ABSTRACT

JIN, JING. Characterization of Phytophthora nicotianae Following Adaptation to Partial
Resistance in Tobacco. (Under the direction of Dr. Howard David Shew).

Phytophthora nicotianae is a devastating oomycete plant pathogen with a broad host
range. On tobacco, it causes black shank, a disease with a worldwide distrubtion that can result
in huge economic losses. Deployment of host resistance is one of the most effective means of
controlling tobacco black shank and is an integral part of sustainable management approaches for
this disease. However, P. nicotianae can adapt rapidly to the deployment of host resistance
genes. To better understand how P. nicotianae adapts to partial resistance in tobacco, four sets of
two P. nicotianae isolates isolated from the partially-resistant tobacco genotypes K 326 Wz/-- or
Fla 301 were phenotypically characterized. Within each set of isolates, one isolate was adapted
on a partially-resistant genotype for 5 or 6 host generations (adapted isolate) and one isolate was
exposed to the same genotype for only one or two host generations (non-adapted isolate). Across
the four sets of isolates, isolates that were adapted to partial resistance had higher infection
efficiency, greater sporangium production on root tips, and caused larger stem lesions than the
non-adapted isolate of the same race, 0 or 1, and from the same source of resistance. A reverse
adaptation study was conducted to determine if highly aggressive isolates lost aggressiveness if
maintained on a susceptible host for multiple generations. Four isolates, two race 0 and two race
1, that were adapted on either K 326 Wz/-- or Fla 301 were maintained on the resistant host or
moved to the susceptible variety ‘Hicks’. Exposure to Hicks lowered the aggressiveness of
isolates from Wz-mediated partial resistance, but there were no changes in aggressiveness in the
isolates that were adapted on Fla 301. This indicated that adaptation to these two resistance
sources may occur via different mechanisms in the pathogen. The rapid shift in aggressiveness in

P. nicotianae isolates adapted to Wz resistance after exposure to Hicks was supported by the



modification of gene expression, but it could not be attributed only to changes in gene expression
or to the copy number of examined pathogenicity-associated genes. In order to gain a more
holistic view of how gene expression could contribute to the changes in aggressiveness in P.
nicotianae, two isolates collected from the reverse adaptation experiment with differing
aggressiveness on K 326 Wz/Wz were subjected to RNAseq analysis. Differentially-expressed
genes (DEGs) were identified in the two isolates of P. nicotianae and in the inoculated K 326
Wz/Wz. Data suggested that the isolate adapted on Wz resistance recuited a high percentage
(68.75%) of pathogenicity-associated genes when infecting K 326 Wz/Wz that hindered nuclear
synthesis processes in its adapetd host. In addition, the Wz-adapted isolate was not only able to
avoid and/or suppress the defense responses of K 326 Wz/Wz, but also more tolerant to the
defense responses of K 326 Wz/Wz compared to the Hicks-adapted isolate. These results improve
our knowledge of the nature of P. nicotianae adaptation to partial resistance in tobacco, and
provide a foundation for further investigation of the molecular mechanisms underlying pathogen

adaptation to partial resistance in host plants.
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CHAPTER 1
An introduction to pathogen adaptation to resistance in host plants

INTRODUCTION

Plants are the backbone of all life on Earth. They maintain the atmosphere by producing
oxygen and absorbing carbon dioxide via photosynthesis, they create habitats for many creatures,
and most importantly, they supply food to almost all terrestrial organisms and many additional
products for human use. However, pathogens, animal pests, and weeds in natural and agricultural
ecosystems constantly threaten the survival and productivity of plants we rely upon. It is
estimated that plant diseases alone cause losses of up to14% in crop plants annually (Agrios
2005), imposing a major constraint to global crop production.

Over the past century, pesticides have been extensively used to control plant diseases.
They were applied to plants and plant products and to the soil where many soilborne pathogens
attack plant roots. As awareness increased of the toxicity and potential non-target effects of some
pesticides, attention shifted to the development of new products and more environmentally
friendly practices for controlling plant diseases. The best alternative to the use of pesticides for
disease control is the deployment of disease-resistant plants that provide environmentally,
economically, and socially acceptable levels of control. Since 1905, when Biffen first
demonstrated that resistance of two wheat varieties and their progeny to a rust fungus followed
Mendelian inheritance (Biffen 1907), enormous effort has been put into understanding resistance
mechanisms and resistance breeding. However, deploying disease resistance for a particular
disease is not a one-time event. Pathogen adaptation to disease resistance genes has been
observed both empirically and experimentally. Widely deployed cultivars with complete

resistance place strong selection pressure on pathogen populations to overcome that mechanism



of resistance. While partial resistance does not select for isolates that can completely overcome
its mechanisms of resistance, it does select for isolates that have increased aggressiveness on that
resistance, eventually eroding some or most of the effectiveness of the resistance source.

In the host-pathogen interaction, pathogens have multiple traits that allow them to
quickly overcome host resistance, including propagule abundance, short generation times, and
multiple mechanisms for generating genetic variation. Given the evolutionary potential of plant
pathogens, it is important to have an understanding of how host resistance works and how
pathogens react and adapt to different types and sources of resistance.

PLANT RESISTANCE

Plant pathogens cause substantial losses in both natural and agricultural ecosystems,
posing economic and food security threats worldwide. As the most economical and effective
approach to disease management, host plant resistance, defined as “the ability of the host to
hinder the growth and/or development of the pathogen” (Parlevliet 1979), is widely deployed for
disease control.

Over one hundred years ago, Rowland Biffen first discovered that resistance in wheat to
stripe rust was controlled by a single gene and established the foundation of plant resistance
breeding (Biffen 1907). Thirty years later, H. H. Flor began work on flax rust that ultimately
resulted in development of the genetic model that hypothesized that for each gene conferring
resistance in the host there is a corresponding gene conferring avirulence in the pathogen (Flor
et al. 1942; Flor 1947, 1956, 1971). This Gene-for-Gene hypothesis laid the groundwork for
understanding the genetic basis of host — pathogen interactions.

As research on the nature and mechanisms have advanced, the complexity of disease

resistance has been discovered. In addition to the monogenic inheritance of resistance in wheat



against rust observed by Biffen, resistance can also be conferred by multiple genes with small
additive effects (Parlevliet 1981, 1995). In 1963, from a “host perspective”, Vanderplank
categorized resistance into vertical resistance (VR) and horizontal resistance (HR) where VR is
“when a variety is resistant to some races of a pathogen” and HR is “when resistance is evenly
spread against all races of the pathogen” (Vanderplank 1963). He also suggested that VR is
monogenic or oligogenic and HR is polygenic based on their mode of inheritance. In disease
epidemics, VR reduces the initial inoculum to delay the epidemics and HR slows down the
epidemic after it has started and reduces the infection rate (Vanderplank 1966). Robinson further
elaborated HR as race-nonspecific resistance that featured a lack of genetic interactions between
host and pathogen genotypes and VR as race-specific resistance characterized by specific genetic
interactions between host and pathogen genotypes (Robinson 1969). To simplify the complexity,
host resistance was also classified into complete resistance when the multiplication of the
pathogen is totally prevented and incomplete (partial) resistance that allows some spore
production of the pathogen (Robinson 1969, 1976; Parlevliet 1979). Phenotypically, plants with
complete resistance present no symptoms of disease or presence of the pathogen. In mutual
exclusivity, incomplete (partial) resistance includes any resistance that is not complete (Vale et
al. 2001). Because of its association with one or more major resistance genes and segregation
into discrete resistant and susceptible individuals following Mendelian inheritance, complete
resistance is also recognized as qualitative resistance. Differently, partial resistance is usually
polygenic and controlled by minor genes. It forms a continuous distribution of phenotypes from
susceptibility to resistance in individuals, and is therefore designated as quantitative resistance

(Vale et al. 2001).



Many diverse terms have been used to describe host resistance. In general consensus,
complete resistance is equivalent to vertical, qualitative, monogenic, major-gene, race-specific,
and narrow-spectrum resistance. Incomplete or partial resistance is equivalent to horizontal,
quantitative, polygenic, race-non-specific, minor-gene, broad-spectrum resistance (Robinson
1976; Parlevliet 1995; Vanderplank 1966; Vale et al. 2001; Poland et al. 2009; Corwin and
Kliebenstein 2017).

In addition to the many definitions and classifications of disease resistance based on
phenotype and inheritance, recent molecular studies have further advanced our understanding of
the innate plant immune system. Constantly engaged in intimate interaction with pathogens,
plants have developed two strategies to respond to pathogen infection (Jones and Dangl 2006;
Dodds and Rathjen 2010). The first uses transmembrane pattern recognition receptors (PRRs)
located on the external surface of the cell to recognize conserved pathogen-associated molecular
patterns (PAMPs) produced by pathogens or endogenous molecules released by pathogen
invasions called danger-associated molecular patterns (DAMPs). Recognition of PAMPs or
DAMPs by PRRs results in PAMP-triggered immunity (PTI) (Dodds and Rathjen 2010). The
other strategy acts inside the plant cell where pathogen ‘Avr gene’ (Avr, avirulence) products
known as effectors are perceived by intracellular receptors encoded by R genes (R, resistance)
that activates effector-triggered immunity (ETI). ETI leads to rapid calcium and ion fluxes, an
oxidative burst, and transcriptional reprogramming within and around the infection sites
(Belkhadir et al. 2004). In most cases, a localized programmed cell death known as a
hypersensitive response (HR) is observed. It is thought that the series of events that occur after
the activation of ETI stop pathogen growth and lead to complete resistance without disease

symptoms (Belkhadir et al. 2004). In contrast, PTI triggered defense does not halt pathogen



growth but slows its spread (Belkhadir et al. 2004). PTT is usually effective against a broad-
spectrum of pathogens, whereas ETI specifically targets given pathogen races. This high degree
of specificity is why ETTI is related to complete resistance and PTI is associated to partial
resistance, although these relationships are not exclusive (Dodds and Rathjen 2010).

In reality, the defense responses triggered by PTI and ETI significantly overlap, with the
ETI triggered defense response qualitatively stronger and faster than PTI (Belkhadir et al. 2004).
The two-layered plant immune system model explained how complete resistance resulted from
ETI but left the mechanisms underlying partial resistance unresolved (French et al. 2016). One
attempt to solve this conundrum was to describe plant immunity as a surveillance system that
continuously evolves to catch microbial intruders. With this surveillance system, plants detect
invasion patterns (IP) produced by microbes (such as PAMPs or effectors) using IP-triggered
receptors (IPTRs) (Cook et al. 2015). Previously demarcated PTI and ETI are considered as
continuous immune responses that result from various recognitions between different IPs and
IPTRs, and susceptibility and resistance are at opposite ends of this plant immunity response
continuum (Cook et al. 2015). The surveillance system model was able to integrate the two
layers of the plant immune system as an entirety and decipher the mystery behind plant partial
resistance that leads to a reduction in disease, but not the absence of disease.
MECHANISM OF R GENE (COMPLETE) RESISTANCE IN PLANTS

Most R genes that provide complete resistance in host plants encode proteins that have a
nucleotide-binding site (NBS) and leucine-rich repeats (LRRs). NBS-LRR proteins function as a
receptor to detect pathogen Avr proteins. The LRR domain of the NBS-LRR proteins is involved
in specific recognition of pathogen effectors, and in some cases, seemed to regulate signaling in

defense responses (DeYoung and Innes 2006). The NBS domain is conserved and associated



with ATP binding and hydrolysis (Belkhadir et al. 2004). When the genetic interaction between
Avr proteins and NBS-LRR proteins take place, a defense response is activated, and in a
majority of cases it leads to a hypersensitive response (HR), which halts pathogen growth and
provides complete resistance.

NBS-LRR proteins may interact with pathogen effectors directly or indirectly. This
interaction was first detected in the rice blast pathosystem where an R gene product in rice
directly interacted with the Avr effector Pita in the rice blast pathogen Magnaporthe grisea (Jia
et al. 2000). In contrast, the tomato NBS-LRR protein Prf interacts indirectly with the effectors
AvrPto and AvrPtoB in Pseudomonas syringae. There was no evidence for direct interactions
between Prf and AvrPto and AvrPtoB, but Prf interacted directly with another tomato protein Pto
that binds to AvrPto and AvrPtoB to activate a defense response (Mucyn et al. 2006).

Since 1992 when the first R gene was cloned (Johal and Briggs 1992), sequences of
hundreds of R genes have been published. It is now clear that R genes encode more than NBS-
LRR proteins, and their function is not limited to pathogen recognition. In a meta-analysis of 313
cloned R genes, most R genes were found to encode receptor-like proteins/kinases (RLPs/RLKs)
and Nod-like receptors (NLRs) (Kourelis and van der Hoorn 2018). A small proportion of the
cloned R genes were executor genes, which are transcriptionally activated by transcription
activator-like effectors (TALEs) in pathogens. TALEs alter host immunity by binding to specific
DNA sequences and change transcription of susceptibility factors in the host. The executor genes
trap TALEs and force them to promote transcription of genes that enhance host immunity.

Finally, there is a group of R genes that are involved in loss of susceptibility. Some of the
R genes in this group encode immune-related components or specific enzymes that detoxify or

degrade pathogen toxins or pathogen associated components while others were found to be a



variant of an allele that encodes a key host susceptibility factor targeted by pathogen effectors.
The mutated allele is not susceptible to pathogen molecules so the pathogen could no longer
manipulate the host (Kourelis and van der Hoorn 2018).

It is interesting to note that some of the genes that are involved in plant immunity have
not been found among cloned R genes. For example, signaling components of defense pathways
and pathogenesis-related (PR) genes are not associated with R genes. In addition, no R genes are
known to encode for DAMPs and their receptors. It seems that R genes are at the frontiers of
signaling pathways. This observation may distinguish R gene mediated resistance from
quantitative resistance; however, some R genes provide partial resistance instead of complete
resistance (Kourelis and van der Hoorn 2018).

MECHANISM OF PARTIAL RESISTANCE IN PLANTS

Regardless of our current understanding of complete resistance, genetic mechanisms of
most partial resistance in plants remain largely unclear. Quantitative trait loci (QTLs) associated
with partial resistance have been identified and mapped for many host-pathogen interactions.
These QTLs involve numerous genes that contribute varying levels of resistance to the ultimate
outcome of a host-pathogen interaction. Multiple hypotheses have been proposed to explain how
partial resistance works, and it is very likely that multiple mechanisms beyond pathogen
recognition contribute to partial resistance.

QTLs involving in basal defense and defense signal transduction

Plants have a complex protection system that effectively transmits signals from initial
pathogen recognition to final defense response. In Arabidopsis, RKS!, a locus largely controlling
resistance to Xanthomonas campestris, was found to encode a kinase serving in the signaling

pathway connecting pathogen perception to defense activation (Huard-Chauveau et al. 2013).



Also in Arabidopsis, two additional QTLs that conferred resistance to Fusarium oxysporum were
found to be a kinase and a signaling peptide (Diener and Ausubel 2005; Shen and Diener 2013).
QTLs that encoded kinases also were found in wheat (Fu et al. 2009). In rice, a majority of
cloned QTLs controlling resistance to rice blast were shown to encode RLKs or NLRs,
indicating that those QTLs are involved in controlling the recognition of the pathogen (Ballini et
al. 2008; Miah et al. 2013; Kang et al. 2016; Raboin et al. 2016).

Aside from large-effect QTLs that often encode upstream signaling components in
response to plant pathogens, small-effect disease resistance QTLs were found to be associated
with downstream resistance mechanism (Kump et al. 2011; Belcher et al. 2012). Research in
maize showed that the vast majority of the genes linked to QTLs with small effect on disease
resistance were involved in producing defensins, pathogenesis-related proteins, secondary
metabolite enzymes, and potentially a transcription factor influencing defense hormones such as
salicylic acid and ethylene. In addition, a small class of QTLs was found to function as pathogen-
associated molecular pattern signaling components (Corwin and Kliebenstein 2017).

In the Arabidopsis — Botrytis cinerea pathosystem, quantitative resistance genes involved
in PAMP signaling were enriched. Most genes encoded proteins involved in intermediate signal
transduction and downstream defense response mechanisms, including vesicle-associated genes
needed for moving defense compounds, primary metabolism genes, genes in cell wall synthesis
and function, and genes associated in sugar metabolism (Corwin et al. 2016).

QTLs involving in plant morphology and phenotypic development

Plant pathogens vary in when they initiate disease in their hosts. Some diseases are

limited to seedlings, some to mature plants, and some may occur at any stage of development

(Lamichhane et al. 2017; Goldberg 2017; Shew and Main 1990). Flowering was found to have a



strong correlation with disease resistance in many plant — necrotrophic pathogen pathosystems,
where plants are more prone to disease after flowering (Collins et al. 1999). Other morphological
traits, such as stomatal density, plant height, leaf area, leaf angle, and root systems were
documented to affect disease development as well (Steffenson et al. 1996; Thompson and
Bergquist 1984; Melotto et al. 2006; Bradley et al. 2003; Albar et al. 1998; Zhu et al. 1999). It
was proposed that timing of plant morphological development is a key adaptation to fluctuations
of pathogen population in nature (Corwin and Kliebenstein 2017). Therefore, genes controlling
plant morphology and phenotypic development are likely to have a pleiotropic effect on disease
resistance.
QTLs are defeated R-genes

It is commonly thought that R genes confer complete resistance to a specific pathogen
race or races, and QTLs confer partial resistance in a non-race specific manner. However, that is
not always the case. R genes in multiple pathosystems including maize common rust, flax rust,
potato late blight and tomato leaf mold were found to condition partial resistance in the host
(Smith and Hulbert 2005; Parniske et al. 1997; Lawrence et al. 1995; Stewart et al. 2003).
Interestingly, many QTLs may to be differentially effective against certain races. The
observations that QTLs and R genes are colocalized in several species further support the idea
that qualitative and quantitative disease resistance is functionally intertwined. It was
hypothesized that pathogens adapt to R genes with strong effects and render them into QTLs.
This hypothesis was supported by the observation that R-gene-defeated plants still showed some
level of disease resistance compared to plants without R genes in rice leaf blight, wheat stem rust
and powdery mildew pathosystems, which suggests that QTLs can simply be partially overcome

R genes (Li et al. 1999; Brodny et al. 1986; Nass et al. 1981).



QTLs with unique functions and QTLs unidentified

Research in rice provided new insights into QTLs for disease resistance. Specifically, two
QTLs were found to have unique functions not previously observed. A QTL known as pi2/ was
found to be rich in proline with no similarity to any known defense genes in rice (Fukuoka et al.
2007), and QTL Pi34 has a unique sequence not found in any reported defense genes
(Zenbayashi-Sawata et al. 2007). Our understanding of partial resistance has advanced
dramatically with the development of new technologies, but it is important to bear in mind that
only a small fraction of QTLs have been identified and characterized. More powerful host
population genetic studies are needed to identify more QTLs (especially small-effect QTLs) and
their functions in quantitative disease resistance.
HOST RESISTANCE IN PLANT DISEASE MANAGEMENT

Complete resistance mediated by major R genes is favored in resistance breeding
programs. In the vast majority of cases, a single R gene is able to provide complete resistance
that halts pathogen growth and minimizes plant damage. However, complete resistance is often
quickly defeated by the pathogen through the ability to rapidly modify its effectors to avoid
recognition by plant receptors (Anderson et al. 2010). Because of the specificity of the
interaction between pathogen effectors and plant receptors, complete resistance only provides
immunity to a limited number of pathogen strains. Another downside of using R genes lies in the
fact that the hypersensitive response that facilitates complete resistance to biotrophic pathogens
can possibly benefit necrotrophic pathogens that feed on dead tissues (Poland et al. 2009; French
et al. 2016; Lorang et al. 2007).

Repeated occurrence of ‘boom and bust’ cycles in crop production that relied on

complete resistance shifted the attention of breeders to incorporating and deploying partial
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resistance. Conditioned by multiple genes, partial resistance is believed to place less selection
pressure on pathogens than complete resistance, and is therefore more durable (French et al.
2016; Parlevliet 2002). Partial resistance provides effective control for both biotrophic and
necrotrophic pathogens, as well as for all races of a given pathogen (Krattinger et al. 2009).
PATHOGEN ADAPTATION TO RESISTANCE IN HOST PLANTS

Adaptation to complete resistance

Considered to be the most effective way to manage plant disease, plant resistance is never
a panacea. Pathogen ability to overcome host resistance has been observed and documented
continually since Biffen discovered the genetic basis of host resistance. In the past century, a
number of single genes conferring complete resistance have been incorporated into different
crops to manage plant diseases with varying degrees of success.

With enormous efforts on barberry eradication and resistance variety breeding, stem rust
was something breeders thought they had solved after Sr 3/ was incorporated into wheat
varieties and deployed worldwide. However, the disease re-emerged with the occurrence of Ug
99 in Uganda in 1999. The new race of P. graminis f. sp. tritici was so virulent that 90% of
12,000 wheat lines from the Middle East and Western Asia were susceptible to it, and 80% of
200 varieties from the U.S. were infected. Another Ug 99 mutant was able to defeat Sr 24
(another crucial source of genetic resistance to stem rust), which increased the wheat
vulnerability tremendously and threating the world’s breadbaskets (Stokstad 2007). In 2017,
researchers identified two Avr effectors from Ug 99 that interact with resistance gene products
and activate an immune response in wheat varieties with S 50 and Sr 35 (Chen et al. 2017;

Salcedo et al. 2017). This ground-breaking research significantly improved our understanding of
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the biology of rust pathogens and temporarily alleviated the threat imposed by the new races of
the stem rust fungus.

Notorious for causing the Irish Potato Famine in 1845, Phytophthora infestans has drawn
the attention of breeders for 150 years with its dramatic epidemic potential. First initiated in the
mid-19" century, attempts to breed resistant potato cultivars have never stopped (Fry 2008).
Unfortunately, whenever a novel R gene had been widely deployed, a compatible race of P.
infestans selected by the R gene was able to rapidly defeat the gene. This pattern has occurred so
frequently, it appears that developing R gene resistance is not cost effective to sufficiently
control potato late blight in potato production in the field (Fry 2008). Some researchers even lost
their enthusiasm in breeding potato cultivars with complete resistance given the diverse pre-
existing virulence in P. infestans population and its genome plasticity in terms of R gene
resistance (Goodwin et al. 1995).

Mechanisms for overcoming complete resistance

Successful plant defense response relies on the detection of pathogen effectors encoded
by ‘Avr genes’ by plant receptors. Pathogen ‘Avr gene’ products not only serve as effectors
triggering plant immune response, but also function as essential components in pathogen
virulence and growth (White et al. 2000). To avoid host recognition, plant pathogens constantly
evolve to generate variants of effectors to escape, suppress or alter plant defense response.

Most commonly, plant pathogens gain virulence by deleting or inserting fragments in
DNA sequences in the Avr gene. It was found that Cladosporium fulvum, the tomato leaf mold
pathogen, gains virulence on plants with complete resistance through loss of the Avr gene that
encodes a protein that triggers plant immunity (lida et al. 2015). Resistance can also be lost due

to transposon insertions or mutations in the Avr gene sequence. However, pathogens also have
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developed ways to bypass host immunity while keeping the Avr gene intact. It was found that P.
infestans (Chen et al. 2012), Blumeria graminis (Bourras et al. 2015), Fusarium oxysporum
(Houterman et al. 2008), and Leptosphaeria maculans (Plissonneau et al. 2016) can acquire
additional epistatic effectors that suppress the plant immune system without disrupting the
original Avr gene.

Another way of keeping a potential Avr gene while avoiding host recognition is to alter
its expression. This could simply be achieved by a DNA mutation in the regulatory region that
controls Avr gene expression or by mutation in an epistatic location that impacts Avr gene
transcription (Qutob et al. 2009; Shan et al. 2004). It was proposed that P. sojae changes its Avr
gene expression states independent from DNA sequence alterations based upon sequence-
identical epialleles that differ in expression (Qutob et al. 2013). Although this theory is
controversial and hard to prove, it provided a conceivable explanation for the observations of the
variation and reversible changes in virulence and Avr gene expression in clonal populations (Na
et al. 2014; Rutherford et al. 1985). Epigenetically controlled virulence traits could grant an
advantage to the pathogen by providing a means of recycling effectors that would otherwise be
lost (Na and Gijzen 2016).

Small RNAs were found to be associated with Avr gene silencing. It was found that non-
orthologous Avr3a effector genes in P. sojae and P. infestans were subjected to natural silencing
in a strain-specific manner (Qutob et al. 2013; Vetukuri et al. 2012). Advanced research further
linked the silencing of PsAvr3a in P. sojae to the presence of a 25 nt small RNA. More
intriguingly, F1 hybrid progeny of P. sojae generated by crossing between Ps4vr3a-silenced and
non-silenced strains showed variable levels of Ps4vr3a gene expression. The phenomenon was

speculated to have resulted from epigenetic reprogramming and the interaction between parental
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strains (Qutob et al. 2013; Shrestha et al. 2016). In a more recent study, endogenous small RNAs
generated from antisense transcripts of an avirulence gene — Avr/b were linked to the variation
of Avrlb expression in P. sojae. This study further showed that 10-base deletions in their
promoter regions were controlling the sense and antisense expression of Avr/b. The avirulent P.
sojae isolate on Rps1b resistant soybean plant had a 10-bp deletion in the promoter region of
antisense Avrlb sequence and failed antisense expression of Avr/b that could form dsRNA with
sense Avrib mRNA and go through Avrilb gene silencing (Wang et al. 2019).

The ploidy status of the pathogen may influence the ability of the pathogen to overcome
host immunity (Na and Gijzen 2016). Filamentous plant pathogens exist in various ploidy levels.
For example, oomycete plant pathogens typically are diploid or polyploid. It is arguably more
difficult for polyploid pathogens to adapt to host immunity compared to a haploid organism with
a single copy of an Avr gene because all copies of the 4vr gene have to change to successfully
avoid host detection (Na and Gijzen 2016). To compensate for this, plant pathogenic oomycetes
constantly undergo gene conversion and loss of heterozygosity (Chamnanpunt et al. 2001;
Lamour et al. 2012; Tyler and Gijzen 2014).

More recently, a study found pathogens could avoid host recognition by modification at
the protein level. For example, research on the AVR2 effector in P. infestans revealed that
intrinsic disordering of the effector protein helped it escape the recognition of the corresponding
R gene product (Yang et al. 2020). Intrinsically disordered proteins are a group of proteins
without a fixed or ordered three-dimensional structure that allows a flexibility to interact with
multiple protein targets with an increased interaction surface area. Isolates of P. infestans with
the AVR2 gene have both virulent and avirulent phenotypes. However, the virulent mutants have

sequences in the AVR2 amino acid with a high disorder tendency in both the N- and C-terminal
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regions. In addition, short linear interaction motifs (SLiMs) that serve as crucial elements in
disordered proteins for protein-protein interactions are found in the virulent AVR2 mutants
(Yang et al. 2020). These observations support the hypothesis that P. infestans deploys intrinsic
disordering and SLiMs mediated protein-protein interactions of the effector protein to evade the
detection of R proteins.

Adaptation to partial resistance

Controlled by a number of genes, partial resistance was demonstrated to be more durable
than complete resistance (Parlevliet 1989). The durability of partial resistance is thought to be
due to the number of genes controlling it (Vanderplank 2012b), which may require the pathogen
to generate mutations at multiple genetic loci simultaneously to successfully overcome the
effects of the resistance. However, adaptation to partial resistance has been observed, typically
through the selection for higher aggressiveness in pathogen.

Measuring aggressiveness in pathogens

Given the nature of quantitative traits, it is difficult to quantify pathogen adaptation to
partial resistance compared to documenting that a pathogen has overcome a complete resistance
gene through development of virulence on plants with a specific resistance gene. These strains
are known as pathogen races (Stakman 1936).

In contrast to virulence, aggressiveness is widely used to describe a quantitative
pathogenicity of pathogen. It was defined by Vanderplank as the genetic variation for
pathogenicity among pathogen genotypes that does not interact differentially with host genotypes
(Vanderplank 2012a; Mundt 2014). It sums up basic quantitative traits of the pathogen life cycle
and represents the overall ability of a pathogen to cause disease on host plants within a species.

For practical purposes, aggressiveness is always broken down to different components such as
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pathogen infection efficiency, latent period, sporulation rate, infectious period, toxin production
to describe a pathogen (Pariaud et al. 2009).

Infection efficiency is the probability that after inoculation, a spore or other unit of
inoculum can cause disease. It is usually determined by the percentage of successful infections
that results from a given amount of inoculum. Latent period refers to the time required for
sporulation after inoculation. It directly impacts the duration of epidemic cycles and controls
how fast the epidemic develops. It is straightforward to measure latent period when there is a
single lesion, however, in most cases, multiple lesions result from artificial inoculations, and the
variation in latent period among different lesions is not negligible. Several approaches have been
used to deal with this problem, including taking the time from inoculation to first sporulation or
the time required when half of the lesions sporulate. Incubation period, the time from inoculation
to symptom production, can also be used as a measure of aggressiveness. Sporulation rate is the
number of spores generated on each lesion per unit of time. Practically, spores are often
quantified (weighed or counted) before artificial inoculation. Oftentimes, sporulation is
determined as the spore production per unit area of diseased tissue or relative to lesion size.
Infectious period is the time window from the beginning to the end of sporulation. This
component of aggressiveness can be difficult to measure as sporulation can last for a long time
with an early peak, and the pattern of sporulation varies from pathogen to pathogen. Lesion size
is a commonly used as a quantitative aggressiveness component, which is defined as the
symptomatic surface area of the plant tissue. Disease severity is often used to estimate pathogen
aggressiveness as well. It is a measure of the percentage of the infected plant tissue. In addition,

mycotoxin production is sometimes considered as an aggressiveness component, however, the
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disease severity and mycotoxin production are not constantly related. Therefore, precautions
should be taken when measuring mycotoxin production.
Examples of adaptation to partial resistance

Pathogen adaptation to partial resistance in host plants has been observed in multiple
inoculation-selection experiments. For example, a population of P. triticina that was made from
200 — 300 field uredinia was maintained on a wheat cultivar with partial resistance controlled by
four different genes in a greenhouse for five asexual generations. In each generation, the spores
from early erupting uredinia were selected for inoculating the subsequent generation. After five
uredinial generations, the selected population was tested on five different cultivars, including the
maintaining cultivar, along with three other partially resistant cultivars and a susceptible control.
The mean latent period in adapted pathogen isolates was shortened by 2 days compared to the
pathogen population before selection. A shortened latent period was also observed on the other
resistant cultivars, but not on the susceptible cultivar. So, the adaptation was not specific to the
resistant cultivar on which the pathogen was adapted. In addition, spore production per lesion
increased on the resistant cultivars but decreased on the susceptible one after selection (Lehman
and Shaner 1997). In Cochliobolus heterostrophus, an increase in lesion size was observed on
both cultivar of selection and other cultivars tested after an artificial selection of isolates causing
greatest lesion sizes on maize cultivars with partial resistance (Lehman and Shaner 1997).
Similarly, populations of P. hordei had increased infection efficiency on a partially resistant
cultivar named Vada after exposure to this cultivar for seven generations (Clifford and Clothier
1974).

