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ABSTRACT

Plants and microorganisms interact with each other constantly, with some interactions
being mutually beneficial and others being detrimental to the plants. The features
of the organisms involved in such interactions will determine the characteristics of
individual pathosystems. Plants respond readily to pathogen attacks, regardless of
the pathosystem; furthermore, variation in the resistance to pathogens within species
is common and well documented in many plant species. The variability in pathogen
resistance is at the core of genetic improvement programs for disease resistance. True
resistance to pathogens in plants is a genetically determined and complex trait that
can involve both constitutive and induced mechanisms at different levels of organi-

zation. The complexity of this phenomenon makes the study of compatible plant -



v

pathogen interactions challenging, and typically, disease resistance studies focus on
specific aspects of a pathosystem, such as field resistance, anatomical or physiological

features of resistant plants, or molecular mechanisms of resistance.

The Thuja sp. - Didymascella thujina (E.J. Durand) Maire interaction is an impor-
tant pathosystem in western North America, which has been studied for more than
five decades. Western redcedar ( Thuja plicata Donn ex D. Don) is very susceptible to
cedar leaf blight (D. thujina), a biotroph that affects the tree at all stages, although
seedlings are the most sensitive to the pathogen. The characteristics of the Thuja
sp. - D. thujina interaction, the wealth of information on the pathosystem and the
excellent Thuja sp. genetic resources available from the British Columbia Ministry
of Forests, Lands, Natural Resource Operations and Rural Development make this
interaction an ideal system to advance the study of disease resistance mechanisms
in conifers. This Doctoral project presents a comprehensive investigation of the con-
stitutive and induced resistance mechanisms against D. thujina in T. plicata, Thuja
standishii (Gord.) Carriére and a Thuja standishii X plicata hybrid at the phenotypic
and gene expression levels, undertaken with the objective of exploring the resistance
mechanisms against the biotroph in these conifers. The project also aimed to establish
base knowledge for the future development of markers for marker-assisted breeding

of T. plicata.

The investigations included a combination of histological, chemical and next genera-
tion sequencing (NGS) methodologies. NGS data were analyzed, in addition to the
traditional clustering analyses, with cutting edge machine learning methods, includ-
ing grade of membership analysis, dynamic topic modelling and stability selection
analysis. The studies were progressively more controlled to narrow the focus on the
resistance mechanisms to D. thujina in Thuja sp. Histological characteristics related
to D. thujina resistance in Thuja sp. were studied first, along with the relationship
between climate of origin and disease resistance. The virulence of D. thujina was
also documented early in this project. Chemical and gene expression constitutive
and induced responses to D. thujina infection in 7. plicata seedlings were studied
next. 7. plicata clonal lines were then comprehensively studied to shed light on the
mechanisms behind known physiologically determined resistance. A holistic investi-
gation of the resistance mechanisms to D. thujina in T. standishii, T. plicata and a

T. standishii x plicata hybrid explored the possibility of a gene-for-gene resistance



model.

Thirty-five T. plicata families were screened during the four field seasons carried out
between 2012 and 2015, totalling more than 1,400 seedlings scored for D. thujina
severity. Thirteen of those families were used in the five studies performed during the
program, along with two 7. plicata seedling lines self-pollinated for five generations
and three T. plicata clonal lines. One T. standishii clonal line, and one 7. standishui
X plicata clone were also investigated during the program. A total of 16 histologi-
cal and anatomical characteristics were studied in more than 750 samples, and more
than 270 foliar samples were analyzed for 60 chemical and nutritional compounds.
Almost one million transcriptomic sequences in four individually assembled reference

transcriptomes were examined during the program.

The results of the project support the variability in the resistance to D. thujina in
T. plicata, as well as the higher resistance to the pathogen in plants originating from
cooler and wetter environments. The data collected also depicted the existence of
age-related resistance in T. plicata, and confirmed the full resistance to the disease in
T. standishii. Western redcedar plants resistant and susceptible to D. thujina showed
constitutive differences at the phenotypic and gene expression levels. Resistant T. pli-
cata seedlings had thicker cuticles, constitutively higher concentrations of sabinene,
a-thujene, and higher levels of expression of NBS-LRR disease resistance proteins.
Resistant clones of T. plicata and T. standishii had higher expression levels of bark
storage proteins and of dirigent proteins. Plants from all ages, species and resistance
classes studied that were infected with D. thujina showed the accumulation of alu-
minum in the foliage, and increased levels of sequences involved in cell wall reinforce-
ment. Additional responses to D. thujina infection in T. plicata seedlings included the
downregulation of some secondary metabolic pathways, whereas pathogenesis-related
proteins were upregulated in clonal lines of T. plicata. The comprehensive approach
used here to study the Thuja sp. - D. thujina pathosystem could be applied to other

compatible plant-pathogen interactions.
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Chapter 1
Introduction

Plants interact with other species on a daily basis, with some interactions being ben-
eficial (Klironomos et al., 2000, Ronsheim and Anderson, 2001, Vance et al., 1979,
Zahran, 1999) and others harmful (Ji et al., 2016, Joshi et al., 2016, Teixeira et al.,
2014, Tichtinsky et al., 2003). Interactions between plants and pathogens that result
in plant diseases are studied by plant pathologists (Agrios 2005, p. 5; Sharma 2006,
p. 1.4). The field of phytopathology has become especially relevant in recent years
due to the effects of changing climates on the life cycles, and range of plant diseases
(Boland et al., 2004, Dukes et al., 2009, Ghini et al., 2008, Katsaruware-Chapoto
et al., 2017, Pautasso et al., 2012, Sturrock et al., 2011).

An important pathosystem in western North America is the Thuja plicata Donn ex D.
Don - Didymascella thujina (Durand) Maire interaction (Durand, 1913, Frankel, 1990,
1991, 1992, Kope and Trotter, 1998a, Kope, 2000, Kope and Dennis, 1992, Kope et al.,
1996a, Porter, 1957, Russell et al., 2007). T. plicata is an economically and culturally
important species of the region (Barnes, 2016, Gonzalez, 2004, Gregory et al., 2018,
Hebda and Mathewes, 1984, Stewart, 1984, Western Red Cedar Export Association,
2004) that can be severely and negatively affected by D. thujina (Kope 2000; Minore
1983, p. 27; Minore 1990; Pawsey 1960; Russell et al. 2007; Sgegaard 1956, 1966,
1969) especially at young ages when the infection can be devastating (Burdekin and
Phillips 1971; Dennis and Sutherland 1989; Pawsey 1960; Sgegaard 1969, p. 373).
Resistance to D. thujina in T. plicata is a quantitative trait (Lines, 1988, Russell
et al., 2007) that is currently being incorporated into breeding programs (Russell and
Yanchuk, 2012); however, no resistance markers for breeding have been developed to

date. Furthermore, the resistance mechanisms against the pathogen in 7. plicata are



unknown, except for the gene-for-gene model of resistance that Sgegaard proposed
may take place when Thuja standishii (Gord.) Carriére and T. plicata are crossed

(Spegaard, 1956, 1966, 1969).

This Doctoral project explored the resistance mechanisms to D. thujina in Thuja
sp., with particular emphasis on 7. plicata, to set the basis for the development of
markers associated with D. thujina resistance. In this chapter, basic plant pathology
concepts are described, followed by an introduction to the pathosystem investigated.
The rationale, objectives of the project, and organization of the dissertation are then
presented. The chapter closes by providing the contributions of the project to the
field of plant pathology.

1.1 General aspects of plant pathology

Plant disease is defined as the disruption of a plant’s normal function by a pathogen
(Agrios 2005, p. 5; Holliday 1989, p. 93; Sharma 2006, p. 1.6), normal function re-
ferring to the growth and development of a plant according to its genetic potential
as influenced by the environment (Agrios 2005, p. 5). Plant diseases have negative
effects on the integrity, physiology and/or form of the plant and/or its parts, and
may even lead to death of the whole plant (Agrios 2005, p. 5; Holliday 1989, p. 93;
Sharma 2006, p. 1.6). Diseases can be non-infectious or infectious (Agrios 2005, p. 8;
Holliday 1989, p. 93). Non-infectious diseases are caused by abiotic factors (Agrios
2005, p. 8), hence are not transmittable from plant to plant. That kind of disease is
also known as a disorder (Holliday 1989, p. 93). Infectious diseases, on the contrary,
are transmittable and are caused by biotic agents like prokaryotes, fungi, protozoa,
nematodes, viruses and viroids (Agrios 2005, p. 134; Sharma 2006, p. 1.10). In in-
fectious diseases, the term “disease” relates to the whole plant-pathogen system, not
just to the pathogen (Holliday 1989, p. 93).

Plant-pathogen interactions can be incompatible or compatible. Incompatible inter-
actions take place when the pathogen does not result in a diseased plant (Holliday
1989, p. 149), whereas compatible interactions are those where the pathogen dis-
rupts the physiological functioning of the plant, leading to the development of disease
symptoms (Holliday 1989, p. 71). The complex interactions between plant, pathogen,

and the abiotic (i.e. environmental) factors that can result in plant disease develop-



ment are represented in plant pathology by the disease triangle (Agrios 2005, p. 79;
Jones 1998; Scholthof 2007), although the role of a fourth element in plant health,
the microbiota, is gaining attention recently (Feau and Hamelin, 2017). In the case
of fungi, the pathogen side of the triangle includes species with dissimilar trophic
strategies like saprophytes, necrotrophs, biotrophs and hemibiotrophs (Agrios 2005,
p. 78; Duplessis et al. 2011; Sharma 2006, p. 4.9; Spanu 2012). Saprophytes grow
on decaying matter (Holliday 1989, p. 286; Sharma 2006, p. 4.9), and necrotrophs,
also known as perthophytes (Holliday 1989, p. 197), slowly kill living plants that
they colonize as the infection progresses (Agrios 2005, p. 78; Holliday 1989, p. 197).
Biotrophic fungi are also called obligate parasites (Agrios 2005, p. 78) and grow only
on living hosts (Agrios 2005, p. 78; Sharma 2006, p. 4.9) whose metabolic machinery
they reprogram for their own benefit (Berger et al., 2007, Duplessis et al., 2011, Lapin
and Van den Ackerveken, 2013, Spanu, 2012). Biotrophs cannot be grown on axenic
media (Sharma 2006, p. 4.9). Hemibiotrophs, also called semibiotrophs (Agrios 2005,
p. 78), share characteristics of the previous two categories, and require that part of
their life cycle be completed in a living host (Agrios 2005, p. 78; Lapin and Van den
Ackerveken 2013).

Fungal pathogens complete their life phases in a cyclic manner called the disease
cycle (Agrios 2005, p. 80; De Wolf and Isard 2007; Hamelin 2000; Lieberei 2007;
Sharma 2006, p. 1.36). The stages of the cycle are inoculation, prepenetration, pen-
etration, infection and dissemination of the pathogen (Agrios 2005, p. 80; Sharma
2006, p. 1.36). Inoculation takes place when the pathogen first encounters the host,
and is closely related to prepenetration, given that it involves the processes prior to
pathogen entry to the plant (Agrios 2005, pp. 80-82; Sharma 2006, p. 1.37). Penetra-
tion can be direct or through natural openings depending on the pathogen (Agrios
2005, p. 88; Sharma 2006, p. 4.6). The infection stage of the disease cycle includes
tissue invasion by the pathogen to obtain nutrients from the host plant, as well as
to grow and reproduce (Agrios 2005, pp. 89-91; Sharma 2006, pp. 1.38-1.39). The
penetration and the early infection are the most critical phases of the disease cycle
(Agrios 2005, p. 213; Vidhyasekaran 2008, p. 55) and can either lead to symptom
development in compatible plant-pathogen interactions, or to disease resistance in in-
compatible interactions. The dissemination is the last phase of the cycle, which refers
to the spread of the pathogen to start the cycle all over again, and can be achieved

via primary or secondary inocula (Agrios 2005, p. 96; Sharma 2006, p. 1.40). Pri-



mary inoculum is that responsible for infection after a pathogen has overseasoned and
usually results in severe infections (Agrios 2005, p. 80; Sharma 2006, p. 1.37), while
secondary inocula are produced without overwintering or oversummering, and are
released by tissues that were infected by the primary inoculum (Agrios 2005, p. 80;
Sharma 2006, p. 1.37).

1.1.1 Disease resistance

Plants can be resistant to pathogens when they are not the hosts, a phenomenon
known as nonhost resistance (NHR; Agrios 2005, p. 134, Sharma 2006, p. 3.4, West-
erink et al. 2004). NHR is the most common type of disease resistance (Agrios 2005,
p. 208), and although the phenomenon is not well understood (Agrios 2005, p. 158),
NHR appears to be related to the basal immune defenses that are always in place in
plants (Fan and Doerner, 2012, Uma et al., 2011). It has also been proposed that NHR
may be the result of the lack of host recognition factors in the plant (Agrios 2005,
p. 158). True resistance takes place when a plant is the host of a pathogen but with-
stands penetration and/or infection; such resistance is genetically determined (Agrios
2005, p. 136; Holliday 1989, p. 274; Sharma 2006, p. 3.5; Westerink et al. 2004). True
disease resistance against pathogens can be either quantitative or qualitative (Agrios
2005, p. 136; Sharma 2006, p. 3.5; Vidhyasekaran 2008, p. 193). Quantitative resis-
tance is the result of many genes, and produces a continuous range of resistances to
the pathogen of interest within a plant species (Agrios 2005, p. 136; Sharma 2006,
p. 3.6). This type of resistance is also known as polygenic, partial or horizontal resis-
tance (Agrios 2005, p. 136; Sharma 2006, p. 3.6), and is not easily broken down due to
its polygenic nature (Holliday 1989, p. 274) making it the best type of resistance for
genetic improvement programs (Grattapaglia and Resende, 2011, Neale and Kremer,
2011, Rostoks et al., 2005, White et al., 2007).

Qualitative resistance confers strong resistance or susceptibility to a pathogen race
(Agrios 2005, p. 136; Sharma 2006, p. 3.6). Unlike quantitative resistance, qualitative
resistance is due to one or few major genes, and can be easily broken down when
resistant plants cross with susceptible plants (Holliday 1989, p. 274; Rouxel and
Balesdent 2010). Qualitative resistance is also known as monogenic, race-specific or
vertical resistance, and usually involves disease resistance (R) genes (Agrios 2005,

p. 136; Sharma 2006, p. 3.6). R-gene resistance is at the heart of the gene-for-gene



model of disease resistance (Agrios 2005, p. 140; Hammond-Kosack and Jones 1997;
Sharma 2006, p. 3.9; Vidhyasekaran 2008, p. 193), which states that plants with
an R gene will be resistant to a pathogen when in the presence of the pathogen’s
avirulence (avr) counterpart (Agrios 2005, p. 140; Hammond-Kosack and Jones 1997;
Sharma 2006, p. 3.9; Vidhyasekaran 2008, p. 193). Hypersensitive responses (HR) are
the best-studied phenomena related to R-genes (Agrios 2005, p. 151; Sharma 2006,
p. 5.10). HR is the programmed death of cells that are being infected to contain the
pathogen and prevent further colonization of the infected tissues (Stakman, 1915).
HR usually takes place during the early stages of infection (Brown et al., 1966, Gees
and Hohl, 1988, Lauvergeat et al., 2001). Plant resistance to pathogens can also be
the product of R-gene “pyramids”, which refers to cases where more than one R gene
is present in a host plant making it fully resistant to a pathogen’s race (Agrios 2005,
p. 137; Sharma 2006, p. 3.6).

1.1.2 Resistance mechanisms against plant diseases

Resistance mechanisms against pathogens can be classified according to the organiza-
tional level at which they occur, or by the type of response elicited by the pathogen.
Plants can develop pubescent surfaces, thorns, or other structures at the organ level
to deter herbivorous arthropods and mammals (Cooper and Owen-Smith, 1986, Fer-
nandes, 1994, Levin, 1973), but they can also have anatomical defenses at the cellular
level like suberin layers (Pawsey, 1960, Smith et al., 2006, Yoshida, 1998) or abscission
layers (Agrios 2005, p. 216; Sharma 2006, p. 5.8) to fight pathogens. At the molecu-
lar level, leucine-rich repeat (LRR) receptor-like proteins, cysteine-rich receptor-like
protein kinases (CRKSs), and receptor-like protein kinases (RLKs) in general, play
important roles in plant defense (Afzal et al. 2008; Ederli et al. 2011; Goff and Ra-
monell 2007; Morris and Walker 2003; Tichtinsky et al. 2003; Vidhyasekaran 2008,
p. 78; Yeh et al. 2015).

At the chemical level, a wide range of compounds are also involved in plant de-
fense (Aharoni and Galili 2011; Hartmann 1996; Heldt 2005, p. 403; Heldt and
Piechulla 2010, p. 399), including sulfur/nitrogen containing compounds, pheno-
lics and terpenes (Aharoni and Galili, 2011). Sulfur-containing compounds include
metabolites like glucosinolates (Heldt 2005, p. 409; Heldt and Piechulla 2010, p. 405),

while nitrogen-containing compounds comprise metabolites like alkaloids (Heldt 2005,



p. 406; Heldt and Piechulla 2010, p. 402). Phenolics have phenyl rings and include
simple phenols or complex phenylpropanoid molecules like cutin, suberin, lignans,
lignin, flavonoids, tannins, stilbenes and coumarins (Heldt 2005, p. 435; Heldt and
Piechulla 2010, p. 431). Terpenes, also called terpenoids or isoprenoids, are hydro-
carbons built from isoprene and classified according to the number of isoprene units
(Heldt 2005, p. 413; Heldt and Piechulla 2010, p. 409). Terpenes are the most studied
compounds in conifer defense (see e.g. Keeling and Bohlmann 2006, Lewinsohn et al.
1991a, Shalev et al. 2018, Vourc’h et al. 2002).

In relation to the type of response elicited by the pathogen, defense mechanisms
can be constitutive or induced. Constitutive defenses are always present regardless
of the infection status of the plant (Agrios 2005, p. 210; Sharma 2006, p. 5.2) and
can be found at different organizational levels. For example, thick cuticles are a
well-known constitutive defense against pathogens that perform direct penetration
(Agrios 2005, p. 88; Gees and Hohl 1988; Roundhill et al. 1995; Sherwood 1981), lig-
nified structures are documented to impede pathogen propagation in infected tissues
(Smith et al., 2006, Yoshida, 1998), and chemical compounds, like hydroxamic acids,
are commonly and consistently found at higher amounts in cereal plants resistant to
fungal pathogens (Ahmad et al., 2011, Erb et al., 2011, Kumar et al., 1994, Leighton
et al., 1994, Song et al., 2011). Constitutive resistance mechanisms in conifers involve
structural defenses like sclereids (Franceschi et al., 2005) or calcium oxalate crys-
tals (Hudgins et al., 2003), and high relative amounts of compounds like phenolics
(Franceschi et al., 1998, 2000), resins (Franceschi et al., 2005, Phillips and Croteau,
1999), or terpenes (Huber and Bohlmann, 2005, Keeling and Bohlmann, 2006, Litvak
and Monson, 1998).

Induced resistance mechanisms are those triggered by elicitors after the initial plant-
pathogen interaction (Agrios 2005, p. 213; Sharma 2006, p. 5.5), and can take place
within minutes (Vidhyasekaran 2008, p. 55) to hours (Agrios 2005, p. 215) or even
days (e.g. Yoshida 1998). Chemical responses like the production of phytoalex-
ins are rapidly induced responses (Agrios 2005, p. 235; Heldt 2005, p. 404; Heldt
and Piechulla 2010, p. 400; Sharma 2006, p. 5.14; Vidhyasekaran 2008, p. 411), as
are the production of well-known defenses like the pathogenesis-related proteins (PR
proteins). PR proteins are induced in plants only in in response to compatible inter-

actions with pathogens (Antoniw et al., 1980, Jayaraj et al., 2004, van Loon, 1999,



van Loon and van Strien, 1999, van Loon et al., 1994), and include proteins like
chitinases (Galindo-Gonzélez and Deyholos 2016; Neuhaus 1999; Sharma et al. 2011;
Vidhyasekaran 2008, p. 55), peroxidases (Chittoor et al., 1999, Ghosh, 2006, Hemets-
berger et al., 2012), thaumatin-like proteins (Velazhahan et al., 1999) and /-1,3-
glucanases (Beffa et al. 1993; Leubner-Metzger and Meins Jr. 1999; Vidhyasekaran
2008, p. 55). The production of structural defenses like lignin deposition usually
take longer (e.g. Xu et al. 2011). Induced defenses in conifers include hypersensitive
response, callus deposition and lignification (Franceschi et al., 2005), as well as an in-
creased production of resins (Franceschi et al., 2005, McKay et al., 2003, Phillips and
Croteau, 1999) and terpenes (Huber and Bohlmann, 2005, Litvak and Monson, 1998,
Miller et al., 2005). The upregulation of genes involved in secondary metabolism,
transport, ethylene signalling and transcription in response to pest attacks has also
been reported in conifers (Ralph et al., 2006b).

1.2 The Thuja plicata - Didymascella thujina
pathosystem

1.2.1 Thuja plicata

Western redcedar ( Thuja plicata) is a conifer native to western North America (Fan
et al. 2008; Glaubitz et al. 2000; Minore 1983, p. 1; Minore 1990; O’Connell and
Ritland 2000), and the provincial tree of British Columbia (Provincial Symbols and
Honours Act, RSBC 1996, ¢ 380, s 5). The species also occurs in Europe, having
been introduced in Denmark in the 1860’s (Sgegaard, 1956, 1966). T. plicata is also
known as Pacific redcedar, giant cedar, tree of life, giant arborvitae, western arborvi-
tae, arborvitae, shinglewood and canoe cedar (Gregory et al., 2018). The tree is
linked to the cultural heritage of the First Nations of western North America, and
was used to produce ritual and everyday products including boxes, masks, canoes
and poles as long as 5,000 years ago (Hebda and Mathewes, 1984, Stewart, 1984). T.
plicata is not considered a true cedar because it does not belong to the Cedrus genus,
but to the Cupressoideae subfamily of the Cupressaceae, which includes economically
important genera like Thuja, Cupressus, Calocedrus and Chamaecyparis (Gadek and
Quinn, 1993, Qu et al., 2017, Ze-ping and Huo-ran, 1997). Western redcedars are
long-lived trees that can reach up to 1,000 years, and grow taller than 50 m, with



diameters at breast height of more than 5 m and crown spreads larger than 16.5
m (Minore 1983, p. 1; Minore 1990). The branches of young 7. plicata tend to be
curved upward, while they swing downward and then upward at the ends in mature
trees (Minore 1983, p. 12). The species’ foliage is comprised of small, scale-like leaves
(Figs. 1.1a - 1.1f) that make up a high fraction of the live crown (Minore 1983, p. 12).

The species occurs in costal and interior regions of western North America. Coastal
populations range from northern California to southern Alaska and interior popula-
tions from northern Idaho to interior British Columbia (Fan et al. 2008; Glaubitz
et al. 2000; Minore 1983, p. 1; Minore 1990; O’Connell and Ritland 2000). The
species’ altitudinal range varies from sea level to 1,200 m in coastal regions (Minore
1983, p. 2; Minore 1990), and between 300 and 2,100 m in interior areas (Minore
1983, p. 2; Minore 1990). The latitudinal and elevation upper limits are probably due
to low winter temperatures (Grossnickle and Russell 2006; Klinka and Brisco 2009,
p. 17) because T. plicata is not resistant to extreme cold (Minore, 1990) although
it has moderate cold hardiness (Fan et al., 2008, Minore, 1990). Western redcedar
is a species tolerant to many stressors, which allows it to grow in different habitats,
but usually in a mix of several species (Antos et al., 2016). It grows in a range of
moisture environments, but the growth rate is the highest in humid habitats (Antos
et al., 2016).

Thuja plicata is a monoecious species (Minore, 1990), with 11 chromosomes (Hizume
and Fujiwara, 2016, Li et al., 1996), an estimated genome size of 12.6 Gbp (based on
the C-value in Williams 2009, p. 43, and the conversion to base pairs in Dolezel et al.
2003), and whose chloroplast genome has recently been sequenced (Adelalu et al.,
2017). The sexual reproduction process in western redcedar has been described by
Owens and Molder (1980), which includes high self-pollination and low outcrossing
rates (O’Connell et al., 2004) that might have resulted in the low genetic variability
seen in the taxon (Fan et al., 2008, Glaubitz et al., 2000, O’Connell and Ritland,
2000, Yeh, 1988). Despite that, deleterious inbreeding depression appears to have
been purged in the species (Russell and Ferguson, 2008, Russell et al., 2003). Little
genetic structure has been reported within interior and coastal populations (Bower
and Dunsworth, 1987, von Rudloff and Lapp, 1979, von Rudloff et al., 1988, Yeh,
1988), although southern populations appear to be genetically different from north-
ern ones (O’Connell et al., 2008). A phylogenetic study suggests that the species



probably spread from a southern refuge to the current coastal and interior regions of
British Columbia after the last ice age (O’Connell et al., 2008). The differences in
drought resistance between interior and coastal populations (Fan et al., 2008, Gross-

nickle and Russell, 2010) can be related to the divergence in range after expansion.

Western redcedar is an economically important species. About 10 million seedlings
are planted every year across British Columbia, with most seed produced in managed
orchards (Daniels and Russell, 2007). T. plicata represents between 18% and 19%
of the costal timber harvest (Barnes, 2016, Gregory et al., 2018), nearly 3% of the
interior harvest (Barnes, 2016), and about 7% of the total provincial harvest (Gregory
et al., 2018). The yearly volumes harvested range between four and five million m?3
that render annual revenues of more than one billion dollars for the province (Barnes,
2016, Gregory et al., 2018). It is estimated that almost 1,900 people are employed
across British Columbia in jobs directly related to the manufacture of primary and
secondary western redcedar products (Gregory et al., 2018). Primary products of the
species include logs, pulp and timber, while secondary products range from shakes
and shingles to furniture and instruments (Gonzalez, 2004, Gregory et al., 2018). The
species is one of the preferred softwoods for outdoor applications because of its di-
mension stability and durability characteristics, as well as its beautiful appearance
(Daniels et al., 1997, Gonzalez, 2004, Western Red Cedar Export Association, 2004).
The weathering and decay resistance of T. plicata’s heartwood is attributed to its
extractives (Chedgy et al., 2007b, Lim et al., 2007, Morris and Stirling, 2012, Stirling
et al., 2017), which include the lignan (-)-plicatic acid (Morris and Stirling, 2012),
and the tropolones thujic acid, methyl thujate, y-thujaplicin, g-thujaplicin and (-
thujaplicinol (Chedgy et al., 2007a,b). The most abundant extractives in its wood
are J-thujaplicin, y-thujaplicin, thujic acid and plicatic acid, the last compound giv-

ing the wood its characteristic red coloration (Chedgy et al., 2007a, Lim et al., 2007).

The profile of the foliar compounds in 7. plicata is different from that of the heart-
wood. Terpenes are prevalent in leaves (Shalev et al., 2018, von Rudloff and Lapp,
1979, von Rudloff et al., 1988, Vourc’h et al., 2001, 2002), and have deer deterrence
(Vourc’h et al., 2001, 2002) and antimicrobial properties (Castillo et al., 2012, Mo-
hanraj, 2014, Sarup et al., 2015, Tsiri et al., 2009). The most abundant terpenes in
western redcedar foliage are S-thujone, a-thujone and sabinene (Shalev et al., 2018,
Tsiri et al., 2009, von Rudloff et al., 1988, Vourc’h et al., 2001, 2002). To date,
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the only characterized enzymes associated with the production of foliar secondary
metabolites in 7. plicata are a (+)-sabinene synthase (Foster et al., 2013) and a (+)-
sabinene-3-hydroxylase (Gesell et al., 2015), both of which are believed to be involved
in the synthesis of a- thujone and f-thujone (Foster et al., 2013, Gesell et al., 2015).
Shalev et al. (2018) have identified 33 additional putative terpene synthases in west-
ern redcedar. T. plicata foliage is also known to contain relatively high amounts of
calcium (Daubenmire, 1953). Many species of fungi have been reported on the foliage
of T. plicata (more than 200; Fernando et al. 1999, Minore 1983, p. 27, Minore 1990),
with most of them being non-pathogenic (Minore 1983, p. 27; Minore 1990). Several
bacterial species have also been reported in western redcedar leaves, some of which
may be beneficial (Bal et al., 2012).

1.2.2 Didymascella thujina

Didymascella thujina (cedar leaf blight, CLB) is the most important foliar pathogen
of T. plicata (Kope 2000; Minore 1983, p. 27; Minore 1990; Pawsey 1960; Russell
et al. 2007; Spegaard 1956, 1966, 1969). The species is a biotrophic fungus (Durand
1913; Korf 1962; Sgegaard 1956; Spegaard 1969, p. 294) from the Hemiphacidiaceae
family of the Helotiales (Korf, 1962) that causes leaf blight disease on Thuja species
(Figs. 1.1a - 1.1f; Burdekin 1968, 1969, Durand 1913, Kope 2000, Kope and Suther-
land 1994b). D. thujina infects young plants primarily (Burdekin and Phillips 1971;
Dennis and Sutherland 1989; Pawsey 1960; Spegaard 1969, p. 373), and it can be
fatal in nurseries (Peace, 1958) although all plant ages are affected (Kope, 2000).
The pathogen has been recorded in Europe (Boudier, 1983, Boudru, 1945, Buchwald,
1936, Forbes, 1920, 1921, Loder, 1919, Miles, 1922, Vegni and Ferro, 1964) where it
was responsible for nursery loses (Alcock, 1928, Ferndndez-Magan, 1974), and also in
North America, especially in nurseries (Dennis and Sutherland, 1989, Frankel, 1990,
1991, 1992, Kope and Trotter, 1998a, Kope, 1992, Kope and Dennis, 1992, Kope and
Sutherland, 1994a, Kope et al., 1996a, Trotter et al., 1994). Diagnosis methods for the
disease include host and symptom recognition (Durand, 1913, Kope, 2000, Pawsey,
1960, Sgegaard, 1969), as well as molecular biology tools that use the two internal
transcribed spacer 2 sequences (ITS2) that have been developed for D. thujina (Gen-
Bank accessions KT875766 and KT875767). The ITS region was proposed by the
Fungal Barcoding Consortium as the universal fungal barcode maker (Schoch et al.,
2012).
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Figure 1.1. Progression of Didymascella thujina symptoms and ascocarp development
on foliage of Thuja plicata trees more than 10 years old. The pictures shown were taken
between April 20 and July 9, 2015 on trees planted in the progeny trial that was used as
source of inoculum for the studies presented in Chapters 2 to 6 (Jordan River, British
Columbia; 48° 25’ 24.52” N, 124° 1’ 27.69” W, elev. 76 m). Note how the ascocarps
become conspicuous after June 9 (d). See also Appendix A.14, which shows the spore
load being released as D. thujina ascocarps developed in the progeny trial that year.
(a) April 20, (b) May 4, (c) May 18, (d) June 9, (e) June 25, (f) July 9. Scale bars =
1.0 cm.
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Cedar leaf blight was observed for the first time on Thuja occidentalis in Wisconsin
in 1908 (Durand, 1913, Pawsey, 1960, Spegaard, 1956), and it was formally described
in 1913 (Durand, 1913, Pawsey, 1960). The species was then seen on T. plicata fo-
liage in Idaho in 1912 by Weir (Sgegaard 1969, p. 294; Weir 1916), later observed in
Ireland in 1918 (Sgegaard, 1956), and formally reported there in 1919 by Pethybridge
(Forbes, 1920, 1921, Pawsey, 1960). Durand originally classified this leaf blight under
the genus Keithia (Durand, 1913, Kope, 2000, Korf, 1962, Pawsey, 1960), but it was
latter reclassified as Didymascella by Maire (Kope, 2000, Korf, 1962, Maire, 1927,
Pawsey, 1960) to avoid synonymity with a genus from the Lamiaceae that had been
named Keithia in 1834 (Kope, 2000, Pawsey, 1960). The disease is therefore known as
Keithia leaf blight, Keithia blight or simply Keithia because of that (Durand, 1913,
Kope, 2000, Korf, 1962, Maire, 1927, Pawsey, 1960). No anamorph of D. thujina has
ever been observed (Pawsey, 1960). Known hosts of D. thujina are T. plicata, Thuja
plicata var. atrovirens (R. Smith) Sudworth and T. occidentalis (Durand, 1913, Kope,
2000, Kope et al., 1998, Spegaard, 1966). In Canada, the disease has been observed
in Prince Edward Island, New Brunswick, Quebec, Newfoundland and Ontario on T.
occidentalis, and in British Columbia on T. plicata and on T. plicata var. atrovirens
(Kope, 2000).

Cedar leaf blight can be recognized by the scattered pattern of light-brown infected
Thuja leaves with an oval-shaped dark brown 0.6-1.5 x 0.4-0.8 mm ascocarp in the
leaf centre (Figs. 1.1a - 1.1f; Durand 1913, Kope 2000). D. thujina ascospores (Figs.
2.1a, 2.1d, 2.2 and 2.4) range from 15-25 x 11.5-18 ym (Kope, 2000) to 22-25 x 15-16
nm (Durand, 1913), are olive-brown in colour (Durand, 1913, Kope, 2000) and have
a transversal septum close to one of the ends that results in a two-celled spore with
cells of very dissimilar sizes (Durand, 1913, Kope, 2000). Spores that have recently
landed have smooth surfaces that turn verrucose and ornamented after releasing the
adhesive extracellular matrix that attach them to their host or to any surface (Fig.
2.2b; Kope 2000). The disease cycle of D. thujina can take from a few months to
several growing seasons to complete depending on the age of the plants and the envi-
ronmental conditions. For instance, seedlings maintained in growth chambers at 19°C
can show symptoms after 77 days when at least 1,071 degree-days have accumulated
(Kope and Trotter, 1998a), whereas plants of the same age in the nursery will take

one growing season and the accumulation of more than 1,185 degree-days to show
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symptoms (Kope and Trotter, 1998a, Kope, 2000). In contrast, 7. plicata trees older
than 20 years may take up to two growing seasons to develop D. thujina symptoms in
forested environments (Kope and Trotter, 1998a, Kope, 2000, 2004, Kope and Suther-
land, 1994b, Pawsey, 1960).

Germ tube germination of D. thujina ascospores has been reported at tempera-
tures between 13°C and 15°C (Pawsey, 1960), although the highest and lowest limits
recorded for germination are 28°C and 5°C, respectively (Kope and Trotter 1998a;
Pawsey 1960; Sgegaard 1969, p. 309). D. thujina performs direct penetration into 7.
plicata leaves (Sgegaard 1969, p. 299), and grows intercellular mycelia that penetrate
mesophyll cells to develop intracellular bi- and tri-furcated haustoria (Pawsey 1960;
Soegaard 1969, p. 310). Ascocarp development takes place at temperatures between
13°C and 20°C (Sgegaard 1966; Sgegaard 1969, p. 309). Ascocarps have clavate asci
that are unitunicate and contain two ascospores each (Durand, 1913, Kope, 2000).
Paraphyses are also present in the ascocarps, being hyaline, filiform and sometimes
with clavate ends (Durand, 1913, Kope, 2000). At maturity, ascospore discharge takes
place at temperatures between 10°C and 16°C (Sgegaard, 1966) in highly humid en-
vironments (>90%; Sgegaard 1966; Sgegaard 1969, p. 295). The lowest and highest
temperatures reported for ascospore discharge are 5°C and 28°C, respectively (Kope
and Trotter, 1998a). D. thujina ascospores are dispersed by air and spore production
takes place in two periods over the summer (Porter 1957; Sgegaard 1969, p. 305).
The first sporulation period occurs between June and July (Figs. 1.1a - 1.1f; see also
Appendices A.13 and A.14), while the second season occurs between late August to
late September (Porter 1957; Sgegaard 1969, p. 305). The spores have been docu-
mented to be viable after overwintering for as long as five months at temperatures as

low as 5°C (Pawsey 1957a; Pawsey 1960; Spegaard 1969, p. 309).

Common control methods for D. thujina include phytosanitary measures like growing
T. plicata seedlings in isolated nurseries (Peace, 1955, 1958) or rotating T. plicata
sowing among nurseries (Pawsey, 1962b), and the use of chemical compounds. In
the last category, compounds such as cycloheximide (Burdekin and Phillips, 1971,
Pawsey, 1962a, 1965), cycloheximide derivates (Pawsey, 1962a), propiconazole (Kope
and Trotter, 1998b), mancozeb (Kope and Trotter, 1998b, Kope et al., 1996a), among
others (Frankel, 1990, 1991, 1992) have been used in the past to control the blight

in nurseries. An alternative to sanitation or the use of pesticides is breeding for D.
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thugina resistance in T. plicata, which is currently under way (Russell and Yanchuk,
2012).

1.2.3 Resistance to D. thujina in Thuja sp.

Research on the resistance to D. thujina in Thuja species was pioneered by Sgegaard,
and dates back to the 1950’s when a hybrid between the Japanese arborvitae (7.
standishii) and T. plicata was found to be resistant to D. thujina (Seegaard 1956,
1966; Seegaard 1969, p. 311). T. standishii is a species native to Honshu (Japan),
where it grows at elevations between 1,000 to 2,300 m (Sgegaard 1969, p. 321). The
species was introduced to Europe in 1861 (Veitch, 1892), and is less vigorous (Sge-
gaard, 1956), and shorter than T. plicata (Sgegaard 1969, p. 321), growing between
16 and 36 m tall (Petersen, 1916, Schneck, 1939). T. standishii does not have glands
in the foliage (Sgegaard 1969, p. 321) and has been reported as fully resistant to D.
thujina (Seegaard, 1956, 1966, 1969).

The T. standishii X plicata clone identified as resistant to D. thujina by Sgegaard
had been selected from a progeny trial planted in 1938 (clone V. 1625 from sowing
No. 259, No. 1; Spegaard 1969, p. 313), and was initially believed to be T. stan-
dishii, but was later determined to be a hybrid based on breeding records (Sgegaard
1966; Spegaard 1969, p. 314). Clone V. 1625 was used in investigations between 1951
(Sgegaard, 1956, 1966) and 1963 (Sgegaard 1969, p. 343), and reciprocal T. plicata
X standishii hybrids were also produced between 1951 and 1965 (Sgegaard 1956,
1966; Sgegaard 1969, pp. 329-344). The studies carried out by Sgegaard led to the
proposition of a gene-for-gene model of resistance ( R-gene resistance) to D. thujina in
the Thuja species studied (Sgegaard 1956, 1966; Sgegaard 1969, p. 366). Seegaard’s
model states that when 7. plicata and T. standishii hybridize, an R gene against D.
thugina from T. standishii is passed to the offspring rendering them resistant to the
disease (Sgegaard, 1956, 1966, 1969). Under such a model, Fas from self-pollinated
hybrid offspring were anticipated to segregate in a 3 (resistant) : 1 (susceptible) pro-
portion, and F; hybrids backcrossed to T. plicata to segregate in a 1 (resistant) : 1
(susceptible) proportion. Fas from hybrid Fis backcrossed to T. standishii are pre-

dicted to be resistant to D. thujina according to the model.

Within T. plicata, variability among individuals in their resistance to D. thujina was



15

first observed in the 1950’s. Sgegaard noticed such variation in adult T. plicata trees
planted in Denmark, which set the basis for the preliminary studies carried out on
seedlings in 1951 (Spegaard, 1954, 1956, 1966). Spegaard’s results were presented in
1954 (Sgegaard, 1954, 1966), and published in 1956 (Sgegaard, 1956, 1966). Porter
(1957) also reported genetic variation in the resistance to D. thujina in T. plicata
trees from nurseries in British Columbia at the time. Further studies by Sgegaard
involved the use of T. plicata trees planted in Denmark as far back as 1868, as well
as trees sampled in North America since 1951 (Sgegaard, 1969). Sgegaard’s studies
revealed that 7. plicata did not show full resistance to D. thujina (Seegaard, 1954,
1956, 1966, 1969), so later investigations focused on “physiologically determined resis-
tance” (Sgegaard 1969, p. 366) rather than R-gene resistance suggested to take place
only when T. standishii was involved (Sgegaard 1956, 1966; Spegaard 1969, p. 366).
In the published literature to date, there are no reports of a hypersensitive response
to D. thujina infection in 7. plicata, which is an important resistance mechanism
associated with R-gene resistance (Agrios 2005, p. 151). The studies carried out
by Sgegaard between 1952 and 1959, comparing disease resistance of seedlings and
cuttings, however, showed that seedlings were very susceptible to the disease while
cuttings were generally resistant (Spegaard 1969, p. 373). Physiological resistance re-
ferred to age-related changes in 7. plicata trees that resulted in enhanced resistance
to D. thujina (Sgegaard 1969, p. 373), a phenomenon widely documented nowadays
and known as age-related resistance (Carella et al., 2015, Kus et al., 2002, Panter and
Jones, 2002, Shibata et al., 2010).

Besides seedlings, variation in the resistance to D. thujina among western redcedar
populations has also been reported in field studies, first in Britain (Lines, 1988) and
more recently in Canada (Russell et al., 2007). The investigation by Russell et al.
(2007) indicated that trees from coastal and low elevation populations in British
Columbia are more resistant to the disease than interior populations at high eleva-
tions. Such variability is thought to be the result of natural selection for resistance
in the populations that have historically co-existed with D. thujina (Russell et al.,
2007). Furthermore, it has been predicted that coastal regions will continue to favour
the prevalence of D. thujina under future climates (Gray et al., 2013), which may
drive future natural selection for resistance. Russell et al. (2007)’s study also re-
vealed that D. thujina has a negative impact on 7. plicata growth as shown by the

significant negative correlation between disease severity and T. plicata diameter at
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6 years of age (Russell et al., 2007). The variability in the resistance to D. thujina
among populations of 7. plicata in British Columbia is at the core of the current ge-
netic improvement program for the species for resistance against the disease (Russell
and Yanchuk, 2012).

1.3 Project rationale

Conifers are long-lived species that are thought to take longer to evolve adaptations in
comparison to angiosperms, whose generation spans are generally shorter (Buschiazzo
et al., 2012, De La Torre et al., 2017, Kusumi et al., 2015, Prunier et al., 2016). This
can be problematic in fast changing scenarios, where long life cycles may reduce the
ability of a species to adapt to the rapid changes (Aitken et al., 2008, Shang et al.,
2015, Wang et al., 2016b). Climate change poses new challenges to tree species at
both the physiological and evolutionary levels (Allen et al., 2010, Garrett et al., 2006,
Hogg and Bernier, 2005, Lindner et al., 2010, Spittlehouse and Stewart, 2003). It
has been estimated that the global average temperature will increase between 0.3°C
and 0.7°C in the next 20 years (IPCC [Intergovernmental Panel on Climate Change],
2013). Climate change has already affected the disease cycle of some plant pathogens
(Dukes et al., 2009, Katsaruware-Chapoto et al., 2017, Sturrock et al., 2011) and pests
(Bentz et al., 2010, Chakraborty and Newton, 2011, Musolin, 2007, Taylor et al.,
2018). Climate has both direct and indirect effects on pathogens (Sturrock et al.,
2011), and some plant diseases are predicted to expand their current range, enabling
the pathogens to reach hosts not previously encountered (Boland et al., 2004, Ghini
et al., 2008, Pautasso et al., 2012, Sturrock et al., 2011). In 7. plicata populations
across British Columbia, the risk of D. thujina incidence is predicted to increase over

the next decade, especially in coastal populations at low elevations (Gray et al., 2013).

Genetic selection of T. plicata for increased resistance to D. thujina is the best al-
ternative to date to reduce the future impact of the disease on western redcedar
populations across British Columbia (Gray et al., 2013). Breeding cycles consists of
selection of base populations and desirable traits, breeding, screening (or testing),
production, and the repetition of the cycle for advanced generation breeding (White
et al., 2007). The longest phase of the breeding cycle is usually the screening phase,
which may take up to several decades depending on the trait of interest (White et al.,

2007). In the case of resistance to D. thujina, T. plicata seedlings can be planted in
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the field when they are one-year-old, but it takes a few growing seasons before they
can be screened for disease severity (Porter, 1957, Spegaard, 1954, 1956, 1966, 1969,
Trotter et al., 1994). Longer time spans are required to screen D. thujina resistance
in adult 7. plicata trees (Russell et al., 2007). Moreover, phenotype screening is a
logistically intense process that can become expensive due to the labour involved,

especially in field trials.

In order to accelerate the breeding cycle, the screening phase could be shortened by
using markers (genotypic or phenotypic) associated with the traits of interest, but
appropriate markers must be first developed before being used. Promising genetic
makers for D. thujina resistance in T. plicata could be based on Sgegaard’s studies,
especially when considering the potential existence of an R gene against the blight
in 7. standishii. Yet, the R-gene resistance model has never been tested beyond
Seegaard’s studies. Furthermore, some of Sgegaard’s studies had resistance screen-
ing results that deviated from the anticipated proportions under the gene-for-gene
model, and one of the crosses between 1. plicata and T. standishii was more difficult
to produce than the other (see Sgegaard 1956, 1966, 1969). The genetic basis of the
resistance to D. thujina in T. plicata, T. standishii and hybrids between both species

appears to be more complex than the R-gene model proposed by Sgegaard.

In relation to 7. plicata only, the variability that exists among adult populations
(Lines 1988; Russell et al. 2007; Russell and Yanchuk 2012; Sgegaard 1969, p. 323)
makes it possible that polygenic resistance to the disease is present in the species,
in agreement with the quantitative nature of the trait (Agrios 2005, p. 136; Holliday
1989, p. 274; Vidhyasekaran 2008, p. 193). Additionally, the susceptibility to the
disease in seedlings and the higher resistance in older plants (Sgegaard 1969, p. 373)
suggests potential differences between age groups in the resistance mechanisms to the

pathogen.

The information currently available on the Thuja sp. - D. thujina pathosystem high-
lights the need to understand the resistance mechanisms to the disease in 7. plicata in
order to develop adequate markers associated with D. thujina resistance. It is impor-
tant to discern whether the T. plicata plants resistant and susceptible to D. thujina
are different simply at the constitutive level, or if there is an induced response to D.

thugina infection that explains such differences. It is equally important to determine
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if juvenile and adult T. plicata plants use the same or different resistance mecha-
nisms against the pathogen, especially considering the need to screen young plants
for breeding. It also is worth exploring the molecular basis of the full resistance to
D. thujina in T. standishii to determine if such mechanisms can be useful to breed

for resistance to D. thujina in T. plicata. This project addressed all of these aspects.

1.4 Objectives

The objectives of this Doctoral project were as follows:

General objective

To investigate the resistance mechanisms to Didymascella thujina (Durand) Maire in
Thuja sp., with special emphasis on Thuja plicata Donn ex D. Don, by comparing
plants resistant and susceptible to D. thujina using histological, chemical and next

generation sequencing techniques.

Specific objectives

1. To study the relationship between resistance of young 7. plicata plants to D.

thujina and their climate of origin.

2. To examine the constitutive mechanisms of resistance to D. thujina in T. plicata,
T. standishit and T. standishii X plicata plants at the anatomical, chemical and

gene expression levels.

3. To analyze the induced defense responses of juvenile and adult 7. plicata plants

to D. thujina infection at the chemical and gene expression levels.

4. To explore the induced defense responses of older T. standishii and T. standishii
X plicata plants to D. thujina infection at the chemical and gene expression

levels.

1.5 Organization of this dissertation

This thesis is organized in five content chapters (2 to 6), and a closing chapter.

Both seedlings and clonal lines were used through the studies carried out during the
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program, and the investigations became more controlled as the project progressed.
Chapter 2 describes the anatomical characteristics of the foliage of T plicata seedlings
and how they relate to resistance to D. thujina. The chapter then discusses the vir-
ulence of D. thujina, and closes by exploring the relationship between resistance to

the pathogen in T. plicata seedlings and their climate of origin.

The third chapter explores the chemical and gene expression differences between
seedlings of a full-sib T'. plicata family resistant to D. thujina and seedlings of a full-
sib family susceptible to the pathogen. Comparisons between symptomless plants
and seedlings with symptoms that had been infected in the field are made as well.

Chapter 3 focuses on foliar terpenes due to their high prevalence in leaves of T. plicata.

Chapter 4 further explores the induced chemical and gene expression responses to
D. thujina infection in T. plicata seedlings from three resistant and three susceptible
full-sib families. Field and growth chamber experiments were carried out, with gene

expression responses being evaluated only in the controlled conditions experiment.

The fifth chapter is a comprehensive study of the resistance mechanisms of 7' plicata
cuttings against D. thujina. The anatomical differences in the foliar anatomy of 7.
plicata clones resistant and susceptible to D. thujina were studied, as well as their
constitutive chemical and gene expression differences. The study in Chapter 5 also
investigated the induced chemical and gene expression responses to controlled D. thu-

jina infections in the clones.

Chapter 6 relates to clonal lines of T. standishii, T. standishii X plicata and two
single-seed lines of T. plicata that had been self-pollinated for five generations. That
investigation studied the constitutive differences among the Thuja species analyzed
at the histological, chemical and gene expression levels. The chapter also investi-
gated the induced chemical and gene expression responses to D. thujina infections
performed under controlled conditions. Chapter 6 ends by discussing the R-gene re-
sistance model proposed by Sgegaard in light of the molecular information produced

through next generation sequencing.

The closing chapter presents a summary of the differences in D. thujina resistance

among the various species and age groups studied. It recapitulates the constitutive
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resistance mechanisms to D. thujina common to both resistance classes as well as to
the species and age groups analyzed at the three levels studied (anatomical, chemical
and gene expression). The chapter also discusses the general induced responses to D.
thujina infection in the Thuja species investigated, and the differential responses to
pathogen infection, especially in T. standishii. Chapter 7 presents the conclusions of

the project, and suggests future avenues of investigation.

1.6 Contribution of this project to the field of plant
pathology

Comprehensive investigations such as those completed during this Doctoral program,
which included simultaneous analyses of both phenotypic and genotypic aspects of a
plant-pathogen interaction, are not commonly found in the plant pathology literature.
Indeed, the study of individual aspects of a pathosystem is the norm in phytopathol-
ogy. For example, it is usual to find studies devoted mostly to the histopathological
aspect of a plant disease (e.g. Anker and Niks 2001, De Luna et al. 2002, Dushnicky
et al. 1998, Ramos et al. 1992, Szwacka et al. 2009, Zinsou et al. 2006), the chemical
defenses against pathogens (Chen, 2008, Erb et al., 2011, Wen et al., 2006), or the
field variability in disease resistance (e.g. Hamilton et al. 2013, Russell et al. 2007,
Zhang et al. 1997). Nowadays, it is also common to find next generation sequencing
experiments using RNA-Seq that study defense responses to pathogen infections (e.g.
Ji et al. 2016, Joshi et al. 2016, Kamitani et al. 2016, Krizek et al. 2016, Orshinsky
et al. 2012, Petre et al. 2012, Wang et al. 2016¢), but those rarely combine other types

of data, such as measurements of phenotypic variables.

It is also usual these days to find literature where both plant and pathogen gene
expression data are analyzed concomitantly. These so-called “dual RNA-Seq” studies
(e.g. Camilios-Neto et al. 2014, Hayden et al. 2014, Howard et al. 2013, Kawahara
et al. 2012, Meyer et al. 2016, Rodrigues et al. 2013, Westermann et al. 2012) are
becoming more prevalent in the scientific phytopathology literature, but many lack
the phenotypic aspect of the host’s defense mechanisms. Gene expression studies of
compatible plant-pathogen interactions that also examine the histological (Galindo-
Gonzélez and Deyholos, 2016, McNeil et al., 2018, Xu et al., 2011, Ye et al., 2017)

or chemical aspects (Oates et al., 2015) of a disease are found, but they are less fre-
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quent. A common approach to study the relationship between gene expression and
phenotypic data in plant pathology is the use of weighted gene co-expression net-
work analysis (WGCNA; e.g. Amrine et al. 2015, Harper et al. 2016, Lanver et al.
2018, Massonnet et al. 2018, Zhang et al. 2016). The methodology first builds a gene
network based on the correlations amongst gene expression data that is then used
to group genes in modules (Zhang and Horvath, 2005). The relationship between
gene modules and phenotypic data is then analyzed to find the modules and “drivers”
that can explain the phenotypic data (Zhang and Horvath, 2005). Drawbacks of the
technique are that the network analysis is usually limited to a subset of genes due to
computational limitations (Zhang and Horvath, 2005), and that the methodology is
based on calculations of parametric correlations between genes, which is not ideal to

analyze the discrete (count) data produced by RNA-Seq experiments.

In this project, a different approach to identify clusters of co-expressed genes was
used. I chose a cutting-edge machine learning methodology called grade of member-
ship (GoM; Dey et al. 2017), which is based on the latent Dirichlet allocation method
used in topic modelling (Blei, 2012, Blei and Lafferty, 2009). The method uses dis-
crete data as input and has commonly been used to mine and analyze text data from
document collections (Blei, 2012, Blei and Lafferty, 2009), but its use has been ex-
tended to other fields (Liu et al., 2016a), including gene expression data in toxicology
(Yu et al., 2014). GoM was a powerful methodology to detect sequences at similar
levels of expression in each transcriptomic sample analyzed here, and therefore was
also very useful in the detection of constitutive gene expression differences between
Thuja sp. plants resistant and susceptible to D. thujina. I also used dynamic topic
modelling (DTM; Blei 2012, Blei and Lafferty 2006), which is an extension of topic
modelling, and is used to analyze how topics change over time (Blei, 2012, Blei and
Lafferty, 2006). DTM has also been used on toxicogenomics data (Lee et al., 2016),
and here, it allowed me to find common gene expression responses over time in the var-

ious plant materials studied in the time-course experiments presented in Chapters 4-6.

In addition to the GoM and DTM analyses, I also used a variable selection method-
ology called stability selection to study the relationships between the gene expression
and the phenotypic data of the project. This methodology was developed to analyze
high dimensional datasets, and has been used on transcriptomics data from Bacillus
subtilis (Meinshausen and Biithlmann, 2010). Here, the technique allowed the de-



22

tection of the best predictor variables (either chemical or nucleotide sequences) that
explained the differences between infection conditions in Chapters 3-6. The method
was also very useful to find what nucleotide sequences were related to the accumula-

tion over time of specific chemicals in Chapters 4 and 6.

To my knowledge, and based on the extensive literature reviewed over the years during
the program, no plant-pathogen interaction has been so comprehensively investigated
in a Doctoral project using a combination of phenotypic and RNA-Seq data, and an-
alyzed with state-of-the-art machine learning and high dimensional variable selection
techniques altogether. The studies presented in this dissertation provide a holistic
view of the Thuja sp. - D. thujina pathosystem that builds upon the studies by
Soegaard (Sgegaard, 1954, 1956, 1966, 1969), Porter (Porter, 1957), Peace (Peace,
1955, 1958), Pawsey (Pawsey, 1957a,b,c, 1959, 1960, 1962a,b, 1964, 1965), Phillips
(Phillips, 1965, 1966, 1967), Burdekin (Burdekin, 1968, 1969, Burdekin and Phillips,
1971), Kope (Kope and Trotter, 1998a,b, Kope, 1992, 2000, 2004, Kope and Dennis,
1992, Kope and Sutherland, 1994a,b, Kope et al., 1996a,b, 1998), Russell (Russell
et al., 2007, Russell and Yanchuk, 2012), among others. This thesis provides a mul-
tidimensional framework to study plant-pathogen interactions that could be applied

to other pathosystems.
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Chapter 2

Histological and climatic aspects of
the Thuja plicata - Didymascella

thujina interaction in seedlings

2.1 Introduction

Organisms from several taxa interact with plants on a daily basis (Agrios 2005, p. 134;
Sharma 2006, p. 4.6), including viruses (Kamitani et al., 2016, Zvereva and Pooggin,
2012), bacteria (Rodrigues et al., 2013, Tichtinsky et al., 2003), other plants (Ro-
drigues et al., 2013, Tichtinsky et al., 2003), nematodes (Hussey, 1989, Wallace, 1973)
and fungi (Doehlemann et al., 2008, Ji et al., 2016, Kang et al., 2016, Parrott et al.,
2016). Some organisms can be pathogenic to some plants, but harmless to others. For
example, Phoma sorghina (Sacc.) Boerema is a rice endophyte (Fisher and Petrini,
1992) that is pathogenic to several Poaceae (Goswami et al., 2008). P. sorghina also
causes root diseases in several legumes (Goswami et al., 2008), and leaf spot disease
to tobacco (Yuan et al., 2016) and Ozalis debilis (Chen et al., 2017), but is innocuous
to plants like pepper, tomato, cucumber or carrot (Goswami et al., 2008). Pathogens
are characterized by the disruption of the normal physiology /metabolism of the host,
which leads to impairment and disease development (Agrios 2005, p. 5; Sharma 2006,
p. 1.6; Holliday 1989, p. 93).

The biological characteristics of the pathogen determine the optimal environmental
factors associated with its pathogenicity (Agrios 2005, p. 270; Sharma 2006, p. 7.6).
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For instance, airborne pathogens are highly sensitive to climate-related variables like
humidity or rain (Colhoun, 1973, Hardwick, 2002). Furthermore, humid environ-
ments are best suited for bacterial infection and colonization (Hirano and Upper,
1983, Leben, 1981, Schwartz et al., 2003, Underwood et al., 2007), and many air-
borne pathogens depend on factors like wind (Nussbaum, 1990, Pawsey, 1964) or
water (Agrios 2005, p. 97; Sharma 2006, p. 1.42) for their dispersal. The environmen-
tal element of the disease triangle (Agrios 2005, p. 79; Jones 1998; Scholthof 2007)
is of particular interest in disease escape, which is a type of apparent resistance that

can be caused by environmental factors (Agrios 2005, p. 137; Sharma 2006, p. 3.7).

