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ABSTRACT OF THE DISSERTATION

Regulation of Sporangia Development in Phytophthora infestans

by
Wiphawee Leesutthiphonchai
Doctor of Philosophy, Graduate Program in Plant Pathology

University of California, Riverside, June 2020
Dr. Howard Judelson, Chairperson

Phytophthora infestans causes the late blight disease of potato and
tomato. Spores of Phytophthora are important for dissemination and causing
infection. In this thesis, | studied several aspects of Phytophthora spore biology.
(1) I performed RNA-seq of sporangia from rye media, potato leaflets, tomato
leaflets, and potato tuber slices to investigate whether sporangia from artificial
media and from plants are functionally equivalent. | found that sporangia from
these different sources had only modest differences in transcriptional profiles, but
showed similar infection potential using single-zoospore infection assays. This is
an important piece of information indicating that spores from artificial media are
good models for the natural situation. (2) | studied a MADS-box transcription
factor to understand the regulation of sporangia development in P. infestans.
MADS was shown to regulate many sporulation-induced genes, to act before
previously known regulators, and to be regulated both at the transcriptional and

post-translational levels. (3) | checked for potential artifacts associated with the
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homology-based gene silencing method that is commonly used to study gene
function in Phytophthora. Based on studies of two target genes, the cis-spread of
silencing was frequently observed within 500 nt distance of the target gene;
however, this did not occur in all transformants generated by the same silencing
vector. This suggests that the expression of neighboring genes should be
checked to ensure that phenotypes assigned to genes based on silencing data

are reliable.
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Introduction

Over a hundred species of Phytophthora have been reported (Kroon et al.
2012) including many plant pathogens such as P. ramorum causing sudden oak
death disease, P. sojae causing soybean root rot, and P. infestans causing late
blight disease of potato and tomato. The disease caused by P. infestans was first
documented in the United States in 1843 and later became notorious as a cause
of the Irish potato famine in 1845 (Judelson 2014). Since then, P. infestans still
threatens food security and causes an economic loss of around $10 billion
annually (Haverkort et al. 2009).

The life and disease cycle of P. infestans is illustrated in Figure 1. P.
infestans can reproduce sexually to yield oospores and asexually to produce
sporangia (Judelson and Blanco 2005). The production of asexual sporangia
predominates in nature. Asexual sporangia can directly germinate through a
germ tube or indirectly, by producing about eight mononucleate zoospores.
Zoospores are released within minutes under moist cool conditions. Using their
two flagella, zoospores swim toward hosts and readily encyst on a plant surface.
The zoospore cyst then extends a germ tube, and often forms an appressorium
which penetrates the plant cell wall. This mode of infection is common on foliage,
fruits, and stems. Infections also occur on tubers, typically through wounds or
natural openings like stomata and lenticels (Judelson 2014). Since P. infestans is

a hemibiotroph, it colonizes the living host cells and at later stage of infection,



host cells become necrotic. On a leaflet, P. infestans initially penetrates host
epidermal cells, grows intercellularly and establishes haustoria in host cells,
which may be important for nutrition. P. infestans then sporulates. Sporulation
can occur within 3-4 days after infection under ideal conditions, with more than a
thousand new sporangia emerging daily per lesion. Multiple infection cycles can
spread disease rapidly through an entire field or a tuber storage facility (Fry et al.

2015).
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Fig. 1. Disease cycle of P. infestans on foliage, with features that contribute to its
pathogenic success highlighted. (Leesutthiphonchai et al. 2018)



The first visible sign of sporangia formation are sporangiophores, which
develop after a period of vegetative growth. Then, the sporangiophore extends its
length while nuclei move along the sporangiophore. The tip of the
sporangiophore expands to become a sporangium, followed by the movement of
nuclei into sporangium. A septum forms at the base of the sporangium as it
matures. The formation of sporangia occurs within 6-7 hours after
sporangiophore development initiates (Maltese et al. 1995).

Environmental factors affect sporulation of P. infestans. Sporulation
requires high humidity and is suppressed by light, and thus occurs at late night
(Bashi et al. 1982; Xiang and Judelson 2014). This prevents sporangia from
desiccation and UV damage (Mizubuti et al. 2000) since sporangia are hydrated
and have no pigments. A fall in humidity, which is typical after sunrise, leads to
the hygroscopic twisting of sporangiophores, which releases sporangia to the air
(Granke et al. 2009; Hirst 1953). The elongated shape of sporangia aids
dispersal, allowing movement up to 10-20 km in less than 3 hours (Aylor 2003;
Roper et al. 2008).

Apart from environmental factors, sporulation is controlled by gene
expression; however, what regulates sporulation remains to be explored in detail.
RNA-seq of P. infestans life stages showed that > 4,000 genes were induced in
sporangia compared to mycelia (Ah-Fong et al. 2017). More than one-third of
these sporangia-induced genes were up-regulated > 100-fold. Over-represented

among sporangia-induced genes were those encoding calcium-binding proteins,



signaling proteins, flagellar proteins, and others. The study by Ah-Fong et al also
identified many transcription factors induced in sporangia, including a MADS-box
transcription factor which is described in Chapter Il of this thesis.

Only limited analysis of transcription factors involved in sporulation have
been performed. Myb transcription factors are a large group of transcription
factors in P. infestans and five Myb are induced during sporulation (Xiang and
Judelson 2010). The expression of Myb2R1 and Myb2R3 mRNA increased 4 to 8
hours before sporulation whereas Myb2R4 mRNA rose before the other genes,
and then was reduced after sporulation started (Xiang and Judelson 2014). The
silencing of Myb2R3 reduced sporangia yield.

Other genes that were shown to be important for sporangia development
include the Cdc14 protein phosphatase and G-protein 3 and y subunits (Ah-Fong
and Judelson 2003; Latijnhouwers and Govers 2003; van den Hoogen et al.
2018). Later in the thesis we describe a role for protein phosphatases in the

function of the MADS-box transcription factor.

Overview of this study

In this dissertation, we provide more information about transcriptional
regulation during sporangia development, highlight the importance of sporangia
handling in laboratory, and demonstrate that homology-based silencing

sometimes has off-target effects. This knowledge assists scientists toward



understanding P. infestans biology and eventually should help researchers
devise new strategies for a disease control.

Chapter | demonstrates that sporangia from media and plants have subtly
divergent transcription profiles but equivalent infection potential and
aggressiveness. This was a valuable finding since it supports the validity of
experiments using lab-raised sporangia. | performed RNA-seq of sporangia from
rye media, potato leaflets, tomato leaflets, and potato tuber slices, using
sporangia collected on the first and second major days of sporulation. Only
modest differences in transcriptional profiles attributable to the sporangia source
and the harvest timepoint were observed. Gene ontology (GO term) analysis
showed that many of the differentially-expressed genes were related to
metabolism. Single-zoospore infection assays showed that spores from artificial
media and plant have the same infection potential.

Chapter Il shows that a MADS-box transcription factor is an early regulator
of P. infestans sporulation. It acts before previously published sporulation-
associated regulators and controls a majority of sporulation-induced genes. RNA
expression suggested that MADS mRNA is expressed during sporulation but
absent in nonsporulating mycelia. Analysis of RNA-seq and sporangia production
data showed MADS transcripts accumulate 24 hours before the development of
sporangia. MADS protein is expressed during sporulation and remains until
germination. MADS protein in zoospores is dephosphorylated, which suggests

that MADS may interact with phosphatases such as Cdc14. MADS fused with



fluorescent tag was also shown to localize in nuclei of spores. Silencing
experiment confirmed MADS regulates sporulation.

Chapter Ill emphasized technical aspects to improve silencing vector
design and to investigate off-target effects. Using genes encoding an E2F
transcription factor and the MADS-box protein as targets, it was found that
silencing sometimes spreads to flanking genes. To better understand how often
silencing spreads to unintended targets, several transformants of target genes
were explored. The frequency of occurrence of the cis-spread of silencing
diverged between strains, indicating that there is some randomness or

transformant-specific variation in how silencing is imposed.
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Chapter |
Phytophthora infestans sporangia produced in artificial media and plant
lesions have subtly divergent transcription profiles but equivalent infection

potential and aggressiveness

Abstract

Sporangia of the potato late blight agent Phytophthora infestans are often
used in studies of pathogen biology and plant responses to infection.
Investigations of spore biology can be challenging in oomycetes because their
sporangia are physiologically active and change in response to environmental
factors and aging. Whether sporangia from artificial media and plant lesions are
functionally equivalent has been a topic of debate. To address these issues, we
compared the transcriptomes and infection ability of sporangia from rye-sucrose
media, potato and tomato leaflets, and potato tubers. Small differences were
observed between the mRNA profiles of sporangia from all sources, including
variation in genes encoding metabolic enzymes, cell-wall-degrading enzymes,
and ABC transporters. Small differences in sporangia age also resulted in
variation in the transcriptome. Taking care to use sporangia of similar maturity,
we observed that those sourced from media or plant lesions had similar rates of
zoospore release and cyst germination. There were also no differences in
infection rates or aggressiveness on leaflets, based on single-spore inoculation

assays. Such results are discordant with those of a recent publication in this



journal. Nevertheless, we conclude that sporangia from plant and media cultures
are functionally similar and emphasize the importance of using “best practices” in

experiments with sporangia to obtain reliable results.

Introduction

Asexual sporangia are made by most oomycete phytopathogens and play
central roles in disease. Sporangia travel by wind or water to disseminate the
pathogen and initiate infections (Leesutthiphonchai et al. 2018). Unlike conidia of
most fungi, which are desiccated, oomycete sporangia are hydrated and
physiologically active. This enhances infection potential by enabling sporangia to
respond to germination-conducive conditions. For example, exposing sporangia
to water triggers zoosporogenesis, in which major cytoplasmic and transcriptomic
changes occur within minutes of the stimulus (Tani et al. 2004; Walker and van
West 2007). The fact that sporangia are not desiccated makes them prone to
damage from laboratory manipulations as well as natural environmental factors
such as heat or light (Mizubuti et al. 2000). The ephemeral nature of sporangia
and their rapid responses to environmental signals can make the acquisition of
highly reproducible experimental results a challenge.

Many laboratories use sporangia produced in artificial media for studying
oomycete biology, assessing the effectiveness of plant resistance genes, and
characterizing host responses to infection. For example, we and others have

employed cultures grown on a rye grain-based medium to study sporulation,

10



germination, zoospore motility, appressorium formation, and host colonization by
wild-type and gene knock-down strains of Phytophthora infestans, the potato late
blight pathogen (Ah- Fong et al. 2017a; Belhaj et al. 2017; Boevink et al. 2016;
Gamboa-Meléndez et al. 2013; Haas et al. 2009; Latijnhouwers et al. 2004;
Leesutthiphonchai and Judelson 2018). Sporangia from artificial media are also
commonly used in assays of host resistance (Kirk et al. 2005; Naess et al. 2000).
However, many researchers prefer to use sporangia produced on host tissue for
experiments (Bradshaw et al. 2006; Foolad et al. 2014). Passage through the
host may help eliminate deleterious mutations or establish epigenetic states that
contribute to fitness. There may also be physiological differences between
sporangia from plants and artificial media. Oomycete hyphae lack septa and their
cytoplasm flows into sporangial initials during sporulation (Hardham and Hyde
1997). Therefore, proteins and mRNAs made during plant colonization may be
deposited in sporangia, where they may later contribute to pathogenesis. Many
defense-suppressing effectors and cell-wall-degrading enzymes are expressed
by P. infestans primarily during plant infection (Ah-Fong et al. 2017b; Haas et al.
2009).

It was suggested recently that differences between P. infestans sporangia
from artificial media compared with plant lesions may explain why some crop
protection strategies that initially looked promising in laboratory assays failed
upon further testing (Fry 2016). To explore that concept and test the validity of

past research on P. infestans spore biology, we compared the transcriptomes
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and infection potential of sporangia produced on artificial media, tomato and
potato leaflets, and potato tubers. Taking precautions to ensure that the
sporangia from each source were of equal age and harvested carefully, we found
that the origin of sporangia had only subtle effects on their transcriptomes. We
failed to observe differences in the abilities of sporangia generated in artificial
media or in planta to cause infection. Our results conflict with those reported in a

recent study by another laboratory (Fry et al. 2019).

Results
Strategy for collecting and handling sporangia

We believe that sporangia need to be treated with special care to allow
their infection potential, transcriptome content, and other characteristics to be
assessed accurately. This applies when comparing sporangia from cultures
grown under different conditions or a parental strain with transformants that over-
express or are silenced for a gene of interest. Although our detailed protocols for
manipulating sporangia are documented in Materials and Methods, an overview
is presented in the following paragraphs.

Our preferred method for obtaining sporangia from artificial media is to
start by inoculating the entire surface of a rye-sucrose culture plate with
sporangia. This leads to uniform hyphal growth, followed by sporulation.
Depending on the amount of inoculum and incubation temperature (typically

18°C), we start to observe a tiny number of new sporangia after approximately 5

12



days, which is recorded as day 0 in Figure 1A. Sporulation plateaus on day +3,
with 70% of sporangia produced on days +1 and +2. The kinetics of sporulation
obtained with this protocol match closely that obtained with zoospore-sprayed
tomato leaflets, where most sporangia also appear on days +1 and +2 (Fig. 1A).
These data were obtained using isolate 1306 but other isolates have yielded
similar results.

Based on the literature, most laboratories obtain sporangia from plates
inoculated with a plug from a stock culture. Cultures grown in this matter accrue
sporangia over at least 6 days (Fig. 1A, dashed line). Many articles describe
collecting sporangia after 10 to 14 days; the sporangia would thus range from
approximately 1 to 10 days in age.

That age is an important variable is illustrated in Figure 1.1B, which shows
the relative fraction of sporangia releasing zoospores (i.e., indirect germination)
in isolates 1306 and 88069 after 3 h at 10°C. Germination was highest in
sporangia from cultures 4 to 5 days after inoculation but declined dramatically by
day 14. We frequently observe up to 90% germination, which is similar to that
reported for P. infestans by many other laboratories (Elsner et al. 1970;
Latijnhouwers et al. 2004). It should be noted that germination rates in the
literature may vary due to many factors, including the incubation conditions and
when germination is assessed. Nevertheless, other researchers have also
reported that zoospore release decreases in cultures that have aged over a time

period similar to that shown in Figure 1.1B (King et al. 1968).
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Fig. 1. Influence of age on sporulation and germination in Phytophthora
infestans. A, Time-course of sporulation using isolate 1306. Sporangia were
harvested from spray-inoculated tomato leaflets (black circles), rye-sucrose agar
inoculated with a lawn of sporangia (open circles), or rye-sucrose agar inoculated
with a plug (black squares). Time 0 is when a few sparse sporangia were first
observed on leaflets or agar plates. Values are expressed as the percentage of
maximum, which equaled 710 + 69, 247 + 25, and 331 + 56 sporangia/mm? for
the infected leaflet (day +5), spread-inoculated rye media (day +3), and plug-
inoculated rye media samples (day +5), respectively. Error bars represent
standard deviation of biological replicates. B, Effect of culture age on indirect
germination. Indicated are the fractions of sporangia that had released zoospores
3 h after being placed in Petri’s solution at 10°C. Values are expressed relative to
the maximum for each isolate, which equaled 82 and 71% germination for
isolates 88069 and 1306, respectively, on day 4. Direct germination was not
observed under the conditions of the experiment. The inset graph shows the
density of sporangia at each timepoint in the cultures, which were inoculated with

plugs.
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We paid close attention to the methods used to harvest sporangia. We
typically collect sporangia in a modified version of Petri’s solution (0.25 mM
CaClz, 1 mM MgSO4, 1 mM KH2PO4, and 0.8 mM KCI; unadjusted pH is 4.9),
which was first developed to stimulate sporulation and zoospore release from P.
cambivora (Petri 1917). Sporangia are also diluted in this buffer when equalizing
their concentrations for germination and infection assays. We have found that the
use of the buffer reduces batch-to-batch variation in germination, possibly by
equalizing pH or replenishing ions that leach from sporangia during harvesting.
Dew on leaf surfaces is typically slightly acidic, and ion levels as well as pH both
affect zoospore release (Byrt and Grant 1979; Halsall and Forrester 1977; Sato
1994b; Vanbruggen et al. 1987).

