydrates,
lipids, co-factors, nucleotide, peptide, hormone, secondary metabolites, and

xenobiotics (Fig. 4.2, Fig 4.3).
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Approximately 40% of the lipids present in Phytophthora were not present
in uninoculated media, and 40% of the cofactors that were present in
Phytophthora were not present in media (Fig 4.3). The lipids that are not present
in media include free fatty acids, glycerolipids, and phospholipids. The lack of
lipids in media is not surprising, as lipids are structural and too large to be
secreted. The co-factors of cryptochrome/photolyase family proteins (FAD,
pterin, FMN) were not found in media, and have the same 65% reduction pattern
in the non-sporulating to sporulating Phytophthora cultures.

Within the serine family of amino acids, taurocyamine and intermediates in
taurocyamine biosynthesis appeared to accumulate during sporulation based on
the levels of intermediates and RNA-seq expression of enzymes (Fig. 4.4).

When looking at the 20 amino acids used to make proteins, most are
depleted in the media by day 5, with the exception of cysteine and glutamine

(Fig. 4.5).

Effect of starvation and individual amino acids on sporulation

When P. infestans cultures were grown to sporulation competence on rye-
sucrose media, then exposed to different conditions to assess the induction of
sporulation, several things were observed. First, it should be explained that
sporulation competence means that the culture has the ability to begin
sporulation, under suitable conditions. The culture age at which sporulation

competence is reached was determined experimentally by me for this experiment
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and for the humidity experiment described in Chapter 3. Preliminary results
showed that the amount of time to sporulation competence can be influenced by
the amount of initial sporangia inoculated (which influences hyphal density), and
the environmental conditions during incubation, which influences sporangia
germination and hyphal growth rate. Several initial inoculum amounts were
tested, and 200 pl of 2x10° worked consistently well. Incubation for 2 days after
inoculation or 2.5 days after inoculation both worked well, though in trial, 2.5 days
was too long. Additionally, 3 days after inoculation was tested many times and
found to be borderline- sometimes cultures exhibited sporulation like the 2-day
incubated cultures, and other times sporulation signals had already begun, and
sporulation would occur regardless of treatment. This is consistent with the
RNA-seq results from the humidity experiment in Chapter 3 that showed that
several sporulation-related cilia genes increase in expression at day 3 under high
humidity (Fig. 3.5A). In summary, sporulation competence means that the
hyphae have the ability to start initiate the sporulation program, but have not
started to do so yet.

When P. infestans cultures were grown to sporulation competence and
then moved to water agar, fresh rye, or not moved, the move to water agar
induced sporulation (Fig 4.6A). Previous studies have shown that P. infestans
takes approximately 12-18 hours to develop from vegetative hyphae to mature
sporangia (Maltese et al. 1995). Once cultures were moved to water agar,

mature sporangia were observed in 12-18 hours. This indicates that the
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starvation signal likely induces sporulation. The fresh rye and not moved cultures
eventually sporulated after several days, but were not induced, or stimulated, to
sporulate, as was seen with the move to water agar. To test which type of
starvation may be the trigger for sporulation, | performed a similar experiment in
which the sporulation competent cultures were transferred to water agar
supplemented with sucrose and glucose, ammonium sulfate, casamino acids, or
only glutamine. Cultures that were moved to water agar supplemented with a
mixture of sucrose and glucose, or glutamine, sporulated with kinetics similar to
that observed for cultures moved to plain water agar (Fig. 4.6B). This indicates
that these compounds do not suppress the starvation signal that induces
sporulation. Because providing sugars did not suppress sporulation, |
hypothesized that nitrogen starvation is likely the trigger for sporulation. Since
providing a mixture of amino acids (casamino acids) suppressed the induction
while glutamine alone did not, | then tested each amino acid individually.