Selection for increased aggressiveness on a resistant cultivar has also been observed in

the field. A comparison of changes of average aggressiveness (estimated by disease severity) of

17



M. graminicola at the beginning and the end of the epidemics on six wheat cultivars with
different levels of resistance showed the most aggressive isolates were found on the most
resistant cultivars (Cowger and Mundt 2002). More recently, a cross inoculation experiment was
conducted by inoculating 103 isolates of Plasmopara viticola isolated from both susceptible and
partially resistance grapevine varieties to four different grapevine hosts. Isolates from resistant
hosts showed higher aggressiveness compared to isolates from susceptible hosts, when
aggressiveness was quantified using latent period and rate of spore production. No specific
adaptation to host cultivars with partial resistance was detected, indicating adapted isolates had
the advantage on all resistant cultivars (Delmas et al. 2016).

Adaptation to partial resistance by nematodes and viruses has also been documented. For
example, potato cyst nematodes showed an increase in reproductive rate specifically on the
potato genotype with partial resistance where they were reared for 12 generations (Phillips and
Blok 2008). Comparably, quantitative resistance in lettuce was suggested to select for more
aggressive strains of lettuce mosaic virus (Pink et al. 1992).

The Inconsistency

Quantifying pathogen adaptation sometimes can be problematic. Results may vary with
different aggressiveness components. For instance, in one study where nine isolates of P.
infestans were grown on potato tubers of their cultivar of origin and other two cultivars, evidence
of adaptation to the cultivar of origin was found when aggressiveness was measured using lesion
growth rate but not latent period (Jeffrey et al. 1962). In addition, in some studies of field
isolates, adaptation to the cultivar of origin was not supported by the aggressiveness components
measured. No evidence of increased infection efficiency or shortened latent period on the

cultivar of origin was found when populations of Puccinia triticina were sampled from field
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plots and tested on the seedlings of the same cultivars in a growth chamber (Knott and Mundt
1991). In P. hordei, a decrease in spore production per lesion was observed along with increased
infectivity adapting to partially resistant cultivars (Clifford and Clothier 1974).

The inconsistency among different trials and different aggressiveness components leaves
pathogen adaptation to host partial resistance ambiguous. Very likely, the inconsistency might
have resulted from the limited number of isolates tested, and differences of each aggressiveness
component contributing to overall aggressiveness of the pathogen isolate or population being
studied.

Mechanisms of plant pathogens overcoming partial resistance

Compared with our understanding of complete resistance and how pathogens overcome
it, the genetic basis of plant pathogen — host partial resistance interactions remain largely
unknown. Although a few QTLs associated with lesion length or fungal growth in Gibberella
zeae have been identified (Cumagun et al. 2004), this approach is severely limited by the fact
that QTL analysis is heavily affected by population size, environment effects, and phenotypic
evaluation. In addition, it can only be applied to sexually reproducing population (Pariaud et al.
2009).

Molecular methods have been used to identify genes associated with pathogenicity, both
qualitatively and quantitatively (Xu et al. 2006). Evidence suggested some aggressiveness
components were genetically controlled, but the number of genes and their interactions with
QTLs controlling host partial resistance were not determined (Pariaud et al. 2009). It was
suggested that genome scans of DNA polymorphisms can be an alternative approach to untangle
the genetic mechanisms of adaptation, based on the identification of neutral markers with deviant

behavior in natural populations (Storz 2005). In the study of P. viticola adaptation to partially
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resistant grapevines, 32 microsatellite loci were amplified in 103 isolates adapted to different
host genotypes, however, no genetic differentiation in the isolates was detected (Delmas et al.
2016). It is highly likely that 32 microsatellite markers were not able to tell the story of the entire
genome, and the selected microsatellite markers may not be in genetic linkage to the regions
controlling aggressiveness. Phenotypic changes may also have resulted from different levels of
genetic modifications, including DNA methylation or demethylation, increased or decrease
expression of specific genes, alternative splicing of messenger RNA transcripts, and
modification of proteins through phosphorylation or dephosphorylation and acetylation or
deacetylation, etc.

Recently, studies investigating gene expression during plant infection among different
isolates within the same species revealed that many genes, including genes encoding putative
virulence factors, were expressed differentially or even in an isolate-specific manner. It was
postulated that the isolate-specific regulation of genes contributing to virulence could be the
determinant of the outcome of Zymoseptoria tritici — wheat interaction (Palma-Guerrero et al.
2017). Correspondingly, a study of two P. capsici isolates (one highly virulent and one less
virulent; the authors used “virulent” instead of “aggressive’) using transcriptome analysis
indicated the over expression of diverse effector proteins and their timing of expression during
infection were responsible for the variation in virulence of the P. capsici on black pepper
(Muthuswamy et al. 2018). These studies demonstrated that quantitative traits are closely
associated to gene expressions, indicating transcriptome analysis can be a very useful tool to

reveal the genetic mechanisms of pathogen adaptation to host partial resistance.
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ADAPTATION OF Phytophthora nicotianae TO RESISTANCE IN TOBACCO

Frist described by Jacob van Breda de Haan in 1896, Phytophthora nicotianae causes a
destructive root and stem rot on all types of cultivated tobacco worldwide known as black shank
(de Haan 1896). Host resistance is one of the most important practices for tobacco black shank
management, and both complete resistance and partial resistance have been incorporated into
commercial tobacco cultivars.

Complete resistance, conditioned by Php and Phl genes from Nicotiana plumbaginifolia
and N. longiflora, respectively, confers immunity to the wild type of P. nicotianae isolates — race
0 (Valleau et al. 1960; Apple 1962b; Chaplin 1962; Carlson et al. 1997; Johnson et al. 2002).
However, it does not protect tobacco plants from race 1 of P. nicotianae.

In 1954, race 1 of P. nicotianae was first reported in Kentucky where tobacco breeding
lines carrying the Phl gene were planted (Valleau et al. 1960; Apple 1962a). Several years later,
race 1 was also found in tobacco breeding nurseries where varieties with the Php gene were
under testing (Apple 1962a), however, it had never been considered as a big issue until the 1990s
when tobacco cultivars with the Php gene were widely used by tobacco growers. Race 1 rapidly
developed in response to the deployment of this resistance gene (Sullivan et al. 2005b). The
population of P. nicotianae changed dynamically in response to the complete resistance in
tobacco cultivars deployed. In a field study, race 1 was detected in a “race 1 free” tobacco field
after one growing season of planting tobacco variety NC71 carrying the Php gene. Race 1
subsequently became the predominant race in the field after continuous usage of variety NC71
(heterozygous for the Php gene) for four years, making the gene of no use for disease

management (Sullivan et al. 2005b; Sullivan et al. 2010).
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Partial resistance to tobacco black shank comes from two major sources. The first is the
partially resistant cigar tobacco variety Florida 301 (Fla 301), which was from a cross between
varieties of ‘Little Cuba’ and ‘Big Cuba’ (Tisdale 1931). Partial resistance in Fla 301 is
conditioned by 11 quantitative trait loci (QTL) with varying level of effects against all races of
P. nicotianae (Xiao et al. 2013; Wernsman et al. 1974; Carlson et al. 1997; Jones and Shew
1995; Shew and Lucas 1991). It is believed that partial resistance in all current commercially
grown tobacco varieties originated from Fla 301.

Another potential source of partial resistance to black shank is cigar tobacco variety
Beinhart 1000 (BH 1000), although this resistance has not been incorporated into any known
commercial tobacco varieties. Studies have shown that two major QTLs (Phn 7.1 and Phn 15.1)
are contributing to black shank resistance in BH 1000 (Vontimitta and Lewis 2012). The QTL
Phn 7.1 is also found in Fla 301 and is thought to be the major QTL in commercial tobacco
(Xiao et al. 2013). QTL Phn 15.1 was demonstrated to have an additive effect with Phn 7.1 on
black shank resistance (McCorkle et al. 2013), and is thought to be responsible for making BH
1000 the most resistant tobacco variety known to all races of the pathogen (Chaplin 1966;
Nielsen 1992). Incorporating QTL Phn 15.1 is promising as researchers successfully located the
QTL to a genetic interval around 2.7 ¢cM and disassociated it from an undesirable QTL
contributing to the accumulation of a diterpene leaf surface exudate (Ma et al. 2020). In addition,
an alien gene named Wz was introgressed into cultivated tobacco from N. rustica. The Wz region
was shown to provide a high level of resistance to both races of P. nicotianae (Drake and Lewis
2013).

The deployment of host partial resistance is thought to be the most sustainable way to

manage plant diseases, however, adaptation of partial resistance in P. nicotianae has been
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observed as well (Dukes and Apple 1961; Sullivan et al. 2005b). A significant increase in
pathogen aggressiveness was documented in P. nicotianae isolates exposed to a tobacco variety
with a high level of partial resistance compared to isolates isolated from a variety with a low
level of partial resistance (Sullivan et al. 2005b). More recently, a greenhouse study
demonstrated that P. nicotianae was able to overcome Fla 301 and Wz resistance promptly after
continuous exposure for a few host generations (McCorkle 2016; McCorkle et al. 2018).
Evidence of pathogen adaptation to host resistance in different pathosystems under
laboratory, experimental field and natural conditions is accumulating rapidly, which accentuates
the needs to thoroughly understand how pathogens quickly adapt to host partial resistance, both
phenotypically and genetically. Only by doing so will we be able to prolong the durability of

host partial resistance and better manage plant diseases.
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CHAPTER 2
Components of aggressiveness in Phytophthora nicotianae during adaptation to multiple
sources of partial resistance in tobacco
J. Jin and H. D. Shew
Department of Entomology and Plant Pathology, North Carolina State University, Raleigh, NC

27695.

ABSTRACT

Black shank is a devastating disease of tobacco caused by Phytophthora nicotianae. Host
resistance has long been an integral part of black shank management, but after the rapid loss of
Php single-gene resistance following its widespread deployment in the 1990s, growers have
relied on varieties with varying levels of partial resistance. Partial resistance is effective in
suppressing disease, but continued exposure can result in an increase in pathogen aggressiveness
that may threaten durability of the resistance to P. nicotianae. Components of aggressiveness in
P. nicotianae were characterized following adaptation on two sources of partial resistance, Fla
301 and the Wz gene from Nicotiana rustica. An aggressive isolate of the two major races of P.
nicotianae, race 0 and race 1, were adapted for either one or six generations on the two resistance
sources, giving four sets of isolates based on race, number of generations of adaptation, and
source of resistance. Across the four sets of isolates, adapted isolates infected higher proportions
of root tips, produced more sporangia per infected root tip, and caused larger lesions than their
respecitve non-adapted isolates of the same race and from the same resistance source. Adapted
isolates also produced more aggressive zoospore progeny than the non-adapted isolates.

Adaptation by P. nicotianae to partial resistance involves multiple aggressiveness components
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that results in the increased aggressiveness observed for P. nicotianae. These results improve our
knowledge on the nature of P. nicotianae adaptation to partial resistance in tobacco and indicate
that multiple sources of resistance are likely to select for similar components of aggressiveness in
the pathogen.

INTRODUCTION

Host resistance provides an economically sound and environmentally responsible means
of managing plant diseases. While complete or single-gene resistance can be highly effective, the
ability of pathogens to rapidly overcome it through race production frequently leads to total loss
of its effectiveness. By contrast, partial resistance conferred by multiple small-effect genes has
been considered more durable (Lindhout 2002; Parlevliet 2002; Cowger and Brown 2019),
leading breeders to increase efforts to find and incorporate partial resistance into plants for
disease management (Foolad et al. 2002; Moloney et al. 2010; Vontimitta and Lewis 2012; Ma et
al. 2020). However, numerous studies have documented that pathogens also adapt to partial
resistance, slowly eroding its effectiveness (Cowger and Mundt 2002; Phillips and Blok 2008;
Delmas et al. 2016; McCorkle et al. 2018).

Phytophthora nicotianae causes black shank disease of tobacco (Gallup et al. 2006),
which is one of the most prevalent and destructive tobacco diseases worldwide. Host resistance
has been a key component of management strategies for this disease since the 1930s when the
first high levels of partial resistance were introduced into commercial tobacco varieties (Tisdale
1931). Complete resistance is conditioned by either Php or Phl genes and confers immunity to
the wild type of P. nicotianae, race 0. The wide deployment of these complete resistance genes,

especially the Php gene, rapidly shifted populations of P. nicotianae from the wild type race 0 to
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race | starting in the 1990s (Csinos and Bertrand 1994; Gallup et al. 2018; Parkunan et al. 2010;
Sullivan et al. 2005a).

Partial resistance in most commercial tobacco varieties was introduced from the cigar
tobacco (Nicotiana tabacum) variety Florida 301 (Fla 301), which has 11 quantitative trait loci
(QTL) that contribute to black shank resistance observed in field and greenhouse experiments
(Tisdale 1931; Xiao et al. 2013). The level of resistance conferred by this source of resistance
varies from low to high in commercial varieties, depending on the numbers and expression of the
QTLs incorporated. More recently, a chromosome segment designated as Wz from N. rustica
provided promising levels of partial resistance in high yielding and high quality varieties. In field
trials, flue-cured tobacco (N. tabacum) varieties possessing the Wz region exhibited high levels
of resistance to black shank against both race 0 and race 1 isolates of P. nicotianae
(Antonopoulos et al. 2010; Drake and Lewis 2013).

The durability of partial resistance in tobacco to P. nicotianae has been investigated. For
example, isolates of P. nicotianae recovered after multiple generations of exposure to tobacco
varieties with a high level of partial resistance from Fla 301 had significantly higher
aggressiveness than isolates from tobacco varieties with a low level of resistance from Fla 301
(Sullivan et al. 2005a). Similarly, in a greenhouse study, isolates of P. nicotianae adapted on
tobacco genotype with Wz resistance for five host generations caused more severe disease than
isolates adapted on the same genotype for only one host generation (McCorkle et al. 2018).
These observations raised concerns for the potential erosion of partial resistance conferred by Fla
301 and Wz.

The objective of this study was to characterize the aggressiveness components in P.

nicotianae that contribute to pathogen adaptation to partial resistance in tobacco. Given the
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different genetic background of Fla 301 and Wz resistance, the study also investigated the
specificity of P. nicotianae adaptation to these two sources of resistance.
MATERIALS AND METHODS

Selection of pathogen isolates. Eight isolates of P. nicotianae were selected from a
previous study where aggressive isolates of P. nicotianae were adapted on multiple sources of
partial resistance (McCorkle et al. 2018). The eight isolates chosen for this study included four
race 0 and four race 1 isolates. Within each race, two isolates were from tobacco genotype Fla
301 and two were from genotype K 326 Wz/--, with one isolate adapted for 5 to 6 generations
and one isolate adapted for only one or two generations from each genotype (Table 1). Since
isolates can potentially lose their aggressiveness during storage (Naiki and Cook 1983), the
aggressiveness level for each of the eight isolates was confirmed prior to initiating this study in a
greenhouse experiment using the same methods used in the original study (McCorkle et al.
2018). All isolates caused levels of disease similar to their initial ratings and no additional
adaptation was completed prior to initiating studies on components of aggressiveness (Table 1).
Sporangium production and infection efficiency

Seedling production. Seeds of Fla 301 and K 326 Wz/Wz (courtesy Ramsey Lewis, North
Carolina State University) were planted in sterile sand in 10 cm diam plastic pots maintained
under constant fluorescent lighting in the laboratory at room temperature (24°C to 26°C). After
two weeks, seedlings were transplanted to cell packs (72 cells, 5.96 x 5.46 x 5.92 cm) containing
calcined clay (TURFACE® All Sport™, PROFILE Products LLC) and kept in plastic moisture
chambers under constant light at 24°C to 26°C in the laboratory. Seedlings were fertilized

weekly with Miracle-Gro® water soluble all-purpose plant food (24-8-16) following the
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instruction for indoor plants. Two weeks after transplanting, seedlings were removed from the
calcined clay under running tap water to remove any clay particles before inoculation.

Zoospore inoculum production. Isolates of P. nicotianae were maintained in an incubator
at 28°C in dark on 5% clarified V8 agar (200 mL of clarified V8 juice, 800 mL of deionized
water, and 20 g of Difco® Bacto® agar). Clarified V8 juice was made using 250 mL of V8 juice
mixed with 2 g of CaCO3 and 750 mL of deionized water. The mix was autoclaved at 121°C (at
15 psi) for 30 min, filtered through Fisher Brand Qualitative P8 filter paper and 3 cm of Celite
545 (Fisher Scientific, Fair Lawn, NJ), and restored to original volume by adding deionized
water. Filtered V8 juice was autoclaved once daily for two consecutive days at 121°C for 60 min.
Mycelial plugs were removed from the edge of cultures and transferred to the center of 9 cm
diam Petri dishes containing approximately 20 mL of Oatmeal Agar (Difco, Detroit, MI)
(Gooding and Lucas, 1959). The Petri dishes were then incubated in dark at 28°C for about 2
weeks until dense hyphal mats formed. Hyphal mats were peeled from the oatmeal agar surface
and placed into Petri dishes containing 20 mL of sterile 5% soil extract. Soil extract was
prepared by adding 50 g of steam-pasteurized sandy-loam field soil to 1 L of deionized water and
incubating at room temperature for 48 h. The suspension was then filtered through Fisher Brand
Qualitative P8 filter paper and 3 cm of Celite 545 (Fisher Scientific, Fair Lawn, NJ), and
autoclaved for two consecutive days at 121°C for 60 min. Petri dishes containing the hyphal
mats were placed under constant light at 24°C to 26°C in the laboratory for about 5 days to
induce sporangium production. The soil extract in Petri dishes was replaced daily with fresh
sterile 5% soil extract. Zoospores were collected by placing the mycelial mats at 4°C for 1 h,

followed by incubation at 28°C for 30 min. The concentration of zoospore suspension was
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measured using a hemocytometer and adjusted to either 1x10° or 1x10%zoospores/mL. Plants
were inoculated within 2 hours of zoospore collection.

Infection efficiency. Seedlings of Fla 301 and K 326 Wz/Wz were inoculated with each of
the eight isolates of P. nicotianae by immersing the root system of each plant into 10 mL of a
zoospore suspension at either 1x103 or 1x10% zoospores/mL (total of 32 treatments, 8 isolates x 2
concentrations of zoospore suspension x 2 tobacco genotypes) contained in Petri dishes (60 mm
x 15 mm). After 2.5 h, inoculated seedlings were carefully removed and placed into Petri dishes
(100 mm x 30 mm) containing 30 mL of sterile 5% soil extract. The seedlings were incubated for
an additional 26.5 h (total incubation 29 h) at 28°C in the dark at which time 5 drops of
lactophenol cotton blue was added to each Petri dish to stop sporangium production and
pathogen development. The number of root tips with sporangia present and the total number of
sporangia present around each root tip was counted under light microscopy. Proportion of root
tips infected, infection efficiency, was determined as the ratio between the number of root tips
with at least one sporangium present and the total number of root tips present on a seedling. The
number of sporangia around multiple plants was quantified before and then again 24 h after
adding lactophenol cotton blue to confirm that counts did not change during the assessment
period.

Statistical analysis. Each single-plant treatment was replicated three times, giving three
biological replications for each of the 32 treatments. Analysis of variance and Ismeans of the
number of sporangia produced per root tip and proportion of root infection were obtained at each
zoospore concentration x tobacco genotype combination using the PROC GLIMMIX procedure
in SAS (Version 9.4, SAS Institute, Cary, NC). A negative binomial distribution was specified in

the model statement.
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Lesion length

Tobacco seedling production. Tobacco genotypes Fla 301 and K326 Wz/Wz were seeded
in potting medium (Fafard® F2, Conrad Fafard, Inc, Agawam, MA) in 20 cm diam pots in a
greenhouse with 35°C/26°C day/night temperature regime and a 14 h photoperiod supplemented
with high intensity lights (MH Lamp 1000W). Seedlings were transplanted to 10 cm-diameter
pots containing Fafard® F2 four weeks after seeding. The seedlings were grown for another 4 to
5 weeks prior to stem inoculation. Seedlings were watered twice a day and fertilized weekly with
Miracle-Gro® water-soluble all-purpose plant food (24-8-16) (Scotts Miracle-Gro Company,
Marysville, OH).

Stem lesion length. Seedlings of K 326 Wz/Wz were inoculated with the four isolates from
K 326 Wz/-- and seedlings of Fla 301 were inoculated with the four isolates from Fla 301 (8
treatments). The stem of each plant was inoculated with a pathogen-infested toothpick as
previously described (McCorkle et al. 2013). Briefly, toothpicks were prepared by autoclaving
rounded toothpicks (65 mm x 2 mm) in 5% clarified V8 juice for 30 min at 121°C once a day for
two consecutive days. Sterilized toothpicks were placed on the surface of 5% V8 agar cultures of
an isolate, sealed with Parafilm®, and stored in the dark at 28°C for about 7 days to allow time
for the toothpicks to be fully colonized by the pathogen. Infested toothpicks were inserted
aseptically through the plant stems at half height of the plant and lesion length was measured at
the same time daily for 3 days using a digital caliper.

Experimental design and statistical analysis. The experiment was conducted twice in a
randomized complete block design. There were eight single-plant replicates in trial 1 and six in
trial 2 for each isolate x host treatment. Final stem lesion length was taken on day 3 as some

lesions reached the end of healthy tissue by day 4. Analysis of variance and Ismeans of the 3
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day lesion length were obtained using the PROC GLIMMIX procedure in SAS (Version 9.4,
SAS Institute, Cary, NC).
Aggressiveness of single-zoospore progeny

Tobacco seedling production. Tobacco seedlings of Fla 301 and K326 Wz/Wz were
grown as described in the lesion size experiment, except seedlings were 6 to 7 weeks old when
inoculated.

Single zoospore isolates. Zoospore suspensions of the eight isolates were prepared as
previously described. Single zoospore isolates were obtained by adding 10 pl of zoospore
suspension to 90 pl of sterile deionized water and spreading the spore suspension onto semi-
selective PARPH medium (Kannwischer and Mitchell 1978; Shew 1983). The Petri dish was
sealed with Parafilm® and incubated in the dark at 28°C for about 24 h to allow colonies of P.
nicotianae to form. For each isolate, 10 single-zoospore isolates were obtained and maintained
by transferring a mycelial plug cut at the edge of each single-zoospore colony to Petri dishes
containing 5% V8 agar.

Inoculum production. Single-zoospore isolates and their parental isolates were grown on
5% V8 agar medium for about one week until they had grown to the edge of the Petri dishes.
Approximately 55 cc of sterilized oat grains were added to the surface of each Petri dish, then
sealed with Parafilm® and incubated at 28°C for 7-12 days until oat grains were fully colonized
by the pathogen. Sterile oat grains were prepared by autoclaving 500 mL of oats plus 400 mL of
deionized water for 1 h at 121°C for three consecutive days.

Root inoculation. The aggressiveness of the single-zoospore isolates and their parental
isolates was determined on the host of adaptation. Tobacco seedlings were inoculated by placing

two colonized oat grains into each of two 5 cm deep holes that were 4 cm away from the stem.
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Plants were watered after inoculation to seal inoculation holes. Plants were observed at
approximately the same time daily for the presence of stem necrosis and permanent wilting for
28 days. The incubation period was considered to be the number of days required for
aboveground stem necrosis onset after inoculation, but since not all plants became symptomatic,
values were converted to disease severity values following the methods described by McCorkle
et al (2018). A disease severity value of 0 was given to plants that did not have above ground
symptoms 28 days after inoculation. The severity values were: 1-6 days=10, 7-10 days=8, 11-16
days=6, 17-22=4, 23-28=2, and no symptoms at day 28=0. The average disease severity value of
the plants served as the aggressiveness index of the isolate used for inoculation.

Experimental design and statistical analysis. The experiment was arranged in a
randomized complete block design and conducted twice. There were 10 single-plant replicates in
trial 1 and 6 single-plant replicates in trial 2. The number of single-zoospore progeny screened
for each trial ranged from 8 to 10 for each of the eight parental isolates giving a total of 75
isolates in trial 1 and 77 in trial 2. The 77 isolates used in trial 2 included 72 isolates tested in
trial 1 and another 5 isolates that were originally obtained but not tested in trial 1. Analysis of
variance and Ismeans of disease severity caused by each isolate were obtained using the PROC
GLIMMIX procedure in SAS (Version 9.4, SAS Institute, Cary, NC).

RESULTS

Sporangium production and infection efficiency. Sporangium production occurred with
all isolates by 29 h post inoculation (hpi), as observed in preliminary experiments. Longer
incubations resulted in too many sporangia to accurately count in some treatments, therefore all
growth was terminated at this time for comparisons across treatments. In general, the four sets of

isolates demonstrated similar trends in sporangium production and infection efficiency (Figs.
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2.1- 2.4). In most paired sets of isolates (the adapted versus the non-adapted isolates of the same
race from the same host genotype), the adapted isolate produced more sporangia per infected
root tip and sporulated on a higher proportion of root tips than the non-adapted isolate for each
zoospore concentration. For example, at 10° zoospores/mL on K 326 Wz/Wz, the race 0 isolate
that was adapted on K 326 Wz/-- (R0-G5-Wz) reproduced on 78% of the root tips and produced
an average of 27 sporangia per infected root tip. By comparison, the non-adapted isolate (R0-G2-
Wz) reproduced on only 15% of the root tips and produced an average of 12 sporangia per
infected root tip (Fig. 2.1).

Sporangium production and root tip infection increased with zoospore concentration
(Figs. 2.1- 2.4). For example, on K 326 Wz/Wz, root tip infection increased from 78% to 87%
and the average number of sporangium produced per infected root tip increased from 27 to 33 for
isolate RO-G5-Wz as zoospore concentration increased from 10 zoospore/mL to 10*
zoospore/mL (Fig. 2.1). Larger increases were observed with the non-adapted isolate RO-G2-Wz,
with infection increasing from 15% to 65% and sporangia per infected root tip increasing from
12 to 17 as inoculum concentration increased from 10° zoospores/mL to 10* zoospores/mL (Fig.
2.1). Sporangia produced per infected root tip and the proportion of root tips with P. nicotianae
sporulation was higher at 10° zoospores/mL with the adapted isolate RO-G5-Wz than at 10*
zoospores/mL with the non-adapted isolate RO-G2-Wz, representing greater than a 10-fold
increase in sporangium production and infection efficiency following adaptation. This
phenomenon was often observed between adapted and non-adapted isolates within each of the
paired-sets of isolates, but there were a few exceptions. Isolate R1-G2-/z infected a higher
proportion of root tips but produced fewer sporangia per infected root tip at 10* zoospore/mL

than at 10° zoospore/mL on K 326 Wz/Wz (Fig. 2.3). Also, isolate R1-G6-Fla infected a higher
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proportion of root tips at 10* zoospore/mL on a given host genotype (Fig. 2.4A), but did not
produce more sporangia per infected root tip as zoospore concentration increased (Fig. 2.4B).

Isolates adapted on one source of partial resistance were more aggressive than their
respective paired non-adapted isolates on both sources of resistance. At 10 zoospores/mL,
isolate RO-G5-Wz infected 66% of the root tips of Fla 301 compared to isolate RO-G2-Wz ,which
infected 36% of the root tips (Fig. 2.1A). Similarly, average sporangium production per infected
root tip was 16 for RO-G5-Wz and 11 for RO-G2-Wz on Fla 301 (Fig. 2.1B).

Finally, there was a difference in aggressiveness of the two races. Race 0 isolates
consistently produced more sporangia per infected root tip across host genotype x zoospore
concentration combinations, and sporulated on a higher proportion of root tips than race 1
isolates from same host genotype with a similar adaptation level. For example, the adapted race 0
isolate on Wz, RO-G5-Wz, sporulated on 78% of the root tips and produced an average of 27
sporangia per infected root tip on K 326 Wz/Wz at 10° zoospores/mL (Fig. 2.1). In contrast, the
adapted race 1 from Wz, R1-G6-Wz, sporulated on 21% of the root tips and produced an average
of 12 sporangia per infected root tip (Fig. 2.3).

Stem lesion length. A significant trial effect was observed for stem lesion length (P <
0.001), with isolates causing much larger lesions in trial 1 (20 mm to 94 mm) than in trial 2 (5
mm to 35 mm). A significant “trial x isolate” effect (P=0.012) was detected only for RO-G2-Wz
and RO-G5-Wz, therefore data from the two trials were analyzed separately for this pair of
isolates. A significant isolate effect was detected in trial 1 where adapted isolate RO-G5-Wz
caused significantly larger sized lesions than the non-adapted isolate RO-G2-Wz (Fig. 2.5A). In

trial 2, lesions caused by RO-G5-Wz were larger, but were not statistically different (Fig. 2.5A).
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Data from the two trials were combined for analysis for two sets of isolates, R0-G2-Fla
and R0-G6-Fla, and R1-G2-Wz and R1-G6-Wz, since there was not a significant “trial x isolate”
interaction. For these isolates, differences were not significant in lesion length caused by the
adapted and non-adapted isolates (Figs. 2.5B, 2.5C). Isolates R1-G1-Fla and R1-G6-Fla were
only available for trial 1 and no differences in lesion length were observed (Fig. 2.5D).