Plants are hosts to many organisms, both benign (Klironomos et al., 2000, Ronsheim
and Anderson, 2001, Vance et al., 1979, Zahran, 1999) and pathogenic (Alvarez-Yepes
et al., 2016, Joshi et al., 2016, Kimmons et al., 1990, Parrott et al., 2016, Rodrigues
et al., 2013, Teixeira et al., 2014, Tichtinsky et al., 2003). Host plants evolve defense
systems against pathogenic organisms (Burdon and Thrall, 2009, Frank, 1993, 1992,
Occhipinti, 2013) that lead to genetically-based resistance mechanisms, referred to as
true resistance (Agrios 2005, p. 136; Holliday 1989, p. 274; Sharma 2006, p. 3.5). True
resistance can be due to constitutive mechanisms, such as preexisting defenses (Agrios
2005, p. 210; Sharma 2006, p. 5.2). Constitutive defense mechanisms to pathogens
exist at different organizational levels, and range from chemical (Heldt and Piechulla
2010, p. 400; Wang et al. 2016¢) and molecular (Agrios 2005, p. 140; Sharma 2006,
p- 3.9; Scheel and Nuernberger 2004; Vidhyasekaran 2008, p. 195; Westerink et al.
2004), to structural (Anker and Niks, 2001, Donofrio and Delaney, 2001, Gees and
Hohl, 1988, Hau and Rush, 1982, Roundhill et al., 1995, Sherwood, 1996, Voigt, 2014).

The first and most conspicuous constitutive structural defense mechanism against
pathogens is the cuticle (Agrios 2005, p. 210; Gees and Hohl 1988; Hau and Rush
1982; Roundhill et al. 1995; Yoshida 1998), which is made of waxes and cutin (Yeats
and Rose, 2013). The specific composition of the cuticle determines its physical char-
acteristics (Dominguez et al., 2011, Zinsou et al., 2006), and cuticle thickness is usually
related to pathogen resistance (Agrios 2005, p. 210; Zinsou et al. 2006). Cuticles are
commonly penetrated by hemibiotrophs and obligate parasites to access their hosts
(Agrios 2005, p. 88; Gees and Hohl 1988; Roundhill et al. 1995; Sherwood 1981), so
resistant plants tend to have thicker cuticles than susceptible plants (Rhouma et al.,

2013, Smith et al., 2006). Stomata can be a structural vulnerability given they are
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entry points of microorganisms that do not perform direct penetration (Agrios 2005,
p. 88; Dickinson 2003; Sharma 2006, p. 4.6). Stomatal density (McKown et al., 2014,
Ramos et al., 1992) and closure (Arnaud and Hwang, 2015, Gudesblat et al., 2009,
Underwood et al., 2007) are commonly related to defense against pathogens that
penetrate through the stomata. A third constitutive mechanism of defense against
pathogens is the presence of suberized (Pawsey, 1960, Smith et al., 2006) or lignified

(Xu et al., 2011, Yoshida, 1998) structures that such microorganisms cannot pass.

Many aspects related to the pathogen of the Thuja plicata - Didymascella thujina
system have been studied in the past, including the fungus’ morphology (Durand,
1913, Korf, 1962), spore ultrastructure (Kope, 2000), life cycle (Kope and Trotter,
1998a, Kope, 2000, Pawsey, 1957a, 1960), nutrition mode (Durand 1913; Sgegaard
1956; Sgegaard 1969, p. 294), host range (Durand, 1913, Kope, 2000, Kope et al., 1998,
Seegaard, 1966), environmental variables that limit viability and disease development
(Kope and Trotter 1998a; Spegaard 1969, p. 299), and even the ability to overwinter
(Pawsey 1957a; Pawsey 1960; Sgegaard 1969, p. 299). The progress of the disease
inside the foliage of T. plicata has also been described at the histological level (Pawsey
1960; Sgegaard 1969, p. 309), and it is known that variability in the resistance to D.
thujina exists among adult T. plicata populations in British Columbia (Russell et al.
2007; Russell and Yanchuk 2012; Sgegaard 1969, p. 323), and that such variability is
associated with climate (Russell et al., 2007, Russell and Yanchuk, 2012). However,
there is no information to date on the characteristics of the foliage of T. plicata
seedlings that may be responsible for resistance to D. thujina, nor on the relationship
between the climate of seed origin and D. thujina resistance in western redcedar
seedlings; this chapter examines those aspects. Firstly, anatomical features of the host
were studied at the histological level to explore what foliar characteristics of young
T. plicata plants may be related to resistance against D. thujina. And secondly, the
relationship between climate of origin and D. thujina resistance in T plicata seedlings
was investigated to shed light on the effect of the environment on D. thujina resistance

in seedlings.
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2.2 Methodology

2.2.1 Assessment of histological traits from T. plicata seedlings

associated with resistance to D. thujina
2.2.1.1 Plant material

One-year-old seedlings from eight full-sib T. plicata families with varying resistances
to D. thujina were used in this experiment (families 399, 525, 528, 582, 583, 685,
687 and 689; see Appendix A.l). The families were chosen based on D. thujina
screening information provided by the British Columbia Ministry of Forests, Lands,
Natural Resource Operations and Rural Development. The seedlings were grown un-
der standard greenhouse conditions in Beaver Styroblock containers 45/340 (Stuewe
and Sons., Tangent, OR, USA) from seeds planted the spring of 2012 at the Cowichan
Lake Research Station (Mesachie Lake, British Columbia). The plants were main-
tained in Sunshine Professional Growing Mix 2 (Sun Gro® Horticulture, Vilna AB,
Canada).

2.2.1.2 Screening of T. plicata seedlings for resistance to D. thujina

A set of seedlings from each of the eight families mentioned in section 2.2.1.1 was
assessed for resistance to D. thujina by exposing them to the disease and scoring its
severity: the fewer the symptoms, the more resistant the family. To infect the plants,
they were taken to a T. plicata progeny trial that showed severe symptoms of D. thu-
jina (near Jordan River, British Columbia; 48° 25’ 24.52” N, 124° 1’ 27.69” W, elev.
76 m). The progeny trial is in the CWHxm2 zone of the Biogeoclimatic Ecosystem
Classification System (Green and Klinka, 1994). Twenty seedlings per family were
placed under the sporulating trees in spring 2013. Airborne spores present at the site
were monitored by placing two microscope slides covered with petroleum jelly next
to the seedlings, and replacing them upon every visit to the site (twice a week). All
spores collected were identified based on their morphology and counted using a Zeiss
light microscope. The plants were checked every 3-4 days while in the field and did
not need to be watered given the prevalent rainy weather at the infection site during
the inoculation process. The seedlings were taken to the Bev Glover Growth Facility
(University of Victoria, Victoria, British Columbia) after two months of exposure in

the field, where they remained until D. thujina symptoms developed nearly 9 months
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later. The plants were watered weekly and fertilized monthly with 100 ppm nitrogen
from Peter’s 20-7-19 Conifer Grower fertilizer (Jr. Peters Inc, Allentown PA, USA)

while in the greenhouse.
Confirmation of D. thujina infection

Infection was confirmed using three methods: 1) scanning electron microscopy exami-
nation of foliage that was exposed to D. thujina to determine if spores of the pathogen
had landed, 2) analysis of the severity of the disease after symptoms developed using
colour analysis, and 3) study of the anatomy of the foliage with symptoms using leaf

clearing, fungal staining and light microscopy techniques.

Samples used for the scanning electron microscopy (SEM) analyses were collected
from four ~3 mm leaf sections (two from the uppermost branch, one from the mid-
dlemost branch and one from the lowermost branch) of five seedlings per family on
the fourth day of field deployment. The samples were fixed overnight in 2.5% glu-
taraldehyde (prepared in Sérensen buffer pH 7.2; Ruzin 1999, pp. 227). The following
day, the fixative was washed out of the samples by two consecutive changes of 30 min
each in Soérensen buffer. The samples were then dehydrated by 30 min changes in an
ascending ethanol series (50%, 70%, 80%, 90% and twice in 100%) and critical point
dried in a Leica EM CPD300 system (Leica Microsystems Inc., Richmond Hill ON,
Canada). The dried samples were then gold coated in an Edwards S150B Sputter
Coater (Edwards Canada, Quebec QC, Canada), and photographed at 1000X in a
Hitachi S-3500N Scanning Electron Microscope (Hitachi High-Technologies Canada
Inc., Toronto ON, Canada). The length and width of the photographed spores were
measured in ImageJ v. 1.46 (Schneider et al., 2012) and those measurements as well
as the general morphology of the spores were compared to the published description
of D. thujina (Durand, 1913, Kope, 2000). The dimensions of the spores that landed
on the seedlings of each family were also compared using one-way non-parametric
Kruskal-Wallis Analysis of Variance (ANOVA) in R (R Core Team, 2015) because

raw measurements could not be normalized with standard transformations.

Disease symptoms were macroscopically examined after symptoms developed (~ 9
months later) in all plants that were inoculated to verify the general aspect and

colour of the symptoms using a dissecting microscope. After examination, the abax-
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ial surface of the middlemost branch of each seedling was scanned using an Epson
Perfection v750 scanner (Epson Canada Ltd., Markham ON, Canada). Severity of
the disease was quantified as percentage of foliar area blighted, and was recorded
using the colour analysis mode of WinRHIZO Pro v. 2009¢ (Regent Instruments Inc.,
QC, Canada). Severity data per family were compared using non-parametric one-way
Kruskal-Wallis ANOVA given that the data could not be normalized using standard
transformations. Homogeneous groups were determined using the Kruskal-Wallis all-
pairwise comparisons test. The families were then classified as resistant or susceptible
based on the results of the ANOVA (see section 2.3.1.1).

The anatomy of the foliage with symptoms was studied using the modified clearing
and staining technique of McLean and Byth (1981) used by Liberato et al. (2005).
In brief, leaf samples of the same size as those used for SEM, but this time with
lesions present, were cleared for 24 h in a 1:1 v/v mix of anhydrous ethanol and 100%
acetic acid at room temperature (RT). The cleared samples were then washed with
three 5-min changes in distilled water. Free-hand sections were cut and mounted
on microscope slides with 0.1% w/v aniline blue prepared in 85% lactic acid. The
sections were examined and photographed at 63X and 400X magnification using a
Zeiss microscope fitted with a RTKE SPOT camera (SPOT Imaging, Sterling Heights
MI, USA) and SPOT v. 4.6 software.

2.2.1.3 Histological characterization of T. plicata seedlings

Another set of seedlings belonging to the same families in section 2.2.1.1, but that
had never been exposed to D. thujina were used for the histological characterization.
A total of 13 variables (10 measured and three derived) were studied. The variables
included thickness of the cuticle, epidermis, leaf, whole mesophyll, palisade mesophyll
and leaf width; cross section areas of the leaf and whole mesophyll; ratios of mesophyll
to leaf thickness, mesophyll to leaf cross sectional area and spongy to whole mesophyll
cross sectional area; stomatal density; and percentage of epidermal cells with lignified
walls. The variables were measured in two branch sections (proximal and distal) from
three branches (third from top, middlemost and lowermost) from five seedlings per
family. Epidermis and cuticle thickness were measured in the same branches and
sections, but both leaf surfaces were included. Stomatal density was also measured

on both surfaces, but three branch sections instead of two were included (proximal,
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middle and distal).

Samples collected for all histological analyses, except those for the stomatal density
measurements, were fixed using the same procedure as described for the SEM prepa-
rations. The following day, the fixative was washed out of the samples with two
changes of 20 min each in Sorensen buffer. The samples were then dehydrated in
the same ethanol series used for the SEM procedures, but changing solutions every
20 min. After the last 100% ethanol step, the samples were changed to a 1:1 v/v
ethanol-nBGE (n-butyl glycidyl ether) solution for 30 min, then to 100% nBGE for
30 min, next to a 1:1 v/v nBGE-Quetol 651 for 2 h, and lastly to 100% Quetol 651
overnight. The next day, the samples were polymerized in fresh 100% Quetol 651
(Takagi and Sato, 1979) for 24 h at 60°C. Embedded samples were sectioned at 5
pm using a Sorvall JB-4 Microtome and fixed to microscope slides on a hot plate for
further processing. Two sets of sections per sample were produced, one for general
histology staining with Toluidine Blue O, and another to quantify lignification of epi-

dermal cell walls stained with phloroglucinol.

Samples for general histology were covered for 5 min with 1.0 % w/v Toluidine Blue
O (dissolved in 1% aqueous sodium borate), rinsed with distilled water, and then
washed for 50 s in 70% ethanol and for 1 min in 100% ethanol. The stained samples
were dried at RT and mounted using Permount™ (Fisher Chemical™, Ottawa ON,
Canada). Sections were photographed at 100X and 1000X magnifications in the same
microscope and with the same camera mentioned in section 2.2.1.2. Digitized images
were analyzed with the same program used to measure D. thujina spores on the SEM

images.

For staining lignification of epidermal cell walls, microscope slides with sections were
flooded for 5 min with 1% w/v phloroglucinol (prepared in 70% ethanol). Excess
phloroglucinol was removed and the slides covered for 1 min with hydrochloric acid
(HCI). The excess HCI was removed and the sections dried at RT. The samples were
then mounted as before and photographed within 3 h using the same equipment used

to capture light microscopy images (see section 2.2.1.2).

Stomatal densities were studied on leaf impressions produced using transparent nail

polish. Two coats were applied to the area of interest and let to dry for 30 min at RT.
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The impressions were then removed with transparent tape, mounted on microscope
slides and covered with coverslips. The impressions were next photographed at 100X

magnification with the equipment mentioned before.

Histological data were explored with Principal Component Analysis (PCA) based
on correlation using FactoMineR (Lé et al., 2008). The dataset of the continuous
variables was also explored using Pearson correlation analysis in R (R Core Team,
2015). Disease severity values of the families screened in section 2.2.1.2 were included
in the Pearson correlation analysis. ANOVA of the individual continuous histological
variables was carried out using a fixed-effects split-plot design (Appendix A.2) in R
(R Core Team, 2015). Raw data from each variable was checked for normality using
the Shapiro-Wilk test, and non-normal variables were transformed prior performing
the ANOVA tests (square root for leaf width, and logjo for cuticle thickness, cross
section leaf area, leaf thickness, whole mesophyll area and whole mesophyll thickness).
Given that the stomatal density was a discrete variable, it was analyzed using non-
parametric Kruskal-Wallis one-way ANOVA to detect differences between resistance

classes, and differences among families.

2.2.2 Evaluation of the relationship between resistance to D.

thujina and T. plicata climate of origin
2.2.2.1 Plant material and screening for resistance to D. thujina

One-year-old seedlings from all families used in section 2.2.1.1, as well as another
five families (398, 8182, 8255, 8258 and 8265) were included in this experiment (see
Appendix A.1 for parent information of each family). These families were chosen
based on a pilot study of D. thujina severity executed in 2013, and on information
from the British Columbia Ministry of Forests, Lands, Natural Resource Operations
and Rural Development. The plant material was grown from seed at Cowichan Lake
Research Station (Mesachie Lake, British Columbia) as described in section 2.2.1.1.

Between May and June 2014, 20 one-year-old seedlings from each of the families men-
tioned were infected in the same T. plicata progeny trial used in 2013 (section 2.2.1.2)
using the same methodology. The plants were watered 1-2 times a week while in the
field due to the dry summer of that year. The seedlings were returned to the Bev

Glover Growth Facility (University of Victoria, Victoria, British Columbia) after one
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month in the field and maintained until symptoms developed. Watering and fertil-
ization regimes were the same as those used in the experiment of the previous year.
D. thujina severity was assessed in the foliage of all exposed material as described in
section 2.2.1.2.

2.2.2.2 Relationship between disease resistance and climate variables

The relationship between climate of origin and resistance to D. thujina in T. plicata
was studied using correlation and random forest analyses of the disease severity and
climate variables from the places of origin of the 13 families and their parents. Given
that the families used in this investigation were the result of crosses between plants
grown from seed collected in natural populations, the climate variables of each of
the 13 families were calculated as the average of the climate variables of the place of
origin of the parents. For instance, the mean annual temperature (MAT) of family
8182 (7.3°C) was the average between the MAT of its female parent (6.8°C, seed ID
261), and that of its male parent (7.8°C, seed ID 415).

Climate normal data of the parents (1961-1990) was retrieved from ClimateBC (Wang
et al., 2016a) using the coordinates and elevation information in Appendix A.1l.
Thirty-two climate variables per parent, the same number of calculated variables
per family, and the average disease severities screened in section 2.2.2.1 were used
in the analyses. For each parent and family, the selected climate variables included
temperatures (17 variables), precipitations (10 variables), degree days above or below
5°C (4 variables), and summer heat-moisture index (1 variable; see Appendix A.11 for
the full list). These variables were chosen based on evidence that 7. plicata popula-
tions resistant to D. thujina occur in cooler and wetter areas across British Columbia
(Russell et al., 2007), and on reports that temperature (average summer temperature,
and maximum July and August temperatures), precipitation (May, July, spring and
summer precipitations), and summer climate moisture index are good descriptors of
the relationship between D. thujina intensity and T. plicata field site environments

(Gray et al., 2013).

The Pearson correlation analyses were completed in R (R Core Team, 2015). All
variables were checked for normality before the analysis with the Shapiro-Wilk test,

and non-normal variables were transformed to meet the assumption (Appendix A.17
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shows the variables that were transformed). Regression random forest analysis was
conducted with disease severity as a response variable using the R package random-
Forest (Liaw and Wiener, 2002) set to grow 2000 trees and to assess the importance
of the predictors. The criterion used to rank the predictors of disease severity (i.e.
the climate variables) was the increase in node purity score. Change point detection
analysis on those scores was used to determine the number of predictors to retain
for further analysis. The R package changepoint was used for this purpose with the
AMOC method on mean and variance (Killick and Eckley, 2014).

2.3 Results

2.3.1 Histological traits from T. plicata seedlings associated

with resistance to D. thujina

Two main pathogens were present in the T. plicata progeny trial where the seedlings
were inoculated as surveyed using microscope slides (section 2.2.1.2): D. thujina ac-
counted for 32.01% of the spores counted during the inoculation period and Pestalo-
tiopsis funerea (synonym Pestalotia funerea; Desmaziéres 1843, Steyaert 1949) for
62.73%. The remaining 5.26% of spores were from other species. The average D.
thujina spore density in the site during the 2013 infection season was 1.72x103
sporessm™>-ht. Germination of D. thujina spores on the microscope slides (Fig. 2.1a)
was high within three days when rain was present (65.42%), and low when rain was

absent (7.39%).

2.3.1.1 Screening for resistance to D. thujina

None of the plants retrieved from the inoculation site developed the foliar tip blight
symptoms caused by P. funerea (Ivanova, 2016, Judith-Hertz, 2016, Mordue, 1976,
Steyaert, 1949) despite the high amount of conidiospores present in the site. P. fu-
nerea conidiospores were fusiform, straight, with three to four medium brown cells
and two peripheral hyaline cells. The basal hyaline cell had one appendage, while
the apical hyaline cell had three to four appendages. The conidiospore characteristics
recorded here corresponded to those published elsewhere (Ivanova, 2016, Madar et al.,
1991, Mordue, 1976, Steyaert, 1949).
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Figure 2.1. Morphology of the spores and symptoms of Didymascella thujina in the plants screened. a) Ascospore
with germination tube (19.2 pm long). Notice the characteristic olive-brown colour. The spore was photographed on
a glass microscope slide covered with petroleum jelly that was in the inoculation site for three days. Scale bar = 10.0
pm. b) Leaves of T. plicata with symptoms of D. thujina after sporulation. Individual infected leaves (light brown)
developed D. thujina ascocarps and released spores within nine months of inoculation. Ascocarps shown have already
burst. Scale bar = 1.0 mm. ¢) Cross section of a T. plicata leaf that was showing symptoms as in Fig. 2.1b. The
leaf was cleared for 24 h in a 1:1 v/v mix of 100% acetic acid and anhydrous ethanol at room temperature, hand-free
sectioned, and mounted in 0.1% w/v aniline blue (prepared in 85% lactic acid). d) Asci of D. thujina from a leaf that
was cleared and stained as in Fig. 2.1c. The image was a colour photograph filtered to black and white to visualize
the histological details of the ascus. Notice the two ascospores per ascus as described in Durand (1913). Scale bar =
10.0 pm. Images captured by Juan A. Aldana using a Zeiss microscope (a, ¢ and d), and a dissecting microscope (b)
fitted with a RTKE SPOT camera.
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In contrast to P. funerea, seedlings from all families developed symptoms of D. thujina
after ~9 months. The symptoms of the disease (Fig. 2.1b) were as those described
in Durand (1913) and Kope (2000). The mesophyll of symptomatic leaves were full
of D. thugina hyphae (Fig. 2.1c). Cross section study of the apothecia showed that
their anatomy, as well as that of the ascus and ascospores within them (Fig. 2.1d),
were the same as those described and shown in Durand (1913). The severity of the
disease was significantly different among families (p < 0.0000, Table 2.1). Based on
the severity results in Table 2.1, families 525, 528, 582 and 583 were categorized as
susceptible and families 399, 685, 687 and 689 as resistant.

Table 2.1. Mean severity of Didymascella thujina symptoms in eight full-sib 7.
plicata families, and mean ascospore dimensions (+ standard error) of the spores that
landed on seedlings from the same families. The plants were infected naturally in a T.
plicata progeny trial in Jordan River (British Columbia) in spring 2013. Severity was
recorded as the percentage of foliar area that was blighted after symptoms developed
~9 months later. Spores were measured on scanning electron micrographs produced
from samples collected from five seedlings per family after 4 days of deployment.
Superscripts in the severities indicate homogeneous groups from the Kruskal-Wallis
all-pairwise comparisons test.

Ascospore dimensions

Family | Severity (%) | Length (nm) | Width (pm)

525 45.23* 1716 += 037 13.18 £ 0.21
528 42.45%P 1740 + 030 13.02 £+ 0.20
o982 50.95* 1731 £ 031 13.20 £ 0.19
983 o7.11* 1720 £ 030 1346 =+ 0.21
399 25.09P¢ 1777 = 028 1358 £+ 0.18
685 23.39b¢ 1761 += 027 1333 £+ 0.20
687 20.03¢ 1769 += 021 1349 £+ 0.14
689 22.14¢ 1741 £+ 0.19 1350 £ 0.14

Ultrastructural analysis of the leaf samples collected after four days of seedling de-
ployment in the field revealed that the mean D. thujina spore size was 17.43 £+ 0.10 x
13.37 £ 0.06 pm. There were no significant differences in the sizes of the spores that
landed on the different families (p = 0.8399 for length, and p = 0.4105 for width;
Table 2.1). Recently landed spores had smooth surfaces (Fig. 2.2a) that turned
into ornamented and verrucose surfaces after their adhesive extracellular matrixes
had been released to attach them to the host (Fig. 2.2b; Agrios 2005, p. 82; Vid-
hyasekaran 2008, p. 2). Only one of the 302 D. thujina spores photographed on T.
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plicata leaves had a conspicuous germination tube. That spore had landed on the
abaxial surface of a seedling belonging to family 685, and the 32.12 pm-long germ
tube was not penetrating the surface directly nor growing over it, but was instead in

a perpendicular orientation in relation to the surface (Figs. 2.4a-2.4c).

WD20.8mm 15.0kV x1.0k  50um WD19.2mm! 15/.0kV, x4'. 5k  10um

(a) (b)

Figure 2.2. Ultrastructural characteristics of the ascospores of Didymascella thujina. a) D. thujina
spore that recently landed on a Thuja plicata leaf and has not released the adhesive extracellular
matrix yet. b) Spore of D. thujina at high magnification (4,500X) showing the ornamented surface
and the extracellular matrix that attaches it to its host after landing. Scanning electron micrographs
captured by Juan A. Aldana in a Hitachi S-3500N Scanning Electron Microscope.

2.3.1.2 Histological characteristics of T. plicata seedlings related to re-

sistance to D. thujina

Principal component analysis of the histological variables studied showed that resis-
tant and susceptible plants grouped in overlapping clusters (Fig. 2.3). The first three
principal components accounted for 59.85% of the variance. Principal component 1
explained 33.70% of the variance, principal component 2 accounted for 17.48%, and
principal component 3 explained 8.73% of the variance. Variables with the highest
contributions to component 1 were related to the whole leaf (whole mesophyll cross
section area, whole mesophyll thickness, leaf cross section area, and leaf thickness).
Variables with the highest contributions to component 2 were related to the leaf
strata (spongy to whole mesophyll thickness ratio, palisade mesophyll thickness, and
leaf width), and the variable with the highest contribution to component 3 was cu-
ticle thickness. The second and third principal components appear to discriminate

between resistance classes (Fig. 2.3).
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] Figure 2.3.  Principal compo-
nent analysis bi-plot of thirteen
histological variables recorded in
eight Thuja plicata full-sib fami-
L ) lies that differed in resistance to
b S P Didymascella thujina. Four fam-
' R ) ilies were categorized as resistant
(black) and four as susceptible
(red) according to the severity of
the disease measured in a different
set of plants (see section 2.3.1.1
and Table 2.1). Confidence level
of the ellipses is 99%.

Principal Component 3

Principal Component 2

Correlation analysis of the continuous histological variables and severity revealed that
36 of the 78 possible correlations were significantly different from zero, and that most
of them were positive (32 out of 36, Table 2.2). Most of the variables were significantly
correlated with at least six of the other variables, and all of the positive significant
correlations referred to allometric relationships (e.g. bigger cross-section leaf area in
thicker leaves r = 0.6682, p > 0.0000). Spongy to whole mesophyll thickness ratio
was the only variable that had correlations significantly different from zero with the
rest of the variables, except with severity and leaf width. Cuticle thickness was the

only variable with a significant correlation with disease severity (r = -0.1703, p =

0.0090).

Individual analysis of the histological variables showed that there were significant dif-
ferences among families (within class) in epidermal thickness, leaf thickness, palisade
mesophyll thickness, whole mesophyll thickness and in the percentage of epidermal
cells with lignified cell walls (Table 2.3). There were also significant differences among
crown positions for most variables, except for leaf width, mesophyll to leaf cross sec-
tion areas ratio, and in the percentage of epidermal cells with lignified cell walls.
Cuticle thickness was the only continuous variable where significant differences be-
tween resistant and susceptible seedlings existed (p = 0.0130, Tables 2.3 and 2.4),
with thicker cuticles in the resistant families (2.32 + 0.02 pm, Fig. 2.5a) and thinner
in the susceptible ones (2.23 + 0.02 nm, Fig. 2.5b). Stomatal densities were also
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(a) | (b)

Figure 2.4. Ultrastructure of the only D. thujina spore found with a conspicuous germ tube (out of
302 studied), and which was growing away from the T. plicata leaf surface. The ascospore landed on
the abaxial surface of a seedling from family 685 within four days of being deployed to a T. plicata
progeny trial in Jordan River (British Columbia, Canada) where the pathogen had high prevalence.
a) D. thujina spores photographed at 2,500X magnification and coloured to better visualize them,
the leaf surface and a germ tube emerging from the right spore (32.12 pm long). b) D. thujina
spores in a) photographed from a different angle and at 3,000X magnification to visualize the place
of emergence of the germ tube of the spore. ¢) Place of emergence of the germ tube at 10,000X
magnification. Scanning electron micrographs captured by Juan A. Aldana in a Hitachi S-3500N
Scanning Electron Microscope. Image a) was kindly coloured from a black and white original by
James Tyrwhitt-Drake.
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significantly different among families (p = 0.0178), and between resistance classes
(p = 0.0076) according to the Kruskal-Wallis ANOVA. Resistant families had lower
stomatal densities (102 + 4 stomata-mm™?, Table 2.4 and Fig. 2.6a) in comparison
to the susceptible families (116 + 4 stomata-mm™, Table 2.4 and Fig. 2.6b).

(a) | (b)

Figure 2.5. Cuticle of seedlings of Thuja plicata fill-sib families with different resistance to Didymascella
thujina. Cross sections of the adaxial surface of samples collected from the distal portion of the lowermost
branch are shown. a) Resistant family 399 with a cuticle of 2.33 pm. b) Susceptible family 528 with a
cuticle of 2.24 pm. The foliar samples were embedded in Quetol 651, and 5 pm sections were stained with
Toluidine Blue O and photographed in a Zeiss microscope fitted with a RTKE SPOT camera. Images
captured by Juan A. Aldana. C = cuticle, E = epidermal cell, M = mesophyll. Scale bars = 20 pm.

2.3.2 Climate variables of T. plicata site of origin associated

with resistance to D. thujina

Seedlings from all families developed symptoms of D. thujina but not of P. funerea
after nearly nine months. This result is similar to that of the seedlings screened
in section 2.2.1.2. D. thujina severity was used as a proxy for disease resistance in
the Pearson correlation and random forest analyses with climate variables. Lower
severity values were associated with resistance to D. thujina, and higher values with

susceptibility.
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2.3.2.1 Pearson correlation analysis

Twenty-nine of all climate variables studied had significant correlations with D. thu-
jina disease severity at a = 0.01 (Table 2.5). Thirteen of those 29 variables were
related to the climates of the families, 11 to the climate of origin of the male parent,
and five to the climate of origin of the female parent. Twelve of the 29 variables
were temperature-related, 10 precipitation-related, five degree-day related, and two
were summer heat-moisture indices. The five variables most highly correlated with
mean family disease severity (i.e. those with the lowest significance values) were au-
tumn precipitation (r = -0.79107, p = 0.00128), July and August maximum mean
temperatures for the male parent (r = 0.84725, p = 0.00026; and r = 0.81053, p =
0.00078; respectively), winter mean minimum temperature for the female parent (r
= -0.83416, p = 0.00039), and July maximum mean temperature for the family (r =
0.78801, p = 0.00138).

(a) | (b)

Figure 2.6. Stomata of seedlings of Thuja plicata full-sib families with different resistance to Didyma-
scella thujina. Impressions of the adaxial surface of samples collected from the middle portion of the
lowermost branch are shown. a) Resistant family 685 with stomatal density of 105 stomata-mm™2. b)
Susceptible family 525 with stomatal density of 118 stomata-mm™2. Stomatal impressions were produced
using transparent nail polish, mounted on microscope slides and photographed in a Zeiss microscope fitted
with a RTKE SPOT camera. Images taken by Juan A. Aldana. S = stoma. Scale bars = 100 pm.

2.3.2.2 Random forest analysis

Change point detection analysis on the increase in node purity scores output by ran-

dom forest showed that 23 of the 96 climate variables studied were strong predictors



Table 2.5. Pearson correlations (r) and significance values (p) of the 29 variables
that were significantly correlated with D. thujina severity at o = 0.01 (organized by
increasing probability value). Climate data for the period 1961-1990 was retrieved
for each parent from ClimateBC (Wang et al., 2016a), and the family climates were
calculated as the average of their parents (see also Appendix A.1). Disease severity

data used were the family average of the plants screened in section 2.2.2.1.

Source Climate variable r P
Male parent July maximum mean temperature 0.84725  0.00026
Female parent ~ Winter mean minimum temperature -0.83416 0.00039
Male parent August maximum mean temperature 0.81053 0.00078
Male parent Autumn precipitation -0.79107 0.00128
Seedling family July maximum mean temperature 0.78801 0.00138
Male parent June maximum mean temperature 0.78603 0.00144
Seedling family Autumn precipitation -0.77676  0.00179
Seedling family August maximum mean temperature 0.77634 0.00180
Seedling family Autumn degree-days above 5°C -0.76182  0.00247
Female parent ~ Mean annual temperature -0.75782  0.00269
Male parent Mean annual precipitation -0.75499 0.00285
Seedling family June maximum mean temperature 0.75422  0.00289
Seedling family Winter mean minimum temperature -0.75201 0.00303
Male parent Spring precipitation -0.75153 0.00306
Seedling family Mean annual precipitation -0.74843  0.00325
Seedling family Spring precipitation -0.74569  0.00343
Male parent April precipitation -0.74274  0.00363
Seedling family April precipitation -0.73844  0.00394
Seedling family Winter degree-days below 5°C -0.73211  0.00444
Seedling family September precipitation -0.72547 0.00501
Male parent May precipitation -0.72429 0.00511
Female parent ~ Autumn degree-days above 5°C -0.72081 0.00544
Seedling family September mean temperature -0.71987  0.00553
Female parent  June maximum mean temperature -0.70236  0.00743
Male parent Summer heat-moisture index 0.69178  0.00880
Female parent  July maximum mean temperature 0.69098  0.00891
Seedling family Summer heat-moisture index 0.69029  0.00901
Male parent Winter degree-days below 5°C -0.68800 0.00934
Male parent Autumn degree-days above 5°C -0.68523  0.00974

42
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Table 2.6. Top 23 variables selected by change point analysis using the increase in node purity
score output by random forest on 96 climate variables studied as predictors for D. thujina severity
in seedlings of 13 T. plicata families. Disease severity data used were the family average of the
plants screened in section 2.2.2.1, and climate data corresponded to the period 1961- 1990 and was
retrieved for each parent from ClimateBC (Wang et al., 2016a). Family climates were calculated as
the average of their parents (see also Appendix A.1).

Source

Climate variable

Increase in node purity score

Seedling family
Male parent
Male parent
Seedling family
Seedling family
Female parent
Seedling family
Female parent
Male parent
Male parent
Male parent
Seedling family
Seedling family
Male parent
Seedling family
Seedling family
Male parent
Male parent
Seedling family
Male parent
Male parent
Female parent
Seedling family

June maximum mean temperature
June maximum mean temperature
July maximum mean temperature
July maximum mean temperature
Winter mean minimum temperature
Winter mean minimum temperature

Winter degree-days below 5°C
Winter degree-days below 5°C
Spring precipitation

Autumn precipitation

Mean annual precipitation
Autumn mean temperature
Autumn degree-days above 5°C
May precipitation

Summer degree-days above 5°C
Mean annual temperature
Summer heat-moisture index
April precipitation

Summer mean temperature
Mean annual temperature
Autumn mean temperature
Summer heat-moisture index
June mean temperature

54.62806
49.88064
40.45630
27.94759
26.78182
25.68643
23.10955
18.10865
16.01758
12.93521
12.08463
11.28917
8.84046
8.73694
7.98965
7.72464
7.10568
7.04252
6.91692
6.79715
6.71299
6.58257
6.40409
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of the disease severity (Appendix A.18). Ten of those variables were related to the cli-
mates of the families, another 10 to the climate of origin of the male parent, and three
to the climate of origin of the female parent (Table 2.6). Twelve of the 23 variables
were temperature-related, five precipitation-related, four degree-day related, and two
were summer heat-moisture indices (Table 2.6). The top five predictors of the disease
severity (i.e. those with the highest increase in node purity scores) were winter mean
minimum temperature and June-July maximum mean temperatures for the family,

and June-July maximum mean temperatures for male parent (Table 2.6).

Fourteen variables were common to both the Pearson correlation and random for-
est analyses, nine were exclusive to the random forest output and 15 unique to the
correlation analysis. Six of the 14 shared variables were temperature-related, five
were precipitation-related, two were degree day variables, and one was the summer
heat-moisture index (Table 2.7). June and July maximum mean temperatures, and
summer heat-moisture index of the place of origin were positively correlated with
D. thujina severity in both analyses. Precipitation variables, winter mean minimum
temperature, autumn degree days above 5°C and winter degree-days below 5°C in the
location of origin had significant, negative correlations with severity in both anal-
yses. It is worth noting that eight of the 14 variables common to both analyses
were associated with the paternal location of origin. Those variables were June and
July maximum mean temperatures, summer heat-moisture index and all precipita-
tion variables (Table 2.7). On the contrary, only one maternal variable, winter mean

minimum temperature, appeared to be related to D. thujina severity (Table 2.7).

2.4 Discussion

This investigation explored the histological characteristics of young T. plicata plants
related to resistance against D. thujina, as well as the climatic aspects of the T. plicata
- D. thujina interaction in seedlings. D. thujina was highly virulent in the field site
where the inoculations took place, and significant differences at the histological level
existed between T. plicata seedlings resistant and susceptible to D. thujina. Few
climate variables of family origin were associated with D. thujina severity and some
of them showed parental kinship. All of those aspects and their relationship with D.

thugina resistance in western redcedar seedlings are discussed below.
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2.4.1 Virulence of the D. thujina inoculum used

The results of the screening for D. thujina resistance of the T. plicata families studied
in 2013 highlight the virulence of the ascomycete. Although the average D. thujina
spore count per hour is similar to values reported in other field studies where air-
borne spores from fungal species were collected (Nussbaum, 1990, Pawsey, 1964), the
abundance of recorded ascospores from D. thujina were almost half of P. funerea
conidiospores’ counts. It is interesting that despite such abundance of conidiospores,
the seedlings exposed to both pathogens developed only symptoms of D. thujina. The
development of symptoms of D. thujina but not of P. funerea after exposure to both
pathogens was also seen in the seedlings used to analyze the relationship between
D. thujina resistance and climate variables in section 2.2.2.1, in the study presented
in Chapter 3, in the seedlings of the natural conditions experiment in Chapter 4, as
well as in the plants used to quantify D. thujina severity in Chapters 5 and 6. D.
thujina inoculations of all those plants were completed using the same methodology

and carried out in the same T. plicata progeny trial.

Pestalotiopsis is a species-rich clade of generalist saprophytic (Maharachchikumbura
et al., 2014) and endophytic fungi (Photita et al., 2004, Strobel et al., 2000, Wei et al.,
2007) with no known teleomorphs in many cases (Maharachchikumbura et al., 2014).
P. funerea has been shown to be an endophyte of Catharanthus roseus (Srinivasan and
Muthumary, 2009), a saprobe of dead conifer foliage (Dennis 1995, p. 217; Ellis and
Ellis 1997, p. 115), a necrotroph of conifers (Bajo et al., 2008), and the causative agent
of silky Hakea’s leaf spots (Sousa et al., 2004). P. funerea has also been reported to be
present on the foliage of Thuja sp. in France (Maharachchikumbura et al., 2011), and
on leaves of T. plicata in North America (Fernando et al. 1999; Minore 1983, p. 27),
where it was associated with a dieback in the mid 1900’s (Minore 1983, p. 27). The
lack of symptoms of P. funerea in the foliage of T. plicata exposed to the field inocu-
lum can be explained by the fact that Pestalotiopsis species are weak opportunistic
pathogens that usually cause little damage (Maharachchikumbura et al., 2011) and
gain access to their hosts mostly through wounds (Elliott et al. 2004, p. 28; Keith
et al. 2006; McQuilken and Hopkins 2004; Wright et al. 1998). The good health of
the T. plicata seedlings that were taken to the D. thujina inoculation site in Jordan
River, and the care provided to them during the inoculation phase in the field, as well

as during the D. thujina colonization phase in the Bev Glover Growth Facility, may
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have impeded the initial infection by P. funerea and the subsequent development of

the disease symptoms.

Unlike P. funerea, the symptoms of D. thujina infection were evident nine months af-
ter inoculation. The characteristic light-brown leaves with oval-shaped dark-brown D.
thujina ascocarps in the middle were visible to the naked eye, and those symptomatic
leaves were scattered through the foliage as described in Durand (1913) and Kope
(2000). The asci of symptomatic leaves were clavate in shape and unitunicate, with
two spores per ascus as reported (Durand, 1913, Kope, 2000). The ascospores that
were collected on microscopes slides, and those that landed on foliage of T. plicata
both had the characteristic ovoid shape and olive-brown colour reported by Durand
(1913) and Kope (2000), and were within the size-range reported by Kope (2000).
At the ultrastructural level, ascospores that had landed on foliage and had released
the adhesive extracellular matrix showed the typical ornamented surface described by
Kope (2000).

The absence of germination tubes within four days in the D. thujina ascospores that
landed on T. plicata foliage, and their presence in microscope slides within three days,
suggests that the ascospores might perform direct penetration to access the host.
Pawsey (1960) reported similar observations of germination tubes being produced by
D. thugina ascospores on microscope slides, and Sgegaard (1969, p. 298) showed that
under specific conditions, D. thujina spores could be germinated in bean agar. Porter
(1957) and Pawsey (1960) also reported the absence of D. thujina germination tubes
on T. plicata foliage and all evidence led both Pawsey (1960) and Sgegaard (1966)
to suggest that direct penetration of the host by the pathogen might take place.
Visualization of direct penetration of T. plicata foliage by D. thujina’s germination
tube was eventually achieved by studying transverse cuticular sections of infected 7.
plicata foliage stained with cotton blue in lactophenol, and was reported by Sgegaard
(1969, p. 299).

2.4.2 Histological traits of T. plicata associated with resis-

tance to D. thujina

Although there are no published studies on the variability of D. thujina resistance

in seedlings of T. plicata, the variation in the disease severity of the eight families
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screened in 2013 and that of the 13 families used to analyze the relationship between
climate and D. thujina resistance (section 2.2.2.1) agrees with reports on the variabil-
ity of that trait in adult trees (Russell et al. 2007; Russell and Yanchuk 2012; Sgegaard
1969, p. 323). Variation in the resistance to D. thujina among adult T. plicata trees
was first observed last century (Sgegaard, 1969, p. 323), and formally reported by
Russell et al. in the 2000’s, when it was shown that T. plicata populations of British
Columbia occurring in wetter and milder environments had lower D. thujina severity
than populations from drier and warmer environments (Russell et al., 2007, Russell
and Yanchuk, 2012). Quantitative variation in the resistance to fungal diseases is
common in plants (Burdon, 2001, Carson and Carson, 1989, Sniezko and Koch, 2017,
Telford et al., 2015) and has also been reported in pathosystems like Pinus taeda -
Fusarium circinatum (Quesada et al., 2010), Juniperus sp. - Pseudocercospora ju-
niperi (Zhang et al., 1997), P. taeda - Cronartium quercuum (Wilcox et al., 1996)
and Pinus monticola - Cronartium ribicola (Liu et al., 2013). Quantitative variation
is at the core of breeding for improved pathogen resistance (Burdon, 2001, Carson and
Carson, 1989, Sniezko and Koch, 2017, Telford et al., 2015, White et al., 2007), and
the quantitative nature of the resistance to D. thujina in T. plicata (Russell et al.,
2007) makes it a suitable trait for genetic improvement (Grattapaglia and Resende,
2011, Neale and Kremer, 2011, Rostoks et al., 2005, White et al., 2007). Breeding
for D. thujina would have potential long-term benefits to British Columbia’s forests
given the predicted risk of increased D. thujina intensity under future climate change

scenarios (Gray et al., 2013).

To date, there are no reports on 7. plicata traits associated with variability in the
resistance to D. thujina. However, the histological analyses carried out on the families
investigated in section 2.2.1.3 showed that the cuticles of the families resistant to D.
thujina were significantly thicker than those of the susceptible families. The cuticle
is the first barrier that biotrophic fungi must pass before getting access to the host
(Agrios 2005, p. 210; Anker and Niks 2001; Gees and Hohl 1988; Hau and Rush 1982;
Roundhill et al. 1995; Sherwood 1996; Zinsou et al. 2006), and its damage releases
elicitors (Serrano et al., 2014), which lead to prompt defense responses by the host
(Agrios 2005, p. 213; Vidhyasekaran 2008, p. 55). Thicker cuticles are commonly asso-
ciated with increased resistance to pathogens that perform direct penetration (Agrios
2005, p. 210), and have been reported in pathosystems like olive plants resistant to

Fusicladium oleagineum (Rhouma et al., 2013), or Fucalyptus nitens trees resistant to
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Mycosphaerella spp. (Smith et al., 2006). Thick cuticles were also recorded in the only
species fully resistant to D. thujina investigated in this thesis, the Thuja standishii
clonal line studied in Chapter 6. Given that D. thujina performs direct penetration
to infect T. plicata’s leaves (Sgegaard, 1969, p. 299), it is possible that thick cuticles
play an important role in the defense against this pathogen in T. plicata, either as

a physical barrier, as a system that triggers fast defense responses by the host, or both.

The other anatomical variable that rendered significant differences between T. pli-
cata seedlings resistant and susceptible to D. thujina was the stomatal density, with
susceptible families having higher densities than resistant plants. Natural openings
are common entry points for pathogens like bacteria and viruses (Agrios 2005, p. 88;
Dickinson 2003; Huang 1986; Ramos et al. 1992; Sharma 2006, p. 4.6; Zinsou et al.
2006), and stomatal densities have been reported to be lower in some species resis-
tant to those kinds of diseases (McKown et al., 2014, Ramos et al., 1992). Obligate
parasitic fungi, like D. thujina (Durand 1913; Sgegaard 1956; Sgegaard 1969, p. 294),
do not enter their host through natural openings or wounds, but by performing direct
penetration (Agrios 2005, p. 88; Gees and Hohl 1988; Roundhill et al. 1995; Sharma
2006, p. 4.6; Sherwood 1981; Sgegaard 1969, p. 299). In this investigation, no germi-
nation tubes growing towards stomata or wounds as entry points were observed on the
SEM micrographs of the D. thujina ascospores examined, and earlier histopathology
studies on the compatible T. plicata - D. thujina interaction reported similar findings
(Pawsey 1960; Porter 1957; Sgegaard 1969, p. 299). Stomatal densities tend to be
lower in plants from humid environments (Abrams et al., 1994, Bakker, 1991), so the
lower densities of the families resistant to D. thujina studied in section 2.2.1.3 may
be a sign of adaptation of their resistant parents to humid environments as 7. plicata
populations resistant to D. thujina originate from cooler and wetter environments
(Russell et al., 2007, Russell and Yanchuk, 2012). Low stomatal density may con-
tribute to defense against attacks by pathogens other than D. thujina, which might be
present in humid climates, given that those environments are ideal for microorganisms
like bacteria to infect and colonize their hosts (Hirano and Upper, 1983, Leben, 1981,
Schwartz et al., 2003, Underwood et al., 2007). High stomatal density was also found
in the T. plicata seedling line 124 studied in Chapter 6, which was susceptible to D.
thugina, in comparison with the more resistant T. plicata seedling line 129 analyzed in
that chapter. The relationship between 7. plicata stomatal density and climate, and

between stomatal density and resistance to foliar pathogens that penetrate through
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natural openings should be investigated in future studies.

2.4.3 Climate variables associated with resistance to D. thu-
jina

The analyses conducted to determine the relationship between D. thujina severity, and
the climate of origin of the full-sib families and their parents’, revealed that only a few
variables were related to the disease severity. Those variables included temperature,
precipitation, summer heat-moisture index, and degree-day variables. Temperature
and precipitation are climate variables commonly related to the pathogenicity and
virulence of foliar diseases, with wet regions that have cool temperatures being more
suitable for pathogens to flourish than drier and hotter places (Agrios 2005, p. 249;
Elad and Pertot 2014; Hardwick 2002; Rosenzweig et al. 2001; Salinari et al. 2006;
Sharma 2006, p. 6.2; Talley et al. 2002). Favourable temperature and precipitation
accelerate the development of diseases like leaf blotch, brown rust, yellow rust and
eyespot in wheat (Wiik and Ewaldz, 2009), Pantoea and Xanthomonas leaf blights in
onion (Schwartz et al., 2003), Phytophthora infestans in potato (Hannukkala et al.,
2007), Cylindrocladium quinqueseptatum in Eucalyptus camaldulensis (Booth et al.,
2000), and Dothistroma needle blight in pines (Woods et al., 2016). July maximum
mean temperature, summer heat-moisture index, May precipitation and spring pre-
cipitation were significantly correlated with D. thujina severity in this investigation,
and were also amongst the top disease severity predictors output by the random forest
analysis. Those variables had previously been shown to be good descriptors of the
best linear unbiased estimators of D. thujina intensity in field environments (Gray
et al., 2013), and furthermore, spring precipitation has also been reported as an im-
portant contributor variable to the model developed by Gray et al. (2013) to predict
the future risk of D. thujina intensity in British Columbia.

Some of the climate variables related to D. thujina severity that were found in this
investigation, such as June and July maximum mean temperatures and summer heat-
moisture index, had significantly positive correlation with disease severity. June max-
imum mean temperatures of the places of origin of the seedlings and parents studied
ranged between 14.7°C - 19.9°C, while July’s maximum mean temperatures were be-
tween 16.8°C - 22.8°C. Plants with low disease severity scores occurred in climates

within the optimal temperature ranges reported for D. thujina ascospore discharge
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(10°C -16°C; Sgegaard 1966), and germ tube germination (13°C -15°C; Pawsey 1960),
whereas susceptible plants were from ecosystems with ideal temperatures for ascocarp
development (13°C - 20°C; Sgegaard 1966 and Sgegaard 1969, p. 309). Summer heat-
moisture index of the place of origin of the male parent, which is a measure of summer
dryness (Wang et al., 2016a), ranged between 13.9°C-mm™ and 68.0°C-mm™, and D.
thugina severity was higher in plants coming from drier locations with higher indices.
The above data suggest that susceptible plants are associated with warmer and drier
climates, where D. thujina ascospores cannot survive; however, these plants can be
successfully infected if exposed to D. thujina inoculum. The highest temperature
limit for the germination of D. thujina ascospores is 28°C (Kope and Trotter, 1998a),
so T. plicata populations that occur in regions with high temperatures in June and
July may have not evolved resistance mechanisms to the fungus because high tem-
peratures will render the spores non-viable. Similarly, populations in dry regions will
not need to evolve defense systems against D. thujina given that high levels of hu-

midity are needed for ascospore discharge (Sgegaard 1966 and Sgegaard 1969, p. 295).

In contrast to the summer heat-moisture index and temperature variables mentioned
above, variables like precipitation and winter minimum mean temperature were neg-
atively correlated with D. thujina severity. The male parents’ annual mean precipi-
tation ranged between 793 mm and 4,039 mm, and the spring precipitation between
151 mm and 873 mm. Disease severity was lower in plants coming from wetter envi-
ronments, which are regions where the prevalence of D. thujina is high. Gray et al.
(2013) showed that sites in British Columbia where D. thujina is present have an
average mean annual precipitation of 2,772 mm and an average mean spring precipi-
tation of 620 mm, while sites with absence of D. thujina had an average mean annual
precipitation of 1,699 mm and an average mean spring precipitation of 335 mm. The
precipitation of the places of origin of the resistant families and parents studied here
were higher than those reported in Gray et al. (2013), while those values in regions
where the susceptible families and parents originated were lower than in Gray et al.
(2013). Winter minimum mean temperatures in the places of origin of the seedling
families and their female parents were between -9.8°C and 0.5°C. The reported mean
minimum winter temperature in places associated with D. thujina is -1.1°C, but it is
-4.0°C in places where the blight is absent (Gray et al., 2013). The low temperature
threshold for D. thujina ascospore discharge of and germination is 5°C (Kope and
Trotter 1998a; Pawsey 1960; Sgegaard 1969, p. 309), and spores landing on T. plicata
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foliage can remain viable for five months at that temperature (Pawsey 1960; Sgegaard
1969, p. 309). The higher disease severities in plants coming from places with freezing
winters may be due to the environment rendering the ascospores non-viable, so that

plants in those locations may have not evolved defense mechanisms against D. thujina.

Other variables negatively correlated with D. thujina severity were winter degree-
days below 5°C and autumn degree-days above 5°C. The values of those variables in
the places of origin of the families ranged between 3 - 61 and 214 - 415, respectively.
Degree-days are a common measure of heat accumulation used to describe the amount
of time necessary for completion of specific biological processes (McMaster and Wil-
helm, 1997). The number of degree-days needed for D. thujina ascocarp development
and ascospore release after successful infection varies depending on the conditions.
For example, these processes take 1,071 degree-days in 77 days in 7. plicata seedlings
maintained at 19°C in incubators, while they take 1,185 degree-days in one growing
season in nursery-grown seedlings, and 1,476 degree-days accumulated in two growing
seasons in forest areas (Kope and Trotter, 1998a, Kope, 2000). The negative correla-
tion between D. thujina severity and degree-day accumulation (especially above 5°C in
autumn) suggests that plants in milder environments, where degree-days accumulate
more quickly, are more resistant to the disease than plants occurring in cold locations.
As spores of D. thujina are viable at temperatures higher than 5°C (Kope and Trotter
1998a; Pawsey 1960; Spegaard 1969, p. 309), plants from milder environments may
have coexisted with the blight long enough to evolve resistance mechanisms to the

pathogen.

In general, both the positive and negative correlations between disease severity and
climate variables show that, T. plicata parents and families that come from areas with
optimal climatic conditions for the infection and development of D. thujina had lower
disease severities than plants that originate in regions with unfavourable conditions
for the biotroph. This may be a sign of co-evolution between host and pathogen, and
natural selection for resistance to the pathogen appears to have occurred in those
populations. The evolution of resistance mechanisms against diseases is common
in populations under selection pressure by pathogens, and the absence of such evo-
lutionary force usually leads to a lack of resistance mechanisms against pathogens
in populations that have not contacted the pathogen (Barrett and Heil, 2012, Bur-
don and Thrall, 2009, Frank, 1993, 1992, Karasov et al., 2014, Occhipinti, 2013).
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Plant-pathogen co-evolution appears to be taking place in the T. plicata - D. thu-
jina pathosystem based on the results of this study, and other reports showing that
D. thujina-resistant populations occur in wetter and milder areas than susceptible
populations (Russell et al., 2007).

2.5 Conclusions

This investigation examined the relationships between 1) T. plicata foliar histology
and resistance to D. thujina, and 2) climate of origin of T. plicata’s young plants and
pathogen resistance. The inoculations carried out in the field in a T. plicata progeny
trial in Jordan River showed the high virulence of D. thujina in comparison to P.

funerea, although the latter had the most abundant propagules on the site.

T. plicata seedlings from families resistant to D. thujina had significantly thicker
cuticles in relation to the susceptible families, which may resist penetration by D.
thujina. Resistant plants also had significantly lower stomatal densities, but it is
unknown whether stomata are involved in D. thujina defense. Lower stomatal densi-
ties in the resistant plants may be related to adaptation to the humid environments
where they originate or to the presence of foliar pathogens that enter through natural
openings in such environments. The relationship between humid environments and
stomatal density in western redcedar, as well as that between T. plicata bacterial

foliar pathogens and stomatal density should be studied in future investigations.

Few of the climate variables studied had a strong relationship with D. thujina severity.
The Pearson correlation and random forest analyses showed that families and parents
that occur in humid and cool areas, suitable for D. thujina, had lower disease severities
than families originating from dry and warm environments, which are unsuitable for
D. thujina infection and development. Such results agree with previous reports, and

suggest a possible co-evolution between T'. plicata and D. thujina.
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Chapter 3

Constitutive chemical and gene
expression differences between Thuja
plicata seedlings resistant and

susceptible to Didymascella thujina

3.1 Introduction

Metabolism is defined as the sum of all anabolic and catabolic reactions that take
place within an organism (Beattie 2006; Berg et al. 2007, p. 409; Miller and Tanner
2008, p. 385; Voet and Voet 2004, p. 549), and is commonly divided into primary and
secondary in plants (Aharoni and Galili 2011; Hartmann 1996; Heldt 2005, p. 403;
Heldt and Piechulla 2010, p. 399). Primary metabolism refers to the basic functions
that any plant must complete in order to survive, such as photosynthesis, respiration,
reproduction, growth and development, which leads to the production of metabolites
that are commonly found across all plants (Aharoni and Galili 2011; Hartmann 1996;
Heldt 2005, p. 403; Heldt and Piechulla 2010, p. 399). Secondary metabolism, in
contrast, results in the production of specialized compounds that tend to occur in
specific taxa (Aharoni and Galili 2011; Hartmann 1996; Heldt 2005, p. 403; Heldt
and Piechulla 2010, p. 399). Those secondary compounds have ecological roles that
include protection against environmental factors and signalling, among others (Aha-
roni and Galili 2011; Hartmann 1996; Heldt 2005, p. 403; Heldt and Piechulla 2010,

p. 399). Plant secondary metabolites are produced from branches of well-know pri-
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mary metabolism pathways and are usually divided in three main categories: phe-
nolics, terpenes/isoprenoids and nitrogen /sulfur containing compounds (Aharoni and

Galili, 2011).

An important role of secondary metabolites is plant defense (Aharoni and Galili 2011;
Hartmann 1996; Heldt 2005, p. 403; Heldt and Piechulla 2010, p. 399). Plants are
resistant to most pathogens due to nonhost resistance (Agrios 2005, p. 134; Sharma
2006, p. 3.4; Westerink et al. 2004). However, plants from different taxa can be sus-
ceptible to various unspecialized pathogens, but they can also be infected by very
specialized pathogens (Agrios 2005, p. 134; Holliday 1989, p. 274). Different plant
clades have evolved to produce specific metabolites to defend themselves against
pathogens (Aharoni and Galili 2011; Bednarek 2012; Hartmann 1996; Heldt 2005,
p. 403; Heldt and Piechulla 2010, p. 399). For example, grapevines produce fungi-
cidal stilbene derivates like viniferin (Heldt 2005, p. 447; Heldt and Piechulla 2010,
p. 443), and monocots like wheat, rye and corn produce hydroxamic acids (Ahmad
et al., 2011, Kumar et al., 1994, Leighton et al., 1994), which confer protection against
some fungi (Erb et al., 2011, Song et al., 2011). Besides defense, the preferred syn-
thesis of specific secondary metabolites in certain taxa can be due to other factors
like nutrient availability. For instance, nitrogen-fixing legumes tend to produce more
nitrogen-containing metabolites like alkaloids, amines, non-protein amino acids and

glucosinolates than plants that do not fix nitrogen (Wink, 2013).

Thuja plicata (western redcedar) is well known for its heartwood extractives, which
confer weathering protection (Chedgy et al., 2007a, Lim et al., 2007, Morris and
Stirling, 2012, Stirling et al., 2017). They include ~-thujaplicin, S-thujaplicin, -
thujaplicinol, (-)-plicatic acid, methyl thujate and thujic acid (Chedgy et al., 2007a,b,
Morris and Stirling, 2012, Stirling et al., 2017). [-Thujaplicin and ~-thujaplicin in-
hibit some fungi (Lim et al., 2007, Stirling et al., 2017), and their antimicrobial
properties have been compared to those of commercial products (Arima et al., 2003,
Barton and MacDonald, 1971, Inamori et al., 1999, 2000, Morita et al., 2004, Sak-
agami et al., 2000) like pentachlorophenol (Barton and MacDonald, 1971, Daniels
and Russell, 2007). Plicatic acid has also been compared to the commercial product
zinc chloride (Barton and MacDonald, 1971, Daniels and Russell, 2007). The most
prevalent compounds in 7' plicata heartwood are plicatic acid, which gives the timber

its distinctive coloration, and the tropolones [-thujaplicin, y-thujaplicin and thujic
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acid (Chedgy et al., 2007a, Lim et al., 2007). The combination of all those extractives
in the species’” wood results in the durability and beautiful appearance that make T.

plicata one of the preferred softwoods for outdoor applications (Daniels et al., 1997,
Gonzalez, 2004, Western Red Cedar Export Association, 2004).