The swift harvesting of sporangia is also important because changes
begin when they are placed in water. It may take 60 min for cytoplasmic
reorganization to be visually evident but many zoosporogenesis-associated
genes are induced within 20 min of exposure to cool water (Tani et al. 2004).
Placing sporangia in water at room temperature also causes the abundance of
some mRNAs to rise rapidly and others to fall (Tani et al. 2004). Our past
attempts to block such changes by harvesting sporangia in high concentrations
of actinomycin D (100 pg/ml) had only limited success, possibly because this
transcriptional inhibitor slowly crosses the sporangial wall (Judelson and Roberts
2002). Instead, we rushed to harvest each batch of sporangia within 8 to 10 min.

For RNA or protein analysis, this means that sporangia are washed from leaf or
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culture plate surfaces, filtered to remove contaminating hyphae, concentrated by
centrifugation, and flash-frozen within 10 min. Some researchers describe
harvesting P. infestans sporangia by centrifugation at very high speeds (Fry et al.
2019) but we use the minimum possible (700 x g) because even moderate g-
forces trigger rapid changes in most eukaryotic cells (Soto et al. 2007).
Transcriptomes are influenced modestly by the source of sporangia.

We employed RNA-seq to compare sporangia from rye media, potato
leaflets, tomato leaflets, and potato tuber slices using isolate 1306, with three
biological replicates. We were careful to use sporangia of similar age and to
harvest the sporangia rapidly. Samples were obtained from time points matching
“harvest 1” and “harvest 2" in Figure 1.1A in order to represent sporangia on the
first and second major days of sporulation. This corresponded to 4.5 and 5.5
days postinfection on plant tissue, and 6.5 and 7.5 days on rye-sucrose media.
The sporangia were passed through a 50-um mesh filter to eliminate hyphal
fragments that may have been dislodged from the cultures. A minimum of 25
million 75-nucleotide (nt) single-end reads were then obtained from each
replicate (Supplementary Table S1). Principal component analysis (PCA)
identified fairly tight clustering of the replicates, with the least variation seen

between those from rye-sucrose media (Fig. 2B).
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Fig. 2. mRNA levels in sporangia from different culture conditions. A, Heatmap
representing mMRNA from tomato leaflets (TL), potato leaflets (PL), rye-sucrose
media (RM), and potato tubers (PT). Samples were taken at the harvest 1 and
harvest 2 timepoints, representing sporangia on the first (e.g., TL1) and second
(e.g., TL2) major days of sporulation. B, Principal component analysis of the
RNA samples. Each symbol represents a biological replicate. C, Number of
genes that were differentially expressed between culture conditions, based on
thresholds of >twofold change and false discovery rate < 0.05 at the two
timepoints. D, Number of genes differentially expressed between sporangia from
the harvest 1 and harvest 2 timepoints; these timepoints correspond to 4.5 and
5.5 days postinfection on plant tissue and 6.5 and 7.5 days on rye-sucrose
media.

We identified modest differences in mRNA profiles attributable to both the
source of sporangia and the harvest date. This and subsequent analyses were
limited to the 15,522 genes having counts per million mapped reads (CPM) > 1.0

in at least one condition. When pairwise comparisons were made of sporangia
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from rye-sucrose media, potato leaflets, tomato leaflets, or potato tubers, an
average of 804 genes or 5.2% of the total exhibited >twofold differences based
on a Benjamini-Hochberg false discovery rate (FDR) threshold of 0.05. This
variation is evident in the heatmap in Figure 2A and enumerated in Figure 2C.
The fewest differences were between sporangia from potato and tomato leaflets.
Expression values for the genes and differential expression statistics are shown
in Supplementary Tables S2 and S3.

Although growth conditions (e.g., media versus leaflets) contributed most
to the differences, age was also a factor. Although little variation was observed
between the harvest 1 and harvest 2 sporangia from rye media, an average of
316 genes exhibited >twofold differences between timepoints in one or more of
the leaflet and tuber samples (Fig. 2D). That differences would arise between the
two timepoints is unsurprising because sporulation in planta occurs during the
transition of P. infestans from biotrophy to necrotrophy, which would presumably
alter the host environment. More age-specific differences were observed in the
potato compared with tomato infections, which may reflect the fact that host
necrosis with isolate 1306 is typically more extensive in potato than tomato.

The RNA-seq data were also used to scrutinize the quality of the
sporangia samples. One check was to ensure that zoosporogenesis-specific
genes had not been induced. This might have occurred if our harvesting protocol
was slow, resulting in false positives in the differential expression studies. This

inspection used several genes, including transporter gene PITG_13579, which is
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induced rapidly when sporangia are placed in water (Fig. 3A). The two left-most
lanes in Figure 3B show a similar experiment using RNA-seq, where chilling
increased the fragments per kilobase of exon per million mapped reads (FPKM)
value by at least 100-fold. The other lanes represent the 24 sporangia samples
from rye media, potato and tomato leaflets, and potato tubers. None expressed
much PITG_13579 mRNA, and similar results were obtained with other
zoosporogenesis-induced genes, including PITG_13496, PITG_09169, and
PITG_13170. This indicates that the transcriptomes of the 24 sporangia samples
are representative of proper ungerminated sporangia, and helps confirm the
fidelity of the differential expression data in Figure 2 and our supplementary
tables.

A second quality-control check examined genes that are normally
expressed at high levels during hyphal growth but are repressed during
sporulation. If sporangia were contaminated with hyphal fragments or
sporangiophores, then these genes would show a substantial signal in the RNA-
seq data. In addition, if some samples had much higher signals than the others,
that might mean that we had mistimed the two harvests. One gene used for this
analysis was PITG_21410, which encodes elicitin-like protein INF4 (Jiang et al.
2006). The mRNA level of this gene declines in sporulating cultures and is very
low in sporangia (Fig. 3C, left side). All 24 rye media, leaflet, and tuber samples
exhibited very low levels of expression of this gene (Fig. 3C, right side). Similar

results were obtained with other sporulation-repressed genes such as
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PITG_09454 and PITG_12556. The finding that the signal was low in all samples
supports the fidelity of the comparisons in Figure 2 and our supplementary

tables.
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Fig. 3. Quality assessments of the 24 sporangia samples. A, Expression of
zoosporogenesis-induced gene PITG_13579 in sporangia immediately after
harvesting and after 10, 30, 50, and 70 min of chilling in modified Petri’s solution.
Data are based on microarray analysis. B, Abundance of PITG_13579 mRNA
based on RNA-seq. The two left samples are freshly harvested sporangia and
the same chilled for 0 and 60 min (chilled spor.). Samples labeled RM, TL, PL,
and PT are sporangia from rye media, tomato leaflets, potato leaflets, and potato
tubers, respectively, from harvest 1 and harvest 2; these timepoints correspond
to 4.5 and 5.5 days postinfection on plant tissue and 6.5 and 7.5 days on rye-
sucrose media. C, Abundance of PITG_21410 mRNA based on RNA-seq. The
left side of the panel illustrates expression of the gene in hyphae collected from
cultures between 3 and 6 days after inoculation, and sporangia from a 5-day
culture. The right side of the panel shows expression in the 24 RM, TL, PL, and
PT sporangia samples.
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Metabolic functions predominate among differentially expressed genes

Gene ontology (GO term) analyses associated a limited number of
functional categories with genes that were differentially expressed between
sporangia sourced from media and any of the three types of plant lesions. Many
of the differences between the plant and rye-sucrose media samples were
related to metabolism. For example, overrepresented GO terms included
oxidoreductase activity (GO:0016491, P adjusted [Padj] = 9e-4), tyrosine
catabolism (G0O:0006572, Padj = 7e-4), and glycosyl hydrolase activity
(GO:0016798, Padj = 3e-2). A full list is shown in Supplementary Table S4.

Notable differences were seen for genes encoding enzymes that degrade
plant cell walls (Fig. 4A). For example, the aggregate level (summed FPKM) of
cutinase transcripts was much lower in rye-sucrose media and tubers than the
two leaflet samples, which is logical because only the leaflets contain appreciable
amounts of cutin. Also logical is our observation that sporangia from rye media
contained higher levels of xylosidase mMRNA, because rye grain is much richer in
xylans than potato or tomato (Blaschek et al. 1981; Jarvis et al. 1981; Knudsen
2014).

A broader analysis of metabolism based on KEGG pathways (Aoki-
Kinoshita and Kanehisa 2007) indicated that sporangia from rye-sucrose media
clustered separately from the plant samples, with the potato and tomato leaflet
samples clustering apart from tubers (Fig. 4B). This pattern had also been

observed with total genes (Fig. 2A). Most pathways related to carbohydrate
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metabolism such as glycolysis, the TCA cycle, and the pentose phosphate
pathway had higher aggregate mRNA levels in sporangia from rye-sucrose
media than from leaflets or tubers. This is likely because the concentration of
soluble sugars is approximately five times higher in the rye-sucrose media
(Judelson et al. 2009). There were also differences in other pathways, including
cofactor, fatty acid, and amino acid metabolism. Several transporters were also
differentially expressed such as nitrate transporters (PITG_09342 and
PITG_25173) which exhibited approximately three times higher transcript levels
on leaflets than rye media or tubers. This may be attributable to the fact that our
plants were fertilized with nitrate, which is at low levels in tubers and rye-sucrose
media (Abrahamian et al. 2016).

An analysis of genes traditionally associated with pathogenesis revealed
that ABC transporters tended to have higher mRNA levels in sporangia from
leaflets compared with rye-sucrose media. Such proteins are thought to
participate in the efflux of toxins, including plant defense molecules (Perlin et al.
2014). The ratio of mMRNA abundance in sporangia harvested from tomato
leaflets versus rye-sucrose media was skewed toward higher expression in the
leaflets (Fig. 4C), with average expression being 23% higher in the leaflets.
Based on a P value threshold of 0.01, 22 ABC transporter genes had higher
transcript levels in sporangia from tomato leaflets compared with artificial media.
Similar results were obtained for sporangia from potato leaflets, while mMRNA

levels of ABC transporters in sporangia from media and potato tubers were
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similar. Other genes potentially used to defend against chemical toxicants, such

as those encoding catalases and peroxidases, were expressed at similar levels

in all samples.
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Fig. 4. Effect of sporangia source on mRNA levels of selected functional groups.
A, Cell-wall-degrading enzymes. Sporangia were from harvest 1 tomato leaflets
(TL1), potato leaflets (PL1), rye-sucrose media (RM1), and potato tubers (PT1).
Fragments per kilobase of exon per million mapped reads levels of genes in each
group were added together and normalized to the average of the group. Results
from the harvest 2 sporangia (collected 5.5 days postinfection on plant tissue and
7.5 days postinoculation on rye-sucrose media) were similar. B, Metabolic
pathways. Samples are the same as those in A, and expression levels were
normalized to the average of each functional category. C, ABC transporters.
Indicated are the ratios of mMRNA for each gene in sporangia from tomato leaflets
(TL1) versus rye media (RM1). D, Same as C but for RXLRs.



Few genes encoding RXLR proteins exhibited significant differential
expression between the types of sporangia, based on analysis of the 200 genes
that had CPM > 1 in any sample. A volcano plot of their transcript levels in
tomato leaflets versus rye-sucrose media showed only three with higher mRNA
in the leaflets at a P < 0.01 threshold (Fig. 4D). Only two RXLRs that were
infection induced, PITG_05846 and PITG_06375, had higher mRNA in each of
the three types of plant-derived sporangia compared with rye-sucrose. The
horizontal dispersion of RXLR signals in the plot was wider than that of ABC
trans- porters because many RXLR genes are up- or downregulated during
sporulation, leading to greater statistical noise (Ah-Fong et al. 2017a).

Expressed at CPM > 1 in sporangia were 114 CRN genes. However, none
of their mMRNA levels were consistently higher in sporangia from a plant source
compared with rye-sucrose media, although PITG_19565 was twofold higher in
potato leaflets compared with media. Instead, CRN genes were more likely to
exhibit higher mRNA levels in sporangia from media.

Transcript levels of genes associated with sporulation varied little between
sporangia sourced from plants and media. This conclusion is based on the
analysis of genes that encode proteins specific to the flagellar axoneme
(Judelson et al. 2012). This is expected because inhibitor studies demonstrated
that most zoospore proteins are preformed in sporangia and not translated during
germination (Clark et al. 1978). Due to normal mRNA decay in aging sporangia, it

was also not surprising that the transcript levels of most flagella-associated
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genes were lower in harvest 2 versus the harvest 1 sporangia, because the latter
tend to be younger. For example, genes encoding intraflagellar transport, basal
body, and mastigoneme proteins exhibited median declines in mRNA of 7, 15,
and 29%, respectively, between the timepoints. This decline highlights the
importance of using sporangia of similar age in critical experiments. A prior study
identified much greater differences in the mRNA levels of flagellar protein genes
in sporangia from plants 6 days after infection than from artificial media cultures
12 days after inoculation (Fry et al. 2019). Although that study concluded that this
meant that plant-sourced sporangia are more primed for indirect germination, our
interpretation of their result is that it provides further proof of the importance of

controlling for sporangia age in such experiments.