When each amino acid was tested individually, the results fell into five
categories- strongest effect, strong effect, intermediate effect, weak effect, and
no effect (Fig. 4.6C). Asparagine had the strongest effect on delaying
sporulation; isoleucine, leucine, methionine, and valine had a strong effect;
alanine, histidine, and serine had an intermediate effect; arginine, aspartic acid,
and glycine had a weak effect; and glutamine, glutamate, proline, phenylalanine,

threonine, tryptophan, and tyrosine had no effect (Fig. 4.6C).
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Discussion

Metabolomics showed that many changes occur in P. infestans hyphae
during sporulation, however, correlating the metabolomics data to sporulation
was challenging. For taurocyamine biosynthesis, we also used the RNA-seq data
and other data from the lab to form the hypothesis that taurocyamine
accumulates in the sporangium as an energy store for zoospore motility (Kagda
et al., 2018).

From the nutrition experiment, it is clear that starvation induces
sporulation. It is possible that accumulation of a breakdown product could also
induce sporulation, but no experimental evidence to support that hypothesis is
presented here. Because sugars do not suppress the starvation response,
availability of nitrogen is more likely the signal than availability of carbon. The
addition of ammonium sulfate to the media was toxic to the culture, and therefore
did not yield any information. The results of the individual amino acids was
surprising, in that the categories do not correlate to previously published results
about the utilization of amino acids by Phytophthora, or specific shared
properties of the groups of amino acids that gave similar phenotypes. More
experiments need to be conducted, but the current data indicate that a nitrogen
starvation signal triggers sporulation, with differences in the effect of presence of

individual amino acids that has yet to be understood.
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Figure 4.1. Overall results of the 504 metabolites detected in P. infestans hyphae

or media, by category of compound. Clustering was conducting using average
linkage.
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Figure 4.2. Overall results of the 504 metabolites detected in P. infestans hyphae
or media, by category of compound.
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Figure 4.5. Levels of individual amino acids in P. infestans hyphae and media
before and during sporulation.
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Chapter 5: Off-target effects of homology-based gene silencing informs the
application of functional genomics tools in Phytophthora infestans

Introduction

Tools for functional genomics are important for use in understanding the
roles of genes in all organisms, including in Phytophthora species. Specifically,
gene knockout, knockdown, and overexpression are important methods to
understand the role of a gene, particularly in development (Jiang et al., 2013). To
use these tools effectively, it is important to understand how the DNA is being
transformed and expressed, to understand and account for potential off-target
effects. In other systems, it has been shown that transformation can cause
chromosomal rearrangements, gene silencing and gene editing may affect off-
targets, and regenerated transformants may show somaclonal variation.

Contributing to the success of these strategies is an understanding of the
nature of DNA transformation, including its unplanned consequences. Studies
across multiple kingdoms have shown that transformation may cause
chromosomal rearrangements, gene silencing methods (including RNAi) may
affect off-targets, gene editing may modify unintended loci, and regenerants may
exhibit somaclonal variation (Doench et al. 2016; Firon et al. 2002; Kaelin 2012;
Neelakandan and Wang 2012). An awareness of these complications helps
direct the judicious use of functional genomics tools.

Methods for DNA transformation have been developed for several
members of the genus Phytophthora, which includes many important

phytopathogens. These eukaryotic microbes belong to the oomycete clade of the
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stramenopile (heterokont) group. Transformation of oomycetes was first achieved
with the potato late blight pathogen P. infestans, and later extended to the
soybean pathogen P. sojae and others (Judelson et al. 1991; Judelson et al.
1993a). The most common strategies for introducing plasmid DNA involve
treating protoplasts with polyethylene glycol, or electroporating zoospores
(Judelson and Ah-Fong 2009). Plasmid DNA usually integrates in tandem arrays
at a single locus, based on studies in P. infestans (Judelson 1993).
Microprojectile bombardment and Agrobacterium-based methods for
transformation have also been described (Cvitanich and Judelson 2003; Wu et
al. 2016).