The profile of secondary metabolites in T. plicata foliage differs from that of the heart-
wood, leaves having high concentrations of terpenes (Shalev et al., 2018, von Rudloff
and Lapp, 1979, von Rudloff et al., 1988, Vourc’h et al., 2001, 2002). However, the
variability in the foliar terpene profiles of adult T. plicata trees is low among British
Columbian populations, even between those in interior and costal regions (von Rudloff
and Lapp, 1979, von Rudloff et al., 1988). The terpenes with the highest relative con-
centrations in adult trees are a- thujone, S-thujone, sabinene and terpinen-4-ol (Tsiri
et al., 2009, von Rudloff et al., 1988), although small amounts of -pinene, myrcene,
a-terpinene, a-terpineol a-thujene, p-cymene, S-phellandrene, fenchone and geranyl
acetate have been reported (von Rudloff and Lapp, 1979). In T. plicata seedlings,
monoterpenes occur at higher concentrations than other terpenes (Foster et al., 2016,
Vourc’h et al., 2001, 2002). The terpenes most frequently found in seedlings are a-
thujone, S-thujone and sabinene as well, but also myrcene, a-pinene and limonene
(Foster et al., 2016, Shalev et al., 2018, Vourc’h et al., 2001, 2002). Terpene profiles
also differ depending on the type of foliage in seedlings, scales having more monoter-
penes than needles (Foster et al., 2016). Needles have higher content of sabinene and
a-pinene, while scales have higher levels of a- and S-thujone (Foster et al., 2016).
Western redcedar terpenes have been shown to have antimicrobial (Castillo et al.,
2012, Mohanraj, 2014, Sarup et al., 2015, Tsiri et al., 2009) and deer browsing deter-
rence properties (Vourc’h et al., 2001, 2002). Other chemicals reported in 7. plicata’s
foliage are dilignol rhamnosides (Manners and Swan, 1971, 1977), biflavonyl pigments
(Rahman et al., 1972), and high amounts of calcium (Daubenmire, 1953), although

the functions of these are not clear.

Didymascella thujina (cedar leaf blight) is the most virulent foliar pathogen of T.
plicata (Kope 2000; Minore 1983, p. 27; Minore 1990; Pawsey 1960; Russell et al.
2007; Sgegaard 1956). The ascomycete is an obligate parasite (biotroph), respon-
sible for nursery diebacks in North America (Dennis and Sutherland, 1989, Frankel,
1990, 1991, 1992, Kope and Trotter, 1998a, Kope, 1992, Kope and Dennis, 1992, Kope
and Sutherland, 1994a, Kope et al., 1996a, Trotter et al., 1994), and losses in Eu-
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rope in the last century (Alcock, 1928, Ferndndez-Magan, 1974). D. thujina attacks
preferentially the youngest foliage of the current growing season (Kope and Trotter,
1998a, Kope, 2004, Kope and Sutherland, 1994a), and symptoms develop during the
second season when apothecia mature and spores are released (Kope and Trotter,
1998a, Kope, 2000, Pawsey, 1957a, 1960, Sgegaard, 1969). The most common control
method for D. thujina infections is the use of pesticides like mancozeb (Kope and
Trotter, 1998b, Kope et al., 1996a), propiconazole (Kope and Trotter, 1998b), cy-
cloheximide (Burdekin and Phillips, 1971), cycloheximide derivates (Pawsey, 1962a),
among others (Frankel, 1990, 1991, 1992).

T. plicata essential oil foliar extracts are known to inhibit several fungi (Candida
tropicalis, Candida albicans and Candida glabrata) and bacteria (Escherichia coli,
Klebsiella pneumoniae, Enterobacter cloacae, Pseudomonas aeruginosa, Staphylococ-
cus epidermidis and Staphylococcus aureus) at minimal inhibitory concentrations of
0.87-1.12 mg-mL"! and 0.50-1.25 mg-mL!, respectively (Tsiri et al., 2009). a-Thujone
and [-thujone have also been shown to be the strongest antimicrobial compounds of
the T. plicata’s essential oils given their inhibiting properties at lower minimal in-
hibitory concentrations (0.09-0.83 mg-mL™; Tsiri et al. 2009). To date, it is unknown
whether leaf terpenes and/or other leaf compounds/elements play any roles in 7.
plicata defense against foliar pathogens. In order to understand the relationship be-
tween foliar elements/compounds and resistance against D. thujina in T. plicata, the
chemical composition differences between T. plicata seedlings resistant and suscep-
tible to D. thujina were investigated, with special emphasis on terpenes. RNA-Seq
analysis was also carried out on the same plant material to detect general constitutive
gene expression differences between the two resistance classes, as well as constitutive

differences in the expression levels of selected sequences involved in terpene synthesis.

3.2 Methodology

3.2.1 Experimental design

Two T. plicata full-sib families (685 and 583, see Appendix A.1), with dissimilar re-
sistance to D. thujina (high and low, respectively), were used in this investigation.
The families were selected based on a pilot D. thujina severity screening study carried

out on seedlings infected between May 2 and July 18, 2012 in a 7. plicata progeny
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trial in Jordan River (see below). Seed from each of the two chosen families was sown
into Beaver Styroblock containers 45/340 (Stuewe and Sons., Tangent, OR, USA) in
a fibreglass house at the Cowichan Lake Research Station (Mesachie Lake, British
Columbia) in spring 2012, and the seedlings were grown for a year under standard
greenhouse growing procedures. The one-year-old seedlings were then exposed to nat-
ural D. thujina inoculum between May 8 and June 28, 2013 by placing the styroblocks
under 10-year-old trees in a T. plicata progeny trial at Jordan River BC (48° 25’ 24.52”
N, 124° 17 27.69” W, elev. 76 m) that showed severe D. thujina disease symptoms and
ongoing sporulation. The site is located in the CWHxm?2 zone of the Biogeoclimatic
Ecosystem Classification System (Green and Klinka, 1994). The plants, designated
as the “exposed to D. thujina” treatment (CLB™), were then taken to the Bev Glover
Growth Facility (University of Victoria, Victoria, British Columbia) and maintained
in a glasshouse until they developed D. thujina symptoms. While in the glasshouse,
the plants were watered weekly and fertilized monthly with 100 ppm N from Peter’s
20-7-19 Conifer Grower fertilizer (Jr. Peters Inc, Allentown PA, USA). There were
also “never-exposed to D. thujina” seedlings (CLB"), which were additional seedlings
from the same two families not taken to the infection site, but kept at the Bev Glover
Growth Facility while seedlings of the “exposed to D. thujina” treatment were being
infected. These plants were maintained under the same conditions at the Bev Glover

Growth Facility and for the same length of time as the exposed seedlings.

Three seedlings from each family x infection treatment were sampled after symptoms
had developed in the plants exposed to D. thujina (spring 2014, see Appendix A.6).
Foliage from each seedling was collected quickly from the two midmost branches.
The material was immediately cut in smaller pieces (~5 mm-long) and bulked before
splitting it in two: one half for RNA-Seq analysis, and the other half for chemical
analysis. The foliage for both analyses was flash frozen, placed immediately in dry

ice and stored at -80°C until further processing.

Confirmation of the disease

Infection with D. thujina was confirmed in three ways: 1) visual quantification of
the severity of the disease on seedling foliage, 2) spore identification of D. thujina
on seedling foliage using scanning electron microscopy, and 3) BLASTn search in the

assembled transcriptome (see below) for the two internal transcribed spacer 2 (ITS2)
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sequences from D. thujina available on GenBank (IDs KT875766 and KT875767).
Severity was measured as the percentage of foliar area blighted (brown or black) using
colour analysis in WinRHIZO Pro v. 2009¢ (Regent Instruments Inc., QC, Canada)
Leaf images were digitized in an Epson Perfection v750 scanner (Epson Canada Ltd.,
Markham ON, Canada). Severity data were analyzed using one-way Analysis of Vari-
ance (ANOVA) with family as factor in R (R Core Team, 2015). The families were

then classified as resistant or as susceptible (see section 3.3).

Identification of D. thujina’s spores was done in ~3 mm-long sections of 7. plicata
foliage collected from the aforementioned branches. The samples were fixed overnight
in 2.5% glutaraldehyde (diluted in 0.1 M Sérensen’s phosphate buffer pH 7.2; Ruzin,
1999, pp. 227), and then washed twice in the buffer, dehydrated in an ascending
ethanol series (50%, 70%, 80% and 90%), and changed twice in anhydrous ethanol
(30 min each step). Critical point drying was done in a Leica EM CPD300 system
(Leica Microsystems Inc., Richmond Hill ON, Canada), and gold coating in an Ed-
wards S150B Sputter Coater (Edwards Canada, Quebec QC, Canada). Samples were
examined and photographed in a Hitachi S-3500N Scanning Electron Microscope (Hi-
tachi High-Technologies Canada Inc., Toronto ON, Canada).

3.2.2 Chemical composition

The following compounds and elements were measured from the foliage sampled: car-
bon, nitrogen, cellulose, lignin, fibre, starch, sugars, terpenes and mineral nutrients
(see Appendix A.19 for the full list). Carbon and nitrogen were quantified by the
Nutrient Analysis Laboratory at the Centre for Forest Biology (University of Victo-
ria, Victoria BC, Canada). Samples for carbon and nitrogen analyses were dried at
60°C for 48 h, and then ground with a Wig-L-Bug grinding mill (International Crystal
Laboratories, NJ USA). The samples were then dried overnight before being pack-
aged. The packaging was done in tin pans (10x10mm; Elemental Microanalysis Ltd.,
Devon UK) and the measurements were carried out in a FlashEA® 1112 Nitrogen
and Carbon Analyzer (Thermo Scientific™ Wilmington DE, USA).

The rest of the analyses were carried out by the Analytical Laboratory of the Min-
istry of Environment and Climate Change Strategy (Victoria BC, Canada). Cellulose,
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lignin and fibre were analyzed with the acid detergent fibre and acid detergent cel-
lulose methods developed for forage fibre analysis (Goering and Van Soest, 1970).
Starch was quantified with the third enzyme method in Rose et al. (1991), and sugars
with the anthrone reagent procedure by Ebell (1969). Terpenes were quantified from
foliage samples ground in liquid nitrogen with a chilled pestle and mortar. Four millil-
itres of methanol were mixed with 0.25-0.50 g of ground material for 48 h to extract
the terpenes. T. plicata extractive standards were prepared mixing 0.05-0.50 g of
the respective standard with 100 mL of methanol. The amount per standard varied
depending on the anticipated concentrations in the samples analyzed. Samples and
standards were analyzed using 30 m x 0.25 mm, d¢ 0.25 pm capillary GC columns in
a Clarus Gas Chromatograph (PerkinElmer Inc., Waltham MA, USA) following the

manufacturer’s instructions.

Mineral analyses were completed by mixing 0.25 g of fine milled foliage with 4.0 mL
digestion reagent (150 pg scandium-L prepared in 70% nitric acid) in 15 mL quartz
tubes. The digestion was carried out in an Ultrawave Microwave Digestion System
(Milestone Inc., Shelton CT, USA) following the manufacturer instructions, and ele-
ments were measured with inductively coupled plasma optical emission spectroscopy

analysis using the scandium from the digestion step as standard.

Statistical analyses

Principal Components Analysis (PCA) on the correlation matrix was performed to
explore the whole dataset using FactoMineR (Lé et al., 2008). Categorical stability
selection (Meinshausen and Biithlmann, 2010) was used to select chemical variables
that differentiated between 1) families and 2) infection treatment, and regression sta-
bility selection was carried out to detect chemical variables that best explained D.
thujina severity (disease severity was the response variable). Stability selection is a
variable selection technique that allows detection of the best variables that explain
a response variable arbitrarily chosen by the researcher (either continuous or cate-
gorical), and produces an organized list of predictors based on a decreasing score
output by the analysis (Meinshausen and Bithlmann, 2010). Stability selections were
completed using the randomized lasso algorithm (provided in the Python scikit-learn
package). Changepoint with the AMOC criterion on variance (Killick and Eckley,

2014) was used to determine the number of ranked variables to keep from each of
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the three stability selection analyses. Changepoint is a methodology that detects
the point where a time series changes. In the case of stability selection, it was used
to detect the variable with the steepest drop in score. Variables that were kept by
changepoint from each stability selection analysis above were used in further analyses
(i.e. ANOVAs or Pearson correlations completed in R; R Core Team 2015). Two-
way ANOVAs with family and infection treatment as factors and their interaction
were conducted on the chemical variables that were kept from each of the categorical
stability selections (see Appendix A.22 for the statistical model). Pearson correla-
tion analyses were completed between the severity result from each sampled seedling
and the chemical variables chosen by the regression stability selection using package
Hmisc (Harrell Jr. and Dupont, 2016).

3.2.3 Gene expression
RNA extraction

RNA extraction was done using a modified version of the protocol by Rajakani et al.
(2013). One-and-a-half grams of the sampled foliage were ground in a pre-chilled
mortar and pestle using liquid nitrogen. The ground material was transferred to a 50
mL Nalgene™ Oak Ridge high-speed centrifuge tube (Life Technologies Inc., Burling-
ton ON, Canada) and the mortar rinsed with liquid nitrogen. Ground foliage with
liquid nitrogen was then placed in a -20°C freezer to let the nitrogen evaporate. Once
the material was dry, 20 mL of preheated 2% CTAB with activated charcoal were
added to each sample (200 mM Tris-Cl pH 8.0, 50 mM EDTA pH 8.0 and 2.5 M
NaCl, 0.05% activated charcoal, 1.5% PVPP, 3% B-mercaptoethanol; the last three
components were added just before using the extraction buffer). The samples were
thoroughly vortexed and incubated at 65°C for 15 min with intermittent shaking. The
mixture was then cooled to room temperature (RT) and centrifuged at 17,211 X g¢
for 20 min at 4°C. The supernatant was recovered in a new 50 mL tube and combined
with an equal volume of chloroform, mixed by inversion and centrifuged at 17,211 x g¢
for 20 min at 4°C. The previous purification step was repeated once more (for a total
of two chloroform extractions). The supernatant from the last extraction was then
transferred to a new 50 mL tube, mixed with 1/4 volume of 10M lithium chloride and

incubated overnight at 4°C.

The next day, samples were centrifuged at 20,199 x ¢ for 30 min at 4°C. The su-
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pernatant was discarded while the pellet was re-suspended in a mixture of 500 nL
SSTE (1M NaCl, 0.5% SDS, 10mM Tris HCI pH 8.0, 1mM EDTA pH 8.0) and 400
L phenol (pH 8.0). The suspension was transferred to a 1.5 mL Eppendorf® tube to
which 100 pL of chloroform were added. The solution was vortexed and centrifuged
at 18,407 x g for five min at RT. The supernatant was transferred to a new 1.5 mL
tube, mixed with 300 uL of chloroform, vortexed and centrifuged again for 5 min at
18,407 x g at RT. The supernatant from the last extraction was placed in a new 1.5
mL tube to which 1/10 volume of 3M sodium acetate and an equal volume of 100%
isopropanol were added. The solution was incubated for 25 min at -20°C, and then
centrifuged at 20,626 x ¢ at 4°C for 33 min. The supernatant was discarded, 1.0 mL
of 75% chilled ethanol was added to the pellet and mixed by inversion. The mix-
ture was centrifuged for 5 min at 20,626 x ¢ at 4°C, the supernatant was discarded
once more to ensure that no ethanol remained (so that the pellet dried at RT). The
total extracted RNA was suspended in 50 pnL. of DEPC-treated water, quantified in
a NanoDrop™ 2000 Spectrophotometer (Thermo Scientific™ Wilmington DE, USA),
and checked for integrity in a 1X MOPs, 1.0% formaldehyde-agarose gel.

mRNA enrichment, library production and sequencing

mRNA enrichment was done using protocol C of the Thermo Scientific™ MagJET
mRNA Enrichment Kit (Life Technologies Inc., Burlington ON, Canada). Libraries
were made using the NEB Next® Ultra™ RNA Library Prep Kit for Illumina® v.
1.2. (New England BioLabs® Inc., Ipswich MA, USA). DNA was purified as required
using the Thermo Scientific GeneJET NGS Cleanup Kit (Life Technologies Inc.),
and size selection (~450 bp fragment size) was completed with the Thermo Scientific
MagJET NGS Cleanup and Size Selection Kit (Life Technologies Inc.). Libraries were
barcoded using the NEB Next® Multiplex Oligos for Illumina® - Index Primers Set
1 (New England BioLabs® Inc.). Quality control and quantification of the individual
libraries was done with a DNA 1K Analysis Kit (Bio-Rad Laboratories, Mississauga
ON, Canada) in an Experion™ Automated Electrophoresis Station (Bio-Rad Labo-
ratories). The final pool consisted of 40 ng of DNA per library. 100 bp pair-end
sequencing was completed in a single lane of an Ilumina® HiSeq 2000 sequencer at

Genome Quebec Innovation Centre (Montreal QC, Canada).
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Bioinformatics

Appendix A.27 outlines the pipeline used for the bioinformatics analyses. All of the
processes described below were completed on the WestGrid Hermes cluster hosted
at the University of Victoria using customized shell, Python and R scripts. HPC
GridRunner was used to enhance annotation searches such as BLAST and HMMER.

Assembling and annotation of the reference transcriptome

Paired-end FASTQ Illumina® 1.9 (Phred-33 ASCII) compressed files were produced
for each sample after sequencing. Each file was checked for quality before and after
trimming using FastQC v. 0.11.2 (Andrews, 2014). Trimming was done in Trim-
momatic v. 0.33 (Bolger et al., 2014) with the following settings: ILLUMINACLIP:
TruSeq2-PE-v2.fa:2:30:10 HEADCROP:14 SLIDINGWINDOW:4:15 MINLEN:36 T-
OPHRED33. The TruSeq2-PE-v2.fa was a custom-made version of the TruSeq2-
PE.fa of Trimmomatic produced by adding over-represented sequences reported by
FastQC. The reference transcriptome was built using Trinity v. 2.0.6 (Grabherr
et al., 2011) with the default settings for paired-end data, and its statistics were
calculated in PRINSEQ v. 0.20.1 (Schmieder and Edwards, 2011). Annotation
was completed using Trinotate v. 2.0.2 (http://trinotate.github.io). The anno-
tation consisted of: 1) prediction of coding regions with TransDecoder v. 2.0.1.
(http://transdecoder.github.io), 2) search for annotations for those predicted coding
regions (including Gene Ontology term enrichment, Ashburner et al. 2000, The Gene
Ontology Consortium 2015; and EggNOG annotation, Huerta-Cepas et al. 2016) in
the Swiss-Prot/TrEMBL and UniRef90 (The UniProt Consortium, 2015, 2017) com-
panion databases of Trinotate using BLAST+ v. 2.2.28 (Camacho et al., 2009), 3)
search for protein domains in Pfam (Finn et al., 2016) using HMMER v. 3.1bl
(http://hmmer.org), and 4) search for signal peptides with SignalP v. 4.0 (Petersen
et al., 2011), transmembrane regions with TMHMM v. 2.0 (http://www.cbs.dtu.dk
/services/ TMHMM/) and rRNA transcripts with RNAmmer v. 1.2 (Lagesen et al.,
2007).

Differential expression analyses

The downstream analyses (Haas et al., 2013) were conducted using the assembled
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contigs and contig variants from Trinity v. 2.0.6 (Grabherr et al., 2011) instead of
the smaller number of corresponding deduced genes. Trinity refers to the contigs and
variants as “transcripts”’, a term that is used through this document although they
may not correspond to transcripts sensu stricto. Reads were mapped to the assembly
with RSEM v. 1.2.20 (Li and Dewey, 2011) and fragments per kilobase of transcript
per million mapped (FPKMs, Trapnell et al. 2010) were calculated. Normalization
was achieved in edgeR (Robinson et al., 2010) by computing the trimmed mean of
M-values (TMM,; Dillies et al. 2013, Robinson and Oshlack 2010). The differential
expression (DE) analysis was completed by comparing all samples in pairs using the
default settings in edgeR, and then extracting and merging the sequences that had a
minimum fold change of four and a maximum false discovery rate of 0.001 from all the
samples into a single matrix. A correlation heat map of the expression profile of each
sample was then produced. qPCR was not performed to confirm any of the DE tran-
scripts because of the high specificity, sensitivity and overall agreement that has been
reported between qPCR and edgeR in comparison to other DE methods like DESeq2,
Cuffdiff2 and TSPM (Rajkumar et al., 2015). Additionally, it has been documented
that there is a high level of agreement in the relative expression levels among differ-
ent gene expression platforms, including qPCR and HiSeq 2000 (SEQC/MAQC-III
Consortium, 2014).

Data exploration and selection of sequences of interest

For easier browsing and exploration of the processed data, clustering and anno-
tation information of the DE data was ingested into a SQLite database, which
was uploaded to a local TrinotateWeb server. TrinotateWeb was downloaded from
http://trinotate.github.io, and installed on the Compute Canada’s West Cloud (https:
/ /west.cloud.computecanada.ca). Data mining for transcripts of interest was achieved
using three methodologies: 1) hierarchical clustering, 2) stability selection analysis,

and 3) grade of membership modelling.

Hierarchical clustering was used to produce a heat map based on Euclidean dis-
tances. The transcripts were then categorized into expression clusters by cutting the
transcripts’ tree at 45% of its maximum height, and categorical stability selection
(Meinshausen and Biithlmann, 2010) by family was executed using the DE matrix

to select transcripts that discriminated between families. Changepoint on variance
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with the AMOC method (Killick and Eckley, 2014) was used to decide the number of

transcripts to report from the stability selection analysis.

Grade of Membership (GoM) modeling (Dey et al., 2017, Yu et al., 2014) was com-
pleted using the CountClust R package (Dey et al., 2016, 2017) to topic-model ex-
pression levels of the transcripts into K = 20 clusters with a tolerance of 0.1. GoM is
based on the latent Dirichlet allocation method (Blei, 2012, Blei and Lafferty, 2009,
Liu et al., 2016a), and from that perspective, each CountClust cluster is a topic
defined as a probability distribution over the transcripts (denoted by 6), and each
sample is viewed as a probability distribution over the topics (denoted by w). GoM
was used to detect transcripts that co-occurred in each seedling analyzed. The top
topics from each sample were chosen according to their decreasing w values, and the
top transcripts from each topic were selected using their decreasing 6 values and keep-
ing only the first 5. In topic modelling, it is common practise to retain only the top
5-10 “words” from a topic (see e.g. Blei 2012, Blei and Lafferty 2009, Dey et al. 2016,
Liu et al. 2016a).

In addition to the three methodologies used to explore the transcriptomic data, the
expression levels of sequences related to terpene synthesis in 7. plicata were also
investigated given the importance of sabinene and a-thujene in differentiating plants
resistant and susceptible to D. thujina at the chemical level (see section 3.3.1). The
analysis included enzymes involved in 1) the DOXP (1-deoxy-D-xylulose-5-phosphate)
pathway, 2) the a- and S-thujone biosynthesis pathway (see Appendix A.45 for the
full list); and 3) the T. plicata (+)-sabinene-3-hydroxylase characterized by Gesell
et al. (2015).

3.3 Results

As seen in the scanning electron microscope screening, all seedlings in the CLB™
condition tested positive for presence of D. thujina spores during the inoculation
phase and developed D. thujina symptoms. Disease severity was significantly higher
in family 583 as compared to family 685 (3.78% and 1.25%, respectively; p = 0.0003).

Hereafter, family 583 will be referred to as susceptible, and family 685 as resistant.
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3.3.1 Chemical composition

Principal components analysis showed that resistant and susceptible families as well
as their infection treatment were clustered separately (Fig. 3.1). Component 1 ac-
counted for differences in infection treatment regardless of the family studied, while
component 2 differentiated families without regard to their infection treatment. Com-
ponent 1 explained 31.54% of the variance in the data, while components 2 and 3 ex-
plained 17.31% and 15.00% of the variance, respectively. Variables that contributed
most to component 1 were mostly terpenes (R-limonene, mono-terpenes, a-thujone,
myrcene, geranyl acetate) and phosphorus. Variables with the greatest contribution
to component 2 were also terpenes (sabinene, a-thujene, bornyl acetate and citronellyl

acetate) plus boron and potassium.

Figure 3.1. Bi-plot of the princi-
pal components analysis (correlation

matrix-based) of the elements and
< / compounds studied in two Thuja pli-
A cata families that had been exposed

(CLBT) and never exposed (CLB")
to Didymascella thujina. Fifty-four
compounds and elements were quan-

\ tified from samples taken at the time

symptoms had developed in the in-
o fected plants. Confidence levels of
‘ \ the ellipses shown is 95%. Treat-
ments have been colour coded as fol-
9 lows: family 685 in the CLB" treat-
ment in black, family 685 in the
CLBT treatment in red, family 583
: : : in the CLB" treatment in green, and

-1 - ° family 583 in the CLBT treatment
in blue.

Principal Component 2
0

@
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Stability selection analysis revealed that sabinene and boron were the top variables
that distinguished between families as chosen by changepoint. Table 3.1 shows the
top four variables as ranked by stability selection. Analysis of variance of those vari-
ables showed significantly higher concentrations of sabinene and a-thujene in family

685, and significantly higher concentrations of boron in family 583 (Table 3.1).

The top two elements that discriminated between infected and uninfected seedlings
(i.e. by infection treatment) were copper and sulphur as ranked by categorical sta-

bility selection and kept by changepoint. Molybdenum and phosphorus ranked third
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and fourth according to stability selection (Table 3.1). Analysis of variance showed
that copper and molybdenum were at significantly higher concentrations in the in-
fected plants, and sulphur and phosphorus at significantly lower concentrations in the
infected seedlings (Table 3.1).

Regression stability selection ranked the sesqui- and di-terpenes, plus molybdenum,
carbon and aluminum as the top four variables that were related to the disease sever-
ity (Table 3.2). The sesqui- and di-terpenes as a group had a significant, negative
correlation with severity, while molybdenum, carbon and aluminum had a significant,
positive correlation with severity (Table 3.2). Analysis of variance of those vari-
ables showed that there were significant differences between infected and uninfected
seedlings in the concentration of sesqui- and di-terpenes (lower in infected, Table 3.2;
p = 0.0056), molybdenum (higher in infected, Table 3.1), and aluminum (higher in
infected, Table 3.2; p = 0.0104). There were no significant differences between fami-
lies (p = 0.6417) or infection treatment (p = 0.0663) for carbon.

3.3.2 Gene expression

The assembled transcriptome consisted of 173,924 transcripts with a mean length of
772 bp, and a N50 contig size of 1,315 bp; 71,746 of the transcripts had annotation
hits (see Appendix A.30). The overall alignment rate was 96.77% (Appendix A.31
reports the overall alignment rate of each sample). Only 2,304 of the transcripts were
differentially expressed (DE). Samples belonging to family 685 had a similar expres-
sion profile regardless of the D. thujina treatment (i.e. CLB", CLB") in comparison

to the samples from family 583 (Fig. 3.2).

The BLASTn searches for the two ITS2 sequences of D. thujina resulted in the
identification of 10 transcripts in the assembled transcriptome, with identities above
90.00% and E-values between 2x1012° and 4x10!2. The top two transcripts were
TR8530/c0_g1 il and TR57876/c6 g1 i5. The added normalized fragment counts
(FPKM-TMM values) of those two transcripts had a significant 85.07% correlation
with disease severity (p = 0.0005).
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mo Figure 3.2. Correlation heat map of
the expression profiles of all samples used
’7’:'_‘ |_|_—'—‘ in this study. Samples were grouped

using hierarchical clustering with Eu-
clidean distance. Correlation values were
colour coded according to the top left
bar (green = low correlation, red = high
correlation). Family x infection treat-
ment combinations were colour-coded as
follows: 583 CLB™ in red, 583 CLB"
in green, 685 CLB™ in purple, and 685
CLB™ in cyan. Note that seedlings from
family 685 are more correlated with each
other, regardless of the D. thujina expo-
sure treatment, than to family 583.

(i

3.3.2.1 Hierarchical clustering

Eleven clusters of transcripts, with a minimum fold change of four and a maximum
false discovery rate of 0.001, were identified after performing the hierarchical clus-
tering analysis with Euclidean distance and cutting the transcripts’ tree at 45% of
its maximum height. (Fig. 3.3). More than 90% of the DE transcripts belonged to
clusters 1 to 5 (Table 3.3), and the remaining to clusters 6 to 11. There were 674
transcripts at significantly higher expression levels in family 685, regardless of the
infection treatment, in comparison to family 583 (cluster 1). In contrast, 437 tran-
scripts had higher expression in family 583 regardless of the infection treatment than
in family 685 (cluster 4). Interestingly, there were 121 transcripts that were expressed
at the lowest levels in the 583 CLB- plants, compared to all other family x infection
treatment combinations (cluster 3).

Table 3.3. Distribution per cluster of the differentially expressed transcripts shown in Fig. 3.3.
Expression patterns per cluster are included.

Cluster ‘ No. of transcripts ‘ Pattern
1 647 High expression in family 685 regardless of the infection treatment
2 798 High expression in 583 CLB*
3 121 Low expression in 583 CLB"
4 437 High expression in family 583 regardless of the infection treatment
5 129 High expression in the CLB™ treatment regardless of the family

6 to 11 172 Other expression patterns
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Figure 3.3. Heat map of 2,304 differ-
entially expressed (DE) transcripts in two
Thuja plicata families (685 and 583) that
had been exposed (+) and not exposed (-)
to cedar leaf blight (CLB, Didymascella thu-
jina). The top tree clustered the seedlings
used in this investigation, and the lef-hand
tree the DE transcripts. Both clustering
trees were produced using hierarchical clus-
tering with Euclidean distance. Eleven ex-
pression clusters were produced after cutting
the transcripts tree at 45% of its maximum
height. The clusters with most transcripts
in the left-hand tree were cluster 2 (light
green), 1 (green), and 4 (blue), followed by
clusters 5 (dark blue) and 3 (cyan). The re-
maining six clusters totalled to less than 10%
of the DE transcripts. Expression levels re-
fer to log,y-transformed and centred FPKM
values as calculated by the Trinity pipeline.
Expression values were colour coded accord-
ing to the top left bar (purple = low ex-
pression, yellow = high expression). Fam-
ily x infection treatment combinations were
colour-coded as follows: 583 CLB' in red,
583 CLB in green, 685 CLB™ in purple, and
685 CLB™ in cyan.

3.3.2.2 Stability selection

There were 62 transcripts with stability selection scores higher than zero that were
differentially expressed between resistant and susceptible plants as chosen by change-
point. Table 3.4 shows the top 50 sequences. Most of the transcripts belonged to
clusters 1 and 4 of the hierarchical clustering analysis, with a few in cluster 6, and
only one in cluster 7. Half of the sequences in Table 3.4 did not have a known func-

tion, 21 of them being uncharacterized and four with no hits for annotation.

Sequences selected by stability selection that belonged to clusters 1 and 6 were
more highly expressed in family 685 than in family 583. Annotated sequences in
those clusters were involved in very specific processes including response to stress
(TR20053/c0_g1 1), defense (TR58144/c0_g2 i5), signal transduction (TR5780-
4c2_g1_142), protein transport (TR5811/c0 g1 il), cell differentiation (TR5843-
Tle? g1 i3, TR58437/c7 g1 i6), furaneol biosynthesis (TR57210/c8 g1 i8), and
alkaloid biosynthesis (TR55613/c7 g3 13).

Sequences in cluster 4 were at higher levels of expression in family 583, but unlike those
in cluster 1, these related mostly to primary metabolism and housekeeping activities,
including: translation (TR20781/c1 g2 il, TR58279/c6 g2 il, TR58578/c0 g1 i9
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and TR58902/c0 g1 il), photosynthesis (TR52106/c0 g1 i2), carbohydrate m-
etabolism (TR55998/c0 g1 i2), and cytoskeleton (TR59333/c0 g1 i3, TR52448-
[c0 g2 il). An interesting sequence from cluster 4 is the protein Enhanced Disease
Resistance 2 (TR3907/c0_g2 il), which was not expressed in family 685.

3.3.2.3 Grade of membership analysis

Each of the 12 seedlings sampled in this study had a different topic that ranked first
(Table 3.5). In spite of that, some of those topics had transcripts with similar anno-
tations, and there were clear differences between the topics belonging to family 685

in relation to those in family 583 as seen on the transcript annotations.

Galactinol synthase 1 (TR57187/c3 g1 i8) was present in the topics from all unin-
fected seedlings (CLB"), while the peroxiredoxin Q (TR33201/c0_g2 il ) was present
in five of the plants in that category regardless of the family. In contrast, a bark stor-
age protein A (TR43930/c1 g1 1) was present only in two of the resistant seedlings
(685-24 and 685-27), phenylalanine ammonia-lyase (PAL, TR26208/c0 g1 il) was
present in two of the susceptible seedlings (583-27 and 583-33), and chalcone syn-
thases (TR59130/c4 g1 2 and TR59130/c4 g2 i3) were in the top topics of two
susceptible plants (583-23 and 583-33).

In relation to the CLB™ treatment, cinnamoyl-CoA reductase 1 (TR9374/c0 g1 il)
was present only in the top topics from the resistant plants, but not in any of those
from the susceptible seedlings. Early light-induced protein 1’s (TR65408/c0 g1 il
and TR9335/c0_g1 il) and tricin synthase 1 (TR19072/c0 g1 i1) were also present
in the top topics of all of the resistant seedlings in this treatment, as well as in that
of seedling 583-17. Susceptible plants did not display any pattern, although there
were pathogenesis-related (PR) proteins (TR53697/c0 g2 i1, TR59043/c3 g1 il
and TR59043/c3 g1 i2) that were present in the top topics from seedlings 583-2
and H83-12.

Other sequences present only in the top topics from resistant seedlings were a cysteine-
rich receptor-like protein kinase 2 (TR59000/c3 g2 il; present in seedlings 685-4,
685-18 and 685-34), and a linoleate 9S-lipoxygenase A (TR54665/c5 g1 12, impor-
tant in seedling 685-24).



73

50138 OISO 03 dsuodsoy] ujord vorp s bnsjopnasq g 01X T ¢ T I6 T 0ol6YCTTHL  STI6TEST00
$59001d DI[O(RIDUL DPISOI[INN] v wojoxd ofe10)s yieg “ds smpndo 5 01X€ 4 10T T 10)0s68 UL T916L80£0°0
asuodsol oSuaga(] u301d poye[aI-sIsausSoTye ] ds snaadiung g 0TX6 Q TT6 80l h066 L STETREGTO0 o1 ochiE z-68¢
asuodsal asuaja(] wyoxd pajeppr-sisouagoryed “ds snaadiuny 121 01%XT g 2016 T eleho6S UL 929€£16S0°0
SHY ON SWEON VN S 11E6 020976181 1829985ET0
spunoduod [£50043-() SwzA[o1pAy ‘Ay1agoe asejoIpLH [edrD uosoqe wyog ds vwowoydliiy) prriesd g 107 16709/8908¢.L FLR00F6£0°0
§59001d DT}OIIUASOI] pIOUOAR] ] ASRIIUAS DUOD[RID) “ds snuig 0 id &1 gb "1 0e1684.L 9F66LLTFO 0
wojord oyy-unewneyf,  ds vuowoydiiy) o 01XE 2 1L E6T09[L696¢H T TLLIBLGHO'0 11 11987 T1-€8G
wse[do)s) Kemypyed prouedord [Auor g aseA[-RIIOMIIIR SUTIRIRIATSYJ “ds snuig 0 6 1016 02/90697 4.1 62580S0S0°0
ysejdoroqyy) 1 wojord poonpur-ysiy Ajreyy  ds swsdopiqniy o 01%6 z 70167 09/807694.L TELVETTSO0
$50001d D1}OIIUASOI] PIOUOAR] ] ASRIIUAS DUOD[RY) “ds snaadiung 0 01XG 6 2016 T osT66 UL 88.¥23520°0
gserdoroqy) 1 ujord poonpur-ydn Lqeyy  ds sisdopiqay o OTXT z 1116 09/S686 4T GFIRIELZ0 0
SsnaNN SONO(RIDUL ATRPUODDS JO SISAIUASOIE] 1 oseIyuAs ULy, “ds vzfii) - 01%X6 z 106 T 09/2L06THL ZELEFFIL00 6 £8€G°¢ L1-68¢
yserdozopy)) T woyord poompur-sy Afeyy ds sisdopiguay g 01X6 z TT6 09[0T ©9GL99L70°0
uy01d pazLIvldRIRYIU) “ds vuodsonay o 01XE g 10 I8 T02/e6 16 VUL FRTEITIC0 0 a1
ysejdoroqy) sisojuAsojod  eyde yungns uwjord Surpuig-yungns 98re] OOSIGNY ds wnoma g1 01XG 9 1110 19/81295U T, 61£T0CLTO0 -
Lemrpyed prouedordiSuar g 1 osepupar yop-[lowreuut)  -ds sisdopugniy o 01XE z 1016709/ FLE6 UL 1€861€620°0
SnaNN SOIO(RIDUT ATRPUOIDS JO SISAIUASOI T 9seryuss Uiy, “ds vzfia0) 0TX6 4 1016 09/3L06TY.L CPELVTOT0 0 a1 9z€0°'T 1-GR9
ysejdoroyy) 1 ujoxd poonpu-jyst Apreyy  ds sesdopqoay o 01X 1 4 11167 09/6586 4L 618920100
sserdorory) T wojord poonpur-3i ey -ds sisdopignay ,.01%6 4 10167 09/907694 L 9LELIETL00
¢ oseuny uojord oyy-103dodor o-outyssy  -ds sisdoprgoay o OTXE 1 1080 £2/000654.T, €COECLTTO0
Kemyyed prouedoidiSuay g 1 @sejonpal yop-jLoureuury) ds sisdopqoay 1o 0TX¢ z 1016709/ 7LE64.L GZRICTZE0 0
SN SOYORIDUL ATRPUOIDS JO SISOIUASOI T OSeIHuAS ULy, “ds vzfia)) o 01X6 z 1016 09/3L06 T TLGTLOTIO 0 < 68L9°0 -G89
yserdoroqyp 1 wojord poonpur-yysy Aprery  ds sisdoprgay o 0TXT 4 110 709/e8E6HL  90L8SEES0°0
gserdoroqy) 1 uwjord poonpur-ysn Aqrery  ds sisdopiqoay o 0TX6 z 10167 00/801 94T, 9ZST6CL90°0
Kempyed prouedordiSuat g 1 esepupar yop-[fowreuut)y  -ds sisdopugniy o 01XE z 1016709/ FLE6UL L1296.820°0
¢ oseuny ujord ayI[-103de0a1 PIT-0u)sA)) “ds sisdoprqoay oo OTXE 1 11 gh £2/00065M.T, 9TLTITLEE0 0
snopuy HOQRIOUL ATBPUODIS JO SISIIUASOLE] [ 9SeYIUAS L, “ds v2fia) ¢ 01%6 4 16T 09/zL061L  €L15TEEV00 T £970°C 81-G89
yserdozory) T wjord poonpur-jusyy Areyy  ds sisdopuqay o 0TXT 4 11 I6 T 09/SEE6U.L  TLEGTSTI00
ysejdoroyy) 1 ujoxd poonpu-jysy Apeyy  ds sesdopqoay o 01%6 z 1016098016941 LETTICLIS00
S ON SHON VN g 71 I8 10/98268YL  96EL9V0E0°0
wse[do)s) Kemypyed prouedord (4uor g aseA[-RIIOMIIIR SUTIR[RIATSY J “ds snuig 0 6 10167 09/90697 4.1 1Z9LFFRE0°0
wserdoy )y o8e10)s oyeIpATOqIR) 1 Oserpjuds jounoeres) “ds obnly o 0TXT 4 70T eI LSTLEYL €R€TOFFFO0 L 000070 L7686
sserdoroqy) £yanoe Jueprxonuy ) uxopaIrxoIag “ds wnpag o OTXT g 1 g6 09106664 SOTISTIVO'0
S ON SIION VN g 1t gh02/916754L  TRLSGOVE00
wserdoydy) a8e10)s oyRIpAOqIR) 1 oserjuds jourjoefer) ds obnly o 0TX1T 4 10T e L8 TLEHL 188ZILED0
ssa0oad aeTIASOIq protoAe] | SRUYIAS oTI0D[RT) ds snaadiung o, 01X3 6 0TI o0sT6CT SE0STTOR00
ssaoo1d ooyyusorq prouoaelf aseqjus ouoo[ey) ds snutg 0 4 &1 ab " Plogreeyl  GSTHO0EH00 9 00000 €668
S ON SWEON VN g 11 E602/97616YL  G6LOSEETO0
wsejdoy £y Aemyyed prouedoad [Kuay aseA[-eruowe surueR[AUaY “ds snuig 0 6 10167 09/808974.L 63L91Z180°0
$59001d DT}PIIUASOI] pIOUOAR] ] ASRIIUAS DUOD[RID) “ds snuig 0 id &1 b " 0e1684.L THPZCe6£0°0
wserdoyy) o8e10)s oyeIpATOqIR) 1 oserjuds jourjoefer) “ds obnly o 0TXT 4 70T T8I LSTLCHL 6ESTOFTFO 0
$59001d DTOIIUASOI] PIOUOAR] ] ASRIIUAS DUOD[RID) “ds snuadiung 0 0TXG 6 2 16 losT6S UL 99€0Z8FF0°0 c 00000 £7-68C
yserdoroqyy) Ayanoe Jueprxonuy ) UIXOPIIXOIO ] “ds wnpag 1 OTXT 4 1t 2b 0910688 UL CFPE6TLTO 0
SHY ON SHION VN g 10 7E6 " 09/9167SYL  TLOVELEINO a1
yserdoroqy) Ayanoe Jueprxonuy b umxopaIrxon g “ds wnpag [ OTXT 4 11 gb T 09/T0zE8U.TL TT112T8T0°0
ysefdoroyy) sisauisojoyd eydpe yungns uwjord Surpuig-yrungns afre] OOSINY “ds wnonLLL, 0. 01XG 9 10T T 19/9T896 UL 1L£03£620°0
ST ON ST ON VN S 1 gb09/91676y.L C0ESITEDD 0t 0000°0 T€-GR9
g oseuny ujord oyi-103dovar ypu-owoysy  -ds sesdopiquay o 01XE 1 1026 62000066 H.L FCFO0LTE0 0
wisedoy£)) 98w103s oyrIpAYOqIE)) 1 oseiuLs [ounoR[er) ds 0Bnly g OTXT ¢ TUT6 e LSTLCH L TELFISSE00
50198 D1JOMISO 0) dsuodsay] upjord worp  -ds vhnsjopnasg o O1X1 4 106 T00l6 I TAL 10G€£L2L20°0
§59001d DT[O(RIDUT DPISOS[INN v wojoad ofeios yieg “ds sypndog 01 X¢€ 4 10 I6 T 12)0s6s YL £CO9FTZE00
yserdooqy) Ayanoe Jueprxonuy 0 wxopoxrxoiog s wnpag oo OTXT 4 11" g6 091066601 T60082€0°0 00000 15689
wse[dojs) 10)s 9)RIpATOqIR)) T oserjuss jourjoees) ds vhnly g4 0TXT 4 10 I6 e LSTLCYL ZETSR06£0°0
S ON SHYON VYN 4 10720 02/9167SYL 8665570700
wsedojsp 281018 dyRIPATOQIR) 1 oserjuss jourjoees) ds vbnly g4 .0TXE 4 £ I67 8218 TLGHL L916¥2120°0
yserdoroqy) Ayanoe Jueprxonuy ) UIXOPIIXOI9 ] “ds wnpag g OTXT 4 11 gb T 0o/10zE8 YT CCFFOTTZ00
wsedojspy ssaoord onerpussorq wdiAxQ) v aseuaSAxodi-g6 oyesjoury  ds uons.iadoofi 0 IS 21167 69[599 6L 9CL99TTF00 € 0000°0 $3-GR9
$50001d DI[OQRIOUL OPISOIPIN v wojord oSeros yreg ds snndo 4 OTXE ¢ TI6 T I0l0s6E L 699T2SET00
SHY ON SHY ON VN S 147 @0 09/916764.L 106£099¥0°0
Juouoduwiod Temip) $50001J uorjejoUTy wisuesiQ anpea-g | 1938y ydrosueay, | o1doy uryym g | ordog, | Ayaeasg | @1 Sunpeog | juouryesay,

‘(S[Tejep 10J SPOTIoUI 99S) dSRAR)RP
101 J-SSIMG 91[) UO JUOP SAYDIIeds X [,SV'TE U0 Paseq oIe SUOIIRIOUUR [[ "SON[RA ¢ SUISBIINSP II9Y) U0 Paseq pajdafas alom o1do) yoes uryjm
sydrIosuer) oy J, ‘UOIPRFIPSOAUT ST} UL POIpNIs Sulpoos yoes jo o1doy jueirodur jsouwr o1 Jo (g doy) sydurosuery oarpejuosordoy] g g o[qel,



74

3.3.2.4 Analysis of sequences related to terpene synthesis in Thuja plicata

The expression levels of selected T. plicata genes involved in the production of specific
terpenes were investigated further given the results of the categorical and regression
stability analyses which showed 1) the importance of sabinene to differentiate between
resistant and susceptible families, and 2) the relevance of sesqui- and di-terpenes in

relation to the disease severity (see section 3.3.1).

Table 3.6 shows the T. plicata transcripts of putative DOXP pathway enzymes, and
of putative a- and [-thujone biosynthesis pathway enzymes that were found in the
assembled transcriptome of this study. Most of the sequences had similar expres-
sion levels in both families regardless of the infection treatment, except for four
transcripts. Three sequences were at higher levels of expression in the CLB™ con-
dition in family 685 (Fig. 3.4a): TR52851/c1 g1 i2 (putative short-chain alcohol
dehydrogenase-like mRNA), TR57126/c5 g1 i6 (aldehyde dehydrogenase family 2
member C4, involved in phenylpropanoid biosynthesis) and TR57111/c2 g1 il (a
cytochrome P450). Only transcript TR56505/c0 g1 i1 (a cytochrome P450 71A1)

was expressed exclusively in the CLB™ condition in that same family (Fig. 3.4b).

3.4 Discussion

This investigation studied the constitutive chemical and gene expression (RNA-Seq)
differences between T. plicata seedlings of one full-sib family resistant to D. thujina
(685) and one full-sib family susceptible to the disease (583). Healthy and diseased
seedlings from both families were analyzed, and resistance was determined using the
severity of the disease: family 583 had significantly higher severity than family 685
although both values were low (3.78% and 1.25%, respectively). These severities may
look uninformative at first sight, however, they are consistent with the pilot investi-
gation carried out in 2012, which rendered greater severities, with family 685 having
an average of 9.28% of the foliage blighted, and family 583 an average of 25.07% of

the foliage with disease symptoms.

Several factors may be responsible for the differences in the severities between 2012
and 2013, temperature, humidity and rain being very important as they are limiting
factors for pathogen infection (Agrios, 2005, Colhoun, 1973, Hardwick, 2002, Sharma,
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Figure 3.4. Average expression levels of putative Thuja plicata enzymes in the DOXP (1-
deoxy-D-xylulose-5-phosphate) pathway, the a- and S-thujone biosynthesis pathway, and (+)-
sabinene-3-hydroxylase characterized by Gesell et al. (2015) (see also Table 3.6). The expression
profiles of all sequences were very similar regardless of the infection treatment, except for four
transcripts (shown by the arrows). A cytochrome P450 71A1 (sequence TR56505/c0 g1 il)
was the only transcript to be expressed exclusively in the resistant family (685) in the CLB"
condition (red arrows). (a) CLB treatment, (b) CLB" treatment. Family x D. thujina treat-
ment combinations were colour-coded as follows: 583 CLB™ in green, 685 CLB" in purple, 583
CLB™ in red, 685 CLB™ in cyan. Transcripts in the X-axis correspond to those on Table 3.6.

Error bars are standard errors.
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2006). The estimated mean temperature, relative humidity and total rain during the
time the seedlings were exposed to D. thujina were 11.4°C, 82.16% and 150.1 mm in
2012, and 12.1°C, 86.05% and 155.8 mm in 2013 (see Appendix A.12). Although 2013
was warmer, more humid and rainier than 2012, the weather conditions of both years
were optimal for D. thujina spore discharge and infection (Sgegaard 1966; Spegaard
1969, p. 295). The key difference between the pilot study and the current investiga-
tion was the length of time that the plants were exposed to D. thujina. The seedlings
remained in the inoculation site about 50% longer in 2012 compared to 2013 (77 and
51 days of exposure, respectively), which might have resulted in a higher cumula-
tive spore load in 2012. Spore load and disease severity are directly related (Agrios,
2005, Sharma, 2006). Interestingly, the susceptible family 583 had about three times
greater disease severity than the resistant family 685 in both years. These results
and the screening of the families’ parents by the BC MoFLNRORD (Appendix A.1)
support the categorization of family 685 as resistant to D. thujina, and of family 583

as susceptible to the disease.

The chemical and gene expression analyses completed in this investigation showed
constitutive differences between family 685 and family 583, despite the fact that none
of the enzymes of the DOXP pathway studied were differentially expressed between
families. Differences were also seen between infection treatments in each family as

well. Each of those aspects is discussed in the following sections.

3.4.1 Characteristics of T. plicata seedlings from the family

resistant to D. thujina

At the chemical level, the key difference between the families studied was the signif-
icantly higher concentrations of sabinene and o-thujene in the resistant family 685.
Sabinene is a monoterpene (Foster et al., 2013, Gesell et al., 2015, Karp and Croteau,
1982, Karp et al., 1987) produced from geranyl diphosphate by (+)-sabinene synthase
(Foster et al., 2013), and thought to be the precursor of o- and 3-thujone (Foster et al.,
2013, Gesell et al., 2015). o- and B-thujone have fungicidal properties (Tsiri et al.,
2009), and are deterrents to deer browsing (Vourc’h et al., 2001, 2002). o-thujene is an
isomer of sabinene (Acharya et al., 1969), which may explain the high concentration
of that compound in plants with elevated sabinene content. Sabinene and o-thujene

have antimicrobial properties as well. They have been shown to inhibit fungal growth
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of Seiridium cardinale both in vitro and in vivo in other Cupressaceae (Cupressus
sempervirens, Achotegui-Castells et al. 2016). Sabinene and o-thujene may then play
a role in resistance to D. thujina in T. plicata seedlings, but the fungicidal activity

of both compounds on D. thujina should be tested.

The concentrations of sabinene and o-thujene in family 685 might be related to the
high expression levels of the enzymes involved in their production. Among the terpene
synthesis sequences of interest from the transcriptomic data, four were at higher ex-
pression levels in seedlings from family 685: TR52851/c1 g1 2, TR57126/c5 g1 b,
TR57111/c2 g1 i1 and TR56505/c0_g1 i1. Of special interest is sequence TR-
52851]c1 g1 42, the top subject of query KC767270 (Appendix A.45) which was
identified as a potential sabinol dehydrogenase in the study by Foster et al. (2013).
Another interesting sequence is transcript TR56505/c0 g1 i1, the top subject of
query KC767279 (Appendix A.45), which is thought to be involved in terpene and
probably flavonoid syntheses (Foster et al., 2013). The top UniProt annotation of
TR56505/c0 g1 i1 supports its role in the flavonoid pathway (UniProt accession
P24465; The UniProt Consortium 2015, 2017). Transcript TR57126/c5 g1 i6, an-
notated as an aldehyde dehydrogenase, may be involved in the synthesis of ferulic
acid (UniProt accession Q56YUO; The UniProt Consortium 2015, 2017) which is the
precursor of many phenylpropanoids (Heldt, 2005). Transcript TR57111/c2 g1 il
was annotated as a cytochrome P450, but there are no further details. In spite of
the annotation information, none of the above sequences have been characterized in
T. plicata. Biochemical and in-vivo characterization of those four enzymes will be
required in future studies to determine their exact role in the synthesis of sabinene,

o-thujene and/or other terpenes as well as their role in resistance to D. thujina.

Besides sabinene, a-thujene and transcripts related to their synthesis, sequences in-
volved in defense, alkaloid biosynthesis, cell differentiation and signal transduction
were also at higher expression levels in family 685 in comparison to family 583. Tran-
scripts TR58144/c0 g2 i5 and TR59000/c3 g2 il were related to defense, the for-
mer annotated as a probable leucine-rich repeat receptor-like protein kinase and the
latter as a cysteine-rich receptor-like protein kinase. Leucine-rich repeats are com-
mon in disease resistance proteins of other pathosystems (LRR; Scheel and Nuern-
berger 2004; Vidhyasekaran 2008, p. 195), and cysteine-rich receptor-like proteins
have been documented in plant defense as well (Ederli et al., 2011, Yeh et al., 2015,
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Zhang et al., 2013). Those sequences may be involved in the resistance to D. thujina
in family 685. Transcript TR55613/c7 ¢3 i3 was annotated as a (R,S)-reticuline
7-O-methyltransferase (TOMT). TOMTs catalyse the production of laudanine from
reticuline (Ounaroon et al., 2003), both benzylisoquinoline alkaloids (BIAs, Liscombe
and Facchini 2008; Mishra et al. 2013). Although foliar alkaloids have not been
reported in T. plicata foliage, alkaloids have been found in another Cupressaceae
(Zhang et al., 2007). BIAs have antimicrobial activity (Villar et al., 1987), play im-
portant roles in plant defense (Dembitsky et al., 2015, Hagel and Facchini, 2013),
and may be involved in resistance against D. thujina, especially considering the fact
that another sequence related to to BIA synthesis was found in the experiment pre-
sented in Chapter 4. Sequences TR58437/c7 g1 i3 and TR58437/c7 g1 i6, both
annotated as zinc finger CCCH domain-containing proteins 37 (gene HUA1; UniProt
accession Q941Q3, The UniProt Consortium 2015, 2017), are involved in flower de-
velopment (Cheng et al., 2003, Li et al., 2001), but they may also play a role in
defense. Zinc finger proteins have been shown to play roles in disease resistance in
other pathosystems (Gupta et al., 2012) and may have a similar function in the 7.
plicata - D. thujina interaction. The function of proteins with zinc-finger domains in
the pathosystem studied here should be further investigated. The signal transduction
sequence TR57804/c2_ g1 i2 that was overexpressed in family 685 was annotated as
a small G protein family protein / RhoGAP family protein isoform 1. Rho GTPases
are involved in internal cellular traffic via cytoskeleton signalling and are regulated
by Rho GTPase-activating proteins (RhoGAPs; Nagawa et al. 2010). Besides cel-
lular trafficking, Rho GTPases have been shown to be part of the defense system
against pathogens in tobacco (Fujiwara et al., 2006, Moeder et al., 2005). T. plicata
RhoGAPs may be indirectly involved in defense against D. thujina via regulation of

Rho GTPases, but such a mechanism has to be investigated in western redcedar.

Other sequences of interest in family 685 were those at high expression levels in each
of the infection treatments. Transcript TR43930/c1 g1 i1, annotated as bark stor-
age protein A, had high expression levels only in the CLB" treatment. Bark storage
proteins (BSPs), also known as vegetative storage proteins (VSPs; Pettengill et al.
2013), respond to jasmonic acid (Stein et al., 2008) and have been shown to be upreg-
ulated in response to pathogen attack (Mulema and Denby, 2012). BSPs were also
seen to be at higher levels of expression in plants resistant to D. thujina in the studies

presented in Chapters 5 and 6. Although their mechanism of action is still unknown,
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BSPs appear to be an important constitutive defense mechanism against D. thujina,

however, future investigations should study their specific role in this pathosystem.

Sequences TR9374/c0 g1 i1, TR19072/c0 g1 il, TR65408/c0 g1 il and TR9S3-
35/c0_g1 il were highly expressed only in seedlings from family 685 in the CLB™
treatment. Transcript TR9374/c0 g1 il was annotated as a cinnamoyl-CoA reduc-
tase 1, an enzyme involved in the production of lignin (Heldt, 2005, Ruel et al.,
2009), but also shown to be upregulated in response to bacteria and probably re-
lated to hypersensitive responses (Lauvergeat et al., 2001). Hypersensitivity has
not been reported in T. plicata as a defense mechanism, but it is possible that the
cinnamoyl-CoA reductase acts along with TR57126/c5 g1 6 (see above) to reinforce
T. plicata cell walls via lignification during the colonization of D. thujina. Sequence
TR19072/c0_g1 il may also be involved in the host’s cell wall reinforcement. That
transcript is a tricin synthase 1, an enzyme that methylates tricetin to produce tricin
(Lee et al., 2008), the latter being a flavone recently shown to conjugate with lignin in
monocots (Li et al., 2016). Cell wall reinforcement during compatible interactions is
a common defense mechanism (Agrios 2005, p. 232) and lignification is an important
response to pathogen infections in other plants like Cryptomeria japonica (Yoshida,
1998), eucalyptus (Smith et al., 2006) or wheat (Dushnicky et al., 1998). Transcripts
TR65408/c0_g1 i1 and TR9335/c0 g1 il were annotated as early light-induced
protein 1 (ELIP1), which is involved in protection against photooxidative stress
(Casazza et al., 2005, Hutin et al., 2003). ELIP1s have not been documented to
respond to pathogen attacks, however, the cross talk between light stress defense and
pathogen defense signalling via transcription factor HY5 (long hypocotyl 5; Gangappa
and Botto 2016, Kleine et al. 2007) may explain the elevated expression of ELIP1s
here. In this study, only seven of the 2,304 DE transcripts were annotated as HY5s
and four of them were at higher expression levels in family 685 (TR53680/c0 g1 il,
TR53680/c0_g1 i4, TR53680/c0 g1 i5 and TR53680/c0 g1 i6). The relationship
between ELIP1s, HY5s and resistance to D. thujina in T. plicata should be further

investigated.
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3.4.2 Characteristics of T. plicata seedlings from the family
susceptible to D. thujina

Unlike family 685, susceptible family 583 did not have constitutively high concentra-
tions of any compounds with apparent defense properties. Only boron was at signifi-
cantly higher concentration in that family. Boron is an essential plant micronutrient,
necessary for normal growth and development (Ahmad et al., 2009, Gonzalez-Fontes
et al., 2014, Tariq and Mott, 2007) and a component of the cell wall (Blevins and
Lukaszewski, 1998, Matoh, 1997, Tariq and Mott, 2007). Boron has been little stud-
ied in the context of plant-pathogen interactions although some investigations on its
role in pest resistance exist (e.g. Ruuhola et al. 2011). The function of boron in
the susceptible family studied here is possibly related to primary metabolism (i.e.
growth and development) given the functions attributed to this element and the gene

expression characteristics of family 583 (see below).