Sporangia size varies with their origin

The dimensions of P. infestans sporangia differed depending on their
source. In particular, those generated on rye-sucrose media tended to be larger
than those from potato or tomato leaflets, although the length/breadth ratio was
not significantly different (Fig. 5). That growth conditions affect sporangial
geometry has been reported previously for other members of the genus (Brasier
and Griffin 1979). Based on concepts derived from mathematical modeling of
fungal growth (Lew 2011), our observations suggest either that extensibility of the
sporangial wall is greater on rye media compared with on plants or that

cytoplasm flows faster into sporangial initials formed on media.
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Fig. 5. Sporangia shapes from rye-sucrose media (RM), potato leaflets (PL), and
tomato leaflets (TL). Values are based on a minimum of 200 sporangia per
sample at the harvest 1 timepoint (4.5 days postinfection on plant tissue and 6.5
days postinoculation on media). Variation was assessed using a paired t test,
and pairs differing at P < 0.01 are marked by an asterisk.
Spores from all sources have the same infection potential

The dissimilarities in the shapes and transcriptomes of sporangia from
media and plant lesions were modest but might signal that propagules from
different sources would vary in their infection ability. This was tested by
comparing sporangia of isolate 1306 from rye-sucrose media with those from
lesions on potato leaflets. To begin, sporangia of the same age were harvested
from the two sources in parallel. Indirect germination was then stimulated using
cold modified Petri’s solution. After 3 h, zoospores were separated from
sporangia by filtration through 15-um mesh and diluted to 100 zoospores/ml, and
individual leaflets were inoculated with a single drop bearing 1 zoospore. This
was repeated in three separate experiments, using 100 leaflets per treatment per
experiment, which after inoculated leaflets were positioned in a plant growth

chamber using a randomized complete block design. Materials were rotated daily

to ensure that the leaflets were exposed to equivalent light and humidity.
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The results from these single-zoospore infection assays indicated that the
infection potential of spores from plants and artificial media were equivalent (Fig.
6A and B). There was no significant difference based on one-way analysis of
variance and Wilcoxon signed-rank tests. The average infection potential of each
zoospore was 32%, which is in the range described for P. nicotianae (Kong and
Hong 2016). The average infection rate varied in our single-zoospore
experiments from 10 to 58%, which we believe is due to differences in the age of
the plants. Infection assays performed using five zoospores per inoculum drop
also resulted in similar rates of infection by the media and leaflet-sourced spores,
although these experiments were less informative because close to 100% of
leaflets were often infected.

The source of spores also had no significant effect on the pace of lesion
expansion. This conclusion is based on measurements taken between 5 and 8
days postinfection in the three single-zoospore experiments (Fig. 6C). Moreover,
the total amount of sporangia produced on the leaflets by day 8 was similar
regardless of whether the inoculum was from leaflets or artificial media (Fig. 6D).

Therefore, similar aggressiveness was exhibited by sporangia from both sources.
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Fig. 6. Infection assays using zoospores from rye-sucrose media (RM) or potato
leaflets (PL). A, Representative infected leaflets. Each row illustrates the same
four leaflets between 5 and 8 days postinfection (dpi). In total, 100 leaflets were
used per treatment per experiment. B, Percentage of leaflets showing infection in
three independent experiments. C, Average size of lesions in each experiment.
D, Sporangial density on infected leaflets.

Because foliage infections are usually initiated by sporangia, we also
attempted to assess whether sporangia from plants and rye-sucrose media had
similar infection potentials. This involved placing a droplet of water containing a
single sporangium on each of multiple leaflets, which were placed at 10°C for 4 h
to trigger zoosporogenesis and then incubated at 18°C in a plant growth

chamber. Excluding cases where the inoculum drop appeared to have run off the

leaflet, close to 100% of leaflets became infected. Because the rate of
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colonization was so high, we cannot exclude the possibility that miniscule
differences may exist in the infection potential of sporangia from plants and

media but such small differences may not be biologically relevant.

Sporangia from plants and artificial media germinate at similar rates

Although the rates of zoosporogenesis of the two types of sporangia were
not quantified precisely in the plant infection experiments described above, they
appeared similar based on microscopic examination. Several additional studies
confirmed that zoosporogenesis progresses similarly in plant and media-sourced
sporangia.

In the first experiment, we quantified zoospore release from isolates 1306
and 88069. This used sporangia that had been harvested from tomato leaflets
and media 6 days after inoculation. With both strains, the source of sporangia
had little if any effect on germination based on observations made 2 and 12 h
after chilling the spores (Fig. 7A). For example, after 12 h, 76 £ 10 and 69 + 5%
of sporangia from isolate 1306 sourced from tomato leaflets and rye-sucrose
media had germinated, respectively. Because zoospores from plant and media
were shown above to have similar infection potentials, it follows that the same
should hold for sporangia.

A second study also compared the germination of sporangia obtained
from tomato leaflets, potato leaflets, and media, this time using only isolate 1306

(Fig. 7B). This experiment also evaluated sporangia harvested 5, 6, and 8 days

29



after inoculation. Based on observations made 3 and 6 h after chilling, the source
of sporangia had little effect on germination. This provides further support to the
hypothesis that growing P. infestans on a plant does confer upon its sporangia a
higher infection potential. It is interesting that the 5- and 8-day sporangia
germinated at similar rates in this study, whereas germination was impaired in
the older cultures in the Figure 1B experiment. We believe that this is because
the cultures in Figure 1B were plug inoculated, whereas those in Figure 7B were
initiated by spreading sporangia. Because hyphal growth is denser in plug-
inoculated cultures, sporangia germination may be influenced by concentrations
of nutrients or waste products in the underlying media. This observation stresses

the importance of preparing sporangia under standardized conditions.
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Fig. 7. Germination rates of sporangia. A, Indirect germination of isolates 1306
and 88069 measured 2 and 12 h after sporangia were cold treated. Sporangia
were harvested from 6-day tomato leaflets or rye-sucrose cultures (inoculated by
spreading with sporangia). Concentrations adjusted to 10* sporangia/ml prior to
the cold treatment. B, Indirect germination of sporangia from isolate 1306 grown
on tomato leaflets, potato leaflets, and spread-inoculated rye-sucrose media.
Measurements were made 3 and 6 h after the cold treatment, using sporangia
harvested 5, 6, and 8 days after inoculation.

30



We also measured the germination of cysts derived from the plant- and
media-sourced zoospores used in the infection assays shown in Figure 6. This
involved placing aliquots of the zoospores in clarified rye-sucrose broth to trigger
encystment and germination. The cyst germination rates in the three experiments
in Figure 6 averaged 69 and 78% for sporangia from rye-sucrose media and
leaflets, respectively. Although the difference was not significant (P = 0.13), the

trend toward higher germination in the plant-sourced material was interesting.

Discussion

This study had two principal goals. One was to test whether sporangia
from artificial media and plants were functionally equivalent. We conclude that
the source of sporangia has a small effect on their transcriptomes but little or no
impact on infection potential, germination, or pathogenic fithess. A second
objective was to stress the importance of following “best practices” for handling
sporangia. Not all experiments need to follow an exacting protocol but attention
should be paid to the age of sporangia and how they treated during harvesting
and germination. Marker genes that can indicate the purity, maturity, and
germination status of sporangia were also described.

We are not the first to observe the finicky nature of P. infestans sporangia.
For example, Sato (1994a) found that indirect germination varied depending on
how long sporangia were allowed to mature after sporulation. After speculating

that germination depended on the source of water in which sporangia were
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placed, he showed that pH and small differences in ion concentration influenced
germination (Sato 1994b). This helps to explain why we believe that germination
occurs more reliably in Petri’s solution than water. Many laboratories germinate
sporangia in deionized water (Boevink et al. 2016; Foolad et al. 2014; Fry et al.
2019) but this is an unnatural environment because leaf surfaces contain ions
exuded from plant cells (Tukey 1970).

The extent of variation in the mRNA content of sporangia from artificial
media compared with plant lesions was slight yet interesting, with an average of
approximately 800 genes (4.4% of the total) exhibiting >twofold differences. We
consider this to be a small number because, by comparison, 40 and 55% of
genes were shown to vary by >twofold between mycelia and sporangia and
between sporangia and chilled sporangia, respectively (Ah-Fong et al. 2017a).
Because hyphae from plant tissues express more pathogenesis-promoting
proteins such as RXLRs than do hyphae from artificial media, we had originally
hypothesized that such factors would be inherited by plant-sourced sporangia
and provide an advantage during early infection. However, this was not
supported by our results. Nevertheless, we did see differences related to
metabolism and possibly toxin efflux. Some of this could be attributed to the
composition of the growth substrate such as the types and concentrations of cell
wall glucans and soluble sugars. To understand such differences more fully, it
would be necessary to study gene expression in hyphae, which was beyond the

scope of this study.
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As the writing of our manuscript was being completed, another laboratory
reported using RNA-seq to compare P. infestans sporangia from plants and
media (Fry et al. 2019). Sporangia from plug-inoculated rye-pea agar cultures
after 12 days of growth were compared with sporangia from potato leaflets at 6
days postinfection. Approximately one-third of expressed genes (4,791 genes)
were described as being >two- fold differentially expressed between plant and
media-sourced sporangia, which is 5.9 times more than in our analysis.
Sporangia from plants were also reported to germinate >10-fold more than those
from media, and to produce larger lesions on leaves. In contrast, our studies
identified no differences in these characters. Several factors may explain the
discrepancies. For example, the plant and media-sourced sporangia used in their
RNA-seq study were very different in age, although we were careful to use
sporangia of equal maturity. In addition, their germination assays were performed
in water instead of Petri’s solution, and different isolates, artificial media, and
protocols for collecting sporangia were used. Our plant-sourced sporangia had
also passed through plant tissue once, whereas they usually used two rounds of
infection.

Although our study failed to repeat the findings of the other study, we do
not dispute that passage through a host may be beneficial. Reports that the
phenotypes of Phytophthora strains can change during culture go back at least
100 years (Rosenbaum 1917). The isolate used for most of our experiments,

1306, is diploid based on genome-wide counts of allele ratios (Matson 2018).
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However, many isolates of P. infestans exist in apparently unstable polyploid or
aneuploid states which, in addition to point mutations, may cause variation in
fitness (Li et al. 2017; Matson et al. 2015). Fithess may also change due to
mitotic crossing-over, gene conversion, and epigenetic phenomena
(Chamnanpunt et al. 2001; Lamour et al. 2012; Shrestha et al. 2016). Isolates
may also acquire viruses which could affect phenotype (Cai et al. 2019).
Passage through a plant may help eliminate some of these potentially deleterious
features.

Despite the reputed variability of P. infestans, we do not believe that the
species accumulates point mutations at unusually high rates. Based on the
analysis of strains that have been serially propagated over five or more years
and then subjected to lllumina sequencing, we calculate that approximately 108
changes occur per nucleotide per nuclear division. This is nearly identical to the
mutation rates reported for human germline cells and Arabidopsis thaliana, which
are approximately 1.4 x 108 and 7 x 1077, respectively (Acuna-Hidalgo et al.
2016; Watson et al. 2016). We calculate that two nucleotide changes may occur
in genes during the growth of P. infestans across a 100-mm culture plate.

In summary, we agree with other researchers that changes in fitness
(pathogenic or otherwise) can occur during the long-term cultivation of a
pathogen. This phenomenon is well described in P. infestans (Hodgson and
Sharma 1967) and is not unique to oomycetes or phytopathogens (Maury et al.

2017). Nevertheless, because we did not detect evidence of significant short-
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term effects resulting from cultivation in rye-sucrose media, studies of sporangia
and other preinfection stages from media should yield results that are
representative of the natural situation. This assumes that the delicate spore life
stages are handled with appropriate care to avoid experimental artifacts. A more
important question is whether results from one isolate of P. infestans can be
extrapolated to others because much intraspecies diversity exists in traits
relevant to disease such as host species preference, optimal temperature for
spore germination, chemical sensitivity, and sexuality (Danies et al. 2013;
Matson et al. 2015; Zhu et al. 2016). Isolate-specific transposons or

chromosomal abnormalities may also increase the background mutation rate.

Materials and methods
Strains and culture conditions

P. infestans strain 1306 was isolated from tomato in San Diego County,
CA. Subsequent laboratory tests indicated that it is equally pathogenic to potato.
The isolate was stored in liquid nitrogen, thawed, and then transferred
approximately 10 times before being used for the experiments in this article.
Isolate 88069 was isolated from potato in the Netherlands and provided by F.
Govers. For routine cultures, plates were inoculated with a plug from an older
plate and incubated at 18°C on rye-sucrose agar (rye A) in the dark (Caten and
Jinks 1968). For the RNA-seq and sporulation time-course experiments, the

plates were subjected to a cycle of 12 h of light and 12 h of darkness along with
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the plant material. For sporulation measurements on plates, the cultures were
either plug inoculated or spread with sporangia. The latter involved distributing
102 to 10* sporangia (in modified Petri’s solution) per 100-mm plate with a bent
glass rod. Plates were sealed in plastic boxes, which maintained relative humidity
above 95% based on digital hygrometers. For some experiments described in the
text, plates were viewed with a dissecting microscope to learn when sporangia
began.

Sporangia were harvested from culture plates by pouring modified Petri’s
solution on top of each plate (10 ml for a 100-mm plate), followed by rubbing with
a bent glass rod. Hyphal fragments were removed by filtration through 50-uym
nylon mesh. Concentrations of sporangia were determined using a
hemocytometer. If sporangia needed to be concentrated or pelleted, they were
centrifuged at 700 x g in a swinging-bucket rotor for 4 min.

Zoosporogenesis was induced by placing sporangia at 10%/ml in modified
Petri’s solution at 10°C. This involved filling a plastic tub with ice, placing a 6.3
mm thick sheet of acrylic on top of the ice, and then inverting a second tub on
top. Temperature throughout the chamber was monitored using thermometers,
which indicated that the air above the acrylic sheet became equilibrated to 10°C.
Dishes containing sporangia were then placed on the acrylic sheet. Aliquots were
removed at the times noted in Results and viewed under a microscope to assess
indirect germination rates, basing measurements on a minimum of 100

sporangia.

36



Plant colonization

Infections were performed using leaflets of tomato cultivar Pieralbo,
leaflets of potato cultivar Russet Burbank, or russet tubers purchased locally.
Plant materials were surface sterilized using dilute bleach for 5 min, washed
twice in sterile water, blotted dry, and stored for 1 h before use. Leaflets were
placed on 0.6% water agar plates in a sealed clear box with moist paper towels.
Tuber slices were placed on a metal rack 8 mm above moist paper towels in the
same type of box. This maintained the relative humidity between 95 and 98%
based on a digital hygrometer. For general infections of leaflets and tubers, each
was inoculated on their top surfaces with five drops of 15 pl of sporangia (2.5 x
10* sporangia/ml). Inoculated tubers were incubated in the dark at 18°C. Leaflets
were incubated at 18°C with a cycle of 12 h of darkness and 12 h of light, using
cool-white fluorescent lamps which provided an intensity of 95 umoles/m?/s at the
leaf surface.

For assessing the infection potential of zoospores from different sources,
the adaxial side of each leaflet was inoculated with a single zoospore in 10 pl of
modified Petri’s solution and incubated in the same way. Zoospores for this
application were purified away from sporangia using a 15-um nylon mesh filter.
After inoculation, the infected materials were positioned in the incubator using a
randomized complete block design and rotated daily. Starting on day 5,

photographs were taken daily and later used to measure lesion sizes using
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Adobe Photoshop. At the end of the experiment, sporangia were washed from

the leaflets and counted.

RNA analysis

For RNA-seq analysis, sporangia were produced from rye-sucrose agar,
infected leaflets, or infected tubers inoculated as described above. The sporangia
were then harvested in modified Petri's solution by 30 s of gentle rubbing with a
glass rod (agar plates) or vortexing (plant material). The liquid was then passed
through a 50-uym nylon mesh, and the sporangia were pelleted at 700 x g for 4
min at room temperature. Care was taken to freeze the sporangia in liquid
nitrogen within 10 min of adding Petri’s solution. After grinding the tissues under
liquid nitrogen, RNA was isolated using the Spectrum Plant Total RNA kit from
Sigma.