To date, the functions of about 40 Phytophthora genes have been tested
through overexpression or silencing studies, including genes encoding effectors
and diverse cellular proteins (Bos et al. 2010; rev. in Hardham and Blackman
2018). The latter method, alternatively called DNA-directed RNAi or homology-
dependent gene silencing, entails knocking-down mRNA levels of a target gene
by expressing sense, antisense, or hairpin sequences from that gene in a stable
transformant (Ah-Fong et al. 2008). Despite such advances, transformation
remains challenging. Many researchers describe difficulty in obtaining sufficient
numbers of transformants, transgene expression can be unstable, and the
frequency of effective knockdowns can be low. It is thus common for studies of
gene function to be based on a small number of transformants, sometimes as

few as one. This is risky since phenotypes may be caused by unexpected
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events. About 20% of P. infestans transformants exhibit reduced fithess
(Judelson et al. 1993b), which, based on studies of other organisms, might result
from mutations caused by plasmid integration (Meng et al. 2007). Oomycetes are
normally diploid with complex genomes in which gene-dense clusters are
surrounded by repetitive DNA (Haas et al. 2009). For example, the 240 Mb
genome of P. infestans contains about 18,000 genes and 74% high-copy
sequences (Haas et al. 2009). Although the integration of plasmids into
oomycete chromosomes is believed to involve nonhomologous recombination,
no studies have described where plasmids integrate. It is unknown whether
plasmid DNA inserts preferentially into gene-dense, gene-sparse, intragenic, or
intergenic regions.

Although the mechanism of homology-based silencing has been studied in
only a few cases, in P. infestans this has been shown to result in small RNA
production followed by transcriptional silencing and the formation of repressive
chromatin (heterochromatin) at the target site (Ah-Fong et al. 2008; Judelson and
Tani 2007; van West et al. 2008). Studies in plants and animals indicate that
repressive chromatin can move along a chromosome, although its effect on
endogenous genes is limited by barrier insulators or regulated by transcription
factors (Elgin and Reuter 2013; Le et al. 2013). In contrast, transgenes or
translocated native genes usually lack such protections and thus can become
silenced by the cis-spreading of heterochromatin (Talbert and Henikoff 2006). It

is thus reasonable to consider that heterochromatin may spread beyond the
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target of gene silencing in Phytophthora, causing a phenotype to be ascribed to
the incorrect gene. We previously used the spreading phenomenon to our
advantage by knocking-down a cluster of genes in the same metabolic pathway
(Abrahamian et al. 2016). However, no study has examined how often silencing
spreads in cis from a target to an unintended gene in any oomycete. Similarly,
whether silencing affects off-targets elsewhere in the genome has remained
unexplored.

The goal of this study is to provide data to promote the wise use of
transformation in oomycetes, although our findings are also relevant to other
systems. We present data from homology-dependent silencing studies of eleven
genes to show how often silencing spreads from the intended locus. Genes
spaced within 500 nt of the target were frequently co-silenced, but there were
exceptions and co-silencing usually did not occur in all transformants. Thus, gene
silencing and transformation can be reliable technologies but must be used with

prudence.

Materials and Methods

Analyses of flanking genes

To study the spread of silencing, | used the predicted gene models from
the annotation of the P. infestans reference genome, which was generated by
Sanger sequencing of strain T30-4, expressed sequence tag data available in
FungiDB, and previously-published RNA-seq data of P. infestans strain 1306

(Abrahamian et al., 2016; Haas et al., 2009). Because transformants were made
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in P. infestans strain 1306, the RNA-seq data was used to verify neighboring
genes and gene models in this strain.

Three target genes were selected for analysis: PITG_16100, PITG_01718,
and PITG_16104, as described in Chapter 2. Hairpin constructs were cloned into
the pSTORA vector and transformed into P. infestans strain 1306 by protoplast
transformation, and knockdown transformants were identified as described in
Chapter 2 (Fig. 2.6).

Expression analysis of the targeted genes and their neighbors was
obtained by RT-qPCR as described in Chapter 2, with primers described in

Chapter 2.

Results

Frequency of the longitudinal extension of gene silencing

Overall, we examined 38 strains of P. infestans from silencing studies of
eleven target genes to assess how often transcriptional silencing spread to
neighboring loci. This used both newly generated silenced strains and those
saved from prior projects. In this chapter, | will describe the analysis of the
transformants described in Chapter 2.

Genes that flanked the silencing target were identified and their
expression measured by reverse transcription-quantitative PCR (RT-gPCR). The
flanking genes were identified using annotations in the P. infestans reference
assembly (strain T30-4) and comparisons with an assembly of isolate 1306,

which was the progenitor of the transformants. The results are presented in Figs.
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5.1 and 5.2, where each graph represents a unique transformant. Fig 5.1 shows
the genomic position of each gene relative to its neighbors, and the inset shows
the position of the hairpin target sequence on each gene.