Single zoospore isolate aggressiveness test. This experiment was conducted twice in the
greenhouse. There was a significant “trial” effect on disease severity, with overall disease
severity being higher in trial 1 than in trial 2. Where there was no significant “trial x parental
isolate” effect, data were combined for analysis. Aggressiveness, measured as the time required
for the development of crown rot of a tobacco plant, was higher in the single-zoospore progenies
of adapted isolates than progeny from non-adapted isolates (Figs. 2.6A — 2.6D). For example, the
single-zoospore progeny derived from adapted isolate RO-G5-Wz had a mean disease severity
index of 5.48 compared to 3.76 in the progeny from non-adapted isolate RO-G2-Wz (P<0.0001)
(Fig. 2.6A). Similarly, progeny from adapted isolate RO-G6-Fla had a disease severity index of
4.61 compared to 3.61 for the progeny from the non-adapted isolate RO-G2-Fla (P=0.048) (Fig.
2.6B). Differences were also observed with the race 1 isolate from Wz, where progeny of the
adapted isolate R1-G6-/7z had a disease severity index of 7.87 compared to 3.81 for progeny of
the non-adapted isolate R1-G2-Wz (P<0.0001) (Fig. 2.6C).

A significant “trial x parental isolate” effect (P=0.0186) was detected for the single-
zoospore progenies from R1-G6-Fla and R1-G1-Fla, and trials were analyzed separately.
However, there were no statistical differences observed between the adapted and non-adapted

progenies in either trial (Fig. 2.6D).
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DISCUSSION

The ability of P. nicotianae to adapt to multiple sources of partial resistance is a major
concern in the long term use of these important management tools (McCorkle 2016; McCorkle et
al. 2018). Assessing how pathogens evolve in response to partial resistance should provide a
better understanding of the host-pathogen interaction and the development of long-term disease
management strategies for black shank disease of tobacco. The isolates of P. nicotianae used in
this study represented isolates of races 0 and 1 that had been exposed to two of the major sources
of partial resistance, Fla 301 and Wz, that growers will use for black shank management in the
future. An important question addressed in this study was whether pathogen adaptation was
specific to the resistance source and if the components of aggressiveness involved in the
adaptation to multiple sources were the same.

Multiple pathogens have demonstrated their adaptive potential via enhanced
aggressiveness components in response to partial resistance (Leonard 1969; Lehman and Shaner
1997; Phillips and Blok 2008; Delmotte et al. 2014; Andrivon et al. 2007). In our study, changes
in aggressiveness were quantified based on changes in infection efficiency (proportion of root
tips infected), sporangium production, and vegetative growth in host tissue (stem lesion size).
Since P. nicotianae is an asexual organism, the ability of the eight parental isolates to pass
aggressiveness traits to their asexual progeny was assessed by investigating the aggressiveness of
their single-zoospore progenies compared to their parental isolate.

Calcined clay was used to grow seedlings for the sporangium production and infection
efficiency experiments. The use of this plant growth medium resulted in clean and intact roots,
facilitating efficient inoculation and accurate quantification of sporangia on root tips. Based on

results from a preliminary experiment, 29 hpi was chosen as the time point for quantifying
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sporangium production on inoculated tobacco root tips. This time period allowed abundant and
countable numbers of sporangia to form. In the same preliminary experiment, it was observed
isolates of P. nicotianae produced sporangia on tobacco root tips beginning at 24 hpi. Although
sporangium production of P. nicotianae can occur within 10-hour when colonized agar plugs in
5% soil extracts are incubated under constant light (Hu et al. 2007), our study demonstrates that
sporangium production in P. nicotianae can occur within 24 hours in vivo. This supports
previous findings on the polycyclic nature of this disease under favorable soil conditions and
how partial resistance can affect spread of the pathogen through secondary cycles of infection
(Shew 1987).

In this study, sporangium production and infection efficiency were greater in isolates
adapted on either source of partial host resistance than in isolates that were not adapted 97% of
the time. The level of increased efficiency was surprising. In multiple cases, an inoculum level of
10° zoospores/mL of the adapted isolate resulted in more infected root tips and more sporangia
produced per root tip than 10* zoospores/mL of the non-adapted isolate. In a disease where initial
inoculum density is very important for resistance to be effective (Ferrin and Mitchell 1986), a 10
fold increase in infection efficiency could rapidly erode efficacy of the resistance. The consistent
increase observed in these two phenotypic traits following adaptation on both sources of
resistance suggest they are key components of aggressiveness used by P. nicotianae during
adaptation to host plants with partial resistance. This conclusion is further supported by the non-
specific adaptation of P. nicotianae to the two sources of partial resistance investigated. Adapted
isolates were more aggressive when inoculated on their non-adapted host (e.g. isolates adapted
on Wz and inoculated onto Fla resistance) as well as their adapted host. While rotation of

resistance types can reverse race development in P. nicotianae (Sullivan et al. 2005a),
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observations from this study indicate that rotation of partial resistance genes will do little to
make these sources of partial resistance more durable.

Race 1 isolates of P. nicotianae are generally considered to be less fit than race 0 isolates
(Carson et al. 1997; Sullivan et al. 2005b). The isolates of race 1 selected from the previous
adaptation experiment (McCorkle, 2016) for use in this study, while among the most aggressive
race 1 isolates, caused less disease and had lower root rot ratings than the race 0 isolates chosen.
These differences were observed in the tests for quantification of aggressiveness. In most cases,
the race 1 isolates infected fewer root tips and produced fewer sporangia per infected root tip
than the race 0 isolates. Thus, the widespread use of the Ph gene in tobacco germplasm, while
being of little use as a complete resistance gene due to the widespread occurrence of race 1
(Csinos and Bertrand 1994; Gallup et al. 2018; Parkunan et al. 2010), may be very beneficial to
overall black shank disease management if the less fit race 1 isolates remain the predominate
race present in tobacco production fields.

Across all eight isolates used in this study, sporangium production and infection
efficiency increased remarkably as the zoospore inoculum concentration increased. This
observation suggested that a high inoculum level counteracts the effectiveness of host partial
resistance, a phenomenon that has been noticed continuingly (Adams and Papavizas 1971; Neher
and Duniway 1991). Studies on zoospore behavior of P. nicotianae suggested Phytophthora
infection is not solely number-dependent but also density-dependent. P. nicotianae regulates
zoospore aggregation, targeting, and infection via quorum sensing with signaling molecules
(Kong and Hong 2010). This type of behavior could further explain the higher infection
efficiency caused by a higher inoculum density. Further research is needed to investigate the

quality and quantity of signaling molecules in zoospore suspension produced by P. nicotianae
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isolates with different aggressiveness levels and examine their association with isolate
aggressiveness.

In a majority of the cases adapted isolates caused larger stem lesions than their paired
non-adapted isolates. This was consistently observed with race 0 and 1 isolates from K 326 Wz/--
. It is interesting that the non-adapted isolates RO-G2-Wz and R1-G2-Wz exhibited faster radial
growth on V8§ agar than their paired adapted isolates RO-G5-Wz and R1-G6-Wz, respectively (Jin
and Shew, data unpublished). The discrepancy in vegetative growth observed in the Wz-adapted
and non-adapted isolates on V8 agar and on the stem of K 326 Wz/Wz seedlings suggested
vegetative growth is an aggressiveness component contributing to P. nicotianae adaptation to
Wz-sourced resistance. However, with isolates from Fla 301, either inconsistent behavior or no
difference was observed between adapted and non-adapted isolates in causing lesion length. This
result is most likely due to the lack of disease resistance in the stem of Fla 301 compared to the
low level of stem resistance present in K 326 Wz/Wz (McCorkle et al. 2018).

Pathogen aggressiveness is a multicomponent trait that includes infection efficiency,
latent period, sporulation rate and duration, and lesion size (Pariaud, Ravigné, et al. 2009). The
complexity of pathogen aggressiveness suggests that various biological processes are involved in
a pathogen’s success on a given host genotype and it is possible that not all isolates evolve the
same set of aggressiveness components or traits to be successful. A previous study on adaptation
of the wheat leaf rust pathogen Puccinia triticina to the resistant cultivar Soissons showed P.
triticina pathotype P1 (dominant pathotype on Soissons) to be more aggressive on Soissons than
at least one of the other two pathotypes measured by various aggressiveness components
(Pariaud et al. 2009). Researchers hypothesized that different development constraints may exist

in different pathotypes, such as limitations in vegetative growth in host tissue or restrictions in
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nutrient utilization for reproduction. These isolate-specific differences may account for the
variation in adaptation observed in some of the combinations of adapted vs non-adapted isolates
for some traits in this study.

In addition to developing enhanced aggressiveness on a given resistance source, it is vital
to the fitness of the isolate that the aggressiveness traits have a high degree of heritability. For
the asexual organism P. nicotianae, this was investigated using single zoospore progeny of the
eight isolates. Variation in aggressiveness among single-zoospore isolates from a given parent
was noticed; however, progeny from adapted isolates exhibited a higher average aggressiveness
in general than progeny from non-adapted isolates. Variations in single-zoospore isolates have
been observed in Phytophthora species for decades and strong selection pressure can lead to
phenotype shifts . For instance, in a study on P. infestans, single zoospore isolates showed a
large variation in growth rate, and a rapid divergence in mean growth rate was observed in
populations of zoospore cultures after their parental isolates from a single mass culture were
selected for either high or low growth rate (Caten and Jinks 1968). These observations implied
that certain genetic mechanisms exist in Phytophthora to allow phenotypic features to transmit
from one asexual generation to the next. Heterokaryosis, mutation, parasexuality, physiological
adaptation, and cytoplasmic control were proposed to explain the variations of different traits
among asexual progenies in Phytophthora (Caten and Jinks 1968). The variation in traits is
critical with regard to adaptation in Phytophthora to its natural environment as it generates
diverse genotypes and phenotypes under natural selection.

In summary, our study demonstrated that sporangium production, infection efficiency,
and vegetative growth are three major aggressiveness components contributing to the overall

aggressiveness in individual isolates of P. nicotianae during its adaptation to partial resistance in
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tobacco. In addition, these traits were readily passed on clonally to asexual progeny of each
isolate. Unique interactions between individual isolates and specific host genotypes could
influence evolution of aggressiveness components in individual isolates of P. nicotianae, but in
general, adaptation was a non-specific trait that may potentially result in a gradual erosion of
partial resistance without the use of other management practices that can reduce the continual
selection pressure applied on a pathogen population during continuous planting of a host. With
multiple molecular mechanisms potentially supporting this adaptation, further investigation is

needed to better understand the underlying genetic changes.
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Table 2.1. Four sets of adapted and non-adapted isolates of Phytophthora nicotianae selected
based on mean disease severity (N=10) and mean percent root rot (N=10) caused on either Fla
301 or K 326 Wz/-- used for quantifying sporangia production and inoculum efficiency.

Isolate Host genotype . Disease Percent
Designation* of origin Adaptation Race SeverityY Root Rot”

R0O-G6-Fla Fla 301 Adapted 0 6.6 94

RO-G2-Fla Fla 301 Non- 0 1.4 46
adapted

RO-G5-Wz K 326 Wz/-- Adapted 0 9.4 100

RO-G2-Wz K 326 Wa/-- Non- 0 0.4 20
adapted

R1-G6-Fla Fla 301 Adapted 1 0.8 41

R1-G1-Fla Fla 301 Non- 1 1.4 21
adapted

R1-G6-Wz K 326 Wz/-- Adapted 1 7 97

RI-G2-Wz K 326 W/ Non- 1 0 8
adapted

*R0O =race 0, R1 =race 1; G =# of adapted generations; Fla = Fla 301, Wz = K326 Wz/--
YDisease severity was indexed from 0 (lowest) to 10 (highest) and quantified by McCorkle
(2016).

“Percent root rot was quantified by McCorkle (2016).
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Figure 2.1. Infection efficiency measured as proportion of roots infected and sporangium
production per infected root tip of race 0 K326 Wz/-- adapted (R0O-G5-Wz) and non-adapted (RO-
G2-Wz) isolates of Phytophthora nicotianae on tobacco genotypes K 326 Wz/Wz and Fla 301 at a
zoospore concentration of 10 zoospores/mL or 10* zoospores/mL. A. Proportion of roots
infected by RO-G5-Wz and RO-G2-Wz at a zoospore concentration of 103 zoospores/mL or 10*
zoospores/mL on K 326 Wz/Wz and Fla 301. B. Average number of sporangia produced by RO-
G5-Wz and RO-G2-Wz per infected root tip at a zoospore concentration of 10° zoospores/mL or
10* zoospores/mL on K 326 Wz/Wz and Fla 301. Values are means of three replicates; error
bars=standard error of the mean.
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Figure 2.2. Infection efficiency measured as proportion of roots infected and sporangium
production per infected root tip of race 0 Fla 301 adapted (R0-G6-Fla) and non-adapted (RO-G2-
Fla) isolates of Phytophthora nicotianae on tobacco genotypes K 326 Wz/Wz and Fla 301 ata
zoospore concentration of 10 zoospores/mL or 10* zoospores/mL. A. Proportion of roots
infected by R0-G6-Fla and R0-G2-Fla at a zoospore concentration of 10° zoospores/mL or 10*
zoospores/mL on K 326 Wz/Wz and Fla 301. B. Average number of sporangia produced by RO-
G6-Fla and RO-G2-Fla per infected root tip at a zoospore concentration of 10* zoospores/mL or
10* zoospores/mL on K 326 Wz/Wz and Fla 301. Values are means of three replicates; error
bars=standard error of the mean.

64



g 1.0
g m R1-G2-Wz
£ 081 m R1-G6-Wz
a
g 0.6
G
c 0.4+
.2
5 0.2-
e
°
o 0.0-
& & & &
,\S’\ 's&\ \g\ th\
Q\ Q\ $1' &1
® ® N N
o o
L) )
+ +
B
2
5 40+
3 = R1-G2-Wz
e}
g 304 m R1-G6-Wz
L
£
; 20+
k=)
&
S 10-
o
n
-
° o-
o 3 3 3 N
z & w& & w®
N N N N
N N 4 4
S S 3“ 1?“
< ® W )
g
b S
+ +

Figure 2.3. Infection efficiency measured as proportion of roots infected and sporangium
production per infected root tip of race 1 K 326 Wz/-- adapted (R1-G6-Wz) and non-adapted (R1-
G2-Wz) isolates of Phytophthora nicotianae on tobacco genotypes K 326 Wz/Wz and Fla 301 at a
zoospore concentration of 10 zoospores/mL or 10* zoospores/mL. A. Proportion of roots
infected by R1-G2-Wz and R1-G2-Wz at a zoospore concentration of 103 zoospores/mL or 10*
zoospores/mL on K 326 Wz/Wz and Fla 301. B. Average number of sporangia produced by R1-
G6-Wz and R1-G2-Wz per infected root tip at a zoospore concentration of 10* zoospores/mL or
10* zoospores/mL on K 326 Wz/Wz and Fla 301. Values are means of three replicates; error
bars=standard error of the mean.

65



T 1.0-
2 R1-G1-Fla
:-E 0.8 B R1-G6-Fla
P
g 06-

G
° 0.4
S -
€ o
§_ 0.2 i _
& 00l . — .
A A
& W& & W&
K K K S
N N v v
) QO
'
< << 6«“?“ 6{@“
¥ ¥
Y €
B
40+
R1-G1-Fla
B R1-G6-Fla

[
o
1

-
o
1

(=]

No. of sporangia / infected root tip
N
o
1

1
N D
& W& N N
\,\e \,s 1,9 1,9
oS N
® ® Q;X“?“ 4‘&‘
¥ i
¢ &

Figure 2.4. Infection efficiency measured as proportion of roots infected and sporangium
production per infected root tip of race 1 Fla 301 adapted (R1-G6-Fla) and non-adapted (R1-G1-

Fla) isolates of Phytophthora

nicotianae on tobacco genotypes K 326 Wz/Wz and Fla 301 ata

zoospore concentration of 10 zoospores/mL or 10* zoospores/mL. A. Proportion of roots
infected by R1-G6-Fla and R1-G1-Fla at a zoospore concentration of 10 zoospores/mL or 10*
zoospores/mL on K 326 Wz/Wz and Fla 301. B. Average number of sporangia produced by R1-
G6-Fla and R1-G1-Fla per infected root tip at a zoospore concentration of 10* zoospores/mL or
10* zoospores/mL on K 326 Wz/Wz and Fla 301. Values are means of three replicates; error
bars=standard error of the mean.
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Figure 2.5. Lesion length caused by isolates of Phytophthora nicotianae on tobacco stems three
days after toothpick inoculation. A. Lesion length caused by race 0 K326 Wz/-- non-adapted
isolate (RO-G2-Wz) and adapted isolate (RO-G5-z) on stems of K 326 Wz/Wz seedlings. B.
Lesion length caused by race 0 Fla 301 non-adapted isolate (RO-G2-Fla) and adapted isolate (RO-
G6-Fla) on stems of Fla 301 seedlings. C. Lesion length caused by race 1 K326 Wz/-- non-
adapted isolate (R1-G2-Wz) and adapted isolate (R1-G6-Wz) on stems of K 326 Wz/Wz
seedlings. D. Lesion length caused by race 1 Fla 301 non-adapted isolate (R1-G1-Fla) and
adapted isolate (R1-G6-Fla) on stems of Fla 301 seedlings (data from 1% trial). Values are means
of fourteen replicates; error bars=standard error of the mean. Difference between isolates was
determined using the GLIMMIX procedure in SAS. Significance is indicated using *** for P
value <0.001.
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Figure 2.6. Average aggressiveness of single-zoospore progenies derived from isolates of
Phytophthora nicotianae. A. Average aggressiveness of single-zoospore progenies derived from
non-adapted isolate (RO-G2-Wz) and adapted isolate (RO-G5-Wz) on K 326 Wz/Wz. B. Average
aggressiveness of single-zoospore progenies derived from race 0 Fla 301 non-adapted isolate
(R0-G2-Fla) and adapted isolate (R0-G6-Fla) on Fla 301. C. Average aggressiveness of single-
zoospore progenies derived from race 1 K326 Wz/-- non-adapted isolate (R1-G2-Wz) and
adapted isolate (R1-G6-Wz) on K 326 Wz/Wz. D. Average aggressiveness of single-zoospore
progenies derived from race 1 Fla 301 non-adapted isolate (R1-G1-Fla) and adapted isolate (R1-
G6-Fla) on Fla 301. Values are means of eight to ten replicates; error bars=standard error of the
mean. Difference between progenies was determined using the GLIMMIX procedure in SAS.
Significance is indicated using * for P value <0.05, **** for P value <0.0001.
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CHAPTER 3
Impacts of continued exposure to a susceptible host genotype on aggressiveness

of Phytophthora nicotianae isolates adapted to multiple sources of partial resistance

J. Jin and H. D. Shew
Department of Entomology and Plant Pathology, North Carolina State University, Raleigh, NC

27695.

ABSTRACT

Pathogen adaptation can threaten the durability of partial resistance. Mixed plantings of
susceptible and partially resistant varieties may prolong the effectiveness of partial resistance,
but little is known about how continued exposure to a susceptible genotype can change the
aggressiveness of pathogen isolates adapted to a source of partial resistance. The objective of this
study was to examine the effects of continued exposure to a highly susceptible tobacco genotype
on isolates of P. nicotianae that had been adapted to partial resistance. Isolates of P. nicotianae
previously adapted on two sources of partial resistance were continually exposed to either the
original host of adaptation or a susceptible host. After six generations of host exposure, isolates
obtained from the partially resistant and the susceptible hosts were compared for their
aggressiveness on the resistant host and for differences in expression of genes associated with
pathogenicity and aggressiveness. Results suggested exposure to the susceptible tobacco
genotype reduced aggressiveness of isolates from partial resistance in K 326 Wz/--, but not of
isolates from partial resistance from Fla 301. Quantification of pathogenicity-associated gene

expression using qRT-PCR suggested the rapid change in aggressiveness of isolates adapted to
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Wz-sourced partial resistance may have resulted from modification in gene expression in
multiple genes.
INTRODUCTION

Plant diseases impose a major constraint in crop production. Host resistance is the most
eco-friendly and cost-effective management tool reducing losses to plant diseases when
available. Disease resistance is typically categorized as complete (qualitative) resistance
conferred by single resistance genes or as partial (quantitative) resistance conferred by multiple
quantitative trait loci (QTLs) (Kou and Wang 2010). Phenotypically, complete resistance
provides immunity to races of plant pathogens, while partial resistance confers varying levels of
resistance to all races resulting from reduced pathogen multiplication, colonization and disease
severity (Pilet-Nayel et al. 2017). Complete resistance is used by plant breeders and preferred by
growers because of its simple genetic inheritance and a high level of effectiveness that often
eliminates the need for chemical controls. However, the breakdown of complete resistance due to
race development in the pathogen has been observed in many pathosystems (McDonald and
Linde 2002a, 2002b), including tobacco and Phytophthora nicotianae (Csinos 2005; Gallup and
Shew 2010).

Partial resistance is generally considered more durable than complete resistance since
there are multiple mechanisms involved in disease suppression (Poland et al. 2009; Pilet-Nayel et
al. 2017; Cowger and Brown 2019). As multiple QTLs underlie partial resistance, selection
pressure from any one gene is much less than observed with complete resistance. The different
QTLs may inhibit or suppress different stages in pathogen development, which would serve to
not only enhance the effectiveness of partial resistance but also require the pathogen to

accumulate multiple mutations to overcome this type of resistance. The different resistance
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mechanisms underlying partial resistance also may be effective at different developmental stages
of the host, thereby affecting pathogens that attack at one or multiple time periods of plant
development (Pilet-Nayel et al. 2017).

Given the desirable attributes of partial resistance, the interest in identifying partial
resistance and incorporating it into high quality varieties of plants has increased over time
(Young 1996; Lindhout 2002; St. Clair 2010; Corwin and Kliebenstein 2017). However, both
experimental evolutionary studies and observations under field conditions suggest that plant
pathogens including fungi, oomycetes, viruses, and nematodes can erode this type of resistance
(Cowger and Mundt 2002; Delmas et al. 2016; Montarry et al. 2012; Phillips and Blok 2008).
Pathogens adapted to plant hosts with partial resistance exhibit an array of traits that can result in
increased disease severity compared to wild type pathogens that include increased infection
efficiency, shortened latent period, extended infectious period, increased sporulation, and larger
lesions (Pariaud et al. 2009). How to effectively utilize partial resistance to conserve its
durability is a concern for long-term disease management. A few studies have suggested that
mixing susceptible and partially-resistant host varieties could possibly slow down pathogen
adaptation and increase the durability of partial resistance (Montarry et al. 2012; Carroll et al.
2012; Andrivon et al. 2003). However, little is known of how exposure to a susceptible host
genotype affects aggressiveness in pathogen isolates adapted on partial resistance.

Tobacco black shank, caused by P. nicotianae, is one of the most devastating diseases of
tobacco worldwide. Planting resistant varieties is a critical component of an integrated disease
management strategy. The major source of partial resistance in all commercial tobacco varieties
is believed to originate from the cigar tobacco Florida 301 (Fla 301). However, P. nicotianae

adaptation to partial resistance from Fla 301 has been reported. Isolates of P. nicotianae exposed
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to varieties with a high level of partial resistance were more aggressive than isolates exposed to
varieties with a low level of partial resistance (Dukes and Apple 1961; Sullivan et al. 2005). A
more recently developed source of partial resistance to black shank disease is conferred by a
chromosome segment designated as Wz region from Nicotiana rustica (Drake et al. 2015;
McCorkle et al. 2018). A greenhouse study demonstrated that P. nicotianae was able to rapidly
adapt to Fla 301 and Wz sources of partial resistance. The adapted isolates exhibited a higher
level of aggressiveness based on increased infection efficiency, vegetative growth, asexual
reproduction, and the ability to pass increased aggressiveness to their asexual progenies (Jin and
Shew, Plant Dis. 2020, submitted; McCorkle et al., Appendix A).

The initial goal of this study was to better characterize adaptation of P. nicotianae to two
sources of partial resistance and determine if removal of the selection pressure imposed by the
resistance genes resulted in a loss of aggressiveness associated with adaptation. The second goal
was to examine the association between isolate aggressiveness and the expression of known
pathogenicity-associated genes after inoculation, including the possible relationship between
gene expression level and gene copy number in P. nicotianae.

MATERIALS AND METHODS

Isolate selection. Four isolates of P. nicotianae were selected from a prior greenhouse
adaptation study in which isolates of P. nicotianae were adapted on tobacco genotypes with
different sources and levels of partial resistance (McCorkle et al. 2018). The four initial isolates
included two race 0 and two race 1 isolates. For each race, the two isolates had been adapted on
either K 326 Wz/-- or Fla 301 for at least 5 generations (Table 1).

Host genotype selection. Three tobacco genotypes were used in this study. Two of the

tobacco genotypes were the initial sources of partial resistance, K 326 Wz/Wz and Fla 301. The
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third host genotype was the highly susceptible genotype ‘Hicks’ with no known partial resistance
QTLs to black shank disease.

Seeds of each of the three genotypes were planted into potting medium (Fafard® 2P Mix;
Conrad Fafard, Inc.) in plastic pots maintained in a greenhouse. Four weeks after seeding,
seedlings were transplanted into cell trays (cell size 3.8 cm x 3.8 cm x 5.7 cm) containing
Fafard® 2P Mix. After 3 weeks, 10 seedlings of a single genotype were transplanted into a large
flat (51 cm x 36 cm x 10 cm) filled with a 1:1:1 mixture of steam pasteurized sandy-loam soil,
coarse builder’s sand, and potting mix. Plants were watered twice a day and fertilized once a
week with Miracle-Gro® all-purpose plant food (24-8-16) (Scotts Miracle-Gro Company,
Marysville, OH). The greenhouse was maintained at a 35°C/26°C day/night temperature with
high intensity lighting (MH Lamp 1000W) for 14 hours a day.

Inoculum production. The four isolates of P. nicotianae were maintained at 28°C in the
dark on 5% clarified V8 medium (200 mL of clarified V8 juice, 800 mL of deionized water, and
20 g of Difco® Bacto® agar). Clarified V8 juice was made using 250 mL of V8 juice (Campbell
Soup Co.) mixed with 2 g of CaCO;3 and 750 mL of deionized water. The mix was autoclaved at
121°C (at 15 psi) for 30 min, filtered through Fisher Brand Qualitative P8 filter paper and 3 cm
of Celite 545 (Fisher Scientific, Fair Lawn, NJ), and restored to original volume by adding
deionized water. Filtered V8 juice was autoclaved once daily for two consecutive days at 121°C
for 60 min. Mycelial plugs of the four isolates were cut with a sterile cork borer from the edge of
5-day-old cultures and transferred to Petri dishes with freshly made 5% clarified V8 medium.
After the isolates grew to the edge of the Petri dishes (one week), sterilized oat grains (~55 cc)
were added to the Petri dishes, sealed with Parafilm, and incubated at 28°C in the dark for 7-12

days until oat grains were fully colonized by the pathogen. Oat grains sterilized by autoclaving
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500 cc of oats and 400 mL of DI water at 121 °C for 1 hour once a day for three consecutive
days.

Inoculation, propagule quantification and pathogen isolation. Ten tobacco seedlings in
each flat were inoculated by placing 4 colonized oat grains of a single isolate around each
seedling (40 oat grains per flat). Each of the four isolates was used to inoculate its initially
adapted host genotype, either K 326 Wz/Wz or Fla 301, and Hicks (eight treatments total). Each
host genotype x isolate treatment was replicated four times and the experiment was arranged in a
randomized complete block design. After inoculation, tobacco seedlings were left in the flats to
allow disease development for 4 weeks, after which any remaining aboveground parts of the
seedlings were removed. Roots of the seedlings were left in the growth medium for an additional
19 days during which time flats were watered lightly once a day to keep soil moist but not
saturated. After the 19-day fallow period, the growth medium from the four replicate flats of a
treatment were mixed together and redistributed back into the four flats. After combining the soil
from the four replicates, three 1 g samples of growth medium from each of the eight treatments
were assayed on the semi-selective PARPH medium to quantify the inoculum density of P.
nicotianae in each treatment (Kannwischer and Mitchell 1978; Shew 1983). Healthy tobacco
seedlings (about 7-week-old) of the same host genotypes were prepared as described above and
replanted into the infested growth medium to begin the next generation of host plant exposure.
No additional inoculum was added to subsequent generations of plants in the flats. This
“planting-fallowing” process was repeated for six host generations, and at the end of the sixth
generation the growth medium in the four replicate flats was mixed and 10 isolates of P.

nicotianae were recovered from the growth medium of each treatment on PARPH medium (Fig.
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3.1). Isolates were transferred and maintained on 5% clarified V8 agar and used in
aggressiveness tests for each of the eight host-pathogen combinations.

Aggressiveness evaluation. Aggressiveness of the 80 collected isolates (10 per treatment)
was evaluated on the partially resistant hosts, either K 326 Wz/Wz or Fla 301. For each isolate,
colonized oat grains and tobacco seedlings were prepared as previously described. Four oat
grains were used to inoculate a 7 to 8-week-old tobacco seedling in a pot (10 cm in diameter).
There were 10 replicate seedlings for each treatment. Aggressiveness of the isolates was
determined based on the development of aboveground symptoms including significant wilting or
presence of a stem lesion following the assessment method described by McCorkle et al. (2018).
The incubation period (the number of days required for the development of aboveground
symptoms) was recorded for 28 days and data were converted to disease severity (DS) values
(McCorkle et al. 2018). The class and severity values were as following: 1 — 6 days = 10, 7— 10
days =8, 11 — 16 days =6, 17 —22 =4, 23 — 28 =2, and no symptoms at day 28 = (. Disease
severity values were used as aggressiveness indexes of the respective isolates used for
inoculation. For each of the four initial isolates, the average aggressiveness of the 10 isolates
obtained from Hicks was compared with the average aggressiveness of the 10 isolates from the
partially resistant host genotype using the Proc Mixed Procedure of SAS statistical software
adjusted with the Tukey-Kramer adjustment (Version 9.4, SAS Institute, Cary, NC).