Indexed libraries for RNA-seq were prepared using the lllumina TruSeq kit
and sequenced using an lllumina NextSeq 500, obtaining single-end 75-nt reads.
These were filtered and mapped to the P. infestans genome using Bowtie 2.2.5
and Tophat 2.0.14, allowing for one mismatch per read (Langmead et al. 2009).
Expression and differential expression calls were made with edgeR using TMM
normalization, a generalized linear model, and FDR calculations based on the
Benjamini- Hochberg method (Robinson et al. 2010). One of the three biological
replicates from the harvest 2 tubers was omitted from this analysis because it

appeared to be an outlier, apparently due to bacterial growth on the tuber.
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Hierarchical clustering, heatmap generation, and PCA were performed using
Partek Genomics Suite. GO term enrichment analysis was performed using the
GOHyperGAll script (Horan et al. 2008). Analyses of metabolism used functional
assignments obtained using a reannotation of the P. infestans genome (Kagda
2017), in which enzymes were assigned to pathways based on the KEGG
classification scheme (Aoki-Kinoshita and Kanehisa 2007). Expression
comparisons entailed adding together the FPKM values of genes with the same
function (generally by Enzyme Commission number), and then aggregating the
FPKM of all genes encoding all enzymes in each KEGG pathway.

Microarray studies were performed on custom Affymetrix arrays. These
were prepared and hybridized with RNA probes, as described (Randall et al.
2005). RNA samples came from sporangia that were harvested from strain

88069 and chilled at 4°C for the times indicated in Results.

Calculation of mutation rates

After single-nuclear purification through the zoospore stage, independent
lineages of isolate 1306 were established and grown for 20 serial transfers on
60-mm cultures of rye-sucrose agar. DNA extracted from the early and terminal
stages of each lineage was then used for sequencing, obtaining 50-nt paired-
end data to approximately 60-fold coverage using an lllumina HiSeq 2500. The
data were then analyzed using the Var-Seq pipeline implemented in

systemPipeR (Backman and Girke 2016). In brief, this involved filtering and
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alignment to the reference genome using BWA, and the use of GATK (McKenna
et al. 2010) to identify sequence polymorphisms. Because P. infestans is diploid,
only cases where the sequences of the lineages were entirely different or a
homozygote changed to a heterozygote (or vice versa) could be scored. We
estimate that each lineage had undergone between 162 and 332 nuclear
divisions, based on a measurement of the increase in nuclei during growth
across a 60-mm culture plate and the doubling time of nuclei determined in a
previous study (Ah Fong and Judelson 2003). In comparisons of three lineages,
on average, 1,015 single-nucleotide variants were identified per lineage, which
corresponds to approximately 108 changes per nucleotide per nuclear division.
This may be an underestimate because some deleterious mutations would be

lost during propagation.
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Chapter Il
A MADS-box transcription factor regulates a central step in sporulation of

the oomycete Phytophthora infestans

Abstract

MADS-box transcription factors play significant roles in eukaryotes, but
have not yet been characterized in oomycetes. Here, we describe a MADS-box
protein from Phytophthora infestans, which causes late blight of potato. P.
infestans and most other oomycetes express a single MADS-box gene. PIMADS
is not transcribed during vegetative growth, but is induced early during asexual
sporulation. Its mRNA levels oscillate in response to light, which suppresses
sporulation. The protein was not detected in nonsporulating mycelia, but was
found in sporulating mycelia and spores. Both mRNA and protein levels decline
upon spore germination. A similar expression pattern as well as nuclear
localization was observed when the protein was expressed with a fluorescent tag
from the native promoter. Gene silencing triggered by a construct expressing 478
nt of MADS sequences indicated that PIMADS is required for sporulation but not
hyphal growth or plant colonization. A comparison of wild type to a silenced strain
by RNA-seq indicated that PIMADS regulates about 3000 sporulation-associated
genes, and acts before other genes previously shown to regulate sporulation.

Analysis of the silenced strain also indicated that the native gene was not
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transcribed while the transgene was still expressed, which contradicts current

models for homology-dependent silencing in oomycetes.

Introduction

Spores are important for the dispersal, infection and survival of many
prokaryotic and eukaryotic microbes. A general trend is for asexual sporulation to
occur in response to environmental cues, such as nutrition, light, humidity or
temperature (Dahlberg and Van Etten 1982; Park and Yu 2012). Such inputs
typically set into motion cascades of gene expression that culminate in spore
formation. The transcriptional networks that mediate spore formation can be
complex. For example, conidiation in Aspergillus nidulans is controlled by
multiple transcription factors including both activators and repressors (Lee et al.
2016). Even in bacterial systems, spore formation involves the sequential action
of multiple regulators (Kovacs 2016).

Research in recent decades has increased our understanding of the
molecular events involved in sporulation in the eukaryotic microbes known as
oomycetes, especially in the genus Phytophthora. For example, transcriptome
studies have identified many spore-specific genes (Judelson et al. 2008; Ah-
Fong et al. 2017). However, only a few genes that regulate sporulation have
been identified. Understanding sporulation is important since oomycetes cause
many economically significant dis- eases, in which spores play key roles in

dissemination and host infection. The process of sporulation in Phytophthora
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infestans, the cause of the potato late blight disease, resembles that of many
oomycetes. In cultures or plant lesions that reach maturity, sporangiophores
emerge from aerial mycelia (Blanco and Judelson 2005). This occurs only under
high humidity and is regulated by light (Xiang and Judelson 2014). Nuclei move
from mycelia into the sporangiophore, undergo mitosis and transit into terminal
swellings destined to become multinucleate sporangia. A basal plug then delimits
the sporangium from the sporangiophore. Oomycetes are otherwise aseptate,
unlike most fungi where septa divide vegetative cells from cell types that are
intermediate to spores. Phytophthora sporangia usually germinate by releasing
mononucleate zoospores. This involves the cold-triggered cleavage of sporangial
cytoplasm into multiple biflagellated zoospores, which swim toward a host,
encyst and form germ tubes. At higher temperatures, germ tubes often emerge
directly from sporangia.

A few genes that affect sporulation have been identified in Phytophthora
infestans such as Cdc14 phosphatase (Ah Fong and Judelson 2003; Ah-Fong
and Judelson 2011a), G-protein 3 and y subunits (Latijnhouwers and Govers
2003; van den Hoogen et al. 2018) and a Myb transcription factor (Xiang and
Judelson 2014). The roles in sporulation of Cdc14, Gg and Gy were demonstrated
through homology-based gene silencing experiments in which sense, antisense
or hairpin constructs matching part of the target gene were expressed in
transformants. This method was shown to trigger heterochromatinization and the

transcriptional quiescence of the native and transgene, and appears to involve a
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transient transmissible small RNA signal (Van West et al. 1999; Judelson and
Tani 2007; van West et al. 2008).

Prior studies identified several transcription factors that are induced during
sporulation in P. infestans, including the MADS-box transcription factor PIMADS
(Ah-Fong et al. 2017). MADS-box proteins occur in nearly all eukaryotes, where
they regulate a broad spectrum of cellular processes, such as flower
development (Smaczniak et al. 2012), muscle formation (Mughal et al. 2015),
and fungal cell wall biosynthesis (Rocha et al. 2016). The MADS-box domain
participates in DNA-binding and dimerization, and differences in the C-terminal of
region of the domain have been used to classify such proteins as either type |
(SRF, human serum response factor) or type Il (MEF2, myocyte enhancer factor
2).

To help illuminate the mechanisms that regulate sporulation in P.
infestans, here we present a detailed analysis of PIMADS. The abundance of its
mMRNA and protein increase during sporulation and decline upon germination,
and the protein localizes to nuclei. Silencing experiments indicated that PIMADS
is essential for sporulation, acts upstream of most sporulation-induced genes but
downstream of the light-responsive step, and is not required for growth, spore
germination or plant infection. An unexpected finding was that the silencing-
inducing transgene was still transcribed in PIMADS-silenced strains, which
suggests that processes of homology-based silencing may be more diverse than

previously thought in oomycetes.
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Results and discussion
P. infestans encodes a type Il MADS-box protein

A single match to a MADS-box gene was identified in a search of the P.
infestans genome database (Haas et al. 2009). Gene PITG_07059, referred to
hereafter as PIMADS, is predicted to encode a protein of 433 amino acids having
the domain organization portrayed in Fig. 1A. Eighty-six amino acids at the N-
terminus matched the MEF2-like MADS-box domain (Conserved Domain
Database accession cd00265, E = 10-36), with a weaker hit to the SRF-like
domain (cd00266, E = 1072%). Phylogenetic analysis was also consistent with
PIiMADS belonging to the MEF2-like lineage (Supporting Information Fig. S1).
The C-terminal region of the P. infestans protein, which in other taxa serves as
the activation domain and contributes to ternary complex formation (Molkentin et
al. 1996; Masiero et al. 2002), had a weak match to a microtubule-binding protein
domain (pfam10243, E = 10-3). This might be a spurious hit since a similar match
was observed in some but not all Phytophthora orthologs. Consistent with its
predicted function as a transcription factor, PIMADS protein was predicted to
have an N-terminal nuclear localization signal by SeqNLS (score of 0.904; Lin
and Hu 2013) and NucPred (score of 0.87; Brameier et al. 2007), and a C-
terminal signal by cNLS Mapper (score of 10.3; Kosugi et al. 2009). These
programs identified nuclear localization signals in the same regions of MEF2

proteins from human and Drosophila melanogaster.
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While Phytophthora spp. each encode one MADS-box protein (Supporting
Information Fig. S1), larger families have been reported for most other species.
Database searches indicate that fungi, animals and plants typically express
about two, five and > 100 MADS proteins respectively. Interestingly, while one
ortholog was detected in each of all peronosporalean and saprolegnian
oomycetes that were examined (Albugo, Aphanomyces, Hyaloperonospora,
Phytophthora, Pythium and Saprolegnia), proteins with MADS-box domains were
not detected in other members of the stramenopile group (=heterokonts; Derelle
et al. 2016). These included the putative basal member of the group, Blastocystis
hominis, the pelagophyte Aureococcus anophagefferens, the brown alga
Ectocarpus siliculosus, and the diatoms Thalassiosira pseudonana and
Phaeodactylum tricornutum. The absence of MADS-box proteins from the latter
species was reported previously (Thiriet-Rupert et al. 2016). Most alveolates,
which bear weak taxonomic affinity with stramenopiles, encode only single or no
MADS-box proteins as exemplified by the ciliate Tetrahymena thermophila and

the apicomplexan Plasmodium falciparum respectively.

PiMADS is induced early during sporulation

RNA-seq of time courses on rye-sucrose media and tomato leaves
indicated that PIMADS transcripts begin to accumulate about 24 h prior to the
development of sporangia. On rye media in the dark, sporangia began to appear

when cultures were 4-4.5 days old, while PIMADS mRNA started to rise at about
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3-3.5 days (Fig. 1B). A similar trend was seen in rye media cultures exposed to a
12 h light/dark cycle, with PIMADS mRNA spiking at the end of each dark cycle
(Fig. 1B). This can be explained by the fact that light suppresses sporulation, with
more new sporangia made in the dark than the light period (Xiang and Judelson
2014). A similar pattern was seen in infected tomato leaves incubated in a light/
dark cycle, with sporangia and mRNA levels showing more of an increase after
the dark incubation period than after the illuminated phase (Fig. 1C).

Transcript levels measured in different life stages in another experiment
were also consistent with the involvement of PiIMADS in spores (Fig. 1D). This
compared mRNA levels in purified sporangia, sporangia chilled to initiate the
cleavage of their sporangia into zoospores, motile zoospores, encysted
zoospores producing germ tubes and nonsporulating and sporulating mycelia;
the latter two are analogous to the 2.5 and 6 day timepoints in Fig. 1B. PIMADS
mMRNA was largely absent from non-sporulating mycelia, present at the highest

levels in sporangia, and declined in zoospores and germinating cysts.
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Fig. 1. Structure and expression pattern of PIMADS. A, Domain organization of
PiIMADS protein showing N-terminal MADS-box domain. B, Timecourse of wild-
type P. infestans grown on rye-sucrose agar media. Circles indicate per-gene
normalized levels of PIMADS mRNA determined by RNA-seq in cultures
incubated in the dark (filled circles) or a 12 h light/dark cycle (open circles).
Squares denote sporangia density in cultures grown in the dark (filled squares) or
a light/dark cycle (open squares). The timing of the cycles are indicated below
the x-axis. C, Levels of PIMADS mRNA (open circles) and sporangia (open
squares) during tomato leaf infection. D, Levels of PIMADS mRNA in 3 day
cultures (nonsporulating mycelia, NM), 6 day cultures (sporulating mycelia, SM),
sporangia (SP), sporangia chilled to initiate cytoplasmic cleavage and
zoosporogenesis (CL), zoospores (ZO) and zoospore cysts germinated in water
for 6 h (GC).
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These results suggest that PIMADS is involved in sporulation, or in a later
stage such as zoosporogenesis; the latter is possible since studies with
actinomycin D and cycloheximide showed that zoospore proteins are preformed
in sporangia (Clark et al. 1978; Judelson and Roberts 2002). PIMADS mRNA is
apparently induced after the light-regulated step of sporulation. A reasonable
hypothesis is that a cryptochrome regulates a transcription factor that induces
PiMADS, since cryptochromes are the only known photoreceptor protein made
by P. infestans (Xiang and Judelson 2014). Genes acting downstream of
PiMADS would also be expected to exhibit a light-regulated pattern of
expression. This resembles the situation in Botrytis cinerea, where a MADS-box
transcription factor mediates the transcription of light-responsive genes (Zhang et

al. 2016).

PiMADS protein is expressed during sporulation and remains until
germination

Antibodies were raised against PIMADS to allow its protein to be
quantified during the life cycle. Considering that the transition between
sporangia, zoospores, cysts and germinated cysts can take less than 3 h, one
cannot assume that RNA and protein levels will always change in concert. To
test this, two antibodies (anti-MADS1 and anti-MADS2) were generated using

peptides from the C-terminus of the protein.
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In western blots, anti-MADS1 detected no band in nonsporulating mycelia,
and a 65 kDa band in unchilled sporangia and chilled sporangia (Fig. 2A). In the
latter sample, a weak 63 kDa band could also be seen in short exposures of the
blot. In zoospores and cysts, only the 63 kDa band was detected, and this mostly
disappeared in germinated cysts. When sporangia were placed in broth media to
stimulate direct germination, the 65 kDa band was mostly gone by 4 h.

The shift between the 65 and 63 kDa bands was seen in multiple Western
blots and does not appear to be a gel artifact. Note that the image in Fig. 2A was
cut to remove empty lanes between the chilled sporangia and zoospores.
However, the shift was also seen in other blots probed with anti-MADS1 and with
anti-MADS2 (Fig. 2B). Other proteins, such as cryptochrome did not show a
mobility shift between lanes or heterogeneity within the same lane. The small
shift in mobility may be due to a post-translational modification. This would be
consistent with a high-throughput study of phosphopeptides in P. infestans that
identified phosphorylation at amino acids 393 and 395 (Resjo et al. 2014). Other
MADS-box proteins are known to undergo modifications that include
phosphorylation (Gregoire et al. 2006). To test whether the mobility shift was in
fact due to altered phosphorylation, protein from sporangia was treated with
lambda phosphatase (Fig. 2D). This reduced the 65 kDa band to 63 kDa, which

matched the size of the protein in zoospores.
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Fig. 2. Levels of PIMADS protein in different life stages of P. infestans. A, Blot
using anti-MADS1 (top panel) and anti-cryptochrome (middle panel, same filter
as the top panel). The bottom panel shows Ponceau staining of the membrane
after transfer. Life stages are nonsporulating mycelia (NSM), sporulating mycelia
(SM), sporangia (SP), chilled sporangia (CL), zoospores (ZO), zoospore cysts
(CY), cysts germinated in clarified rye-sucrose broth for 2 h (GC), and sporangia
germinated in clarified rye-sucrose broth for 2 and 4 h (GS2, GS4). Numbers
below the top panel indicate levels of the MADS protein normalized based on
Ponceau staining. B, Blot using anti-MADS2 against chilled sporangia (CL) and
zoospores (Z0O). C, Blot using anti-MADS1 against sporulating hyphae from wild
type (WT) and the PIMADS-silenced strain (S1). D, Blot using anti-MADS1
against protein from sporangia (SP) or zoospores (ZO) treated with (+A) or
without (—A) lambda phosphatase.