One case in which the flanking genes were close to the targeted locus is
shown in Fig. 5.2A1-5.2A6. These strains were obtained using a hairpin construct
based on PITG_16100 (Fig. 5.1A). In this case, each flanking gene was about
400-nt from the targeted gene. In the four transformants in panels 5.2A1 to
5.2A4, both flanking genes were expressed at normal levels. However, the
expression of the left neighbor was repressed by about 40% in the two
transformants in panels 5.2A5 and 5.2A6. This was observed in two biological
replicates.

Similar results were observed in transformants silenced with a hairpin from
PITG_01718 (Fig. 5.1B). In both transformants, the knock-down effect did not
spread to the right-flanking gene, which was 400-nt from the target of the hairpin.
The left-flanking gene was expressed at normal levels in one transformant (Fig.
5.2B1) but was repressed by about 50% in the other (Fig. 5.2B2). The partial
knock-down of the left-flanking gene was observed in two biological replicates.

The final example that will be included in this dissertation involves
PITG_16104 (Fig. 5.1C), which was silenced using a hairpin from the 5’ end of
the gene (Fig. 5.2C1 to 5.2C3) and a hairpin from the 3' end (Fig. 5.2C4). In each
of the four transformants, the left-flanking gene exhibited normal expression even

though it was only 666-nt from the targeted gene. Since the neighbor to the right,
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PITG_16105, was much farther from the target locus (3-kb) it was surprising to
see that it was down-regulated by about 50% in each transformant. Interestingly,
an analysis of the distribution of RNA-seq reads from isolate 1306 revealed the
presence of a non-coding RNA between PITG_16104 and PITG_16105, which is
labeled in the figure as ncRNA. This was consistently co-silenced with
PITG_16104. Therefore, it seems that a repressive chromatin state was cis-
propagated through the non-coding RNA locus, which had a mild influence on

PITG_16105 transcription.

Discussion

This study focused on the unintended effects of homology-dependent
silencing experiments in P. infestans. We observed that the expansion of
silencing to genes residing less than 500-nt from the target was common, while
more distant loci usually escaped co-silencing. However, we observed variation
among transformants obtained from the same construct, and even the same
transformation reaction.

Protein-coding and non-coding transcription units were both susceptible to
the cis-spreading phenomenon. This occurred regardless of whether the
neighboring gene was at the ' or 3' end of the target, or if the silencing vector
encoded sense sequences or a hairpin designed to generate double-stranded
DNA. We therefore recommend that gene silencing studies always include gene
expression analyses of flanking genes to ensure that inferences about biological

function are reliable and influenced by off-target effects. Since widening of the
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silenced zone appeared to be a stochastic event, it should be possible in most
studies to identify strains that escape cis-silencing through extensive screening.

It is possible that checking for the proximity of the gene of interest to other
transcription units may help guide the design of the silencing plasmid. The cis-
spread of silencing might be reduced by using shorter sequences, or those
farther from flanking genes. Smaller constructs might be less effective at
triggering silencing, however. A previous study showed that a 21-nt hairpin
silenced 2% of transformants, compared to 31% with a 978-nt hairpin from the
same gene (Judelson and Tani, 2007). The logic of using larger fragments is that
not all 21-mers are equally potent, so longer sequences would allow Dicer to
generate pools of 21-mers, of which some may be more effective than others
(Luo et al., 2007).

Off-target effects are probably also minimized by the fact that the silencing
transgene usually becomes transcriptionally quiescent in stable transformants.
However, some researchers have reported achieving transient knock-downs in P.
infestans using dsRNA, and whether that causes off-target effects remains to be
determined (Whisson et al. 2005).