Aggressiveness of a subset of 51 isolates from the 80 isolates was also assessed on K
326, a tobacco genotype with a low level of partial resistance from Fla 301. This genotype was
also the genetic background in K 326 Wz/Wz. The trial was conducted using the same methods as

described above except there were six replicate seedlings per treatment.
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qRT-PCR sample collection. Two isolates derived from parental isolate RO-G5-Wz were
used to investigate differences in gene expression during the colonization and infection of P.
nicotianae on tobacco roots. The isolates represented a wide range of aggressiveness on K 326
Wz/Wz in the greenhouse aggressiveness evaluation. One isolate (Wz-Wz) sampled from K 326
Wz/Wz had an aggressiveness index of 9.25. The second isolate (Wz-H) sampled from Hicks had
an aggressiveness index of 1.25. Zoospore suspensions of the two isolates were prepared
following the methods described by McCorkle et al. (2013). Specifically, mycelial plugs of each
of the two isolates were removed from the edge of cultures on V8 agar and transferred to the
center of 9 cm diameter Petri dishes containing approximately 20 mL of Oatmeal Agar (Difco,
Detroit, MI) (Gooding and Lucas, 1959). The Petri dishes were then incubated in the dark at
28°C for about 2 weeks until dense hyphal mats formed. Hyphal mats were removed from the
oatmeal agar surface and placed into Petri dishes containing 20 mL of sterile 5% soil extract.
Soil extract was prepared by adding 50 g of steam-pasteurized sandy-loam field soil to 1 L of
deionized water and incubating at room temperature for 48 h. The suspension was then filtered
through Fisher Brand Qualitative P8 filter paper and 3 cm of Celite 545 (Fisher Scientific, Fair
Lawn, NJ), and sterilized by autoclaving for two consecutive days at 121°C for 60 min. Petri
dishes containing the hyphal mats were placed under constant light at 24°C to 26°C in the
laboratory for about 5 days to induce sporangium production. The soil extract in Petri dishes was
replaced daily with fresh sterile 5% soil extract. Zoospores were collected by placing the
mycelial mats at 4°C for 1 h, followed by incubation at 28°C for 30 min. The concentration of
zoospore suspension was measured using a hemocytometer and adjusted to 5x10* zoospores/mL.
For each isolate, 60 mL of zoospore suspension were used to inoculate 16 K 326 Wz/Wz

seedlings in a large Petri dish by submerging the roots in the zoospore suspension. Tobacco was
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seeded in a pot containing potting mix and after 4 weeks in the greenhouse, seedlings were
removed from the pot, cleaned, and rinsed with distilled water before inoculation. After
inoculation, Petri dishes were placed under constant light in the laboratory. Three, 6, 12, 24, and
48 hours after inoculation, the roots of three tobacco seedlings were randomly sampled and
placed in 1.7 mL microcentrifuge tubes as three biological replications of that treatment and
immediately frozen in liquid nitrogen and stored in -80°C.

RNA extraction and cDNA synthesis. Each infected root system was powdered separately
in liquid nitrogen. Total RNA was extracted from each root system using the Direct-zol™ RNA
Miniprep kit (Zymo Research; Irvine, CA, USA) and treated with DNase I following the
manufacturer’s instruction. First strand cDNA synthesis was initiated using ProtoScript® II
reverse transcriptase (New England Biolabs, Beverly, MA) following first strand cDNA
synthesis standard protocol NEB#MO0277.

Quantification of pathogenicity-associated gene expression in P. nicotianae and
pathogen content in infected root system via gRT-PCR. Expression of pathogenicity-associated
genes previously identified in P. nicotianae or closely related species of Phytophthora was
quantified (Table 2). The 10 genes included PnCat2, which encodes a catalase that scavenges
reactive oxygen species during host-pathogen interaction (Blackman and Hardham 2008),
PnPSE1, which encodes a penetration-specific effector 1 that modulates auxin content at the
penetration point and increases host susceptibility (Evangelisti et al. 2013), PnATG1, which
encodes an autophagy-associated protein 1 that serves as the central regulator of autophagy
process (Chen et al. 2017), PnCBEL, which encodes a cellulose-binding elicitor lectin that acts
as a structural protein in the cellulosic cell wall and mediates the attachment of the

microorganism to host surfaces (Gaulin et al. 2002), PnPG1, which encodes an extracellular
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endopolygalacturonase 1 that degrades host cell wall and functions as a virulence factor (Yan
and Liou 2005), PnPDI1, which encodes a protein disulfide isomerase 1 that is associated with
the haustoria-like structures and contributes to plant infection (Meng et al. 2015), CRN1, which
encodes a crinkler effector (Liu et al. 2016), NPP1, which encodes a necrosis-inducing protein
that causes necrosis and triggers host defense (Fellbrich et al. 2002), PnGa, which encodes G
protein alpha subunit (Latijnhouwers and Govers 2003a; Hua et al. 2008), and PnCDC, which
encodes Cdc14 phosphatase (Judelson et al. 2008). An internal control gene WS21 that encodes
40S ribosomal protein S3A (Huang et al. 2019) was chosen to normalize gene expression.
Additionally, 18S ribosomal RNA genes of P. nicotianae and N. tabacum (Ellis et al. 2020) were
used to monitor the relative pathogen to host content in infected tobacco root systems. Primers
for the targeted genes were designed using Geneious® 10.2.3 (Biomatters Ltd.).

A total of 20 pL of reaction solution, including 1 pL of cDNA, 10 pL of iTaq Universal
SYBR Green SuperMix (BioRad, Hercules, CA), 0.6 uL of forward and 0.6 pL of reverse
primers (10 uM), and 7.8 puL of molecular grade water was used for qRT-PCR. qRT-PCR was
performed on 96-well plates using the Applied Biosystems QuantStudio™ 6 Flex Real-Time
PCR system with the following settings: one cycle of 95°C for 20 seconds (hold stage), followed
by 40 cycles of 95°C for 15 seconds, 60°C for 30 seconds (PCR stage), with a final melt curve
stage: 95°C for 15 seconds, 60°C for 1 minute and 95°C for 15 seconds.

Three technical replications were performed for each sample and primer set combination.
Specificity of each primer set was examined and confirmed by the appearance of a single peak in
the melting curve analysis following the completion of the amplification reaction. To calculate
the relative expression of genes of interest, cycle threshold values (Ct; amplification cycle in

which fluorescence emitted exceeds background fluorescence) of targeted genes were
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normalized against the mean Ct values of the internal control gene following the method
described by Pfaffl (2001).

Quantification of pathogenicity-associated gene copy number. Artificial DNA was
synthesized (GenScript) to contain a known gene copy number of the sequences of six of the 10
pathogenicity-associated genes (Supplemental material 1). A standard curve for each of the six
genes was generated using primers to amplify the targeted gene with the serial diluted synthetic
DNA samples via qRT-PCR.

To quantify gene copy number in the Wz-Wz and Wz-H isolates, three plugs of each
isolate growing on 5% clarified V8 agar were transferred to 18 mL of potato dextrose broth in
Petri dishes (90 mm x 15 mm) and incubated in an incubator for 7 to 10 days at 28°C in the dark.
Hyphal mats were separated from the agar plugs using vacuum filtration, rinsed using sterile
deionized water, and collected in a sterile 1.7 mL microcentrifuge tube. DNA of the two isolates
was extracted from hyphal tissue ground in liquid nitrogen using Qiagen DNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) and subjected to qRT-PCR. Copy numbers of the genes were
calculated by plotting Ct values onto the standard curves. The single-copy gene encoding G
protein alpha subunit was used to normalize the copy number of pathogenicity-associated genes.
RESULTS

Propagule quantification. Inoculum density of P. nicotianae was quantified for each
treatment after each host generation. In general, inoculum density was higher in flats planted
with the susceptible genotype Hicks than in flats planted with the partially-resistant tobacco
genotype for each of the four isolates for most sampling dates (Fig. 3.2). The number of
propagules recovered ranged from <10 to over 50 p/g of growth medium, and even though there

was variation in inoculum densities over generations, there was no consistent increase or
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decrease in inoculum density over generations of host exposure for any isolate x host genotype
combination (Fig. 3.2).

Aggressiveness of isolates. Average aggressiveness of isolates obtained from the
susceptible host after six generations differed with the source of partial resistance. The asexual
lineages of the race 0 and the race 1 isolates adapted on K 326 Wz/-- lost aggressiveness
following six generations on the susceptible Hicks (Figs. 3.3A, 3.3B). For example, the 10
isolates of the adapted isolate RO-G5-Wz (race 0 originally adapted on Wz for 5 generations) that
was maintained on K 326 Wz/Wz for six generations had an average aggressiveness index of 6.25
(range 0.25 to 9.5). However, the 10 isolates of R0-G5-Wz that was maintained on Hicks for six
generations had an average aggressiveness index of only 0.55 (range 0 to 1.25) (P<0.0001) (Fig.
3.3A). In contrast, the isolates of R0-G6-Fla obtained from Fla 301 and Hicks were similar in
aggressiveness on Fla 301 (Figs. 3.3C). Race 1 isolates derived from parental isolate R1-G6-Fla
had an average aggressiveness index of 6.95 when maintained on Hicks and 5.05 when
maintained on the resistant Fla 301 (P=0.0081) (Fig. 3.3D).

In addition, aggressiveness was determined on a subset of 51 out of the 80 isolates on the
genotype K 326. Although no significant differences in aggressiveness were observed among
isolates (Fig. 4), asexual lineages derived from K 326 Wz/-- -adapted isolates (both races 0 and 1)
had a lower average aggressiveness on K 326 when maintained on Hicks than the isolates
maintained on the resistant host K 326 Wz/Wz (Figs. 3.4A, 3.4B).

Quantification of gene expression in Wz-Wz and Wz-H isolates. The experiment was
conducted twice. There was no significant trial x isolate interaction in the experiment and data
were combined for analysis. Four different expression patterns were observed among the 10

genes (Fig. 3.5). Expression of PnCBEL, PpPDII, and CRNI (Figs. 3.5A — 3.5C) increased over
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the 48 hours after inoculation while expression of PnPSEI and PnPG1 (Figs. 3.5D, 3.5E)
decreased over time. Expression of PnCDC, PnGa, and PnATG1 (Figs. 3.5F — 3.5H) decreased
over the first 12 hours after inoculation and increased thereafter and NPP1 and PnCat2 (Figs.
3.51, 3.5J) peaked at 24 hpi and decreased afterwards. Although the two isolates presented
similar levels of expression and expression pattern over the 48 hpi of the 10 genes, the Wz-Wz
isolate showed a consistently lower expression level of PnCBEL, PnGa, NPP1, PnCat2 than the
Wz-H isolate at all five sampling times (Figs. 3.5A, 3.5G, 3.51, 3.5)).

The content of P. nicotianae in a given sample was measured by comparing the
expression of 18S rRNA genes of P. nicotianae and N. tabacum. The ratio of pathogen to host
RNA increased in the infected root samples over the 48 hours after inoculation (Fig. 3.6).
Though not significantly different, a higher ratio of pathogen to host RNA was consistently
observed in the infected root samples inoculated with Wz-Wz isolate compared to those
inoculated with the Wz-H isolate.

Copy number variation. The copy number of six pathogenicity-associated genes were
quantified and standardized using the known single-copy gene PnGa. PnCat2, PnCBEL, and
NPPI were shown to be single-copy genes, while PnATGI and PpPDII had two copies, and
PnPSE1 had four copies in the genome. The two isolates did not differ in the copy number of the
genes tested (Fig. 3.7).

DISCUSSION

Partial resistance is widely considered to be more durable than complete resistance.
However, the durability of partial resistance can be diminished or eroded over time when
pathogens are continually exposed to the selection pressure imposed by the multiple genes that

confer partial resistance (Cowger and Mundt 2002; Delmas et al. 2016; Cowger and Brown
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2019). In P. nicotianae, adaptation to multiple sources of partial resistance occurred within a few
host generations in the greenhouse (McCorkle 2016; McCorkle et al., Appendix A). Studies also
demonstrated reduced efficacy of partial resistance after exposure under field conditions (Dukes
and Apple 1961; Sullivan et al. 2005a). Adapted isolates of P. nicotianae exhibited greater
infection efficiency, sporangium production, vegetative growth, and lesion size than non-adapted
isolates (Jin and Shew, Plant Dis. 2020, submitted). Multiple field studies have suggested mixing
host varieties that have different levels of resistance could potentially slow down pathogen
adaptation and preserve the effectiveness of partial resistance (Montarry et al. 2012; Carroll et al.
2012; Andrivon et al. 2003). However, little is known about how removal of the selection
pressure imposed by host plants with partial resistance and the subsequent exposure to
susceptible host genotypes impacts aggressiveness of P. nicotianae populations adapted to partial
resistance. Our goal was to examine the outcomes of exposure to the highly susceptible tobacco
genotype Hicks on the aggressiveness of P. nicotianae isolates adapted to two different sources
of partial resistance.

The four isolates of P. nicotianae used in our adaptation study included isolates from the
two predominant races of the pathogen that were adapted on the two sources of partial resistance
available in commercial tobacco production. (McCorkle et al. 2018, McCorkle et al., Appendix
A). These adapted isolates were passed through the resistant host genotype, either Fla 301 or K
326 Wz/--, or on a highly susceptible host genotype, Hicks, over six host generations. The total
time period of adaptation to complete these six host generations was 282 days, with a 19-day
fallow period between each new host generation and after the final host generation. This

experimental process allowed for selection of isolates with the highest overall fitness under the
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selection pressures placed by the assigned tobacco genotype and environmental factors present,
including the short-term survival periods in absence of a host in dry soil.

Wz is a chromosome segment introgressed into flue-cured tobacco from N. rustica and
confers resistance to wildfire and angular leaf spot in tobacco caused by Pseudomonas syringae
pv. tabaci as well as black shank disease (Drake et al. 2015). DNA markers associated with Iz
have been developed, however, the nature of Wz resistance remains undetermined (Shi et al.
2019). Although it does not provide complete immunity to black shank, prior research indicated
the resistance was not affected by initial inoculum levels of the pathogen (McCorkle et al. 2018).
In comparison, the efficacy of partial resistance from Fla 301 is highly impacted by the initial
inoculum levels (Ferrin and Mitchell 1986). Since initial inoculum density is related to final
inoculum density from the previous fall (Sullivan et al. 2005a), the impact of different sources of
resistance on inoculum level is important to management of black shank. After each host
generation in this study, inoculum density was higher in the growth medium from the susceptible
genotype Hicks than in the growth medium from either of the partially resistant tobacco
genotypes. Both sources of partial resistance were effective at reducing secondary inoculum of
the pathogen and limiting the pathogen population, but this may be more important when using a
genotype with resistance only from Fla 301 than a genotype with resistance from Wz alone or in
combination with Fla 301.

Average aggressiveness was determined for asexual progeny from each of the four initial
isolates following continued exposure to a source of partial resistance or exposure to a
susceptible host. Unexpectedly, there were differences in how progeny responded to removal of
the partial resistance based on the initial source. The progenies from race 0 and race 1 adapted on

K 326 Wz/-- were significantly less aggressive on the resistance following removal of the Wz
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gene and exposure to the susceptible genotype. This is in contrast to the isolates from Fla 301,
where there were no differences in mean aggressiveness based on removal of the resistance for
six generations. Inoculation of a common host K 326 with a low level of resistance eliminated
the differences in aggressiveness between the K 326 Wz/Wz and Fla 301 isolates, with no
differences in isolates maintained on either the resistant or susceptible host. These results suggest
that isolate adaptation was predominantly to the Wz resistance as previously observed by
McCorkle et al. (2018). This was especially true for isolates of race 1, where little or no
adaptation occurred to the QTLs from Fla 301 in multiple generations of selection (McCorkle et
al., Appendix A).

The rapid change in aggressiveness in K 326 Wz/-- -adapted isolates after being exposed
to Hicks suggests that exposure to Hicks altered the fitness of the isolates on K 326 Wz/Wz and
that 7z and Fla 301 may have different resistance mechanisms. The Wz resistance appears to
place a strong selection pressure on P. nicotianae to adapt, which required only two generations
to occur in race 0 and three in race 1 (McCorkle et al. 2018). The K 326 Wz/-- -adapted isolates
exhibited a similar trend in this study, with the race 0 isolate showing a more dramatic decrease
in aggressiveness after exposure to Hicks compared to the race 1 isolate. The better performance
of race 1 isolate on K 326 Wz/-- after exposure to Hicks may indicate race 1 isolates are
phenotypically more stable when interacting with the resistance in K 326 Wz/--. These results
suggest that Wz resistance may share some similarity with the complete resistance provided by
Ph genes, although more research is needed to confirm or reject this hypothesis.

To better understand the genetic mechanisms responsible for the rapid change in
aggressiveness in P. nicotianae, we attempted to associate isolate aggressiveness with the

expression level and copy number of a set of known pathogenicity-associated genes. Although
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no significant differences in gene expression or copy number were observed between the two
isolates of P. nicotianae investigated, the ratio between the 18S rRNA genes expressed in P.
nicotianae and N. tabacum indicated root samples inoculated with the highly aggressive Wz-Wz
isolate had a higher pathogen content than the samples inoculated with the Wz-H isolate that had
a low level of aggressiveness on a resistant host. The higher pathogen content in tobacco roots
inoculated with Wz-Wz isolate is consistent with our previous observation that adapted isolates
with higher aggressiveness levels had higher infection efficiency, sporangium production, and
vegetative growth than the non-adapted isolates (Jin and Shew, Plant Dis. 2020, submitted).
Overall, these observations suggest aggressiveness level in P. nicotianae is not simply due to the
expression level and copy number of the selected pathogenicity-associated genes. As a
quantitative trait, pathogen aggressiveness is the cumulative effect of many small changes that
result in an increase in infection efficiency, sporangium production, and vegetative growth in the
host. Therefore, a broader spectrum of genes is likely involved, and that may not be manifested
as a large change in gene expression. For example, genes that are involved in nutrient utilization
and reproduction, could have a profound effect on pathogen aggressiveness as they would allow
the pathogen to grow faster and more efficiently than a non-adapted isolate. A slight
modification in the expression of genes supporting a wide range of biological activities in P.
nicotianae during infection, colonization, and reproductive stages could have a strong additive
impact on its aggressiveness. This may also explain why the effect is cumulative over multiple
generations of host adaptation (McCorkle et al. 2016, 2018).

Four expression patterns were observed among the ten genes over the first 48 hours after
inoculation. The expression of PnCBEL, PpPDI1, CRNI increased steadily during the 48 hrs,

suggesting their principal functions were important for colonization and development in the host.
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The second group, composed of PnPSE[ and PnPG1, exhibited a steady decrease in gene
expression indicating their specific roles in initial infection but not host colonization.
Interestingly, the remaining five genes exhibited a transition in gene expression between 12 hpi
and 24 hpi, implying the occurrence of major biological events in the pathogen.

The life style of P. nicotianae and other hemi-biotrophic pathogens is characterized by
two trophic phases (Larroque et al. 2011; Jupe et al. 2013). The symptomless biotrophic phase is
critical for infection and disease establishment where specialized infection structures are formed.
This is followed by the necrotrophic phase characterized by rapid intercellular growth and
colonization of the host that leads to host cell death, secondary inoculum production, and
secondary infection. Multiple studies on Phytophthora species suggest this transition occurs
between 12 to 24 hpi (Qutob et al. 2002; Jupe et al. 2013). Previously, we observed secondary
sporangium formation, zoospore release, and necrosis in the roots of tobacco seedlings 24 hours
after inoculation (Jin and Shew, Plant Dis. 2020, submitted). The changes observed in expression
of PnCDC, PnGa, PnATGI, NPPI and PnCat2 indicate they are important in these biological
activities in P. nicotianae.

PnCDC and PnGa are only expressed in sporangia and zoospores (Ah Fong and Judelson
2003; Laxalt et al. 2002; Latijnhouwers and Govers 2003b). The expression of PnCDC and
PnGa decreased during the first 12 hours after infection when pathogen growth is primarily
vegetative. This decline in expression was followed by an increase in expression of PnCDC and
PnGa, which coincided with sporangium production and zoospore release. PnATGI encodes
autophagy related protein 1 that regulates autophagy, which is important in cell differentiation,
secondary metabolism, and programmed cell death in eukaryotes. In P. sojae, expression of

multiple autophagy related protein genes was increased during infection, and autophagy was
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highly induced during sporangium formation and cyst germination. Silencing autophagy related
genes in P. sojae significantly reduced sporulation and pathogenicity, and in some cases led to
defective haustorium formation (Chen et al. 2017). The high expression level of PnATG1 3 hpi
(initial infection) followed by a decline and an increase in expression at 12 hpi coincided with
secondary zoospore production and secondary infections, supporting the known time frame for
root infection dynamics of P. nicotianae (Jin and Shew, Plant Dis. 2020, submitted).

The expression of NPPI and PnCat2 peaked at 24 hours after inoculation and then
declined. This change in expression likely facilitates the transition from biotrophic to
necrotrophic growth in P. nicotianae. NPP1 is a necrosis inducing protein that facilitates the
colonization of host tissues. In P. sojae, researchers detected transcripts of PsojNIP in mycelium
and during growth on soybean over the first 12 hours after inoculation but not in zoospores nor
in early colonization stages that coincide with the transition from biotrophy to necrotrophy
(Qutob et al. 2002).

The expression pattern of PnCat2 also coincided with transition between the two trophic
phases. PnCat2 encodes a catalase that scavenges reactive oxygen species (ROS) during the P.
nicotianae — tobacco interaction. The formation of ROS is fundamental in the host hypersensitive
response around initial infection sites (Lam et al. 2001). In reaction to this host defense response,
catalase in the pathogen serves to eliminate ROS and limit the effectiveness of this host defense
strategy (Blackman and Hardham 2008). Evidence is accumulating that hemi-biotrophic
pathogens are able to manipulate the ROS level to facilitate infection. For example, in
Zymoseptoria tritici, a hemi-biotrophic pathogen on wheat, no accumulation of ROS was
detected during its biotrophic phase in stark contrast to the massive production of ROS during

the necrotrophic phase. In addition, the transition from low to high levels of ROS after the
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pathogen infection is concomitant to the switch from the biotrophic phase to the necrotrophic
phase of the infection (Shetty et al. 2007). Our observation of the expression of PnCat2 over the
48 hpi supports the important role of catalase during pathogen — host infection and its
significance in the trophic life style transition in a hemi-biotrophic pathogen.

Among the five genes, PnCDC, PnGa, PnATGI, NPP1 and PnCat2, possibly associated
with the transition from biotrophic to necrotrophic metabolism, no differences were observed in
the timing of when the transition occurred between the two isolates investigated. A more intense
sampling between 12 hpi and 24 hpi should be conducted to determine if the increase in
aggressiveness could be supported by an earlier shift in transition time. Even a small decrease in
time needed to begin secondary inoculum production could result in a much higher total spore
production over many generations of the pathogen. A prior study indicated the quantitative
nature of the components of aggressiveness in P. nicotianae (Jin and Shew, Plant Dis. 2020,
submitted).

Although the two isolates showed similar levels and patterns of expression for the 10
pathogenicity-associated genes examined over the first 48 hours post inoculation, the highly
aggressive Wz-Wz isolate exhibited a lower expression of PnCBEL than Wz-H at all time points.
PnCBEL encodes a glycoprotein, cellulose binding elicitor lectin (CBEL), involved in cell wall
deposition and adhesion to cellulosic substrates in P. nicotianae (Gaulin et al. 2002). In addition,
the glycoprotein can trigger plant defense responses as a potent elicitor (Larroque et al. 2011).
However, silencing CBEL had no effect on aggressiveness and mycelium growth in P.
nicotianae isolates (Gaulin et al. 2002). Research demonstrated that treating tobacco plants with
a solution containing CBEL protected the plants from P. nicotianae infection, further supporting

the vital role of CBEL in host defense responses (Mateos et al. 1997). As a hemi-biotrophic
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pathogen, P. nicotianae has to avoid host recognition during its biotrophic phase. Our
observation that Wz-Wz isolate had a lower expression level of PnCBEL than Wz-H isolate
suggested isolates with a high aggressiveness are able to lower the expression of genes that
might elicit host defense responses.

Multiple studies support the importance of gene expression in pathogen aggressiveness.
For example, genome-wide association studies in Fusarium graminearum (Talas et al. 2016) and
Colletotrichum kahawae (Vieira et al. 2019) associated pathogen aggressiveness to genes
involved in regulation and transport activities. In C. kahawae, researchers detected a small effect
of aggressiveness-associated SNPs and could not attribute aggressiveness to any causal
mutations. Therefore, it was suggested that differential gene expression and associated regulatory
mechanisms maybe the determinants of pathogen aggressiveness (Vieira et al. 2019). The critical
role of gene expression in pathogenicity was also supported by the studies on Zymoseptoria
tritici and P. capsici where gene expression was found to influence the outcomes of Z. tritici —
wheat (Palma-Guerrero et al. 2017) and P. capsici — black pepper (Muthuswamy et al. 2018)
interactions.

We took a snapshot of the expression of 10 pathogenicity-associated genes at five
different time points after inoculation. Given that P. nicotianae has more than 23,000 predicted
genes and gene expression dynamically changes during the pathogen — host interaction, the
number of genes and sampling time we tested using QRT-PCR are limited. A global outlook at
the changes in the transcriptome during pathogen — host interaction over time in different isolates
will be necessary to further understand the molecular mechanisms underlying pathogen

adaptation to host partial resistance.
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Table 3.1. Race 0 and race 1 isolates of P. nicotianae adapted on either Fla 301 or K 326 Wz/--
and selected for greenhouse reverse adaptation experiment.

Isolate Original host of
. . x . Race
Designation origin
RO-G6-Fla Fla 301 0
RO-G5-Wz K 326 Wz/-- 0
R1-G6-Fla Fla 301 1
R1-G6-Wz K 326 Wz/-- 1

XRO =race 0, R1 =race 1; G =# of adapted generations; Fla = Fla 301, Wz = K326 Wz/--
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Table 3.2. Target genes and corresponding primers used in quantification of pathogenicity-associated gene expression in P. nicotianae
and pathogen content via RT-qPCR.

Gene ID
Description of encoded
Gene name (GeneBank Primer sequenceX Reference
protein
accession)
18S rRNA of P. F-GTCTTCGGGCTGGTATTGTG
PPTG 20619 18S ribosomal RNA
nicotianae R-ACCCTAATTCCCCGTTACCC
18S rRNA of N. F-CGGCGATGCGCTCCTG
18S ribosomal RNA (Ellis et al. 2020)
tabacum R-TACAGAGCGTAGGCTTGCTTTG
Hydrogen peroxide F-TGGCTGTCAATGGCAATA (Blackman and
PnCat2 PPTG 06713
scavenging enzyme R-GAGTAGTTATCATCATCGTGGGT Hardham 2008)
F-CCGTTAGTAGCACCTTGGTC (Evangelisti et al.
PnPSE] FK937603.1 Penetration-specific effector 1

R-GTCTGTCCAGCTTCATCGTC

2013)
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Table 3.2. Target genes and corresponding primers used in quantification of pathogenicity-associated gene expression in P. nicotianae
and pathogen content via RT-qPCR (continued).

PnATGI

PnCBEL

PnPGl

PpPDI1

CRN1

PPTG 12158

PPTG 13482

(X97205.1)

PPTG 15162

PPTG_18309

Autophagy associated protein 1

Cellulose-binding elicitor lectin

Endopolygalacturonase

Protein disulfide isomerase 1

Crinkler effector

F-CCATTATGCGCCAGATCGAC

R-CCGCTATTTTGTTGCTGCTG

F-TACCGTAGTCTTCGCTGGTC

R-CTGGTAGTAGTTGGCGTTCC

F-TGCAAGTCAGGTTGGTCAAG

R-GGTCAAGCATTACACCAGCA

F-TCTTCCCTGCCAAGGACAAAC

R-TCTTCTCCTCCTGCTCCACCTC

F-TACAGGCCTCGCTCTAAACT

R-ATGCAGTGGATCGTTGTCTG

(Chen et al. 2017)

(Gaulin et al.
2002; Gaulin et al.
2006)

(Wu et al. 2008;
Yan and Liou

2005)

(Meng et al. 2015)

(Liu et al. 2016)
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Table 3.2. Target genes and corresponding primers used in quantification of pathogenicity-associated gene expression in P. nicotianae
and pathogen content via RT-qPCR (continued).