Anti-MADS1 and anti-MADS?2 also detected several bands between 40
and 45 kDa in sporangia undergoing zoosporogenesis, zoospores and cysts.
These bands are proposed to represent in vivo degradation products. They are
unlikely to result from alternative splicing since no heterogeneity in transcript
structure was evident when RNA-seq reads were mapped against PIMADS. They

do not appear to be an artifact of cell breakage during centrifugal harvesting of

the zoospores, since other proteins, such as cryptochrome only exhibited a
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single band and since evidence of generalized protein breakdown was not seen
when gels were stained with Coomassie blue. Breakdown of PIMADS protein
during germination is probably important for shifting patterns of transcription from
genes needed for the formation or germination of sporangia to genes required for
hyphal growth. Human MEF2A and MEF2D are also regulated by proteolysis, in
which phosphorylation promotes caspase-mediated cleavage within the
transactivation domain (Okamoto et al. 2002).

Since there is also a precedent for a MADS-box protein being degraded
by the proteasome (MacLean et al. 2014), we tested whether the appearance of
the 40—45 kDa bands was inhibited by epoxomicin or MG132. These
experiments began by testing whether these proteasome inhibitors impaired the
growth of P. infestans, since we are unaware of any prior report of their use in an
oomycete. Both strongly reduced growth, with epoxomicin being about 10 times
more potent than MG132 (Fig. S2A and B). We then poured solutions of the
compounds on sporulating mycelia, rubbed off the sporangia, induced
zoosporogenesis and harvested zoospores after approximately 150 min. Blot
analysis indicated that neither inhibitor reduced the accumulation of the lower
bands (Fig. S2C). This suggests that the breakdown of PIMADS occurs through a
proteasome-independent pathway.

The predicted size of PIMADS is 48 kDa, not 63—65 kDa as seen in the
blots. We believe that the 63—65 kDa species are PIMADS since they were

detected by both anti-MADS1 and anti-MADS2, both before and after affinity-
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purification of the antiserum using the peptide antigens. In addition, the pattern of
expression of the 63—65 kDa bands matches that of PIMADS mRNA. Most
importantly, the bands were not detected in P. infestans transformants in which
PIiMADS was silenced (Fig. 2C); these strains will be discussed in more detail
later. The larger-than-expected bands persisted when protein extracts were
treated prior to electrophoresis with strong chaotropic agents, such as 8M urea,
and both dithiothreitol and B-mercaptoethanol. Therefore, the higher bands are
probably not due to dimerization of PIMADS or formation of a ternary complex.
There are many precedents of proteins exhibiting aberrant mobility in
electrophoretic separations. For example, 19% of Saccharomyces cerevisiae
proteins showed a > 20% difference between their predicted and apparent
molecular weights in SDS-PAGE (Shirai et al. 2008). Much of this could be
attributed to hydrophobicity, with a positive correlation between the degree of
hydrophilicity and retarded mobility. PIMADS is very hydrophilic, with a score of
—0.968 calculated by GRAVY (Kyte and Doolittle 1982). A large mobility shift can
also result from sumoylation, which is known to affect human MADS-box proteins
(Shalizi et al. 2006). To investigate whether sumoylation might be responsible for
the altered mobility of PIMADS, we first explored the P. infestans genome for
evidence of a sumoylation pathway. The pathway appears to be present,
including genes encoding the small ubiquitin-like modifier (PITG_09611 and
PITG_09654) which would be expected to add 11.3 kDa to a protein. We next

tested if the PIMADS band was cleaved by SUMO protease Ulp1 from yeast.
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This did not alter the 63—65 kDa species, although it is possible that Ulp1 does

not recognize the P. infestans SUMO sequence.

PiMADS localizes to nuclei of sporulating mycelia and spores

To investigate the subcellular localization of PIMADS, P. infestans
transformants were generated that express the protein with a C-terminal
tdTomato tag, driven by the native promoter. The PIMADS:tdTomato signal was
not observed in nonsporulating mycelia, but was detected in nucleus-like
structures within sporulating mycelia (Fig. 3A); this pattern of expression is
consistent with the RNA-seq and immunoblot results described above. DAPI
staining confirmed the nuclear localization of PIMADS (Supporting Information
Fig. S3). In later developmental stages, a PIMADS:tdTomato signal was also
seen in nuclei of sporangiophores and immature sporangia (Fig. 3B). The latter
can be identified as swellings emerging from sporangiophores, which lack the
papillae and basal plugs diagnostic of mature sporangia. The strongest signal
was observed in nuclei of mature sporangia (Fig. 3C). PIMADS:tdTomato was
also detected in the nuclei of sporangia chilled to initiate zoosporogenesis,
zoospore nuclei and cyst nuclei (Fig. 3C and D). Once germ tubes emerged from
cysts, however, the fluorescent signal became weaker and more cytoplasmic
(Fig. 3D). This decline is consistent with the degradation of the protein, as was
observed in the immunoblots. Protein degradation may also result in the

tdTomato signal to relocalize partially to the cytoplasm.
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Fig. 3. Transformant expressing PIMADS:tdTomato under the native promoter.
Shown are brightfield, red channel (tdTomato), and merged images, with bars
representing 10 ym. A, mycelium from culture in early stage of sporulation. B,
sporangiophore from a sporulating culture, with arrows denoting immature
sporangia. C, shown top to bottom are a mature sporangium, a chilled (cleaving)
sporangium, and a zoospore that has exited a sporangium. D, shown top to
bottom are an encysted zoospore, a cyst after 2 h of germination, and a
sporangium germinating directly in media for 4 h.
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Silencing PiMADS blocks sporulation

The function of PIMADS was assessed by homology-directed gene
silencing. This involved generating stable transformants that expressed 478 nt
from the 3’ exon of the gene, driven by a constitutive promoter in a plasmid
backbone that conferred G418-resistance. Strains showing evidence of silencing
were identified by reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). This is illustrated in Fig. 4A for transformants S1, S2 and S23.
Compared to wild type, PIMADS mRNA was reduced by 97, 77 and 86% in 8 day
cultures of S1, S2 and S23 respectively. Since silencing achieved by this method
may potentially spread to adjoining genes, we also tested the two genes flanking
PiMADS. Those genes, PITG_07058 and PITG_07060, exhibited normal
expression in S1, S2 and S23 and this condition persisted over several months of
replicated testing.

Western blot analysis of 3 day and 7 day cultures confirmed the silencing
of PIMADS (Fig. 4B). Compared to wild type, PIMADS protein was not detected
in transformant S1 at either timepoint. The protein level in transformant S2 was
16% of wild type, which agreed with the prior RT-qPCR results that indicated that
S2 was a partial knock-down. Consistent with the expression data shown earlier,
the level of PIMADS protein increased dramatically between days 3 and 7. As
mentioned earlier, the results from these blots also help to confirm the specificity

of our anti-MADS antibodies.
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Fig. 4. Effect of silencing of PIMADS on growth and sporulation. A, RT-qPCR of
wild type (WT) and three silenced transformants (S1, S2 and S23). Shown from
left to right are gene PITG_07058, which is adjacent to PIMADS; PITG_07059,
i.e. PIMADS; and PITG_07060. The position of the three genes on the
chromosome are indicated at the top of the panel. B, Levels of PIMADS protein
from 3 day and 7 day cultures of wild type, an empty vector transformant (EV4),
and PiIMADS-silenced S1 and S2. The top panels indicate the signal obtained
using anti-MADS1. Anti-cryptochrome and Ponceau-stained panels are
presented as controls for gel loading. C, Relative density of sporangia from 8 day
rye-sucrose agar cultures of wild type (WT), empty vector transformants (EV1,
EV2, EV4 and EV5), and the three PIMADS-silenced strains. Values are
normalized relative to wild type. D, Relative hyphal growth rates of the strains
shown in panel C on rye-sucrose agar. E, Culture scrapings from 14 day cultures
of wild type, silenced strain S1 and empty vector transformant EV4. The white
bar denotes 50 ym.
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Phenotypic analysis revealed that silencing was associated with reduced
sporulation. Levels of sporulation in 8 day cultures of S1, S2 and S23 were 3, 26
and 16% of wild type respectively (Fig. 4C; Supporting Information Fig. S4).
Empty-vector transformants showed normal sporulation. The reduction of
sporulation in silenced strain S1 compared to wild-type and empty-vector controls
is also illustrated in Fig. 4E, which shows a dearth of sporangia but otherwise
normal-looking hyphae in S1.

The few sporangia that were produced by the silenced strains appeared
normal with regular dimensions (Supporting Information Fig. S5), released
zoospores at normal rates, encysted and produced normal-looking appressoria
based on comparisons to wild type and empty-vector transformants. In addition,
strains S1, S2 and S23 grew at normal rates on rye media (Fig. 4D), and
colonized potato tubers and tomato leaves with equal effectiveness as the non-
silenced controls when the same number of sporangia were used as inoculum
(Supporting Information Fig. S6). We conclude that PIMADS contributes to
sporangia production but not growth, germination or plant colonization measured
on a per-spore basis.

We next attempted to complement the silenced strains with a recoded
form of PIMADS. While complementation of silenced genes using RNAi-
refractory versions has been reported in other organisms (Binder et al. 2014),
this has not been attempted previously in any oomycete. Unfortunately, we did

not succeed. Our approach was to employ a synthetic c-Myc-tagged gene that
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was altered to have <8 nt of contiguous sequences matching PIMADS while
maintaining good codon usage. This was transformed into strain S2 using
hygromycin resistance as a second selectable marker. However, immunoblot
analysis (using anti-c-Myc) of 20 transformants in which the synthetic gene was
driven by the native promoter or the constitutive ham34 promoter failed to identify
any expressing the recoded transgene.

We also attempted to test the function of PIMADS by overexpression. This
involved expressing the open reading frame behind the ham34 promoter with a
C-terminal 3 x FLAG epitope tag. No transformants expressing the transgene
were detected by immunoblot analysis. The overexpression of PIMADS may be
lethal, for example, if it diverts cellular activities from vegetative growth toward

sporulation or mitotic dormancy.

Current silencing model does not apply to PiMADS-silenced strain

In other genes that were silenced in Phytophthora using the homology-
dependent method that we applied to PIMADS, several groups observed that
both the transgene and native gene were transcriptionally silenced (van West et
al. 1999; Gaulin et al. 2002; Ah Fong and Judelson 2003; Latijnhouwers and
Govers 2003; Blanco and Judelson 2005; Judelson and Tani 2007). This was
shown to result from heterochromatinization (Ah-Fong et al. 2008; van West et al.
2008). We were therefore surprised to observe that many RNA-seq reads from

strain S1 matched the 478-nt region of PiIMADS that was included in the silencing
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vector (Fig. 5A). Reads mapping to other parts of the native gene were reduced
by more than 90%. These data indicate that while PIMADS was strongly down-
regulated, the transgene was not silenced. To confirm this result, we performed
RT-gPCR using primer sets specific to the native gene and the transgene (Fig.
5B). This verified that transcripts arising from the transgene, but not the native
gene, were abundant in strain S1.

In retrospect, conclusions about the mechanism(s) of homology-
dependent silencing in Phytophthora may have been premature and based on
too few target genes. In plants, fungi and some metazoans, silencing can occur
through transcriptional and post-transcriptional processes (Vaucheret et al. 1998;
Faugeron 2000; Omotezako et al. 2015). Outcomes can be specific to the
plasmid design, target gene and characteristics of the integration event
(Lechtenberg et al. 2003). Our results with PIMADS resemble a situation
observed sometimes in plants, where one transgene has a unidirectional
transcriptional silencing effect on another locus that is akin to paramutation

(Zheng et al. 2015).
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Fig. 5. A, Mapping RNA-seq reads from wild type and silenced strain S1 against
the PIMADS gene. Images were copied from the Integrated Genomics Viewer.
Shown at the top of the figure are the positions of the five exons of the gene (the
start codon is in exon 1), and the region expressed in the construct used to
silence PIMADS. B, RT-qPCR analysis using primers specific to the native gene
and the transgene.
PiMADS regulates most sporulation-induced genes

To help determine when PIMADS acts in sporulation, RNA-seq was used
to compare gene expression in wild type and silenced strain S1 in cultures 2, 4

and 6 days after inoculation. Two biological replicates were obtained for each

timepoint for each strain, and each sample was sequenced to a minimum of 28
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million 75-nt single-end reads. In wild-type cultures inoculated in parallel, the
number of sporangia measured at 2, 4 and 6 days averaged 3, 19 and 183 per
mm? of culture area (Supporting Information Fig. S4). Defined as ‘sporulation-
induced’ were 3,033 genes that were > 2-fold higher in the 6 day versus 2 day
cultures of wild type. Considered to be expressed based on having an average
CPM > 1 in at least one timepoint were 15,052 genes. Therefore, 20.1% of genes
were sporulation-induced by > 2-fold in wild type. In comparison, only 639 of the
3,033 genes were induced in the silenced strain, although their fold-change was
sometimes reduced compared to wild type. Showing > 2-fold differences between
the wild type and silenced strains (FDR < 0.05) at any time-point were 5,362
genes, or 35% of the total.