Besides boron, family 583 also showed higher expression levels than family 685 of
sequences that are related to primary metabolism. Those sequences were involved
in translation, photosynthesis, carbohydrate metabolism and cytoskeleton organiza-
tion. Transcripts TR58279/c6 g2 il, TR58902/c0 g1 il, TR58578/c0 g1 i9 and
TR20781/c1_g2 il were at high expression levels in family 583 and are all involved
in translation. The last two sequences are annotated as mitochondrial peptidyl-
t RNA hydrolase (Pth), and eukaryotic translation initiation factor 2 gamma sub-
unit (elF2), respectively. Pth plays a central role in protein translation (Das and
Varshney, 2006), and elF2 is crucial in the initiation of transcription by binding to
methionyl-t RNA; (Kimball, 1999). The y subunit of eIF2 is also very important as
it binds to guanine and tRNA; during translation (Erickson and Hannig, 1996). A
photosynthesis-related transcript (TR52106/c0 g1 i2), annotated as a chloroplastic
PsbP domain-containing protein 4 (PPD4), was also at higher levels of expression in
family 583 in comparison to family 685. Several PPDs have been characterized (see.
e.g. Liu et al. 2012 or Roose et al. 2011) and most are essential for photosynthesis
(Ifuku et al., 2008). Another sequence with high expression levels, clearly involved
in primary metabolism, was transcript TR55998/c0 g1 i2 (an o-amylase). Amy-
lases are carbohydrate metabolism enzymes that catalyze the cleavage of glycosidic
bonds for various cellular processes (Heldt and Piechulla 2010, p. 248). Transcript
TR59333/c0_ g1 i3 was also highly expressed in the susceptible family and is involved
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in cytoskeleton organization. That sequence was annotated as tubulin-folding cofac-
tor C (TFCC), which is essential for microtubule function in planta (Kirik et al.,
2002), and required for cytoskeleton organization, cellular division and cytokinesis
(Steinborn et al., 2002). The role of TR59333/c0 g1 i3 is then central for normal

growth and development.

An interesting sequence that was at constitutively higher expression levels in fam-
ily 583 in comparison to family 685 was transcript TR3907/c0_ g2 i1, annotated as
protein enhanced disease resistance 2 (EDR2). This protein is involved in the resis-
tance against the biotroph Erysiphe cichoracearum in Arabidopsis (Tang et al., 2005,
Vorwerk et al., 2007). EDR2 is a negative regulator of the salicylic acid pathway
and occurs in the plasma membrane, endosomes and endoplasmic reticulum (Vorw-
erk et al., 2007). EDR2 also limits the spread of programmed cell death (Vorwerk
et al., 2007), a key aspect of hypersensitive response to pathogen attacks (Agrios 2005,
p. 151). This gene encodes a protein with a pleckstrin homology domain that binds
phosphatidylinositol-4-phosphate in vitro, and may be a link between lipid signalling
and programmed cell death activated by mitochondria (Tang et al., 2005). The fact
that EDR2 was expressed only in family 583 is puzzling, however, there is a possible
explanation for such observation. EDR2 limits programmed cell death (Vorwerk et al.,
2007), but the Arabidopsis mutant edr2, which does not express EDR2, is resistant
to FE. cichoracearum and develops necrotic lesions after infection with the pathogen,
a probable hypersensitive response. Being fully expressed in family 585, EDR2 could
make 7. plicata seedlings more susceptible to D. thujina because programmed cell
death in response to infection would be limited if it occurred. Although there is no
known literature on hypersensitive response to D. thujina infection in T. plicata pub-
lished to date, it is feasible that EDR2 could be more of a marker for susceptibility
to D. thujina than for resistance to that disease. Further investigations on the role

of EDR2 in the susceptibility to D. thujina in T. plicata will be required.

Family 583 also depicted differences between infection treatments, with sequences like
TR26208/c0 g1 i1, TR59130/c4 g1 i2 and TR59130/cj g2 i3 found at higher ex-
pression levels in seedlings in the CLB™ infection treatment. No plant sequences of
interest were captured by the analyses from susceptible seedlings in the CLB" treat-
ment. Transcript TR26208/c0 g1 il is a phenylalanine ammonia-lyase (PAL), and
sequences TR59130/c4 g1 i2 and TR59130/c4 g2 13 are both chalcone synthases
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(CHS). Both enzymes are part of the phenylpropanoid pathway, PAL being the initial
step of the pathway, producing trans-cinnamic acid from phenylalanine (Heldt and
Piechulla 2010, p. 433), and CHS acting downstream as the first step in the produc-
tion of flavonoids (Tohge et al., 2013). Flavonoids are phenolic compounds (Heldt
and Piechulla 2010, p. 431; Sulaiman and Balachandran 2012) with diverse functions
in plants, including antioxidants, symbiont signalling, herbivore protection and UV
protection (Heldt and Piechulla 2010, p. 445). The high expression levels of PAL
and CHS in the seedlings from family 583 that were in the CLB~ treatment may be
unrelated to pathogen defense, but may instead be related to UV protection or some

other function.

3.4.3 Summary and conclusions

The chemical and gene expression differences between a T'. plicata family resistant to
D. thujina and one susceptible to that disease were studied. The resistant seedlings
had significantly higher concentrations of sabinene and o-thujene, as well as higher
levels of four transcripts that are thought to be part of the pathway leading to the
biosynthesis of those compounds. The products of such transcripts need to be char-

acterized in future studies.

The resistant family had higher expression levels of transcripts related to defense
functions. Of special interest are a leucine-rich repeat receptor-like protein kinase
and a cysteine-rich receptor-like protein, both of which may be involved in the resis-
tance to D. thujina in T. plicata. Other interesting proteins in family 685 were the
zinc finger CCCH domain-containing proteins and the bark storage proteins. Both
may play key roles in defense against D. thujina, even though their mechanisms of

action are still unknown.

Seedlings from the susceptible family studied did not have high concentrations of de-
fense related compounds, nor elevated expression levels of defense-related transcripts.
On the contrary, the family appeared to have a strong primary metabolism devoted
mostly to growth and development. An interesting sequence found only in the sus-
ceptible family was protein EDR2, a protein that may increase the susceptibility to
D. thujina by limiting programmed cell death, a key process in plant defense. The
role of EDR2 in increased susceptibility to D. thujina should be further studied.
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Chapter 4

Chemical and gene expression
(RNA-Seq) responses to
Didymascella thujina infection in

Thuja plicata seedlings

4.1 Introduction

Plants are in continuing contact with organisms like fungi (Achotegui-Castells et al.,
2016, de Cremer et al., 2013, Galindo-Gonzalez and Deyholos, 2016, Kang et al., 2016,
Parrott et al., 2016), bacteria (Mersmann et al., 2010, Tichtinsky et al., 2003), other
plants (Olsen et al., 2016), viruses (Alvarez-Yepes et al., 2016, Parrott et al., 2016),
nematodes (Sharma 2006, p. 4.6), and other herbivores (Ghaffar et al., 2016, Ruuhola
et al., 2011, Vourc’h et al., 2002). The early interactions determine the type of re-
lationship to be established, with some relationships being benign and others being
detrimental to one or both of the species involved. Beneficial relationships include
mutualisms like seed dispersal (Herrera, 2002), pollination by insects (Bronstein et al.,
2006) and animals (Pellmyr, 2002), protection by ants (Bronstein et al., 2006), nodule
formation in legumes for nitrogen fixation (Ott et al., 2005, Vance et al., 1979, Vasse
et al., 1990, Zahran, 1999), and mycorrhizae formation (Janos, 1980, Klironomos
et al., 2000, Plenchette et al., 1983, Ronsheim and Anderson, 2001). Harmful rela-

tionships usually result in the deployment of plant defenses against the attacker.
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Microorganisms use different strategies to access their hosts. Viruses and bacteria,
for instance, tend to enter through wounds and natural openings (Agrios 2005, p. 88;
Dickinson 2003; Ramos et al. 1992; Sharma 2006, p. 4.6; Zinsou et al. 2006), while
many pathogenic fungi gain access to their host via direct penetration (Agrios 2005,
p. 88; Gees and Hohl 1988; Roundhill et al. 1995; Sharma 2006, p. 4.6; Sherwood
1981; Sgegaard 1969, p. 299) resulting from the chemical interactions and the release
of enzymes like cutinases (Agrios 2005, p. 82; Vidhyasekaran 2008, p. 14; Sharma
2006, p. 4.10), pectinases, cellulases, hemicellulases, ligninases and several proteases
(Sharma 2006, p. 4.11). Plant responses to pathogen attacks take place promptly
and frequently lead to the release of elicitors (Agrios 2005, p. 213; Heldt 2005, p. 405;
Heldt and Piechulla 2010, p. 401; Sharma 2006, p. 3.16; Vidhyasekaran 2008, p. 56)
that then induce the production of phytoalexins (Agrios 2005, p. 235; Heldt 2005,
p. 404; Heldt and Piechulla 2010, p. 400; Sharma 2006, p. 5.14; Vidhyasekaran 2008,
p. 411), as well as structural defenses. Common defense mechanisms include the
production of antimicrobial molecules like alkaloids (Bednarek and Osbourn, 2009,
Dembitsky et al., 2015, Hagel and Facchini, 2013), flavonoids (Bednarek and Osbourn,
2009, Falcone-Ferreyra et al., 2012, Liu et al., 2006), storage proteins (de Souza Can-
dido et al., 2011), as well as the accumulation of callose (Donofrio and Delaney, 2001,
Voigt, 2014), suberin (Agrios 2005, p. 187; Smith et al. 2006; Yoshida 1998), and
lignin (Agrios 2005, p. 187; Smith et al. 2006; Xu et al. 2011; Yoshida 1998). Other
common responses to pathogen infection include the induction of pathogenesis re-
lated proteins like 5-1,3-glucanases (Beffa et al. 1993; Leubner-Metzger and Meins Jr.
1999; Vidhyasekaran 2008, p. 55), chitinases (Galindo-Gonzalez and Deyholos 2016;
Neuhaus 1999; Sharma et al. 2011; Vidhyasekaran 2008, p. 55), thaumatin-like pro-
teins (Velazhahan et al., 1999) and peroxidases (Chittoor et al., 1999, Ghosh, 2006,
Hemetsberger et al., 2012).

Plant pathogens reproduce in their hosts and spread in a cyclic manner (Agrios 2005,
p. 80; De Wolf and Isard 2007; Lieberei 2007; Sharma 2006, p. 1.36). In general,
this disease cycle consists of the following phases (Agrios 2005, p. 80; Sharma 2006,
p. 1.36): inoculation, prepenetration, penetration, infection and dissemination. Inoc-
ulation refers to the first contact between a plant and a pathogen in a place where
infection may occur (Agrios 2005, p. 80; Sharma 2006, p. 1.37). The prepenetration
phase includes a series of events, from the attachment of the pathogen and recogni-

tion of both organisms by each other, to the germination and formation of appressoria
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(Agrios 2005, p. 82; Sharma 2006, p. 1.37). Penetration takes place next (Agrios 2005,
p. 87; Sharma 2006, p. 1.37), and can be direct (Gees and Hohl, 1988, Pawsey, 1960,
Roundhill et al., 1995, Sherwood, 1981, Spegaard, 1966) or take place through natural
openings (Dickinson, 2003, Ramos et al., 1992, Zinsou et al., 2006) or wounds (Agrios
2005, p. 88; Sharma 2006, p. 4.6). Infection is the parasitic phase when the pathogen
gets established and obtains the necessary nutrients for its survival (Agrios 2005,
p. 89; Sharma 2006, p. 1.38). Successful pathogen infections result in the invasion
and colonization of the host and the development of symptoms (Agrios 2005, p. 91;
Sharma 2006, p. 1.39). Full invasion and colonization can take from days (De Luna
et al., 2002, Roundhill et al., 1995) to months (Orshinsky et al., 2012, Rhouma et al.,
2013, Viruega et al., 2011, Zhou et al., 2011). Dissemination is the last stage of the
disease cycle and is the spread of the pathogen once the disease cycle has been com-
pleted (Agrios 2005, p. 96; Sharma 2006, p. 1.40). The means of dispersal vary from
pathogen to pathogen, but they include air, water or biotic vectors (Agrios 2005,
p. 96; Sharma 2006, p. 1.41).

The most important phase of the disease cycle for fungal pathogenicity is the in-
fection stage despite the fact that the disease incubation may take months (Agrios
2005, p. 89). The early interactions between plant and pathogens take place within
minutes of contact: fungal spores release their adhesive extracellular matrix within
seconds to minutes after landing on their hosts (Agrios 2005, p. 82; Vidhyasekaran
2008, p. 2), and plants start inducing defense responses within minutes as well (Vid-
hyasekaran 2008, p. 55). Once the infection process has successfully begun, fungal
mycelia can be visualized inside the host within days (Pawsey 1960; Sgegaard 1969,
p. 310; Yoshida 1998). Plants resistant to specific diseases tend to defend themselves
at early stages (Bestwick et al., 1997, Lindgren et al., 1986, Thordal-Christensen et al.,
1997), making it impossible for the pathogen to colonize, reproduce and disperse to
the next host. Hypersensitive response (HR) is probably the best-known example of
an early resistance mechanism. HR is the controlled necrosis of mesophyll cells in
order to block the spread of a pathogenic attack (Stakman, 1915). HR is common
in diseases caused by bacteria, nematodes, biotrophic fungi and viruses (Agrios 2005,
p. 217; Sharma 2006, p. 5.10), and is a very effective qualitative disease resistance
mechanism (Agrios 2005, p. 137; Sharma 2006, p. 5.10). Plants like wheat, potato
and Arabidopsis induce HR when attacked by certain pathogens (Brown et al., 1966,
Gees and Hohl, 1988, Lauvergeat et al., 2001). HR has been shown to be the prod-
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uct of gene-for-gene interactions between plant and pathogen (Agrios 2005, p. 151;
Sharma 2006, p. 5.10). The gene-for-gene model of disease resistance postulates that
resistance (R) genes in plants confer full resistance against pathogens that have the
complementary avirulence (avr) genes (Agrios 2005, p. 140; Hammond-Kosack and
Jones 1997; Sharma 2006, p. 3.9; Vidhyasekaran 2008, p. 193).

An important pathosystem in North America is the Thuja plicata (western redcedar,
WRC) - Didymascella thujina (cedar leaf blight, CLB) interaction (Frankel, 1990,
1991, 1992, Kope and Trotter, 1998a, Kope and Dennis, 1992, Kope et al., 1996a).
The colonization of T. plicata foliage by D. thujina is achieved via intercellular mycelia
growth in the leaf mesophyll followed by penetration of the cells where intracellular bi-
and tri-furcated haustoria develop within days of inoculation (Pawsey 1960; Sgegaard
1969, p. 310). Despite the fact that this initial infection process is well understood in
this pathosystem, there is no information to date on the initial defense responses to
D. thujina infection in T. plicata. Furthermore, it is also unknown if differences in the
early defense responses to D. thujina exist between seedlings coming from resistant
and susceptible populations. This kind of information is very valuable, especially
for seedlings given their high susceptibility to the pathogen (Alcock, 1928, Burdekin
and Phillips, 1971, Kope and Trotter, 1998b, Kope, 2000, Kope et al., 1996a). As
mentioned earlier, the early stages of the infection process are crucial in the estab-
lishment and development of a disease (Agrios 2005, p. 82; Vidhyasekaran 2008, p. 2),
and the interplay between plant and pathogen signals during that early interaction
results in either resistance or susceptibility of the host (Vidhyasekaran 2008, p. 1). In
order to shed light on the initial defense mechanisms against D. thujina that result in
disease resistance in T. plicata seedlings, the early chemical responses to D. thujina
infection in seedlings from six full-sib 7. plicata families were studied in both natural
and controlled conditions. The gene expression (RNA-Seq) responses to pathogen in-
fection from seedlings inoculated under controlled conditions were also investigated,

with especial emphasis on their relationship with the chemical responses.
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4.2 Methodology

4.2.1 Experimental design

In summer 2014, one-year-old seedlings from six full-sib families (398, 525, 583, 685,
8255 and 8265; see Appendix A.1) were real and mock infected with D. thujina un-
der both controlled and natural conditions (see below and Appendix A.7 for details).
The seedlings were grown from seed sown in March 2013 in Beaver Styroblock con-
tainers 45/340 (Stuewe and Somns., Tangent, OR, USA) in a fibreglass house at the
Cowichan Lake Research Station (Mesachie Lake, British Columbia). The plants were

maintained under natural light for one season using standard growing procedures.

4.2.1.1 Natural conditions experiment

The natural conditions (NC) experiment took place between May 26 and June 19"
2014, in two progeny trials in Jordan River (British Columbia). The two sites were
approximately one kilometer from each other and had similar climates (Appendices
A.13 and A.15). D. thujina was present in one site (hereafter referred to as “real
infection”, NC-CLB™; western redcedar progeny trial located on Black Creek road at
48° 257 24.52” N, 124° 1’ 27.69” W, elev. 76 m), but absent in the other (hereafter
referred to as “mock infection”, NC-CLB"; Douglas fir trial located on East Main road
at 48° 25’ 51.08” N, 124° 1’ 49.12” W, elev. 156 m). Sampling of T. plicata seedlings
for chemical composition was done just before the seedlings were deployed to the sites
(day 0), and 11, 18, 21 and 24 days post deployment (dpd; Appendix A.7). Foliage
from the midmost branches from three seedlings per date x family x infection treat-
ment combination were sampled. New seedlings were sampled at each date to avoid
any potential induced effects from sampling. The foliage was pooled, flash frozen and
placed on dry ice immediately after harvesting, and then stored at -80°C until further

processing.

The seedlings were watered twice a week while in the field, and after the last sampling
date, were placed in the Bev Glover Growth Facility (University of Victoria, Victoria,
British Columbia). The plants were kept in a glasshouse for nine months until symp-
toms of D. thujina infection developed. In the glasshouse, the seedlings were watered
twice a week in summer, and once a week in other seasons and were fertilized once a

month using Peter’s 20-7-19 Conifer Grower fertilizer (Jr. Peters Inc, Allentown PA,
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USA) at 100 parts per million (ppm) nitrogen. Infection was confirmed in two ways:
1) evaluation of the presence of D. thujina spores on the plant foliage sampled in the
field at each collection date, and 2) assessment of the disease severity after symptoms

developed.

Presence or absence of D. thujina spores in the foliage that was sampled on each
date was assessed in ~3mm foliar samples that were processed for scanning electron
microscopy (SEM). The samples were fixed overnight in 2.5% glutaraldehyde prepared
with Sorensen’s buffer (pH 7.2; Ruzin, 1999, pp. 227), and then changed two times
in Sorensen’s buffer alone, before dehydration in an ethanol series (50%, 70%, 80%
and 90%). Two final changes were done in 100% ethanol. All changes lasted 30
min. The samples were then critical point dried in a Leica EM CPD300 system
(Leica Microsystems Inc., Richmond Hill ON, Canada), gold coated in an Edwards
S150B Sputter Coater (Edwards Canada, Quebec QC, Canada), and photographed in
a Hitachi S-3500N Scanning Electron Microscope (Hitachi High-Technologies Canada
Inc., Toronto ON, Canada). Disease severity was quantified as the percentage of foliar
area blighted (brown or black) and was measured in all plants that were exposed
to infection using the colour analysis mode of WinRHIZO Pro v. 2009¢ (Regent
Instruments Inc., QC, Canada). Leaves used in this analysis were scanned in an
Epson Perfection v750 scanner (Epson Canada Ltd., Markham ON, Canada). Raw
severity data were square-root transformed to meet the normality assumption, and
analyzed with a one-way analysis of variance (ANOVA) with family as a factor. LSD
all-pairwise comparisons test of the disease severity was conducted when the ANOVA
was significant, and the families were classified as resistant or susceptible to D. thujina
based on the results of that test (see section 4.3).

4.2.1.2 Controlled conditions experiment

The controlled conditions (CC) experiment was carried out in one Conviron growth
chamber (Conviron, Winnipeg MB, Canada) at the Bev Glover Growth Facility be-
tween June 17" and 26, 2014. The chamber was set for 12 h of darkness at 10°C
and 12 h of light at 14°C with relative humidity (RH) ~90%. High humidity was
achieved by building a custom-made cage for the plants and placing it inside the
growth chamber (Appendix A.10). The cage was made of PVC pipes covered with

transparent plastic. Ultrasonic foggers were placed inside the cage to produce and
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maintain the desired humidity. The foggers ran for two days before the ~90% RH
was achieved. Analog temperature and humidity meters were placed in the cage to
monitor the conditions within the cage during the experiment. The seedlings were

acclimated to those conditions for two weeks prior to the start of the experiment.

The experiment consisted of both real (CC-CLB™) and mock (CC-CLB") infections.
Foliar samples for chemical composition analyses were taken just before setting up
the inoculation (day 0), and three, six and nine days post infection (dpi, see Ap-
pendix A.7). Pooled foliage samples came from inoculated branches (see below) from
three seedlings per date x family x infection combination, with no seedling being
re-sampled. Small leaf samples (~3mm) were fixed in 2.5% glutaraldehyde prepared
with Sorensen’s buffer (pH 7.2) to confirm infection using SEM, Additional foliage
harvested was immediately flash frozen, placed on dry ice and stored at -80°C until
further processing. The samples from four of the families (398, 583, 685 and 8265)
in the CC-CLB™ treatment were also used for gene expression analysis (RNA-Seq).
The foliage from these families was promptly cut in smaller pieces, mixed and split in
two: one half for chemical analyses, and the other half for RNA-Seq analysis. Small
fragments from each sample were also fixed in 2.5% glutaraldehyde prepared with
Sorensen’s buffer for SEM infection confirmation, and the rest of the foliage was flash

frozen, placed on dry ice and stored at -80°C as before.

Inoculations were done using a modified version of the method described in Sgegaard
(1969, pp. 310). Cuttings with sporulating ascocarps of D. thujina were collected
from the western redcedar progeny trial site in Jordan River (48° 25’ 24.52” N, 124°
17 27.69” W) at the peak of the sporulation season (June 16", 2014; spore produc-
tion was monitored from May 2°¢ 2014; Appendix A.13). At the time of collection,
the cuttings were placed individually in 10 mL floral water pick tubes filled with a
general nutrient solution (per 100 L of solution: 0.90 g Chelated Micronutrient Mix
[Master Plant-Prod Inc., Brampton ON, Canadal, 5.24 g KCl, 12.37 g K,HPO,, 28.59
g NH4NO, 4.05 g MgSO,-7H,0 and 2.15 g CaSO,-2H,0; final N:P:K ratio 100:22:83),
and were subsequently taken to a growth chamber set for 12°C, 12 h of light and 12
h of darkness with 80% RH for one day to promote spore release. The infection (CC-
CLB™ treatment) was carried out the following day: each pick tube with its respective
cutting was planted in the Styroblock cavity of the seedling to be infected and the

adaxial surface of the cutting infected with D. thujina was placed facing the same
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surface of the midmost branch of the seedling to be infected. The two branches were
then fastened together with masking tape to ensure that spores released by the cut-
tings came in contact with the seedling. The mock infections (CC-CLB" treatment)
were set up the same way as the real infections, except that cuttings with no disease
symptoms were used. Infection was verified using three methods: 1) evaluation of
the presence of D. thujina spores using SEM, 2) assessment of the disease incidence
after symptoms developed (i.e. ~9 months), and 3) BLASTn searches for the pub-
licly available internal transcribed spacer 2 (ITS2) sequences of D. thujina (GenBank
accessions KT875766 and KT875767) in the assembled reference transcriptome (see
section 4.2.3). Incidence was measured by counting the number of plants with and
without D. thujina symptoms, and an independence test (family vs. plants with and

without D. thujina) was performed on that dataset.

4.2.2 Chemical composition

Fifty-four chemical variables, including sugars, starch, lignin, cellulose, fibre, min-
eral nutrients, terpenes, carbon and nitrogen were quantified in foliage from both the
natural and controlled conditions experiments (see Appendix A.20). All analyses,
except carbon and nitrogen, were done at the Analytical Laboratory of the Ministry
of Environment and Climate Change Strategy (Victoria BC, Canada). Sugars were
quantified using the anthrone reagent procedure by Ebell (1969), starch was measured
using the third enzyme method in Rose et al. (1991), and lignin, cellulose and fibre
were analyzed using the acid detergent cellulose and acid detergent fibre procedures

used in forage fibre analysis (Goering and Van Soest, 1970).

Mineral nutrients were analyzed by digesting 0.25 g of fine milled foliage in 4.0 mL
of digestion reagent (150 pg scandium-L! prepared in 70% nitric acid) using 15 mL
quartz tubes. The digestion was carried out in an Ultrawave Microwave Digestion
System (Milestone Inc., Shelton CT, USA) according to the manufacturer guidelines,
and elements were measured using inductively coupled plasma optical emission spec-
troscopy analysis with the scandium from the digestion step as the standard. Terpenes
were analyzed using 0.25-0.50 g of foliage ground in liquid nitrogen. The terpenes
were extracted by mixing the ground foliage with 4 mL of methanol for 48 h, and
then quantified using 30 m x 0.25 mm, d; 0.25 pm capillary GC columns in a Clarus
Gas Chromatograph (PerkinElmer Inc., Waltham MA, USA) following the manufac-
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turer instructions. Terpene standards for T'. plicata extractives were prepared mixing
0.05-0.50 g of the extractive in 100 mL methanol at a concentration appropriate for

the amount expected to be present in the foliage.

Carbon and nitrogen samples were processed at the Nutrient Analysis Laboratory
at the Centre for Forest Biology (University of Victoria, Victoria BC, Canada) as
follows: the samples were dried for 48 h at 60°C ground in a Wig-L-Bug grinding
mill (International Crystal Laboratories, NJ USA), and dried again overnight at the
same temperature. They were then packed in tin capsules (pressed, standard weight
- 10x10mm; Elemental Microanalysis Ltd., Devon UK), and the elements quantified
in a FlashEA® 1112 Nitrogen and Carbon Analyzer (Thermo Scientific™ Wilmington
DE, USA).

Statistical analyses

Each experiment was analyzed separately although the analyses were the same for
both. Datasets with all chemical variables were first explored with principal compo-
nent analysis (PCA; correlation matrix) using package FactoMineR (Lé et al., 2008)
in R (R Core Team, 2015). Chemical variables were then analyzed using categorical
stability selection (Meinshausen and Biihlmann, 2010) to select the variables that
discriminated between real and mock infections in resistant and susceptible families.
Stability selection is a variable selection methodology that detects the best variables
that might explain a response variable (categorical or continuous) chosen by the in-
vestigator. The technique outputs a sorted list of variables based on a decreasing
score determined by the method (Meinshausen and Bithlmann, 2010). The categories
were as follows for the NC experiment: CLB™ and all 0 dpd samples in one category,
samples from resistant families collected at 11-24 dpd from the CLB™ treatment in
another, and samples belonging to susceptible families collected at 11-24 dpd from
the CLB™ treatment in a third category. For the CC experiment, samples from the
CLB treatment and all 0 dpi samples were in one category, samples from resistant
families collected at 3-9 dpi from the CLB™ treatment were in another, and samples
belonging to susceptible families collected at 3-9 dpi from the CLB" treatment were
in a third category. The stability selections were executed using the randomized lasso
algorithm implemented in the scikit-learn package (Python). Change point analysis
with the AMOC method on variance (Killick and Eckley, 2014) was then used on
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the scores output by the stability selection to determine which chemical variables to
keep from the stability selections to then analyze with ANOVAs. Change point is
a procedure that finds the changing point of a time series, and was used to detect
the variable with the steepest drop in score. It is assumed that variables that ranked
below those chosen have lesser contribution to the categories used as response vari-
able in the stability selections. The selected variables were then analyzed using a

statistical mixed-effects factorial model (see Appendix A.23).

Graphs from selected chemical variables shown in this document corresponded to
relative concentrations in the real infections normalized against mock infections (see
e.g. Figs. 4.2a-4.2f and Appendix A.25). For each family x time combination, the
absolute value of the variable of interest (e.g. aluminum) in CLB™ was divided by its
respective value in CLB", and ratios by resistance class were then averaged, standard

errors calculated and the plots generated.

4.2.3 Gene expression - controlled conditions experiment
RNA extraction

An activated charcoal - cetyltrimethylammonium bromide (CTAB) method modified
from Rajakani et al. (2013) was used for the RNA extraction from the RNA-Seq sam-
ples referred to in section 4.2.1.2. All glassware and water was treated with diethyl
pyrocarbonate (DEPC) before the extraction. Briefly, 1.5 g of foliage were ground
in liquid nitrogen in a pre-chilled mortar and pestle. Using liquid nitrogen, the sam-
ples were poured into 50 mL Nalgene™ Oak Ridge high-speed centrifuge tubes (Life
Technologies Inc., Burlington ON, Canada) and left to dry in a -20°C freezer. Once
dry, the samples were taken from the freezer, and 20 mL of preheated (to 65°C) 2%
CTAB with activated charcoal was added (200 mM Tris-Cl pH 8.0, 50 mM EDTA pH
8.0, 2.5 M NaCl, 0.05% activated charcoal, 1.5% polyvinylpolypyrrolidone [PVPP]
and 3% B-mercaptoethanol; the last three compounds were added immediately before
use). The samples were then vortexed and incubated with intermittent shaking for
15 min at 65°C, cooled down to room temperature (RT), and centrifuged at 17,211
x g for 20 min at 4°C. The supernatant was transferred to a new 50 mL tube, mixed
with chloroform in a 1:1 proportion, mixed by inversion and centrifuged again for 20
min at 4°C at 17,211 x ¢. The last step was repeated once more for a total of two

chloroform extractions. The final supernatant was transferred to a clean 50 mL tube,
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mixed with 10M lithium chloride in a 4:1 proportion and incubated at 4°C overnight.

The next morning, the samples were centrifuged for 30 min at 20,199 x ¢ at 4°C.
The supernatant was poured out and the pellet suspended in a mixture of 400 pL
phenol (pH 8.0) and 500 pL. SSTE (1M NaCl, 0.5% SDS, 10mM Tris HCI pH 8.0,
ImM EDTA pH 8.0). The solution was then placed in a 1.5 mL Eppendorf® tube,
100 uL of chloroform were added, and the solution was vortexed and centrifuged for 5
min at 18,407 x g at RT. The supernatant was moved into a new 1.5 mL tube, mixed
with 300 nL of chloroform, vortexed and centrifuged at 18,407 x ¢ at RT for 5 min.
The last supernatant was mixed with 100% isopropanol and 3M sodium acetate in a
10:10:1 proportion. The mixture was incubated at -20°C for 25 min and centrifuged
for 33 min at 20,626 x g at 4°C. The supernatant was discarded, and the pellet
combined with 1.0 mL of 75% chilled ethanol, mixed by inversion and centrifuged
at 20,626 x ¢ at 4°C for 5 min. The final supernatant (ethanol) was removed and
the pellet was let to dry fully at RT. Final elution of the total RNA extracted was
done in 50 pL of DEPC-treated water. RNA was quantified using a NanoDrop™ 2000
Spectrophotometer (Thermo Scientific™ Wilmington DE, USA), and integrity was
checked using 1X MOPs, 1.0% formaldehyde-agarose gel.

Messenger RNA enrichment, cDNA library production and sequencing

The Thermo Scientific™ MagJET mRNA Enrichment Kit, protocol C (Life Technolo-
gies Inc., Burlington ON, Canada) was used for messenger RNA enrichment, and the
NEB Next® Ultra™ RNA Library Prep Kit for Illumina® v. 1.2. (New England
BioLabs® Inc., Ipswich MA, USA) was used for all library production procedures
except the DNA purifications and size selection. DNA purifications were completed
with the Thermo Scientific GeneJET NGS Cleanup Kit (Life Technologies Inc.), and
size selections (~500 bp) with the Thermo Scientific MagJET NGS Cleanup and Size
Selection Kit (Life Technologies Inc.). Barcoding was done with the NEB Next®
Multiplex Oligos for Illumina® - Index Primers Set 1 (New England BioLabs® Inc.).
Individual libraries were quality controlled in an Experion™ Automated Electrophore-
sis Station (Bio-Rad Laboratories) using a DNA 1K Analysis Kit (Bio-Rad Labora-
tories, Mississauga ON, Canada). The samples were then pooled in two separate
batches ensuring no index primer was repeated in each batch. The two final batches

consisted of 40 ng per library, and were outsourced for sequencing to Genome Que-
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bec Innovation Centre (Montreal QC, Canada). Two 100 bp paired-end lanes were

sequenced in an Ilumina® HiSeq 2000 sequencer.

Bioinformatics

The pipeline outlined in Appendix A.28 was used for the bioinformatics analyses.
Customized shell, Python and R scripts were used on the WestGrid Hermes cluster,
hosted at the University of Victoria, to complete the analyses outlined below. HPC
GridRunner was used to speed up annotation searches like BLAST and HMMER
because of Hermes’ low capabilities for such tasks (~ 240 nodes, each with 16 cores

and 128GB of RAM).
Assembling of a reference transcriptome and annotation

The compressed, paired-end FASTQ Illumina® 1.9 (Phred-33 ASCII) files produced
after sequencing were retrieved from Genome Quebec Innovation Centre, and were
quality checked before and after trimming using FastQC v. 0.11.2 (Andrews, 2014).
The files were trimmed with Trimmomatic v. 0.33 (Bolger et al., 2014) using the fol-
lowing settings: ILLUMINACLIP:TruSeq2-PE-v2.fa:2:30:10 HEADCROP:14 SLID-
INGWINDOW:4:15 MINLEN:36 TOPHRED33. The TruSeq2-PE-v2.fa was pro-
duced by adding over-represented sequences reported by FastQC into Trimmomatic’
TrueSeq2-PE.fa. Trinity v. 2.0.6 (Grabherr et al., 2011) was used to build the refer-
ence transcriptome using the default settings. The assembly’s statistics were calcu-
lated with PRINSEQ v. 0.20.1 (Schmieder and Edwards, 2011), and the sequences
were annotated in Trinotate v. 2.0.2 (http://trinotate.github.io). The annotation
process was as follows: coding regions were predicted with TransDecoder v. 2.0.1.
(http://transdecoder.github.io), and the Swiss-Prot/TrEMBL and UniRef90 (The
UniProt Consortium, 2015, 2017) databases, as well as Gene Ontology (Ashburner
et al., 2000, The Gene Ontology Consortium, 2015), and EggNOG (Huerta-Cepas
et al., 2016) were searched using BLAST+ v. 2.2.28 (Camacho et al., 2009). Ad-
ditionally, protein domains were searched in the Pfam database (Finn et al., 2016)
using HMMER v. 3.1bl (http://hmmer.org). RNAmmer v. 1.2 (Lagesen et al.,
2007), TMHMM v. 2.0 (http://www.cbs.dtu.dk/services/ TMHMM/), and SignalP

v. 4.0 (Petersen et al., 2011) were executed as part of the annotation process as well.
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Differential expression analyses

The Trinity pipeline (Haas et al., 2013) was used in downstream analysis using the
read counts of the assembler’s transcripts. Although Trinity’s “transcripts” may not
correspond to real transcripts, but to contigs or contig variants of Trinity’s “genes”,
the term “transcript” is used in this document for simplicity. RSEM v. 1.2.20 (Li
and Dewey, 2011) was used to map raw reads to the assembled transcriptome, and
FPKMs (Trapnell et al., 2010) and trimmed mean of M-values (TMM) (Dillies et al.,
2013, Robinson and Oshlack, 2010) were calculated for normalization. Differential ex-
pression (DE) analysis was done by performing pair comparisons between all samples
using edgeR (Robinson et al. 2010; with a dispersion value of 0.1), and then grouping
all transcripts that had a minimum fold change of 4 and maximum false discovery
rate of 0.001. A Pearson correlation heat map of all samples using all DE transcripts
was produced as well. No qPCR confirmation was done to any of the DE sequences
as the method used (edgeR) has high sensitivity and specificity as well as high overall
agreement with qPCR measurements when compared to other DE methods, such as
Cuffdiff2, TSPM or DESeq2 (Rajkumar et al., 2015). Furthermore, it has been re-
ported that relative expression levels agree across different gene expression platforms,
including HiSeq 2000 and qPCR (SEQC/MAQC-IIT Consortium, 2014).

Data mining and detection of sequences of interest

Selection of sequences of interest was done using the following procedures: 1) hi-
erarchical clustering, 2) stability selection and, 3) dynamic topic modelling. Eu-
clidean distance-based hierarchical clustering was used to produce a heat map of
the DE transcripts. Clusters were produced by cutting the tree at 68.5% of its
height. To ease the inspection of the processed data, the annotations and clus-
tering information of the DE data were ingested into a SQLite database that was
uploaded into a local TrinotateWeb server. TrinotateWeb was installed on Compute
Canada’s West Cloud (https://west.cloud.computecanada.ca), and was obtained from
http://trinotate.github.io .

The randomized lasso algorithm for continuous (regression) and categorical response
variables, provided in the Python scikit-learn package, was used to complete the sta-

bility selection analyses (Meinshausen and Biithlmann, 2010). Regression analysis was
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carried out using the family disease severity after symptoms developed in the NC-
CLBT™ treatment as the response variable. Regression stability selection was also done
using the aluminum concentrations of the samples used for RNA-Seq analysis as the
response variable because of the importance of that element in the CLB™ treatments
of both experiments (see section 4.3.1). Categorical stability selection was completed
by resistance class and infection status combination to detect transcripts that showed
differential responses between resistant and susceptible families. More specifically,
categories were as follows: 0 dpi samples of both resistant and susceptible families
in one category, 3-9 dpi samples of the resistant families in another category, and
3-9 dpi samples of the susceptible families in a third category. changepoint with the
mean and variance AMOC method was used on the top 100 transcripts ranked by
the stability selection analyses in order to decide the number of sequences to report

from each.

Dynamic topic modelling (DTM, Blei and Lafferty, 2006, Lee et al., 2016) was used to
model the expression levels after infection of transcripts that co-occurred at 0 dpi. Dy-
namic topics were modelled using the Dynamic Topic Models software (https://github.
com/blei-lab/dtm) with K (number of topics) = 20 . Dynamic topics of interest were
the most frequent topics among the transcripts retained by the stability selection anal-
yses. The top dynamic topic per transcript retained (k) was that with the highest 8
value before infection (i.e. the topic with the highest 8,). The representative tran-
scripts within each dynamic topic chosen were selected using the decreasing inferred
posterior expression distribution scores of all differentially expressed transcripts at 0
dpi (Bo,x) and keeping the first 10. In dynamic topic modelling, it is common practise
to use the top 5-10 “words” per topic to analyze them (see e.g. Blei 2012, Blei and
Lafferty 2009, Liu et al. 2016a).

4.3 Results

All plants sampled in the NC-CLB" and CC-CLB™ treatments had D. thujina spores
present on their foliage after infections took place (11-24 dpd and 3-9 dpi, respec-
tively) as assessed by SEM. Seedlings in the NC-CLB™ treatment developed D. thu-
jina symptoms within nine months of infection, and there were significant differences
in the severity of the disease among families (p < 0.0000, Table 4.1). Based on the

homogeneous groups that resulted from the LSD all-pairwise comparisons test on the
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disease severity values, three families were classified as resistant (families 398, 685
and 8255) and three as susceptible (families 525, 583 and 8265). This classification
is consistent with D. thujina severity screening data from the families’ parents in
progeny trials established by the British Columbia Ministry of Forests, Lands, Natu-

ral Resource Operations and Rural Development (see Appendix A.1).

Table 4.1. Severity and incidence of D. thujina symptoms in six T. plicata families
in the natural (NC) and controlled conditions (CC) experiments. Severity was mea-
sured in the natural conditions-real infection treatment (NC-CLB™), and incidence in
the controlled conditions-real infection treatment (CC-CLB™). Both variables were
assessed once D. thujina symptoms were conspicuous.

Family Severity (%)* Incidence (%)?
525 22.934 69.23
583 24.174 62.50
8265 25.614 75.00
398 13.128 12.50
685 4.10¢ 25.00
8255 8.04B:C 50.00

L' A-C: homogeneous groups in the NC-CLB™ treatment based on the LSD all-
pairwise comparisons test with o = 0.05.

2 Measured in the CC-CLB" treatment. Test of independence of family vs. pres-
ence/absence of D. thujina symptoms was significant (p = 0.002).

Plants in the CC-CLB™ treatment developed D. thujina symptoms within nine months
as did those in the NC-CLB" treatment. Independence test of family vs. pres-
ence/absence of D. thujina symptoms (used to calculate incidence) was significant (p
= 0.002, Table 4.1).

4.3.1 Chemical composition

Principal component analysis showed before-infection (0 dpd/dpi) and after-infection
samples to group separately in both the NC and CC experiments (Figs. 4.la and
4.1b). In the natural conditions experiment, principal component 1 accounted for
21.18% of the data’s variance, component 2 for 12.38%, and component 3 for 9.45%.
The cumulative percentage of variance explained by the first three principal compo-
nents was 43.02%. Variables with the highest contributions to component 1 were ter-

penes (e.g. myrcene, monoterpenes, R-limonene, a-pinene, a-thujene and o-thujone),
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Figure 4.1. Bi-plot of the principal component analyses of the chemical variables studied in both the natural
conditions (a), and controlled conditions (b), experiments. Fifty-four elements and compounds were analyzed in six
Thugja plicata families (three resistant and three susceptible) that were real (CLB") and mock-infected (CLB") with
Didymascella thujina in (a) Jordan River (British Columbia, Canada), and (b) growth chambers in the spring of 2014.
For the natural conditions experiment (a), samples were taken just before the plants were deployed to the study field
(0), and 11, 18, 21 and 24 dpd. Sampling was done 0, 3, 6 and 9 dpi in the controlled conditions experiment (b). Both
analyses were correlation matrix-based; the confidence level of the ellipses shown is 95%. Samples and centroid ellipses
are colour-coded as follows: 0 dpd/dpi samples in black, resistant families in the CLB~ treatment in red, resistant
families in the CLB™ treatment in green, susceptible families in the CLB" treatment in blue, and susceptible families
in the CLB" treatment in cyan.
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while the greatest contributions to component 2 were from elements (sulfur, magne-

sium, phosphorus, sodium, iron and aluminum).

In the controlled conditions experiment, components 1, 2 and 3 explained 24.37%,
13.21% and 11.34% of the variance, respectively. The cumulative variance of those
three components was 48.92%. Variables with the highest contributions to compo-
nent 1 were terpenes (e.g. fenchone and terpinolene, geranyl acetate and myrcene)
and elements (magnesium, potassium and nitrogen). Variables with the highest con-
tributions to component 2 were also terpenes (R-limonene, a-pinene, monoterpenes
and o-thujene) and elements (iron and zinc). Appendix A.20 lists variable contribu-

tions to the first three components of the PCA for each experiment.

In both experiments, there were only six chemical variables that discriminated be-
tween real and mock infections in resistant versus susceptible families as detected by
the changepoint algorithm used on the categorical stability selection scores (Table
4.2). Aluminum ranked first in both experiments and showed significant differences
in time, infection status, and the time x infection status interaction in the ANOVAs
(p < 0.05 in all cases; Table 4.2). In both experiments, aluminum concentration
increased over time and was significantly higher in susceptible families compared to
resistant families (see Figs. 4.2a and 4.2b). Given that aluminum was the only chem-
ical variable that showed the same trend in both experiments, it was used as response
variable in one of the regression stability selections to detect predictor transcripts

that explained such a response (see section 4.3.1).

Fenchone and terpinolene were top-ranked in both experiments as well, being third
in the natural conditions experiment and fourth in the controlled conditions (see
Table 4.2). However, there were differences between experiments. Concentrations
of fenchone and terpinolene dropped over time in the natural conditions experiment
(Fig. 4.2¢). In contrast, their concentrations increased over time in the controlled
conditions experiment, but the resistance category x time interaction was significant
because resistant families had higher concentrations at 6 dpi than susceptible families
(Fig. 4.2d). Carbon ranked second according to the categorical stability selection
in the natural conditions experiment, and most factors and their interactions were
significant except for resistance category and resistance category x time (Table 4.2).

Carbon concentrations dropped dramatically in the susceptible families and increased
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Figure 4.2. Temporal variation of the relative concentrations of selected chemical variables in the
real infections normalized against mock infections in both experiments. Variables from the natural
conditions experiment: (a) aluminum, (c) fenchone and terpinolene, (e) carbon. Variables from the
controlled conditions experiment: (b) aluminum, (d) fenchone and terpinolene, (f) sesqui- and di-
terpenes. Resistant families in green, susceptible families in cyan. Concentrations are higher in the
real infections if the relative concentration (CLB"/CLB") is >1, and higher in the mock infections

if <1. dpd = days post deployment, dpi = days post infection.
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slightly in the resistant families as the infection progressed in the natural conditions
experiment (Fig. 4.2¢). In the controlled conditions experiment, the sesqui- and di-
terpenes ranked fourth as discriminants between resistance categories, with higher
levels in the resistant infected families, although this difference was not significant
(Table 4.2). Sesqui- and di-terpene concentrations increased in response to infection
(Fig. 4.2f). The remaining variables selected by changepoint in both the natural
conditions experiment (bornyl acetate, camphor and starch; Appendix A.25) and the
control conditions experiment (copper, iron and molybdenum; Appendix A.25) had

broad variances in spite of the significant differences that resulted from the ANOVAs.

4.3.2 Gene expression - controlled conditions experiment

There were 122,588 transcripts in the assembled reference transcriptome, with 51,656
of them with annotation hits (see Appendix A.30 for additional assembly statis-
tics). The overall alignment rate was 97.10% (Appendix A.32 shows the overall align-
ment rates per sample). Among the annotated sequences, almost all belonged to
plant species (93.89%), while 3.48% were fungal. About 15% of all transcripts were
differentially expressed (18,867). Before infection samples (0 dpi) had similar ex-
pression profiles as did after infection samples (3, 6 and 9 dpi; Appendix A.36).
All infected samples used in the gene expression analyses tested positive for the
two ITS2 sequences of D. thujina. The top two D. thujina transcripts from the
BLASTn searches were TR35196/c/_ g1 i4 (95.71% identity, E-value: 7x102%) and
TR35196/c4_ g1 16 (94.29% identity, E-value: 3x10°%2).

4.3.2.1 Hierarchical clustering

Ten clusters of sequences that had a maximum false discovery rate of 0.001 and
a minimum fold change of four were identified after clustering the transcripts and
cutting the tree at 68.5% of the tree’s maximum height (Fig. 4.3). Three of the
clusters identified included almost 95% of all transcripts. The cluster with the most
transcripts (10,809) corresponded to sequences with high levels of expression at 0 dpi
and different responses after infection. The second cluster in size had 5,753 transcripts
with expression levels that were low at 0 dpi and varied at 3-9 dpi. The third cluster
included 1,337 transcripts which had high levels of expression at 0 dpi and low levels

thereafter.
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Figure 4.3. Heat map of 18,867 differentially expressed (DE) transcripts from the samples
in the CC-CLB™ treatment that were used in gene expression analyses. Samples are clustered
in the top tree (by sampling time x family combination), and DE transcripts are clustered
in the left-hand tree. Ten clusters of transcripts were produced after cutting the clustering
tree at 68.5% of its maximum height. The cluster in green had the most sequences (10,809
transcripts), followed by the one in light green (5,753 transcripts) and that in blue (1,337
transcripts). The remaining 7 clusters accounted for 5.13% of the DE transcripts. Loga-
transformed and centered FPKM were used as expression levels as calculated by the Trinity
pipeline. The top left bar shows the expression colour code (yellow = high expression, purple
= low expression). Labels on the branches of the top tree refer to specific family x time
combination samples.
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4.3.2.2 Stability selection analyses

Regression stability selection using severity as a response variable

Thirty-nine transcripts were identified as the best predictors of the disease sever-
ity according to the changepoint analysis on the rank of transcripts produced by
stability selection (Table 4.3). Ten of the transcripts listed in Table 4.3 were up-
regulated in response to D. thujina infection in the susceptible families but not in
the resistant families (TR9242/c0 g1 il, TR17372/c0 g1 i1, TR19991/c0 g2 il,
TR36416/c1 g1 i1, TR36804/c2 g2 i2, TR30640/cl g1 i1, TR36155/]c} g2 i/,
TR33294/c2_ g2 18, TR36700/c5 g1 i1, TR36321/c5 g1 il), and the remaining
transcripts were more highly expressed in the resistant families. All of the transcripts
upregulated in the susceptible families ranked first (i.e. top Bg) to dynamic topic (k)
19 (see section 4.3.2.3), and most of the transcripts that responded in the resistant

families ranked first to dynamic topic 11 (28 out of 29 transcripts).

There were only three disease resistance protein transcripts (TR37382/c2_ g1 il,
TR36626/c4_ g2 il, TR3/618/c8 g1 il) and one TMV resistance protein transcript
(TR31269/c1 g1 1) present in Table 4.3, and all were expressed at higher levels in
the resistant plants in comparison to the susceptible plants after D. thujina infection
(Figs. 4.4a, 4.4b, 4.4c and 4.4d, respectively). The only transcript with “defense
response” as a process annotation (TR9242/c0 g1 i1) was at higher levels of expres-
sion in susceptible seedlings than resistant after infection (Fig. 4.4f). Interestingly,
a metal tolerance protein (TR34/816/c1 g2 i2) was found to be at higher levels of
expression in the resistant trees (Fig. 4.4e). “Membrane” and “chloroplast” were the

cellular component annotations of several of the transcripts listed in Table 4.3.
Categorical stability selection

Changepoint analysis of the scores of the ranked transcripts produced by categorical
stability selection showed that only 20 transcripts were the best predictors to dif-
ferentiate the responses between resistant and susceptible families in the CC-CLB™
treatment (Table 4.4). Eight of the transcripts showed higher levels of expression
in the resistant families after infection (TRS34128/c3 g1 4, TR31465/c0 g1 i2,
TR23620/c0_g2 i1, TR37258/c6 g1 i6, TR35088/c2 g1 i3, TR36742/c3 g1 12,
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Figure 4.4. Expression over time of selected transcripts detected by the regression stability se-
lection analysis using severity as a response variable in the CC-CLB™" samples collected for gene
expression (see also section 4.2.1.2). (a) TR37382/c2 g1 il (disease resistance protein RPM1),
(b) TR36626/c4_g2 il (putative disease resistance protein RGA4), (¢) TR34618/c8 g1 il (dis-
ease resistance RPP13-like protein 4), (d) TR31269/c1 g1 il (TMV resistance protein N), (e)
TR34816/c1 g2 i2 (metal tolerance protein 12), (f) TR9242/c0 g1 il (chloroplast stem-loop
binding protein of 41 kDa b). Susceptible families were plotted in cyan (8265 with squares, 583
with triangles), and resistant families in green (398 with squares, 685 with triangles). dpi = days
post infection.
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TR21734/c0 g1 il and TR34272/c1 g1 il), while the remaining 12 were higher
in the susceptible families. Figures 4.5a-4.5f show the expression levels of selected

transcripts from Table 4.4.

Defense related transcripts like cytochrome P450 (TR17615/c0 g1 i1, Fig. 4.5a)
and the LRR receptor-like serine/threonineprotein kinase GSO1 (TR36979/c2 g1 i,
Fig. 4.5b) were at high levels of expression in the susceptible families after infec-
tion. Most of the transcripts with high levels of expression in the resistant fami-
lies after infection were either unknown (TRS34128/c3 g1 i4, TR31465/c0 g1 i2,
TR37258/c6 g1 i6) or uncharacterized (TR23620/c0 g2 i1, Fig. 4.5¢). Some of
the few transcripts with annotations in this last category were related to peptide trans-
port (TR35088/c2_ g1 i3, Fig. 4.5d), alkaloid biosynthesis (TR21784/c0 g1 i1, Fig.
4.5¢), or jasmonic acid (JA) biosynthesis (TR34272/c1_g1 i1, Fig. 4.5f). All of the
transcripts upregulated in response to D. thujina infection in the resistant families
ranked first to dynamic topic 11 (Table 4.4), whereas most of the transcripts overex-

pressed in the susceptible families ranked first to dynamic topic 19.
Regression stability selection using aluminum as a response variable

Regression stability selection analysis on the differential expression matrix of the
controlled conditions experiment using aluminum as response variable was completed
because aluminum concentration was the only variable that rendered similar results
in both experiments (see section 4.3.1 and Table 4.2). Forty-three transcripts were
identified as the best predictors of the aluminum concentrations in the CC-CLB"
treatment as chosen by changepoint analysis on the stability selection ranked scores
(Table 4.5). In general, the expression pattern of each of those sequences was similar
in all families in the CC-CLB™ treatment.

The top two sequences were related to regulation of gene expression (TR29879-
[c2 g1 2, Fig. 4.6¢; and TR31316/c0 g1 17, Table 4.5). Several transcripts were
involved in metal ion binding (TR34581/c8 g1 i2, TR36010/c6 g1 7, TR3622-
2lcl g1 i, TR36842/c2 g1 il, TR20490/c0 g1 i3 and TR35271)c5 g1 _i5) or
calmodulin binding (TR36118/c2_g1 i1, Fig. 4.6d), while others were involved in
defense (TR11555/c1 g1 il; TR36619/c5 g1 il; TR33482/c0 g1 il, Fig. 4.6b;
and TR29996/c0 g6 i1, 4.6a). Few sequences were associated with the outside of the
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Figure 4.5. Expression over time of selected transcripts detected by the categori-
cal stability selection analysis that discriminated between resistant and susceptible fam-
ilies in the CC-CLB" treatment. (a) TR17615/c0_g1 il (cytochrome P450 750A1),
(b) TR36979/c2 g1 i1 (LRR receptor-like serine/threonine-protein kinase GSO1), (c)
TR23620/c0_g¢2 il (putative uncharacterized protein), (d) TR35088/c2_g1 i3 (oligopep-
tide transporter 3), (e) TR21734/c0_g1 i1 (salutaridine reductase), (f) TR34272/c1 g1 il
(4-coumarate-CoA ligase-like 5). Susceptible families are plotted in cyan (8265 with squares,
583 with triangles), and resistant families in green (398 with squares, 685 with triangles).
dpi = days post infection.
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Figure 4.6. Expression over time of selected transcripts detected by the regres-
sion stability selection using aluminum concentrations as a response variable in the
CC-CLB" treatment. (a) TR29996/c0_g6 il (probable receptor-like protein kinase
At1g30570), (b) TR33482[c0 g1 il (probable LRR receptor-like serine/threonine-protein
kinase At2g24230), (c) TR29879/c2 g1 i2 (serine/arginine-rich splicing factor RS31A),
(d) TR36118/c2_ g1 il (G-type lectin S-receptor-like serine/threonine-protein kinase
At1g34300). Susceptible families are plotted in cyan (8265 with squares, 583 with trian-
gles), and resistant families in green (398 with squares, 685 with triangles). dpi = days post
infection.