Results from only hairpin constructs were reported in this dissertation
chapter. It has been previously shown that hairpin constructs induced silencing
three times more often than sense or antisense constructs (Ah-Fong et al.,
2008). That conclusion was based on studies of only two genes, but hairpins

have also exhibited superior performance in plants (Wesley et al. 2001). It is
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possible that degree of expression of the native gene may influence whether
hairpin constructs or sense or antisense constructs are more effective, but that
question has not been explored. Nevertheless, studies in our laboratory have
continued to test both types of constructs. The sense plasmid is often an
intermediate in making the hairpin. Therefore, time may be saved by initiating P.
infestans transformations with a sense construct. However, as discussed in
Chapter 2, my studies of the cryptochromes attempting silencing with both
hairpin and sense constructs, and only hairpin constructs yielded knockdown
strains. A full-length sense plasmid also may yield both silenced and over-
expressing transformants.

About two-thirds of P. infestans genes reside in gene-dense zones where
the median intergenic distance is 435 nt (Roy et al. 2013). This is smaller than
that of most eukaryotes, such as Arabidopsis thaliana where the median
intergenic distance is 1.5 kb (Zhan et al. 2006). Consequently, the expansion of
repressive chromatin caused by a gene silencing construct is probably more
problematic in Phytophthora than most other eukaryotes.

Our understanding of the machinery that causes silencing and its cis-
spread in oomycetes is limited. Homology-base silencing in P. infestans has
been linked with the transient expression of small RNAs, which arrests
transcription based on nuclear run-on assays (Ah-Fong et al. 2008; Judelson and
Tani 2007; Van West et al. 1999). DNAse protection studies and tests of histone

modification inhibitors have suggested that silencing heterochromatinizes the
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target (Judelson and Tani 2007; van West et al. 2008), although only a few target
genes have been studied to date. P. infestans encodes the core components for
RNA silencing, namely an RNA-dependent RNA polymerase, two Dicers, and
five Argonautes (Asman et al. 2016). Studies in model systems have shown that
siRNAs bound to Argonaute guide chromatin-modifying enzymes to
complementary loci, leading to transcriptional silencing. Work in fission yeast
indicated that siRNA-Argonaute complexes are recruited to their targets through
interactions with nascent transcripts (Shimada et al. 2016). The cis-spread of
silencing may thus occur along mRNA molecules. In plants, the signal involved in
post-transcriptional silencing was shown to extend 3'-5' and 5'—3' for up to 300
and 1000-nt, respectively (Petersen and Albrechtsen 2005; Vaistij et al. 2002).
These distances resemble the zone susceptible to the spread of transcriptional
silencing in P. infestans. Another mechanism for the cis-spread of silencing might
involve propagating repressive histone marks. In mammals, histone
methyltransferases G9a and GLP forms a complex that binds H3K9me, which
allows the enzymes to read their own marks and spread the modification (Shinkai
and Tachibana 2011).

Gene editing systems such as CRISPR/Cas9 provide an alternative to
gene silencing. This was recently adapted to P. capsici, P. palmivora and P.
sojae but has not yet succeeded with P. infestans (Gumtow et al., 2017; Miao et
al., 2018; van den Hoogen and Govers, 2018). However, the editing method is

not expected to be useful for genes that are essential for growth. In theory, in
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such cases gene knockdown is an option since expression is usually not
abolished completely. Silencing can also be used to simultaneously suppress
members of gene families, which are abundant in oomycetes (Ah-Fong et al.,
2017). Artificial microRNA-induced silencing has been attempted in
Phytophthora, however, this method has not yet been reported as successful.
Optimizing both gene editing and gene expression knockdown tools for functional

genomics would benefit studies of oomycetes.
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Figure 5.1. Genomic position of target genes (black) and neighboring genes
(white) for A) PITG_16100, B) PITG_01718, and C) PITG_16104. Transgene
construct targets are represented in gray.
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Figure 5.2. Expression levels of genes flanking the silenced target. Indicated in
each panel are the genes targeted for silencing (black bars) and the closest
genes that flank the target (white bars). The y-axis indicates the mRNA level of
each gene relative to wild type. The x-axis is drawn to scale and portrays the size
of each gene and the distance to its neighbors. Distances to flanking genes are
denoted in italics. Each gene is labeled with its database number (trimmed of the
PITG prefix) and an arrow that indicates the orientation of transcription. The gray
bars indicate the sequences used in the silencing vector are hairpin (hp)
constructs.
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Chapter 6: Conclusions

Phytophthora species are among the most destructive plant pathogens
worldwide. Part of what makes these organisms such successful pathogens is
the ability to sense and respond to environmental conditions to optimize
dispersal, growth, and survival. Over time, species in this genus have adapted to
various climates and specific niches.