More insight was obtained by K-means clustering and GO term analysis
(Fig. 6). Cluster 2 includes 2,352 genes that were sporulation-induced in wild
type but not in the silenced strain. Over-represented GO terms associated with
this cluster were associated with cilia and signaling. Examples of genes in the
former category are PITG_01852, PITG_03423 and PITG_12577, each of which
encode axonemal dyneins. Included in the signaling category in Cluster 2 were
genes encoding regulators that were shown to control sporulation in prior studies,
namely transcription factor Myb2R1, protein phosphatase Cdc14, and  and y G-
protein subunits (Latijnhouwers and Govers 2003; Ah-Fong and Judelson 2011a;
Xiang and Judelson 2014; van den Hoogen et al. 2018). Thus, PIMADS appears

to operate upstream of proteins previously shown to control sporulation.
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GOID Term Type FDR

0005929 cilium CC 6.73E-08
0006928 cell or subcellular component movement BP  1.90E-07
0007018 microtubule-based movement BP 4.91E-05
0001578 microtubule bundle formation BP 287E-21
0005216 ion channel activity MF 6.88E-14
| 0005929 cilium CC 1.97E-63
0023052 signaling BP 6.42E-28
0001510 RNA methylation BP 9.93E-23
0044249 cellular biosynthetic process BP 8.89E-05
0031225 anchored component of membrane CC 1.04E-02
0047066 phospholipid-hydroperoxide glutathione MF  8.69E-04
peroxidase
0005215 transporter activity MF  5.22E-04
0019321 pentose metabolic process BP 4.41E-03
0050525 -cutinase activity MF 5.87E-08
0071555 cell wall organization BP  2.05E-04
0004553 O-glycosyl hydrolase activity MF  9.90E-03
0005576 extracellular region CC 1.16E-02
0006732 coenzyme metabolic process BP 3.63E-08
0016072 rRNA metabolic process BP 9.36E-27
0019752 carboxylic acid metabolic process BP 1.69E-27
0072522 purine-containing compound biosyn. BP 2.22E-10
0016071 mRNA metabolic process BP 1.10E-21
0019538 protein metabolic process BP 6.16E-22
0043229 intracellular organelle CC 5.78E-34
0044265 cellular macromolecule catabolism BP 3.76E-12

Fig. 6. K-means clustering of genes from wild type (WT) and silenced strain S1.
Shown in the left column are nine clusters indicating mRNA levels in cultures 2, 4
and 6 days after inoculation. The number of genes in each cluster is indicated in
the right side corner of each panel. Shown to the right are over-represented GO
terms associated with each cluster with columns indicating the GO term number,
description, type (CC, cellular component; BP, biological process; MF, molecular
function), and multiple correction-adjusted p-value (FDR).
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Cluster 3 was comprised of 67 genes that were induced to similar degrees
in the 4 day versus 2 day cultures of both wild type and the silenced strain. This
suggests that they are up-regulated initially by a transcription factor other than
PiIMADS. However, while their mRNAs continued to rise in the 6 day cultures of
wild type, they returned to basal levels in the silenced strains. This suggests that
Cluster 3 genes are regulated by a positive feedback loop involving PIMADS.
RNA methylation was the most over-represented GO term linked to this cluster,
reflecting its inclusion of 14 genes encoding RNA methyltransferases. Such
modifications determine how much protein is translated from mRNA and
influence the function of non-coding RNA (Zhao et al. 2017). In yeast, mMRNA
methylation is essential for sporulation (Clancy et al. 2002).

Cluster 1 consisted of 572 genes that were sporulation-induced in both the
silenced and wild-type strains. The magnitude of their induction was reduced by
about one-half in the silenced strain, however. The most over-represented GO
term for this cluster was cilium, with examples including PITG_11437, which
encodes an axonemal dynein, and PITG_17408, which encodes intraflagellar
transport protein 52. Such genes might be induced by transcription factors
upstream or independent of the MADS-box protein, but their continued
expression appears to be dependent directly or indirectly on PIMADS.

Cluster 8 included 1,754 genes that were expressed at higher levels in the
silenced strain than wild type, especially at days 4 and 6. Most GO terms over-

represented in this cluster were related to metabolism, which is consistent with
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our prior observation that most metabolic mMRNAs decline in purified sporangia
compared to non- sporulating mycelia (Ah-Fong et al. 2017).

Cluster 9 included 8940 genes, or about 60% of the total. These genes
were not sporulation-induced and had similar patterns of expression in wild type
and the PIMADS-silenced strain. Most were associated with core metabolic and
cellular processes.

Transcription of genes in each cluster are undoubtedly governed by
multiple proteins. For example, it is unlikely that all 2,352 genes in Cluster 2 are
solely or directly regulated by PIMADS. This was explored further using
Affymetrix microarray data generated previously for P. infestans strains that were
silenced for the Cluster 2 gene that encodes Cdc14 phosphatase, PiCdc14
(Judelson et al. 2009). Those arrays are estimated to detect about half of total P.
infestans genes (Ah-Fong et al., 2017). Based on that subset, 71% of Cluster 2
genes were not up-regulated in the Cdc14-silenced strains grown under
conditions that allow wild type to sporulate. Thus, PiCdc14 represents a
regulatory step within Cluster 2. Moreover, nearly all Cluster 3 and Cluster 1
genes were up-regulated in the PiCdc14-silenced strains, which is consistent

with PiCdc14 acting after PIMADS.

Conclusions
Like many of its non-oomycete orthologs, PIMADS plays an important role

in P. infestans development. The protein’s nuclear localization and influence on
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gene expression are consistent with its predicted function as a transcription
factor. A model for how sporulation may be regulated is shown in Fig. 7. A yet-
unknown signal is proposed to initiate sporulation. This might be a metabolic cue,
since nutrient limitation stimulates sporulation in some members of the genus
(Ribeiro 1983). The signal is proposed to initiate a gene expression cascade that
entails the sequential activation of Cluster 3, Cluster 1, PiIMADS and Cluster 2
genes. PIMADS is proposed to exert two roles. One is to sustain Cluster 3
transcription through a positive feedback loop; this explains why Cluster 3
mMRNAs rise but then fall when PIMADS was silenced. The lack of this feedback
in silenced strains results in transient expression of Cluster 3, and incomplete
induction of Cluster 1. The second role of PIMADS protein is to upregulate
Cluster 2, which encompasses most sporulation-induced genes, including known
sporulation regulators such as Cdc14 and the G-protein subunits. A protein
expressed by a Cluster 2 gene is proposed to cause proteolysis of PIMADS upon
germination. While this model is speculative, it sets the groundwork for future
experimentation.

Our analysis of PIMADS is important since it acts upstream of previously
identified regulators. Future studies using methods such as homology-based
gene silencing should allow for the development of more detailed and
comprehensive model. Our observation that a target gene can sometimes be
silenced in Phytophthora without concomitantly silencing the transgene will help

guide strategies for identifying knock-downs. For example, false negatives may
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result unless primers for RT-PCR are specific to the transgene. Regulators of
sporulation identified by such techniques may serve as targets for inhibitors that
could be used to block the many diseases of plants and animals caused by
oomycetes.

metabolic cue

v
s ., light
cluster3 67
@ i genes é
cluster 1 572
f genes ;.
5—;, @% MADS
E v 2352 genes
S\_ cluster 2 (Cdc14,Gg,
= i Gy, Myb2R1)
sporulation

Fig. 7. Model for regulation of sporulation in P. infestans. This simplified and
parsimonious model invokes PIMADS and an unknown transcription factor (TF)
as key regulators of sporulation. An alternative model has Cluster 1 and Cluster 3
genes being activated by independent pathways.
Materials and methods
Sequence analysis

P. infestans genome data were obtained from the FungiDB. org website.
MADS-box proteins from other species were collected using BLASTP against
FungiDB, GenBank, Ensembl Protists and the Joint Genome Institute of the
United States Department of Energy. Protein domains were identified or

confirmed using the Conserved Domain Database, Interpro and SMART. For

phylogenetic analysis, protein alignments were performed using MUSCLE (Edgar
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2004) as implemented in Seaview V4.6.2 (Gouy et al. 2010). Alignments were
trimmed using TCS (Chang et al. 2014) prior to the construction of phylogenetic
trees. This used PhyML (Guindon et al. 2010), in which branch support was
calculated using 1,000 bootstrap replicates, and MrBayes 3.2.6 (Ronquist et al.
2012) using a chain length of 500,000, 4 heated chains, 125,000 burn-in cycles,
Poisson model, and gamma rate variation. Clades and tips were colored or

collapsed using FigTree V1.4.3 (https://tree.bio.ed.ac.uk/ software/).

Growth and transformation of P. infestans

Developmental stages were prepared as described using isolate 1306
(Judelson et al. 2008). In brief, nonsporulating mycelia was collected from 3 day
rye-sucrose agar cultures inoculated by spreading with sporangia. Sporulating
mycelia and sporangia were obtained from 7 to 9 day cultures. Directly
germinated sporangia were generated by placing sporangia in clarified rye broth
at 18°C for 4 h. Chilled sporangia and zoospores were prepared by incubating
sporangia in 10°C modified Petri’s solution (Blanco and Judelson 2005) for 30
and 120 min respectively. Cysts were obtained by vortexing zoospores for 1 min
followed by 5 min incubation at room temperature. Germinated cysts were
obtained by placing cysts in clarified rye broth at 18°C for 2 h. All life stages
except mycelia were pelleted at 1000 x g for 4 min at room temperature while

chilled sporangia and zoospores were collected at 4°C, and then frozen in liquid
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nitrogen for subsequent analysis. Mycelia were scraped from rye-sucrose agar
cultures and frozen in liquid nitrogen.

Transformations were conducted using the protoplast method (Ah-Fong et
al. 2008). The silencing construct was generated by inserting nt 718-1196 of
PIiMADS coding sequences in the sense orientation into the EcoRI and Xbal
restriction sites of pTOR, 3’ of the ham34 promoter. Subcellular localization
studies involved cloning the full-length PIMADS open reading frame plus 402 nt
of the native promoter into the EcoRV and Nhel restriction sites of pTdTomatoN
(Abrahamian et al. 2017). Both of these vectors contain the 5’ hsp70:npt:3' hsp70
selectable marker gene, and transformants were selected on 8—10 ug/ml G418.
Primers used in cloning are described in Supporting Information Table S1.

For the silencing rescue construct, a gene fragment that encoded PiIMADS
but had < 8 nt identity to the native PIMADS sequence was synthesized with a C-
terminal c-Myc tag. This was then inserted into the Agel and Notl sites of
pMCherryH (Ah-Fong and Judelson 2011b). As this backbone contains the 5’
hsp70:hpt:3' hsp70 marker gene, transformants were selected on 40-50 pg/ml

hygromycin.

Confocal microscopy
Life stages prepared as described above were fixed using 4%
formaldehyde in 50 mM PIPES pH 6.8 at room tempera- ture for 30 min (Ah-

Fong and Judelson 2011a). Fixed tissues were pelleted at 1000 x g for 2 min,
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and washed three times with 100 mM PIPES buffer pH 6.8 for 5 min each at
room temperature. Microscopy was performed using a Leica SP5 inverted
microscope and using settings for TRITC (543 nm excitation and 555-630 nm
emission). Images were processed using the Auto Level feature of Adobe

Photoshop.

Plant infection

Tubers (cv. Russet Burbank) were surface-sterilized using 10% (v/v)
bleach for 15 min and rinsed in distilled water. Slices (4 mm) were obtained using
a mandolin, washed in sterile water, blotted dry and incubated for 1 h before
infection. Slices were placed on a metal rack above moist paper towels and
inoculated by spreading sporangia from 9 day cultures (adjusted to 2.5 x 10* per
ml in modified Petri’s solution) with a rubber policeman. The slices were then
incubated at 18°C in the dark, using a sealed plastic box to maintain high
humidity. Tomato leaves (cv. Pieralbo) were surface-sterilized using 10% (v/v)
bleach for 5 min, washed in sterile water twice, blotted dry and held for 1 h. The
leaves were then placed on 0.6% water agar, inoculated with five 15 ul drops of
sporangia prepared as described above, and incubated at 18°C undera 12 h

dark/light cycle, using a sealed bag to maintain humidity.
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RNA analysis

RNA was isolated using the Spectrum Plant Total RNA kit (Sigma). For
RT-gPCR, RNA was treated with the RQ1 DNase (Promega) and cDNA was
synthesized using the Maxima First Strand cDNA Synthesis kit (Thermo).
Primers for RT-gPCR (Supporting Information Table S1) were tested for
efficiency using a dilution series of cDNA template. Amplification was performed
using the Dynamo HS SYBR Green qPCR kit (Thermo) and the CFX Connect
Real-Time PCR Detection system (BioRad). Controls lacking reverse
transcriptase and melt curves were included to help verify the fidelity of the
results. Expression levels were calculated using the AACt method and
normalized to the gene for ribosomal protein S3a. At least three biological
replicates were analyzed. For RNA-seq, indexed libraries were prepared and
sequenced using an lllumina NextSeq500. Single-end 75-nt reads were aligned
and mapped to P. infestans gene models using Bowtie2 and Tophat (Langmead
et al. 2009). Mapping statistics and library sizes are listed in Supporting
Information Table S2. EdgeR was used for differential expression analysis, using
TMM-normalized CPM values (Robinson et al. 2010). Visualization of reads
mapped to the P. infestans genome were performed using the Integrative
Genomics Viewer (Robinson et al. 2011). K-means clustering was executed
using Partek Genomics Suite, and Gene Ontology term enrichment analysis was
performed using GOHyperGAll (Horan et al. 2008). Clusters, expression data for

genes in each cluster (CPM, fold-change ratios, p-values, and Benjamini-
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Hochberg FDR values) and associated GO terms are shown in Supporting

Information Table S3. Analyses employed an FDR cut-off of 0.05.

Protein analysis

Protein was extracted by grinding tissue under liquid nitrogen, thawing the
tissue in 50 mM Tris pH 7.4, 30 mM NaCl, 1% sodium dodecyl sulfate, 1 mM
DTT, 15% glycerol, 1% Sigma protease inhibitor cocktail (catalog number
P9599), and clarifying the extract by centrifugation at 18,000 x g for 10 min. For
immunoblotting, protein was separated by SDS-10% PAGE, incubated with anti-
MADS antibody and then horseradish peroxidase-conjugated goat anti-rabbit IgG
(Thermo), and detected using the ECL Prime kit (GE Healthcare) using a C-DiGit
Blot Scanner (Li-cor). Quantification of immunoblot and ponceau staining images
was performed using C-DiGit Image Studio software. Custom rabbit antibodies
against the P. infestans MADS- box and cryptochrome proteins were raised and
affinity-purified using the peptide RSEVRGSASTSPHKRQRVAV.

To test for protein modifications, 0.2 mg of protein extracts (prepared as
described above but with 1% NP-40 in place of the sodium dodecyl sulfate) were
incubated with 2,800 units of lambda phosphatase for 30 min at 30°C using the
buffer recommended by the manufacturer (New England Biolabs). Treatments of
sporangia with epoxomicin and MG132 (Selleck Chemical) were performed at 10
and 100 uM in 0.001% DMSO, respectively. These concentrations totally

arrested growth of P. infestans and match those used in studies of proteins in
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plants (Bos et al. 2010; Gu et al. 2010). Tests of SUMO protease (Ulp1) were
performed according to the protocols provided by the manufacturer (Thermo

Fisher).

Data availability
All data analyzed during this study are provided in this published article, its
additional supporting files, and at the National Center for Biotechnology

Information as Bioprojects PRINA361417 and PRJNA485588.
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Chapter lll
Off-target effects of homology-based gene silencing in Phytophthora

infestans

Abstract

Homology-based gene silencing is extensively used to study gene function
in Phytophthora but the side-effects of this tool are not well-characterized. In this
chapter | investigated the potential existence of off-target effects in knockdown
strains to understand the limitation of this tool and to improve the silencing vector
design. Transformants from two target genes encoding the MADS protein and an
E2F transcription factor were examined the cis-spreading events. Cosilencing
was frequently observed in adjoining genes within 500 nt distance of the target
gene. The cosilencing occurred both in transformants generated using a sense or
a hairpin silencing vector. This cis-spreading was observed in almost half of
MADS-silenced strains and all E2F-silenced strains. This suggests that the cis-
spreading is random and the expression of neighboring genes should be

checked to ensure the reliable assignment of biological function to genes.