112

9T SHY ON SH ON VN ¥6£0°0 1 e 0olers0TyL
er SUBIqUIAW JO Juauoduron [eIgajuy Surpuiq uor woIy 26102 0GP QuoIyo0IA)) ds snutd g 0TXZ  LTFO0 [ ST RATS IR
QT £)1A1900 9SRUDY SUINODIY} /ULIDS UIOI] G-g(IS dseuny uejoId-ouruoalyy /outes ayi-103dedel-g uros] adAy-n  ds sisdoprquayy ;. 0TXS 61700 10 gb 129169641
] Surpuiq uor [ejey u)01d PIZLIdYORIRTIU() “ds ouafipn  (.0TXT 1€70°0 &1 167 02/06 70841
er 0901d PIZLIAIORIRTDUN JATFRIN ] ds snuony oo 0TXE  6SF0°0 116 0o[t6T e
01 6¢ uwjord £1030m08 yeodor you-ouysA)  -ds sisdopigoay o 0TXE 1L10°0 1066 o[FsLEUT
i uejoxd paziIvloeIRdU) “ds snun.ag 0 9.70°0 1016 0I9LGSES UL
o1 Y ON SHTON VN 8L70°0 116 e2/97T96 ML
VI Surpuiq wot uoIy OSR[AX0IPAT- G',¢ protoae]] “ds vwogsny o OTXT 6£S0°0 116" g0le 7896 ML
91 1 oserojsueyAow-()-f wefdxouomon)  -ds szsdopigoayy o 01X9 9S00 a1 167 09/f00zeu.T
61 TINL-ETFIOD wojoad woneuntpoe poy ds vmawopdfiy) 0 0TXG  TFS0°0 g1 b holsTe96d T
01 S ON S ON VN GC0'0 116702009, 6 THL
¥1 Surpuiq wot uoig TVVEL 0GFd dWoTpols)  -ds sisdopiqnayy o 0TX8  FSG0'0 716 19/66696 Y.L
¢ uoryeziuedio jsedoroy) ureyoxd pazizejoRIRYDU) “ds snunag o 0TXT 9¢0°0 70 I6 09 TLTLTALL
81 S ON. SIYON VN ¥860°0 g1 10005688641
8 wsedoyd)) ssaoo1d drjoqrIeU 9s0jOR[RE) oseunjouompeey)  “ds stsdoprgiy oo 01X6 600 v ab T Io/sesteN
61 oronorp  ssevoad orjoqeyed uejord juepuedep-urymbiqn p1 unmbiquiiog  -ds sisdoprqoay 0 129070 It 10 6o/96668 I
¢ Supuiq uor uoj uj01d pozLIvjIRIRIDUN dATIRIN ] ds va0td Lo 0TXT $290°0 L2 16792/010964.L
61 woyo1d pazidjoRIRYOU () “ds snun.g 0 $990°0 71 167 19/86906U.L,
€1 BN SHUON VN 11200 1t eh 00/ 78984 L
€1 BN SHEON VN ¢eL0'0 1t E609/1e006 Y.L
€ ) ON SHUON VN LELO0 1t 18 09/8L0984.L
il serdody uot 1addoo 0y asuodsay] g-oseooe]  ds sisdopiqoay 0 CcpL0°0 71 16" 9o/186tEU.L
cr aredal uOTSIOX9-0sRE] ureg01d PazIILIORILTOUN SATYRIN ] “ds mpppurbvppg o 01X9 192070 a1 16 1olgtese U
€1 0£17¥3gyy wojord yeadortppoy /xoq-f  ds susdoprquay ¢ OTXT  €L20°0 1180 10/osLeed L
¢ 9suodsol 9suaJop Jo UO1RMINY 0£FE8gry oseun| uwjord-ouruooryy /outtos oy-103dodor YT o[qeqord  ds sisdopiqoiy o OTX6 L1800 1016 02[a8tes UL
€1 wserdolf)  ssoooad orjoqeres uwjord juopuadop-unymbiqg) 11 urymbrqnAjoJ “ds s1sdopigoay 10101 X€ L980°0 ¢ b \nw\m@.&m,%%&
8 s ) uoryeziuesio rea [0 adA)-jueg ¢Ty-usuedxsy “ds s1sdopigvay 001-0TXL 6980°0 70 Ib \Qm\awv%&
€ 0,50€311y oseuny wojoxd oxi-109dooat ofqeqord  -ds sisdopiqnay oo 0TX9  Lg60°0 1L 96~ 02/96667 4.1
9 A)1aT)oR OsRIDJSURI], aseIofSURIIAS00N[3-()-¢ UIpTIRAd0T Uy “ds vwunppg 5, 01%e €e60°0 &1 gb T 00/e 1838 T
T jserdoroqy) ssa001d dI[OqRIOUT JYRUINIYS osetoBoIpATPD oYRWRIYS /oseieIpAyop oyeumboipAyep-¢ euonpunjig  ds sisdopigniyy 0 97600 av I T 00/z1888 ML
11 0£gL18T9y oseuny| uojord-sutuoaay)/outies ayi[-104desar yeodor you-ounne]  ds sisdopiquiy 1, 01Xg 6£0T°0 1116769679984
ST a1od reaponN yrodsuedly, V86NN umjoxd xofdwod oxod xespny  ds sisdopiqoiy - 0TX9 €80T°0 v 16 10/9z688M
F1 uoyoxd pazidjoRIRYDU () “ds smydfipponsy 0 60T°0 nTIb T 00e6res L
8T Ayanoe osed 1D YV JO UOnRMIN 8DV Wojord FuHeANOR-0SR L) 10308 UONRASOqU-JY d[qeqod  ds sisdopigoiy o 0TXF  FFIT0 G116 00926161,
9 ¢ pogeos ‘plogeoss otwousd pe=00gH eioydourd voyo) ds vaffo) . 01XE 11210 11 gh T 09/9165L 4.0
8 ssanoad orjoqejett ayeIpAoqre)) ¢ 9sepisoon[3-ejaq-g'1-opue ueon)  ds sisdoprguay o, 0TXG FFET0 1016 19/6GST Iy
s QURI(UIAW BUISL] ] Surpuiq urmpourye)) 00£PESTIY oseuny| ujoId-aurtoat) /euLis ayi[-10ydeol-g ura] od4&y-5  ds sisdopigo.iy 0 9ZrT 0 1016 [STI9SL
€ S ON SW{ON VN 6971°0 1216 09leLe664 L
g Q[PURSIO PIPUNO-OURIGUIINT IR[N[[OORIUL por o1s1sqe 01 suodsoy] g wojord 5 od&y-\yndn  ds swsdoprqoiy 0 66710 1t b T 02/9LG6H.L
jal S ON SHTON VN GOST'0 1t "eb 02/ 10664 L
8T SOPNN TOEayIpow Ulyetoys DNI wojord wsuy qH ds A g 0TXE 9115’0 L2167 02[9T8TEUL
i Surpuiq proe oppPIN VTESH 1030¥) Suprds pr-ounmse /outog  ds ssdopignayy o 0TXE  9PEL0 a1 16 e0/6L867 4L

jdrosuer)y (100s)

1od ordoy quauodurod Iernypy $59001J uorjejoUUYy wstueSiQ onfea-§ UOI}DI[AS ydrosuedy,

orureudq Aymqers

‘oseqR)ep JOIJ-SSIMG A} U0 SUOP SoUdIeds XISV T U0 paseq are suoryejouuy ‘(10¢ doy I01) Uo paseq) popnioul sI 4sIyj
posuer syduosuery oY) yorgm 03 o1do) OTWeUuAp oY, *(£'gF UOII00S OS[R 99S) SoI00S UOI0R[as AJI[Iqe)s pasfuel 9y) uo sisA[eue juiod o5ueyo oY) 09
Surp1oooe ‘uolsseldxe aueg 10] Pada[[0d sejdures | TH-DD 9Y) Ul SUOIRIJUSOUO0D Wwnurmnfe oy jo (syduwsueny) siopipaid ¢ doJ, g o[qe],



113

cell (TR36118/c2_ g1 i1, TR450/c0 g1 il and TR34581/c8 g1 i2), only two of the
transcripts were cytochromes P450s (TR36222/c1 g1 i4 and TR35271/c5 g1 i50),
one was connected to the shikimate pathway (TR28212/c0 g1 i2), one to the flav-
onoids pathway (TR36842/c2 g1 il), and one to response to abscisic acid (TR957-
8/c0_g2_il).

Twenty-two of the 43 transcripts in Table 4.5 ranked first to dynamic topics 3,
13 and 14; three to dynamic topic 19 (TR30658/c1 g1 2, TR33998/c5 g1 112,
TR36513/c4_g2 i8); and one to dynamic topic 11 (TR36619/c5 g1 i1, Table 4.5).
Transcripts in dynamic topic 13 showed increased expression levels at 3 dpi with
decreasing expressions afterwards in all families (see Fig. 4.8a) On the contrary, se-
quences in dynamic topic 3 tended to be at high levels of expression from 0 to 6 dpi
to then drop at 9 dpi (see e.g. TR29996/c0 g6 il and TR33/82/c0 g1 il, Figs.
4.6a and 4.6b, respectively). Transcripts in dynamic topic 14 did not depict a spe-
cific pattern although some of them were upregulated in response to infection in all
families (see e.g. TR29879/c2 g1 i2 and TR36118/c2 g1 i1, Figs. 4.6¢ and 4.6d,

respectively).

4.3.2.3 Dynamic topic modelling

Dynamic topic modelling was carried out to model how groups of transcripts that
co-occurred at 0 dpi changed over time in response to infection. The most frequent
topics among the transcripts ranked by the stability selection analyses and chosen by
the changepoint analyses were dynamic topics 11, 13, 14 and 19 (see section 4.3.2.2
and Tables 4.3, 4.3 and 4.5). Dynamic topic 11 (Fig. 4.7a) and dynamic topic 19 (Fig.
4.7b) emerged consistently among the transcripts from the categorical and regression
stability selection analysis using severity as a response variable. In relation to the
stability selection using aluminum as a response variable, more than one-third of the

transcripts belonged to dynamic topics 13 (Fig. 4.8a) and 14 (Fig. 4.8b).

Dynamic topic 11 included sequences that were usually at higher levels of expression
in D. thujina-resistant families than susceptible families regardless of their pattern
after infection (see e.g. Figs. 4.4a, 4.4b, 4.4c, 4.4d, 4.4e, 4.5¢, 4.5d, 4.5e and 4.5f). All
of the top ten transcripts modelled in dynamic topic 11 (selected according to the By, 1

scores; Table 4.6) depicted downregulation in response to D. thujina infection, except
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Figure 4.7. Two of the most frequent dynamic topics (11 and 19) among the transcripts
ranked by the stability selection analyses performed on the differentially expressed sequences
from the CC-CLB" treatment. Count data were fitted into 20 topics (i.e. k¥ = 20) using the
Dynamic Topic Models software (https://github.com/blei-lab/dtm ; see methods). Inferred
posterior expression distributions per date (8;x) of the top 10 transcripts of topics 11 and
19 are plotted. (a) Dynamic topic 11, (b) dynamic topic 19. z = dpi = days post infection.
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Figure 4.8. Two of the most frequent dynamic topics (13 and 14) among the transcripts
ranked by the stability selection analyses performed on the differentially expressed sequences
from the CC-CLB" treatment. Count data were fitted into 20 topics (i.e. k¥ = 20) using the
Dynamic Topic Models software (https://github.com/blei-lab/dtm ; see methods). Inferred
posterior expression distributions per date (8;x) of the top 10 transcripts of topics 13 and
14 are plotted. (a) Dynamic topic 13, (b) dynamic topic 14. z = dpi = days post infection.
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for the third transcript (TR32818/c0 g1 il; Fig. 4.7a). Transcripts in this group
were related mostly to cutin synthesis (TR33780/c4 g1 il) and compounds from

secondary metabolic pathways like flavonoids (TR33/81/c1 g2 il), anthocyanins
(TR39943/c0_g1 1) and phenylpropanoids (TR30105/c0 g1 il).

The top 10 sequences in dynamic topic 19 (selected according to the B, 19 scores; Table
4.6) were usually expressed at higher levels in the susceptible families (see e.g. Figs.
4.4f and 4.5b). Three of the sequences modelled in this dynamic topic (Table 4.6)
showed higher expression levels than the rest (TR/285/c0 g1 i1, TR30085/c0 g1 i2
and TR32051/c0 g1 i2), two depicted steady levels as the infection progressed
(TR9242[c0 g1 i1 and TR4938/c0 g2 il), and the remaining sequences were at
lower expression levels than those at 0 dpi as infection progressed (Fig. 4.7b).
Most sequences in this topic are related to primary metabolism: lipid transport
(TR4285/c0 g1 il), glycine decarboxylation (TR4938/c0 g2 il), and metabolism
of carbohydrates (TR15590/c0 g1 i1) and glucose (TR32051/c0 g1 i2).

The transcripts modelled in dynamic topic 13 (selected according to the 3, ;5 scores;
Table 4.6) generally depicted increased expression levels at 3 dpi with decreasing
values later on regardless of the resistance class (Fig. 4.8a). Two of the sequences
modelled in this topic exhibited a different behaviour however: transcript TR14309/c-
0_¢3 i1 had a steep increase through infection that continued until 9 dpi, and tran-
script TR19966/c2 g3 il peaked at 6 dpi with the expression levels remaining high
in relation to the rest of the transcripts at 9 dpi (Fig. 4.8a). Sequences of dy-
namic topic 13 were involved in early responses to infection (of different kinds),
like gene expression regulation (TR34176/c0 g1 il and TR8584/cO0 g1 il), de-
fense (TR9968/c0 g1 il), resistance (TR26487/c3 g1 il), and alkaloid synthesis
(TR19126/c0 g1 il).

Seven of the top 10 transcripts modelled in dynamic topic 14 (selected according to the
Bo,14 scores; Table 4.6) depicted low and steady expression levels in general (Fig. 4.8b).
The remaining transcripts showed a different pattern: transcripts TR14309/c0 g1 il
and TR14309/c0 g3 il showed decreases in their expression levels as the infection
progressed, while transcript TR18441/c1 g1 il was upregulated at 6-9 dpi. Tran-
scripts in this topic seemed to be related to housekeeping functions such as amino-acid
synthesis (TR25319/c0 g2 i2), signalling/transport (TR33821/c2 g1 il), protein
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folding (TR33175/c2 g1 i2), methylation (TR2227/c0 g1 i1) and carbohydrate
catabolism (TR34086/c0 g1 il).

4.4 Discussion

The results, as a whole, depict two main aspects of the T. plicata - D. thujina interac-
tion: 1) differences between resistant and susceptible families in the gene expression
responses to infection, and 2) general responses to infection regardless of the resistance

class of the seedlings. Both aspects are discussed below.

4.4.1 Differential gene expression responses to D. thujina in-
fection between resistant and susceptible T. plicata fam-
ilies

The main difference between T. plicata seedlings that were resistant and suscepti-

ble to D. thujina was apparent constitutive defenses in the resistant families, and

the absence of pre-existing defenses in the susceptible families. Resistant families
had constitutively higher expression levels of a disease resistance protein RPM1

(TR37382[c2 g1 1il), adisease resistance RPP13-like protein 4 (TR3/618/c8 g1 il),

a putative disease resistance protein RGA4 (TR36626/c4 g2 il), as well as a TMV

resistance protein N (TR31269/c1 g1 i1). Resistant families also exhibited higher

expression levels of transcripts involved in cutin synthesis (TR33780/c4_ g1 il),

flavonoids (TR33481/c1 g2 il), anthocyanins (TR39943/c0 g1 il) and phenyl-

propanoids (TR30105/c0_g1 il) as modelled in dynamic topic 11.

Many disease resistance proteins have been shown to be involved in signal perception,
which triggers the defense response and resistance mechanisms against pathogen infec-
tion (Vidhyasekaran 2008, p. 195). Predominant motifs of many R genes are leucine-
rich repeats (LRR; Scheel and Nuernberger 2004; Vidhyasekaran 2008, p. 195) and
nucleotide-binding sites (NBS; Vidhyasekaran 2008, p. 195). All of the disease resis-
tance proteins found in this investigation belonged to the NBS-LRR family (UniProt
accessions 939214, 38834, Q7XA39 and Q40392; The UniProt Consortium 2015,
2017). Two of those resistance proteins have been documented to confer resistance
to bacterial infections (Q39214 and Q38834), one to an oomycete (Q7XA39) and one

to a virus (Q40392). The presence of several disease resistance proteins and the vari-
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ability in the disease severity among the resistant families raise the possibility that
T. plicata displays quantitative (or polygenic), but not qualitative (or monogenic)
resistance to D. thujina (Agrios 2005, p. 136; Holliday 1989, p. 274; Vidhyasekaran
2008, p. 193). If so, this may explain the lack of a few major genes responsible for
D. thujina resistance, and the presence of several defense responses. Quantitative
disease resistance cannot be easily broken by pathogen adaptation and therefore is
beneficial although challenging for long term breeding for resistance (Holliday 1989,
p. 274). Characterization of those T. plicata disease resistance proteins and investi-
gation into their molecular roles in the defense against D. thujina will be required in

future studies.

The transcripts related to the phenylpropanoid (TR30105/c0 g1 1), flavonoid (T-
R33/81/c1 g2 il), anthocyanin (TR39943/c0 g1 il) and cutin synthesis (TR337-
80/c4 g1 il) pathways, that were upregulated in the resistant families, are all re-
lated and might be involved in detoxification processes as well as defense. Transcript
TR30105/c0_g1 il was annotated as trans-cinnamate 4-monooxygenase (also known
as cinnamate 4-hydroxylase; Schomburg and Stephan 1994), an enzyme that catalyzes
the production of p-coumarate from trans-cinnamate, the latter being the upstream
precursor of phenylpropanoids like flavonoids, anthocyanin and cutin (Heldt 2005,
p. 435; Tohge et al. 2013). Transcript TR33481/c1 g2 il was annotated as flavanone
3-hydroxylase, an enzyme that catalyses the production of dihydroflavonols from fla-
vanones (e.g. dihydrokaempferol from naringenin; Menting et al. 1994, Shimada et al.
1999, Tu et al. 2016). Transcript TR39943/c0 g1 il was annotated as flavonoid
3',5'-hydroxylase 2 and is responsible for the production of dihydroxyflavanones from
flavanone (UniProt accession P48419; The UniProt Consortium 2015, 2017) which
are precursors of other flavonols, flavones and anthocyanins (Shimada et al., 1999).
Flavonoids are metal chelators (Falcone-Ferreyra et al., 2012, Williams et al., 2004),
and known to respond to increased aluminum levels (Falcone-Ferreyra et al., 2012,
Smirnov et al., 2015). In this study, aluminum concentration increased in infected
plants in both the CC and NC experiments. Transcript TR33780/c4 g1 il was
annotated as BAHD acyltransferase DCR, an enzyme proposed to transfer 9(10),16-
dihydroxy-hexadecanoic acid into cutin (Panikashvili et al., 2009, Yeats and Rose,
2013). Cutin and waxes are the primary constituents of the cuticle (Yeats and Rose,
2013), and the cuticle is the first barrier to be overcome by pathogens of any pathosys-
tem (Agrios 2005, p. 210; Anker and Niks 2001; Gees and Hohl 1988; Hau and Rush
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1982; Roundhill et al. 1995; Sherwood 1996; Zinsou et al. 2006).

The gene expression profile of the families susceptible to D. thujina was different
from that of the resistant families. Susceptible families had higher expression lev-
els of the transcripts modelled in dynamic topic 19, which were related to primary
metabolism (e.g. carbohydrate metabolism, glycine decarboxylation and lipid trans-
port). These families also had higher expression levels of a defense-related transcript
(TR9242/c0_g1 1il; a chloroplast stem-loop binding protein of 41 kDa b, CSP41B).
CSP41B binds to RNA molecules (UniProt accession Q9SA52; The UniProt Consor-
tium 2015, 2017) and is involved in transcription and translation of chloroplast RNAs
(Bollenbach et al., 2009), which can be regarded as a primary metabolic function.
Biotrophs are known to reprogram the primary metabolism of the host so that it
provides the attacker with substrates the pathogen cannot produce by itself (Berger
et al., 2007, Duplessis et al., 2011, Kogovsek et al., 2016, Lapin and Van den Ack-
erveken, 2013, Spanu, 2012). The lack of constitutive molecular mechanisms of disease
resistance and the presence of a vigorous primary metabolism in susceptible T. pli-
cata seedlings may explain why they are prone to infection and establishment of D.
thugina. Plants with such characteristics will likely occur in areas where pathogens
cannot thrive (Russell et al., 2007), so that minimal energy is spent in defense (via sec-

ondary metabolism) and more in growth and development (via primary metabolism).

In relation to the responses to D. thujina infection, susceptible families upregulated
defense-related transcripts like the LRR receptor-like serine/threonine-protein kinase
GSO1 (TR36979/c2 g1 il1) and the cytochrome P450 750A1 (TR17615/c0_g1 1),
the latter not being expressed at all in the resistant families studied. The LRR
receptor-like serine/threonine-protein kinase GSO1 is involved in epidermis develop-
ment in aerial organs (Tsuwamoto et al., 2008) and has the gene ontology annotation
“response to wounding” (UniProt accession COLGQ5; The UniProt Consortium 2015,
2017). The cytochrome P450 750A1 has been annotated as having a monooxygenase
function, more specifically as the enzyme EC 1.14.13.109 (UniProt accession Q50EK4;
The UniProt Consortium 2015, 2017). This enzyme is involved in the synthesis of
diterpene resin acids (Placzek et al., 2017, Ro and Bohlmann, 2006, Ro et al., 2005,
Scheer et al., 2011). The annotations of both transcripts appear to depict a wounding
response rather than defense against pathogens. However, considering that no plants

were re-sampled during the experiments carried out in this study, the upregulation of
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those sequences cannot be explained by the wounding that took place during the sam-
pling process. Instead, such a reaction could be the response to the direct penetration
by D. thujina during the infection (Sgegaard 1969, p. 299).

4.4.2 General responses to D. thujina infection in seedlings of

T. plicata full-sib families
4.4.2.1 Chemical responses

Aluminum was the only chemical variable that displayed significantly increased levels
over time in the real-infected plants in relation to the mock-infected, especially in the
susceptible families. Aluminum is a well-known plant toxin (see e.g. Duressa et al.
2011, Hamel et al. 1998, Jiang et al. 2015, Mossor-Pietraszewska 2001, Poot-Poot
and Hernandez-Sotomayor 2011) that interferes with growth in plants (Hamel et al.,
1998, Mossor-Pietraszewska, 2001, Yuan et al., 2017). Soil aluminum toxicity has
been well-studied in different plant species (see e.g. Duressa et al. 2011, Hamel et al.
1998, Jiang et al. 2015, Poot-Poot and Hernandez-Sotomayor 2011), and it is docu-
mented that the trivalent AI*" is the most toxic form (Fichtner, 2003, Hamel et al.,
1998). Aluminum resistance is a well-studied topic, especially in crop species that
grow in acidic soils (Firestone et al., 1983, Hamel et al., 1998, Yuan et al., 2017), but
based on the extensive literature reviewed, no reports on increased foliar aluminum

concentrations in response to obligate leaf pathogens exist in plants.

Despite the widely reported toxic effects of soil aluminum in plants, it has also been
shown that increased aluminum concentrations can result in similar responses as those
triggered by pathogen infection (Hamel et al., 1998). Such responses include lignifica-
tion, hypersensitive response, upregulation of pathogenesis-related proteins as well as
proteins related to cell wall synthesis (Hamel et al., 1998), and disruption of Ca*" sig-
nalling (Hamel et al., 1998, Mossor-Pietraszewska, 2001, Silva, 2012). None of those
responses were seen in the T. plicata families studied here, except possibly for the
disruption of Ca?" signalling given the upregulation of transcript TR36118/c2 g1 il
(G-type lectin S-receptor-like serine/threonine-protein kinase At1g34300), a calmod-
ulin binding protein. Nevertheless, aluminum is not only toxic to plants but also to
fungi (Avis et al., 2007, Fichtner, 2003, Firestone et al., 1983). Aluminum in leachates
at high concentrations of 500 tM have been shown to inhibit growth of Aspergillus

flavus in bioassays (Firestone et al., 1983), and low concentrations have also been
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reported to be toxic to soilborne fungi like Thielaviopsis basicola (> 20 pM Al) and
Phytophthora parasitica (< 1.0 pM, Fichtner 2003). Aluminum salts, such as alu-
minum chloride, have also been documented as toxic to phytopathogenic fungi like
Fusarium sambucinum, Phytophthora infestans, Helminthosporium solani and Rhi-
zoctonia solani where they limit fungal growth (Avis et al., 2007). It is plausible that
aluminum may play a role in the defense against D. thujina in T. plicata, but it is
unknown whether it is used directly or indirectly by the plant to defend itself. Further
investigation will be required to elucidate if there is a direct link between increased

aluminum levels and defense against this foliar pathogen in T. plicata seedlings.

4.4.2.2 Gene expression responses

The general gene expression responses to D. thujina infection in the T. plicata seedlings
studied here were those modelled in dynamic topic 13. Sequences there were pre-
dicted to upregulate at 3 dpi and downregulate at later time points. The top rep-
resentative transcripts of dynamic topic 13 included transcripts that were involved
in cell wall organization (TR27647/c1 g1 i1, cellulose synthase-like protein H1; and
TR9968/c0_g1_il, glucomannan 4-3-mannosyltransferase, GMT) and alkaloid syn-
thesis (TR19126/c0 g1 i1, [S]-stylopine synthase, STS). Cellulose synthases and
GMT are part of cell wall synthesis (Heldt 2005, p. 4, Liepman and Cavalier 2012, Wo-
jtasik et al. 2016), the former being responsible for the synthesis of cellulose (Heldt
2005, p. 269, Liepman and Cavalier 2012) and the latter being involved in hemi-
cellulose biosynthesis (Wojtasik et al., 2016). Both cellulose and hemicellulose are
targets of fungal enzymes during colonization (Mortaji 2011, Vidhyasekaran 2008,
pp. 294-295, Wojtasik et al. 2016). Cell wall reinforcement is a common response to
pathogen attack (Vidhyasekaran 2008, p. 298), and increased levels of cellulose syn-
thases and GMT transcripts at 3 dpi in D. thujina-infected T. plicata seedlings might
be related to such a response. STS catalyzes the production of (S)-stylopine from (S)-
cheilanthifoline (Desgagné-Penix et al., 2010), an intermediate step in the production
of benzylisoquinoline alkaloids (BIAs; Diamond and Desgagné-Penix 2016). To my
knowledge, and based on the extensive literature reviewed, alkaloids of T plicata fo-
liage have not been widely studied. However, chamobtusin A (an alkaloid) is known
to be present in the foliage of at least another Cupressaceae (Chamaecyparis obtusa
cv. tetragon; Zhang et al. 2007). BIAs play an important role in plant defense (Dem-
bitsky et al., 2015, Hagel and Facchini, 2013) because of their antibacterial activity



123

(Villar et al., 1987). Interestingly, another sequence related to BIAs’ synthesis was
also found in the experiment presented in Chapter 3. It then seems plausible that
T. plicata seedlings may use alkaloids as secondary /supporting defense mechanism in

addition to other compounds mentioned earlier.

Stability selection analysis on the differentially expressed transcripts using aluminum
as the target variable showed that other gene expression responses associated with
increased aluminum concentration took place in the plants. Sequences related to
copper ion response, iron binding, metal ion binding proteins, receptor-like proteins,
the shikimate pathway, and the flavonoid pathway as well as the abscisic acid path-
way were among the top 43 predictors of the aluminum concentrations of the plants
used for the RNA-Seq analysis. Most metal binding proteins (iron and metal) and
a copper ion response sequence were upregulated with increased levels of aluminum,
while many of the receptor-like proteins were downregulated. The transcripts that
related to the shikimate pathway and to the abscisic acid pathway were downregu-
lated while that of the flavonoid pathway was upregulated with increased aluminum
concentrations. In general, the expression pattern of those sequences was similar in
all families in the CC-CLB™ treatment regardless of the resistance class, suggesting
a common response mechanism associated with increased levels of aluminum, to D.

thujina infection.

The upregulation of metal binding proteins may be related to the stress caused by the
increased levels of aluminum. Metal binding amino acids, and derived molecules like
oligopeptides, play important roles in plant adaptation to heavy metal stress includ-
ing antioxidant activity, signalling and metal chelation with phytochelatins (Sharma
and Dietz, 2006). Plant iron binding proteins, on the contrary, may be involved in
iron homeostasis in response to oxidative stress (Briat et al., 2010). It is known that
increased aluminum concentrations result in oxidative stress and the production of
reactive oxygen species (Silva, 2012). Interestingly, the increased iron levels in the
CLB™ treatment of the controlled conditions experiment support the idea that iron
may play a role in homeostasis responses to oxidative stress. The copper ion response
transcript (TR34581/c8 g1 i2), upregulated in response to D. thujina infection, was
annotated as laccase-5. Because of its localization (apoplast) and the documented
role of this enzyme in cell wall lignification (Wang et al., 2015), TR34581/c8 g1 i2

is probably involved in cell-wall reinforcement in response to pathogen attack. This
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can be further supported by the increased levels of copper in the CLB" treatment of

the controlled conditions experiment.

Downregulation of receptor-like proteins was seen in response to the invading attacker.
Receptor-like protein kinases (RLKs) are a superfamily of proteins that consist of
an extracellular domain, a membrane domain, and an intracellular domain (Morris
and Walker 2003; Tichtinsky et al. 2003; Vidhyasekaran 2008, p. 78). RLKs are
involved in processes like growth, development, differentiation, hormonal response
and pathogen response (Afzal et al., 2008, Goff and Ramonell, 2007, Morris and
Walker, 2003, Tichtinsky et al., 2003, Vidhyasekaran, 2008). Many of the character-
ized RLKs belong to the leucine-rich repeat (LRR) subfamily (Afzal et al., 2008, Goff
and Ramonell, 2007, Tichtinsky et al., 2003), and their downregulation can result
in reduction of defense related genes (Parrott et al., 2016). Little information exists
on the mechanisms of plant RLKs downregulation in response to fungal attacks, but
gene silencing by the attacker is a possibility. RNA silencing is a common defense
mechanism in viral and bacterial pathosystems where the foreign sequences are si-
lenced by microRNAs (miRNA) and short interfering RNAs (siRNA; Zvereva and
Pooggin 2012). The existence of NB-LRR genes silenced by miRNAs that can be
indirectly suppressed by bacteria (Zvereva and Pooggin, 2012), of LRR-RLK genes
downregulated by viruses (e.g. Parrott et al. 2016), and the fact that RNA silencing
may contribute to pathogenesis of other non-viral pathogens (Zvereva and Pooggin,
2012) suggest a possibility where D. thujina may be involved in the downregulation

of the T. plicata receptor-like proteins reported here.

According to the regression stability selection using aluminum as response variable,
transcripts related to the shikimate pathway and to the abscisic acid pathway were
downregulated, while one in the flavonoid pathway was upregulated with increased
aluminum levels. The bifunctional 3-dehydroquinate dehydratase/shikimate dehy-
drogenase (DHQD/SD; transcript TR28212/c0_g1 i2) was the shikimate pathway
transcript downregulated. The DHQD/SD produces shikimate from 3-dehydroquin-
ate, and is a key regulator of phenolic secondary metabolite pathways (Tohge et al.,
2013). Downregulation of this gene may be the result of the host reprogramming by
D. thujina so that the defense responses of T. plicata are repressed and the carbon
metabolism diverted for the benefit of the invading pathogen. Transcriptomic anal-

ysis of the responses of rice, Brachypodium distachyon and barley to Magnaporthe
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grisea infection has shown that M. grisea infection leads to decreased production of
shikimate and to increased quinate in its host (Parker et al., 2009). The latter can
be used a as carbon source by the pathogen (Soanes et al., 2012, Taniguti et al.,
2015). This host reprogramming also resulted in the repression of defense-related
compounds produced downstream in the shikimate pathway (Soanes et al., 2012,
Taniguti et al., 2015). The decreased levels of transcripts of the abscisic acid path-
way can be explained by the interference between that pathway and the signalling
of plant responses to biotic stressors. This interference seems to repress the abscisic
acid pathway as the host plant defends against pathogen attacks (Mauch-Mani and
Mauch, 2005). In fact, it has been shown that increased levels of abscisic acid or
genes from that pathway result in enhanced susceptibility to pathogens like viruses
(Alazem and Lin, 2015), bacteria (Fan et al., 2009), fungi (Ulferts et al., 2015) and
even nematodes (Moosavi, 2017). The flavonoid pathway transcript that was upreg-
ulated (TR36842/c2 g1 il; annotated as flavonoid 3',5'-hydroxylase, F3'5'H) may
be related to the detoxification of aluminum rather than to pathogen defense itself.
The F3'5'H hydroxylates dihydroflavonols (de Vetten et al., 1999, Shimada et al.,
1999), as well as hydroxyflavanones and dihydroquercetin (Menting et al., 1994).
As mentioned earlier, flavonoids are involved in chelating metals (Falcone-Ferreyra
et al., 2012, Williams et al., 2004) and have been shown to increase in response to
aluminum toxicity (Barcel6 and Poschenrieder, 2002, Falcone-Ferreyra et al., 2012,
Smirnov et al., 2015). Indeed, specific flavonoids like quercetin have been reported
to be exuded with increased aluminum levels in maize (Falcone-Ferreyra et al., 2012,
Kidd et al., 2001). It is then plausible that flavonoids may be produced to mitigate

increased aluminum levels in T. plicata seedlings infected by D. thujina.

4.4.3 Summary and conclusions

This study explored the chemical and gene expression responses to D. thujina infec-
tion in seedlings of six full-sib T plicata families. Two time-course experiments were
set up, one where natural infections took place, and another where infections were
carried out in a controlled environment. Seedlings from all families in both environ-
ments had increased concentrations of aluminum in the real infection treatments; no
other chemical responses were common to both experiments. Gene expression anal-
ysis showed that increased aluminum concentrations were also related to changes in

transcripts involved in metal biding, receptor-like proteins and the shikimate, abscisic
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acid and flavonoid pathways. The role of aluminum in the T. plicata - D. thujina in-
teraction studied is intriguing, and it is unknown whether the seedlings are using this
element as a defense or if the change is a by-product of some other defense response.
Further investigations on the role of aluminum in defense against D. thujina are re-
quired to clarify its role in this pathosystem. RNA-Seq analysis revealed differences
between resistant and susceptible families as well, the most important finding being
the constitutively higher expression levels of several disease resistance proteins of the
NBS-LRR family in seedlings of the resistant families. This may partly explain the
qualitative nature of the resistance to D. thujina in T. plicata. Characterization of
those disease resistance proteins will be needed to better understand their roles in

the defense against D. thujina.
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Chapter 5

Phenotypic and gene expression
constitutive differences between
Thuja plicata clones resistant and
susceptible to Didymascella thujina,
and their induced responses to

pathogen infection

5.1 Introduction

Plants are constantly challenged by both biotic and abiotic factors. Biotic stres-
sors are often detrimental to their hosts and include dissimilar organisms like fungi
(Achotegui-Castells et al., 2016, de Cremer et al., 2013, Doehlemann et al., 2008,
Galindo-Gonzalez and Deyholos, 2016, Ji et al., 2016, Joshi et al., 2016, Kang et al.,
2016, Parrott et al., 2016, Teixeira et al., 2014), other plants (Olsen et al., 2016), or
arthropods (Ghaffar et al., 2016, Kollner et al., 2008, Major and Constabel, 2006,
Ruuhola et al., 2011, Wang et al., 2016¢). Each taxon has evolved different mecha-
nisms to attack/access its host; for instance, obligate parasitic fungi perform direct
penetration (Agrios 2005, p. 88; Gees and Hohl 1988; Roundhill et al. 1995; Sharma
2006, p. 4.6; Sherwood 1981; Sgegaard 1969, p. 299). Different attackers also use

plant resources differently. Many insects use plants mainly as food source (Vourc’h
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et al., 2001, 2002), while obligate parasites depend on the cellular machinery of their
hosts to survive (Berger et al., 2007, Doehlemann et al., 2008, Duplessis et al., 2011,
Kogovsek et al., 2016, Lapin and Van den Ackerveken, 2013, Spanu, 2012). The wide
range of strategies that pests and pathogens use against their hosts has resulted in

the evolution of an extensive array of defense mechanisms in plants.

Defense mechanisms are diverse in plants and vary across the different levels of orga-
nization. At the organ level, constitutive mechanical defenses like thorns, trichomes
and pubescent surfaces deter mammals (Cooper and Owen-Smith, 1986) and pro-
tect against arthropods (Fernandes, 1994, Levin, 1973). Cellular and tissue defenses
like hypersensitive response (Agrios 2005, p. 217; Brown et al. 1966; Gees and Hohl
1988; Lauvergeat et al. 2001), the development of papillae (Agrios 2005, p. 214),
and the deposition of lignin (Agrios 2005, p. 187; Smith et al. 2006; Xu et al. 2011;
Yoshida 1998) and suberin (Agrios 2005, p. 187; Smith et al. 2006; Yoshida 1998) are
commonly induced in compatible plant-pathogen interactions. Chemical compounds
also play important roles in plant protection against pests (Kollner et al., 2008) and
pathogens (Castillo et al. 2012; Heldt 2005, p. 404; Heldt and Piechulla 2010, p. 400;
Wang et al. 2016¢) through several mechanisms. For example, terpenes like a-thujene
and sabinene accumulate in Cupressus sempervirens in response to Seiridium cardi-
nale infection (Achotegui-Castells et al., 2016).

At the molecular level, plants have a collection of both constitutive and induced de-
fenses, the best example being the resistance (R) genes. R genes confer full resistance
to a plant pathogen when in the presence of their pathogen avirulence (avr) counter-
parts (Agrios 2005, p. 140; Hammond-Kosack and Jones 1997; Sharma 2006, p. 3.9;
Vidhyasekaran 2008, p. 193). Many R genes encode proteins with nucleotide-binding
sites (NBS; Vidhyasekaran 2008, p. 195; Westerink et al. 2004) and leucine-rich re-
peats (LRR; Scheel and Nuernberger 2004; Vidhyasekaran 2008, p. 195; Westerink
et al. 2004), which trigger defense cascade reactions in response to pathogen infec-
tion (Ghaffar et al. 2016; Vidhyasekaran 2008, p. 195; Westerink et al. 2004). An
interesting R-Avr interaction is that of the Zea mays - Ustilago maydis pathosystem
(Doehlemann et al., 2008, 2009, Duplessis et al., 2011, Hemetsberger et al., 2012,
Sonah et al., 2016, Spanu, 2012). U. maydis is a biotrophic fungi that causes tu-
mours on aerial organs of Euchlaena mexicana and Z. mays (Doehlemann et al.,

2008). Although genomic studies of the compatible interaction shows a complex re-
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programming of the host’s cells by the pathogen (Doehlemann et al., 2008) there is
a probable Avr gene (Pepl) responsible for the inhibition of the host’s cell responses
to infection (Doehlemann et al., 2009, Hemetsberger et al., 2012, Sonah et al., 2016).

Besides full pathogen resistance in plants due to R genes, plants can also have several
to many genes with small effects that result in quantitative disease resistance (Agrios
2005, p. 136; Sharma 2006, p. 3.5; Vidhyasekaran 2008, p. 193). Unlike R-genes,
quantitative resistance is not full, and infected plants may show few symptoms of
the disease (Agrios 2005, p. 136; Sharma 2006, p. 3.6). The traditional approach
to detect minor resistance genes involved in quantitative resistance has been through
quantitative trait loci (QTL) studies (Bhadauria et al., 2017, Christensen et al., 2004,
Liu et al., 2016b, Nzuki et al., 2017, Simko et al., 2013, Young, 1996, Zyprian et al.,
2016). QTL discovery requires a large number of known genetic markers as well as
high numbers of both parents and offspring in order to be able to produce the linkage
maps (Collard et al., 2005, White et al., 2007, Young, 1996). Those are usually draw-
backs in non-commercial and non-model plant species. The declining costs of next
generation sequencing (NGS) tools, like RNA-Seq, are providing new insights into the
multiplicity of genes responsible for quantitative resistance in different pathosystems
(Ji et al., 2016, Rodrigues et al., 2013, Teixeira et al., 2014, Wang et al., 2016¢). NGS
technology is being used for SNP discovery and genotyping (Bhadauria et al., 2017,
Liu et al., 2016b, Lopez-Maestre et al., 2016, Nzuki et al., 2017), as well as to study
plant responses to pathogen infections (Alvarez-Yepes et al., 2016, Galindo-Gonzalez
and Deyholos, 2016, Joshi et al., 2016, Krizek et al., 2016). In many cases, RNA-
Seq studies have shown that complex gene interactions that involve many defense
pathways and mechanisms take place during compatible plant-pathogen interactions
(de Cremer et al., 2013, Kamitani et al., 2016, Parrott et al., 2016). Dual RNA-Seq
analyses are also being used to study simultaneously the expression profiles of plant
and pathogen during compatible interactions in order to determine the dynamics of
the infection and the defense processes (Camilios-Neto et al., 2014, Hayden et al.,
2014, Kawahara et al., 2012, Meyer et al., 2016).

The vast range of defense mechanisms that exist in plants comes at both energetic
and evolutionary costs (Barrett and Heil, 2012, Brown and Rant, 2013, Bruns, 2016,
Burdon and Thrall, 2009, Frank, 1993, 1992, Karasov et al., 2014, Mitchell-Olds et al.,
1996, Occhipinti, 2013, Susi and Laine, 2015, Ziist and Agrawal, 2017). When plants
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allocate more energy to defenses, they have less energy available for primary metabolic
functions like growth and development, so trade-offs between intrinsic and extrinsic
factors determine whether defense or growth and development get priority (Brown
and Rant, 2013, Bruns, 2016, Mitchell-Olds et al., 1996, Susi and Laine, 2015, Ziist
and Agrawal, 2017). The complex interactions between the pathways involved in de-
fense as well as in growth and development usually result in the co-evolution of plant
and pathogen systems where defense mechanisms in the host are selected in response
to pathogenic characteristics being selected in the attacker (Barrett and Heil, 2012,
Burdon and Thrall, 2009, Frank, 1993, 1992, Karasov et al., 2014, Occhipinti, 2013).
A consequence of that co-evolutionary process, however, is that plant populations
that have been isolated from their pathogens for millennia may not evolve defense
mechanisms against them, and can be susceptible upon encountering the pathogen

(Barrett and Heil, 2012, Burdon and Thrall, 2009, Frank, 1992, Occhipinti, 2013).

Variation in the resistance to D. thujina has been reported (Sgegaard 1969, p. 323)
and studied in T. plicata in the past (Russell et al., 2007, Russell and Yanchuk,
2012). “Physiologically determined resistance” to D. thujina has also been reported
in T. plicata (Sgegaard 1969, p. 366), the term having been used by Sgegaard in
the 1960’s to refer to the increased resistance to D. thujina in T. plicata plants as
they aged (Sgegaard 1969, p. 373). Nowadays, the phenomenon is known as age
related resistance (ARR) and takes place in plants commonly (Carella et al., 2015,
Kus et al., 2002, Panter and Jones, 2002, Shibata et al., 2010). Understanding the
basis of D. thujina resistance in foliage from mature 7. plicata trees may help to guide
the identification of phenotypic and/or genotypic markers for resistance to D. thujina
in seedlings, which may have been overlooked when studying 7. plicata seedlings
exclusively. In this chapter, the constitutive phenotypic and genotypic differences
among T. plicata clonal lines with different susceptibilities to D. thujina were studied
in order to shed light on the potential resistance mechanisms to D. thujina in T.
plicata mature foliage. The chemical and gene expression responses to D. thujina
infection were also investigated in those lines to establish if differential responses

between resistant and susceptible plants account for the variability.
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5.2 Methodology

5.2.1 Plant material

Three T. plicata clonal lines with contrasting resistances to D. thujina were used in
this experiment (lines 5382, 5398 and 5412; see Appendix A.1). Each of the three
clones was propagated from individual plants from three different, unrelated full-sib
families. The clones were selected based on data from a common garden T. plicata
genetic trial on Vancouver Island (Russell, J.H.; unpublished data) that indicated
significant clonal differences in D. thujina severity after three years in the field. Cut-
tings were collected from the donor plants and propagated in a greenhouse using
Beaver Styroblock containers 45/340 (Stuewe and Sons., Tangent, OR, USA) with
Sunshine Professional Growing Mix 2 (Sun Gro® Horticulture, Vilna AB, Canada)
at Cowichan Lake Research Station (Mesachie Lake, British Columbia). Plants were

grown under these conditions for one year prior to the experiment.

5.2.2 Morphological and histological characterization of the

plant material

A total of 16 variables (13 measured and three derived), were studied to characterize
the plant material used (see also Appendix A.8). The variables were related to plant
size, leaf toughness and leaf anatomy. Plant size variables were plant height, root
collar diameter (RCD) and the ratio of height to RCD (18 plants per line). Leaf
toughness was measured in both young and old foliage (nine plants per line), using
a custom-made penetrometer. Young foliage corresponded to the youngest leaves in
the third branch counting from the top of the plant (i.e. from the current year), while
older foliage referred to leaves from first-order branchlets of the middlemost branch
of the plant. Toughness was calculated as in Graga and Zimmer (2005) and Quinn
et al. (2000).

Leaf anatomy variables included width, thicknesses (leaf, cuticle, epidermis, whole
mesophyll, palisade mesophyll and spongy mesophyll), thickness ratios (palisade to
spongy mesophyll and whole mesophyll to leaf), percentage of epidermal cells with
lignified walls, and stomatal density. These variables were measured on samples taken
from the middle section of each of three branches (lowermost, mid-crown, and third

from the top) from three plants per line. Leaf epidermis, cuticle thickness and stom-
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atal densities were measured on the same three branches, but both leaf surfaces were

included.

Samples for all anatomical analyses (~3.5 mm-long), except stomatal density, were
fixed overnight in 2.5% glutaraldehyde (0.1 M Sorensen phosphate buffer pH 7.2 used
as diluent; Ruzin, 1999, pp. 227). Fixed sections were washed for 20 min in Sérensen’s
buffer two times, dehydrated in an ascending ethanol sequence (50%, 70%, 80% and
90%, 20 min each), and changed twice in 100% ethanol (20 min each step). The
samples were then embedded in Quetol 651 (Takagi and Sato, 1979) as follows: 30
min change in a 1:1 volume mixture of ethanol-nBGE (n-butyl glycidyl ether), 30
min change 100% nBGE, 2 h change nBGE-Quetol 651 (1:1 volume), and overnight
change in 100% Quetol 651. The following day, the samples were hardened for 24 h
at 60°C. Sections from the embedded samples were cut in a Sorvall JB-4 Microtome
and fixed to microscope slides on a hot plate. Two sets of 5 pm-thick sections were
produced per sample, one to measure thicknesses (stained with Toluidine Blue O),

and another to count lignified epidermal cells (stained with phloroglucinol).

For the thickness measurements, microscope slides with the sections were flooded
with 1.0 % w/v Toluidine Blue O (dissolved in 1% aqueous sodium borate) for five
min, rinsed, and then washed in 70% ethanol for 50 s and in 100% ethanol for 1 min.
The slides were left to dry at room temperature (RT) and mounted semi-permanently
with Permount™ (Fisher Chemical™, Ottawa ON, Canada). Mounted samples were
photographed at 100X and 1000X magnifications using a Zeiss microscope fitted with
a RTKE SPOT camera (SPOT Imaging, Sterling Heights MI, USA) and SPOT v. 4.6
software. The digital images were analyzed using ImageJ v. 1.46 (Schneider et al.,

2012).

Phloroglucinol was used to stain the set of samples used to count epidermal cells with
lignified walls. Microscope slides with sections were covered with 1% w/v phloroglu-
cinol (diluted in 70% ethanol) for 5 min, the excess was removed and the sections
covered with hydrochloric acid (HCI) for 1 min. Excess HCl was removed and the

t™ as before,

slides let to dry at RT. The samples were then mounted using Permoun
and pictures were taken within 3 h using the same equipment and software described

above.
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Stomatal density was quantified from leaf impressions taken using commercial trans-
parent nail polish. Two coats were applied to the areas of interest, let to dry for
30 min at RT, and impressions were removed using transparent packing tape. The
impressions were then mounted on microscope slides, covered with cover slips, and
photographed at 100X magnification using the same equipment and software used for
the other traits studied.

The continuous variables recorded were checked for normality with the Shapiro-Wilk
test, and non-normal variables were transformed to meet the assumption (logo for
cuticle thickness, and height to RCD ratio). Plant size and toughness variables were
analyzed in R using one-way analyses of variance (ANOVA) with clonal line as a fixed
effect (R Core Team, 2015). The anatomical variables were analyzed with a fixed-
effects split-plot design (Appendix A.3) in R. Homogeneous groups for variables with
significant differences among lines were obtained using the Tukey HSD all-pairwise
comparisons test. Stomatal densities were analyzed using Kruskal-Wallis one-way

ANOVAs in R.

5.2.3 Time-course responses to infection with D. thujina

The three T. plicata lines (5382, 5398 and 5412) were mock- (CLB") and real-infected
(CLB™) in a controlled environment. Three leaf samples per type of infection treat-
ment X line combination were taken just before inoculation (0 days post-infection,
dpi), and 4, 8 and 12 dpi (Appendix A.8). The samples were used for the following
purposes: 1) gene expression analyses (RNA-Seq), 2) chemical composition, and, 3)
confirmation of the infection. Samples for 1) and 2) were flash frozen in liquid nitro-
gen and those for 3) were fixed in glutaraldehyde prepared in Sérensen’s buffer (see

previous section).

The experiment took place in a Conviron growth chamber (Conviron, Winnipeg MB,
Canada) at the Bev Glover Growth Facility (University of Victoria, Victoria, British
Columbia) that was set up to an average temperature of 16°C, 12 h light - 12 h
darkness, and relative humidity >90%. Humidity levels were achieved using the same
chamber used in Chapter 4 (Appendix A.10), except that HOBO U23 Pro v2 data
loggers (Onset, Bourne MA, USA) were used to track the temperature and humidity

inside the chamber this time. The plants were acclimated inside that chamber for
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two weeks before the start of the experiment.

Inoculation and infection confirmation procedures

An adapted version of the technique described in Sgegaard (1969, pp. 310) was used
to inoculate the plants that were real-infected. D. thujina inoculum was collected in
the field from a T. plicata progeny trial in Jordan River (British Columbia; 48° 25’
24.52” N, 124° 1’ 27.69” W, elev. 76 m) during the sporulation season (Appendix
A14). T. plicata foliage with D. thujina ascocarps releasing spores were collected
in floral water pick vials containing a general nutrient solution with a N:P:K ratio
of 100:22:83 (per 100 L: 2.15 g CaSO4-2H,0, 12.37 g K,HPO,, 5.24 g KCI, 28.59 g
NH,NO, 4.05 g MgSO,-7H,0 and 0.90 g Chelated Micronutrient Mix [Master Plant-
Prod Inc., Brampton ON, Canadal). The collected cuttings were taken to the Bev
Glover Growth Facility and kept in a high humidity chamber (>90%,) for one day
before setting up the infections. On the day of the infection, each vial was placed in
the cavity of the plant to be infected, and the adaxial surface of a branch from the
plant to be infected was placed against the cutting’s leaf surface with the most sporu-
lating ascocarps. The two branches were subsequently held together with masking
tape to ensure the spores being released landed directly on the branches of interest.
The mock infections were set up in a similar way as the real infections, but branches
from seedlings that had never been infected were used instead of the infected cuttings.
After the last sampling point, the plants were transferred to a glasshouse where they
remained for nine months until the development of D. thujina symptoms. All plants
were fertilized monthly using Peters’ 20-7-19 Conifer Grower fertilizer (100 parts-
per-million of N; Jr. Peters Inc, Allentown PA, USA), and watered three times a
week during the summer (June-September), bi-weekly in fall (October-November),

and weekly in winter (December-February).

Three methodologies were used to confirm the infection of the inoculated plants: 1)
incidence assessment of the disease after symptom development (recorded as the num-
ber of plants per line that showed D. thujina symptoms), 2) BLASTh searches in the
assembled reference transcriptome (see section 5.2.3.2) for the two D. thujina internal
transcribed spacer 2 (ITS2) sequences available in GenBank (accessions KT875766
and KT875767), and 3) detection of D. thujina spores (Kope, 2000) using Scanning
Electron Microscopy (SEM). For the SEM, T. plicata samples were fixed, washed
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and dehydrated as were the samples processed in the histological characterization,
except that they were changed every 30 min. After the last 100% ethanol change,
the samples were critical point dried using a Leica EM CPD300 system (Leica Mi-
crosystems Inc., Richmond Hill ON, Canada). Dry samples were gold-coated in an
Edwards S150B Sputter Coater (Edwards Canada, Quebec QC, Canada), and then
studied and photographed at 900X magnification using a Hitachi S-3500N Scanning
Electron Microscope (Hitachi High-Technologies Canada Inc., Toronto ON, Canada).

In addition to the infection assessments mentioned above, variation of the resistance
to D. thujina among lines was quantified by measuring the severity of the disease. A
similar set of plants as those in section 5.2.1 were taken to the progeny trial used as
source of inoculum (mentioned in section 5.2.3), where the plants remained from late
May to mid July. The plants were watered twice a week while they were in the field,
and were later taken to a glasshouse inside the Bev Glover Growth Facility where
they remained until symptoms developed nearly nine months later. Severity referred
to the percentage of foliar area with D. thujina symptoms, and was quantified by
scanning the adaxial surface of the middlemost branch in an Epson Perfection v750
scanner (Epson Canada Ltd., Markham ON, Canada) and doing colour analysis in
WinRHIZO Pro v. 2009¢ (Regent Instruments Inc., QC, Canada). Severity data was
analyzed using Kruskal-Wallis one-way analysis of variance (ANOVA) with line as fac-

tor since neither the raw data nor the transformed data met the normality assumption.

5.2.3.1 Chemical composition analyses

Seventy-two foliar samples (3 T. plicata clonal lines x 2 infection conditions x 4
time points X 3 replicates) were sent for analysis to the Analytical Laboratory of
the Ministry of Environment and Climate Change Strategy Branch (Victoria BC,
Canada). Sixty chemical variables that included fibre, cellulose, lignin, terpenes, and
mineral nutrients were quantified (see Appendix A.21 for full list). Mineral nutri-
ents were measured at 0 and 8 dpi only, and the rest at all time points. Fibre,
cellulose and lignin were quantified with the acid detergent fibre and acid detergent
cellulose procedures used for forage fibre analysis (Goering and Van Soest, 1970).
Samples for terpene analyses were ground in liquid nitrogen using a chilled mortar

and pestle. Approximately 0.25-0.50 g of ground foliage was extracted for 48 h in
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4 mL of methanol. T. plicata terpene standards were prepared by mixing, in 100
mL of methanol, 0.05-0.50 g of the respective extractive (the amount depended on
the expected relative abundance in the samples). Terpenes were quantified using 30
m x 0.25 mm, d¢ 0.25 pm capillary GC columns in a Clarus Gas Chromatograph
(PerkinElmer Inc., Waltham MA, USA) according to the manufacturer’s guidelines.
The samples for mineral analysis (0.25 g) were digested with 4.0 mL digestion reagent
(150 pg scandium-L! prepared in 70% nitric acid) using 15 mL quartz tubes in an
Ultrawave Microwave Digestion System (Milestone Inc., Shelton CT, USA) according
to the manufacturer’s recommendations. Elements were quantified via inductively
coupled plasma optical emission spectroscopy analysis using the scandium from the

digestion reagent as an internal standard.

Data were analyzed using Principal Component Analysis (PCA) on the correlation
matrix using FactoMineR (Lé et al., 2008) in R (R Core Team, 2015). Selection of
variables of interest was done using stability selection (Meinshausen and Biithlmann,
2010). Stability selection is a variable selection methodology that detects the best
predictor of a variable of interest arbitrarily chosen by the investigator. The method
produces an organized list of variables using a decreasing score calculated for each
variable. Two categorical stability selection analyses were performed: 1) based on
categories that grouped samples according to plant lines, regardless of the infection
condition, to establish the chemical variables that differentiated the lines; and 2)
based on categories that grouped samples according to the infection condition and
sampling time points to detect the compounds that changed in response to D. thujina
infection. Variables to analyze further from each stability selection analysis were cho-
sen with change point analysis on the sorted stability selection scores. This was done
using changepoint with the AMOC method on variance (Killick and Eckley, 2014)
in R. Variables retained by changepoint were then analyzed using three-way factorial
ANOVA, with clone line, time point, infection status (CLB™ or CLB") and their inter-
actions as fixed effects (see Appendix A.24). For the variables that did not meet the
normality assumption, each factor was analyzed individually using non-parametric
Kruskal-Wallis one-way ANOVAs. Given the high variability of the magnesium and
phosphorus measurements, those were analyzed by normalizing their values in the
real infected plants (CLB™) with those in the mock infections (CLB") and then per-

forming two-sample proportion tests per pair of clonal lines at 8 dpi.
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Selected chemical variables were plotted as the relative concentrations of their values
in the real infections (CLB™) in relation to the mock infections (CLB; see e.g. Figs.
5.3a- 5.3c and Appendix A.26). For every line X time combination, the value of the
variable of interest (e.g. p-cymene) in the CLB™ condition was divided by the value
in CLB condition. Means and standard errors of the ratios by line and time point

were then calculated and the plots generated.

5.2.3.2 Gene expression analyses

Extraction of total RNA

RNA extraction was done using a modified version of the protocol in Rajakani et al.
(2013). All plastic-ware and distilled deionized water had previously been DEPC-
treated. In brief, one gram of foliage was ground in liquid nitrogen using chilled
pestle and mortar. The powdered foliage was poured into 50 mL Falcon™ centrifuge
tubes (Fisher Scientific, Ottawa ON, Canada) using liquid nitrogen, and the nitrogen
was let to evaporate in a freezer at -20°C. Once dry, the samples were mixed with
10 mL of warm 2% CTAB extraction buffer with activated charcoal (2.5 M NaCl,
50 mM EDTA pH 8.0, 200 mM Tris-Cl pH 8.0, 3% p-mercaptoethanol, 1.5% PVPP
and 0.05% activated charcoal; the last three components added just before use). The
mixture was incubated with intermittent shaking for 15 min at 65°C, cooled down to
RT, and centrifuged at 18,514 x g for 20 min at 4°C. The supernatant was transferred
to a 15 mL Falcon™ tube, mixed by inversion with an equal volume of chloroform
and centrifuged at 4°C for 20 min at 18,514 x g. The supernatant was kept, and a
second chloroform cleaning step was performed. The latest supernatant was placed
in 2 mL centrifuge tubes, and a 1/4 volume of lithium chloride (10M) was added.

The mixtures were incubated overnight at 4°C.