PPTG 15231 F-AGTTCAAACCGCAGATCCAC (Fellbrich et al.
NPPI Necrosis-inducing protein
(AF352031.1) R-CCGTAGACTTGACTGCCGTA 2002)

(Latijnhouwers and

PPTG 13453 F-AGACTCCCTCCAAGAAAGCC
PnGa G protein alpha subunit Govers 2003a; Hua
(HQ603677.1) R-CATGATCGACATTCCACGCT
et al. 2008)
F-TAACAGCGGCTACATCTCCA (Judelson et al.
PnCDC PPTG 09146 Protein-tyrosine phosphatase
R-CTGAGGTGTGCGTTGATACA 2008)

F-TACGCCAAGACGGCTCAGA
WS21 40S ribosomal protein S3A (Huang et al. 2019)
R-TTCCATCAGACGCACCAGG

XPrimer sequence with underscore was designed in this study.
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Figure 3.1. Schematic representation of the protocol used to collect the two asexual lineages for a given adapted isolate of P.
nicotianae.
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Figure 3.2. Average number of pathogen propagules detected in growth medium after each host
generation. A. Average number of pathogen propagules detected in 1 g of growth medium

infested with RO-G5-Wz planted with either K 326 Wz/Wz or Hicks after each of the six host
generations. B. Average number of pathogen propagules detected in 1 g of growth medium
infested with R1-G6-Wz planted with either K 326 Wz/Wz or Hicks after each of the six host
generations. C. Average number of pathogen propagules detected in 1 g of growth medium

infested with RO-G6-Fla planted with either Fla 301 or Hicks after each of the six host

generations. D. Average number of pathogen propagules detected in 1 g of growth medium

infested with R1-G6-Fla planted with either Fla 301 or Hicks after each of the six host
generations. Error bars=standard error of mean (N=3).
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Figure 3.3. Average aggressiveness of P. nicotianae lineages passed through partially-resistant
tobacco genotype (K 326 Wz/Wz or Fla 301) or susceptible genotype Hicks tested on partially-
resistant tobacco genotype (K 326 Wz/Wz or Fla 301). A. Average aggressiveness of the two
asexual lineages derived from RO-G5-Wz passed through K 326 Wz/Wz or Hicks tested on K 326
Wz/Wz. B. Average aggressiveness of the two asexual lineages derived from R1-G6-Wz passed
through K 326 Wz/Wz or Hicks tested on K 326 Wz/Wz. C. Average aggressiveness of the two
asexual lineages derived from R0-G6-Fla passed through Fla 301 or Hicks tested on Fla 301. D.
Average aggressiveness of the two asexual lineages derived from R1-G6-Fla passed through Fla
301 or Hicks tested on Fla 301. Least squares mean of average aggressiveness index (N=10) of a
given lineage was determined using Proc Mixed Procedure in SAS and adjusted with the Tukey-
Kramer adjustment. Error bars=standard error of mean. Significance is indicated using ** for P
value <0.01, **** for P value <0.0001.
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Figure 3.4. Average aggressiveness of P. nicotianae lineages passed through partially-resistant
tobacco genotype (K 326 Wz/Wz or Fla 301) or susceptible genotype Hicks tested on K 326. A.
Average aggressiveness of the two asexual lineages derived from R0-G5-Wz passed through K
326 Wz/Wz or Hicks tested on K 326. B. Average aggressiveness of the two asexual lineages
derived from R1-G6-Wz passed through K 326 Wz/Wz or Hicks tested on K 326. C. Average
aggressiveness of the two asexual lineages derived from R0-G6-Fla passed through Fla 301 or
Hicks tested on K 326. D. Average aggressiveness of the two asexual lineages derived from R1-
G6-Fla passed through Fla 301 or Hicks tested on K 326. Least squares mean of average
aggressiveness index (N=6) of a given lineage was determined using Proc Mixed Procedure in
SAS and adjusted with the Tukey-Kramer adjustment. Error bars=standard error of mean.
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Figure 3.5. Relative expression of pathogenicity-associated genes in Wz-Wz and Wz-H isolates
of P. nicotianae normalized using WS21 at 5 time points over the period of 48 hours after
inoculation. A. Relative expression of PnCBEL. B. Relative expression of PpPDII. C. Relative
expression of CRNI. D. Relative expression of PnPSE]. E. Relative expression of PnPGI. F.
Relative expression of PnCDC. G. Relative expression of PnGa. H. Relative expression of
PnATGI. 1. Relative expression of NPP1. J. Relative expression of PnCat2. Error bars=standard
error of mean (N=3).
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Figure 3.6. Relative content of Wz-Wz and Wz-H isolates of P. nicotianae in inoculated roots of K 326 Wz/Wz at 5 sampling time
points over 48 hours sampling period. Error bars=standard error of mean (N=3).
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PnPSEI, PpPDII, and NPPI in Wz-Wz and Wz-H isolates of P. nicotianae standardized using single-copy gene PnGa.
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Supplementary material 3.1. Synthetic DNA sequences used for generating standard curves in
the experiment of quantifying pathogenicity associated gene copy number. Sequence of targeted
genes was in the order of PnATG1-NPP1-PnCat2-GPA1-PnCBEL-PpE4-PpPDII1-PpPGI-
PnPSEI-TRPI.
[PnATGI]JCAATTTGGAGATGGAAATCGCCATTATGCGCCAGATCGACCACCCGAACGTCGTC
AAACTCTACGACATCAAGAAGACGGAGAAGCACATGTACCTCGTGCTCGAATACTGCGCGG
GGGGCGACCTACAGCACTACATGCGACGTCAGCAGCAACAAAATAGCGGCAATTTGTTACC
GGAGAGCG/NPPI]GGAACAGAAGGCTGGTGTCAAGTTCAAACCGCAGATCCACATCTCGAA
CGGCTGTCATCCGTATCCTGCAGTGGATGCGAACGGCAATACCAGTGGCGGTCTGAAGCCTA
CCGGTTCCTCTAGTGCGGGCTGCAAGGGCTCCGGATACGGCAGTCAAGTCTACGGTCGAGTG
GCTACGTACAATG/PnCat2] GTACCAGCGCGATGGCTTCATGGCTGTCAATGGCAATATGCAC
GACACGCCCAATTACTTCCCGAACAGTAAGAATGTACCCCCTGAGGACACGACACTGCGCTA
CAGAGCCTACCAGGGAAACCACGGGGTGGTGAACAAGTACTCGACCCACGATGATGATAAC
TACTCGCAGGTGGGAGAGTTCTACC/GPAIJCCAATCAGCAGTAATGGCGAAGACTCCCTCCA
AGAAAGCCGCGAAGACGGTTGCTAAGTCCGGCAAGGGCAAGGGCAAGGGCAAGAAGCGTG
TCGAGTCGTACTCGACCTACATCTACAAGGTGCTGCGTCAGGTGCACCCCGACACGGGTATC
AGCAAGCGTGGAATGTCGATCATGAACTCCTTCATCAACGACAT/PnCBEL]AAGACAATGAT
TGCTCGCATTACCGTAGTCTTCGCTGGTCTCGTAGCTGTCGTCTCTGGTGCCTGCTCGACTCC
CTCATTCGGCAACTGTGGCTCTGATGCTGCCGGCGTGAGCTGCTGCCAGAGCACGCAGTACT
GCCAACCTTGGAACGCCAACTACTACCAGTGCCTCGATCTCCCTGCTAA/PpE4]GTTTAAGAG
CCTCGCTGATATCATTAAGCACCTGGACGACCAAGATATGAAACACGTCGCCGGCATTTTAG
CGAACATGGATGATATTCATCACAAGAATGTGCTTGCGAAAGCACTGGAAAGCGGTCGAAT
CACGCAGAAGAACTACGACGACGCCATTGCTGCTCTACAAC/PpPDITJCGGCTTCCCGACGAT
CCTCTTCTTCCCTGCCAAGGACAAACAGAACCCGGTCGTGTACGAGGGCTCGCGCGACGTGG
AAGGCTTCACGGAGTTCCTGAAGACCAACGCTCAGAAGTTCGAGCTGGACGGCTCGGAGCA
CGGCGCGGAGCAAGAGGAAGACGAGGACGAGGTGGAGCAGGAGGAGAAGAAGGACGCAA
AGGCCGAGCAC[PpPG1]GAGGTGGGGCAGGTTTCTCCTGCAAGTCAGGTTGGTCAAGATTCT
CCGTACCAGGTGGACCAGGACGACACCTGCACGCTAACCGGCAACTACACAGAGGGCACCG
ATGTCTCGCAATGCAGCACCATTGTCATCGACTCGTTGTCGGTGCCTGCTGGTGTAATGCTTG
ACCTTACCAATGTCACGGACGGT/PnPSEIJAACGCAACAATCTCTTGCCCCCGTTAGTAGCAC
CTTGGTCCATGCGATGCGGAGCAATTGCCATCGCCGAAACATCCGATACACGGGGGAAAGC
TGCGACGACGACGCTACCGCTGGTGAGAAGATTGACCACAGCTGCGCCGACGACGATGAAG
CTGGACAGACGCATTGGCGAAGTGCGATTC/TRPIJTGTCCCAGGAACAACTTATCGAGCTCA
TTGACGCAACTCACAATCTCGGTATGTGCGCTCTGGTCGAGGTGAACAGCGTCCAGGAGCTG
GACATCGCTCTGGCTGCCAAGGCCCGACTGATCGGCGTCAACAACCGCGATCTCCGCACGTT
CAAGGTGGACATGAACACGACGGCTCGTGTAGCG
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CHAPTER 4
RNAseq reveals differential gene expression contributing to Phytophthora nicotianae
adaptation to partial resistance in tobacco
J. Jin and H. D. Shew
Department of Entomology and Plant Pathology, North Carolina State University, Raleigh, NC

27695.

ABSTRACT

Phytophthora nicotianae is a devastating oomycete plant pathogen with a wide host
range. On tobacco, it causes black shank, a disease that can result in severe economic losses.
Deployment of host resistance is one of the most effective means of controlling tobacco black
shank, but adaptation to complete and partial resistance by P. nicotianae can limit the
effectiveness of the resistance. The molecular basis of adaptation to partial resistance is largely
unknown. An isolate of P. nicotianae adapted to the susceptible tobacco genotype Hicks and an
isolate adapted to genotype K 326 Wz/Wz with a high level of partial resistance were used to
inoculate both host genotypes. Infected root tissues were harvested 48 hours after inoculation and
subjected to RNA extraction and sequencing. Differentially expressed genes (DEGs) were
identified in each isolate by comparing transcriptomic samples from K 326 Wz/Wz to those from
Hicks. Approximately 69% of the up-regulated DEGs were associated with pathogenicity in the
K 326 Wz/Wz-adapted isolate when sampled following infection of its adapted resistant host K
326 Wz/Wz. Thirty-one percent of the up-regulated DEGs were associated with pathognicity in
the Hicks-adapted isolate on K 326 Wz/Wz. Genes involved in the autophagy pathway were up-

regulated in both isolates on K 326 Wz/Wz. Specifically, increased expression of the gene
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encoding autophagy related protein 1 (Atgl), the central regulator in the autophagy pathway, was
oberseved in the K 326 Wz/Wz-adapted isolate. A broad spectrum of over-represented gene
ontology (GO) terms were assigned to down-regulated genes in the Hicks-adapted isolate
suggesting a large number of biological activities were affected in the isolate when infecting the
resistant K 326 Wz/Wz. In the host, a series of GO terms involved in nuclear biosynthesis
processes were assigned to the down-regulated genes in K 326 Wz/Wz inoculated with K 326
Wz/Wz-adapted isolate. This did not occur when K 326 Wz/Wz was inoculated with Hicks-
adapted isolate, indicating the escalated interaction between pathogen and host resulted from
adaptation. A wide range of genes related to defense responses were highly expressed in K 326
Wz/Wz when inoculated with the Hicks-adapted isolate. This study enhances our understanding
of the molecular mechanisms of P. nicotianae adaptation to partial resistance in tobacco by
elucidating how the pathogen recruits pathogenicity-associated genes that impact host biological
activities while not stimulating expression of defense-related genes in the host.
INTRODUCTION

Plant diseases are estimated to cause crop losses of 13% annually, imposing a major
constraint on global crop production (Oerke 2006). Deployment of complete and partial
resistance in host plants is one of the most effective means of managing plant diseases and is an
integral part of sustainable disease management that reduces the use of fungicides and other
management inputs (Mundt 2014). However, wide distribution of cultivars with complete
resistance places strong selection pressure on pathogen populations to overcome that resistance
(McDonald and Linde 2002). Partial resistance selects for isolates that are more aggressive than

isolates produced on susceptible cultivars, which can erode the effectiveness of partial resistance
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over time (Cowger and Mundt 2002; Jin and Shew, chapters 2 and 3; Montarry et al. 2008;
Delmotte et al. 2014).

Various mechanisms utilized by plant pathogens to overcome complete resistance have
been recognized, including loss of avirulence (4vr) gene products that trigger plant immunity,
transposon insertions or mutations to the Avr gene sequence, acquisition of additional epistatic
effectors that suppress the plant immune system without disrupting the original Avr gene (Na and
Gijzen 2016), and endogenous small RNAs silencing Avr genes (Wang et al. 2019). Despite our
rapid improvement in understanding the molecular basis underlying complete resistance and how
pathogens overcome it, how plant pathogens adapt to partial resistance remains largely unknown.

Phytophthora nicotianae is a widely prevalent plant pathogen with hosts in 255 genera
from 90 plant families (Cline et al. 2008). On tobacco it causes black shank, a potentially
devastating disease with losses reaching 100% in some fields (Gallup et al. 2006). The use of
host resistance provides an effective way to reduce yield losses due to black shank, but isolates
of P. nicotianae can rapidly adapt to resistance in tobacco. Populations of P. nicotianae rapidly
shifted from race 0 (wild type) to race 1 after deployment of tobacco varieties with the Php gene
(Sullivan et al. 2010). Deployment of partial resistance is generally thought to be a sustainable
approach to managing plant diseases. However, adaptation to partial resistance in P. nicotianae
has been observed. A significant increase in pathogen aggressiveness was documented in isolates
of P. nicotianae exposed to a tobacco variety with a high level of partial resistance (Dukes and
Apple 1961; Sullivan et al. 2005; McCorkle et al. 2018). A greenhouse study demonstrated that
isolates of P. nicotianae were able to overcome partial resistance QTLs from Fla 301 and the Wz
gene from Nicotiana rustica after exposure for only a few host generations (McCorkle 2016,

McCorkle et al, 2018). Phenotypically, isolates of P. nicotianae adapted to sources of partial
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resistance exhibited increased infection efficiency and produced more sporangia on infected root
tips, larger lesions on tobacco stems, and more aggressive asexual progeny than isolates not
adapted on the resistant hosts (Jin and Shew, unpublished).

The goal of the present study was to explore the molecular mechanisms underlying P.
nicotianae adaptation to Wz-mediated partial resistance. RNA samples of two P. nicotianae
isolates adapted on either partially resistant K 326 Wz/Wz or susceptible Hicks were collected
following infection of their adapted and their non-adapted host genotypes and subjected to RNA
sequencing (RNAseq). The changes in gene expression in the two isolates were investigated by
comparing the DEGs identified in each of the two isolates when infecting K 326 Wz/Wz
compared to infecting Hicks. In addition, DEGs were identified in infected root samples of K
326 Wz/Wz by comparing to gene expression in inoculated root samples of Hicks and healthy
root samples of K 326 Wz/Wz. The results from this study enhance our understanding of how
pathogens adapt to partial resistance in host plants, which will help in the development of sound
deployment strategies for partial resistance and help increase the durability of partial resistance
in the future.

MATERIALS AND METHODS

Collection of pathogen isolates. Two isolates of P. nicotianae were collected from a
previous greenhouse study where a race 0 isolate of P. nicotianae adapted on tobacco genotype
K 326 Wz/-- was continually exposed to either K 326 Wz/Wz or the susceptible host Hicks.
Isolates of P. nicotianae presented a significantly lower aggressiveness on K 326 Wz/Wz after
exposure to Hicks compared to the isolates maintained on a host with Wz resistance. The two
isolates selected for current study represented a broad spectrum of aggressiveness on K 326

Wz/Wz in the greenhouse aggressiveness evaluation. One isolate (Wz-Wz) was from K 326
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Wz/Wz and had an aggressiveness index of 9.25 out of a possible 10. The second isolate (Wz-H)
was from Hicks and had an aggressiveness index of 1.25 (Jin and Shew, chapter 3).

Pathogen culture and tobacco infection. The two isolates were maintained on 5% V8
agar at 28°C in the dark in an incubator. Mycelial plugs from the edge of the cultures grown on
V8 were transferred to the center of Petri dishes containing oatmeal agar (Difco, Detroit, MI).
Petri dishes were incubated in the dark at 28°C for approximately 2 weeks until dense hyphal
mats formed. Hyphal mats were peeled from the oatmeal agar surface and placed into Petri
dishes containing 20 mL of sterile 5% soil extract. Five percent soil extract was prepared by
mixing 50 g of soil with 1 L of deionized water and letting it sit at room temperature for 48 hrs.
The suspension was filtered through Fisher Brand Qualitative P8 filter paper and Celite 545
(Fisher Scientific, Fair Lawn, NJ), and sterilized by autoclaving for two consecutive days at
121°C for 60 min. Petri dishes were placed under constant light at room temperature in
laboratory for about 5 days at which time numerous sporangia had produced. Sterile 5% soil
extract was replaced daily during incubation. Zoospores were released by incubating hyphal mats
at 4°C for 1 h, followed by incubation at 28°C for 30 min. The concentration of zoospore
suspension was determined and adjusted to a concentration of 1x10° zoospores/mL using a
hemocytometer.

Tobacco seeds of K 326 Wz/Wz and Hicks were seeded in potting mix (Fafard 2 Mix;
Conrad Fafard, Inc.) in plastic pots in a greenhouse with a 35°C/26°C day/night temperature
regime and a 14 h photoperiod supplemented with high intensity lights. After two weeks
germinated seedlings were transplanted to cell trays (cell size 3.8 cm x 3.8 cm x 5.7 cm)
containing calcined clay (TURFACE® All Sport™, PROFILE Products LLC) and grown for

about two weeks. Six seedlings of each genotype were removed from calcined clay, washed
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gently with sterile deionized water, and inoculated by immersing the roots for 3 hours in 60 mL
of zoospore suspension of one of the two isolates in a Petri dish (25 x 100 mm). After
inoculation, seedlings were moved to a new Petri dish (25 x 100 mm) containing 60 ml of 5%
soil extract and incubated under constant light at room temperature. Forty-eight hours post
inoculation (hpi), roots of individual seedlings were flash frozen in liquid nitrogen in separate 1.7
mL centrifuge tubes and subjected to RNA extraction.

RNA isolation and transcriptome sequencing. Total RNA of infected roots of each
seedling was extracted using Qiagen Plant RNeasy Kits (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. Genomic DNA was removed by on-column digestion with
DNase I (Zymo Research corporation). The concentration and quality of total RNA was
determined by BioAnalyzer RNA analysis. Three of the six biological replicates with the highest
RNA quality were selected for RNA sequencing.

RNA library preparation and sequencing were conducted at the Genomic Science Library
at North Carolina State University (Raleigh, NC, USA). Briefly, the RNAseq library was
constructed using a NEBNext® Ultra™ Directional RNA library Prep Kit for Illumina (New
England BioLabs, Ipswish, MA, USA) followed by a 350-500bp final library size selection.
Libraries of the three biological replicates for each of the four treatments (2 tobacco genotypes x
2 isolates) were multiplexed and sequenced in a single Illumina NextSeq 500 lane, generating 75
bp paired-end reads.

Analyses of RNAseq data from P. nicotianae

Detection of differentially expressed genes (DEGs). Sequence quality was assessed using

FastQC v0.11.8 (Andrews 2010). No trimming was performed since the Phred quality score of

each sequenced base was above 30 for all samples. Reads of all samples were aligned to the P.
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nicotianae genome (phytophthora parasitica_inra 310.3.scaffolds.fasta) using Hisat2 v2.1.0
(Kim et al. 2015) with default parameters and maximum intron length of 5000 bp.

Reads mapped to coding sequences (CDS) of annotated genes were counted using
featureCounts (Liao et al. 2013) with default settings. DEGs in a given isolate were identified by
comparing infected K 326 Wz/Wz samples to infected Hicks samples using edgeR (Robinson et
al. 2010) with TMM normalization, a generalized linear model, and false discovery rate (FDR)
calculations based on the Benjamini-Hochberg method. Genes with a false FDR < 0.05 were
considered to be DEGs. DEGs were divided into up- and down-regulated groups for further
analyses.

Gene ontology analysis, KEGG pathway enrichment analysis and PHIB-blast. Gene
Ontology (GO) ID and protein sequences were linked to individual DEGs using the UniProt
website (https://www.uniprot.org/) (UniProt: the universal protein knowledgebase 2016). GO
term enrichment analysis was performed using the BINGO plugin (Maere et al. 2005) in
Cytoscape v3.7.1 (Shannon et al. 2003). Over-represented GO terms were evaluated against the
P. nicotianae genome in the categories “biological process”, “molecular function”, and “cellular
component”. The DEGs were subjected to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Ogata et al. 1999) pathway enrichment analysis to understand their roles in biological
pathways using KOBAS (Xie et al. 2011) with background species set to Phytophthora infestans,
statistical method set to Hypergeometric test/ Fisher’s exact test, and FDR correction method set
to Benjamini and Hochberg. Protein sequences of the DEGs were subjected to a blast search in

PHIB-Pathogen Host Interactions base (Urban et al. 2016) to identify DEGs associated with

pathogenicity. A DEG was considered pathogenicity-associated if it or its ortholog was verified
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in association with “loss of pathogenicity”, “reduced virulence”, “lethal”, or “effector” in
pathogens with an Evalue cutoff of 1.0e-5.

Detection of differential transcript usage. To detect differential transcript usage,
transcripts in each sample were assembled and quantified using StringTie (Pertea et al. 2015) by
comparing the BAM file (aligned using Hisat2) to the annotated reference genome
(phytophthora parasitica inra 310.3.genes.gtf). Analysis of alternative splicing and isoform
switches was conducted using IsoformSwitchAnalyzeR (Vitting-Seerup and Sandelin 2018)
package in R. Isoforms in each isolate of P. nicotianae found by comparing infected samples of
K 326 Wz/Wz to infected samples of Hicks were considered differentially switched if difference
in isoform fraction (dIF) > 0.1 and FDR corrected g-value < 0.05. Genes with differential
transcript usage were subject to GO, KEGG, and PHIB blast analyses as well.

Analyses of RNAseq data from N. tabacum - comparison of inoculated Hicks

Detection of differentially expressed genes. Reads of all samples were aligned to the
Nicotiana tabacum genome (Edwards et al. 2017) using Hisat2 v2.1.0 (Kim et al. 2015). Reads
mapped to coding sequences (CDS) of annotated genes were counted using featureCounts (Liao
et al. 2013) with default settings. DEGs in K 326 Wz/Wz inoculated with a given isolate were
identified by comparing it to Hicks inoculated with the same isolate by edgeR (Robinson et al.
2010) using TMM normalization, a generalized linear model, and false discovery rate (FDR)
calculations based on the Benjamini-Hochberg method. Genes with a false FDR < 0.05 were
considered DEGs. DEGs were divided into up- and down-regulated datasets for further analysis.

Gene ontology and KEGG enrichment analyses. DEGs were subjected to GO enrichment
analysis using AgriGO v2 (Du et al. 2010) against Nitab4.5 ID (solgenomics) as background

with default settings. Corresponding protein sequences of DEGs were extracted and subjected to
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KEGG enrichment analysis using KOBAS (Xie et al. 2011) with background species set to
Nicotiana tabacum, statistical method set to Hypergeometric test/ Fisher’s exact test, and FDR
correction method set to Benjamini and Hochberg.

Analyses of RNAseq data from N. tabacum - comparison of uninoculated plants

RNAseq data from roots of uninoculated K 326 Wz/Wz seedlings was provided by Dr.
Ramsey Lewis, Crop and Soil Science Department, NC State University (Shi et al. 2019). Data
from the uninoculated roots were used as a control for comparison to sequence data from K 326
Wz/Wz root tissue following inoculation with each of the two P. nicotianae isolates.

Detection of differentially expressed genes. Reads of the samples were aligned to the
Nicotiana tabacum genome (Edwards et al. 2017). Reads mapped to exon of annotated genes
were counted using featureCounts (Liao et al. 2013) with default settings. DEGs in samples of K
326 Wz/Wz inoculated with each of the two isolates were identified by comparing the samples to
uninoculated samples of K 326 Wz/Wz by edgeR (Robinson et al. 2010) using TMM
normalization, a generalized linear model, and false discovery rate (FDR) calculations based on
the Benjamini-Hochberg method. Genes with a false FDR < 0.05 were considered DEGs. DEGs
were divided into up- and down-regulated datasets for further analysis. DEGs were then
subjected to GO enrichment and KEGG enrichment analyses as previously described.
Quantitative real-time PCR (qQRT-PCR) validations

Two up-regulated and two down-regulated DEGs with largest fold change in P.
nicotianae (Table 4.1) were chosen for QqRT-PCR quantification to validate the DEGs called in
RNAseq analysis. RNA samples of one biological replication of each treatment used in RNAseq
and RNA extracted from one extra biological replication of each treatment were used as

templates in QRT-PCR validations. The ubiquitin-conjugating enzyme (Ubc) and the 40S
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ribosomal protein S3A (WS21), constitutively expressed throughout P. nicotianae development
stages, were used as internal control genes (Yan and Liou 2006) (Table 4.1). qRT-PCRs were
performed using the iTaq™ Universal SYBR® Green Supermix and Applied Biosystems
QuantStudio™ 6 Flex Real-Time PCR system. Three technical replicates were performed for
each sample and primer set combination.

RESULTS

Root tissue colonized by P. nicotianae was obtained for RNAseq by inoculating and
harvesting the roots of seedlings 48 h post inoculation (hpi). At 48 hpi, slight browning of the
roots was present and abundant sporangia were produced around roots.

RNA-sequencing and mapping to Phytophthora nicotianae genome. Approximately 33
million reads were obtained per sample (Table 4.2). An average of 27% of the reads were
mapped to the P. nicotianae genome (phytophthora parasitica_inra_310.3.scaffolds.fasta) (Table
4.2). Overall, 12,875 genes of P. nicotianae had robust expression across all 12 samples.
Overview of DEGs in P. nicotianae

For each of the two isolates, DEGs were identified by comparing infected K 326 Wz/Wz
samples to infected Hicks samples. The DEGs identified in the two isolates were compared to
view the dynamics in gene expression in the two isolates after infecting their adapted and their
non-adapted tobacco host genotypes.

Forty-six genes in Wz-Wz and 50 genes in Wz-H isolates were differentially expressed.
Specifically, 16 up-regulated and 30 down-regulated genes were identified in the Wz-Wz isolate,
and 29 up-regulated and 21 down-regulated genes were detected in the Wz-H isolate (Table 4.3;
Supplementary file 4.1). qRT-PCR of the four selected DEGs showed consistent expression

pattern as it was captured in RNAseq (Fig. 4.1).
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Both isolates up-regulated genes PPTG 19949, PPTG 06767, PPTG 10666,
PPTG_05470 that encode uncharacterized proteins in P. nicotianae, and down-regulated 8 genes
including genes that encode 60S ribosomal protein L38, phosphoadenosine phosphosulfate
reductase, and NAD(P)H:quinone oxidoreductase.

Thirty-four DEGs were detected exclusively in the Wz-Wz isolate. Most of these genes
encode proteins uncharacterized in P. nicotianae. Up-regulated genes with known function
including PPTG 02121, PPTG 08145, and PPTG 12158 that encode Hsp70-like protein, 4-
aminobutyrate transaminase, and ULK/ULK protein kinase. Similarly, the majority of the 38
DEGs identified only in the Wz-H isolate encode uncharacterized proteins. Genes with known
function included an up-regulated gene, PPTG 17442, that encodes protein-S-isoprenylcysteine
O-methyltransferase and down-regulated genes, PPTG 17561, PPTG 00501, PPTG 21942, and
PPTG 15084 that encode glycine cleavage system H protein, homoserine O-acetyltransferase,
phosphate acetyltransferase, and TKL/DRK protein kinase.

Over-represented gene ontology analysis. To obtain insight into the types of differentially
expressed genes in the two isolates, GO enrichment analysis was performed using BiNGO to test
over-representation for the DEGs against the annotated genes in P. nicotianae. Down-regulated
genes in the Wz-Wz isolate were significantly enriched into three GO terms for the functional
classes “sulfate reduction” (GO:0019419), “sulfate assimilation, phosphoadenylyl sulfate
reduction by phosphoadenylyl-sulfate reductase (thioredoxin)” (GO: 0019379) and “sulfate
assimilation” (GO: 0000103). Up-regulated genes in the Wz-Wz isolate were enriched in
“monooxygenase activity” (GO: 0004497). In the Wz-H isolate, down-regulated genes were
enriched into a broader spectrum of GO terms. In addition to the ones found in the Wz-Wz

isolate, down-regulated genes in the Wz-H isolate were also enriched in “glycine cleavage
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complex” (GO: 0019419), “NAD(P)H dehydrogenase (quinone) activity” (GO: 0004604), “FMN
binding” (GO: 0050662), and “oxidoreductase activity” (GO: 0016651, GO:0000103, GO:
0009071; GO: 0016671). No GO terms were particularly enriched for up-regulated genes in the
Wz-H isolate (Supplementary file 4.1).

KEGG analysis of DEGs. A KEGG pathway enrichment analysis was conducted on
DEGs identified in the two isolates to help understand the interaction between isolates and their
adapted and non-adapted tobacco host genotypes.

For up-regulated DEGs, “spliceosome” was enriched in the Wz-Wz isolate. No enriched
pathway was identified for up-regulated DEGs in the Wz-H isolate. For down-regulated DEGs,
“ubiquinone and other terpenoid-quinone biosynthesis” and “biosynthesis of secondary
metabolites” were enriched in the Wz-Wz isolate. In addition to the two pathways enriched,
another eight enriched pathways were identified in the Wz-H isolate including “biosynthesis of
antibiotics”, “carbon metabolism”, and “sulfur metabolism” (Table 4.4).

Of particular interest, PPTG 19949 (GO:0004252; K01336) was up-regulated in both
isolates on K 326 Wz/Wz and PPTG 12158 (GO:0004674 and GO:0005524; K08269) was up-
regulated exclusively in Wz-Wz isolate. Both genes are involved in the autophagy pathway,
although it was not enriched in either of the two isolates. Specifically, PPTG 12158 encodes
autophagy-related protein 1, a central regulator of the autophagy pathway.

PHIB-database blast. The pathogen-host interactions database (PHI-base) stores curated
molecular and biological information on genes experimentally proven to alter the outcome of
pathogen-host interactions. Given that a majority of the DEGs were identified to encode
uncharacterized proteins in the annotated Phytophthora nicotianae genome, the protein

sequences of the identified DEGs were subjected to a blast search in the PHI-base to determine
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their role or the role of their orthologs to have a better knowledge of how they could potentially
contribute to aggressiveness in individual isolates.

Among the up-regulated genes in the Wz-Wz isolate, 68.75% (11/16) were associated
with pathogenicity. In contrast, 31.03% (9/29) of the up-regulated genes in the z-H isolate were
found to have a role in pathogenicity. The two isolates showed a similar percentage of down-
regulated genes involved in pathogenicity, with 46.67% (14/30) in the Wz-Wz isolate and 47.62%
(10/21) in the Wz-H isolate (Supplementary file 4.1).

Specifically, the Wz-Wz isolate up regulated pathogenicity-associated genes including but
not limited to PPTG_10595 encoding a protein belonging to ABC transporter superfamily,

PPTG 12158 encoding ULK/ULK protein kinase, PPTG 02121 encoding a heat shock protein
70, and PPTG_06886 encoding a protein within solute carrier family. Down-regulated
pathogenicity-associated genes included PPTG 19261 and PPTG 00236 encoding WRKY
transcription factor, PPTG 02595 encoding aldehyde dehydrogenase, and PPTG_ 02595
encoding a sugar transport protein (Supplementary file 4.1).

The Wz-H isolate up regulated pathogenicity-associated genes including PPTG 22560
which matched to a gene encoding an effector protein in P. infestans and PPTG_15982 matched
to a gene encoding a glycoside hydrolase in P. palmivora. The down regulated genes in
association with pathogenicity in the Wz-H isolate included PPTG 15084 encoding a TKL/DRK
protein kinase and PPTG 13205 matched to a gene encoding an elicitin-like protein in P.
infestans (Supplementary file 4.1).

Genes with differential transcript usage in P. nicotianae. Differential transcript usage
allows a single gene to produce multiple transcript isoforms. To explore possible molecular

mechanisms other than selectively expressing genes in a specific pathogen isolate - host
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genotype interaction, genes with differential transcript usage were identified and analyzed in P.
nicotianae. Sixty-six and 128 annotated genes in the Wz-Wz and Wz-H isolates, respectively,
were differentially transcribed when the given isolate was infecting K 326 Wz/Wz compared to
its infecting Hicks (Table 4.5). Intron-retention (IR), alternative transcription start sites (ATSS),
and alternative transcription termination sites (ATTS) were the three most common alternative
splicing types in the two isolates.