Introduction
Strategies for deciphering the roles of genes in all organisms, including
plant pathogens and their hosts, involve tools for functional genomics. These

approaches commonly employ gene transfer methods to knock down, knock out,
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or overexpress the gene of interest (Jiang et al. 2013). Contributing to the
success of these tactics 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 RNAIi) 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
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, 1993a). The most
common strategies for introducing plasmid DNA involve treating protoplasts with
polyethylene glycol or electroporating zoospores (Judelson and Ah-Fong 2009).
Studies in P. infestans have shown that a plasmid usually integrates in tandem
arrays at a single locus (Judelson 1993). Microprojectile bombardment and
Agrobacterium-based methods for transformation have also been described

(Cvitanich and Judelson 2003; Wu et al. 2016).
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To date, the functions of about 40 Phytophthora genes have been tested
through overexpression or homology-dependent silencing studies, including
genes encoding effectors and diverse cellular proteins (Bos et al. 2010; Hardham
and Blackman 2018). The latter method entails knocking down messenger
(m)RNA levels of a target gene by expressing sense, antisense, or hairpin
sequences from that gene in a stable transformant (Ah-Fong et al. 2008). The
expression of hairpin sequences has also been referred to as DNA-directed RNAI
by some researchers (Rice et al. 2005). 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
events. About 20% of P. infestans transformants exhibit reduced fitness
(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
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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 Thomas 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 reasonable to consider that heterochromatin may spread beyond the target of
gene silencing in Phytophthora spp., 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.

In this chapter, | investigate whether silencing from the target locus

spreads to adjoining regions by examining transformants obtained using

91



constructs targeted against two target genes, MADS and E2F. My conclusion is
that as long as attention is paid to potential off-target effects, homology-based

silencing is a useful tool in gene function studies.

Results

The regions of the genes used in silencing vectors of MADS
(PITG_07059) and E2F (PITG_03290) are illustrated in Figure 1. Sense
constructs were generated by inserting transgene regions after Ham34 promoter
in pTOR vector (Judelson and Ah-Fong 2009). Hairpin constructs were
generated using the sense sequence, the Ste20 intron (70 nt), and antisense
sequence. Protoplast transformation of P. infestans was performed to generate
stable transformants (Judelson et al. 1991). Strains silenced for the target gene
were screened by RT-gPCR. Silencing was defined as the situation when the
MRNA level of the target gene was less than 25% of the level in wild type. Six
strains silenced for MADS (Fig. 2A) were obtained, five from a sense silencing
vector (Fig. 2A1 to A5) and one from a hairpin (Fig. 2A6). For E2F (Fig. 2B), |
acquired one partially knocked down (Fig. 2B5) and three silenced (Fig. 2B1, B2,
B4) strains from a sense and two silenced strains from a hairpin (Fig. 2B3, B6).
The flanking genes expression of these transformants were then screened by

RT-gPCR.
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200 bp

Fig. 1. Genomic region and gene structure of MADS and E2F. A, A schematic
representation of MADS gene target (black), the neighboring genes (white), and
the region used to construct the transgene (gray) in the silencing vector. B, Same
as A but for the E2F gene target.

Using genes encoding the MADS-box protein and an E2F transcription
factor as targets, it was found that silencing sometimes spreads to flanking
genes. A study of six MADS-silenced strains found that silencing spread to
flanking untargeted genes about half of the time (Fig. 2A). Both flanking genes,
which were 139 and 852 nt away from MADS gene, were expressed normally in
the first three transformants (Fig. 2A1 to A3). In contrast, both neighboring genes
were almost 50% repressed in the transformants shown in Figure 2A4 and A5
even though the same sense silencing vector was used to generate these
transformants. One flanking gene of the transformant shown in Figure 2A6 was
also suppressed by about 50% using a hairpin silencing construct. The divergent
outcomes between strains indicate that there is some randomness or
transformant-specific variation in how silencing is imposed.

Another example of silencing spreading to adjacent genes was observed
in the case of E2F gene target. Analysis of five E2F-silenced strains and one

partial knockdown (Fig. 2B) found that the flanking gene PITG_03291, which was

544 nt from E2F gene, was down-regulated in each strain.
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Fig. 2. Expression levels of genes flanking the silenced target. The black bars
represent MADS gene (PITG_07059) and E2F gene (PITG_03290) targeted for
silencing and the white bars show the closest genes that flank the target. An
arrow under each bar indicates the orientation of transcription. 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. The gray bars indicate the
sequences used in the silencing vector as sense (s) or hairpin (hp) constructs.
The locations of genes shown were determined using a long read—based
assembly of isolate 1306 that allowed contigs used in the Broad Institute’s
assembly of P. infestans T30-4 to be joined and reordered.
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Discussion

Data in this chapter is a part of the paper (Vu et al. 2019) in which
transformants from ten other targets were also explored. Conclusions from
MADS and E2F are consistent with the analyses of the other genes. Cosilencing
commonly occurs within 500 bp from the target. So, assaying flanking gene
expression is necessary to ensure that the experimental conclusion regarding to
the biological function of a target gene is reliable. Moreover, the results informs
how to improve the design of silencing vectors. The sequence homologous to the
target gene that is included in the silencing transgene should be designed as far
as possible from the nearest gene. In some cases, it may be preferable to use
shorter sequences although a previous study showed that a longer hairpin was
more effective at triggering silencing (Judelson and Tani 2007). A longer hairpin
may be advantageous since it creates a more diverse pool of dsSRNAs (Luo et al.
2007).

The cis-spread of silencing is random and not correlated to the type of
silencing vectors either a sense or a hairpin. So, screening of several
transformants increases the chance of identifying a transformant that escaped
the cosilencing effect.

In this work we used both a sense and a hairpin, although a hairpin was
more effective at triggering silencing in previous studies (Ah-Fong et al. 2008;

Wesley et al. 2001). A sense construct is typically an intermediate in the cloning
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of a hairpin. Therefore, both constructs were included in many of my gene
silencing studies.

Our understanding of the machinery that causes silencing and its cis-
spread in oomycetes is limited. Homology-based 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). My study in Chapter |l shows the continued
expression of transgenes, which could be processed to small RNAs. DNAse
protection studies and tests of histone modification inhibitors have suggested that
silencing heterochromatinizes the 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'—>%’ and 5’—3’ for up to 300 and 1,000 nt,
respectively (Petersen and Albrechtsen 2005; Vaistij et al. 2002). These

distances resemble the zone susceptible to the spread of transcriptional silencing
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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).

Materials and methods
P. infestans transformation

All transformants were obtained using isolate 1306, which is a diploid
strain isolated from a tomato field in California. Transformants were maintained
on media containing 5 to 10 ug of G418 per milliliter prior to DNA or RNA
extraction.

Gene-silencing experiments used sense or hairpin constructs expressed
from the Ham34 promoter. Constructs were generated using pTOR, pSTORA
(Judelson and Ah-Fong 2009) or a version modified to include additional cloning
sites (pPSTORAV). Strains were defined as silenced if the mRNA level of the
target gene in RT-gPCR was <25% that of wild type, based on three biological
replicates of wild type and the putative silenced strain.

Transformants were obtained using a modification of our original
protoplast method (Judelson et al. 1991). Seed cultures for protoplasting were
initiated by spreading about 10* sporangia per 150-mm plate of rye-sucrose
media containing 1.5% agar, typically using 15 plates per experiment. After about

10 days at 18°C in the dark, 15 ml of room-temperature water were spread on
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each plate, and sporangia were rubbed from the plate using a flamed bent glass
rod. The liquid from the plates was decanted into a 1-liter flask, and hyphal
fragments were removed by filtering through 50-um nylon mesh. An equal
amount of clarified amended lima bean media (Bruck et al. 1980) was then
added, and additional media (and an equal volume of water) were added to set
the sporangia concentration to 4 x 10° per milliliter. The media was then
distributed to 1-liter flasks, with 150 ml per flask. After 24 to 36 h of stationary
growth at 18°C, the germinated sporangia had formed a thin mat on the bottom
of each flask. These were detached from the glass by gentle swirling and were
harvested by pouring the culture through 50-um mesh and rinsing with
protoplasting buffer (PB) (0.4 M mannitol, 20 mM KCI, 20 mM MES, pH 5.7, 10
mM CaClz). This wash was performed by picking up the hyphae from the mesh
with bent forceps, placing the hyphae in a 50-ml tube containing PB, and
collecting the hyphae again on the nylon mesh. For every milliliter of packed
germlings, 3 ml of PB was added, containing 5 mg of filter-sterilized cellulase per
milliliter (Sigma) (from Trichoderma reesi) and 10 mg of $-glucanase per milliliter;
the latter was either Vinoflow NCE (Novozyme) or Extralyse (Laffort). The tube
was then shaken gently (40 rpm) on an orbital shaker. During this incubation, 30
Mg of DNA (in 40 ul, volume adjusted, as needed, with water) was mixed in a
polystyrene tube with 60 pl of Lipofectin (Thermo). When cell-wall digestion was
about 90% complete, based on microscopic examination, typically about 20 to 25

min, the protoplast mixture was passed through Miracloth or 50-um mesh and
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was pelleted in a swinging bucket centrifuge at 700 x g at room temperature. The
pellet was resuspended gently in 30 ml of PB and respun. The pellet was then
resus- pended in 15 ml of PB, and 15 ml of MT (1 M mannitol, 10 mM Tris, pH
7.5) was added. After another round of centrifugation, the pellet was
resuspended in 30 ml of MT plus 10 mM CaCly, was respun, and was
resuspended at about 2.5 x 107 protoplasts per milliliter, based on a
concentration determined before the final spin. The DNA was then added to 0.7
ml of the protoplast mixture in a 16-ml polystyrene tube, with gentle mixing by
inversion or gentle pipetting up and down. After 4 min, 0.7 ml of 50%
polyethylene glycol MW 3350 containing 25 mM CaCl, and 10 mM Tris, pH 7.5,
was added slowly by pipetting the fluid down the side of the tube while rotating
the tube. After 4 min, 2 ml of clarified rye-sucrose broth containing 1 M mannitol
(rye-mannitol) at room temperature was added, the tube was inverted, and, after
1 min, an additional 4 ml of rye-mannitol was added. After 1 min, the contents of
the tube were poured into 25 ml of additional rye-mannitol (in a plastic petri plate
or a 50-ml tube) and the material was incubated for 20 to 36 h at 18°C. The
regenerated tissue was then spun at 1,000 x g for 5 min. The pellet was then
resuspended in about 1.5 ml of media containing mannitol with the aid of
agitation, using a 1-ml pipette, and was spread on rye-sucrose agar plates
containing 7 ug of G418 per milliliter. These plates typically were amended with
40 units of nystatin and 25 pg of penicillin G (or other antibacterial) per milliliter.

Colonies typically appeared after 7 days at 18°C.
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RT-qPCR

RT-gPCR used primers designed to amplify fragments of 100 to 150 nt
from the 3’ ends of the target genes. RNA for RT-qPCR was isolated, using the
Sigma kit for plant RNA, was DNase-treated, and cDNA was synthesized using
the Maxima (Thermo) first-strand RT-PCR kit. Primers were tested using a
dilution series of template and were accepted if efficiencies were above 94%.
Amplifications were performed using a Bio-Rad iCycler CFX Connect system
using the Dynamo SYBR green qPCR kit (Thermo) with the following program:
95°C for 15 min, followed by 40 cycles of 94°C for 30 s, 52 to 58°C for 30 s,
depending on the primer, and 72°C for 30 s. Controls without reverse
transcription and melt curves were included to help verify the reliability of the
amplification. Expression levels were calculated using the AAcycle threshold
method, using constitutive genes (PITG_09862 and PITG_11766) (Niu et al.
2018) as a control, with at least two biological replicates with three technical

replicates each.

Acknowledgements
We thank Molecular Plant-Microbe Interactions for letting us use a part of
the manuscript in this dissertation. The original article can be found at:

https://doi.org/10.1094/MPMI-09-18-0265-TA.

100



References

Abrahamian, M., Ah-Fong, A. M., Davis, C., Andreeva, K., and Judelson, H. S.
2016. Gene expression and silencing studies in Phytophthora infestans
reveal infection-specific nutrient transporters and a role for the nitrate
reductase pathway in plant pathogenesis. PLoS Pathog. 12:e1006097.

Ah-Fong, A. M., Bormann-Chung, C. A., and Judelson, H. S. 2008. Optimization
of transgene-mediated silencing in Phytophthora infestans and its
association with small-interfering RNAs. Fungal Genet. Biol. 45:1197-
1205.

Asman, A. K., Fogelqvist, J., Vetukuri, R. R., and Dixelius, C. 2016. Phytophthora
infestans Argonaute 1 binds microRNA and small RNAs from effector
genes and transposable elements. New Phytol. 211:993-1007.

Bos, J. I. B., Armstrong, M. R., Gilroy, E. M., Boevink, P. C., Hein, I., Taylor, R.
M., Zhendong, T., Engelhardt, S., Vetukuri, R. R., Harrower, B., Dixelius,
C., Bryan, G., Sadanandom, A., Whisson, S. C., Kamoun, S., and Birch,
P. R. J. 2010. Phytophthora infestans effector AVR3a is essential for
virulence and manipulates plant immunity by stabilizing host E3 ligase
CMPGH1. Proc. Natl. Acad. Sci. U.S.A. 107:9909-9914.

Bruck, R. I., Fry, W. E., and Apple, A. E. 1980. Effect of metalaxyl an acyl alanine
fungicide on developmental stages of Phytophthora infestans.
Phytopathology 70:597-601.

Cvitanich, C., and Judelson, H. S. 2003. Stable transformation of the oomycete,
Phytophthora infestans, using microprojectile bombardment. Curr. Genet.
42:228-235.

Doench, J. G, Fusi, N., Sullender, M., Hegde, M., Vaimberg, E. W., Donovan, K.
F., Smith, ., Tothova, Z., Wilen, C., Orchard, R., Virgin, H. W., Listgarten,
J., and Root, D. E. 2016. Optimized sgRNA design to maximize activity
and minimize off-target effects of CRISPR-Cas9. Nat. Biotechnol. 34:184-
191.

Elgin, S. C. R., and Reuter, G. 2013. Position-effect variegation, heterochromatin
formation, and gene silencing in Drosophila. Cold Spring Harb. Perspect.
Biol. 5:a017780.

Firon, A., Beauvais, A., Latgé, J. P., Couvé, E., Grosjean-Cournoyer, M. C., and

D’Enfert, C. 2002. Characterization of essential genes by parasexual
genetics in the human fungal pathogen Aspergillus fumigatus: Impact of

101



genomic rearrangements associated with electroporation of DNA.
Genetics 161:1077-1087.