The next morning, the samples were centrifuged at 4°C for 30 min at 21,728 x g.
Supernatants were discarded, and the pellets suspended by pipetting in 500 nL. SSTE
(0.5% SDS, 1M NaCl, 1mM EDTA pH 8.0, 10mM Tris HCI pH 8.0) and 400 nL. phenol
(pH 8.0). One-hundred microliters of chloroform were added to the mixture before
vortexing and centrifuging at 18,407 x g for 5 min at RT. The supernatant was then
transferred to a 1.5 mL Eppendorf® tube, mixed with 300 uL of chloroform, vortexed
and centrifuged at RT for 5 min at 18,407 x g¢. The last supernatant was placed in a
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new 1.5 mL Eppendorf® tube, and 1/10 volume of 3M NaOAC and an equal volume
of chilled 100% isopropanol were added. The solution was incubated at -20°C for 25
min. After incubation, the samples were centrifuged at 16,168 x ¢ for 33 min at
4°C, the supernatants were discarded and 1 mL of chilled 75% ethanol was added to
the pellets. The samples were mixed by inversion and centrifuged at 4°C for 5 min
at 16,168 x g¢. Supernatants were discarded and the cleaned pellets let to dry. The
final pellet, total RNA, was re-suspended in DEPC-treated deionized distilled water,
quantified in a NanoDrop™ 2000 Spectrophotometer (Thermo Scientific™ Wilmington
DE, USA), and checked for integrity in a 1X MOPs, 1.0% formaldehyde-agarose gel.

mRNA enrichment, cDNA production and sequencing

The total RNA samples were processed in-house for mRNA enrichment and cDNA
library production, while sequencing was outsourced to Genome Quebec Innovation
Centre (Montreal QC, Canada) for Illumina® HiSeq 2000 100bp paired-end sequenc-
ing. mRNA enrichment was completed using protocol C of the Thermo Scientific™
MagJET mRNA Enrichment Kit (Life Technologies Inc., Burlington ON, Canada).
Library production was done with the NEB Next® Ultra™ RNA Library Prep Kit
for Mumina® v. 2.1. (New England BioLabs® Inc., Ipswich MA, USA) except for
the DNA purification and size selection (~400 bp) procedures. The Thermo Scientific
GeneJET NGS Cleanup Kit (Life Technologies Inc.) and the Thermo Scientific Mag-
JET NGS Cleanup and Size Selection Kit (Life Technologies Inc.) were used for those
steps. Samples were barcoded with the NEB Next® Multiplex Oligos for Illumina® -
Index Primers Sets 1 and 2 (New England BioLabs® Inc.). Individual libraries were
quality controlled in an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara
CA, USA) with the Agilent DNA 1000 Kit (Agilent Technologies). The final libraries
were pooled in five batches (40 ng of DNA per library), and each batch was sequenced
in a single lane. The samples were barcoded and pooled so that all treatments were
present in all sequencing lanes. Sequencing was done using an Illumina® HiSeq 2000

sequencer that produced 100 bp paired-end reads.

Bioinformatics

The pipeline shown in Appendix A.29 was used for the bioinformatics analyses. Batch

job scripts and PBS shell scripts were used to complete the analyses below on the



139

Hermes cluster (University of Victoria) of Westgrid (www.westgrid.ca).
Reference transcriptome assembling and annotation

Two FASTQ Illumina® 1.9 (Phred-33 ASCII) compressed files per sample were down-
loaded from Genome Quebec Innovation Centre to Hermes using wget. The files were
quality checked in FastQC v. 0.11.4 (Andrews, 2014) and trimmed with Trimmomatic
v. 0.36 (Bolger et al., 2014) set up as follows: Mumina® clip TruSeq v2 paired-end
2:30:10, head crop 14bp, sliding window 4:15, minimum length 36bp, convert quality
scores to Phred-33. A reference transcriptome was built on Westgrid’s cloud system
using Trinity v. 2.2.0 (Grabherr et al., 2011). The assembly’s statistics were com-
puted in PRINSEQ v. 0.20.4 (Schmieder and Edwards, 2011).

The assembly was annotated in Trinotate v. 3.0.1 (http://trinotate.github.io). Trans-
Decoder v. 2.1.0. was used to predict coding regions (http://transdecoder.github.io) ,
and protein-coding transcripts were blasted with BLAST+ v. 2.2.28 (Camacho et al.,
2009) using HPC GridRunner. The following databases were searched for annotations:
EggNOG v. 4.5 (Huerta-Cepas et al., 2016), Swiss-Prot/TrEMBL and UniRef90 re-
lease 2016 _ 03 (The UniProt Consortium, 2017), KEGG release 78.1 (Kanehisa et al.,
2017) and Gene Ontology (Ashburner et al., 2000, The Gene Ontology Consortium,
2015). HMMER v. 3.1b2 (http://hmmer.org) was used to search protein domains
in Pfam 29.0 (Finn et al., 2016). Trans-membrane domains were predicted using
TMHMM v. 2.0 (http://www.cbs.dtu.dk/services/ TMHMM/), signal peptide sites
were predicted using SignalP v. 4.0 (Petersen et al., 2011) and ribosomal RNAs were
searched with RNAmmer v. 1.2 (Lagesen et al., 2007).

Differential expression analyses

Reads were mapped to the assembly with RSEM v. 1.3.0 (Li and Dewey, 2011), and
counts normalized by calculating transcripts per million (TPMs; Li and Dewey 2011,
Li et al. 2010, Wagner et al. 2012) and the trimmed mean of M-values (TMM; Dillies
et al. 2013, Robinson and Oshlack 2010). Downstream analyses were completed using
the Trinity pipeline (Haas et al., 2013) on the transcript expression matrix. The term
“transcript” is used through this document for simplicity despite the fact that the

sequences may not necessarily correspond to real transcripts.
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edgeR (Robinson et al., 2010) was used to calculate differentially expressed (DE) tran-
scripts between pairs of samples. The transcripts with a maximum false discovery rate
of 0.001 and minimum fold-change of 4 were compiled in a final DE matrix. The DE
data were then explored using PCA (based on correlation) using FactoMineR as in
section 5.2.3.1, and were also used to produce a Pearson’s correlation heat-map of the
expression profile of all samples and a hierarchical clustering map of differentially ex-
pressed transcripts versus samples using Euclidean distance. The transcripts’ tree was
cut at 49% of its maximum height to produce clusters of differentially expressed tran-
scripts. The annotation report and DE matrix were ingested into a SQLite database
and uploaded to a local TrinotateWeb server for data exploration. TrinotateWeb was
obtained from http://trinotate.github.io/TrinotateWeb.html, and installed on Com-
pute Canada’s West Cloud (https://west.cloud.computecanada.ca).

No qPCR confirmation was performed on any of the DE sequences as it has been
shown that the DE method used (edgeR) has high sensitivity and specificity, as well
as high overall agreement with qPCR measurements when compared to other meth-
ods, such as Cuffdiff2, TSPM or DESeq2 (Rajkumar et al., 2015). Furthermore, it
has been reported that relative expression levels agree across different gene expression
platforms, including HiSeq 2000 and qPCR (SEQC/MAQC-III Consortium, 2014).

Search for transcripts of interest

Sequences of interest were found using three methodologies: 1) categorical stability
selection analysis, 2) grade of membership (GoM) analysis, and 3) dynamic topic
modelling. Stability selection was completed with the randomized lasso algorithm
(Meinshausen and Biithlmann, 2010) in Python (scikit-learn package). That anal-
ysis was completed to find predictors (transcripts) of plant infection by selecting
sequences that were differentially expressed among lines in the real- versus mock-
infections. Specifically, the categories used in the stability selection analysis were as
follows: a) all plants in the CLB™ and in the 0 dpi CLB™ conditions were grouped into
one category; and b) the remaining plants (4-8 dpi CLB™) were categorized according
to their line (i.e. three extra categories). The number of transcripts to be retained
from the analysis was decided using changepoint with the AMOC method on mean
and variance (Killick and Eckley, 2014).
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GoM is a dimension reduction technique that was used to detect transcripts that
co-occurred in each plant line regardless of their infection status or time point. GoM
was carried out using the latent Dirichlet allocation method (Blei, 2012, Blei and
Lafferty, 2009, Liu et al., 2016a) implemented in CountClust (Dey et al., 2016, 2017)
with K (number of clusters) = 25. From a Dirichlet allocation perspective, each
CountClust cluster is a topic (hereafter referred to as static topic). Each of the 25
topics corresponds to a probability distribution over the counts of the DE transcripts
(0 matrix in CountClust), and each of the 72 samples (3 T. plicata clonal lines x 2
infection conditions x 4 time points X 3 replicates) is a probability distribution over
the 25 topics (w matrix in CountClust). A hierarchical, Euclidean distance-based
heat-map of samples versus static topics was produced using the w matrix, and topics
of interest per line were chosen from that heat-map. Representative transcripts per
selected static topic were chosen by sorting in decreasing order the 6 scores of all DE
transcripts and retaining the top 10. In topic modelling, it is common practice to
interpret the topics based on 5-10 “words” (see e.g. Blei 2012, Blei and Lafferty 2009,
Dey et al. 2016, Liu et al. 2016a).

Dynamic topic modelling (Blei and Lafferty, 2006, Lee et al., 2016) was used to model
the expression over time of transcripts that co-occurred just before the infection with
D. thugina took place (0 dpi). Dynamic topic modelling was performed with K =
25 (i.e. 25 dynamic topics) using Dynamic Topic Models (https://github.com /blei-
lab/dtm). Dynamic topics of interest were chosen based on the frequency of the
top dynamic topics of the transcripts that were retained in the stability selection
analysis. The top dynamic topic of each transcript (k) selected by stability selection
was the topic with the highest 3 score at 0 dpi (i.e. the topic with the highest 3 per
transcript retained in the stability selection analysis). The representative transcripts
of the chosen dynamic topics were then determined using the decreasing {39 scores
of all DE transcripts and keeping the top 10. It is common practice to retain 5-10
“words” per dynamic topic to analyze the function of the topic (see e.g. Blei 2012,
Blei and Lafferty 2009, Dey et al. 2016, Liu et al. 2016a).



142

5.3 Results

5.3.1 Characterization of the plant material

There were no significant differences among lines in the toughness of young or old
foliage (p =0.3011 and p =0.7604, respectively), nor in the stomatal density (p =
0.9621). The thicknesses of most leaf strata were not significantly different among
lines (Appendix A.4). Lignification of the epidermal cells was not significantly dif-
ferent among lines (Appendix A.4). The only leaf anatomy variables that rendered
significant differences among lines were the spongy mesophyll thickness (p = 0.0107),
and the palisade to spongy mesophyll thickness ratio (p = 0.0147). Spongy mesophyll
was significantly thicker in lines 5398 and 5412, and the palisade to spongy mesophyll
thickness ratio was significantly higher in lines 5382 and 5412 (Table 5.1).

Table 5.1. Mean and standard errors for Thuja plicata clonal lines, of the 16 variables recorded
for the morphological and histological characterization of the plant material used in this study. The
variables relate to plant size, leaf anatomy and leaf toughness. One-way analyses of variance were
carried out for the plant size and leaf toughness variables, while a split-plot statistical model was
used for all leaf anatomy variables except stomatal density, which was analyzed using Kruskal-Wallis
analysis of variance. Similar superscripts on the means refer to homogeneous groups according to
the Tukey HSD all-pairwise comparisons test. RCD = root collar diameter.

Thuja plicata clonal line

Trait | Variable | 5382 | 5412 | 5398

RCD (mm) 450 4+ 0.16  3.50° + 0.17 328> + 0.14

Plant size Height (cm) 47.29* + 1.10 37.79> 4+ 1.59 41.21* 4+ 098
Height to RCD ratio 106.3* + 2.9 110.1* + 4.6 128.3* £ 4.3
Epidermal thickness (pm) 11.35 £ 037 1018 £+ 0.30 11.10 £ 0.35
Cuticle thickness (pm) 244 £ 0.19 1.97 + 0.14 224 + 0.13
Palisade mesophyll thickness (pm) 7w £ 9 61 + 19 37 £ 10
Spongy mesophyll thickness (pm) 368 + 24 457" £+ 28 455> £+ 43
Whole mesophyll thickness (pm) 442 + 6 518 + 12 491 + 16

Leaf anatomy  Leaf thickness (um) 482 + 17 543 + 33 527 4+ 44
Leaf width (jum) 885 £ 36 888 £+ 51 1047 + 68
Palisade to spongy mesophyll ratio 0.22° 4+ 0.03 0.13*® + 0.04 0.08* + 0.02
Whole mesophyll to leaf thickness ratio 0.92 + 0.02 0.95 + 0.02 093 £+ 0.02
Epidermal cells with lignified walls (%) 61 + 6 52 £ 8 51 £ 6
Stom. density (stomata-mm?) 124 + 12 127 £ 19 131 £ 24

Leaf tough Young foliage (kPa) 1,200.7 £ 334 1,165.2 £+ 625 1,092.7 £ 46.7

ghness .

0Old foliage (kPa) 1,9006 + 853 1,991.8 =+ 1072 1,8969 =+ 1119

Plant size variables were significantly different among lines (p < 0.0000 for height and
RCD, and p = 0.0010 for the ratio of height to RCD). Line 5382 was the tallest, and
lines 5412 and 5398 were shorter and not significantly different from each other (see

homogeneous groups in Table 5.1). Similarly, line 5382 had the greatest RCD, with
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smaller RCDs in lines 5412 and 5398. The height to RCD ratio was the highest in line
5398, and lines 5382 and 5412 had lower ratios that were not significantly different

from each other.

5.3.2 Time-course responses to infection

Didymascella thujina symptoms developed in most of the inoculated plants. Incidence
was high with no differences among lines (Table 5.2). Only samples from 4-12 dpi
in the CLB™" treatment tested positive for the presence of D. thujina spores as seen
in the SEM screening. The severity of the disease was significantly different among
plant lines (p = 0.0039; Table 5.2). Line 5382 had the highest severity (6.51%), while
lines 5398 and 5412 had similar and lower severities (1.63% and 1.57%, respectively).
Line 5382 will be referred to as susceptible through the rest of this document, and
lines 5398 and 5412 as resistant.

Table 5.2: Incidence and severity of Didymascella thujina symptoms per clonal line. Inci-
dence was assessed in the plants that were used in the time-course experiment performed in
growth chambers, and severity was measured in a set of plants that were infected in the field
(see methods for details). Both variables were evaluated at the time D. thujina symptoms
were present.

Clone line Incidence (%)*! Severity (%)2
5382 88.89 6.514
5398 77.78 1.638
5412 88.89 1577

! The test of independence of line vs. presence/absence of D. thujina symptoms was
not significant (p = 0.7457).

2 A-B: homogeneous groups based on the Kruskal-Wallis all-pairwise comparisons test
at oo = 0.05.

5.3.2.1 Chemical composition

Principal components analysis showed that samples from lines 5398 and 5412 grouped
closer to each other than to line 5382, and that CLB" samples separated from CLB"
samples in lines 5382 and 5412, but not in line 5398 (Fig. 5.1). The first three prin-
cipal components (PC) explained 47.84% of the variance. PC1 accounted for 31.80%
of the variance, PC2 for 8.95% and PC3 for 7.10%. PC1 appeared to be related
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to the responses to infection, while PC2 seemed to refer to the differences between
the more susceptible line (5382) and the resistant lines (5398 and 5412). Chemical
variables that had the highest contributions to PC 1 were terpenes (monoterpenes,
a-pinene, myrcene, a-thujene, S-pinene, R-limonene and a-thujone), while those with
the highest contributions to PC 2 were different terpenes (citronellyl acetate, cem-

brene, trans-ferruginol, cis-ferruginol, 3-carene) phosphorus, and zinc.

Principal Component 2

-10 -5 0 5 10

Principal Component 1

Figure 5.1. Principal components analysis bi-plot (correlation matrix-based) of sixty chemical
variables studied in three Thuja plicata clonal lines with dissimilar resistances to Didymascella
thujina (cedar leaf blight, CLB). The three lines were real- (CLB") and mock-infected (CLB")
under controlled conditions, and samples collected just before infection (0 days post inoculation),
and 4, 8 and 12 dpi. Samples and centroid ellipses were colour-coded as follows: line 5382 in the
CLB" treatment in black, line 5382 in the CLB" treatment in red, line 5412 in the CLB" treatment
in cyan, line 5412 in the CLB" treatment in magenta, line 5398 in the CLB" treatment in green,
and line 5398 in the CLB™ treatment in blue. The confidence level of the ellipses is 95%. Note that
lines 5398 and 5412 are closer to each other than to line 5382.

According to the change point analysis of the ranked categorical stability selection
scores, there was only one terpene (citronellyl acetate) and two minerals (calcium and

zinc) that discriminated between the susceptible line (5382) and the resistant lines
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Figure 5.2. Chemical variables that discriminated among Thuja plicata clonal lines accord-
ing to categorical stability selection. Samples were grouped per plant line regardless of the
infection condition, and then, the chemical variables were ranked using categorical stability
selection (see methods). (a) Citronellyl acetate, (b) calcium, (c) zinc. Treatments were
colour-coded as follows: 5382 CLB™ in black, 5382 CLB™ in red, 5412 CLB" in cyan, 5412
CLB™" in magenta, 5398 CLB in green and 5398 CLB™" in blue. Error bars are standard
errors.

(5398 and 5412). There were significant differences in the concentration of citronellyl
acetate among lines (p < 0.0000), with line 5382 having the highest concentration
(2,459 + 89 pg-g!), and lines 5398 and 5412 having lower concentrations (874 + 30
and 672 + 26 pg-g !, respectively; Fig. 5.2a). Calcium concentration was significantly
different among the three clonal lines (p = 0.0023, Fig. 5.2b). Line 5382 had the
lowest calcium concentration (0.79 £ 0.03 %), while lines 5398 and 5412 had similar
values (0.97 £ 0.03 % for line 5398, and 0.93 + 0.04 % for line 5412). Zinc was
significantly lower in line 5412 (20.7 £ 1.1 ppm; p < 0.0000) in relation to the other
two lines (46.4 £+ 2.4 ppm for line 5382, and 48.3 £+ 1.3 ppm for line 5398; Fig. 5.2¢).
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Figure 5.3. Temporal variation in response to Didymascella thujina of the relative con-
centrations of selected Thuja plicata terpenes in the real infections normalized against the
values in mock infections. Each variable shown was among the top predictors of the infec-
tion categories according to the stability selection analysis. Clone lines were colour-coded
as follows: 5382 in red, 5412 in magenta, and 5398 in blue. (a) Sandaracopimarinol, (b)
p-cymene, (c¢) germacrene-D-4-ol. Concentrations were higher in the real infections if the
relative concentration (CLB"/CLB") was >1, and they were higher in the mock infections
if that ratio was <1.

Five chemical variables showed temporal variation among lines in the CLB" treat-
ments as detected by change point analysis on the ranked stability selection scores.
Three of them were the terpenes sandaracopimarinol, p-cymene and germacrene-D-
4-ol. There were significant differences among lines (p = 0.0033), time points (p <
0.0000), infection status (p = 0.0057), the interaction of infection status x time (p =
0.0059), and the interaction among all factors (p = 0.0422) for sandaracopimarinol.
The levels of that compound in infected plants, relative to uninfected plants, had a

steep increase in line 5382 at 4 dpi, followed by an abrupt decline afterwards, while
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it increased steadily in lines 5398 and 5412 until 8 dpi, after which levels dropped
(Fig. 5.3a). p-Cymene levels depicted a similar response to D. thujina infection in
all lines (p = 0.1467 for the interaction line x time), peaking at 4 dpi and again at
12 dpi (Fig. 5.3b). There were differences among lines, however (p = 0.0089), with
line 5398 having significantly higher levels of this compound (161 4 10 pg-g*) than
the other two lines (139 + 5 npg-g! for line 5412, and 127 + 5 pg-g™! for line 5382).
The concentration of germacrene-D-4-ol was significantly different among time points
(p = 0.0033), and between infection statuses (p = 0.0171). Although there were not
significant differences among lines (p = 0.4107), the steep increase in the concentra-
tion of this compound in lines 5398 and 5412 after 8 dpi is notable(Fig. 5.3c).

The two other chemical variables with temporal variation among lines were phospho-
rus and magnesium. Both elements had significantly lower concentrations at 8 dpi
(p = 0.0269 and p = 0.0157, respectively). The ratio of phosphorus in infected vs.
uninfected plants (CLB" /CLB") was significantly different among lines (p < 0.000
for all pairs of proportion tests), being lowest in line 5412 (0.867; Appendix A.26).
In contrast, that ratio for magnesium was significantly higher in line 5398 (1.090,
Appendix A.26; p < 0.000 for proportion tests between line 5398 and the other two

lines).

5.3.2.2 Gene expression

The reference transcriptome consisted of 339,748 transcripts, with an overall align-
ment rate of 97.00% (overall alignment rates per sample are presented in Appendixes
A.33 and A.34). 64,889 of the transcripts resulted in annotation hits. Among the an-
notated sequences, 72.55% belonged to plants, 13.42% were annotated as fungal, and
14.03% belonged to other taxa (Appendix A.30 includes additional assembly statis-

tics).

BLASTn searches for the two ITS2 sequences of D. thujina in the assembled transcrip-
tome resulted in 12 Trinity genes for KT875766 and 13 Trinity genes for KT875767.
Hits for KT875766 had E-values between 5x1073% and 1x107'3, and identity per-
centages between 87.20% and 97.22%. E-values for the KT875767 hits ranged from
2x107% to 1x 10 with identities between 88.00% and 97.22%. For both D. thujina
ITS2 queries, TRINITY DN124702 c¢3 g4 11 was the hit with the highest identity
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Figure 5.4. Principal component analysis bi-plot (correlation matrix-based) of 9,551 dif-
ferentially expressed transcripts in three Thuja plicata clonal lines. The lines were real-
(CLB") and mock-infected (CLB") with D. thujina under controlled conditions. Samples
were collected just before infection (0 dpi), and 4, 8 and 12 dpi. The first three components
explained 65.29% of the samples’ variance (33.84%, 20.05% and 11.40% for components
1, 2 and 3, respectively). The two principal components plotted discriminated among the
clonal lines, but component 3 also differentiated between CLB™ and CLB™ conditions. The
confidence level of the ellipses is 95%. Samples and centroid ellipses were colour-coded as
follows: 5382 CLB" in black, 5382 CLB™ in red, 5412 CLB" in cyan, 5412 CLB™" in magenta,
5398 CLB in green and 5398 CLB™ in blue. Note that CLB~ and CLB" samples group
separately within each clonal line.
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value (97.22% in both cases) and low E-value (2x107% in both instances). No reads
from samples in the CLB™ treatments mapped to TRINITY DN124702_ c¢3 g4 1.

There were 9,551 sequences that were differentially expressed among all samples
(2.81% of the assembly), 56.87% of them were annotated as plant sequences, 34.09%
had no annotation hits, and 9.04% belonged to other taxa. Principal component
analysis of the DE data revealed that the T. plicata lines studied were genetically
different from each other, and that the infected samples grouped separately from the
uninfected within each line (Fig. 5.4). In spite of that, DE data from lines 5398 and
5412 were more closely correlated with each other than with line 5382 (Appendix
A.37).

Hierarchical clustering

There were 11 clusters of transcripts with a minimum 4-fold change and maximum
0.001 false discovery rate that were identified after cutting the hierarchical tree at 49%
of its height, six clusters accounting for more than 95% of the DE sequences (Fig.
5.5). The biggest cluster had 3,657 sequences and the smallest had just 6 transcripts.
1,216 sequences were at low expression levels in line 5382 but highly expressed in the
other two lines (light green cluster in Fig. 5.5). 956 sequences were at high expression
levels in line 5382 and at low levels of expression in the other two lines (cyan cluster).
571 transcripts were highly expressed in line 5398 but low in the other two lines (blue
cluster), and 388 sequences had low expression in line 5398 and high expression in
the other two lines (purple cluster). The green cluster in Fig. 5.5 refers to general
responses to D. thujina infection, and included 3,657 transcripts with high expression
levels in all lines at 0 dpi (in both CLB™ and CLB* conditions) but at low expression
levels in the CLB" treatment. The remaining clusters had more complex expression

patterns that were difficult to discern from the heat-map.
Grade of Membership Analysis

Clustering of samples and static topics using the w matrix revealed that, in general,
two topics per clonal line had higher w values than the rest (Fig. 5.6). Topics 2 and 6
had the highest w values for line 5382, topics 4 and 12 for line 5412, and topics 1 and
7 for line 5398. Table 5.3 shows the representative 10 transcripts per topic, ranked
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Figure 5.5. Heat map of 9,551 differentially expressed transcripts from three Thuja plicata clonal
lines with differing resistances to Didymascella thujina (cedar leaf blight, CLB). All lines were
real- and mock-inoculated in growth chambers, and samples collected at 0, 4, 8 and 12 days post
infection. Eleven clusters of transcripts were produced after cutting the tree at 49% of its height.
Most of the transcripts were in the following clusters: green (3,657 transcripts), light blue (2,556
transcripts), light green (1,216 transcripts), cyan (956 transcripts), blue (571 transcripts), and purple
(388 transcripts). The rest of the clusters accounted for the remaining sequences (2.17% of the total).
Expression levels shown are logs-transformed and centred TPMs calculated by the Trinity pipeline.
Labels on the tree’s clusters refer to the clonal lines used. Notice how the resistant lines (5398 and
5412) are grouped closer to each other than to the susceptible line (5382, see also section 5.3.2).
Expression values were colour-coded according to the top left bar (purple = low expression, yellow
= high expression).



151

"(mof = ordind ‘ySry = mofqeA) 1eq 3o doy oY) 09 SUIPIOOOR POPOI-INO[0D dIoM SAN[RA BIIUI() ZREG
our[ ut g pue g sordoy pue ‘g1{g oul[ ut g pur § so1do) ‘QEESG oUI[ UL sonfeAa m I_DYSIIY pry L, pue T sotdoj jer) 9o130N so1do) o) smoys
139 91} U0 901} [edIIeA A, “(ea1) dog)  AreorysjAydouour,, parsjsn[o Apnjs sy} Ul aul] [RUO[ [ora woy sejdwreg (sjdures aarjoadsal
e ut st 01doy o) juelrodwt o10wW Oy} ‘OnfeA M 9Y) IOYSIY OY)) 9OURISIP WRIPIONF M SULISISN[D [eOIYDIRISNy Sulsn deuw sAoqe o1}
9JeIoUSd 0 Jndul se pasn sem XLIjew M o], *(2sn)HIunoy) Ul Xuyeuwr m) sotdo) Gg 913 10A0 uornqLysip Aiqeqold e st sojdures g/, oyj
Jo yoeo pue ‘(gsnyHrunoy) ut xujew g) syduosuer) passordxe A[eIUSIDPIP GG 6 913 Ioao uonngysip Arjiqeqold e st so1doy Gg oY) Jo
O SOOUSIINDID0-00 I} U0 paseq sjdrrosuer) sdnoid ‘osed sy Ul ‘yey) poyjoll UOIYRIO[[R JB[YOLII(] JUa)R] 9} U0 paseq onbruyos)
UOT}ONPAI UOTSUSWIP & ST J\JOX) “SIsATeue (JNox)) dIysioquiout Jo apeId o1]) Ul pasn sotdoy o1pe)s snsioa so[dures jo dew-jes}] *9'g 2anS1q

R s s e M

s Z8Es




152

according to their decreasing 6 values.

Inspection of the top transcripts within each of the aforementioned topics (Table
5.3) revealed that the protein translation factor SUI1 homolog 1 (transcripts TRIN-
ITY DNI110415 c1 g1 il and TRINITY DN110415 c¢1 g1 i2) and the catalase-
3 (sequence TRINITY DN115787 c0 g2 il, Appendix A.39) were present in five of
the six topics that were most strongly identified with the three T. plicata lines (Table
5.3). The uncharacterized protein ORF91 (transcript TRINITY DN121192 c¢6 gl1-
0_i1), the sedoheptulose-1,7-bisphosphatase (sequences TRINITY DN76933 c0_ g-
4 il and TRINITY DN76933 c0 g5 il), and the probable mediator of RNA poly-
merase Il transcription subunit 37c¢ (transcripts TRINITY DN121468 c0 g2 il
and TRINITY DN121468 c¢0 g1 il) were also present in all lines, but had high 6
values only in one topic per line. The only ethylene-responsive transcription factor,
RAP2-4 (sequence TRINITY DN4933 c¢0 g3 i1, Appendix A.40), was present in
the susceptible line (topic 6 in line 5382). Bark storage proteins A (transcripts TRIN-
ITY DN123991 c13 g1 il, TRINITY DN123991 c13 g1 2, TRINITY DN1-
23991 c13 g2 il and TRINITY DN129016 c13 g2 il; Figs. 5.7a-5.7d) were
present only in the resistant lines, 5398 and 5412 (topics 1, 4, 7 and 12), as were
dehydrin Xero 1 (sequence TRINITY DN119739 ¢4 g1 i4 in topics 4 and 7) and
glyceraldehyde-3-phosphate dehydrogenase B (transcript TRINITY DN122568 c-
0 gl i3 in topics 1 and 12, Appendix A.41). It is worth noticing that transcripts
shared between/among clonal lines had similar expression levels in the lines involved
(e.g. sequence TRINITY DN115787 ¢0 g2 i1, Appendix A.39), while sequences
that were present only in one of the lines, had higher levels of expression in the respec-
tive line in relation to the others (e.g. transcript TRINITY DN122568 c0 gl i3,
Appendix A.41).

Stability Selection Analysis

Change point analysis on the ranked stability selection scores showed that 53 tran-
scripts were the best predictors of D. thujina infection (Table 5.4). Twenty-six of those
sequences had cellular component annotations, 16 of them being to membranes, the
extracellular region or the apoplast. Six sequences were related to defense responses
(TRINITY DN110577 c¢1 g1 i3, TRINITY DN126040 c¢5 g1 i6, TRINITY D-
N120721 c4_ g1 i1, TRINITY DN129144 c3 g2 12, TRINITY DN127515 ¢c7 g¢-
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Figure 5.7. Expression levels of transcripts of the bark storage protein A from the Thuja plicata
lines used in this investigation. Three T. plicata clonal lines (5382, 5398 and 5412) were real (+) and
mock (-) infected with Didymascella thujina (cedar leaf blight, CLB) under controlled conditions,
and foliar samples taken 0, 4, 8 and 12 days post infection (dpi). The samples were processed
for gene expression using the Illumina HiSeq 2000 paired-end technology. Only four sequences
annotated as bark storage protein A were shared among the top 10 sequences of topics 1, 4, 7 and
12 (see Table 5.3): (a) TRINITY DN123991 c¢13 g1 il, (b) TRINITY DN128991 c13 g1 12,
(¢) TRINITY DN123991 c13 g2 il, (d) TRINITY DN129016 c13 g2 il. Treatments were
colour coded as follows: 5382 CLB- in black, 5382 CLB™ in red, 5412 CLB" in cyan, 5412 CLB™
in magenta, 5398 CLB™ in green and 5398 CLB™ in blue. Notice that expression levels of the bark
storage protein A’s were lower in the susceptible line 5382 in comparison to the other two lines.
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1 44 and TRINITY DN124485 ¢8 g1 il). One WRKY transcription factor SUS-
IBA2 with higher expression levels in infected plants was detected (TRINITY DN11-
1124 ¢0 g1 1), as well as a dirigent protein 1 (TRINITY DN128247 c1_ g2 il)
that had higher levels of expression in infected plants of lines 5382 and 5412. There
were also three leucine-rich repeat receptor-like proteins (TRINITY DN129144 c-
3 g2 i2, TRINITY DN122065 c0 g1 il and TRINITY DNI127477 c1 g1 ij)

whose expression levels were similar in all lines.

Some of the sequences resulting from this analysis were at higher expression levels in
the resistant lines (5398 and 5412) regardless of their infection status. Those tran-
scripts included the cell wall-associated receptor kinase 2 (TRINITY DN126460 c-
1 g5 i4), the protein SRG1 (TRINITY DN129699 c0 g1 i3, related to organ
senescence), the senescence-associated carboxylesterase 101 (TRINITY DN12751-
5 ¢7 g1 i4), and the only two cytochromes P450 750A1 detected by stability se-
lection (TRINITY DN109363 c¢2 g1 i1, Fig. 5.8a; and TRINITY DN69100  c-
0 g2 i1, Fig. 5.8b). Infected plants of lines 5398 and 5412 had higher expression
levels of the only cysteine-rich receptor-like protein kinase detected by this analy-
sis (TRINITY DN124485 ¢8 g1 i1, Fig. 5.8c). Two of the transcripts in table
5.4 were not expressed at all in the susceptible line 5382: the EMSY-LIKE 3 se-
quence (TRINITY DN126040 c5 g1 16, related to basal defense to fungus; Fig.
5.9a), and a DMR6-like oxygenase 2 (TRINITY DN129734 ¢10 g1 2, involved in
the salicylic acid pathway; Fig. 5.9b). There was a second DMR6-like oxygenase 2
(TRINITY DN115727 ¢5 g1 il; Table 5.4), whose expression levels were lower in
line 5382 in comparison to lines 5398 and 5412 (Fig. 5.9¢).

The stability selection analysis also detected transcripts that were at higher lev-
els of expression in line 5382 in comparison to the other lines studied, like the
TMV resistance protein N (TRINITY DN131892 c1 g1 i4), and two sequences
related to nitrate transport (TRINITY DN117397 c¢1 g1 i2, Fig. 5.9d; and TRIN-
ITY DN117397 ¢3 g1 il Fig. 5.9e). Interestingly, the only pathogenesis-related
protein among the top predictors of D. thujina infection (transcript TRINITY D-
N110577 c¢1 g1 i8 in Table 5.4) was expressed exclusively in the susceptible line
5382 (Fig. 5.9f).
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Figure 5.8. Selected predictors (transcripts) of Didymascella thujina infection according to
the categorical stability selection analysis (see also Table 5.4). (a-b) Cytochrome P450 750A1
(TRINITY DN109363 c¢2 g1 il and TRINITY DN69100 c0 g2 il, respectively), (c)
cysteine-rich receptor-like protein kinase 2 (TRINITY DN124485 ¢8 g1 il). Treatments
were colour-coded as follows: 5382 CLB- in black, 5382 CLB™ in red, 5398 CLB" in green,
5398 CLB™ in blue, 5412 CLB" in cyan, 5412 CLB" in magenta. Error bars are standard
erTors.
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Figure 5.9. Selected predictors (transcripts) of Didymascella thujina infection ac-
cording to the categorical stability selection analysis (see also Table 5.4). (a)

EMSY-LIKE 3 (TRINITY DN126040 c5 g1_i6), (b-c) DMR6-like oxygenase 2 (TRIN-
ITY DN129734 ¢10 g1 i2 and TRINITY DN115727 c¢5 g1 _il, respectively), (d) pro-
tein NRT1/PTR family 2.13 (TRINITY DN117397 c1 g1 i2), (e) protein NRT1/PTR
family 3.1 (TRINITY DN117397 ¢3 g1 il), (f) pathogenesis-related protein (TRIN-
ITY DN110577 c1_g1_i3). Treatments were colour-coded as follows: 5382 CLB" in black,
5382 CLB™ in red, 5398 CLB" in green, 5398 CLB™ in blue, 5412 CLB" in cyan, 5412 CLB™
in magenta. Error bars are standard errors.
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Dynamic topic modelling

Dynamic topic modelling was used to model the expression over time of transcripts
that co-occurred just before D. thujina infection took place (0 dpi). This was done to
study groups of transcripts and track how those changed through time. The results
of the categorical stability selection analysis allowed the detection of four dynamic
topics of interest in this investigation. More than two-thirds of the transcripts in
Table 5.4 ranked first to dynamic topics 1, 4, 9 and 23, while 14 of the 25 dynamic
topics modelled were not represented at all. Table 5.5 shows the top 10 transcripts of
dynamic topics 1, 4, 9 and 23 ranked according to the By 1, B0, Bo,9 and By g3 scores,

respectively.

In general, the top 10 sequences of each topic were not present in the top 10 of
the other dynamic topics selected, except for three transcripts. Transcripts TRIN-
ITY DN11246 c0 g1 11 and TRINITY DN119739 c4 g1 144 were in dynamic
topics 4 and 9, while transcript TRINITY DN118395 c0_¢3 il was in topics 4 and
23. None of the sequences from dynamic topic 1 were present in the other three topics
of interest. In relation to the annotations, “dehydrin Xero 1”7 was present in dynamic
topics 4 and 9, while the “pectin acetylesterase 8” and the “ubiquitin-conjugating en-
zyme E2 35” were in present in dynamic topics 1 and 9. None of the annotations of the

top 10 sequences from topic 23 were present in the top 10 sequences of the other topics.

Sequences in dynamic topic 1 were at higher expression levels in line 5382 than in
the other two T. plicata lines used in this study, regardless of their infection sta-
tus. One of the top 10 sequences in this topic was involved in defense response
(TRINITY DN109531 c0 g1 il, a MLP-like protein 423), and one was related to
cell wall organization (TRINITY DN126209 c0 g1 i2, a pectin acetylesterase 8).
Interestingly, the only ethylene pathway-related sequence found in this study was
part of this dynamic topic (TRINITY DN4933 c0 g3 il, the ethylene-responsive
transcription factor RAP2-4; see also GoM section), and had expression levels that
were slightly higher after infection (Fig. 5.10a). Four of the transcripts modelled in
this topic showed interesting responses at 4-12 dpi (Fig. 5.10a): transcript TRIN-
ITY DN110415 c¢1 g1 2 (aprotein translation factor SUI1 homolog 1) had a steep
and continuous decrease until 12 dpi, sequence TRINITY DN/6638 c0 g3 il (a

beta-amylase 1) had a slight decrease at 4 dpi and then an increase to 0 dpi levels’
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Figure 5.10. Representative dynamic topics (1 and 4) of this experiment. The topics
were chosen based on the annotations of the sequences detected by the categorical stability
selection analysis (see last column of Table 5.4). Count data of the differentially expressed
transcripts were modelled into 25 dynamic topics (k = 25) using the Dynamic Topic Mod-
els software (https://github.com/blei-lab/dtm ; see also methods). The graphs show the
inferred posterior expression distribution per transcript per time point (8%) of the top 10
transcripts of topics 1 and 4. (a) Dynamic topic 1, (b) dynamic topic 4. x = dpi = days
post infection.
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Figure 5.11. Representative dynamic topics (9 and 23) of this experiment. The topics
were chosen based on the annotations of the sequences detected by the categorical stability
selection analysis (see last column of Table 5.4). Count data of the differentially expressed
transcripts were modelled into 25 dynamic topics (k = 25) using the Dynamic Topic Mod-
els software (https://github.com/blei-lab/dtm ; see also methods). The graphs show the
inferred posterior expression distribution per transcript per time point (8%) of the top 10
transcripts of topics 9 and 23. (a) dynamic topic 9, (b) dynamic topic 23. z = dpi = days
post infection.
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at 8 dpi, and transcripts TRINITY DN32788 ¢0_ g2 il (a vacuolar-processing en-
zyme) and TRINITY DN69800 c0 g1 il (an aspartic proteinase nepenthesin-2)

showed decreased expression levels at 8 dpi.

Dynamic topic 4 referred to transcripts that were expressed at slightly higher levels
in lines 5398 and 5412 in relation to line 5382, especially in the CLB™ treatments.
Two of the top 10 sequences in this topic were involved in response to stress (TRIN-
ITY DN119739 ¢4 g1 4 and TRINITY DN119739 ¢4 g1 42, both dehydrins
Xero 1), two were related to defense response (TRINITY DN12/485 ¢8 g1 il, a
cysteine-rich receptor-like protein kinase 2; and TRINITY DN117849 c0 g1 il a
pathogenesis-related protein 1C), and one was part of the phospholipid biosynthetic
process (TRINITY DN109557 c¢0 g1 i1, an inositol-3-phosphate synthase). Two
of the sequences modelled in this group depicted increased levels after infection at 4
dpi and then decreased at 8-12 dpi (TRINITY DN118395 ¢0_g¢3_il, no annotation
hits; and TRINITY DN162113 c1 g1 11, a metallothionein-like protein type 3,
Fig. 5.10b). Three other transcripts showed downregulation after infection as early as
4 dpi, and continued decreasing up to 12 dpi (TRINITY DN109557 c0 g1 il, the
inositol-3-phosphate synthase mentioned earlier; TRINITY DN119739 c4 gl i4,
one of the dehydrins Xero 1 in this topic; and TRINITY DN184582 c0 gl i1, a
non-specific lipid-transfer protein 5). Transcript TRINITY DN115790 c0 g1 i3
(a polyamine oxidase) also had lower expression levels after 4 dpi, but not as low as

the previous sequences (Fig. 5.10Db).

Dynamic topic 9 included sequences that were at higher levels of expression in lines
5398 and 5412 in comparison to line 5382 regardless of the infection status. Two of
the transcripts in this topic were related to cell wall organization (TRINITY DN12-
6209 c0 g1 1 and TRINITY DN126209 c0 g1 13, both pectin acetylesterases
8), one of them being fully repressed in line 5382 (TRINITY DN126209 c0 g1 i3).
One of the sequences in this dynamic topic was related to response to stress (TRIN-
ITY DN119739 ¢4 g1 i4, a dehydrin Xero 1). Most transcripts modelled in this
topic depicted steady expression levels over time, except for sequence TRINITY DN-
122568 0 g1 i3 (glyceraldehyde-3-phosphate dehydrogenase B) and for transcript
TRINITY DN11246 c0 g1 il (with no annotation hits). The former showed an
abrupt decrease of expression at 4-8 dpi followed by a slightly increase at 12 dpi,

while the later depicted a steady increase of expression levels that peaked at 8 dpi
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and decreased at 12 dpi (Fig. 5.11a).

Dynamic topic 23 was related to transcripts that were at higher levels of expres-
sion in CLB™ treatments in relation to CLB", especially in lines 5398 and 5412.
Three of the sequences in this group were involved in defense response (TRIN-
ITY DN91213 c0 g1 i1, a glucan endo-1,3-beta-glucosidase 11; TRINITY DNI1-
31357 cb6 g5 15, a major allergen Pru ar 1; and TRINITY DN124236 c0 gl 1il,
a peroxidase 21), and two were part of the cell wall (TRINITY DN81563 c0 g1 i,
a probable xyloglucan endotransglucosylase/hydrolase protein 6; and TRINITY D-
N141384 c0 g1 il, a beta-D-xylosidase 4); the last one being part of the systemic
acquired resistance response. All sequences modelled in this topic showed decreasing
expression levels after 4 dpi, except for transcript TRINITY DN131357 c6 g5 5
(the major allergen Pru ar 1 aforementioned) which depicted a steady increase in
expression until 8 dpi before dropping at 12 dpi (Fig. 5.11b). Interesting as well, was
transcript TRINITY DN115787 c0 g2 i1 (catalase-3) whose levels of expression
were the highest of the topic until 4 dpi, after which the expression decreased (Fig.
5.11b).

5.4 Discussion

This investigation examined the constitutive morphological, anatomical, chemical and
gene expression differences among three T. plicata clonal lines with dissimilar resis-
tances to D. thujina, as well as their induced chemical and gene expression responses
when exposed to the pathogen. Differences at both the constitutive and induced lev-
els were seen between resistant and susceptible clones, aspects which are discussed

below.

5.4.1 Constitutive differences among the three T. plicata lines
studied

5.4.1.1 Phenotypic differences

Phenotypic differences existed between resistant and susceptible T. plicata clonal
lines at the morphological level. Resistant lines 5412 and 5398 were shorter and

had smaller RCDs than susceptible line 5382. Differences in size may be related to
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resource allocation in that resistant plants may spend more resources in secondary
metabolism /defense in relation to the susceptible line. Pathogens are an evolutionary
force with an associated fitness cost on their hosts, such that plants susceptible to
pathogens have reduced fitness but plants with constitutive resistance mechanisms
also have fitness disadvantages when the pathogen is absent (Brown and Rant, 2013,
Bruns, 2016, Susi and Laine, 2015). The resistant lines investigated here are likely
the product of co-evolution between T. plicata and D. thujina (Russell et al., 2007),
and therefore they may allocate more resources to defense mechanisms than growth.
Resistant T. plicata lines also had thicker spongy mesophylls and lower palisade to
spongy mesophyll thickness ratios than the susceptible line 5382. Thinner palisade
mesophyll is associated with shade leaves (Boardman 1977; Jackson 1967; Taiz et al.
2015, p. 250), which captures less light and assimilate less CO, than sun leaves (Board-
man 1977; Taiz et al. 2015, p. 250). The shade-like leaf anatomy of the resistant trees

may be a sign of reduced energy expenditure in light capture.

Besides the differences in growth and leaf anatomy that existed between the resis-
tant and susceptible lines, the chemical and gene expression data also indicate that
resistant lines 5398 and 5412 have more constitutive defenses in place than suscep-
tible line 5382. The concentration of citronellyl acetate was on average three times
higher in the susceptible line in comparison to the resistant lines. The terpene cit-
ronellyl acetate has been shown to have antimicrobial properties against some fungi
(Microsporum gypseum and Candida albicans) and bacteria (Streptococcus mutans,
Staphylococcus aureus and Staphylococcus epidermidis; Singh et al. 2012), but its ef-
fectiveness against D. thujina is unknown. It is plausible that citronellyl acetate has
a wide-spectrum defense function in the susceptible line 5382, but it is unknown if

this compound is an antimicrobial agent against D. thujina.

Differences between resistance classes also existed in foliar calcium concentration as
revealed by the stability selection analysis. The element was at significantly higher
concentration in lines 5398 and 5412 in comparison to susceptible line 5382. Calcium
is an important element of the pectin component of the cell wall (Cosgrove 2005; Heldt
2005, p. 5; Heldt and Piechulla 2010, p. 5), but is also a secondary messenger involved
in many cellular processes, including growth and development (Heldt 2005, p. 458;
Heldt and Piechulla 2010, p. 454) temperature stress, light stress, hormones, me-

chanical stimulation (Batisti¢ and Kudla, 2012), osmotic stress (Batisti¢ and Kudla,
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2012, Silva, 2012) and boron deficiency (Gonzalez-Fontes et al., 2014). Calcium has
also been shown to be involved in defense responses (Agrios 2005, p. 214; Batisti¢ and
Kudla 2012; La Mantia et al. 2018; Sharma 2006, p. 5.6; Scheel and Nuernberger 2004;
Vidhyasekaran 2008, p. 79), and to reduce the severity of plant diseases caused by
Fusarium ozxysporum, Sclerotium sp., Rhizoctonia and Botrytis (Agrios 2005, p. 259).
At the gene expression level, disruption of calcium signalling in response to D. thu-
Jina infection was also seen in the experiments of Chapters 4 and 6. Higher levels of
calcium in resistant lines 5398 and 5414 could be the result of adaptation to pathogen
defense for those lines to respond more quickly to pathogen attacks than susceptible
trees. A more extensive screening of 7. plicata populations resistant and susceptible
to D. thujina will reveal if higher calcium concentration or faster calcium signalling

confers resistance advantages in the resistant populations.

5.4.1.2 Gene expression differences

Genotypic differences between the resistant and susceptible lines investigated were
also present. The most interesting difference was the higher expression of bark stor-
age proteins A (BSPs) in the resistant lines 5398 and 5412, as detected by the GoM
analysis. Those BSPs had the gene ontology annotation “nucleoside metabolic pro-
cess”, and are expected to have phosphorylase superfamily protein domains according
to the HMMER domain searches. BSPs, in general, are known to accumulate in
xylem rays and bark parenchyma during the fall and to decrease during the spring
(Langheinrich and Tischner, 1991, Sauter and van Cleve, 1991, Wetzel et al., 1989).
It is also known that their accumulation is regulated by photoperiod and mediated by
phytochromes (Coleman et al., 1991, Zhu and Coleman, 2001). BSPs are related to
the Vegetative Storage Proteins (VSPs; Pettengill et al. 2013), and have sequence sim-
ilarity to purine nucleoside phosphorylases, which play roles in nucleoside metabolism
(Pettengill et al., 2013). BSPs are believed to be involved in nitrogen storage in plants
(Smith and Atkins, 2002, Werner and Witte, 2011). Both BSPs and VSPs accumu-
late in response to drought, high nitrogen, wounding (Coleman et al., 1994, Lawrence
et al., 2001, Liu et al., 2005, Plomion et al., 2006), and herbivory (Liu et al., 2005,
Major and Constabel, 2006); VSPs also increase after pathogen attacks (e.g. gene
At4924340 in Mulema and Denby 2012). Some VSPs have been reported to be jas-
monic acid (JA)-responsive elements involved in pathogen defense (Liu et al., 2005,
Stein et al., 2008).
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A fascinating aspect of the BSPs found in this experiment is that those transcripts
were present in the T. plicata resistant lines at a time when they were not expected
(summer of 2015); this is because BSP levels were anticipated to decrease during the
spring (Langheinrich and Tischner, 1991, Sauter and van Cleve, 1991, Wetzel et al.,
1989). Although the study was carried out in growth chambers and the plant mate-
rial had been acclimated for two weeks before the experiment started, the artificial
temperature and humidity were close to those in the field that summer (Appendixes
A.14 and A.16, respectively). In spite of that, the findings of the current experiment
match the family and function of other reported BSPs, but it is unknown whether
the BSPs documented here have any specific role in the defense against D. thujina
in T. plicata. To date, there is only one bark protein-like nucleotide sequence from
Thuja occidentalis in the GenBank (AY795849). The sequence was used to standard-
ize a fast expression system for secreted recombinant proteins given its thaumatin-like
protein ToH1 signal peptide (Baur et al., 2005), but has never been investigated in
regards to defense responses or nitrogen reserve-related functions in 7. plicata. Future
work should investigate if there is a relationship between BSPs and defense to D. thu-

gina in T. plicata, and if so, the mechanism of action in such a compatible interaction.

Other transcripts highly expressed in the resistant lines according to the GoM analysis
were the glyceraldehyde-3-phosphate dehydrogenase B (GAPDH) and the dehydrin
Xero 1, the latter being captured also by the dynamic topic modelling analysis. The
GAPDH found in this investigation is chloroplastic and participates in photosynthesis
(UniProt accession P12859, The UniProt Consortium 2015, 2017; Heldt 2005, p. 188;
Heldt and Piechulla 2010, p. 186). However, GAPDHs can be also involved in plant
defense, not just photosynthesis. Some cytosolic GAPDHs have been shown to play
roles in the regulation of reactive oxygen species (ROS) and plant defense against
pathogens in other pathosystems (Henry et al., 2015). Interestingly, a transcript with
the exact same annotation was found in one of the dynamic topics of the experiment
presented in Chapter 4. In relation to the aforementioned dehydrin Xero 1, dehy-
drins (DHNSs), also known as group II of the Late Embryogenesis Abundant proteins,
(LEA; Allagulova et al. 2003; Hanin et al. 2011; Rorat 2006), are thermostable pro-
teins (Allagulova et al., 2003) that accumulate in response to abiotic stresses that
cause cellular dehydration (Allagulova et al., 2003, Kosova et al., 2010, Rorat, 2006).
Although DHNSs respond mostly to abiotic stressors, they have also been reported to
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accumulate in response to herbivory, probably due to the dehydration effect caused
by the physical disruption during pest attacks (Kosova et al., 2010). DHNs have
also been shown to play roles in plant defense responses to pathogens, including the
activation of pathogenesis-related proteins (Brini et al., 2011). LEA proteins were
also present in the GoM analysis performed in the experiment presented in Chapter
3. It is possible that both chloroplastic GAPDHs and dehydrin Xero 1 are part of
the constitutive defense mechanisms against D. thujina in T. plicata. Furthermore,
T. plicata DHNs may be involved in the upregulation of several of the pathogenesis-

related protein families found in this investigation (see below).

Besides the findings of the GoM analysis, the stability selection also captured a tran-
script of interest that depicted constitutive expression differences between resistant
and susceptible lines, an EMSY-like 3 sequence. That sequence was expressed in the
resistant lines and fully repressed in the susceptible line 5382. EMSY-like genes have
been shown to contribute to resistance against the biotrophic oomycete Hyaloper-
onospora arabidopsidis in Arabidopsis via resistance gene RPP7 (Tsuchiya and Eul-
gem, 2011); a very interesting finding considering the biotrophic nature of D. thujina
(Durand 1913; Sgegaard 1956; Spegaard 1969, p. 294). A search for RPP7 tran-
scripts in the assembly built here resulted in no hits in the enriched mRNA of this
experiment. This suggests that instead of enhanced resistance via RPP7, the EMSY-
like 3 protein found here may be playing a defense role using a different mechanism.
Tsuchiya and Eulgem (2011)’s work showed that, besides the RPP7, some of the
EMSY-like genes studied appeared to confer basal disease defense via chromatin re-
modelling /methylation (see also Berr et al. 2012 and Bobadilla and Berr 2016). It is
plausible that the same mechanism may be present in the resistant 7. plicata lines

investigated here.

5.4.2 Induced responses to D. thujina infection in the T. pli-

cata clonal lines
5.4.2.1 Chemical responses

Categorical stability selection analysis of the chemical data showed that all lines had
a prompt response to D. thujina infection given the differences over time in the con-
centration of several terpenes in the real infections. The concentration of p-cymene

increased at 4 dpi in the infected plants of all lines in relation to the controls. p-
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cymene is a volatile monoterpene with weak antimicrobial properties (Bagamboula
et al., 2004, Kordali et al., 2008), which has been shown to be involved in plant
signalling (Fujita et al., 2016, Kessler et al., 2006). Increased amounts of p-cymene
have been reported in response to wounding (Kessler et al., 2006), herbivory (De-
genhardt and Lincoln, 2006) and fungal attack (Das et al., 2012). It is thought that
p-cymene plays a role in plant-to-plant signalling by priming the defense of plants
in close proximity (Kessler et al., 2006). In Cupressaceae, p-cymene appears to be
an inducer of the production of tropolones like S-thujaplicin and of volatile terpenes
like sabinene (Fujita et al., 2016), the former being a powerful phytoalexin (Chedgy
et al., 2007b, Fujita et al., 2016, Lim et al., 2007). Future studies should investigate
whether p-cymene has antimicrobial properties or a plant-to-plant priming function

in this pathosystem.

Germacrene-D-4-0l was the other terpene that displayed differences over time in the
infected plants. Germacrene-D-4-ol is a sesquiterpene volatile (Yoshikuni et al., 2006)
with antimicrobial properties (éarac et al., 2014) that accumulates in response to
herbivory (Arimura et al., 2004, Markovic et al., 2016) and touch (Markovic et al.,
2016). The compound has been shown to deter Myzus persicae and Macrosiphum
euphorbiae in Solanum tuberosum (Markovic et al., 2016), and is the major compo-
nent of antimicrobial terpenes from Pinus nigra var. banatica (Sarac et al., 2014).
Germacrene-D-4-0l may be playing a direct defense role against D. thujina along with
sandaracopimarinol, especially in the resistant lines 5398 and 5412 where the two
compounds peaked by 8 dpi. Sandaracopimarinol is a diterpene (Cheng and Chang,
2014, Ishikawa et al., 2005) with antibacterial properties against Gram-positive bac-
teria in Cryptomeria japonica (Cheng and Chang, 2014, Matsushita et al., 2006).
The relationship between the two compounds is unclear, however, it is possible that
they are part of a combination of substances that are induced in response to D. thu-
Jina infection, given that is common for plants to induce more than one family of
defensive compounds in response to pathogen and herbivore attacks (Bednarek and
Osbourn, 2009, Fiirstenberg-Héagg et al., 2013, Liu et al., 2017, Mason and Singer,
2015, Richards et al., 2016, Sudha and Ravishankar, 2002, Wittstock and Gershenzon,
2002).
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5.4.2.2 Gene expression responses

From a gene expression perspective, general responses to pathogen infection were
seen in all lines. Many of the sequences captured by the categorical stability selection
analysis depicted the extracellular nature of the initial colonization process. Almost
one-third of the sequences from stability selection had cellular compartment annota-
tions to the apoplast, the extracellular region or cell membranes, highlighting that
the first contact of this plant-pathogen interaction takes place on the surface of the
leaf and/or the outside of the cells. Unlike bacterial and viral pathogens that enter
their hosts via natural openings or wounds (Agrios 2005, p. 87; Sharma 2006, p. 4.5),
biotrophic fungi enter their host by direct penetration (Agrios 2005, p. 88, Sharma
2006, p. 4.6). D. thujina must perform direct penetration (Sgegaard 1969, p. 299)
before gaining access to the mesophyll, to colonize it with intercellular mycelium
(Pawsey, 1960). The cell compartment annotations of the infection predictors (tran-
scripts) detected by stability selection support the intercellular type of colonization
carried out by D. thujina. A similar annotation pattern regarding the initial infection
process was seen in the gene expression results of the experiment to be presented in

Chapter 6.

The stability selection analysis also showed that all plant lines induced defense-like
responses to D. thujina infection. The analysis captured several defense-related tran-
scripts that changed over time, including six transcripts with defense response annota-
tions, a WRKY transcription factor, a dirigent protein, and three leucine-rich repeat
(LRR) receptor-like proteins. Among the transcripts with defense response annota-
tions, there was a pathogenesis-related protein (pollen allergen Jun a 3), a cysteine-
rich receptor-like protein kinase (CRK) and a LRR receptor-like serine/threonine-
protein kinase. Although the WRKY transcription factor (TF) found here (SUSIBA2)
plays roles in sugar signalling (Sun et al., 2005) and starch synthesis (Sun et al., 2003),
WRKY TFs are also involved in plant defense (Pandey and Somssich, 2009, Phukan
et al., 2016). Dirigent proteins (DIR) are involved in monolignol coupling leading to
lignin formation (Davin and Lewis, 2000, Gang et al., 1999, Hosmani et al., 2013),
but have also been shown to play roles in plant defense (Li et al., 2017, Ralph et al.,
2006a). Interestingly, another dirigent protein was also found at high expression lev-
els in the resistant lines in Chapter 6. It is possible that both WRKY and DIR are

involved in T. plicata defense against D. thujina.
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The pathogenesis-related (PR) protein mentioned before (pollen allergen Jun a 3) very
likely plays a role in plant defense. PR proteins are defined as proteins that are “coded
for by the host plant but induced only in pathological or related situations” (Antoniw
et al., 1980, Jayaraj et al., 2004, van Loon, 1999, van Loon and van Strien, 1999, van
Loon et al., 1994) and were originally seen to accumulate in hypersensitive responses
to tobacco mosaic virus infections in tobacco plants (van Loon, 1999). The pollen
allergen Jun a 3 (UniProt accession P81295; The UniProt Consortium 2015, 2017)
belongs to the PR-5 family (Midoro-Horiuti et al., 2001). PR-5s are thaumatin-like
proteins (Jayaraj et al., 2004, van Loon and van Strien, 1999, van Loon et al., 1994)
with membrane-permeabilizing properties specific to fungal pathogens (Velazhahan
et al., 1999). The properties of PR-5s suggest that pollen allergen Jun a 3 is a po-

tential defense mechanism against D. thujina in T. plicata.