Within this genus of approximately 100 individual species, species range
from narrow to broad host range, attack different parts of the plant, vary in
soilborne survival, and differ in preferred geographic locations. Some species
have adapted to long-term survival in soil, such as P. capsici, while other species
such as P. infestans, have lost the chlamydospore resting structure and rarely
exist long-term in soil (Danies et al., 2014; French-Monar et al., 2007).
Additionally, some Phytophthora species, such as P. infestans, have a center of
origin in a sub-humid temperate climates with distinct rainy and dry seasons
(Toluca Valley, Mexico), while other species, such as P. colocasiae, have a
center of origin in a humid sub-tropical climate with a thick humid fog that lasts
for at least two full months per year (Hainan, China) (Beck et al., 2018; Goss et
al., 2014; Zhang et al., 1994).

Timing of spore production in various species in this genus has evolved
for the specific niches and climates that these species occupy. In the field, P.
infestans sporulates in the pre-dawn dark when humidity is high. Sporulating

when humidity is high allows for wind dispersal without desiccation. P. capsici, in
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contrast, sporulates in high light, usually around mid-day to early afternoon, when
humidity is low. However, P. capsici requires water for caducity, or detachment of
the sporangium from the sporangiophore, and therefore does not expose the

sporangium to desiccation by drying during dispersal.

Light and photoreception

Previous to this study, very little research had been conducted to
understand the molecular basis of photoreception in Phytophthora species.
Genomes of sequenced Phytophthora species contain only cryptochrome
photoreceptors.

It is notable that oomycete genomes lack LOV domain-containing
photoreceptors. LOV domains are thought to be ancient proteins, with LOV-
histidine kinase proteins estimated as primordial LOV proteins (Krauss et al.,
2009). LOV domains are still found in all kingdoms of life; however, LOV domains
are currently only found in stramenopiles with active photosynthesis. Specifically,
photosynthetic stramenopiles, such as xanthophyte Vaucheria frigida and diatom
Phaeodactylum tricornutum, have bZIP transcription factor blue light receptors
known as aureochromes (Costa et al., 2013; Takahashi et al., 2007). Whether
Phytophthora evolved from a photosynthetic ancestor, or gained and lost
photosynthesis during evolution, or evolved before the acquisition of a

photosynthetic endosymbiont in the stramenopiles and has never included
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photosynthesis in its evolutionary history remains a contested question in biology
(Richards et al., 2011; Seidl et al., 2012; Tyler et al., 2006; Wang et al., 2017).
Although LOV domains and the acquisition of photosynthesis are not necessarily
linked (i.e. fungi have LOV domains and no photosynthesis), my hypothesis is
that in the evolution of stramenopiles, LOV domains were acquired from the
same endosymbiont that photosynthesis was acquired from. This theory does not
speculate as to the evolutionary history of Phytophthora, simply that the lack of
LOV domains is evolutionarily related to the lack of photosynthesis.

It is possible that Phytophthora species encode novel photoreceptors with
non-canonical chromophore-binding domains and possibly even novel
chromophores. However, it is more likely that the cryptochromes sense blue and
red light in Phytophthora. Primary blue light reception by a cryptochrome is
observed in plants, stramenopiles, and many other organisms, and is likely what
is occurring in Phytophthora.

Because cryptochromes are the only light receptors that can be found in
Phytophthora, and sporulation in Phytophthora is influenced by light, it was
therefore hypothesized that Phytophthora cryptochromes play a role in
sporulation. P. infestans has three putative cryptochromes, and although | was
not able to obtain reliable knockout or knockdown transformants for one of these
genes (PITG_16104), and knockout of one of these genes did not appear to have

an effect on sporulation (PITG_16100), knockout of PITG_01718 led to disruption
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in sporulation: showing a severe decrease or delay in sporulation as compared to
wild type (Fig. 2.7).