Haas, B. J., Kamoun, S., Zody, M. C., Jiang, R. H., Handsaker, R. E., Cano, L.
M., Grabherr, M., Kodira, C. D., Raffaele, S., Torto-Alalibo, T., Bozkurt, T.
O., Ah-Fong, A. M., Alvarado, L., Anderson, V. L., Armstrong, M. R.,
Avrova, A., Baxter, L., Beynon, J., Boevink, P. C., Bollmann, S. R., Bos, J.
l., Bulone, V., Cai, G., Cakir, C., Carrington, J. C., Chawner, M., Conti, L.,
Costanzo, S., Ewan, R., Fahlgren, N., Fischbach, M. A., Fugelstad, J.,
Gilroy, E. M., Gnerre, S., Green, P. J., Grenville-Briggs, L. J., Griffith, J.,
Grunwald, N. J., Horn, K., Horner, N. R., Hu, C. H., Huitema, E., Jeong, D.
H., Jones, A. M., Jones, J. D., Jones, R. W., Karlsson, E. K., Kunjeti, S.
G., Lamour, K., Liu, Z., Ma, L., Maclean, D., Chibucos, M. C., McDonald,
H., McWalters, J., Meijer, H. J., Morgan, W., Morris, P. F., Munro, C. A,
O’Neill, K., Ospina- Giraldo, M., Pinzo'n, A., Pritchard, L., Ramsahoye, B.,
Ren, Q., Restrepo, S., Roy, S., Sadanandom, A., Savidor, A., Schornack,
S., Schwartz, D. C., Schumann, U. D., Schwessinger, B., Seyer, L.,
Sharpe, T., Silvar, C., Song, J., Studholme, D. J., Sykes, S., Thines, M.,
van de Vondervoort, P. J., Phuntumart, V., Wawra, S., Weide, R., Win, J.,
Young, C., Zhou, S., Fry, W., Meyers, B. C., van West, P., Ristaino, J.,
Govers, F., Birch, P. R., Whisson, S. C., Judelson, H. S., and Nusbaum,
C. 2009. Genome sequence and analysis of the Irish potato famine
pathogen Phytophthora infestans. Nature 461:393-398.

Hardham, A. R., and Blackman, L. M. 2018. Phytophthora cinnamomi. Mol. Plant
Pathol. 19:260-285.

Jiang, D., Zhu, W., Wang, Y., Sun, C., Zhang, K. Q., and Yang, J. 2013.
Molecular tools for functional genomics in filamentous fungi: Recent
advances and new strategies. Biotechnol. Adv. 31:1562-1574.

Judelson, H. S. 1993. Intermolecular ligation mediates efficient cotransformation
in Phytophthora infestans. Mol. Gen. Genet. 239:241-250.

Judelson, H. S., and Ah-Fong, A. M. V. 2009. Progress and challenges in
oomycete transformation. Pages 435-454. in: Oomycete Genetics and
Genomics. K. Lamour and S. Kamoun, eds. John Wiley & Sons, Inc.,
Hoboken, NJ, U.S.A.

Judelson, H. S., Coffey, M. D., Arredondo, F. R., and Tyler, B. M. 1993a.
Transformation of the oomycete pathogen Phytophthora megasperma f.
sp. glycinea occurs by DNA integration into single or multiple
chromosomes. Curr. Genet. 23:211-218.

102



Judelson, H. S., Dudler, R., Pieterse, C. M. J., Unkles, S. E., and Michelmore, R.
W. 1993b. Expression and antisense inhibition of transgenes in
Phytophthora infestans is modulated by choice of promoter and position
effects. Gene 133:63-69.

Judelson, H. S., and Tani, S. 2007. Transgene-induced silencing of the
zoosporogenesis-specific NIFC gene cluster of Phytophthora infestans
involves chromatin alterations. Eukaryot. Cell 6:1200-1209.

Judelson, H. S., Tyler, B. M., and Michelmore, R. W. 1991. Transformation of the
oomycete pathogen, Phytophthora infestans. Mol. Plant-Microbe Interact.
4:602-607.

Kaelin, W. G., Jr. 2012. Molecular biology. Use and abuse of RNAi to study
mammalian gene function. Science 337:421-422.

Le Thomas, A., Rogers, A. K., Webster, A., Marinov, G. K., Liao, S. E., Perkins,
E. M., Hur, J. K., Aravin, A. A., and To'th, K. F. 2013. Piwi induces piRNA-
guided transcriptional silencing and establishment of a repressive
chromatin state. Genes Dev. 27:390-399.

Luo, Q., Kang, Q., Song, W. X., Luu, H. H., Luo, X., An, N, Luo, J., Deng, Z. L.,
Jiang, W., Yin, H., Chen, J., Sharff, K. A., Tang, N., Bennett, E., Haydon,
R. C.,and He, T. C. 2007. Selection and validation of optimal siRNA target
sites for RNAi-mediated gene silencing. Gene 395:160-169.

Meng, Y., Patel, G., Heist, M., Betts, M. F., Tucker, S. L., Galadima, N., Donofrio,
N. M., Brown, D., Mitchell, T. K., Li, L., Xu, J. R., Orbach, M., Thon, M.,
Dean, R. A., and Farman, M. L. 2007. A systematic analysis of T-DNA
insertion events in Magnaporthe oryzae. Fungal Genet. Biol. 44:1050-
1064.

Neelakandan, A. K., and Wang, K. 2012. Recent progress in the understanding
of tissue culture-induced genome level changes in plants and potential
applications. Plant Cell Rep. 31:597-620.

Niu, X., Ah-Fong, A. M. V., Lopez, L. A, and Judelson, H. S. 2018.
Transcriptomic and proteomic analysis reveals wall-associated and
glucan-degrading proteins with potential roles in Phytophthora infestans
sexual spore development. PLoS One 13:e0198186.

Petersen, B. O., and Albrechtsen, M. 2005. Evidence implying only unprimed

RdRP activity during transitive gene silencing in plants. Plant Mol. Biol.
58:575-583.

103



Rice, R. R., Muirhead, A. N., Harrison, B. T., Kassianos, A. J., Sedlak, P. L.,
Maugeri, N. J., Goss, P. J., Davey, J. R., James, D. E., and Graham, M.
W. 2005. Simple, robust strategies for generating DNA-directed RNA
interference constructs. Methods Enzymol. 392:405-419.

Shimada, Y., Mohn, F., and Buhler, M. 2016. The RNA-induced transcriptional
silencing complex targets chromatin exclusively via interacting with
nascent transcripts. Genes Dev. 30:2571-2580.

Shinkai, Y., and Tachibana, M. 2011. H3K9 methyltransferase G9a and the
related molecule GLP. Genes Dev. 25:781-788.

Talbert, P. B., and Henikoff, S. 2006. Spreading of silent chromatin: Inaction at a
distance. Nat. Rev. Genet. 7:793-803.

Vaistij, F. E., Jones, L., and Baulcombe, D. C. 2002. Spreading of RNA targeting
and DNA methylation in RNA silencing requires transcription of the target
gene and a putative RNA-dependent RNA polymerase. Plant Cell 14:857-
867.

van West, P., Kamoun, S., van’t Klooster, J. W., and Govers, F. 1999.
Internuclear gene silencing in Phytophthora infestans. Mol. Cell 3:339-
348.

van West, P., Shepherd, S. J., Walker, C. A, Li, S., Appiah, A. A., Grenville-
Briggs, L. J., Govers, F., and Gow, N. A. 2008. Internuclear gene silencing
in Phytophthora infestans is established through chromatin remodelling.
Microbiology 154:1482-1490.

Vu, A. L., Leesutthiphonchai, W., Ah-Fong, A. M. V., and Judelson, H. S. 2019.
Defining transgene insertion sites and off-target effects of homology-
based gene silencing informs the application of functional genomics tools
in Phytophthora infestans. MPMI 32:915-927.

Wesley, S. V., Helliwell, C. A., Smith, N. A., Wang, M. B., Rouse, D. T., Liu, Q.,
Gooding, P. S., Singh, S. P., Abbott, D., Stoutjesdijk, P. A., Robinson, S.
P., Gleave, A. P., Green, A. G., and Waterhouse, P. M. 2001. Construct
design for efficient, effective and high-throughput gene silencing in plants.
Plant J. 27:581-590.

Wu, D., Navet, N., Liu, Y., Uchida, J., and Tian, M. 2016. Establishment of a
simple and efficient Agrobacterium-mediated transformation system for
Phytophthora palmivora. BMC Microbiol. 16:204.

104



Conclusions

In this thesis, | addressed several unknown aspects of sporangia in
Phytophthora. Since spores are important for dissemination and infection,
understanding how Phytophthora produces spores could lead to new or effective
ways for disease management, for example by finding chemicals or peptides that
target regulators to disrupt spore production, and thus block the spread of
disease.

In Chapter |, my characterization of sporangia from artificial media and
those produced in planta confirmed that sporangia in laboratory are largely
functionally similar to those produced in nature. Therefore, most results from
laboratory experiments using sporangia from artificial media should apply to the
situation in the field. | also presented guidelines for the handling of sporangia,
which is crucial since sporangia are metabolically active and delicate. Checking
marker genes of sporangia and other life stages to ensure that collected
sporangia have been collected under uniform conditions will help to avoid
artifacts in experiments.

| compared the transcriptional profiles of sporangia from media and plants
and identified a small number of differentially expressed genes. The majority of
those were metabolic genes. Despite having modest differences in the RNA-seq
results, sporangia from media and plants were similar in infection potential and

germination rate.
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Another aspect of Phytophthora biology that | have tried to understand is
the regulatory network of sporulation. In Chapter Il, a study of a MADS-box
transcription factor revealed its essential function in sporulation of P. infestans. |
showed that MADS mRNA and protein rose during sporulation and declined
when spores germinate. MADS mRNA oscillated in response to light, which
indicated that at least some factors that activate MADS transcription likely occur
downstream of the light regulation step. Cryptochromes were identified as a
photoreceptor of P. infestans (Xiang and Judelson 2014). It would be interesting
to study if these proteins link light to the MADS pathway.

Conserved domain analysis of MADS showed the MEF2-like MADS-box
domain at N-terminus. The domain contains the DNA binding site and a
dimerization motif. The latter is relevant since MADS-box transcription factors in
other organisms were shown to form both homo- and heterodimers (Molkentin et
al. 1996; Riechmann et al. 1996; Zhao et al. 1999). Over a hundred MADS genes
are found in angiosperms while between one and five MADS genes are in
animals and fungi (De Bodt et al. 2003; Parenicova et al. 2003; Shore and
Sharrocks 1995). Oomycetes have one MADS gene, which is simpler than the
MADS gene families of plants or animals. During evolution, gene duplication
events enlarged the MADS gene family in non-oomycetes (Alvarez-Buylla et al.
2000; De Bodt et al. 2005; Zahn et al. 2005), with homodimerization shifting to

obligate heterodimerization (Winter et al. 2002). Since Phytophthora have one
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MADS gene, | hypothesize that MADS forms a homodimer. This could be tested
by yeast two-hybrid or coimmunoprecipitation.

| showed that MADS protein was phosphorylated in sporangia and
dephosphorylated in zoospores. The protein's degradation was also observed
during zoosporogenesis. This suggests that MADS interacts with other proteins
like kinases and phosphatases. A sporulation-induced phosphatase like Cdc14 is
a candidate for an interactor with MADS. | hypothesize that the interaction would
occur in nuclei since the study from Ah-Fong and Judelson (2011) showed the
nuclear localization of Cdc14 in spores. It would be interesting to test this using
coimmunoprecipitation or yeast two-hybrid experiments.

MADS appeared larger than its predicted size. | hypothesize that
sumoylation would alter the mobility of MADS. Although SUMO protease Ulp1
from yeast does not cleave MADS, it is possible that Ulp1 does not recognize the
P. infestans SUMO sequence. If an antibody that is specific to the P. infestans
SUMO sequence could be found, researchers could test my hypothesis
concerning the sumoylation of MADS.

| described the localization of the MADS protein expressed with a
fluorescent tag driven by the native promoter in sporulating mycelia and spores.
In the experiment, the native promoter used included 402 nt of DNA upstream of
the transcription start site; however, transcription factor binding sites and
response elements within this MADS promoter have not been studied. It would

be interesting to identify the functional domains of this promoter. Very little about
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oomycete promoters is known (Ah-Fong et al. 2007; Roy et al. 2013), hence a
study of the MADS promoter would provide more information of Phytophthora
transcriptional mechanisms. Moreover, a promoter study would reveal whether
MADS is autoregulated as previously reported in other organisms (Cripps et al.
2004; Ramachandran et al. 2008). It would be interesting to identify the promoter
elements that are required for autoactivation and when it occurs.

| showed that MADS localized in nuclei of spores. The nuclear localization
signals of oomycetes are not well-defined (Fang et al. 2017). The predicted
nuclear localization signals of MADS are at both its N- and C-termini, similar to
the predictions of human and Drosophila MEF2. The C-terminal NLS of MEF2 is
experimentally confirmed (Yu 1996; Borghi et al. 2001) and the predicted region
is similar to the region in P. infestans MADS. Moreover, the NLS sequence of
MEF2 and P. infestans MADS are conventional as a class 2 NLS (Kosugi et al.
2009). It would be useful to study the nuclear localization signal of MADS by
deletion fragments fused with fluorescent tag.

Using homology-based gene silencing, | demonstrated that MADS was
important for sporulation. RNA-seq of wild type and a silenced strain showed that
MADS regulates more than 2000 sporulation-associated genes. In theory, the
genes targeted directly by MADS could be identified if the DNA-binding specificity
of MADS was known. Moreover, a study of the MADS binding site in P. infestans
would confirm whether it is similar to the motif reported in other organisms

(Pollock and Treisman 1991; Thai et al. 1998). In the future, chromatin
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immunoprecipitation can be used to identify the binding sites and the target
genes of MADS.

In Chapter lll, the off-target effects of homology-based gene silencing in
knockdown strains were studied to understand the limitation of this tool and to
improve silencing vector design. The cis-spread of silencing to adjoining genes
was frequently observed; however, an absence of this cis-spread was observed
in many individual transformants. Overall, this suggests that suitably extensive
screening of transformants (including neighbor gene analysis) should enable the
reliable use of the silencing method. Moreover, in the gene silencing of MADS, |
found that MADS transgenes were not always silenced with the native gene. This
contradicted current silencing models in oomycetes which, based on previous
studies, indicate that both the transgene and native gene are transcriptionally
silenced (van West et al. 1999; Gaulin et al. 2002; Ah Fong and Judelson 2003;
Latijnhouwers and Govers 2003; Blanco and Judelson 2005; Judelson and Tani
2007). By exploring more transformants, | observed that continued expression of
transgene was occasional (Vu et al. 2019). This suggests that primers used for
screening for silencing should be designed outside of the transgene region.

My thesis has helped to expand our knowledge about Phytophthora
sporangia; however, many more questions related to sporulation remain to be
answered. For example, what is required for a culture to reach competence to

sporulate? When does Phytophthora achieve this competence? What metabolic
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and environmental cues trigger the onset of sporulation? What regulators and
signaling pathways trigger sporulation?

The regulation of Phytophthora sporulation is poorly understood while the
regulatory networks of asexual sporulation in many fungi are very well-described
(Park and Yu 2016). In fungi, many central regulators of asexual spore
development have been identified including BrlA, AbaA, WetA, StuA, and MedA
(Adam et al. 1988; Boylan et al. 1987; Sewall et al. 1990; Miller et al. 1992;
Busby et al. 1996). Signaling pathways that respond to environmental cues and
trigger sporulation have also been studied. These include FluG-mediated
signaling pathways, heterotrimeric G proteins, and light signaling pathways
(Wieser et al. 1994; Yu 2006; Bayram et al. 2010). Sporulation networks are
complex and it will take some time to achieve a similar level of knowledge in
Phytophthora. Nevertheless, this is a worthy goal since understanding the
mechanisms of Phytophthora sporulation will lead to more effective strategies for

disease control.
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