Twenty-seven and 60 differentially transcribed genes were predicted to have functional
consequences in the Wz-Wz and Wz-H isolates, respectively (Supplementary file 4.2). These
genes were subjected to GO and PHIB blast analyses. No GO terms were enriched for either of
the two sets of genes identified in the two isolates. The PHIB blast results showed that 9 out of
27 (33.3%) genes with differential transcript usage in the Wz-Wz isolate were involved in
pathogenicity, while 13 (21.7%) pathogenicity-associated genes were identified from the 60
genes in the Wz-H isolate (Supplementary file 4.2). For example, the Wz-Wz isolate alternatively
spliced genes PPTG_10075 encoding a serine/threonine protein kinase and PPTG 00215
encoding eukaryotic translation initiation factor. The Wz-H isolate differentially transcribed
genes such as PPTG_ 06129 encoding pre-mRNA 3’ end processing protein and PPTG 03522
encoding ankyrin repeat protein.

Overview of DEGs in K 326 Wz/W7 - comparison of inoculated Hicks

DEGs were identified in K 326 Wz/Wz by comparing it to Hicks inoculated with a given
P. nicotianae isolate. When inoculated with the Wz-Wz isolate, K 326 Wz/Wz had 305 up-
regulated and 303 down-regulated genes compared to 174 up-regulated and 393 down-regulated
genes when inoculated with the Wz-H isolate. The DEGs identified in K 326 Wz/Wz inoculated

with the two isolates were further analyzed for commonalities and differences. There were 94
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up-regulated and 163 down-regulated genes in common from samples of K 326 Wz/Wz
inoculated with the two isolates (Table 4.6; Supplementary file 4.3).

Among the commonly up-regulated genes were Nitab4.5 0007488g0040.1 and
Nitab4.5 0001477g0080.1 that encode pathogenesis-related (PR) protein 1a. In addition, five
genes, Nitab4.5 0003154g0030.1, Nitab4.5 0000754g0140.1, Nitab4.5 0003324g0100.1,
Nitab4.5 0014015g0010.1, Nitab4.5 0013087g0020.1, were predicted to encode proteinase
inhibitors. Of the 163 commonly down-regulated genes, 13 genes were found to encode
Glutathione S-transferase or Glutathione S-transferase-like protein.

GO analysis of DEGs in tobacco. Up-regulated genes identified exclusively in K 326
Wz/Wz inoculated with the Wz-Wz isolate were enriched in 33 GO terms, while down-regulated
genes were enriched in 63 GO terms (Supplementary file 4.4). The GO terms enriched for down-
regulated DEGs are involved in various aspects of nuclear biosynthesis including “nucleosome
organization” (G0:0034728), “nucleosome assembly” (GO:0006334), “chromosome
organization” (G0O:0051276), “chromatin assembly or disassembly” (GO:0006333), “DNA
packaging complex” (GO:0044815), “DNA conformation change” (GO:0071103), “DNA-
templated transcription, initiation” (GO:0006352), “RNA biosynthetic process” (GO:0032774),
“protein complex biogenesis” (GO:0070271), “protein complex assembly” (GO:0006461).

No significant GO terms were enriched for exclusively up-regulated genes in K 326
Wz/Wz inoculated with the Wz-H isolate, and 8 GO terms were enriched for down-regulated
genes after inoculation with the Wz-H isolate (Supplementary file 4.4).

To investigate the potential resistance mechanism in K 326 Wz/Wz, commonly up-
regulated and down-regulated DEGs found across samples of K 326 Wz/Wz inoculated with each

of the two isolates were analyzed for enriched GO terms. In particular, GO terms in the
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functional categories “serine-type endopeptidase inhibitor activity” (GO: 0004867), “peptidase
inhibitor activity” (G0O:0030414), “peptidase regulator activity” (GO:0061134), “endopeptidase
inhibitor activity” (GO:0004866), “endopeptidase regulator activity” (GO:0061135) were
enriched for the up-regulated genes (Supplementary file 4.4). GO terms enriched for the down-
regulated genes in the functional categories included “transferase activity, transferring hexosyl
groups” (GO:0016758), “transferase activity, transferring glycosyl groups” (GO:0016757),
“ATPase activity, coupled to transmembrane movement of substances” (G0:0042626), “ATPase
activity, coupled to movement of substances” (GO:0043492), “ATPase activity” (GO:0016887),
“ATPase activity, coupled” (GO:0042623) (Supplementary file 4.4).

KEGG pathway enrichment analysis of DEGs. DEGs were subjected to KEGG pathway
enrichment analysis to identify their biological roles in K 326 Wz/Wz in response to the two P.
nicotianae isolates. Up-regulated DEGs in the Wz-Wz- and Wz-H-inoculated samples were
enriched in 35 and 18 KEGG pathways, respectively (Figs. 4.2, 4.3). Sixteen KEGG pathways
were commonly enriched for up-regulated DEGs identified in K 326 Wz/Wz inoculated with each
of the two isolates, with the most significantly enriched pathway being “valine, leucine and
isoleucine degradation” in both Wz-Wz- and Wz-H-inoculated samples. Down-regulated DEGs in
the Wz-Wz- and Wz-H-inoculated samples were enriched in 9 and 12 KEGG pathways,

2 ¢C

respectively (Figs. 4.4, 4.5). KEGG pathways that included “sulfur metabolism”, “metabolic
pathways”, “glutathione metabolism”, “ascorbate and aldarate metabolism”, and “ABC

transporters” were commonly enriched for down-regulated DEGs in K 326 Wz/Wz inoculated

with each of the two isolates.
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Overview of DEGs in K 326 Wz/W7; - comparison of uninoculated plants

To further understand how K 326 Wz/Wz responds to inoculation with P. nicotianae
isolates that differ in aggressiveness, the transcriptomes of K 326 Wz/Wz inoculated with each of
the two isolates were assessed and compared to that from healthy K 326 Wz/Wz seedlings. A
total of 2199 DEGs were identified following inoculation with the Wz-Wz isolate compared to
2927 with the Wz-H isolate. The Wz-Wz-inoculated samples had 1363 up-regulated and 836
down-regulated DEGs, and the Wz-H-inoculated samples had 1549 up-regulated and 1378 down-
regulated DEGs. Samples inoculated with Wz-Wz and Wz-H shared a total of 1828 DEGs, among
which 1136 DEGs were up-regulated and 692 DEGs were down-regulated (Table 4.7;
Supplementary file 4.5).

The up-regulated DEGs were filtered to identify genes involved in plant defense
responses. DEGs annotated as transcription factors, receptor-like kinases, serine_threonine
protein kinases, calmodulin, elicitor-responsive protein, heat shock protein, resistance proteins,
NAC domain protein, jasmonate ZIM domain, hypersensitive-induced response protein, and
mitogen-activated protein kinases were considered as genes associated with host defense
responses. There were 168 defense associated genes in K 326 Wz/Wz inoculated with Wz-Wz and
192 defense associated genes when inoculated with Wz-H. There were 134 shared genes between
K 326 Wz/Wz plants inoculated with the two isolates, 85 with higher fold changes in the Wz-H
inoculated samples, and 49 with higher fold changes in the Wz-Wz-inoculated samples
(Supplementary file 4.5). Paired T-test showed a significantly higher expression of the 134
shared defense associated genes in the Wz-H-inoculated K 326 Wz/Wz samples than that in the

Wz-Wz-inoculated K 326 Wz/Wz samples (P-value = 0.0054) (Fig. 4.6).
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Gene ontology enrichment analysis of DEGs. Up-regulated and down-regulated DEG
lists were subjected to GO enrichment analysis using AgriGO v2. Up-regulated DEGs in the Wz-
Wz- and Wz-H-inoculated samples were enriched in 73 and 97 GO terms, respectively
(Supplementary file 4.6). The GO terms were mostly associated with regulation activities such as
“regulation of cellular process” (GO:0050794), “regulation of RNA biosynthetic process”
(GO:2001141), and “regulation of transcription, DNA-templated” (GO:0006355), but also
involved in “peptidase regulator activity” (GO:0061134) and “peptidase inhibitor activity”
(GO:0030414).

Down-regulated DEGs in the Wz-Wz- and Wz-H-inoculated samples were enriched in 306
and 384 GO terms, respectively (Supplementary file 4.6). The top 20 enriched GO terms from
the 306 and 384 GO terms were similar, including “organonitrogen compound metabolic
process” (GO:1901564), “translation elongation factor activity” (GO:0003746), and “membrane
protein complex” (GO:0098796).

KEGG pathway enrichment analysis of DEGs. To identify the pathways activated in K
326 Wz/Wz in response to the two P. nicotianae isolates, the corresponding protein sequences of
DEGs were extracted and subjected to KEGG pathway enrichment analysis using KOBAS. Up-
regulated DEGs in the Wz-Wz- and Wz-H-inoculated samples were each enriched in 25 KEGG
pathways. Down-regulated DEGs in the Wz-Wz- and Wz-H-inoculated samples were enriched in
41 and 54 KEGG pathways, respectively (Supplementary file 4.7). The top 20 most significantly
enriched pathways for up-regulated DEGs from the Wz-Wz- and Wz-H-inoculated samples are
similar (Figs. 4.7, 4.8). The most significantly enriched pathway was “valine, leucine and
isoleucine degradation” for both samples. However, up-regulated DEGs from the Wz-H-

inoculated sample but not Wz-Wz-inoculated sample was found enriched in “MAPK signaling
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pathway”. The top 20 most significantly enriched pathways for down-regulated DEGs from the
Wz-Wz- and Wz-H-inoculated samples were the same, with the most significantly enriched
pathway as “spliceosome” (Figs. 4.9, 4.10).

DISCUSSION

Black shank is one of the most devastating tobacco diseases globally. The use of host
resistance is the most important and effective way to manage the disease worldwide, but with the
loss of complete resistance, an integrated approach was needed to effectively manage the disease
(Gallup et al. 2006). Race shifts in a pathogen population have been a concern since the
widespread deployment of complete resistance in host plants over 100 years ago. Partial
resistance is vital to the management of black shank, like many other root diseases, due to the
absence or complete resistance genes or the loss of single gene complete resistance due to
pathogen race development. Pathogen adaptation to partial resistance also has been observed in
various pathosystems, including P. nicotianae and tobacco, resulting in a pathogen population
that is more aggressive than wild type populations (Dukes and Apple 1961; Sullivan et al. 2005;
McCorkle et al. 2018). It is urgent to better understand how pathogens overcome partial
resistance in host plants so that resistance deployment strategies can be optimized to preserve the
durability of the resistance.

In this study, a dual RNAseq approach was used to profile the transcriptomes in both P.
nicotianae and in tobacco. RNA samples were extracted from infected roots of the resistant host
K 326 Wz/Wz and the susceptible host Hicks, which provided insights into the pathogen response
to host resistance and the host response to pathogen adaptation to that resistance. Samples were
taken following host inoculations with P. nicotianae isolates that were maintained on either a

resistant or a susceptible host variety. Dual RNAseq has been adopted and successfully used in
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multiple studies of the interactions between oomycete pathogens and their hosts ( Hayden et al.
2014; Kovalchuk et al. 2019; Meyer et al. 2016). In addition, RNAseq has been applied to the
study of the transcriptome in tobacco in response to P. nicotianae (Yang et al. 2017) and the
gene expression in P. parasitica (a.k.a. P. nicotianae) infecting lupin (Meyer et al. 2016). To our
knowledge, this is the first comprehensive study in which dual RNAseq has been applied to the
P. nicotianae — tobacco pathosystem. A disadvantage of dual RNAseq is that it typically detects
a very limited number of transcripts from the pathogen compared to the host (Kovalchuk et al.
2019; Blackman et al. 2015; Hayden et al. 2014). To increase the proportion of pathogen
transcripts detected in the RNA samples, a high zoospore concentration was used to inoculate the
roots of young tobacco seedlings. Infected roots were sampled at 48 hours after inoculation,
allowing the pathogen time to infect, colonize and reproduce on the entire root system and
hypocotyl. An average of 27% of total reads from sequence data were mapped to the P.
nicotianae genome while 6% of total reads were mapped to the N. tabacum genome. The
percentage of reads mapped to the host was relatively low in our study compared to previous
dual RNAseq studies on pathogen-host interactions (Hayden et al. 2014; Meyer et al. 2016;
Kovalchuk et al. 2019). A similar observation was made in a prior study where qRT-PCR was
used to compare expression levels of 18S rRNA genes in P. nicotianae and N. tabacum. In that
study, using a lower zoospore inoculum concentration than the current study, a two-fold higher
expression of the 18S rRNA gene in P. nicotianae was observed compared to the expression of
the 18S rRNA gene in N. tabacum (Jin and Shew, chapter 3).

The approach used in this study kept the interaction between P. nicotianae and tobacco in
vivo, but not under natural field conditions. While the density of infecting zoospores under field

conditions is not likely to reach 1x10° zoospores/mL, the phenotypic responses of tobacco

129



seedlings were similar to the natural progression of disease for these varieties. An advantage of
the inoculation approach was that the selection of isolates with known histories of adaptation on
tobacco genotypes allowed insights on the molecular interactions between P. nicotianae isolates
with different levels of aggressiveness and tobacco genotypes with different levels and sources
of resistance. The detection of many pathogenicity-associated genes in P. nicotianae and
defense-related genes in tobacco either up- or down-regulated in the samples validated our
approach.

The major goal of this study was to explore the molecular mechanisms underlying
adaptation by P. nicotianae to partial resistance in tobacco that was previously reported
(McCorkle et al. 2018, McCorkle et al., chapter 5). Isolates of P. nicotianae adapted to high
levels of partial resistance exhibited higher infection efficiency, sporangium production, and
vegetative growth than non-adapted isolates (Jin and Shew, chapter 2). Adaptation to partial
resistance involves many genes and is generally considered to be more complex than overcoming
complete resistance, which can result from a single nucleotide mutation in an 4vr gene (lida et
al. 2015). To obtain a holistic view of genetic differences that occur during adaptation to partial
resistance and between pathogen isolates with distinctly different aggressiveness levels on a
single source of partial resistance, we kept DEGs with a false FDR < 0.05 without a specified
fold change of gene expression. Aggressiveness and partial resistance are two quantitative traits
involving various biological activities supported by a broad spectrum of genes in the pathogen
and host plant. The cumulative effect of slight changes in multiple genes could potentially
influence the outcome of the interaction between a specific pathogen isolate and host genotype.

The DEGs detected involve a broad spectrum of biological activities related to

pathogenicity factors in P. nicotianae. The PHIB blast showed a much higher percentage
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(68.75%) of up-regulated DEGs involved in pathogenicity of the Wz-Wz isolate compared to the
Wz-H isolate (31.03%), indicating that the Wz-Wz isolate more efficiently recruited
pathogenicity-associated genes when infecting tobacco genotype K 326 Wz/Wz. Particularly,
some genes with essential roles in pathogenicity were only found up-regulated in the Wz-Wz
isolate. These genes included PPTG 10595 that encodes a protein belonging to the ABC
transporter superfamily, PPTG 12158 that encodes ULK/ULK, a protein kinase, which has an
important role in autophagy, and PPTG 02121 that encodes heat shock protein 70 (Hsp70).

ABC transporters, also known as ATP Binding Cassette transporters, are ubiquitous and
evolutionarily conserved among eukaryotes (Judelson and Senthil 2006). They are of significant
importance in regulating ion transport, chromosome condensation and DNA repair, nRNA
processing (Morris and Phuntumart 2009). Studies have demonstrated ABC transporters are also
involved in virulence (Urban et al. 1999) and toxicant efflux (Hayashi et al. 2001; Lee et al.
2005) in plant pathogenic fungi. It was speculated that ABC transporters export toxic
phytoalexins in pathogens, therefore, contributing to pathogen pathogenicity. Comparing to P.
infestans, ABC transporter gene family in P. nicotianae was significantly expanded, which
suggested their crucial roles in evolutionary host adaptation (Liu et al. 2016). At this moment,
the specific function of PPTG_ 10595 remains unclear, and given its versatility in biological
processes, it is likely a higher expression of this gene could contribute to a higher aggressiveness
in P. nicotianae.

ULK/ULK protein kinase (autophagy related protein 1, Atgl) is localized at the
autophagy initiation sites and initiates autophagy, which is of significant importance in cell
differentiation, secondary metabolism, and programmed cell death in eukaryotes (Levine and

Klionsky 2004). In plant pathogens, autophagy has a vital role in pathogenicity. Silencing of
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Atgl highly reduced conidiation and led to a reduction or loss of pathogenicity in Magnaporthe
oryzae (Liu et al. 2007), Botrytis cinerea (Ren et al. 2017), Fusarium graminearum (Lv et al.
2017). In P. sojae, expression of multiple autophagy related protein genes was increased during
infection, and autophagy was highly induced during sporangium formation and cyst germination.
Silencing autophagy related genes in P. sojae significantly reduced sporulation and
pathogenicity, and in some cases led to defective haustorium formation, suggesting a central role
of autophagy in both the development and pathogenicity in P. sojae (Chen et al. 2017). Little is
known of Atgl in P. nicotianae, but it is possible that the up-regulated Azg/ expression in the
Wz-Wz isolate could be a major contributor to aggressiveness on the resistant host K 326 Wz/Wz.
Hsp70s is a group of molecular chaperones involved in various proteinaceous processes,
whose expression is highly enhanced by stress conditions and their active response to stress is
essential in maintaining the health of the cell and longevity of an organism (Saibil 2013).
Specifically, Hsp70s are involved in protein folding, unfolding, disaggregation, stabilization of
extended chains, translocation across organelle membranes, regulation of the heat-shock
response, and targeting substrates for degradation. When a protein is denatured by stress, Hsp70s
assist to unfold, disaggregate and then refold the protein. A study on P. infestans found that
expression of Hsp70 along with Hsp80-2 and Hsp90 were up-regulated in germinating cysts.
Further analysis of cognate Hsp70 showed the presence of predicted signal peptides for
secretion, suggesting a potential role of these proteins to interact with a host cell (Avrova et al.
2003). In addition to its role as a molecular chaperone, Hsp70 has been implicated in successful
establishment of disease in a protozoan (Dobbin et al. 2002), and found to be induced in hyphal
branching in the oomycete Achlya ambisexualis (Brunt et al. 1998). The increased expression of

Hsp70 gene observed in the Wz-Wz isolate during K 326 Wz/Wz infection was very likely caused
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by the stress placed on the pathogen by the Wz resistance. Increasing Hsp70 expression could
help repair denatured proteins during the pathogen’s interaction with K 326 Wz/Wz and facilitate
hyphal growth inside the host cell, which point toward its potential contribution to the
aggressiveness in the Wz-Wz isolate.

Unexpectedly, we did not detect many effector-coding genes with significantly increased
expression on K 326 Wz/Wz in either of the two isolates, which further suggests it is non-
effector-coding genes that are key to pathogen infection and growth in a host with partial
resistance. With the single sampling time of 48 hpi, it is possible that important expression of
effector genes was missed. A time sequence study needs to be completed to investigate this
question more fully.

The Gene Ontology (GO) system associates biological characteristics to specific genes.
Instead of linking functions to individual genes, GO enrichment analysis uses over-represented
GO terms to assign biological meaning to a set of genes of interest by comparing it to a
background list of genes which is usually composed of all annotated genes.

Three significantly enriched GO terms were assigned to down-regulated genes and one to
up-regulated genes in the Wz-Wz isolate. Sixteen enriched GO terms were attributed to down-
regulated genes in Wz-H isolate, however, no enriched GO terms were linked to up-regulated
genes. These observations indicate that a broader spectrum of biological functions were affected
because of the down-regulation of the genes in the Wz-H isolate.

Interestingly, the three enriched GO terms, “sulfate reduction” (GO:0019419), “sulfate
assimilation, phosphoadenylyl sulfate reduction by phosphoadenylyl-sulfate reductase
(thioredoxin)” (GO: 0019379), and “sulfate assimilation” (GO: 0000103) that were assigned to

down-regulated genes in the Wz-Wz isolate, were also enriched for the down-regulated genes in
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Wz-H isolate. Sulfate reduction and sulfate assimilation are two critical biological processes
changing sulfate into sulfide, which is then used for the synthesis of methionine, cysteine, and
other metabolites (Patron et al. 2008). The biological significance of methionine is
predominantly due to the fact that the methionine codon AUG is the most common start codon
that initiates protein synthesis (Demongeot and Seligmann 2020). Cysteine is a strong
antioxidant with the potential to trap reactive oxygen species (ROS), stabilizes the high-order
structures of proteins, and serves as an active center for the bioactivity of proteins (Netto et al.
2007). When genes involved in sulfate assimilation and sulfate reduction processes are down-
regulated, their effects on the synthesis and bioactivity of proteins can be profound. The fact that
these 3 GO terms were enriched for the down-regulated genes in both Wz-Wz and Wz-H isolates
seems to suggest that Iz resistance in tobacco was disrupting the protein synthesis in P.
nicotianae as a defense mechanism.

In addition to the GO terms mentioned above, another 13 enriched GO terms were
assigned to the down-regulated genes in Wz-H isolate, including “oxidoreductase activity” (GO:
0016651, GO:0000103, GO: 0009071; GO: 0016671). The “oxidation reduction process”
catalyzed by oxidoreductases was found to be one of the two enriched GO terms distinguished
the fungal pathogen Colletotrichum kahawae on coffee compared to its non-pathogenic sibling
species (Vieira et al. 2019), suggesting a substantial contribution of oxidoreductases in general
pathogenicity in plant pathogens. Prospectively, a vital role of oxidoreductases in P. nicotianae
aggressiveness is speculated. Down-regulation of genes annotated as oxidoreductases in the Wz-
H isolate could potentially hamper its performance on K 326 Wz/Wz compared to Wz-Wz isolate.

Genes with differential transcript usage (DTU) also was investigated in the two isolates

of P. nicotianae. Differential transcript usage is primarily the result of alternative splicing events
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that regulate translational processes. This allows for the formation of protein variants (isoforms)
with different cellular functions or properties originating from a single gene, tremendously
diversifying proteins encoded by genomes. Detection of genes with DTU has been widely used
in RNAseq data analysis in human research (Liu et al. 2017). The importance of DTU in genes in
plant pathogens is largely unexplored, but a study with Pseudoperonospora cubensis showed that
a functional effector protein PscRXLR I was generated from the alternative splicing of the
Psc_781.4 gene that encodes a putative multi-drug transporter (Savory et al. 2012). This finding
prompted our interest in genes with DTU in P. nicotianae. A total of 27 genes in Wz-Wz and 60
genes in Wz-H with DTU were identified with predicted functional consequences. Among those
genes, 33.3% in Wz-Wz and 23.3% in Wz-H were pathogenicity-associated genes found in PHIB.
How DTU in the genes could alter the aggressiveness in P. nicotianae needs to be further
researched, but DTU in genes such as PPTG 00215 encoding eukaryotic translation initiation
factor 1A, PPTG 06129 encoding pre-mRNA 3’ end processing protein WDR33, and
PPTG 17135 encoding CCR4-NOT transcription complex subunit 1 signifies its role in
translational biological processes in response to Wz resistance. Evidence of the importance of
transcription factors in pathogen aggressiveness was confirmed in the genome-wide-association
study (GWAS) in C. kahawae (Vieira et al. 2019). A slight change in pathogen genes or
transcription factors associated in gene regulatory networks has been recognized to have a
profound evolutionary impact (Henrik 2018).

To have a comprehensive understanding of the P. nicotianae — tobacco interaction, the
transcriptomic changes in tobacco were investigated. Given the different genetic backgrounds of
K 326 Wz/Wz and Hicks, the DEGs detected when comparing K 326 Wz/Wz to Hicks inoculated

with a given isolate of P. nicotianae could have resulted from the constitutive differences in gene
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expression in the two genotypes. To compensate for this, the 94 up-regulated and 163 down-
regulated genes commonly found in K 326 Wz/Wz compared to Hicks regardless of the isolate
used for inoculation were considered as the background difference for the two tobacco
genotypes. Among the 94 up-regulated genes in K 326 Wz/Wz, a number of defense related genes
were detected, including Nitab4.5 0007488g0040.1 and Nitab4.5 0001477g0080.1 that encodes
pathogenesis-related (PR) protein 1a and five genes (Nitab4.5 0003154g0030.1,

Nitab4.5 0000754g0140.1, Nitab4.5 0003324g0100.1, Nitab4.5 0014015g0010.1,

Nitab4.5 0013087g0020.1) that encode proteinase inhibitors important in inhibiting pathogen
proteases. The PR-protein 1a is required to initiate systemic acquired resistance (SAR), a defense
response effective against a broad spectrum of plant pathogens (Alexander et al. 1993).
Proteinase inhibitors play a fundamental role in plant basal defense by inhibiting pathogen
proteases or by regulating endogenous plant proteases (Jashni et al. 2015). The functions of these
genes were confirmed by GO enrichment analysis. GOs were enriched for up-regulated genes in
the functional categories “serine-type endopeptidase inhibitor activity” (GO: 0004867),
“peptidase inhibitor activity” (GO:0030414), “peptidase regulator activity” (GO:0061134),
“endopeptidase inhibitor activity” (GO:0004866), “endopeptidase regulator activity”
(GO:0061135). The elevated expression of these genes gives K 326 Wz/Wz an advantage in
response to pathogen attack. Interestingly, compared to Hicks, a number of genes encoding
glutathione S-transferase or glutathione S-transferase like protein were down regulated in K 326
Wz/Wz. Glutathione S-transferase are multifunctional enzymes ubiquitous in plants. They are
highly inducible by a wide range of stresses including pathogen infection (Gullner et al. 2018).
In a previous study on black shank resistance in tobacco, plants that had silenced glutathione S-

transferase had increased resistance to P. nicotianae infection, suggesting that glutathione S-
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transferase was able to act as a negative regulator of defense responses in tobacco (Hernandez et
al. 2009). The connection between the down-regulated expression of glutathione S-transferase
genes and up-regulated defense-associated genes in K 326 Wz/Wz remains to be explored.

For the down-regulated genes identified exclusively in K 326 Wz/Wz inoculated with the
Wz-Wz isolate, enriched GO terms included “nucleosome organization” (GO:0034728),
“nucleosome assembly” (GO:0006334), “chromosome organization” (GO:0051276), “chromatin
assembly or disassembly” (GO:0006333), “DNA packaging complex” (GO:0044815), “DNA
conformation change” (GO:0071103), “DNA-templated transcription, initiation” (GO:0006352),
“RNA biosynthetic process” (GO:0032774), “protein complex biogenesis” (GO:0070271),
“protein complex assembly” (GO:0006461). Interestingly, the nuclear biosynthesis processes
were impeded in K 326 Wz/Wz compared to Hicks when inoculated with the Wz-Wz isolate. This
phenomenon was not observed when K 326 Wz/Wz was inoculated with the Wz-H isolate. Along
with a previous study where Phytophthora targeted host nuclei to suppress defense (Stam et al.
2013), our observation suggested that isolates of P. nicotianae adapted to partial resistance in
tobacco are able to interrupt biological processes in host nuclei to facilitate infection.

To complement the RNAseq data analysis of this study, RNAseq data of healthy K 326
Wz/Wz seedlings under similar age and growth condition were acquired as an uninoculated
control. Since RNAseq data from different experiments might not be optimal for comparison
because of the dynamic changes in gene expression in plants under different growth
environment, we specifically focused on DEGs associated with plant defense responses
identified in K 326 Wz/Wz seedlings challenged with isolates of P. nicotianae.

Overall, 2199 and 2927 DEGs were identified in the K 326 Wz/Wz seedlings inoculated

with the Wz-Wz and Wz-H isolates, respectively. The difference in the number of DEGs
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identified indicates the different defense responses activated by the two different isolates. A set
of 134 defense related genes were found to be up-regulated across the samples inoculated with
the two isolates, indicating K 326 Wz/Wz seedlings activated a set of core defense-related genes
in response to P. nicotianae infection. Additionally, another 34 and 58 defense related genes
were identified from samples inoculated with Wz-Wz and Wz-H, respectively. Two genes
encoding lipoxygenase and a gene encoding allene oxide synthase involved in jasmonic acid
(JA) biosynthesis were only found in the Wz-H-inoculated samples. These observations
suggested that the Wz-H isolate triggered the expression of a larger set of defense related genes
in K 326 Wz/Wz. The comparison of fold changes (logFC) of the 134 shared up-regulated genes
associated with defense responses between the two samples showed a significantly higher fold
change in genes in Wz-H-inoculated samples than in Wz-Wz-inoculated samples. This difference
suggests that K 326 Wz/Wz responded to the Wz-H isolate more vigorously by recruiting a larger
set of defense related genes at a higher expression level, thereby limiting infection and
colonization by Wz-H.

KEGG pathway enrichment analysis added another piece of evidence to our hypothesis of
K 326 Wz/Wz engaging defense responses more extensively following Wz-H infection compared
to Wz-Wz infection. Up-regulated genes in K 326 Wz/Wz inoculated with Wz-H but not the Wz-
Wz isolate were significantly enriched in the “MAPK signaling pathway”, which is involved in
plant signal transduction in response to environmental stimuli and plays an important role in
plant innate immunity (Danquah et al. 2014).

In a study investigating the defense responses of potato plants to isolates of P. infestans,
different numbers of DEGs were triggered by isolates of P. infestans with different virulence

profiles (Duan et al. 2020). More DEGs were identified in the incompatible interaction leading to
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resistance than in the compatible interaction leading to susceptibility. Researchers speculated in
the incompatible reaction, the isolate of P. infestans triggered the expression of both basal and R-
gene mediated defense responses, indicating the importance of host recruiting defense related
genes in response to pathogen attack. Similarly, we observed the Wz-H isolate of P. nicotianae,
with a lower level of aggressiveness than the Wz-Wz isolate, triggered more defense related
genes and at a higher expression level resulting in less severe disease. However, a question
remains as to whether the highly aggressive isolate of P. nicotianae failed to elicit defense
responses or was able to avoid and/or suppress the defense responses of K 326 Wz/Wz.

Other than plant defense responses, many DEGs detected in K 326 Wz/Wz were involved
in metabolic pathways such as the synthesis and degradation of carbohydrates, amino acids and
lipids. Studies have shown the critical roles of sugar, amino acids and fatty acids in plant defense
responses (Rojas et al. 2014). However, KEGG pathway enrichment analysis did not identify
differences in the metabolic pathways enriched for the DEGs from K 326 Wz/Wz inoculated with
Wz-Wz and Wz-H isolates. Further study is needed to profile sugar, amino acid and fatty acid
contents in K 326 Wz/Wz inoculated with isolates of P. nicotianae with distinct levels of
aggressiveness to establish the relation among primary metabolic contents, host partial
resistance, and pathogen aggressiveness.