P. infestans encodes three predicted cryptochromes, while P. capsici
encodes two predicted cryptochromes (Fig. 2.3). PITG_01718 is a predicted
cryptochrome that lacks the N-terminal extension before the photolyase
homology domain that is present in the other Phytophthora infestans
cryptochromes, making it smaller than the other P. infestans cryptochromes (Fig.
2.4). PITG_01718 has orthologs in other Phytophthora species, but not all
Phytophthora genomes encode an ortholog to this protein (Fig. 2.3). The other
two P. infestans cryptochromes, PITG_16100 and PITG_16104, have predicted
orthologs in all of the examined Phytophthora genomes (Fig 2.3). PITG_01718
has an ortholog in the evolutionarily-related species P. parasitica, and all of the
downy mildews that were examined, but is lacking in the genomes of soil-
adapted P. capsici and P. cinnamomi. Peronospora belbabhrii, like P. infestans, is
predicted to contain 3 cryptochromes; with one ortholog per gene in P. infestans.
Peronospora belbabhrii, a foliar downy mildew pathogen, also has sporulation that
responds to red light and blue light (Cohen et al., 2013; Thines et al., 2019).
Peronospora belbahrii also has sporulation that is repressed by constant white
light, and specifically can develop sporangiophores with ballooned tips, but is
inhibited from a later stage of production of the mature sporangium, which was

shown with visualization by microscopy (Cohen et al., 2013).
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Another conclusion from the first part of this dissertation work is that P.
infestans sporulation is red light responsive, while P. capsici sporulation is not
red light responsive. | hypothesize that this red light sensing is an adaptation to a
foliar lifestyle and involves PITG_01718. This gene could perhaps sense both
blue and red light. Because the repression of sporulation by constant light is
observed in P. infestans and downy mildews, | hypothesize that PITG_01718
may be involved in this regulation, and may too be an adaptation to foliar lifestyle
(Fig. 6.1).

PITG_01718 can be silenced and overexpressed. The silenced
transformant showed a developmental delay, and sporulation repression or
delay. However, because only one silenced transformant was obtained, drawing
strong conclusions is challenging. Two knockdown transformants were obtained,
but were possible heterokaryons and were somewhat weak knockdowns over
time after single nuclear purification, and did not have stable cultural phenotypes.
Several overexpression transformants were obtained, but phenotype is still
ambiguous. PITG_01718 mRNA is constitutively expressed, regardless of light
condition or developmental stage, so it is likely regulated post-translationally.
Identifying and understanding PITG_01718 regulation and interaction partners

will provide insight on how this protein functions in sporulation regulation.
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Light

Light has two distinct roles in sporulation: an early stimulation signal and a
later repression signal (Fig. 6.1). In P. infestans, both signals can be active in the
same culture- meaning, 12 hours of light can turn on early sporulation genes that
are turned on pre-sporangiophore initial stage such as MADS, but constant light
can also stop the final maturation of the sporangium after the production of the
sporangiophore, likely after the ballooning of the tip of the sporangiophore (as
has been demonstrated in downy mildews) with early sporulation genes such as
MADS fully turned on the same in both constant light and constant dark cultures,
with slightly higher expression in the non-sporulating constant light condition (Fig.
3.13) (Cohen et al., 2013). | propose that the two signals are related to the length
of light exposure and involve different cryptochromes. PITG_16104 gene
expression is slightly light responsive with 60 minutes of light exposure and 48
hours of light exposure, but more than 48 hours of light exposure results in
expression similar to expression in darkness. For this reason, | hypothesize that
PITG_16104 responds to light exposure of less than 48 hours, but acclimatizes in
longer light exposure, and is upstream of early sporulation genes that show gene
expression changes with light exposure less than 48 hours, such as MADS (Fig.
6.1). As mentioned above, | hypothesize that the long-term light exposure
response is mediated by PITG_01718, downstream of early and intermediate

sporulation genes such as MADS and Pks1 (Fig. 6.1).
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Humidity

Humidity is a strong regulator of sporulation. Based on RNA-seq analysis
of known sporulation genes, specifically sets of cilia-related genes, humidity
represses sporulation before the early sporulation genes are turned on, including
MADS and Cdc14, which have both been shown to be turned on before or during
the sporangiophore initial stage. Therefore, | conclude that humidity regulates

sporulation pre-sporangiophore (Fig. 6.1).