LRR receptor-like proteins and CRKs belong to the receptor-like protein kinase
(RLK) superfamily (Afzal et al. 2008; Ederli et al. 2011; Goff and Ramonell 2007;
Morris and Walker 2003; Tichtinsky et al. 2003; Vidhyasekaran 2008, p. 78; Yeh et al.
2015) and, as mentioned before, were found to be induced in T plicata in response to
infection with D. thujina. RLKs have extracellular, trans-membrane and intracellular
domains, the latter domain being involved in signal transduction (Morris and Walker
2003; Tichtinsky et al. 2003; Vidhyasekaran 2008, p. 78). LRRs are involved in de-
fense responses against pathogens (Afzal et al. 2008; Goff and Ramonell 2007; Morris
and Walker 2003; Tichtinsky et al. 2003; Vidhyasekaran 2008, p. 78), and CRKs have
been shown to be induced by both pathogens and salicylic acid and may trigger pro-
grammed cell death (Ederli et al., 2011, Zhang et al., 2013). CRKs are characterized
by the presence of repeats of the DUF26 motif (C-X8-C-X2-C) in the extracellular
domain (Ederli et al., 2011, Yeh et al., 2015). Interestingly, CRKs were also highly
expressed in the resistant 7. plicata family studied in Chapter 3, and LRRs were at
high levels of expression in the resistant seedlings of Chapters 3 and 4. It is plausible

that both RLKSs play roles in 7. plicata defense against D. thujina.

The gene expression analyses showed that differential responses to infection existed
between resistance classes. Dynamic topic modelling revealed that three sequences,
related to defense, had higher levels of expression in the infected resistant lines: glu-

can endo-1,3-beta-glucosidase 11, major allergen Pru ar 1 and peroxidase 21. Glu-
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can endo-1,3-f-glucosidases (EC 3.2.1.39, Kanehisa et al. 2017; Beffa et al. 1993,
Leubner-Metzger and Meins Jr. 1999) cleave 1,3-5-D-glycosidic linkages of -glucans
(UniProt accession Q8L868, The UniProt Consortium 2015, 2017; Leubner-Metzger
and Meins Jr. 1999), which are important components of fungal cell walls (Fesel and
Zuccaro, 2016, Free, 2013, Geoghegan et al., 2017). They belong to the PR-2 family
(Jayaraj et al., 2004, Leubner-Metzger and Meins Jr., 1999) and are usually upreg-
ulated in response to pathogens (Beffa et al., 1993, Leubner-Metzger and Meins Jr.,
1999). Glucan endo-1,3-3-glucosidases have been shown to have antifungal activity
in vitro in Pisum sativum L. cv “Dot” (Mauch et al., 1988) and tobacco (Leubner-
Metzger and Meins Jr., 1999), and appear to defend the host in two ways: directly
by degrading fungal cell walls, and indirectly by releasing elicitors produced by the
digested cell walls that then trigger defense responses (Jayaraj et al., 2004, Leubner-
Metzger and Meins Jr., 1999). Induction of glucan endo-1,3-5-glucosidases was also
seen in the experiments of Chapters 4 and 6, being a predictor of aluminum concen-

trations in Chapter 4 and one of the top 10 transcripts of dynamic topic 2 in Chapter 6.

The major allergen Pru ar 1 is another pathogenesis-related protein (UniProt acces-
sion O50001; The UniProt Consortium 2015, 2017). Although little information exists
regarding Pru ar 1’s, a soy homolog upregulated in response to pathogen infection
(Phytophthora sojae) has been shown to be a PR-10 protein with RNAse activity
(Fan et al., 2015). PR-10 proteins are structurally related to ribonucleases (van Loon
and van Strien, 1999) and include the ribosome-inactivating proteins (RIPs; Jensen
et al. 1999). RIPs cleave a highly conserved 28S r RNA sequence in a specific adenine
residue that results in blocked translation (Jensen et al., 1999). Pru ar 1 may then
play a role against D. thujina in western redcedar. The third transcript of interest
mentioned, peroxidase 21, is a classical class III peroxidase (EC 1.11.1.7, UniProt
accession Q42580, The UniProt Consortium 2015, 2017; Kanehisa et al. 2017), which
includes plant peroxidases that are mostly extracellular (Chittoor et al., 1999, Ghosh,
2006). Peroxidase 21 has been shown to be induced during systemic acquired resis-
tance (Maleck et al., 2000) as well as in response to wounding in Arabidopsis (Cheong
et al., 2002). The specific role of peroxidases in pathogen defense is still unclear, but
it has been proposed that they defend their host via cell wall reinforcement (Chittoor
et al., 1999, Jayaraj et al., 2004, van Loon and van Strien, 1999). Tobacco “lignin-
forming peroxidases” have that function and, interestingly, belong to another family

of pathogenesis-related proteins: PR-9 (Jayaraj et al., 2004, van Loon, 1999, van Loon
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and van Strien, 1999). Peroxidases have also been shown to inhibit hyphal growth
of Trichosporium vesiculosum, Macrophomina phaseolina and Fusarium moniliforme
in Acorus calamus without the presence of HyO, (Ghosh, 2006), which suggests that
peroxidases may have other roles besides plant cell wall remodelling. The specific
mechanism of action of peroxidase 21 in the T. plicata - D. thujina pathosystem is

unknown, but it may play a role in host defense.

The combination of more than one family of PR proteins being upregulated in re-
sponse to D. thujina infection in T. plicata (PR-2, PR-5, PR-10 and a probable PR-9)
may be a key resistance mechanism against the disease. Synergistic interactions be-
tween PR proteins to defend their hosts have been shown in other pathosystems
(Jayaraj et al., 2004, Jensen et al., 1999), like barley - Trichoderma reesei and barley
- Fusarium sporotrichioides (Jensen et al., 1999). In both cases, the combination of
RIPs, chitinases and 1,3-3-glucosidases showed increased synergistic inhibition of the
pathogen in vitro (Jensen et al., 1999). The interactions among and the potential
synergistic defense effects of the families of PR proteins found here may be a differ-
ence between T. plicata plants resistant and susceptible to D. thujina, and should be

investigated in future studies on this pathosystem.

Dynamic topic modelling also showed higher levels of expression of two sequences
involved in cell wall processes in the infected resistant plants: a probable xyloglucan
endotransglucosylase /hydrolase protein 6, and a beta-D-xylosidase 4. Xyloglucan
endotransglucosylase/hydrolases (XTHs) are involved in cell wall modification of ac-
tively growing plant regions and in places where cell wall remodelling is taking place
(Cho et al., 2006, Cosgrove, 2005, Hara et al., 2014, Liu et al., 2007, Miedes and
Lorences, 2007). XTHs cleave 5-1,4 bonds of the xyloglucan backbone and trans-
fer the xyloglucanyl end to an acceptor xyloglucan chain (UniProt accession Q8LF99;
The UniProt Consortium 2015, 2017; Cosgrove 2005; Liu et al. 2007). They have been
shown to be involved in drought/salt tolerance (Cho et al., 2006), ripening (Saladié
et al., 2006), primary root growth (Liu et al., 2007), and plant defense (Divol et al.,
2007, Miedes and Lorences, 2007, Olsen et al., 2016, Sharmin et al., 2012). XTHs ac-
cumulate in response to infection by Macrophomina phaseolina in jute (Sharmin et al.,
2012), in response to aphid infestation in Apium graveolens (Divol et al., 2007), and
also play important roles in the infection process carried out by some parasitic plants
(Olsen et al., 2016). The 8-D-xylosidase (BXL) found here (EC 3.2.1.37, UniProt ac-
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cession QIFLG1, The UniProt Consortium 2015, 2017; Kanehisa et al. 2017; Placzek
et al. 2017; Scheer et al. 2011) is also a hydrolase, specifically a glycoside hydrolase
(Minic, 2008). BXLs are known to be involved in both symbiotic (Balestrini and
Bonfante, 2014a,b) and pathogenic (Blanco-Ulate et al., 2014a,b, Herrmann et al.,
1997, Sharma et al., 2011) plant-fungi interactions even though there is not much
information on their role on in plant defense. BXLs are known to make cell wall
modifications by digesting -1,4 bonds of xylan (Hatano and Hamada, 2008, Kane-
hisa et al., 2017, Placzek et al., 2017, Scheer et al., 2011), which is a key hemicellulose
component of plant cell walls (Hatano and Hamada 2008; Heldt 2005, p. 4; Heldt and
Piechulla 2010, p. 4). The specific roles of XTHs and BXLs in the compatible T.
plicata - D. thujina interaction are unknown, but they may be indirectly involved in

pathogen defense by remodelling the host’s cell walls during infection.

5.4.3 Conclusions

The results of this investigation showed the existence of constitutive differences, at
both the phenotypic and gene expression levels, among 7. plicata clones with dissim-
ilar resistances to D. thujina. T. plicata plants resistant to D. thujina were signifi-
cantly smaller than the susceptible line and had shade-like leaf anatomy. Resistant
lines had also higher concentrations of calcium, as well as increased expression levels
of several BSPs, a DHN, a EMSY-like 3 and a GAPDH in comparison with the sus-
ceptible line. It appears that the resistant lines allocate more resources to secondary
metabolism/defense than susceptible lines. Further investigations should establish

the role of BSPs in T. plicata resistance to D. thujina.

In spite of the constitutive differences between resistance classes, all lines showed
induced responses to D. thujina infection, including the accumulation of p-cymene,
and the upregulation of a WRKY transcription factor, a dirigent protein, a PR-5 and
several LRRs and CRKs. In addition to those responses, plants resistant to D. thujina
also showed the accumulation of germacrene-D-4-ol and sandaracopimarinol as well
as induction of a XTH, a BXL and several PRs (PR-2, PR-10 and a peroxidase).
PRs may act in a synergistic way to defend the host and be one of the key defense

mechanisms that is absent in the susceptible line.
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Chapter 6

Constitutive and induced defense
mechanisms against Didymascella
thujina in Thuja standishii, Thuja
plicata and a Thuja standishit X
plicata hytbrid

6.1 Introduction

Plants are in constant contact with different types of bacteria, fungi, viruses, ne-
matodes and other plants, some interactions being pathogenic. Most pathogens are
innocuous to most plants simply because they are not their hosts, a phenomenon
known as nonhost resistance (Agrios 2005, p. 134; Sharma 2006, p. 3.4; Westerink
et al. 2004). When a plant species is the host of a pathogen, apparent and true
resistance can take place. Apparent resistance refers to two phenomena in plants
susceptible to a pathogen: disease escape and tolerance (Agrios 2005, p. 137; Sharma
2006, p. 3.7). Susceptible plants “escape” susceptibility when the pathogen load or
environmental conditions are not optimal for pathogen infection and establishment.
Tolerance is evident when susceptible infected plants can still function normally in
the presence of the pathogen and show few symptoms of the disease. True resistance
takes place when the host is genetically equipped with defense mechanisms against the

disease, which can be either constitutive or induced in the presence of the pathogen
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(Agrios 2005, p. 136; Holliday 1989, p. 274; Sharma 2006, p. 3.5; Westerink et al.
2004).

True resistance to plant pathogens has always been at the core of plant breeding for
disease resistance (Agrios 2005, p. 136; Holliday 1989, p. 274; Sharma 2006, p. 3.8;
Westerink et al. 2004; White et al. 2007). It can be quantitative or qualitative; the
former is polygenic in nature and does not confer full resistance against a pathogen,
while the latter is either monogenic or oligogenic and usually results in full resistance
to the disease (Agrios 2005, p. 136; Sharma 2006, p. 3.5; Vidhyasekaran 2008, p. 193).
Although qualitative resistance might be considered better in the short term, it is eas-
ily broken down when pathogens evolve, making it unstable for breeding (Holliday
1989, p. 274; Rouxel and Balesdent 2010). An approach to dissect the molecular
mechanisms of quantitative pathogen resistance is by the use of quantitative trait
loci (QTL; Buerstmayr et al. 2002; Carson et al. 2004; Collard et al. 2005; Pelgas
et al. 2011; Welz and Geiger 2000; White et al. 2007), which has been used for more
than 20 years in studies of tree defense (Neale and Kremer, 2011). A drawback of the
technique, however, is the large number of individuals needed (parents and offspring)
and known genetic markers required for linkage map production (Collard et al., 2005,

White et al., 2007, Young, 1996), which makes this type of investigation challenging.

The accessibility and declining cost of next generation sequencing (NGS) techniques
have resulted in an increase in studies on the molecular mechanisms of defense against
pathogens. For example, the technique has been used to study the responses to Scle-
rotinia sp. in canola (Joshi et al., 2016), Fusarium sp. in flax (Galindo-Gonzalez
and Deyholos, 2016), Fusarium sp. in rice (Ji et al., 2016), Moniliophthora perniciosa
in cacao (Teixeira et al., 2014), Botrytis cinerea in lettuce (de Cremer et al., 2013),
among others (e.g. Adhikari et al. 2012; Hulvey et al. 2012; Petre et al. 2012; Tremblay
et al. 2011). Those investigations have shown that plants under attack upregulate
defense-related genes, like glucanases (Joshi et al., 2016), chitinases (Adhikari et al.,
2012, Galindo-Gonzalez and Deyholos, 2016, Joshi et al., 2016), peroxidases (Adhikari
et al., 2012, Joshi et al., 2016), catalases (Adhikari et al., 2012), protein inhibitors
(Adhikari et al., 2012) and even transcription factors (including WRKYs; Galindo-
Gonzalez and Deyholos 2016; Ji et al. 2016; Joshi et al. 2016). Genes involved in
hormone-signalling pathways like the jasmonic (de Cremer et al., 2013, Joshi et al.,
2016), salicylic (de Cremer et al., 2013), and abscisic acids (de Cremer et al., 2013),
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as well sequences related to secondary metabolites like flavonoids (Galindo-Gonzélez
and Deyholos, 2016), lignin (de Cremer et al., 2013) and terpenes (de Cremer et al.,
2013) are also upregulated in response to pathogen infection. RNA-Seq studies have
also shown that some pathogens reprogram their hosts” metabolism to their own ben-
efit (Petre et al., 2012, Teixeira et al., 2014, Tremblay et al., 2011). In addition to
gene expression studies, NGS techniques like RNA-Seq are currently being used for
single nucleotide polymorphism (SNP) genotyping when a reference genome is not
available (Lopez-Maestre et al., 2016). Those applications of the NGS technology
can be very useful for programs interested in marker-assisted breeding for pathogen
resistance (Grattapaglia and Resende, 2011, White et al., 2007) when used in com-
bination with more classical methods (Neale and Kremer, 2011, Rostoks et al., 2005,
White et al., 2007).

Thuja plicata (western redcedar, WRC) shows genetic variation in the resistance to
Didymascella thujina (cedar leaf blight, CLB; Russell et al. 2007, Russell and Yanchuk
2012), indicating that this species has true resistance to the pathogen. True resistance
against D. thujina has also been reported in Thuja standishii (Japanese arborvitae)
as well as in hybrids between that species and T. plicata. T. standishii and its hybrid
offspring, but not 7. plicata, have been reported to be fully resistant to D. thujina
(Sgegaard, 1956, 1966, 1969). The studies by Spegaard (1956, 1966, 1969) led to the
proposition of a gene-for-gene model for this pathosystem, where resistance to the
disease is thought to be due to a single dominant resistance (R) gene in 7. standishii
that is then passed on to the hybrids, rendering them immune to D. thujina. Resis-
tance to D. thujina in T. plicata, on the contrary, appears to be a quantitative trait
that involves many genes and confers no full resistance to the disease (Russell et al.

2007; Spegaard 1969, p. 366).

The gene-for-gene model of resistance to D. thujina in T. standishii and its hybrid
offspring has never been put to the test beyond Sgegaard’s experiments and it is
unknown whether alternative explanations to such a phenomenon exist. The model
predicts that a single plant R gene is responsible for full resistance when in the
presence of the avirulence (avr) counterpart from the pathogen (Agrios 2005, p. 140;
Hammond-Kosack and Jones 1997; Sharma 2006, p. 3.9; Vidhyasekaran 2008, p. 193).
Full disease resistance can be achieved, alternatively, when a few major genes pyramid

to defend their host, which results in qualitative resistance (Agrios 2005, p. 136;
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Sharma 2006, p. 3.6; Vidhyasekaran 2008, p. 193). In order to explore whether
resistance to D. thujina in T. standishii and T. standishii X plicata is a monogenic
or a multigenic trait, the gene expression (RNA-Seq) profiles of susceptible T. plicata
inbred seedling lines, and of resistant T. standishit and T. standishii x plicata clonal
lines were investigated, as well as their initial gene expression responses to D. thujina
infection. Differences at the morphological, histological and chemical levels among the
lines studied were also investigated to determine if constitutive defense mechanisms
other than those that are gene expression-related accounted for differences in D.

thugina resistance.

6.2 Methodology

The variables measured, methods used, and analyses carried out here were the same
as those described in Chapter 5, except for the plant material utilized (section 6.2.1)
and the time-course infection sampling points (section 6.2.2). A brief overview of the

methodology is given below. Please refer to the previous chapter for details.

6.2.1 Plant material and characterization

Two species (7. plicata and T. standishii) and a hybrid of the two (7. standishii X
plicata) were used. The hybrid and T. standishii were clonal lines, while T. plicata
plants were single seed descent seedlings from two lines (124 and 129) that had been
self-pollinated for five generations (see Appendix A.1; Russell and Ferguson 2008).
The T. standishii X plicata hybrid was a clone of the “Green Giant” Arborvitae (NA
29972; U.S. National Arboretum, Washington, D.C., USA) and was obtained from
a local nursery. T. standishii clonal lines originated from seedlings germinated from
wild stand seed obtained from the Japanese Forest Tree Breeding Centre. The lines
were maintained in Beaver Styroblock containers 45/340 (Stuewe and Sons., Tangent,
OR, USA) in a fibreglass house at Cowichan Lake Research Station (Mesachie Lake,
British Columbia) under standard growing conditions prior the start of the experi-

ment.

The plant material was characterized morphologically and histologically by quanti-
fying 13 original and 3 derived variables that related to leaf toughness, plant size

and leaf anatomy (see Appendix A.9). Leaf toughness was measured in young and
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older foliage, and plant size measurements included plant height, root collar diame-
ter (RCD) and the ratio between the two. Leaf anatomy variables were studied in
Quetol-embedded cross-sections and included leaf width, various thicknesses (cuti-
cle, epidermis, whole mesophyll, palisade mesophyll, spongy mesophyll and leaf), two
thickness ratios (whole mesophyll to leaf and palisade to spongy mesophyll), lignifi-
cation of epidermal cells and stomatal density. Histological variables were analyzed
using a fixed-effects split-plot design in R (R Core Team, 2015), except for the pal-
isade mesophyll thickness and the palisade to spongy mesophyll ratio because they
could not be normalized. Those variables and stomatal density were analyzed using
Kruskal-Wallis one-way Analysis of Variance (ANOVA).

6.2.2 Time-course infection with D. thujina

All plant lines were real- (CLB™) and mock- (CLB") inoculated under controlled con-
ditions in Conviron growth chambers (Conviron, Winnipeg MB, Canada), at the Bev
Glover Growth Facility (University of Victoria, Victoria, British Columbia). The
chambers were set for 12 h light and 12 h darkness, relative humidity >90% and a
constant temperature of 16°C, and the plants were acclimated for two weeks before
the experiment started. The real inoculations were done with D. thujina collected
during the sporulation season (June 1, 2015). The infected cuttings used as inoculum
source were collected in a T. plicata progeny trial in Jordan River (British Columbia;
48° 257 24.52” N, 124° 1’ 27.69” W, elev. 76 m) and the infections were set up using
a variation of the technique used by Sgegaard (1969, p. 310).

At the time of the experiment, the plants were sampled just before the infections took
place (0 days post infection, dpi), and at 4 and 8 dpi. Two samples per treatment (i.e.
type of infection x line x time) were collected (see Appendix A.9), and were used to
complete the following analyses: 1) infection confirmation, 2) chemical composition,
and, 3) gene expression (RNA-Seq). Foliage collected for infection confirmation was
fixed in 2.5% glutaraldehyde (diluted in 0.1 M Sérensen’ buffer, pH 7.2; Ruzin, 1999,
pp. 227), and that for the chemical and gene expression analyses was flash-frozen in

liquid nitrogen and stored at -80°C until further processing.

Infections were confirmed by scanning electron microscopy (SEM) visualization of D.

thujina spores on the inoculated foliage (Kope, 2000). Further verification of the infec-
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tion was done using two additional methodologies mentioned in the previous chapter:
evaluation of the disease incidence after symptoms developed ~9 months later in the
inoculated plants (scored as the percentage of plants with D. thujina symptoms), and
BLASTn searches in the reference transcriptome built (see section 6.2.4) for the two
internal transcribed spacer 2 (ITS2) sequences of D. thujina that are currently in the

GenBank (accessions KT875766 and KT875767).

Disease severity was measured in each line, in addition to the incidence, using another
set of plants that belonged to the same lines investigated. The plants were taken to the
same place where the inoculum was collected (see section 6.2.2) and were exposed to
natural infection during the sporulation season of D. thujina, between May and July
2015 (see Appendix A.14). Severity was measured ~9 months later when symptoms
were present, and was recorded as the percentage foliage of blighted determined by
color analysis in WinRHIZO Pro v. 2009¢ (Regent Instruments Inc., QC, Canada).

6.2.3 Chemical analyses

Quantification of mineral nutrients, terpenes, lignin, fibre and cellulose in the foliage
sampled was outsourced to the Analytical Laboratory of the Ministry of Environment
and Climate Change Strategy Branch. A total of 60 variables were measured, mineral
nutrients being quantified only at 0 and 8 dpi and the rest of the variables at the three
time points. Principal Component Analysis (PCA) using the correlation matrix (Lé
et al., 2008) was performed to explore the differences in the chemical profiles among
plant lines. Categorical stability selection (Meinshausen and Biihlmann, 2010) and
change point analysis (Killick and Eckley, 2014) were used to detect variables that
1) discriminated among plant lines, and 2) were related to T. plicata responses to D.
thujina infection. The detected variables were then analyzed with three-way factorial
ANOVAs that had infection status (CLB™ or CLB"), clone line, time point, and their
interactions as fixed factors. Non-parametric variables were analyzed using Kruskal-
Wallis one-way ANOVAs.

6.2.4 Gene expression analyses

Total RNA from the foliage sampled was extracted using a customized version of
Rajakani et al. (2013), and outsourced to Genome Quebec Innovation Centre (Mon-

treal QC, Canada) for m RNA enrichment, library production, and 100 bp paired-end
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sequencing in an Hlumina® HiSeq 2000 sequencer. The same pipeline of the previous
chapter was used to complete the bioinformatics analyses of gene expression. Qual-
ity control of the raw paired-end libraries was done in FastQC v. 0.11.4 (Andrews,
2014), trimming was achieved with Trimmomatic v. 0.36 (Bolger et al., 2014), and
the reference transcriptome was assembled using Trinity v. 2.2.0 (Grabherr et al.,
2011) in WestGrid’s Hermes cluster (www.westgrid.ca) . The transcriptome was then

annotated using Trinotate v. 3.0.1 (http://trinotate.github.io).

Reads were mapped to the reference transcriptome using RSEM v. 1.3.0 (Li and
Dewey, 2011), and differential expression (DE) analysis was done with edgeR (Robin-
son et al., 2010). Sequences with a minimum fold change of 4 and a maximum
false discovery rate of 0.001 were kept for downstream analyses. The DE data was
then used as input for PCA analysis (on the correlation matrix) to explore the dif-
ferences in gene expression profiles among plant lines as in section 6.2.3. DE data
was also explored using hierarchical clustering of samples versus transcripts. As in
Chapter 5, the term “transcript” refers to contig variants of Trinity’s “genes”, but
“transcripts” was used throughout this document for simplicity. The transcript’s tree
of the heat-map produced was cut at 43.3% of its maximum height to obtain clusters
of DE transcripts. To ease the exploration of the transcriptomic data, the annota-
tions and DE matrix were ingested in a SQLite database that was then uploaded
to a local TrinotateWeb server. The TrinotateWeb server was installed on Compute
Canada’s West Cloud (https://west.cloud.computecanada.ca) and was obtained from
http://trinotate.github.io/Trinotate Web.html

Transcripts of interest were detected using 1) categorical and regression stability se-
lections, 2) grade of membership (GoM) analysis (Dey et al., 2016, 2017), and 3)
dynamic topic modelling (Blei and Lafferty, 2006, Lee et al., 2016). Categorical sta-
bility selection was completed to find predictors (transcripts) of D. thujina infection
by categorizing the samples according to the plant line and infection condition. Re-
gression stability selection was carried out using aluminum as the response variable
given the high concentrations of that element in 7. standishii plants that were in
the CLB™ condition (see section 6.3.2.1). GoM analysis was completed using K =
25, and relevant static topics were chosen from a hierarchical clustering heatmap of
samples versus topics produced using the w matrix (probability distribution of the

RNA-Seq samples over the 25 static topics from a Dirichlet allocation perspective;
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Blei 2012, Blei and Lafferty 2009, Dey et al. 2016, Liu et al. 2016a). Dynamic topic
modelling was conducted using K = 25 as well, and dynamic topics of interest were
the most frequent dynamic topics among the transcripts retained by the stability

selection analyses (based on the transcripts’ 39 scores).

6.3 Results

6.3.1 Characterization of the plant material

There was significant variation among plant lines for many of the morphological and
anatomical traits measured (Table 6.1). All variables related to plant size, one per-
taining to toughness and three leaf anatomy traits were significantly different among
lines. T. plicata line 124 and T. standishii X plicata were the tallest plants (p <
0.0000), and had the largest RCD (p = 0.0001; Table 6.1). T. plicata line 124 had
the greatest height to RCD ratio (p = 0.0001), with the other three lines grouping
together, based on the Tukey HSD all-pairwise comparisons test at o = 0.05 (Table
6.1). Leaf toughness was significantly different among lines only for the young foliage
(p = 0.0323), with leaves of T. plicata line 124 being the toughest and those of 7.
plicata line 129 being the softest (Table 6.1).

Leaf anatomy variables that differed significantly among lines were: epidermal thick-
ness (p = 0.0004), spongy mesophyll thickness (p = 0.0204), and leaf width (p =
0.0298; Table 6.1). T. standishii X plicata had the thinnest epidermis, followed by T.
standishii. T. plicata line 129 had the thinnest spongy mesophyll, line 124 the thick-
est, while 7. standishii and T. standishit X plicata were intermediate. 7. plicata line
124 had the narrowest leaves of all, and T. standishii and T. standishii x plicata the

widest.

The only variable with significant line x crown position interaction was cuticle thick-
ness (p =0.0080; Appendix A.5). The cuticles of T. standishii x plicata’s lower
branches and those of T. standishii’s upper branches were the thickest (Table 6.2).
The thinnest cuticles were in the upper and middle branches of 7. plicata line 129,

and in the middle branches of T. standishii x plicata.
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Table 6.2. Cuticle thickness per line and crown position (mean and
standard error). Similar letters in the superscripts of the means refer to
homogeneous groups in each variable across all lines and crown positions
according to the Tukey HSD all-pairwise comparisons test.

Line ‘ Crown position ‘ Cuticle (pm)
Upper 1.97%b¢ 4 0.12
Thuja plicata (line 124) Middle 2.16™b¢ £+ 0.12
Lower 2.56%P¢ £+ (.12
Upper 1.61¢ £ 0.08
Thuja plicata (line 129) Middle 1.76° £ 0.12
Lower 2.22%b¢ 4+ (.16
Upper 2.40%P¢ 4 0.12
Thuja standishii x plicata Middle 1.88P¢ + 0.09
Lower 3.39* £+ 0.41
Upper 2.96%P 4+ 0.20
Thuja standishii Middle 2.57%b¢ £ 0.13
Lower 2.09%P< £+ 0.09

6.3.2 Time-course responses to infection

Samples from all plant lines tested positive for the presence of D. thujina spores only
in the 4-8 dpi CLB™ treatments as visualized in the SEM examination. Incidence was
significantly different among lines (p = 0.0021), T. plicata lines had higher incidences
of the disease than T. standishii x plicata or T. standishii (Table 6.3). Disease sever-
ity was also significantly different among lines (p = 0.0020). T. plicata lines had the
highest disease severity values (33.25% for line 124, and 14.33% for line 129; Table
6.3), and T. standishii X plicata a very low severity (0.48%). T. standishii was fully

resistant to D. thujina, with 0.00% incidence and severity.

6.3.2.1 Chemical composition

Principal component analysis of the chemical composition data showed that results
were clustered by species and hybrid (7. plicata, T. standishii and T. standishii x
plicata; Fig. 6.1). The first principal component explained 32.63% of the variance,
the second 26.74% and the third 7.20%. The cumulative variance explained by those

components was 66.58%. Principal component 1 discriminated among the species
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Table 6.3. Incidence and severity of Didymascella thujina symptoms in the plant material
studied assessed approximately nine months after inoculation. Incidence was evaluated in
the plants that were used in the time-course experiment carried out in growth chambers.
Severity was measured in a set of plants that were infected in a Thuja plicata progeny trial
for that purpose (see methods for details). Both variables were measured when D. thujina
symptoms were present (about nine months later).

Plant line Incidence (%)* Severity (%)?
Thuja plicata line 124 50.00 33.254
Thuja plicata line 129 50.00 14.334
Thuja standishii 0.00 0.00B
Thuja standishii x plicata 16.67 0.48B

! The test of independence of plant line vs. presence/absence of D. thujina symp-
toms was significant (p = 0.0021).

2 A-B: homogeneous groups based on the Kruskal-Wallis all-pairwise comparisons
test at o = 0.05.

and hybrid, while component 2 separated T. plicata lines from the rest. The second
component also discriminated between CLB~ and CLB™ treatments in all lines. The
five variables with the highest contributions to the first component were terpenes
(a-thujone, a-thujene, sabinene and totarol acetate and trans-ferruginol) and the top
five variables contributing to component 2 were additional terpenes (citronellyl ac-

etate, fenchone and terpinolene, citronellal, 5-pinene and linalool).

Three terpenes (citronellyl acetate, a-gurjunene and 3-carene) discriminated among
the two species and the hybrid according to the changepoint algorithm on the stability
selection scores. There were significant differences in the concentration of citronellyl
acetate among lines (p < 0.0000, Fig. 6.2a). T. standishii and T. standishii x plicata
had higher concentrations (1,085 + 39 pg-g! and 951 + 44 pg-g !, respectively) than
T. plicata lines 124 and 129 (268 + 13 pg-g! and 231 + 16 pg-g!, respectively).
There were significant differences in the concentration of a-gurjunene among lines as
well (p < 0.0000, Fig. 6.2b). T. standishii x plicata had higher concentration of
that compound (2,388 + 186 pg-g') in comparison to T. standishii (0 pg-g!) or T.
plicata lines (334 £ 69 pg-g* for line 124, and 20 4 1 pg-g* for line 129). Significant
differences among lines also existed for 3-carene (p < 0.0000, Fig. 6.2c), which was
at high levels in T. standishii (370 + 23 pg-¢!), and completely absent in both T.

plicata lines as well as in T. standishii X plicata (0 pg-g! in all).
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Figure 6.1. Principal component analysis (correlation matrix-based) bi-plot of sixty chem-
ical variables studied in the plant material included in this investigation (compare to Fig.
6.3). Two Thuja plicata seedling lines (124 and 129), a clonal line of Thuja standishii and a
clonal line of T. standishii x plicata were real- (+) and mock-inoculated (-) with Didymas-
cella thujina (cedar leaf blight, CLB) in a controlled conditions environment. Samples from
all line x infection status combinations were collected just before the infections were set up
(0 days post inoculation, dpi), and 4 and 8 dpi. Confidence interval for the ellipses is 50%.
Ellipses and samples were colour-coded as follows: T. plicata 124 CLB" in black, T. plicata
124 CLB™ in red, T. plicata 129 CLB™ in green, T. plicata 129 CLB™ in blue, T. standishii
CLB in cyan, T. standishit CLB™" in magenta, T. standishii x plicata CLB™ in grey, and
T. standishii x plicata CLB™ in brown.
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Figure 6.2. Mean concentrations (£ standard errors) at three time points of three chemical
variables that discriminated among two Thuja plicata seedling lines, a Thuja standishii clonal
line, and a T. standishii X plicata clonal line according to categorical stability selection: (a)
citronellyl acetate, (b) a-gurjunene, (c) 3-carene. Samples were grouped in three categories
(T. standishii, T. plicata, and T. standishii x plicata) regardless of the infection condition,
and then, the chemical variables were ranked using categorical stability selection (see also
methods). Treatments were colour-coded as follows: T. plicata 124 CLB in black, T. plicata
124 CLB™" in red, T. plicata 129 CLB" in green, T. plicata 129 CLB™ in blue, T. standishii
CLB" in cyan, T. standishii CLB™ in magenta, T. standishii x plicata CLB™ in grey, and

T. standishii x plicata CLB™ in brown.
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Aluminum was the only variable that displayed temporal variation after infection in
the real- vs. mock-infected plants according to changepoint analysis on the ranked
stability selection scores of the chemical variables. Analysis of variance revealed sig-
nificant differences in the concentration of aluminum among plant lines (p = 0.0008),
infection status (p < 0.0000), time points (p < 0.0000), and all factor combinations
(linexinfection status, p = 0.0030; linextime, p = 0.0006; infection statusxtime, p
< 0.0000; and linexinfection statusxtime, p = 0.0003). The Tukey HSD all-pairwise
comparisons test on the linexinfection statusxtime factor combination also showed
that (refer to Table 6.4): i) all 0 dpi samples grouped together regardless of the infec-
tion status (i.e. CLB™ and CLB™; homogeneous group b), ii) all samples from 8 dpi in
the CLB" condition grouped together regardless of the plant line (homogeneous group
e), iii) samples from both T. plicata lines and T. standishii X plicata taken 8 dpi in
the CLB™ condition were grouped together (homogeneous group c¢), and iv) the T.
standishii mean aluminum concentration from 8 dpi samples in the CLB™ condition
was all alone (homogeneous group a). It is worth noting that the mean aluminum
concentration of 7. standishii in the CLB™ infection condition at 8 dpi was 581.3
pg-gt, while the second highest aluminum concentration in this experiment was al-
most 10 times lower (58.8 pg-g!, from samples belonging to T. plicata line 124 taken
at 0 dpi in the CLB" infection status).

Table 6.4. Mean aluminum concentrations (in pg-g™!) in the plant material used in this
investigation. Three-way analysis of variance showed significant differences in all factors and
factor combinations (data were logjo-transformed to meet the normality assumption). Su-
perscripts refer to homogeneous groups in the line xinfection statusx time factor combination
according to the Tukey HSD all-pairwise comparisons test. dpi = days post infection.

Time (dpi)

Line Infection status 0 8

Mock infection (CLB")  58.8>  1.4%¢
Real infection (CLB*)  55.0>  19.9¢

Mock infection (CLB") 8.4Pcd  3.3ede
Real infection (CLB")  54.2>  15.6>¢

)
)
)
)
Mock infection (CLB7)  57.0°  1.0°
)
)
)

Thuja plicata 124

Thuja plicata 129

Thuja standishié x plicata Real infection (CLB™" 53.5>  4.4%de

Mock infection (CLB")  53.5°  1.5%¢
Real infection (CLB')  55.2°>  581.32

Thuja standishii
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6.3.2.2 Gene expression

The transcriptome assembly consisted of 311,664 Trinity transcripts. The overall
alignment rate was 98.16% (overall alignment rates per sample are shown in Appendix
A.35). 77,886 of the transcripts resulted in annotation hits, 68.31% belonging to plant
species, 14.45% to fungi and 17.24% to other taxa (Appendix A.30 includes further
assembly statistics). There were 27,432 differentially expressed transcripts among all
samples, which accounted for 8.80% of the transcriptome’s sequences. More than half
of the DE transcripts were plant sequences (52.46%), followed by sequences with no
annotation hits (39.15%).

BLASTn searches for the two publicly available ITS2 sequences of D. thujina (queries
KT875766 and KT875767) in the assembled transcriptome resulted in four hits for
KT875766 and the same number of hits for KT875767. E-values of the transcripts
ranged between 6x 1072 and 3x 107 for the results of query KT875766, and between
4x10™ and 2x107™ for the hits of query KT875767. Percentage of identities of the
resulting hits were between 80.32% and 80.59% for query KT875766, and between
80.53% and 80.80% for query KT875767. The top result from both searches for D.
thujina sequences (transcript TRINITY DN93692 ¢2 g1 1) had many more reads
mapped in the CLB™ samples (62.132 transcripts per million [TPM] in total) than in
the CLB ones (3.664 TPM in total).

Principal component analysis of the DE transcripts showed that each line is geneti-
cally different, and that CLB" samples clustered separately from the CLB" treatment
within each line, except for T. standishii (Fig. 6.3). The expression profiles of T.
plicata samples from both lines were highly correlated to each other, and to a lesser
extent to T. standishii X plicata (Appendix A.38). The T. standishii expression pro-

file had very low correlation to that of either T. plicata or T. standishii X plicata.
Hierarchical clustering

Eighteen clusters of transcripts with minimum 4-fold change and maximum 0.001
false discovery rates were produced after cutting the tree at 43.3% of its height (Fig.
6.4). Six of the clusters accounted for 94.4% of the DE expressed sequences. The

biggest cluster was composed of 13,794 sequences, and the smallest had just one.
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Figure 6.3. Principal component analysis bi-plot (correlation matrix-based) of the 27,432
differentially expressed transcripts found in this investigation (compare to Fig. 6.1). Two
Thuja plicata seedling lines (124 and 129), one Thuja standishii clonal line, and a clonal
line of T. standishii x plicata were exposed to real- (CLB") and mock- (CLB") infections
with Didymascella thujina (cedar leaf blight, CLB) in growth chambers at the Bev Glover
Growth Facility (University of Victoria). Samples from all treatments were collected just
prior to inoculations (0 days post infection, dpi), and 4 and 8 dpi. Principal components
(PC) 1-3 explained 62.79% of the samples’ variance (40.38%, 14.14% and 8.27% for PC 1, 2
and 3, respectively). PC 1 discriminated among T. plicata, T. standishii and T. standishii
x plicata, PC 2 clustered T. standishii X plicata in one group and the rest in another, and
PC 3 separated the T. plicata lines from each other but reunited the other lines in a single
group. Notice that CLB™ and CLB™ samples group separately within each line except for
T. standishii. Ellipses have a 95% confidence. Samples and ellipses were colour-coded as
follows: T. plicata 124 CLB™ in black, 7. plicata 124 CLB™ in red, T. plicata 129 CLB"
in green, T. plicata 129 CLB™" in blue, T. standishii CLB™ in cyan, T. standishii CLB" in
magenta, T. standishii x plicata CLB™ in grey, and T. standishii x plicata CLB™ in brown.
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Thuja standishii

_j Thuja standishii x plicata Thuja plicata
129

-5 0 5

- CLB"CLE D
cLE eLE's [«1:} cLe*
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Figure 6.4. Heat-map of 27,432 differentially expressed transcripts among two lines of
Thuja plicata seedlings (124 and 129), one Thuja standishii clonal line, and a T. standishii
x plicata clonal line. All lines were infected (+) and mock-infected (-) with Didymascella
thugina (cedar leaf blight, CLB) under controlled conditions, and samples collected 0, 4, and
8 days post infection (dpi). Eighteen clusters were produced after cutting the transcripts’
tree at 43.3% of its height. The following six clusters included 94.4% of the transcripts:
light green (13,794 sequences), cyan (5,086 sequences), dark cyan (2,953 sequences), green
(2,197 sequences), blue (1,277 sequences) and dark blue (593 sequences). Important nodes
are labeled: each clonal line clustered as an independent “monophyletic” group, and both
T. plicata lines grouped together, each one being “monophyletic” as well. Numbers refer
to dpi, and CLB"/CLB" to mock and real infections, respectively. Expression levels are
logo-transformed and centred TPMs that were colour-coded according to the top left bar
(yellow = high expression, purple, low expression).



192

Seven of the clusters had between 100 and 600 sequences, and 6 included fewer than
100 transcripts. Among all of the DE sequences, 2,197 transcripts were at high ex-
pression levels exclusively in T. standishii (green cluster in Fig. 6.4), while 593 were
at very low levels in that same species (dark blue cluster in Fig. 6.4). 5,086 sequences
had high expression levels in T. standishii with varying expression levels in the other
species and hybrid (cyan cluster in Fig. 6.4). 2,953 transcripts had low expression
levels in T. standishii, but high expression levels in both 7. plicata lines (dark cyan
cluster in Fig. 6.4). 1,277 sequences had low levels of expression in T. standishii, but
higher levels in T. standishii X plicata and T. plicata line 124 (blue cluster in Fig.
6.4). The cluster with most sequences (13,794, light green in Fig. 6.4) did not have

a specific expression pattern.
Grade of Membership Analysis

Hierarchical clustering of the samples and of the static topics using the w matrix
produced by CountClust showed that topic 1 had higher w values in Thuja plicata
regardless of the seedling line, that topic 2 had higher values in Thuja standishi,
and topic 3, and to a lesser extent topic 7, had high w in Thuja standishii x plicata
(Fig. 6.5). Table 6.5 shows the top 10 transcripts per topic from each plant species

according to their 6 values.

A closer look at the sequences in Table 6.5 reveals some interesting patterns. Two
transcripts were shared among the top ten transcripts of those four static topics
(TRINITY DN86213 c¢8 g2 i2 and TRINITY DN87363 c15 ¢3 il). Tran-
scripts TRINITY DN188465 ¢0 g1 il (a peptidase vacuolar-processing enzyme),
TRINITY DN85473 c0 g1 il (plastocyanin), TRINITY DN65/70 c0 g2 il
(photosystem I reaction center subunit psaK) and TRINITY DN79613 c¢1 g1 il
(metallothionein-like protein EMB30) were unique to 7. plicata, whereas transcripts
TRINITY DN101197 ¢2 g1 i2 (chlorophyll a-b binding protein 1B), TRINIT-
Y DN94350 c0 g2 i2 (glutamine synthetase cytosolic isozyme), TRINITY DNS-
8193 c0 g1 12 (oxygen-evolving enhancer protein 1), TRINITY DN65470 c0_g-
1 i1 (photosystem I reaction center subunit psaK), and TRINITY DN95836 c-
2 g1 18 (a bark storage protein) were exclusive to T. standishii. The rest of the
transcripts from both T. plicata and T. standishii were shared with T. standishii

X plicata. Only three sequences were unique to T. standishit x plicata: TRIN-
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ITY DN86213 ¢8 ¢2 i3 (an uncharacterized protein), TRINITY DN84814 c-
1 g1 il (probable xyloglucan endotransglucosylase /hydrolase protein 7), and TRIN-
ITY DN102033 c1 g1 i2 (chalcone synthase 7). Interestingly, bark storage pro-
teins (TRINITY DN95836 c¢2 g1 il and TRINITY DN95836 c2 g1 i3) were
common only to T. standishii and T. standishii x plicata. It is worth noting that
more than half of the sequences in Table 6.5 were located in the chloroplasts. It
is equally important to highlight that one of the characteristics of GoM analysis is
that sequences shared between/among species are usually at similar expression levels
in the taxa involved (e.g. transcripts TRINITY DN86213 ¢8 g2 i2 and TRIN-
ITY DN87363 c15 ¢3 i1, Appendix A.42), while transcripts that are present only
in one of the topics/species are at higher expression levels in the relevant species in
comparison to the rest (e.g. TRINITY DN94350 c0 g2 i2 in T. standishii, Ap-
pendix A.43).

In relation to the two T. plicata seedling lines, topics 4 and 6 had the highest w
values in line 124, and topics 9 and 11 had high w values in line 129 (Fig. 6.5).
Many of the top ten sequences from those topics were also located in the chloro-
plast (Appendix A.44). The same two transcripts that were shared among topics 1,
2,3 and 7 (TRINITY DN86213 ¢8 g2 i2 and TRINITY DNS87368 c15 g3 il,
Table 6.5) were present in topics 6, 9 and 11 (Appendix A.44). Several sequences
from topics 4, 6, and 9 were shared with T. standishii x plicata, but the only
transcripts related to defense response (TRINITY DN63359 c¢0 g1 il and TRIN-
ITY DN76260 c0 g1 il) belonged exclusively to the more resistant T. plicata line
(129, Appendix A.44). Interestingly, catalase-3 (TRINITY DN95569 c0 g2 il)
was present only in 7. plicata line 129 (Appendix A.44) and in 7. standishii X pli-
cata (Table 6.5).

Stability Selection Analyses

Categorical

There were 60 transcripts that depicted major responses to D. thujina infection in
the plant lines studied according to the changepoint algorithm (Table 6.6). Almost

one-quarter of the transcripts in Table 6.6 had “defense response” as the biological

process, and almost half of the sequences were located either in the apoplast, the cell
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Figure 6.6. Selected predictors (transcripts) of D. thujina infection as detected by the cat-
egorical stability selection analysis (see also Table 6.6). (a) TRINITY DN90538 c2_ g1 i2
(pathogenesis-related protein 1C), (b) TRINITY DN97888 c¢0 g1 il (endochitinase
At2g43610), (¢) TRINITY DN99675 c1 g1 15 (disease resistance response protein 206),
(d) TRINITY DN81079 c0 g2 il (cationic peroxidase 1). Note that the expression val-
ues of those transcripts tend to be higher in T. standishii and T. standishit x plicata re-
gardless of their infection status in comparison to 7. plicata lines. Error bars are standard
errors. Treatments were colour-coded as follows: T. plicata 124 CLB" in black, T. plicata
124 CLB™" in red, T. plicata 129 CLB" in green, T. plicata 129 CLB™ in blue, T. standishii
CLB" in cyan, T. standishii CLB™ in magenta, 7. standishii x plicata CLB™ in grey, and
T. standishii x plicata CLB™ in brown.
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wall, the plasma membrane or the extracellular region. Four dynamic topics (2, 11,

13 and 16) accounted for more than half of the sequences in Table 6.6.

Fourteen of the sequences in Table 6.6 did not result in annotations to any known
protein. There were two major allergens, three cytochrome P450s, two cysteine-
rich receptor-like protein kinases, and two pathogenesis-related protein 1C. Tran-
scripts of the pathogenesis-related protein 1C were at higher levels of expression in
T. standishii x plicata in comparison to the other lines regardless of the infection
status (e.g. transcript TRINITY DN90538 c¢2 g1 i2; Fig. 6.6a). Other defense-
related proteins included the glucan endo-1,3-beta-glucosidase 3 (sequence TRIN-
ITY DN95044 c1 g1 il), the protein EDS1B (transcript TRINITY DN96603  c-
2 g1 i10) and the phytosulfokine receptor 1 (sequence TRINITY DN97162 c2 g¢-
3 43). The endochitinase At2g43610 (transcript TRINITY DN97888 c0 g1 il)
was at higher expression levels in the CLB™" treatments of both T. standishii x plicata
and T. standishii (Fig. 6.6b).

It is noteworthy that four sequences were annotated as “disease resistance response
protein 206”7, three of them belonging to dynamic topic 16 (Table 6.6). Their expres-
sion levels, in general, were higher in both T. standishit and T. standishii X plicata
in comparison to the T. plicata lines regardless of the infection status (see e.g. tran-
script TRINITY DN99675 c1 g1 i5, Fig. 6.6¢). Another four transcripts were
annotated as “cationic peroxidase 1”. Two of those pertained to dynamic topic 10 and
two to 11. Transcripts of the cationic peroxidase 1 were higher in infected clones of T.
standishii and T. standishii X plicata in general, but in some cases they were present

exclusively in T. standishii clones, regardless of their infection status (e.g. transcript

TRINITY DN81079 c0 g2 il, Fig. 6.6d).
Regression using aluminum as a response variable

Given that aluminum concentrations were very high in T. standishii after infection
(see section 6.3.2.1), it was decided to explore what sequences might be predictors of
such a response by conducting regression stability selection on the expression values of
the DE transcripts using the aluminum concentrations as a response variable. There
were 47 transcripts that explained the observed aluminum concentrations as chosen
by changepoint (Table 6.7). Near half of the sequences in Table 6.7 belonged to three
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dynamic topics. The group with the most sequences was dynamic topic 11, followed

by dynamic topics 8 and 12.

Many of the sequences captured by this analysis (Table 6.7) related to: i) growth and
development (TRINITY DN102384 c2 g1 12, TRINITY DN9/463 c2 g2 15, T-
RINITY DN96105 c1_g1_i5, TRINITY DN90757 0 g1 i3, TRINITY DNI-
02968 ¢0 g1 i1 and TRINITY DN90039 c0 g1 il), ii) regulation of gene ex-
pression (TRINITY DN101864 c0 g1 i5, TRINITY DN9869  c2 g1 il, TRIN-
ITY DN97033_c0 g1 i3, TRINITY DN91331 c1_g1_i8 and TRINITY DNS6-
187 c0 g1 il), andiii) calcium signalling (TRINITY DN102764 c1 g1 12, TRIN-
ITY DN102721 ¢ g1 i3, TRINITY DN95987 c¢i g2 ij and TRINITY DN-
88958 0 g1 il1). Other sequences of interest detected by the analysis were in
the heat shock pathway (TRINITY DN9593/ c0 g1 il and TRINITY DN9635-
2 c0 g1 il), sulfate transport (TRINITY DN73957 c0 g1 i2), and regulation
of the cell cycle (TRINITY DN99989 c0 g1 i3). Interestingly, transcript TRIN-
ITY DN97175 ¢0 g1 il was shared with the previous analysis (see categorical
stability selection, and Table 6.6).

The regression stability selection analysis also detected several transcripts with higher
or lower levels of expression in T. standishii in relation to the other lines. Those se-
quences were related to calcium metabolism (e.g. TRINITY DN102764 c1 g1 i2
and TRINITY DN95987 c1 g2 1i4), and sulfur metabolism (TRINITY DN7395-
7 ¢0 g1 12). Transcript TRINITY DN102764 c1 g1 2 (G-type lectin S-receptor-
like serine/threonine-protein kinase RLK1), a calmodulin binding protein, was ex-
pressed exclusively in 7. standishii plants that were infected with D. thujina (Fig.
6.7a). Transcript TRINITY DN95987 c¢1 g2 i4 (protein QUIRKY), a calcium-
dependent phospholipid binding protein, had higher expression levels in 7. stan-
dishii (especially in plants in the CLB™ condition) in comparison to the other lines
(Fig 6.7b). Transcript TRINITY DN73957 ¢0 g1 i2 was the only sulfate trans-
porter detected by stability selection, and was fully repressed in T. standishii-CLB™
clones (Fig. 6.7c). The only sequence with “response to fungus” as a process annota-
tion (TRINITY DN81123 c¢1 g1 1i8) was at higher expression levels in all infected
plants except for T. standishii x plicata (Fig. 6.7d). Furthermore, the expression
levels of that transcript were much higher in D. thujina-infected T. standishii plants

in comparison to the other lines.



200

12 35
1 37
25 1
_ o8 —_
g £ . |
=) =)
Z\.'D 0.6 Z";
3 3 15
0.4
N
0.2 05
0 0 T T
0 4 8 0 4 8
Time (dpi) Time (dpi)
(a) (b)
14 2
18
12
1.6
1 14
g 0.8 1 % 12
=) =)
3 g !
éﬂ o / S o
04 ~ 06
—F
0.4
0.2
0.2
0 . 0 - : i
0 4 8 0 4 8
Time (dpi) Time (dpi)
(c) (d)
Figure 6.7. Selected predictors of the observed aluminum concentrations

as detected by the regression stability selection analysis (see also Table 6.7).
(a) TRINITY DN102764 c1_g1_i2 (G-type lectin S-receptor-like serine/threonine-
protein kinase RLK1), (b) TRINITY DN95987 c1 g2 i4 (protein QUIRKY), (c)
TRINITY DN78957 c0 g1 i2 (sulfate transporter 4.1, chloroplastic), (d) TRIN-
ITY DN81123 ¢l g1 i8 (transcriptional corepressor LEUNIG). Note that the expression
values of those transcripts tend to be higher in T. standishii and T. standishii X plicata
regardless of their infection status in comparison to 7. plicata lines. Error bars are standard
errors. Treatments were colour-coded as follows: T. plicata 124 CLB" in black, T. plicata
124 CLB™ in red, T. plicata 129 CLB" in green, T. plicata 129 CLB™ in blue, T. standishii
CLB in cyan, T. standishit CLB™" in magenta, T. standishii x plicata CLB™ in grey, and
T. standishii x plicata CLB™ in brown.
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Dynamic topic modelling

Dynamic topic modelling was used to model the expression of transcripts within gene
groups (topics) through the three time points sampled in this investigation. The
results of the stability selection analyses allowed the detection of the main dynamic
topics related to D. thujina infection by studying the top topic per transcript at time
0 (Bo,x) in Tables 6.6 and 6.7. Topics 2, 11, 13 and 16 were the most frequent amongst
the transcripts chosen by categorical stability selection (see Table 6.6), and topics 8,
11 and 12 were the most prevalent among sequences detected by regression stabil-
ity selection using aluminum as a response variable (see Table 6.7). In this section,
emphasis is given to the most frequent topics from transcripts ranked by categorical
stability selection (i.e. topics 2, 11, 13 and 16; Table 6.8 and Figs. 6.8a-6.9b) since

this investigation focused on the responses to D. thujina infection in Thuja sp. plants.

Dynamic topic 2 included transcripts with higher levels of expression in 7. standishii
x plicata and both T. plicata lines in comparison to 7. standishii. Among the top
10 sequences in this topic (Table 6.8), two were related to gene expression regu-
lation (TRINITY DN75032 c0 g2 il and TRINITY DN96279 c0 g1 il), two
to photosynthesis (TRINITY DN101197 c¢2 g1 i5 and TRINITY DN88193 c-
0 gl _1il), another two to stress response (TRINITY DN94654 c1 g2 il, TRINI-
TY DN100731 c¢3 g1 i2), and one was involved in defense response (glucan endo-
1,3-beta-glucosidase 1, transcript TRINITY DN97934 ¢0 g1 i1). Three of the top
ten sequences in dynamic topic 2 were also among the top 10 transcripts of static top-
ics 1, 3 and 7 (TRINITY DN75032 ¢0 g2 il, TRINITY DN101197 c2 g1 i5
and TRINITY DN88193 c0 g1 il; see also Table 6.5). Most transcripts in this
topic depicted relatively steady expression levels over time, except for transcript
TRINITY DN&87437 c1 g2 12 that showed increased modelled levels at 4 dpi which
were maintained until 8 dpi (Fig. 6.8a).

Dynamic topic 11 referred to transcripts that were expressed prominently in 7. stan-
dishii but not in 7. standishii x plicata or either of the T. plicata lines. Half of the
top 10 sequences of this topic were located in the chloroplast and were involved in
photosynthesis (TRINITY DN101197 c¢2 g1 2, TRINITY DN96614 c0 g2 il,
TRINITY DN88193 c0 g1 12, TRINITY DN65470 c0 g1 il and TRINITY -
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Most frequent dynamic topics (2 and 11) detected in the categorical stability
selection analysis. Differential expression count (RNA-Seq) data were fitted into 25 dynamic
topics (k = 25) with the Dynamic Topic Models software (https://github.com/blei-lab/dtm
; see methods). The graphs show the inferred posterior expression distribution per transcript
per time point (B, %) of the top 10 transcripts of topics 2 and 11. (a) Dynamic topic 2, (b)
dynamic topic 11. x = dpi = days post infection.
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Figure 6.9. Most frequent dynamic topics (13 and 16) detected in the categorical stability
selection analysis. Differential expression count (RNA-Seq) data were fitted into 25 dynamic
topics (k = 25) with the Dynamic Topic Models software (https://github.com/blei-lab/dtm
; see methods). The graphs show the inferred posterior expression distribution per transcript
per time point (B;%) of the top 10 transcripts of topics 13 and 16. (a) Dynamic topic 13,

(b) dynamic topic 16. = = dpi = days post infection.
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DN85473 c0 g1 _13), two were involved in the transfer of methyl groups (TRIN-
ITY DN80127 c0 g1 il and TRINITY DN99603 c1 g2 i4), and one was re-
lated to phospholipid biosynthesis (TRINITY DN95/30 c¢1 g1 i2; Table 6.8). Five
of the sequences in dynamic topic 11 were also among the top 10 of static topic 2
(TRINITY DN101197 c2 g1 12, TRINITY DN94350 c0 g2 i2, TRINITY D-
N96614 c0 g2 i1, TRINITY DN88§193 c0 g1 2 and TRINITY DN65470 c-
0 g1 il; see Table 6.5). Transcripts in this topic depicted steady expression lev-
els as those in dynamic topic 2, except for the tricin synthase 1 (transcript TRIN-
ITY DN80127 ¢0 g1 il) whose expression levels were higher at 8 dpi in compar-
ison to 0 and 4 dpi (Fig. 6.8b).

Dynamic topic 13 grouped sequences that had higher levels of expression in 7. pli-
cata (regardless of the line), in comparison to T. standishii or T. standishii X plicata.
Three of the sequences in this topic were related to responses to different stimuli
(defense response, TRINITY DN76260 c0 g1 il; response to abscisic acid, TRIN-
ITY DN97013 ¢0 g2 i4; and response to heat, TRINITY DN96256 c0 gl il),
two were peptidases (TRINITY DN74436 c0 g1 il and TRINITY DN188465 c-
0 g1 1i1), and two were involved in starch biosynthesis (TRINITY DN81546 c0 _g-
1 i1 and TRINITY DN90395 c¢0 g1 il). In general, this dynamic topic depicts
responses to D. thujina infection in both T. plicata lines. Figure 6.9a shows the
modelled expression levels of the transcripts from dynamic topic 13 in Table 6.8. Ex-
pression of the aspartic proteinase nepenthesin-2 (transcript TRINITY DN74436 c-
0 g1 i1) decreased from 0 dpi to 4 dpi and reached pre-infection levels at 8 dpi. On
the contrary, expression of the metallothionein-like protein EMB30 (sequence T'RIN-
ITY DN79613 c1 g1 il) increased from 0 dpi to 4 dpi and then decreases at 8 dpi.
Interestingly, the only defense-related transcript in this topic, the MLP-like protein
423 (transcript TRINITY DN76260 c0 g1 il), had a 5-fold decrease in expression
levels from 0 dpi to 8 dpi.