CONCLUSION

Little molecular study has been completed on what determines the overall aggressiveness
of plant pathogens. Quantitative traits such as aggressiveness are challenging to dissect. A
GWAS study on aggressiveness in Colletotrichum kahawae strongly suggested that
aggressiveness is associated with some small effect SNPs and is not regulated by casual

mutations, which would indicate that aggressiveness might be an variable trait regulated by
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differential gene expression and corresponding regulatory mechanisms (Vieira et al. 2019). Our
study was designed to enhance our understanding of the genetic mechanisms underlying P.
nicotianae adaptation to partial resistance in tobacco using dual RNAseq. Overall, results from
this study suggest that isolates of P. nicotianae adapted to partial resistance are able to recruit a
high percentage of pathogenicity-associated genes when infecting a partially resistant genotype,
and are more tolerant to the defenses expressed by Wz resistance. Finally, isolates adapted to the
source of partial resistance used were able to severely hinder nuclear synthesis processes in K
326 Wz/Wz.

Wz resistance in K 326 Wz/Wz potentially disrupted protein synthesis in P. nicotianae as
a defense mechanism. A broad spectrum and a high level of expression of defense related genes
were recruited by K 326 Wz/Wz to inhibit non-adapted isolates of P. nicotianae compared to the
adapted isolate. This was confirmed by the observation of a wide range of biological activities
were affected by the down-regulated DEGs in the non-adapted isolate on K 326 Wz/IWz.

It would be beneficial if additional studies involving more isolates with distinct
aggressiveness levels could be used to confirm our findings. Notwithstanding, sets of
differentially expressed genes and genes with differential transcript usage were generated and
can be researched via additional functional analyses to substantiate their roles in P. nicotianae
aggressiveness. These findings provide a foundation for further investigation of the molecular
mechanisms underlying pathogen adaptation to partial resistance in host plants.
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Table 4.1. Genes and corresponding primers used for qRT-PCR validation.

Gene ID Regulation  Gene description Forward primer Reverse primer
PPTG_10666 Up Und;ftcet;med CGTTCTCTTTTGCTCACGGA CAGCTCCGACAAGTACACTG
PPTG 19949 Up Und;ftcet;med CAACACTGTCACTGCTGGAT  GATCCAGTTGCTAGCGAGAG

NAD(P)H:quinone
PPTG_20266 Down oxidoreductase, type  CTCTCCGAAACAGAACCAACT GTAGATCTCGGCAGTAACGC
v
PPTG 08585 Down Und;ftcet;med AACACCACTACTCCAGCACT  ACAACTTCACCACATCCGTC
Ubc ublqwt:rll-ggeugatmg CCACTTAGAGCACGCTAGGA ~ TACCGACTGTCCTTCGTTCA
WS21 405 “b"sg’gng‘l Protei 1A CGCCAAGACGGCTCAGA TTCCATCAGACGCACCAGG
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Table 4.2. Summary of RNAseq data and mapping results.
P. nicotianae N. tabacum
Host Isolate for ..
Sample ID . . Replication Total reads No. and rate of reads . No. and rate of reads .
genotype inoculation mapped to a single Overall alignment mapped to a single Overall alignment
. rate . rate
location location
H3-H-3 Hicks Wz-H 1 32616245 11799948 (36.18%) 38.50% 1170706 (3.59%) 4.77%
H3-H-5 Hicks Wz-H 2 37590753 8954805 (23.82%) 25.42% 691568 (1.84%) 2.55%
H3-H-6 Hicks Wz-H 3 32142283 8581032 (26.70%) 28.55% 1526273 (4.75%) 6.21%
H3-WZ-1 K 326 Wz/Wz Wz-H 1 30738911 6756839 (21.98%) 23.62% 1234275 (4.02%) 5.84%
H3-WZ-2 | K326 Wz/Wz Wz-H 2 32228624 7512158 (23.31%) 24.89% 2571539 (7.98%) 10.15%
H3-WZ-5 | K326 Wz/Wz Wz-H 3 41304137 8159363 (19.75%) 21.14% 1146835 (2.78%) 3.63%
WZ3-H-1 Hicks Wz-Wz 1 32441520 8583661 (26.46%) 28.35% 1003943 (3.09%) 4.19%
WZ3-H-2 Hicks Wz-Wz 2 33639749 6441805 (19.15%) 20.54% 561746 (1.67%) 2.95%
WZ3-H-6 Hicks Wz-Wz 3 30538468 10333429 (33.84%) 36.10% 557494 (1.83%) 2.91%
WZ31'WZ' K 326 Wz/Wz Wz-Wz | 32424684 9437437 (29.11%) 31.12% 5499898 (16.96%) 20.63%
WZ3-WZ- 0 0
) K 326 Wz/Wz Wz-Wz 2 34550232 7129753 (20.64%) 22.21% 412999 (1.20%) 1.98%
WZ3-WZ- 0 0 0 0
3 K 326 Wz/Wz Wz-Wz 3 30323291 7477321 (24.66%) 26.38% 852994 (2.81%) 4.20%
Average 33378241 27.23% 5.83%
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Table 4.3. Number of DEGs identified in the Wz-Wz and Wz-H isolates of P. nicotianae by
comparing transcriptomes in inoculated K 326 Wz/Wz to inoculated Hicks.

Isolate Total No. of DEGs Up-regulated DEGs Down-regulated DEGs
Wz-Wz 46 16 30
Wz-H 50 29 21
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Table 4.4. Enriched KEGG pathways in the Wz-Wz and Wz-H isolates of P. nicotianae on K 326

Wz/W-z.
Isolate DEG regulation Term Rich-factor CP(ir\r/Z(l:;eed
Wz-Wz up-regulated Spliceosome 0.018 0.049
iquinone and other terpenoid-quinone
Wz-Wz  down-regulated Famene b(i(?synthe;ips ! 0118 0.008
Biosynthesis of secondary metabolites 0.010 0.040
Biosynthesis of secondary metabolites 0.015 0.000
Ubiquinone anq other terpenoid-quinone 0118 0.002
biosynthesis
Biosynthesis of antibiotics 0.016 0.002
Glyoxylate and dicarboxylate metabolism 0.053 0.005
Wz-H down-regulated Glycine, serine and threonine metabolism 0.051 0.006
Metabolic pathways 0.005 0.007
Carbon metabolism 0.014 0.043
Ascorbate and aldarate metabolism 0.067 0.049
Sulfur metabolism 0.059 0.049
Histidine metabolism 0.056 0.049

152



Table 4.5. Number of annotated genes with differential isoform usage identified in the Wz-Wz
and Wz-H isolates of P. nicotianae infecting K 326 Wz/Wz compared to infecting Hicks.

Isolate Isoforms Genes
Wz-Wz 79 (58) 66 (27)
Wz-H 169 (140) 128 (60)

Note: Numbers in the parentheses are the numbers of isoforms or genes predicted to have
functional consequences.
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Table 4.6. Number of DEGs identified in K 326 Wz/Wz inoculated with either the Wz-Wz or the
Wz-H isolate of P. nicotianae compared to Hicks inoculated with the same isolate.

Tobacco genotype for  Isolate for Total No. of Up-regulated =~ Down-regulated

DEG identification inoculation DEGs DEGs DEGs
K 326 Wz/Wz Wz-Wz 608 305 303
K 326 Wz/Wz Wz-H 567 174 393
Shared DEGs 257 94 163
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Table 4.7. Number of DEGs identified in K 326 Wz/Wz inoculated with either the Wz-Wz or the
Wz-H isolate of P. nicotianae compared to uninoculated K 326 Wz/Wz.

Tobacco genotype for  Isolate for Total No. of Up-regulated =~ Down-regulated

DEG identification inoculation DEGs DEGs DEGs
K 326 Wz/Wz Wz-Wz 2199 1363 836
K 326 Wz/Wz Wz-H 2927 1549 1378

Shared DEGs 1828 1136 692
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Figure 4.1. QRT-PCR validation of the DEGs identified in P. nicotianae by RNAseq analysis.
Genes PPTG_ 08585 and PPTG_20266 showed a lower relative expression in P. nicotianae when
infecting K 326 Wz/Wz compared to infecting Hicks. Genes PPTG 10666 and PPTG 19949
showed a higher relative expression in P. nicotianae when infecting K 326 Wz/Wz compared to
infecting Hicks. The expression of the genes was normalized to Ubc and WS21 as two internal
controls.

156



Statistics of Pathway Enrichment
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Figure 4.2. KEGG pathways enriched for up-regulated DEGs in K 326 Wz/Wz inoculated with
the Wz-Wz isolate of P. nicotianae compared to inoculated Hicks. The y-axis indicates the name
of the KEGG pathway. The dot size means the gene number. The dot color indicates the g-value.
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Figure 4.3. KEGG pathways enriched for up-regulated DEGs in K 326 Wz/Wz inoculated with
the Wz-H isolate of P. nicotianae compared to inoculated Hicks. The y-axis indicates the name
of the KEGG pathway. The dot size means the gene number. The dot color indicates the g-value.
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Statistics of Pathway Enrichment
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name of the KEGG pathway. The dot size means the gene number. The dot color indicates the q-

value.
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Figure 4.5. KEGG pathways enriched for down-regulated DEGs in K 326 Wz/Wz inoculated
with the Wz-H isolate of P. nicotianae compared to inoculated Hicks. The y-axis indicates the
name of the KEGG pathway. The dot size means the gene number. The dot color indicates the q-

value.
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Figure 4.6. Fold changes of defense-associated gene expression in K 326 Wz/Wz inoculated with
either the Wz-Wz or the Wz-H isolate of P. nicotianae, compared to uninoculated K 326 Wz/Wz.
Difference in fold change of defense-associated gene expression in K 326 Wz/Wz inoculated with
the two isolates of P. nicotianae was determined using paired T-test. Significance is indicated
using ** for P value <0.01.
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Statistics of Pathway Enrichment
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Figure 4.7. KEGG pathways enriched for up-regulated DEGs in K 326 Wz/Wz inoculated with
the Wz-Wz isolate of P. nicotianae compared to uninoculated K 326 Wz/Wz. The y-axis indicates
the name of the KEGG pathway. The dot size means the gene number. The dot color indicates
the g-value. The top 20 KEGG pathways are shown.
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Figure 4.8. KEGG pathways enriched for up-regulated DEGs in K 326 Wz/Wz inoculated with
the Wz-H isolate of P. nicotianae compared to uninoculated K 326 Wz/Wz. The y-axis indicates
the name of the KEGG pathway. The dot size means the gene number. The dot color indicates
the g-value. The top 20 KEGG pathways are shown.
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Figure 4.9. KEGG pathways enriched for down-regulated DEGs in K 326 Wz/Wz inoculated
with the Wz-Wz isolate of P. nicotianae compared to uninoculated K 326 Wz/Wz. The y-axis
indicates the name of the KEGG pathway. The dot size means the gene number. The dot color
indicates the g-value. The top 20 KEGG pathways are shown.
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APPENDIX A
Adaptation of Phytophthora nicotianae to multiple sources of partial-resistance in tobacco
K. L. McCorkle!, J. Jin', R. S. Lewis?, and H. D. Shew!
! Department of Entomology and Plant Pathology, North Carolina State University, Raleigh, NC
27695.

2Department of Crop and Soil Science, North Carolina State University, Raleigh, NC 27695.

ABSTRACT

Host resistance is an important tool in the management of black shank disease of tobacco.
Single-gene resistance was highly effective in managing the disease, but a rapid shift from wild
type race 0 to race 1 in the 1990s eliminated the usefulness of this resistance. Partial resistance to
black shank has been deployed since the 1930s, but P. nicotianae adapts to partial resistance
with increased aggressiveness, eroding some of its effectiveness. The objective of this study was
to quantify adaptation by P. nicotianae to sources of partial resistance found in varieties Beinhart
1000 and Florida 301, and that conferred by the Wz gene region introgressed into Nicotiana
tabacum from N. rustica. In greenhouse environments, 10 host genotypes with one or more
QTLs conferring partial resistance were inoculated with a highly aggressive isolate of either race
0 or race 1 of P. nicotianae. Selection over six host generations began by infesting soil with an
aggressive isolate and then isolating from the plant of each isolate/genotype combination with
the shortest incubation period. The newly recovered isolate was used to inoculate the next
generation of plants. After six generations, the most aggressive isolate from each of the six
generations of selection were evaluated in one trial for aggressiveness on its adapted host

genotype. The race 0 isolate demonstrated a continuous increase in disease severity (DS) and
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percent root rot (%RR) over generations of selection. Increases in DS and %RR were gradual for
all host genotypes except for K 326 Wz/--, in which a large increase in DS and %RR was
observed between generations two and three. The race 0 isolate also adapted to Beinhart 1000,
which represents the first report of adaptation to this genotype. The race 1 isolate did not exhibit
significant increases in aggressiveness over the six host generations except on K 326 Wz/--,
where a large increase in DS and %RR was observed between host generations three and four.
Molecular characterization of 104 isolates recovered during the six generations of selection was
completed using ddRADseq. No polymorphisms associated with the observed changes in
aggressiveness were identified. The rapid adaptation of both races to Wz resistance and the more
gradual adaptation to other QTLs highlights the need for study on the nature of the Wz gene
region and for field studies on efficacy of variety rotation to manage adapting P. nicotianae
populations.
INTRODUCTION

Black shank, caused by the oomycete Phytophthora nicotianae, is one of the most
prevalent and destructive diseases of tobacco worldwide, causing millions of dollars in damage
annually. The disease is primarily a root and stem rot with symptoms of wilting, chlorosis,
necrosis of the roots and basal part of the stem, and ultimately plant death (Lucas 1975; Shew
and Lucas 1991; Gallup et al. 2006). First reported in Indonesia, the pathogen is now present in
most tobacco-growing regions around the world and growers rely on an integration of cultural
practices, chemical applications, and host resistance for sustainable management (Gallup et al.
2006). Deployment of resistant varieties is the preferred method of disease management because

it is easy to use and affordable compared to other management practices. Varieties with complete
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resistance, partial resistance, or a combination of the two are available to growers (Thiessen
2020).

The Php and Phl genes confer complete resistance to the wild type of P. nicotianae
referred to as race 0 (Apple 1967; Lucas 1975). The Php gene was transferred from Nicotiana
plumbaginifolia to commercial tobacco, Nicotiana tabacum, in the 1960s, and the Phl/ gene was
transferred from N. longiflora to the tobacco breeding line L8 in the 1950s (Chaplin 1962;
Valleau et al. 1960). Race 1 of P. nicotianae can overcome the complete resistance conferred by
the Php and Phl genes and was first reported in flue-cured areas of North Carolina in the 1960s
when varieties with the Php resistance failed in breeding nurseries (Apple 1962). In the 1990s,
there was a rapid race shift from race 0 to race 1 when the Php gene was incorporated into
agronomically acceptable and widely planted varieties. Currently, race 1 is dominant in fields
with a history of use of the Php gene (Csinos and Bertrand 1994; Gallup and Shew 2010; Gallup
et al. 2018). Race 2 is reported only from South Africa (Gallup and Shew 2010; Van Jaarsveld et
al. 2002) and race 3, which can overcome the PA/ gene but not the Php gene occurs in the USA
but is not thought to be an important pathogen since use of the Ph/ gene is limited (Gallup and
Shew 2010; Mclntyre and Taylor 1976, 1978). Single gene resistance is present in many
currently used commercial varieties, but due to the wide spread presence of race 1, presence of
partial resistance is heavily relied upon for disease control (Csinos and Bertrand 1994; Gallup
and Shew 2010; Gallup et al. 2018).

Partial resistance to black shank in most commercially available tobacco varieties
originated from the cigar tobacco variety Florida 301 (Fla 301) (Tisdale 1931). Varieties with
this source of partial resistance have root resistance that ranges from low to high, but little to no

stem resistance to P. nicotianae (Carlson et al. 1997; Jones and Shew 1995; Shew and Lucas
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1991; Wernsman et al. 1974). This contrasts to the high level of stem resistance present in
varieties with the Php gene. Disease losses in varieties with Fla 301 resistance can be high, even
in varieties with high levels of partial resistance (Sullivan et al. 2005b). In addition, varieties
with high levels of partial resistance exhibit poor agronomic qualities that are associated with
smaller root systems typical of these varieties (Valleau et al. 1960; Jones and Shew 1995). These
undesirable traits have led to the need to find and incorporate additional sources of partial
resistance.

Similar to Fla 301, cigar tobacco variety Beinhart 1000 (BH 1000), has a high level of
partial resistance to all races of P. nicotianae, but this resistance has not been incorporated into
any commercial varieties. BH 1000 resistance to P. nicotianae is high in the roots, with some
resistance expressed in the leaves and stem (Chaplin 1966; Heggestad and Lautz 1957; Nielsen
1992; Tedford and Nielsen 1990; Wills and Moore 1971). A mapping population from a cross
between the susceptible variety Hicks and BH 1000 was used to identify quantitative trait loci
(QTL) contributing to black shank disease resistance from BH 1000 (Vontimitta and Lewis
2012a, b). The major-effect QTLs Phn 7.1 and Phn 15.1 explained 43% of the variation for end
percent survival of tobacco plants in this mapping population (Vontimitta and Lewis 2012a; Xiao
et al. 2013). Components of resistance from doubled-haploid lines with favorable QTLs derived
from BH 1000 slowed root lesion expansion and delayed above ground symptom development
(McCorkle et al. 2013). Although BH 1000 is not thought to be in pedigrees of current
commercial varieties of tobacco, it shares Phn 7.1 with Fla 301 (Xiao et al. 2013).

In addition to resistance from BH 1000, a new source of black shank resistance conferred
by the Wz region from N. rustica has been introgressed into N. tabacum (Drake et al. 2015;

Woodend and Mudzengerere 1992). The Wz region is a chromosome segment that confers a high
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level of resistance to race 0 and race 1 of P. nicotianae (Drake and Lewis 2013). In a 2015 study,
Drake et al. used marker assisted selection to transfer Wz into the elite variety K 326 to evaluate
black shank resistance in multiple environments (Drake et al. 2015). They reported a positive
effect of Wz on resistance without any negative impacts on yield and quality (Drake et al. 2015).
The nature of Wz-mediated resistance is relatively unknown, but it has a large positive effect on
black shank disease resistance in the field and can be easily incorporated into commercial
tobacco varieties.

Pathogen populations can quickly adapt to selection pressure applied by resistance genes.
When complete resistance is widely distributed over a large geographical area, it often leads to a
rapid directional selection in the pathogen population resulting in an increase in virulent mutants
and breaking of the resistance gene (McDonald and Linde 2002). Partial resistance is more
durable than complete resistance but can be difficult to include in breeding programs because
multiple genes control the resistance. Pathogen adaptation to partial resistance does occur and is
generally described as an erosion of resistance over time as opposed to a rapid breakdown of
complete resistance (McDonald and Linde 2002). Research on adaptation of soilborne pathogens
to partial resistance is limited, with most studies having focused on foliar pathogens of wheat,
potato, and grapevine (Andrivon et al. 2007; Cowger and Mundt 2002; Delmas et al. 2016;
Delmotte et al. 2014; James and Fry 1983; Villaréal and Lannou 2000). Research on other
pathogen types, including nematodes and viruses, supports the idea that hosts with high levels of
partial resistance select for more aggressive pathogen isolates than susceptible hosts (Montarry et
al. 2012; Phillips and Blok 2008). Erosion of partial resistance has been attributed to decreased

latent periods (Lehman and Shaner 1997), increased secondary inoculum production (Delmotte
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et al. 2014; Phillips and Blok 2008) and increased infection efficiency (Leonard 1969; Villaréal
and Lannou 2000).

In the tobacco black shank pathosystem, pathogen adaptation to varieties with partial
resistance from Fla 301 has been observed (Dukes and Apple 1961; Sullivan et al. 2005a). After
continuous exposure of P. nicotianae to varieties with a high level of partial resistance, there was
a significant increase in pathogen aggressiveness compared to isolates obtained from a variety
with a low level of resistance also from Fla 301 (Sullivan et al. 2005a). Currently, there have
been no studies investigating P. nicotianae adaptation to sources of partial resistance that differ
from Fla 301.

Molecular characterization of populations of P. nicotianae has been accomplished using
many different approaches (Biasi et al. 2015, 2016; Gallup et al. 2018; Lacourt et al. 1994;
Mammella et al. 2011; Sullivan et al. 2010; Zhang et al. 2003). Double digest restriction-site
associated DNA (ddRADseq) is revolutionizing the study of ecological and evolutionary
genetics by allowing simultaneous massive single nucleotide polymorphism (SNP) discovery and
genotyping with relatively low-costs (Peterson et al. 2012). It has been applied to construct the
population structure of isolates of P. infestans from different geographic locations and improved
resolution of the clustering of isolates along with other molecular approaches (Arafa et al. 2020).
In addition, ddRADseq in combination with cytometry revealed the dynamic ploidy transitions
as a molecular mechanism to generate genetic diversity in Candida albicans (Hickman et al.
2015). This technique has not been used in P. nicotianae to investigate its genetic structure or to
construct phenotype-genotype association.

The objectives of this study were to first characterize the adaptation of an isolate of race 0

and race 1 of P. nicotianae after exposure to varying levels and sources of partial resistance from
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Fla 301, BH 1000 and the Wz region of N. rustica. After adaptation, ddRADseq was performed
on the isolates obtained in an attempt to characterize the genetic adaptation of P. nicotianae to
partial resistance.
MATERIALS AND METHODS

Host genotypes. Ten tobacco genotypes were selected to represent current and potential
sources of resistance to P. nicotianae. Selected genotypes had black shank resistance from one of
four resistance sources: Beinhart 1000 (BH 1000), Florida 301 (Fla 301), the Wz gene region
from N. rustica, or the Php gene from N. plumbaginifolia. Three doubled-haploid lines with
either QTL Phn7.1, Phnl5.1, or both Phn7.1 and Phn15.1 from BH 1000 in addition to BH
1000, were members of the first source of disease resistance. BH 1000 and doubled-haploid line
DHO06B 162-19 (Phn7.1 and Phn15.1) have a high level of partial resistance, and doubled-
haploid lines DHO5B 1252-292 (Phn7.1) and DHO5B 710-65 (Phn15.1) have a moderate level of
partial resistance. Varieties K 346 with a high level and K 326 with a low level of partial
resistance derived from Fla 301 and Fla 301 were the second source of resistance. Like BH 1000,
Fla 301 has a high level of partial resistance to race 0 and race 1 of P. nicotianae. The third type
of host resistance was variety NC 71, which carries a single copy of the Php gene (tobacco has
two sets of chromosomes and functions as a diploid) conferring complete resistance to race 0 of
P. nicotianae and also possesses a low level of partial resistance from Fla 301, similar to K 326.
Variety NC 71 was only used for race 1 inoculations due to its immunity to race 0 and variety K
326 was only used for race 0 inoculations, since NC 71 inoculated with race 1 has comparable
levels of partial resistance to K 326. The fourth type of resistance was the Wz gene region from
N. rustica incorporated in heterozygous experimental flue-cured tobacco hybrid K 326 (K 326

Wz/--). Variety Hicks was used as a susceptible control, for a total of nine different tobacco lines
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used for each race of the pathogen. Eight of the genotypes were used for both races and there
was one unique genotype for each race, giving nine genotypes for each race and 10 overall used
in the tests.

Seed of each tobacco genotype was sown on potting medium (Fafard® 4P Mix, Conrad
Fafard, Inc, Agawam, MA) in plastic pots in the greenhouse. After 3-5 weeks, seedlings were
transplanted to 10 cm diam clay pots filled with a 1:1:1 mixture of steam pasteurized (80°C for
30 minutes) sandy-loam soil, coarse builder’s sand, and potting media (Fafard® 2P Mix, Conrad
Fafard, Inc, Agawam, MA). Plants were watered twice a day and fertilized once per week with
10-10-10 Miracle-Gro® (The Scotts Miracle-Gro Company, Marysville, OH). The greenhouse
temperature was maintained at a 35°C/26°C day/night temperature with supplemental lighting to
maintain 14-hour photoperiod.

Isolate selection. Twelve isolates (six race 0 and six race 1 isolates) of P. nicotianae were
recovered from naturally-infested soil obtained from the root zones of symptomatic flue-cured
tobacco plants in a field with severe black shank at the Upper Coastal Plain Research Station in
Rocky Mount, N.C. Each isolate originated from a single colony of the pathogen recovered from
a soil assay on a semi-selective agar medium (described below) (Shew 1983). The 12 isolates
were used to inoculate the 10 tobacco genotypes previously described and plants were observed
for symptom development daily. The most aggressive isolate of race 0 and race 1 was selected
for the adaptation study based on their ability to cause the most root rot and above-ground
symptoms in the shortest time period. The most aggressive race 0 isolate was collected from a
plot planted with variety Hicks and the most aggressive race 1 isolate was collected from a plot

planted with NC 71.
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Inoculum production. The selected race 0 and race 1 isolates were grown on 5% clarified
V8 agar medium for one week. The 5% V8 medium was made by adding 20 g Bacto Agar
(Fisher Scientific, Fair Lawn, NJ) to 200 mL of 25% clarified V8 juice and 800 mL of deionized
water. Medium was autoclaved at 121°C for 30 minutes, then 18 mL of medium was poured into
each 9 cm Petri dish after the medium cooled to 56°C. Oats for producing inoculum were
prepared by adding 500 mL of steamed-crimped oats to 400 mL of deionized water, then
autoclaving for one hour at 121°C for three consecutive days before adding them to the 1-week
old cultures. After the sterilized oats were added to cultures, Petri dishes were sealed with
Parafilm® and incubated at 28°C for 7-12 days until oat grains were colonized fully.

Inoculation and isolate collection. Tobacco seedlings that were 7-9 weeks old were
inoculated by placing two colonized oat grains into each of two 5 cm deep holes (4 oat grains per
pot) that were 4 cm away from stems on either side of each plant. Plants were watered after
inoculation to seal inoculum holes. The selected race 0 isolate was used to inoculate tobacco
genotypes: Hicks, BH 1000, doubled-haploid lines DHO6B 162-19, DHO5B 1252-292, and
DHO5B 710-65, Fla 301, K 326 Wz/--, K 326, and K 346. The sclected race 1 isolate was used to
inoculate the same varieties except that variety NC 71 was used instead of K 326. Each host
genotype x pathogen isolate combination was replicated 10 times and the experiment was
arranged in a randomized complete block design. Plants were observed at approximately the
same time daily for above ground symptom development of either severe wilting and/or stem
necrosis. Plants were watered one hour before observation to eliminate rating of transient
wilting. The incubation period was determined by the number of days required for aboveground

stem necrosis or irreversible wilting to occur.
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At the end of each generation, the pathogen was reisolated from the plant with the
shortest incubation period for each of the nine host genotypes for each race. The pathogen was
reisolated from stem lesions shortly after above ground symptoms were observed. Small pieces
of host tissue about 1 cm? in size were taken from the leading edge of necrotic tissue and placed
in a 10% bleach (0.8% sodium hypochlorite) solution for one minute. Samples were rinsed in
sterile deionized water and placed on dry paper towels to remove excess water. Pieces of tissue
were then placed on PARPH medium and incubated at 28°C for 2 days in the dark. PARPH was
prepared by autoclaving 18 g of Bacto Agar (Difco, Detroit, MI) 5% clarified V8 juice for 30
minutes at 121°C. Medium was cooled to 56°C and the following chemicals were suspended in
50 ml of deionized water before addition: 125 mg pentachloronitrobenzene (PCNB), 50 mg
hymexazol, and 250 mg ampicillin. Additional antibiotic suspensions were also added; 2 mL
rifampicin stock (500 mg rifamycin SV sodium salt in 100 ml 95% EtOH), and 2 mL pimaricin
stock (500 mg natamycin in 100 ml sterile DI water) amendments were stirred into the medium
last (Kannwischer and Mitchell 1978; Shew 1983). After amendments were added, 18 mL of
PARPH was poured into each 9 cm diam Petri dish. Isolates were maintained on a clarified 5%
V8 medium. If no stem lesion developed, the pathogen was reisolated from necrotic roots of the
plant with the highest percent root rot within a treatment. Isolation methods from root tissue were
the same as stem tissue, except cheesecloth was used to retrieve root pieces from the bleach
solution and deionized water. At the end of each generation, there were nine new isolates
obtained for each race or a total of 18 isolates. Varieties BH 1000 and Fla 301 have a very high
level of partial resistance, so stem lesions did not occur often on these varieties and the pathogen
had to be isolated from the roots for most generations. For generation three inoculations of BH

1000, P. nicotianae could not be reisolated for either race 0 or race 1. Therefore, inoculum was
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increased from four to eight oat grains per pot for generations four to six to ensure the pathogen
could be isolated again.

Isolates collected from each generation were used to inoculate the same variety for the
next host generation of selection. This cycle of inoculation and isolation was repeated for six
consecutive generations. Once six generations of selection were completed, there was a total of
53 isolates for each race of the pathogen (9 host genotypes x 6 generations = 54-1 for the missing
generation 3 isolates from BH 1000). Since isolates from generation one (G1) were stored in
culture longer than generation six (G6), all 53 isolates of each race were inoculated for one more
generation of selection on the original host genotype. This was done to control for changes that
might occur in isolate aggressiveness during storage in pure culture. Once each individual was
reisolated from the host, isolates from the six generations of selection were used to inoculate host
genotypes in the same experiment. Inoculum was prepared and plants were inoculated as
previously described with four colonized oat grains per pot.

Incubation period and percent root rot. Plants were observed for the development of
above ground symptoms for 28 days. On day 28, plant roots were rinsed in a bucket of water to
remove soil and potting media, and then rated for percent root rot. The same individual rated all
plants for root rot severity to eliminate variability between raters. Not all plants developed
above-ground symptoms within the 28 day test period, so incubation period in days was
converted to disease severity (DS) values (Sullivan et al. 2005a). A DS value of 0 was given to
plants that did not have above ground symptoms 28 days post inoculation. The class and severity
values were: 1-6 days=10, 7-10 days=8, 11-16 days=6, 17-22=4, 23-28=2, and no symptoms at
day 28=0. The first run of race 1 inoculations was extended by one week because of decreased

temperatures in the greenhouse during the first week after inoculation. Therefore, class and

177



severity values were adapted to include delayed disease onset: 1-12 days=10, 13-18 days=8, 19-
24 days=6, 25-30 days=4, 31-36 days=2, and no symptoms at day 36=0.