Nutrition

Starvation induces sporulation, specifically nitrogen starvation. This had
been assumed, but through media experiments using a polycarbonate
membrane to keep P. infestans cultures separate from the substrate, this
phenomenon was confirmed experimentally in this dissertation work. When
sporulation-competent P. infestans cultures are moved from rich rye media to
nutrient-deficient water agar, sporulation is induced and spores are observed
within 12-18 hours. Based on the observation that sporangia take 12-18 hours to
be formed from vegetative hyphae, this is likely a strong induction signal that
immediately induces sporulation, starting with the initial (Maltese et al., 1995).
Moving sporulation-competent cultures to carbon-rich media such as sucrose-
and glucose-supplemented water agar, did not change the starvation-induced

sporulation (Fig. 4.6B). This indicates that carbon or simple sugar availability is
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unlikely involved in the starvation signal. This led to the hypothesis that nitrogen
availability may be involved in the starvation signal.

Casamino acids, a mix of all of the essential amino acids (except
tryptophan) and small peptides that are produced from acid hydrolysis of casein,
is common addition to microbial culture media, as it provides a completely
hydrolyzed protein nitrogen source. When sporulation-competent cultures were
moved to casamino acids-supplemented water agar, sporulation was not
induced, indicating that the starvation signal is likely the lack of something that is
provided by the casamino acids. Each of the twenty protein-building amino acids
was then tested individually, and different degrees of sporulation stimulation were
observed (Fig. 4.6C). Ammonium nitrate was also tested, but appeared toxic and
arrested growth. Cysteine and lysine also appeared toxic and arrested growth.
Asparagine consistently repressed the starvation-induced sporulation the
strongest. Isoleucine, leucine, methionine, and valine had a strong repression of
the starvation-induced sporulation. Alanine, histidine, and serine had an
intermediate effect; and arginine, aspartic acid, and glycine had a weak effect.
Addition of glutamic acid, glutamine, phenylalanine, proline, threonine,
tryptophan, or tyrosine to water agar did not repress the sporulation stimulation,
with sporulation similar to that on water agar. Analysis of the properties and
pathways of these groups did not reveal any obvious similarities between the

groups that would explain the phenotypes observed.
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This data leads to the conclusion that nitrogen limitation induces
sporulation, and this signal can induce sporulation immediately, with spores
observed 12-18 hours after the starvation signal is triggered, which is the same
amount of time that has been observed for naturally formed sporangia from

vegetative hyphae (Fig. 6.1).

Overall conclusions that feed into the Phytophthora sporulation model

e PITG_01718 is required for normal sporulation in P. infestans, but does
not have orthologs in all Phytophthora species

e 12-hour light regulates sporulation genes differently than constant light in
P. infestans

e Different cryptochromes are likely involved in different stages of
sporulation regulation in P. infestans

¢ Nitrogen starvation strongly induces sporulation, with spores observed 12-
18 hours after the starvation signal is sent

e Humidity is a strong regulator of sporulation and is required for expression

of early pore-sporangiophore sporulation genes

Future directions

There is still much to be understood about photoreception and the way in
which light controls sporulation. Specifically, identifying interactor proteins and

transcription factors involved in the regulation of sporulation by light should be
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priorities in future research. It should also be explored how or if the
cryptochromes interact with or regulate each other in Phytophthora.

We have found that in P. infestans, humidity is the strongest regulator of
sporulation in Phytophthora. However, it remains undetermined how the humidity
and nutritional signals interact. Running the nutrition deficiency/starvation
experiment in the low humidity compressed air chamber would be a way to ask
that question. Additionally, running the humidity experiment with P. capsici
instead of P. infestans under differential light conditions would also ascertain how
these signals interact. Because P. capsici is not windborne and requires water for
detachment of the sporangium from the sporangiophore, the interaction of
humidity with the other environmental conditions, particularly light, may differ

from that in P. infestans.
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Figure 6.1. Model of environmental control of sporulation in P. infestans.
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