Experimental Design and Statistical analysis. Each isolate by host genotype combination
was replicated 10 times for a total of N=530 experimental units (N=53 isolates x 10 replications)
for each race. Experiments were arranged in a split plot design with whole plot factors (isolate
generation) grouped together and the subplot factor (host genotypes) in a completely randomized
block design within whole plot factor. Two runs of race 0 and race 1 inoculations were
conducted and disease severity and percent root rot were analyzed using SAS statistical software
(Version 9.4, SAS Institute, Cary, NC). Disease severity and percent root rot data was
transformed using the arcsine transformation. An analysis of variance (ANOVA) table was
generated by using the PROC GLIMMIX command and Ismeans were obtained using Tukey
HSD adjustment.

Extraction of DNA for sequencing. A total of 108 isolates (53 isolates collected of each
race x 2 races + 2 starting isolates = 108 isolates) were grown on 5% V8 agar medium. Three
plugs of each isolate were transferred to a 9 cm diam Petri dish containing 18 mL of potato
dextrose broth (PDB) and incubated at 28°C for 1 week. Hyphal mats were separated from the
agar plugs using a vacuum, rinsed using sterile deionized water, and collected in a sterile 1.7 mL
microcentrifuge tube. Hyphal tissues were lyophilized and subjected to DNA extraction using
Qiagen DNeasy Plant Mini Kit (Qiagen Corporation, Maryland, USA) according to the
manufacturer’s protocol. The resulting DNA samples were quantified using a Qubit Fluorometer
and the quality of DNA samples was assessed with 12 randomly selected DNA samples using

TapeStation DNA analysis.
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Reduced-representation library construction and Illumina sequencing. Library
construction and Illumina sequencing were completed at the Genomic Science Laboratory at
North Carolina State University (Raleigh, NC). In brief, two restriction enzymes, MIuCI and
Mspl, were used to digest 200 ng of genomic DNA in NEB buffer 4 and water at 37°C for 3
hours. Digested DNA fragments were cleaned using 1.5X volume AMPure beads and then
ligated with unique indexing adapters. The 108 samples were divided into three sub-libraries
with 36 samples in each library. Each sample in the sub-libraries had a unique barcode as part of
the adapter ligated to the Mspl cutting site and a universal barcode ligated to the MIuCI cutting
site. Adapter ligated DNA fragments were cleaned with 1.5X volume AMPure bead solution and
subjected to size selection using a Pippin-Prep platform (Sage Science). Fragments 450 — 550 bp
in length with both MIuCI and Mspl cutting sites were selected and used as templates for PCR
amplification using an indexed primer and a universal primer. An index was added to each sub-
library during PCR amplification. The quality and concentration of the library was assessed
using Bioanalyzer Trace Analysis. Three sub-libraries were pooled and then sequenced in a
single lane in the [1lumina MiSeq platform to obtain 300 bp paired-end reads.

Sequence data processing and single nucleotide variant detection. All sequencing data
were processed using Mobyle SNAP Workbench (Aylor et al. 2006; Monacell and Carbone
2014; Price and Carbone 2004). The raw sequencing reads were first examined for integrity by
checking the barcode and intact RAD cutting sites and then demultiplexed using the process
radtags program (Catchen et al. 2013). Raw reads with a Phred quality score lower than 10 were
filtered out. Demultiplexed reads were then filtered using the Trimmomatic converter program
(Bolger et al. 2014), where bases at the start or the end of a read were cut off if the Phred quality

score was lower than 30. Reads less than 36 bases in length were discarded and bases were
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clipped if the average quality was lower than 20 in each 4 bp size. The filtered paired reads were
then mapped to the reference genome Phytophthora parasitica INRA-310 (Phytophthora
parasitica Assembly Dev initiative, Broad Institute) using the Burrows-Wheeler Alignment Tool
(Li and Durbin 2010). Sequence Alignment Map (SAM) files were then subjected to variant
(SNPs) discovery using Haplotype caller (DePristo et al. 2011) in GATK for each isolate. SNPs
called in each isolate in Variant Call Format (VCF) files were merged into a single VCF file. The
SNPs obtained from GATK were filtered using Minor Allele Frequency 0.1 and Max Missing
0.9 to increase the accuracy of the called SNPs across isolates. The filtered VCF file was then
used to perform subsequent population genetic analysis and PHIB-BLAST (Urban et al. 2019,
2020).

Genetic structure analysis. Genetic diversity was assessed with the poppr package in R
(Kamvar et al. 2014, 2015). Wright’s Fst, a measure of population differentiation was estimated
for race (‘Race 0’ versus ‘Race 1°), number of host generations exposed, and the origin of host
resistance using SNPRelate package in R (Zheng et al. 2012). Values of Fst range from 0 to 1
with values higher than 0.05 indicating a degree of population differentiation (Wright 1949). A
phylogenetic analysis under maximum likelihood was completed using RAXML (Stamatakis
2006). Genetic structure was investigated using both principal component analysis (PCA) and
discriminant analysis of principal components (DAPC) with the adegenet package in R (Jombart
and Ahmed 2011; Jombart 2008). DAPC is a multivariate analysis that partitions the genetic
variation into two components — variation between groups and within groups, with variation
between groups being maximized. SNPs that contribute to discrimination most are the ones most

different across groups. Therefore, those SNPs can be used to identify genetic regions in the
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genome that drive the genetic divergence among groups. In addition, DAPC analysis is
hypothesis-free which makes it particularly suitable for the isolates collected in this study.

PHIB-BLAST. Filtered SNPs were located to P. nicotianae genes using gene annotation
file phytophthora parasitica_inra 310.3.genes-Icl|version.gff3. Genes harboring SNPs were
retrieved from UniProt database (UniProt: the universal protein knowledgebase 2017) with
corresponding protein sequences, followed by using PHIB-BLAST in PHI-base (Urban et al.
2019, 2020) to identify their potential roles in pathogenicity.

RESULTS

Inoculation and isolate collection. Disease developed with all host by isolate
combinations, with symptoms developing quickest on the susceptible variety Hicks and slowest
on the highly resistant Beinhart 1000 for all generations of adaptation. Most isolates recovered
from inoculated plants were obtained from stem lesions except for the resistant host genotypes
Beinhart 1000 and Fla 301, where stem lesions did not or only infrequently developed during
each 28-day trial. In the absence of stem lesions, isolates were recovered from necrotic root
tissue.

Disease severity and percent root rot - race (). There was a significant generation by run
interaction for disease severity and percent root rot, so data from runs 1 and 2 were analyzed
separately. The major difference between runs was the overall greater level of disease in run 1.
There was also a difference in how disease severity changed over generations of selection (Table
1). For example, in the genotypes K 326 and K 346 with Fla 301 QTLs, DHO6B 162-19 with
both major QTLs from Beinhart 1000, and K 326 Wz/-- with the Wz gene, disease severity
increased with generations of selection in run one but not in run two, where above symptoms

were delayed by cooler temperatures in the greenhouse. In contrast, no increase in disease
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severity over generations of selection was observed in run one for DHO5B 1252-292 (Phn 7.1),
but an increase was observed in run two. Trends in severity observed for BH 1000, DHO5B 710-
65 (Phn 15.1), Fla 301, and Hicks remained the same in both runs.

In general, gradual increases in aggressiveness were observed over generations of
selection in run 1 (Table 1). Specifically, there was a gradual increase in disease severity over
generation of selection for the doubled-haploid line DHO6B 162-19 with Phn 7.1 and Phn 15.1
from Beinhart 1000, in Fla 301, and the varieties K 326 and K 346 with QTLs from Fla 301
(Table 1). No changes in disease severity over generation of selection was observed for doubled-
haploid lines DHO5B 710-65 (Phn 15.1) and DHO5B 1252-292 (Phn 7.1), each with one major
QTL for resistance, BH 1000, or the susceptible variety Hicks. In these genotypes, either disease
severity started and remained high with highly susceptible genotypes, or disease severity never
progressed to development of above ground symptoms as was observed in BH 1000. In contrast,
there was a rapid increase in disease severity between generation two (G2) and three (G3) for the
genotype with the Wz gene region, K 326 Wz/-- (Table 1). After generation 3, disease severity
remained high, but was somewhat variable across generations (Table 1).

A gradual increase in percent root rot over generation of selection was observed for the
genotypes BH 1000 and DHO6B 162-19 with Phn 7.1 and Phn 15.1, Fla 301, K 326, and K 346
(Table 2). No change in root rot over the six generations of selection was observed for the
susceptible variety Hicks, and the doubled-haploid lines DHO5B 710-65 (Phn 15.1) and DHO5B
1252-292 (Phn 7.1) (Table 2). In contrast, a rapid increase in percent root rot was observed
between G2 and G3 on K 326 Wz/-- (Table 2). There was no additional increase in

aggressiveness after G3 on K 326 Wz/--.
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Disease severity and percent root rot - race 1. There was a significant generation by run
interaction for both disease severity and percent root rot, so runs were analyzed separately.
Disease severity remained similar across the six generations of selection for all genotypes except
for K 326 Wz/-- in run 2 where there was a rapid increase in disease severity between G3 and G4.
Mean disease severity increased from 2.6 in G3 to 6.2 in G4 and remained high in G5 and G6
inoculations (Table 3).

There were no significant changes in percent root rot over generation of selection among
genotypes except for BH 1000 and K 326 Wz/-- (Table 4). In BH 1000 there was a gradual
increase in percent root rot across generations of selection, with an increase from 7% to 19%
necrosis in run 1 and an increase from 4% to 25% between G1 and G6 in run 2 (Table 4). In K
326 Wz/-- a rapid increase in percent root rot occurred between G3 with 8% root rot and G4 with
57% root rot in run 1 and increased to 96% in G4 in run 2 (Table 4).

Sequence data processing and single nucleotide variant detection. Four out of the 108
isolates failed during sequencing, so data were available for 104 isolates. The average number of
raw reads for the remaining 104 isolates was 162,357, ranging from 44,533 to 288,648
reads/sample. On average, 2.23% of the reads were removed by Trimmomatic. A total of
141,865 SNPs were called by GATK Haplotype caller, and 1671 SNPs were retained after
filtering.

Genetic structure analysis. From the 1671 SNPs obtained, 104 multi-locus genotypes
were observed, indicating that all isolates were genetically distinct. There was little genetic
differentiation observed when isolates were grouped by race (Fst 0.0056), number of generations
of exposure to a given resistance source (Fst 0.0058), or origin of host resistance sources (Fst

0.0067). Similarly, PCA and DAPC analysis did not group isolates by race, number of host
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generations exposed, or origin of host resistance sources and no specific pattern of the
distribution of the isolates was observed in the phylogenetic tree constructed using RAXML.

PHIB-BLAST. Of the retained 1671 SNPs, 245 were attributed to 243 annotated genes. A
majority of the annotated genes (155/243) were uncharacterized in P. nicotianae, however,
characterized genes harboring SNPs include the genes encoding DDE Tnp 1 7 domain-
containing protein (PPTG_06780, PPTG 16248, PPTG 21173, PPTG 21279, PPTG 22233,
PPTG 23623, PPTG_04473), ABC transporter (PPTG_07381, PPTG_17220), aminopeptidase
(PPTG _13045), peptidase (PPTG_24621), and serine/threonine protein kinase (PPTG_05273).

The 243 annotated genes were then matched to 273 UniProtKB IDs in UniProtKB.
Eighteen of the genes were matched to more than one UniProtKB IDs because of potential
isoform sequences. Based on the protein sequences of the 273 UniProtKB entries, PHIB-BLAST
gave a total of 42 genes experimentally verified to be associated with pathogenicity.
DISCUSSION

Host resistance is the most important tool growers have in managing black shank of
tobacco. The rapid and widespread shift in the pathogen population from race 0 to race 1
following the widespread deployment of the Php gene ( Csinos and Bertrand 1994; Gallup and
Shew 2010; Gallup et al. 2018; Parkunan et al. 2010; Sullivan et al. 2005b) resulted in a renewed
focus on improving disease management through the incorporation of new sources of partial
resistance (Drake et al. 2015; Drake-Stowe et al. 2017; Ma et al. 2019, 2020; Shi et al. 2019;
Vontimitta and Lewis 2012a). Partial resistance is considered more durable than complete
resistance (McDonald and Linde 2002), but multiple studies have demonstrated that plant
pathogens also adapt to this type of resistance by becoming more aggressive and eroding the

effectiveness of the resistance over time (Cowger and Brown 2019; Cowger and Mundt 2002;
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Mundt 2014; Pariaud et al. 2009). Multiple studies with P. nicotianae have shown that this
pathogen adapts to the widely used partial resistance derived from Fla 301 (Dukes and Apple
1961; Sullivan et al. 2005a). With the increased interest in finding and incorporating new sources
of partial resistance for black shank management, studies of the adaptation by P. nicotianae to
these new sources of partial resistance was investigated to determine potential durability of these
genes.

The sources of partial resistance used in this study represented the current source from
Fla 301 that is present in most commercial varieties, BH 1000 and the major QTL PAn 15.1 in
BH 1000, and the Wz gene region from N. rustica (Drake and Lewis 2013; Vontimitta and Lewis
2012a; Xiao et al. 2013). The initial 12 pathogen isolates, six race 0 and six race 1, were obtained
from soil taken from the root system of plants grown in the same location at the Upper Coastal
Plain Research Station in Rocky Mt., NC for over 10 years. The 12 isolates were initially
screened for their ability to cause disease on all sources of resistance being evaluated and the
most aggressive isolate of race 0 and race 1 were chosen to investigate the potential to adapt to
the different resistance sources over six generations of selection. The most aggressive race 0
isolate was recovered from field plots of the susceptible variety Hicks and the most aggressive
race | isolate from plots of NC 71. Neither of these varieties have a high level of partial
resistance, so the isolates chosen for this study, while aggressive, had not been exposed to any of
the QTLs that confer the high levels of partial resistance being investigated.

Over the six generations of selection, a decrease in incubation period and a gradual
increase in disease were observed with many of the genotypes. Components of aggressiveness
that influence incubation period (disease severity) for black shank include infection efficiency,

rate of lesion expansion, location of initial infections, and secondary inoculum production (Ferrin
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and Mitchell 1986; Gallup et al. 2006; Jones and Shew 1995; McCorkle et al. 2013; Shew 1987).
It is likely that multiple aggressiveness attributes were being selected for in each generation of
selection. It was unknown whether components of aggressiveness are the same for all sources of
partial resistance or if there is specific adaptation to the various QTLs present. For instance, in a
study where nine isolates of P. infestans were grown on potato tubers of their cultivar of origin
and two other cultivars, evidence of adaptation to the cultivar of origin was found when
aggressiveness was measured using lesion growth rate but not latent period (Jeffrey et al. 1962).
In another study of Puccinia hordei, adaptation to resistant barley variety Vada was observed
with increased infectivity. However, adaptation to the susceptible variety Sultan was expressed
with increased pustule size (Clifford and Clothier 1974). Quantifying pathogen adaptation to host
partial resistance can be extremely challenging because of the intertwined relationship among the
various aggressiveness components in pathogens and their interactions with multiple QTLs in
hosts.

The race 0 isolate exhibited a gradual increase in aggressiveness for genotypes with
partial resistance from Fla 301 and BH 1000, but not K 326 Wz/--. With Fla 301, K 326, and K
346, a gradual increase in disease severity and percent root rot was observed. DS and %RR were
lowest for Fla 301, followed by K 346, and then K 326, which mirrors their resistance rating
used for grower information. These observations confirmed previous results obtained after
continuous exposure to that resistance in the field (Dukes and Apple 1961; Sullivan et al. 2005a).

Similar to Fla 301 resistance, the doubled-haploid line DHO6B 162-19, with major effect
QTLs Phn 7.1 and Phn 15.1, had a gradual increase in disease severity and percent root rot over
generations of exposure. BH 1000 was the most resistant genotype investigated with no above

ground symptoms observed over the six generations of inoculations. This resistance is widely
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recognized as being very high to black shank (Chaplin 1966; Vontimitta and Lewis 2012a) .
There was a significant increase in root rot observed on BH 1000, which represents the first
indication that P. nicotianae can also adapt slowly to this very high level of partial resistance.
There was no significant increase in aggressiveness for the doubled-haploid lines that contained
only one major QTL. Disease severity and percent root rot were very high in generation one for
both of these genotypes, so any changes in the pathogen were not detectable in the disease
parameters quantified.

Interestingly, adaptation of race 1 differed from the adaptation observed with race 0 on
most host genotypes. No increases in disease severity were observed for any genotype with Fla
301 or BH 1000 resistance and race 1 isolates were not as aggressive on the same host genotypes
as race 0. Overall, race 1 isolates caused lower disease severity and percent root rot on the same
host genotypes when compared to race 0 isolates. These results agree with previous studies that
indicate a fitness cost associated with race 1 virulence on Php containing genotypes and
decreased aggressiveness and overwintering capability of race 1 isolates compared to race 0
isolates (Sullivan et al. 2005a).

Although differences in pathogen adaptation of race 0 and race 1 isolates were observed
on some genotypes, both races adapted to Wz resistance. For race 0 inoculations, a large increase
in disease severity and percent root rot were observed between generations two and three, and
the same increase in both variables was observed for race 1 inoculations between generations
three and four. Once the large increase in severity and percent root rot occurred, these values
remained high for the remaining generations. The rapid increase in severity and root rot between
two generations of Wz genotype inoculations differed from the gradual increase in disease on

genotypes with partial resistance from BH 1000 and Fla 301 (McCorkle et al. 2018).
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Selection for greater aggressiveness in pathogens has been a rising concern of utilizing
partial resistance. However, little is known about the evolutionary trajectory and genetic changes
in pathogens undergoing selection by partial resistance. In this study, ddRADseq was used in an
attempt to discover SNPs associated with aggressiveness by genotyping all of the generations of
isolates at one time to enhance understanding of how pathogen adapts to partial resistance.

Based on the 1671 SNPs obtained from the 104 isolates, within six generations of
selection, the two initial isolates had generated 102 genetically distinct isolates solely through
asexual reproduction. Oomycetes are known to be able to generate genetic variability via non-
sexual methods including mutation, transposable elements, gene conversion, mitotic
recombination, supernumerary chromosomes (Kamoun 2003), and aneuploidy (Hu et al. 2020).
Our results showed a high level of genetic plasticity in P. nicotianae, which illustrates the ability
to quickly adapt to host resistance (Sullivan et al. 2010). The molecular analyses demonstrated a
lack of genetic structure among the isolates. Similar results in a previous study attributed this
phenomenon to the faster divergence of quantitative traits than neutral expectations (Delmas et
al. 2016). A rapid increase of aggressiveness in P. nicotianae during six host-generation
adaptation could also be due to epigenetic changes rather than mutations in DNA sequences
(Kasuga and Gijzen 2013). Although no genetic structure was observed among the isolates,
SNPs were found to be located within pathogenicity-associated genes encoding DDE Tnp 1 7
domain-containing protein, ABC transporter, aminopeptidase, peptidase, and Serine/threonine
protein kinase. Additionally, SNPs were housed in two genes (PPTG 03266 and PPTG_15356)
that aligned to effector genes in P. sojae (Wang et al. 2011).

Interestingly, a total of 9 SNPs were located within genes encoding DDE Tnp, a group of

transposases that have DDE motif, which is one of the three components needed for transposition
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of a transposon to occur. DDE_Tnp specifically recognizes the inverted terminal repeats (ITRs)
of the cognate transposon via its binding domain and transports it to new locations (Nesmelova
and Hackett 2010). Transposons are ubiquitous in eukaryotic genomes. In Phytophthora and
plant pathogenic fungi, a high number of transposons accompany effector-encoding genes in
rapidly evolving genomic regions. This genetic attribute is hypothesized to contribute to the
evolution of effectors and their expression (Whisson et al. 2012). Conceivably, mutations that
occur in transposases could change the binding specificity and alter transposon activity in
Phytophthora, and therefore impact its pathogenicity.

Genome-wide association studies in Fusarium graminearum (Talas et al. 2016) and
Colletotrichum kahawae (Vieira et al. 2019) identified the association between pathogen
aggressiveness and genes involved in regulation and transport activities. Consistent with their
findings, SNPs were identified within similar genes along with effector encoding genes in our
study, potentially contributing to avoiding host recognition and increasing aggressiveness.
Although functional studies of these genes are needed to confirm their roles in pathogen
aggressiveness, our study suggested the possible association between transposases and pathogen
aggressiveness during adaptation to host resistance and identified candidate genes to further
explore the molecular mechanisms underlying pathogen adaptation.

For this and other adaptation experiments, selection of isolates able to cause greater
disease symptoms was directed through consecutive inoculations and reisolation of the pathogen
from the same host genotype. Similar increases in pathogen aggressiveness after continuous
exposure to varieties with a high level of partial resistance have been observed in the field
(Cowger and Mundt 2002; Dukes and Apple 1961; Phillips and Blok 2008; Sullivan et al.

2005b). Both races adapted in a similar way to Wz resistance, although results were atypical of
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adaptation to partial resistance with a large change within a single generation of selection. This is
the first report of P. nicotianae adaptation to partial resistance from BH 1000 and to the Wz gene
region from N. rustica and indicates that it is likely that the new sources of partial resistance will,
over time, also select for increased aggressiveness in P. nicotianae and diminish to some degree
in their effectiveness.
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Table 1. Mean disease severity (N=10) over six host generations after inoculation of tobacco
varieties with a race 0 isolate of Phytophthora nicotianae. Plants were rated daily for above
ground symptom development using a rating scale of 0-10, with 0 assigned to plants with no

above ground symptoms 28 days after inoculation, up to 10 where plants were symptomatic 0-6
days post inoculation.

Race 0 Disease Severity Runl

Generation®
Genotype 1 2 3 4 5 6 Trend”
Beinhart 1000° 02 0 NA 0 08 A
DHO6B 162-19° 0 16 0 56 54 6 /)
DHOSB 1252292° | 68 82 74 74 9 96 o~/
DHOSB 710-65¢ 76 84 74 84 10 9 P
Florida 301¢ 0 14 34 56 54 66
K 346¢ 04 1 12 4 52 26 /N
K 326° 46 28 44 72 9 46 N\
K 326 Wzl I 04 72 54 94 66 /0
Hicks® 98 98 94 10 10 10 )/
Race 0 Disease Severity Run2
Generation®
Genotype 1 2 3 4 5 6 Trend”
Beinhart 1000¢ o o NA o0 12 o8 />
DHO6B 162-19° 2 0 0 1 22 18 N\
DHOSB 1252-292° | 3.4 56 58 36 4 9 —~
DHO5B 710-65¢ 52 52 34 2 38 28 N~
Florida 301¢ o 0 0 0 0 14 /
K 346¢ 0 18 1 2 26 22
K 326¢ 1 24 36 32 62 48 /"
K 326 Wzl 22 14 38 18 14 38 /\/
Hicks' 94 96 78 7 9 98 S

2 The pathogen was reisolated from the host replicate with the shortest incubation period for each

genotype and used to inoculate the next host generation for six consecutive host generations.

P Trend of mean disease severity over the six host generations. Dots indicate highest points on
each line and significant increases in disease severity over generations are indicated by the gray

background.

¢ Parent genotype Beinhart 1000 and doubled haploid lines containing one or both of Beinhart
1000 major effect QTLs Phn 7.1 and Phn 15.1.
dParent genotype Florida 301 and varieties with Florida 301 source of resistance.

¢ Wz gene region from N. rustica introgressed into elite line K 326.

f Susceptible variety, Hicks.
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Table 2. Percent root rot (N=10) over six host generations after inoculation of tobacco varieties
with a race 0 isolate of Phytophthora nicotianae. Plants root systems were rated manually 28

days after inoculation.
Race 0 Percent Root Rot Runl

Generation®
Genotype” 1 2 3 4 5 6 Trend
Beinhart 1000° 8 14 NA 31 54 28

DHO6B 162-19° | 38 51 67 91 93 92
DHO5B 1252-
292¢ 1 97 100 100 99 100 100

DHO5B 710-65° | 92 100 100 100 100 100
Florida 301¢ 18 46 63 77 72 94

K 3469 | 31 65 69 90 94 80

K 3269 | 63 54 91 100 100 96

K326 Wz/--¢ | 23 20 95 100 100 98

Hicks | 100 100 93 97 99 99
Race 0 Percent Root Rot Run2

Generation®
Genotype” 1 2 3 4 5 6
Beinhart 1000° 9 10 NA 9 28 24

DHO6B 162-19° | 34 23 39 49 62 61
DHO5B 1252-
292¢ 69 91 90 75 78 100

DHO5B 710-65° 80 &5 84 71 93 87
Florida 301¢ 34 44 51 67 61 60

K 3469 | 24 39 47 72 63 47

K 3269 | 41 21 60 56 82 75

K326 Wz/--¢ | 31 21 70 82 74 38

| ERGSUEN R

Hicks' | 100 100 87 93 97 97 .
2 The pathogen was reisolated from the host replicate with the shortest incubation period for each
genotype and used to inoculate the next host generation for six consecutive host generations.
P Trend of mean percent root rot over the six host generations. Dots indicate highest points on
each line and significant increases in percent root necrosis over generations are indicated by the
gray background.
¢ Parent genotype Beinhart 1000 and doubled haploid lines containing one or both of Beinhart
1000 major effect QTLs Phn 7.1 and Phn 15.1.
dParent genotype Florida 301 and varieties with Florida 301 source of resistance.
¢ Wz gene region from N. rustica introgressed into elite line K 326.
f Susceptible variety, Hicks.
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Table 3. Mean disease severity (N=10) over six host generations after inoculation of tobacco
varieties with a race 1 isolate of Phytophthora nicotianae. Plants were rated daily for above
ground symptom development using a rating scale of 0-10, with 0 assigned to plants with no

above ground symptoms 28 days after inoculation, up to 10 where plants were symptomatic 0-6

days post inoculation.
Race 1 Disease Severity Runl
Generation®

Genotype® 1 2 3 4 5 6 __Trend
Beinhart 1000° | 0 0 NA 0 0 1.6 _/
DHO6B 162-19°| 0 0 0.8 0 0 1.2 N
DHO5B 1252-292¢| 5.6 32 7.6 44 56 5.2 \/\/‘
DHO5B 710-65° | 3 24 1.6 2 1 1.8 \/\/
Florida 301¢ | 0 0 0 0 0 0.6 _/
K346 02 06 22 06 0 0.6 /\/
NC71¢| 4 43 22 06 16 1.6 A\f
K326 Wz/--*| 24 22 18 56 32 44 \/\/
Hicks'| 54 22 28 24 08 52 w
Race 1 Disease Severity Run2
Generation®
Genotype® 1 2 3 4 5 6 Trend
Beinhart 1000° | 0 0 NA 0 0.2 0 4/\
DHO6B 162-19°| 0 0 0.4 0 04 0.8 M
DHO5B 1252-292¢| 7.8 5.4 4 8 6.2 7.4 \/\/
DHO5B 710-65° | 2.6 1.6 14 1.6 34 438 \,/
Florida301¢ | 14 08 0 12 12 08 N/
K346 14 02 16 12 12 42 \/J
NC71¢|28 3.6 26 22 3.6 36 M
K 326 Wz/--*| 0.6 0 26 6.2 4 7 /\/
Hicks’ | 7.8 7 6.2 82 9.6 9 \/\

2 The pathogen was reisolated from the host replicate with the shortest incubation period for each

genotype and used to inoculate the next host generation for six consecutive host generations.

P Trend of mean disease severity over the six host generations. Dots indicate highest points on
each line and significant increases in disease severity over generations are indicated by the gray

background.

¢ Parent genotype Beinhart 1000 and doubled haploid lines containing one or both of Beinhart

1000 major effect QTLs Phn 7.1 and Phn 15.1.

dParent genotype Florida 301 and varieties with Florida 301 source of resistance. NC 71 has
single gene resistance conferred by the P/p gene in addition to partial resistance from Florida

301.
¢ Wz gene region from N. rustica introgressed into elite line K 326.
f Susceptible variety, Hicks.
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Table 4. Percent root rot (N=10) over six host generations after inoculation of tobacco varieties
with a race 1 isolate of Phytophthora nicotianae. Plant root systems were rated manually 28 days
after inoculation.
Race 1 Percent Root Rot Runl
Generation®
Genotype® 1 2 3 4 5 6 Trend

Beinhart 1000¢ | 7 & NA 7 11 19
DHO6B 162-19° | 15 6 21 14 18 22
DHO5B 1252-292¢| 92 80 100 82 84 87
DHO5B 710-65°| 71 60 87 38 62 74
Florida 301¢ | 30 52 36 40 26 46
K3469| 48 41 59 46 33 40

NC714| 8 90 88 55 26 58

K326 Wz/--¢| 70 46 63 98 38 69

59ETR

Hicks' | 89 73 65 94 88 68
Race 1 Percent Root Rot Run2
Generation®
Genotype® 1 2 3 4 5 6 Trend

Beinhart 1000° | 4 9 NA 21 33 25
DHO06B 162-19¢| 12 13 22 26 28 33
DHO5B 1252-292¢| 100 94 83 100 &5 100
DHO5B 710-65° | 59 62 64 61 68 &5
Florida 301¢ | 21 32 21 48 30 41
K3469| 43 35 48 60 67

3
(==

b FARIS

NC714| 76 69 78 75 69 73
K326 Wz/--¢ | 13 8 57 96 82 97

Hicks' | 100 93 72 100 100 100 |
2 The pathogen was reisolated from the host replicate with the shortest incubation period for each
genotype and used to inoculate the next host generation for six consecutive host generations.
P Trend of mean percent root rot over the six host generations. Dots indicate highest points on
each line and significant increases in root necrosis over generations are indicated by the gray
background.
¢ Parent genotype Beinhart 1000 and doubled haploid lines containing one or both of Beinhart
1000 major effect QTLs Phn 7.1 and Phn 15.1.
dParent genotype Florida 301 and varieties with Florida 301 source of resistance. NC 71 has
single gene resistance conferred by the P/p gene in addition to partial resistance from Florida
301.
¢ Wz gene region from N. rustica introgressed into elite line K 326.
f Susceptible variety, Hicks.
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