Dynamic topic 16 reunited transcripts with higher levels of expression in 7. standishii
and T. standishit X plicata in relation to either of the T. plicata lines. Among the
top ten sequences in that dynamic topic (Table 6.8), seven were bark storage proteins
A, one was an uncharacterized protein ORF91 located in the chloroplast (transcript
TRINITY DN86213 ¢8 ¢2 i2), and the remaining two did not result in annotation
hits (TRINITY DN92121 c¢1 g1 il and TRINITY DN87363 c15 g3 il). The
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expression levels of the top 10 transcripts from dynamic topic 16 were steady over

the time points sampled (Figure 6.9b).

6.4 Discussion

This investigation studied the phenotypic and genotypic differences among resistant
and susceptible Thuja plants, and their early responses to infection with D. thujina.
The results showed that T. standishii was fully resistant to D. thujina, and that T.
standishii X plicata was highly resistant to the disease, while both T. plicata lines were
susceptible to it. There were also important differences at both the phenotypic and
genotypic levels among the plant species and the hybrid, which may partly explain
differences in their resistances to D. thujina. This study also revealed important
differences in the early responses to infection amongst the plant materials studied,

especially in T. standishii. All of the above aspects are discussed in detail below.

6.4.1 Constitutive differences among T. standishii, T. plicata

and T. standishii x plicata

Differences existed among the species and hybrid studied at the histological level.
The cuticles of the upper branches of T. standishii, as well as those of the lower
branches of T. standishii x plicata were thicker than the cuticles of either T. plicata
line. The cuticle is the first barrier that obligate parasitic fungi must overcome in
order to get established and propagate inside the host (Agrios 2005, p. 210; Anker and
Niks 2001; Gees and Hohl 1988; Hau and Rush 1982; Roundhill et al. 1995; Sherwood
1996; Zinsou et al. 2006). Thicker cuticles increase the resistance to infection only in
diseases where the pathogen enters through direct penetration (Agrios 2005, p. 210),
a characteristic of biotrophic fungi (Agrios 2005, p. 83). D. thujina is a biotroph
(Durand 1913; Sgegaard 1956; Sgegaard 1969, p. 294) that performs direct penetra-
tion (Sgegaard 1969, p. 299) to infect young leaves from the current growing season
(Kope and Trotter, 1998b, Kope, 2004, Kope and Sutherland, 1994a). The fact that
the thickest cuticles in 7. standishii were located in the upper branches is interesting
considering that it is the location of the youngest foliage, and this may be related
to the resistance to D. thujina in that species. Thick cuticles have been reported in
other pathosystems like Fucalyptus nitens - Mycosphaerella spp. (Smith et al., 2006)

and olive - Fusicladium oleagineum (Rhouma et al., 2013). In both cases, resistant
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plants had thicker cuticles in comparison to susceptible plants.

In addition to the cuticle, the epidermal thickness of the plant material studied was
also significantly different among plant lines. T. standishit and T. standishit X plicata
had a thinner epidermis than the 7. plicata lines investigated. The epidermis is the
next barrier to be overcome after infection before D. thujina colonizes the mesophyll
with intercellular mycelium and haustoria (Pawsey, 1960). The thickness and tough-
ness of the epidermis cell wall are important in conferring resistance against pathogens
(Agrios 2005, p. 210). It is unknown whether the thickness of the epidermis itself de-
termines how resistant a plant will be against a pathogen. The studies by Smith
et al. (2006) and Rhouma et al. (2013) showed that trees that were resistant to their
respective diseases had a thinner epidermis than susceptible plants. The findings of
this investigation match those studies, given that plants resistant to D. thujina (T.
standishii and T. standishii X plicata) had a significantly thinner epidermis than 7.
plicata. The differences in cuticle and epidermal thickness could also be explained by
the nature of plant material used here. T. standishii and T. standishii X plicata were
clonal plants while both T. plicata lines were seedlings. Although cuticle thickness
varies with age among species (Kurtz Jr., 1950), leaf cuticles of woody plants like
Fucalyptus regnans are thicker in older plants (England and Attiwill, 2005). Thuja
clonal lines are also ontogenetically older than seedlings, and have been reported to be
more resistant to D. thujina attack than seedlings (Russell, unpubl. data; Sgegaard
1969, p. 373).

At the chemical level, differences existed amongst the three biological entities studied.
Both the PCA and the categorical stability selection analyses executed on the chem-
ical variables showed that citronellyl acetate discriminated between the T. plicata
lines and the other plant lines. This compound was at significantly higher concen-
trations in T. standishii and T. standishii X plicata. The stability selection analysis
also showed that 3-carene was present only in 7. standishii. The differences in the
concentrations of those compounds could also be partly due to the age of the plant
material analyzed. The physiology of terpenes and essential oil production change
with the ontogeny of the plant so that leaves at different stages have different concen-
trations and composition of the various terpenes and phenolics produced (Goodger
et al., 2013, Sangwan et al., 2001). In 7. plicata, differences in the chemical profiles

of leaves of different ages have been reported in seedlings (Foster et al., 2016). Scales
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have more monoterpenes than needles, with a-thujone being the most abundant ter-

pene in the scales of T. plicata seedlings (Foster et al., 2016).

Both citronellyl acetate and 3-carene have been shown to have defense properties. Cit-
ronellyl acetate has antimicrobial properties against bacteria (Staphylococcus aureus,
Staphylococcus epidermidis and Streptococcus mutans) and fungi (Candida albicans
and Microsporum gypseum) at a minimum inhibitory concentration of 1,250 pg-mL™*
(Singh et al., 2012), while 3-carene has been shown to be involved in weevil resistance
in Sitka spruce (Roach et al., 2014, Robert et al., 2010) as well as in pathogen resis-
tance in Norway and white spruce (Alfaro, 1995, Alfaro et al., 2002, Faldt et al., 2003,
Tomlin et al., 2000). In this study, 3-carene was not detected in 7. plicata, and has
not been detected in the past because the species lacks resin-producing tissues, and,
instead, has isolated resin cells scattered through the stem (Lewinsohn et al., 1991b).
It is intriguing how T. standishii produces such a large amount of 3-carene while 7.
plicata and the hybrid do not. This may be one of the resistance mechanisms against
D. thujina unique to T. standishii. Future investigations should examine the anatom-
ical organization of T. standishii’s stem to determine if specialized resin structures

exist in the Japanese arborvitae.

Intriguing differences between the resistant and susceptible plant lines studied were
observed at the gene expression level. Categorical stability selection showed that the
disease resistance response protein 206 (DRR206) was at a higher expression level in
the most resistant plants (i.e. T. standishii and T. standishii x plicata). DRR206s
have been shown to accumulate rapidly in Pisum sativum in response to Fusarium
solani f. sp. phaseoli (Culley et al., 1995), in Brassica napus after infection with Lep-
tosphaeria maculans (Wang et al., 1999) as well as in other hosts after fungal or viral
infections (Halls et al., 2004). In response to a compatible plant-pathogen interac-
tion, DDR206s are secreted by the plant into the apoplastic region (UniProt accession
P13240, The UniProt Consortium 2015, 2017; Halls et al. 2004). Furthermore, it has
been shown that extracts with DDR206 inhibit L. maculans germination in vitro
(Wang et al., 1999). DRR206s are also known as dirigent proteins, and are involved
in the production of 8-8 optically active lignans by the stereoselective coupling of
radicals to form single products (Halls et al., 2004). In this investigation, there were
12 Trinity genes annotated as DDR206s, gene TRINITY DN99675 c¢1 gl being of

special interest because four of its 12 transcripts were captured by the categorical sta-



210

bility selection analysis. To date, there are nine T. plicata dirigent genes reported to
be involved in the 8-8” coupling process leading to the production of (4 )-pinoresinol
(Kim et al., 2002). It is possible that some of the 12 transcripts mentioned (T'RIN-
ITY DN99675 ¢1 g1 il - TRINITY DN99675 c¢1 g1 i12) may be the 9 diri-
gent genes reported by Kim et al. (2002), however, it is unknown which one of them
might be related to defense against D. thujina in Thuja species. BLASTn searches
for the four DRR206s selected by the categorical stability selection performed in this
study showed that the top hit for two of them was to T. plicata’s dirigent protein
4 (DIR4; Gang et al. 1999, Kim et al. 2002). Future studies should investigate the

specific roles of Thuja dirigent proteins in the defense against cedar leaf blight.

In addition to DDR206s, both the grade of membership and dynamic topic modelling
analyses indicated that bark storage proteins (BSPs) were expressed at high levels
only in T'. standishii and T. standishii X plicata. BSPs accumulate in the bark during
the fall and decrease during the spring in deciduous tree species (Langheinrich and
Tischner, 1991, Sauter and van Cleve, 1991, Wetzel et al., 1989), and are thought
to play a role in short term storage of nitrogen in plants that have limited access to
that nutrient (Smith and Atkins, 2002, Werner and Witte, 2011). It has also been
reported that the accumulation of BSPs in poplar during fall is photoperiod-regulated
and mediated by phytochromes (Coleman et al., 1991, Zhu and Coleman, 2001). BSPs
are evolutionarily related to the Vegetative Storage Proteins (VSPs; Pettengill et al.
2013), and they accumulate in response to drought, high nitrogen, wounding, her-
bivory, and after pathogen attack (Coleman et al., 1994, Lawrence et al., 2001, Major
and Constabel, 2006, Mulema and Denby, 2012, Plomion et al., 2006). Although the
findings of the current experiment match the information available on those proteins
in regards to their upregulation in response to pathogen infection, little is known
about their specific role in the defense against D. thujina in Thuja species. Future
investigations should be carried out to determine if BSPs play a role in defense against

D. thujina in Thuja sp.

Other genes that were differentially expressed among the plant lines studied, regard-
less of their infection status, were related to light signal transduction and defense.
Transcripts TRINITY DN101197 ¢2 g1 12 (chlorophyll a-b binding protein 1B)
and TRINITY DN65470 c¢0 g1 il (photosystem I reaction center subunit psakK)

had higher levels of expression only in 7. standishii in comparison to the hybrid or any
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of the T. plicata lines studied, and are involved in light signal transduction. Although
not directly related to pathogen defense, light signal transduction and pathogen de-
fense signals have been reported to cross-talk during pathogen infections (Kleine et al.,
2007, Schenk et al., 2000), which may explain the high expression levels of those se-
quences in 7. standishii, the only species that was fully resistant to D. thujina in
this study. Transcript TRINITY DN63359 c0 g1 il (cysteine proteinase RD21a)
has been shown to be involved in plant defense (Shindo et al., 2012) and its expres-
sion levels were significantly higher in 7. plicata line 129 in comparison to the other
plant lines analyzed. Cysteine proteinase RD21a is a defense gene reported to confer
resistance to Botrytis cinerea in Arabidopsis (Shindo et al., 2012) and is involved in
programmed cell death in Arabidopsis as a result of a compatible interaction with
the pathogen (Hayashi et al., 2001, Lampl et al., 2013). T. plicata line 129 was the
most resistant of the two western redcedar seedling lines used in this investigation.
Therefore, the cysteine proteinase RD21a reported here could be one of the resis-
tance mechanisms to D. thujina in T. plicata line 129 despite the lack of reports
on hypersensitivity or programmed cell death in 7. plicata in response to biotrophic

infections.

6.4.2 Time-course responses to D. thujina infection in Thuja
sp.

Both the chemical and gene expression analyses depicted time-course responses to D.
thugina infection in the plants studied. Fourteen of the 60 transcripts detected by the
categorical stability selection performed on the DE transcriptomic data had “defense
response” as their biological process annotation among the gene ontology enrichment
terms, and almost half of the sequences detected by the same analysis were extracellu-
lar components (plasma membrane, cell wall, apoplast and extracellular region). The
fact that such terms were part of the annotations of the sequences captured by the
stability selection analysis, which aimed to detect genes that were up/down regulated
in response to D. thujina infection, highlights the extracellular nature of the early
interaction between the host and the pathogen. Fungal penetration and establish-
ment occur early during the infection process, and may take place immediately after
spores land or later, depending on environmental conditions such as temperature and
humidity, as well as on the nature of the infecting spores (Agrios 2005, p. 86). The

experiment presented here was carried out within 8 days, and samples were collected
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for chemical and gene expression analyses as early as 4 dpi. A previous study on
T. plicata seedlings that were infected under field condition showed that D. thujina
spores germinated on microscope slides within three days when rain was present (see
Chapter 2), and a histological investigation of the infection process indicated that D.
thujina haustoria can be visualized inside Thuja sp. foliage infected with the disease
within four days (Sgegaard 1969, p. 310). The screening for D. thujina spores, as
well as the BLASTn searches for the two I'TS2 sequences of D. thujina in the material
studied confirm that infection was in progress at 4-8 dpi in all plant lines that were

in the CLB™ infection condition.

An interesting induced response to D. thujina infection involved aluminum concen-
trations, which were about 10 times higher at 8 dpi in the 7. standishit plants that
were real infected with D. thujina, compared to all plant lines in both infection con-
ditions at 0 dpi. The apparent accumulation of aluminum in response to D. thujina
infection, although not as high as that reported in this investigation, was also seen
in the T. plicata seedlings of the study presented in Chapter 4, as well as in the
seedlings of the same species with D. thujina symptoms in Chapter 3. Aluminum is
toxic to plants (Duressa et al., 2011, Hamel et al., 1998, Jiang et al., 2015, Mossor-
Pietraszewska, 2001, Poot-Poot and Hernandez-Sotomayor, 2011) and causes growth
anomalies when plants are grown in acidic soils (Firestone et al., 1983, Hamel et al.,
1998, Mossor-Pietraszewska, 2001, Yuan et al., 2017). The trivalent aluminum cation
is the most poisonous form (Fichtner, 2003, Hamel et al., 1998), and resistance to
the element’s toxicity has been studied in crop species (Firestone et al., 1983, Hamel
et al., 1998, Yuan et al., 2017). Organic acids are usually involved in the detoxification
and translocation of aluminum in planta (Fang-Ma, 2000, Feng-Ma, 2007, Feng-Ma
et al., 2001, Guo et al., 2005, Panda et al., 2009), while secretion of organic anions
and phenolics (like catechin and quercetin) are common aluminum defense mecha-
nisms outside the roots (Feng-Ma, 2007). Aluminum toxicity is not a plant-exclusive
phenomenon however. The element is also toxic to fungi like Aspergillus flavus (Fire-
stone et al., 1983), Phytophthora parasitica, Thielaviopsis basicola (Fichtner, 2003),
and the phytopathogens Helminthosporium solani, Phytophthora infestans, Fusarium

sambucinum and Rhizoctonia solani (Avis et al., 2007).

To date, there is no information available on the role of aluminum as a defense

mechanism against foliar biotrophs. However, the element has been shown to induce
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defense-like responses in plants exposed to high soil levels of aluminum (Hamel et al.,
1998). Those responses include the upregulation of pathogenesis-related proteins,
hypersensitive responses, lignification and induction of cell wall synthesis proteins
(Hamel et al., 1998). Disruption of calcium metabolism has also been reported as a
consequence of aluminum toxicity (Feng-Ma, 2007, Hamel et al., 1998, Jones et al.,
1998, Mossor-Pietraszewska, 2001, Rengel, 1992, Silva, 2012), and may have been in-
dicated in this investigation. Regression stability selection on the DE transcriptomic
data using aluminum as response variable revealed that a calmodulin-binding protein
(TRINITY DN102764 c1 g1 i2; G-type lectin S-receptor-like serine/threonine-
protein kinase RLK1), and a calcium-dependent phospholipid binding protein ( TRIN-
ITY DN95987 c1 g2 i4; protein QUIRKY) were among the best predictors of the
foliar aluminum concentrations, and were highly expressed in T. standishii, but not
in T. plicata or the hybrid. Transcript TRINITY DN102764 c1 g1 12 produces a
receptor-like protein kinase (RLK) found in the plasma membrane, that has S-locus
and G-type lectin regions, and is similar to that reported by Sun et al. (2013) in
Arabidopsis. They showed that such a protein was involved in tolerance to salt stress,
probably by binding to Ca?* /calmodulin to trigger downstream resistance responses.
Interestingly, a similar protein (G-type lectin S-receptor-like serine/threonine-protein
kinase At1g34300) was found to be among the best predictors in the regression stabil-
ity selection analysis that used aluminum concentrations as response variable in the
experiment presented in Chapter 4. The other transcript aforementioned, sequence
TRINITY DN95987 c1 g2 14, produces the protein QUIRKY, which is thought
to be involved in membrane traffic via Ca®" signalling (Fulton et al., 2009). Calcium,
in general, is a secondary messenger that triggers plant defenses against pathogens
via mobilization of the element itself, membrane trafficking or both (Vidhyasekaran
2008, p. 79). It is possible that a cross-talk between aluminum and calcium signalling
exists in T. standishii, and both may be related to resistance against D. thujina. Fur-
ther studies should investigate the role of calcium signalling in the defense against D.

thujina in Thuja species.

The stability selection analysis using aluminum also captured a transcript with the
gene ontology term “response to fungus” (TRINITY DN81123 c1 g1 i8) that was
preferentially expressed in the infected lines, especially in T. standishii. The dynamic
topic analysis revealed a transcript related to myo-inositol (TRINITY DN95430 c-

1 g1 i2) that was also at higher expression levels in T. standishii in comparison
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to the other lines studied. Transcript TRINITY DN81123 cl1 g1 18, annotated
as transcriptional corepressor LEUNIG, has been shown to have mediator functions
and repress transcription via changes in chromatin structure (Gonzalez et al., 2007).
LEUNIG is involved in embryo development (Sitaraman et al., 2008), flower develop-
ment (Franks et al., 2002, Liu and Meyerowitz, 1995, Sitaraman et al., 2008, Sridhar
et al., 2004), mucilage extrusion probably through cell wall modification (Bui et al.,
2011, Walker et al., 2011), and disease resistance (UniProt accession QIFUY2; The
UniProt Consortium 2015, 2017). Modifications of the plant cell wall, like those
likely induced by LEUNIG, are a common defense mechanism during plant-pathogen
interactions (Agrios 2005, p. 210; Sharma 2006, p. 5.3; Vidhyasekaran 2008, p. 275),
and may take place in the foliage of Thuja plants during D. thujina infection. Se-
quence TRINITY DN95430 c1 g1 12 was annotated as inositol-3-phosphate syn-
thase, also known as myo-inositol-1-phosphate synthase (MIPS, EC 5.5.1.4; Kanehisa
et al. 2017). MIPS catalyzes the first step in the production of myo-inositol (UniProt
accession QIFY V1, The UniProt Consortium 2015, 2017; Majumder et al. 1997), the
precursor of inositol-containing products including phospholipids (Majumder et al.,
1997). Multiple MIPS genes exist in plants and are differentially expressed depending
on the tissue (Donahue et al., 2010). This enzyme is involved in the suppression of
cell death (Donahue et al., 2010) and appears to play a role in pathogen resistance
(e.g. Fusarium solani f. sp. glycines; Igbal et al. 2002), but the exact mechanism
is still unknown. It is plausible that MIPS contribute to the resistance against D.

thugina in T. standishii.

6.4.3 On the full resistance of T. standishii and partial resis-

tance of T. standishii x plicata to D. thujina

Two interesting findings of this study were: 1) the confirmation of full resistance
against D. thujina in T. standishii, and 2) the partial resistance against the disease
in the T. standishii x plicata clonal line investigated here. These results support
the findings of Bent Sgegaard in regards to 7. standishii, but contradict his find-
ings on full resistance in offspring from crosses between T. plicata and T. standishii
(Sgegaard, 1956, 1966, 1969). Based on his investigations, Sgegaard proposed that
an R gene was responsible for the full resistance to D. thujina in T. standishii, and
that such a gene could be passed on to hybrids between T. plicata and T. standishiz,
rendering them fully resistant (Sgegaard, 1956, 1966, 1969). The molecular evidence
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collected in the current study does not support the gene-for-gene model (Agrios 2005,
p. 140; Hammond-Kosack and Jones 1997; Sharma 2006, p. 3.9; Vidhyasekaran 2008,
p. 193) proposed by Sgegaard to explain compatible Thuja sp. - D. thujina inter-
actions. Furthermore, the partial resistance of the T. standishii X plicata hybrid
clone analyzed here suggests that D. thujina resistance in T. standishii could be a
multigenic phenomenon rather than a monogenic trait as initially hypothesized by
Sgegaard. The machine learning analyses carried out here on the transcriptomic data
(i.e. stability selection, GoM and dynamic topic modelling) could not relate resistance
against the disease to an unique R gene from 7. standishii, and no fungal sequences
from D. thujina with the characteristics of avirulence (avr) genes were found in the
incompatible interaction in this investigation either. The presence of both genes is a
requirement of the gene-for-gene model of pathogen resistance (Agrios 2005, p. 141,
Hammond-Kosack and Jones 1997; Rouxel and Balesdent 2010; Sharma 2006, p. 3.9;
Vidhyasekaran 2008, p. 193; Westerink et al. 2004).

A detailed look at Sgegaard’s studies reveals that several of the Fys reported had
resistance screening results that deviated from the anticipated proportions under the
gene-for-gene model, some even rendering dissimilar results in different years (see
Seegaard 1956, 1966, 1969). For instance, T. standishii X plicata hybrids (V. 1625)
backerossed directly and reciprocally to T. plicata (V. 335) in 1951 resulted all resis-
tant to D. thujina (Spegaard, 1956), but the same T. standishii x plicata (V. 1625) x
T. plicata (V. 335) cross carried out in 1962 and tested in 1963 (sow 4398; Spegaard
1969, p. 343) depicted a ~ 2 (resistant) : 1 (susceptible) ratio (Spegaard 1969, p. 354).
Other offspring that deviated from the 1:1 proportion (Sgegaard 1969, p. 354) were
sow 3406 from 1957 (Sgegaard 1969, p. 331), sow 4103 from 1960 (Spegaard 1969,
p. 335) and sow 4187 from 1961 (Sgegaard 1969, p. 341). Sgegaard also reported
and discussed deviations from the 3 (resistant) : 1 (susceptible) ratios in Fas from
self-pollinated hybrids (see e.g. Seegaard 1969, p. 357).

In addition to the offspring segregation deviations, Sgegaard’s T. standishii X plicata
hybrids were much more difficult to produce and therefore to test than the reciprocal
hybrids. Only three T. standishii x T. plicata controlled crosses were recorded by
Spegaard between 1957 and 1965 (Sgegaard 1969, pp. 331-344), two being unsuccess-
ful (sows 3413 and 3414 from 1957; Spegaard 1969, p. 331) and the third one resulting
in a very low offspring (only 10 plants, sow 4185 from 1961; Sgegaard 1969, p. 341).
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In contrast, 26 of the 27 T. plicata x T. standishii controlled crosses carried out by
Soegaard between 1951 (Sgegaard, 1956, 1966) and 1965 (Sgegaard 1969, pp. 329-
344) were successful and rendered high offspring numbers from the beginning in 1952
(1,300 plants; Sgegaard 1956), up until the last investigations carried out in 1965
(3,800 plants, sow 4684 from 1965; Spegaard 1969, p. 344). The genetic basis of the
resistance to D. thujina in T. plicata, T. standishii and hybrids between both species

appears then to be more complex than the R-gene model proposed by Seegaard.

All of the above information suggest that full resistance to D. thujina in T. standishii
could potentially be the result of a combination of various resistance mechanisms
that neutralize the invading fungus, including a thick cuticle, presence of 3-carene,
higher expression levels of DRR206s, BSPs and a very effective early defense response
that includes aluminum accumulation, changes in calcium metabolism and upregula-
tion of MIPS as well as the transcriptional corepressor LEUNIG, among other genes.
The multigenic nature of the defenses against D. thujina displayed by T. standishii
is puzzling, given that quantitative, and not qualitative, resistance usually results
when such a combination of resistance mechanisms exist (Agrios 2005, p. 136; Sharma
2006, p. 3.6; Vidhyasekaran 2008, p. 193). The only R gene found in this interaction
was DRR206, which has been shown to play roles in the resistance to L. maculans
in B. napus (Wang et al., 1999), to F. solani f. sp. phaseoli in P. sativum (Culley
et al., 1995), and other pathosystems (Halls et al., 2004). However, its upregulation
in response to D. thujina infection in the susceptible T. plicata line 124 appears to
rule out the possibility of DRR206 as a candidate resistance gene, unless an unknown

mechanism is counteracting the gene in that line.

In spite of the probable multigenic nature of the resistance to D. thujina in T. stan-
dishii, the Japanese arborvitae might still show qualitative resistance against the
blight if few major resistance genes are part of the defense mechanisms. Indeed,
qualitative and monogenic resistances belong to the same resistance category, but
qualitative resistance is oligogenic in nature, unlike the monogenic resistance where
the gene-for-gene model applies (Agrios 2005, p. 136; Sharma 2006, p. 3.6; Vid-
hyasekaran 2008, p. 193). Full resistance to plant diseases can also be achieved when
resistance genes are pyramided within a plant. In that scenario, one R gene (e.g. Rj)
would confer resistance to a pathogen strain with the avr counterpart (e.g. awvry),

another R gene (e.g. Rs) would lead to resistance to a strain with another avr gene
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(e.g. awrg), and so forth. The pyramiding model of resistance, with as many as
20-40 R genes, has been reported in pathosystems like barley - Blumeria graminis
f.sp. hordei (synonym Erysiphe graminis f.sp. hordei), cotton - Xanthomonas citri
pv. malvacearum (synonym Xanthomonas campestris pv. malvacearum), and wheat
- Puccinia recondita (Agrios 2005, p. 137; Sharma 2006, p. 3.6). The possibility that
qualitative resistance is present in 7. standishii can be additionally supported by
the lack of complete resistance in the T. standishii x plicata hybrid studied here,
especially when considering the very low disease severity in that line when compared
to the T. plicata lines investigated. Alternatively, T. standishii may simply display
nonhost resistance (NHR), which is thought to be part of the basal defense system in
plants (Fan and Doerner, 2012, Uma et al., 2011). Although NHR has not been as
widely studied as R-gene resistance, it appears to be due to be the result of a combi-
nation of resistance mechanisms that include more than R genes (Fan and Doerner,
2012, Heath, 2000, Uma et al., 2011). T. standishii has not been reported as a host
of D. thujina (Durand, 1913, Kope, 2000, Kope et al., 1998, Spegaard, 1966), and
NHR would explain the lack of symptom development and the multigenic nature of

the species’ full resistance to D. thujina.

6.4.4 Conclusions

Phenotypic and gene expression differences in relation to D. thujina resistance be-
tween T. plicata seedlings and clones of T. standishii and T. standishii X plicata
were studied. Both T. plicata lines investigated were susceptible to D. thujina, while
T. standishii X plicata was highly resistant and T. standishii fully resistant to the
disease. T. standishii and T. standishii X plicata plants had thicker cuticles and a
thinner epidermis than the 7. plicata lines, and T. standishit had higher concentra-
tions of 3-carene. At the genetic level, transcripts of DRR206s and BSPs were at
higher expression levels in 7. standishii and T. standishii X plicata in comparison
to either T. plicata line. The roles of 3-carene, DRR206s and BSPs in the defense
against D. thujina by T. standishii and T. standishii X plicata are unknown and

future studies should investigate their mechanisms of action.

The plant lines studied depicted different early responses to infection with D. thu-
jina. Aluminum accumulation appeared to be an important response to infection

in the Japanese arborvitae. Aluminum had a significant, 10-fold increase in foliar



218

concentration in 7. standishii infected with D. thujina. This may be related to the
defense-like responses induced by the element at high concentrations, possibly via
disruption of calcium signalling. Further investigations should search for specific

mechanisms of action of aluminum in the defense against D. thujina by T. standishii.

This research also explored the type of resistance to D. thujina shown by T'. standishii
in light of Sgegaard’s hypothesis. The multigenic nature of the constitutive and
induced defense mechanisms against D. thujina in the Japanese arborvitae do not
support the gene-for-gene resistance hypothesis. In spite of that, the lack of D. thujina
symptoms in infected T. standishii and the presence of several defense mechanisms in
that species suggests that either qualitative or nonhost resistance against the disease

may exist in T. standishi.
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Chapter 7

Common potential resistance
mechanisms to Didymascella thujina

in the Thuja species studied

In this Doctoral project, the resistance mechanisms to Didymascella thujina in Thuja
plicata, Thuja standishii and Thuja standishii X plicata were investigated. True resis-
tance (Agrios 2005, p. 136; Holliday 1989, p. 274; Sharma 2006, p. 3.5; Westerink et al.
2004) exists in Thuja sp. against D. thujina, a phenomenon initially observed last
century by Sgegaard (1956, 1966, 1969), and reported early this century in 7. plicata
by scientists from the British Columbia Ministry of Forests, Lands, Natural Resource
Operations and Rural Development (Russell et al., 2007, Russell and Yanchuk, 2012).
Five major studies were carried out during the project using seedlings and clonal lines.
The seedlings included full-sib families, and single seed descent lines self-pollinated
for five generations (Russell and Ferguson, 2008). Four field seasons were carried out
where disease incidence and severity screening of more than 100 clones and of more
than 1,400 seedlings from 35 families was completed. More than 400 samples were
processed for scanning electron microscopy to confirm the presence of the pathogen
in the real inoculations of all experiments, by comparing the sampled D. thujina
ascospores to their ultrastructural characteristics in the published literature (Kope,
2000).

Several aspects of the Thuja sp. - D. thujina interaction were studied in this project,

including the relationship between disease resistance in seedlings of T. plicata full-sib
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families and their climates of origin, the anatomical differences between Thuja sp.
plants resistant and susceptible to D. thujina, the constitutive phenotypic and gene
expression differences between resistance classes of Thuja sp. plants, and the induced
phenotypic and gene expression responses to infection in the Thuja species investi-
gated. The histological studies of Thuja sp. leaf anatomy included more than 750
samples (Chapters 2, 5 and 6), and the chemical analyses in Chapters 3-6 included
more than 270 foliar samples. One-hundred-and-forty-eight transcriptomic samples
were produced for Chapters 3-6 combined, and four de novo reference transcriptomes
were assembled (one per gene expression study; Chapters 3-6) totalling almost one
million Trinity transcripts (Table 7.1; Grabherr et al. 2011, Haas et al. 2013). The
bioinformatics analyses resulted in more than 50,000 differentially expressed tran-
scripts combined (Table 7.1).

The investigations completed during the program showed that, on average, 8% of the
phenotypic variables studied (leaf anatomy and chemical composition) exhibited sig-
nificant differences between Thuja sp. plants resistant and susceptible to D. thujina
(Table 7.1). The common features that differentiated between resistance classes at
the phenotypic level were two of the leaf anatomy variables in Chapters 2 and 6 and
four of the chemical composition variables in Chapter 3 (Table 7.1). The average
percentage of chemical variables that discriminated between plants subject to real
and mock D. thujina infections was 6% (Table 7.1). The two experiments in Chapter
4 had the most chemical variables that showed significant differences between infec-
tion status, with six chemicals in the natural conditions experiment, and four in the
controlled conditions (Table 7.1). Differential responses to D. thujina infection be-
tween resistance classes were also seen at the chemical level. However, the percentage
of chemical variables that depicted those differences, as assessed by the resistance
class x infection status interaction, were only 2% (Table 7.1). At the gene expression
level, the average percentage of overall differentially expressed transcripts among all
experiments in Chapters 3-6 was 7%, with the highest percentage in the controlled
conditions experiment in Chapter 4 (Table 7.1).

The data collected over the years in this project suggest that the major differences be-
tween Thuja sp. plants resistant and susceptible to D. thujina are constitutive. Such
differences are usually found in other pathosystems and tend to include structural
defenses like reinforced cell walls and cuticles (Agrios 2005, p. 210; Anker and Niks
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2001; Sherwood 1996; Yoshida 1998; Zinsou et al. 2006), the presence of chemical com-
pounds (e.g. stilbenes; Heldt 2005, p. 447; Heldt and Piechulla 2010, p. 443), or the
constitutive expression of defense-related genes like those from the nucleotide binding
site-leucine-rich repeats (NBS-LRR) family (Vidhyasekaran 2008, p. 198). The results
of this project also showed that plants from both resistance classes responded to D.
thugina infection, with few differential responses between classes. The only species
with a noticeable differential response to D. thujina infection at the chemical level
was T. standishii (section 7.2.2). Induced responses to pathogen infection take place
in any compatible plant-pathogen interaction, and include structural changes like
the deposition of suberin (Agrios 2005, p. 187; Smith et al. 2006), hypersensitive re-
sponses (Agrios 2005, p. 217; Brown et al. 1966; Gees and Hohl 1988), the production
of phytoalexins such as flavonoids (Falcone-Ferreyra et al., 2012), and the induction
of defense-related genes like cell wall remodelling enzymes (Bellincampi et al., 2014,
Krizek et al., 2016, Smit and Dubery, 1997) or pathogenesis related proteins (Chit-
toor et al., 1999, Ghosh, 2006, Velazhahan et al., 1999). All of these findings are

summarized in the following sections.

7.1 Potential constitutive disease resistance mecha-

nisms

In all investigations carried out during the Doctoral program, differences in the sever-
ity of D. thujina symptoms were seen among the studied Thuja sp. plants. The
T. standishii clone analysed did not develop any symptoms of the disease, while the
T. standishii x plicata clone showed very low disease severity values (Table 7.2).
Those results agree with previous reports on the full resistance to D. thujina by T.
standishii and on the high resistance to the pathogen by T. standishii x plicata (Sge-
gaard, 1956, 1966, 1969). The T. plicata plants screened, on the contrary, showed
a range of disease severities in both seedlings and clones (Table 7.2). Intraspecific
variation to pathogen resistance in field studies is common in conifers (Hattemer,
1966, Hodge and Dvorak, 2000, Hoff, 1966, Wu et al., 1996) and angiosperms (Jokela,
1966, Laine, 2004), and variability in the resistance to D. thujina has previously been
reported in adult trees of T. plicata (Russell and Yanchuk 2012; Russell et al. 2007;
Seegaard 1969, p. 323). Furthermore, the severity screenings carried out during the
project are supported by the findings in Russell et al. (2007). For instance, the female
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parent of susceptible family 528 (parent ID 1428 in Appendix A.1) was grown from
seed collected from population 19 (Gilpin High) in Russell et al. (2007), which was a
susceptible population in that study.

Analyses in Chapter 2 investigating the relationship between D. thujina severity and
climate of origin highlighted the potential role of local adaptation in the resistance to
the pathogen. T. plicata seedlings resistant to D. thujina came from parents from ar-
eas with milder climates (Table 7.2), which are optimal for pathogen survival (Kope
and Trotter 1998a; Pawsey 1960; Soegaard 1969, p. 309), germ tube germination
(Pawsey, 1960) and spore discharge (Sgegaard, 1966). The association between cli-
mate of origin and D. thujina resistance is also found in T plicata field trials (Russell
et al., 2007). Similar relationships between climate of origin and field disease resis-
tance have been reported by Zhang et al. (1997) in another Cupressaceae, eastern
redcedar (Juniperus virginiana L.). Zhang showed that trees resistant to Pseudocer-
cospora junipert originated in regions with higher humidity and temperatures than
those where susceptible trees originated (Zhang et al., 1997). The climate of origin -
disease resistance relationship has also been found in angiosperms. For instance, Tas-
manian blue gum populations resistant to Teratosphaeria cryptica and Teratosphaeria
nubilosa occur in areas with higher temperatures and autumn rainfalls than popu-
lations susceptible to those pathogens (Hamilton et al., 2013). Like Russell et al.
(2007), both Zhang et al. (1997) and Hamilton et al. (2013) argued that the relation-
ship between climate of origin and disease resistance could be due to plant-pathogen
co-evolution in those pathosystems. The association between climate of origin and
disease resistance has usually been considered a sign of co-evolution between host and
pathogen (Hamilton et al., 2013, Russell et al., 2007, Zhang et al., 1997).

Co-evolution between plants and pathogens in places where both are present is com-
mon, and is a recurrent topic in evolutionary biology (Barrett and Heil, 2012, de Wit
et al., 2012, Dusabenyagasani et al., 2002, Hamelin, 2000, Karasov et al., 2014, Oc-
chipinti, 2013, Ojeda Alayon et al., 2017, Sakalidis et al., 2016, Vialle et al., 2013).
The co-evolutionary model predicts that pathogen pressure has an associated fitness
cost to the host that will result in selection for resistance, but it also predicts that the
evolution of resistance mechanisms against pathogens in plants that do not co-exist
with the pathogen will come with a negative fitness cost (Barrett and Heil, 2012,
Burdon and Thrall, 2009, Frank, 1992, Occhipinti, 2013). Under this model, it is
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expected that T. plicata populations from milder climates, which are optimal for the
pathogen, would be more resistant to D. thujina. This was confirmed in Chapter 2.
The model also anticipates that interior T. plicata populations will not be resistant
to D. thujina given the very cold winters that are unsuitable for D. thujina survival
(Kope and Trotter 1998a; Pawsey 1960; Sgegaard 1969, p. 309). The parental data
of the families used in Chapters 2 to 4 support that prediction of the co-evolution
model. In the experiments presented there, both parents of T. plicata families 582,
583 and 8265 came from high elevation regions in the interior of British Columbia,
and they also had high disease scores in comparison to the parents of the resistant
coastal families used in the same studies (see Appendix A.1). The parents of the
susceptible clonal line used in Chapter 5 were also from high elevation interior lo-
cations in British Columbia (see Appendix A.1). The evolution of resistance to D.
thujina then appears to be based on major constitutive differences between Thuja sp.

resistance classes evident at the phenotypic and gene expression levels.

7.1.1 Possible constitutive phenotypic resistance mechanisms

The constitutive phenotypic differences between Thuja sp. plants resistant and sus-
ceptible to D. thujina related to leaf anatomy and chemical composition. Cuticle
thickness, stomatal density and epidermal thickness were the anatomical variables
that discriminated between resistance classes. Thicker cuticles were present in resis-
tant 7. plicata seedlings as well as in clones of both T. standishit and T. standishii x
plicata, but the trait did not render significant differences between resistance classes
in 7. plicata clones (Table 7.2). The cuticle is the first physical barrier to be overcome
by fungi that perform direct penetration (Agrios 2005, p. 210; Anker and Niks 2001;
Gees and Hohl 1988; Hau and Rush 1982; Roundhill et al. 1995; Sherwood 1996; Zin-
sou et al. 2006), and thicker cuticles are usually found in plants with higher resistance
to pathogens. For instance, Fucalyptus trees resistant to Mycosphaerella spp. have
thicker cuticles than susceptible trees (Smith et al., 2006), as do olive plants resistant

to Fusicladium oleagineum (Rhouma et al., 2013).

Low stomatal densities were observed in the resistant seedlings of 7. plicata (Table
7.2), but no relationship between stomatal density and disease resistance was seen
on Thuja clones of any species. Lower stomatal densities have been associated with

resistance to foliar pathogens that enter their host through natural openings (Agrios
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2005, p. 88; Huang 1986; Ramos et al. 1992; Sharma 2006, p. 4.6; Zinsou et al. 2006).
However, the use of a different route of entrance by D. thujina (Seegaard 1969, p. 299)
makes it unlikely that stomata play a role in the defense against the biotroph. The
epidermis was generally thinner in Thuja sp. plants resistant to D. thujina. Clones
of T. standishii and T. standishii X plicata had significantly thinner epidermis than
T. plicata seedlings (Table 7.2), and a thinner epidermis was also recorded in the
resistant clonal lines of T plicata (Table 5.1) although this difference was not signifi-
cant. The same was true for the seedlings of the resistant families studied in Chapter
2 (Table 2.4). It is unknown if a thin epidermis is related to plant defense against
pathogens despite the fact that they have been recorded in resistant plants of other
pathosystems (Rhouma et al., 2013, Smith et al., 2006). On the contrary, the thin-
ner epidermal thickness and the lower stomatal density recorded in resistant Thuja
sp. plants may have nothing to do with D. thujina resistance, but instead to local
adaptations to the climates where resistant plants occur. Thin epidermises have been
reported in plants grown at high humidity (Torre et al., 2003), while low stomatal
densities have been recorded in plants found in humid environments (Abrams et al.,
1994, Bakker, 1991). Interestingly, high humidity is one of the characteristics of the
locations where 7. plicata populations resistant to D. thujina originate (Russell et al.,
2007).

At the chemical level, different variables discriminated between resistance classes in
clones in comparison to seedlings, although the main variables were terpenes in both
age groups. Resistant Thuja sp. clones had lower concentrations of citronellyl ac-
etate compared to susceptible clonal lines, and those concentrations were higher than
in self-pollinated seedlings (Table 7.2). In seedlings of full-sib 7. plicata families,
plants resistant to D. thujina had significantly higher concentrations of a-thujene
and sabinene (Table 7.2). The differences between clones and seedlings may be re-
lated to the physiological changes in terpene production that take place as plants
age (Sangwan et al., 2001). For instance, it has been reported in Fucalyptus that
compounds that are energetically inexpensive to synthesize, like phenolics, are usu-
ally produced by young plants, while energetically costly compounds like terpenes are
present in adult trees (Goodger et al., 2013). The terpene profiles of adult and young
T. plicata trees differ; in spite of the fact that plants of all ages have high amounts
of a- and S-thujone in comparison to other terpenes (Shalev et al., 2018, Tsiri et al.,
2009, von Rudloff et al., 1988, Vourc’h et al., 2001, 2002). Adult T. plicata trees
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have been shown to have high relative concentrations of p-cymene, S-phellandrene,
terpinen-4-ol, a-terpinene, a-terpineol and a-thujene (von Rudloff and Lapp, 1979),
while seedlings have been reported to have high relative amounts of limonene (Vourc’h
et al., 2001, 2002). Regardless of the differences in terpene profiles between adult and
young T. plicata plants, citronellyl acetate, a-thujene and sabinene all have antimi-
crobial properties (Achotegui-Castells et al., 2016, Singh et al., 2012). Citronellyl
acetate inhibits the growth of Microsporum gypseum and Candida albicans in vitro
(Singh et al., 2012), and a-thujene and sabinene inhibit Seiridium cardinale in vitro
as well as in planta in Cupressus sempervirens (Achotegui-Castells et al., 2016). Fur-
thermore, a-thujene is a sabinene isomer (Acharya et al., 1969), and sabinene is
believed to be an intermediate in the production of a- and S-thujone (Foster et al.,
2013, Gesell et al., 2015), the latter two being powerful antimicrobial compounds as
well (Tsiri et al., 2009). Citronellyl acetate, a-thujene and sabinene may play roles
in the constitutive defense against D. thujina in Thuja sp. However, it remains to be
determined whether or not they have fungicidal or fungistatic properties against D.

thugina, or if they are intermediates of other defense compounds against the pathogen.

Boron, calcium and copper also exhibited significant differences in concentration be-
tween resistance classes (Table 7.2). Boron is a component of the cell wall (Blevins
and Lukaszewski, 1998, Matoh, 1997, Tariq and Mott, 2007), and its role in growth
and development (Ahmad et al., 2009, Gonzalez-Fontes et al., 2014, Tariq and Mott,
2007) may explain its higher concentration in susceptible seedlings, which are antici-
pated to spend less resources in defense than growth according to the plant-pathogen
co-evolutionary model (Brown and Rant, 2013, Bruns, 2016, Susi and Laine, 2015).
Calcium is a secondary messenger (Heldt 2005, p. 458; Heldt and Piechulla 2010,
p. 454), that plays many roles in the plant cell (Batisti¢ and Kudla, 2012, Gonzélez-
Fontes et al., 2014, Silva, 2012), but is also involved in defense responses to pathogen
infections (Agrios 2005, p. 214; Scheel and Nuernberger 2004; Vidhyasekaran 2008,
p. 79). Calcium signalling appears to have been disrupted in the experiments pre-
sented in Chapters 4 and 6 as discussed later (section 7.2.1), and could therefore
be involved in the resistance to D. thujina by T. plicata. The role of copper in the
susceptible plants is uncertain, but it is known that the element can limit the growth
of pathogens (Fones and Preston, 2013), and copper-based compounds are common
in pesticides (Agrios 2005, p. 338; Sharma 2006, p. 8.15).



228

7.1.2 Probable constitutive genetic resistance mechanisms

Constitutive gene expression differences between resistance classes were found in both
seedlings and clones, but seedlings had a different set of constitutive gene expression-
related resistance mechanisms against D. thujina compared to clones. The most con-
sistent finding in clones was the constitutively higher expression levels of bark storage
proteins (BSPs) in the resistant lines from both Thuja species and the hybrid (Table
7.3). As discussed in Chapters 5 and 6, BSPs are proteins originally found to accumu-
late during the fall, but decrease in spring in poplar (Langheinrich and Tischner, 1991,
Sauter and van Cleve, 1991, Wetzel et al., 1989). Interestingly, the BSP transcripts
documented in this Doctoral project were found in summer, a time when they were
not expected to be present according to the literature (Langheinrich and Tischner,
1991, Sauter and van Cleve, 1991, Wetzel et al., 1989), although it is unknown if their
protein products were present. The function of BSPs was originally proposed to be
storage of nitrogen, especially in plants with limited access to the element (Smith and
Atkins, 2002, Werner and Witte, 2011). Now it is known that BSPs also accumulate in
wounded poplar leaves (Major and Constabel, 2006), as well as in Arabidopsis leaves
in response to pathogen infection (e.g. gene At4¢24340 in Mulema and Denby 2012).
Some BSPs have indeed been demonstrated to have acid phosphatase activity against
Diabrotica undecimpunctata howardi, Callosobruchus maculatus and Drosophila lar-
vae (Liu et al., 2005). The role of BSPs in the defense against D. thujina in Thuja
sp. is unknown, but their consistently higher levels of expression in the resistant
plants of all clonal lines studied make them a potential resistance mechanism to the
pathogen. To date, only one similar bark protein-like sequence from Thuja occiden-
talis exists in GenBank (AY795849). Sequence AY795849 was investigated along with
other sequences as part of a standardization procedure in the production of recom-
binant secreted proteins (Baur et al., 2005), so it is unknown if the sequence has a
defense-related function in 7. occidentalis considering that species is a known host of
D. thujina (Durand, 1913, Kope, 2000, Kope et al., 1998, Spegaard, 1966). BSPs may
be involved in pathogen resistance via the jasmonic acid (JA) pathway given their

reported upregulation in response to JA in Arabidopsis (Stein et al., 2008).

Besides BSPs, both T. standishii and T. standishii X plicata clones had higher expres-
sion levels than T. plicata self-pollinated seedling lines of a dirigent protein (disease
resistance protein 206, DRR206; Table 7.3). As discussed in Chapter 6, DRR206s
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take part in the production of 8-8” optically active lignans (Halls et al., 2004), and
have been shown to be upregulated in response to Fusarium solani f. sp. phaseoli in-
fection in pea (Culley et al., 1995), and in genetically modified canola inoculated with
Leptosphaeria maculans (Wang et al., 1999). There are nine dirigent genes related
to the 8-8 coupling process reported in 7. plicata to date (Kim et al., 2002), and
the BLASTn search analysis presented in Chapter 6 suggests that dirigent protein 4
(DIR4; Gang et al. 1999, Kim et al. 2002) may be the gene expressed highly in 7.
standishii and T. standishii X plicata. In T. plicata, in addition to BSPs, resistant
clones had higher expression levels of other defense-related transcripts like a dehy-
drin (Xero 1), as well as sequences related to defense against fungi (EMSY-like 3)
and the salicylic acid pathway (DMR6-like oxygenase 2; Table 7.3). Dehydrins have
been reported to induce the expression of pathogenesis-related proteins from families
PR-3, PR-6, PR-8, PR-11, PR-12, PR-13 and PR-14 in transgenic Arabidopsis (Brini
et al., 2011), and the expression of EMSY-like genes are needed for basal disease
resistance in the same species (Tsuchiya and Eulgem, 2011). The salicylic acid path-
way appears to be involved in programmed cell death (Ederli et al., 2011, Vorwerk
et al., 2007, Zhang et al., 2013), which is a very important process in hypersensitive
responses (Agrios 2005, p. 151). The above gene expression data highlight that Thuja
sp. clones resistant to D. thujina have a number of constitutively expressed defense

genes that may act individually or in concert in comparison to susceptible plants.

The constitutive gene expression profiles of T. plicata seedlings resistant and suscep-
tible to D. thujina were different from those of the clonal lines, in agreement with
the differences found between ages at both the anatomical and chemical composition
levels, as previously discussed. The most evident difference between resistance classes
in seedlings from full-sib families at the gene expression level was the constitutively
higher expression of several disease resistance proteins in the resistant families (Table
7.3). Most of those resistance proteins belong to the NBS-LRR family, which are
part of the receptor-like protein kinase (RLK) superfamily (Afzal et al. 2008; Goff
and Ramonell 2007; Morris and Walker 2003; Tichtinsky et al. 2003; Vidhyasekaran
2008, p. 78). The high expression levels of those sequences in the resistant families is
interesting given that several resistance (R) genes to bacterial and fungal pathogens
from species like rice, wheat, pepper, tomato and corn are known to belong to the
NBS-LRR class (Vidhyasekaran 2008, p. 198). Seedlings of resistant family 685 also

had significantly higher expression levels of a cysteine-rich receptor-like protein ki-
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nase (CRK), another member of the RLK superfamily (Ederli et al., 2011, Yeh et al.,
2015). CRKs have been reported to be involved in defense responses in pathosystems

like the Arabidopsis thaliana - Pseudomonas syringae pv. tomato DC3000 (Ederli
et al., 2011, Yeh et al., 2015).

Additional sequences of interest, highly expressed in seedlings of the resistant family
studied in Chapter 3 were zinc finger proteins and transcripts involved in signal trans-
duction, and terpenes and alkaloids syntheses (Table 7.3). Zinc finger proteins have
been shown to be involved in disease resistance (Fujiwara et al., 2006, Moeder et al.,
2005), as has been the signal transduction sequence shown in Table 7.3 (Gupta et al.,
2012). Terpenes have been reported to inhibit Candida sp. fungi and several bacte-
rial species in vitro (Tsiri et al., 2009), as well as canker fungi in the Mediterranean
cypress in vivo (Achotegui-Castells et al., 2016). Terpenes have also been linked to
deer deterrence in T. plicata (Vourc’h et al., 2001, 2002), and are also the compounds
found at highest concentrations in the foliage of western redcedar (Shalev et al., 2018,
von Rudloff and Lapp, 1979, von Rudloff et al., 1988, Vourc’h et al., 2001, 2002). The
higher expression levels of transcripts TR52851/c1 g1 2 and TR56505/c0 g1 il
in the resistant seedlings studied in Chapter 3 may be related to the higher concen-
trations of a-thujene and sabinene in those plants (Table 7.2). Based on the BLASTn
searches, TR52851/c1 g1 12 was identified as a probable sabinol dehydrogenase (se-
quence KC767270 in Foster et al. 2013), while sequence TR56505/c0 g1 il appears
to be involved in the synthesis of terpenes and flavonoids (sequence KC767279 in
Foster et al. 2013).

Foliar alkaloids of T'. plicata have not been studied much, however, alkaloids have been
found in the leaves of another Cupressaceae (Zhang et al., 2007) as discussed in Chap-
ter 3. The sequence in Table 7.3 is involved in the production of benzylisoquinoline
alkaloids (BIAs; Liscombe and Facchini 2008, Mishra et al. 2013), which have been
shown to inhibit the growth of bacteria and fungi in vitro (Villar et al., 1987). The
high expression levels of more than one type of disease resistance gene in T. plicata
seedlings resistant to D. thujina, along with other highly expressed defense-related
transcripts, supports the polygenic quantitative nature of the species’ resistance to
the disease (Russell et al., 2007, Russell and Yanchuk, 2012) that is likely the result of
natural selection for resistance to the pathogen (Barrett and Heil, 2012, Burdon and
Thrall, 2009, Frank, 1993, 1992, Karasov et al., 2014, Occhipinti, 2013) in parental
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populations of the seedlings investigated as discussed in section 7.1.

7.2 Induced responses to Didymascella thujina in-

fection

7.2.1 Common to both resistant and susceptible plants

The studies carried out during the program showed that all Thuja sp. plants an-
alyzed responded to D. thujina infection. Although a few mineral nutrients and a
terpene showed significant changes in their concentrations after pathogen infection,
aluminum was the only chemical variable with a consistent response across all species,
age groups, and studies (Table 7.4). Significant increases in aluminum concentrations
after inoculation with D. thujina were seen in both experiments presented in Chapters
4 and 6, and aluminum concentrations were significantly correlated with disease sever-
ity in Chapter 3. Furthermore, the accumulation of aluminum in Thuja plants after
infection was documented not just in the experiments performed under controlled
conditions (Chapters 4 to 6), but also in plants infected under natural conditions
(Chapters 3 and 4). Increased amounts of aluminum in infected 7. plicata clones
were also seen in Chapter 5, despite the non-significant difference compared to plants
in the mock infections. The accumulation of aluminum in response to D. thujina

infection was the most common and consistent finding of this Doctoral project.

Aluminum is a toxic element (Duressa et al., 2011, Hamel et al., 1998, Jiang et al.,
2015, Mossor-Pietraszewska, 2001, Poot-Poot and Hernandez-Sotomayor, 2011) that
causes growth anomalies in plants (Hamel et al., 1998, Mossor-Pietraszewska, 2001,
Yuan et al., 2017). High aluminum concentrations are also toxic to other species,
including fungi (Avis et al., 2007, Fichtner, 2003, Firestone et al., 1983). The triva-
lent form of the element is the most poisonous (Fichtner, 2003, Hamel et al., 1998),
and is usually found in acidic soils (Firestone et al., 1983, Hamel et al., 1998, Yuan
et al., 2017). The fact that aluminum accumulates in the leaves of Thuja sp. after
infection is puzzling, especially considering that D. thujina is a host-specific (Durand,
1913, Kope, 2000, Kope et al., 1998, Sgegaard, 1966) obligate foliar parasite (Durand
1913; Sgegaard 1956; Sgegaard 1969, p. 294) and not a soilborne pathogen. To my

knowledge, there is no information on the role of aluminum in plant defense against
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foliar pathogens based on the extensive literature reviewed for this dissertation. In
spite of that, aluminum toxicity has been shown to trigger defense-like responses in
wheat (Hamel et al., 1998), probably through the disruption of calcium homeostasis
(Silva, 2012), as well as its effects on the phospholipid signalling system (Poot-Poot
and Hernandez-Sotomayor, 2011), both known to play defense roles against pathogens
(Vidhyasekaran 2008, pp. 79 and 85).

The stability selection analyses carried out in Chapters 4 and 6 using aluminum as a
response variable showed that calcium signalling may have indeed been disrupted as a
consequence of increased aluminum concentrations in the foliage of infected Thuja sp.
plants. In both cases, G-type lectin S-receptor-like serine/threonine-protein kinases
(At1g34300 in Chapter 4, and RLK1 in Chapter 6) were among the top predictors
of aluminum concentrations, and were upregulated after D. thujina infection (Table
7.4). As discussed in the previous chapter, both At1g34300 and RLK1 occur in the
plasma membrane and have calmodulin binding functions (UniProt accessions (339202
and Q9XID3; The UniProt Consortium 2015, 2017). G-type lectin S-receptor-like ser-
ine /threonine protein kinases have been associated with salt tolerance in Glycine soja
through calmodulin/Ca*" signalling (Sun et al., 2013). Such a mechanism suggests

possible tolerance to increased levels of aluminum in the infected plants.

The gene expression analyses completed in Chapters 3-6 revealed other common gene
expression responses to D. thujina infection in Thuja sp. plants besides the upreg-
ulation of At1g34300 and RLK1. Those analyses suggested that several secondary
metabolism pathways were downregulated in response to pathogen inoculation in
seedlings, whereas early defense-related transcripts seemed upregulated in both clones
and seedlings (Table 7.4). The shikimate pathway appeared to be downregulated via
decreased expression of the bifunctional 3-dehydroquinate dehydratase/shikimate de-
hydrogenase (DHQD/SD; Table 7.4). The lower levels of DHQD/SD after D. thujina
infection may also be associated with the downregulation of sequences related to the
production of phenylpropanoids like lignin, flavonoids and cutin (Table 7.4). This
is because DHQD/SD is an upstream enzyme of the pathways that lead to the pro-
duction of those phenolic secondary metabolites (Tohge et al., 2013). Similarly, the
downregulation of transcripts involved in alkaloid production after three days of infec-
tion (see also section 4.4.2.2 in Chapter 4) may be related to lower levels of DHQD /SD

because the shikimate pathway is upstream in the production of those products as
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well (Heldt 2005, p. 302; Heldt and Piechulla 2010, p. 300). It is worth noting that
the transcript involved in alkaloid production in Table 7.4 ([S]-stylopine synthase) is
related to the production of BIAs (Diamond and Desgagné-Penix, 2016), which are
the same type of alkaloid thought to be synthesized by the constitutively highly ex-
pressed transcript TR55613/c7 g3 i3 in the resistant full-sib family 685 (see Table
7.3). The downregulation of secondary metabolism pathways in 7. plicata seedlings
can be related to the reprogramming that the pathogen does to the metabolism of
the host plant (Petre et al., 2012, Teixeira et al., 2014, Tremblay et al., 2011), which
includes subduing of the plant defenses. For example, rice and barley plants infected
with Magnaporthe grisea, a pathogen with biotrophic characteristics, have decreased
production of shikimate and phenylpropanoids (Parker et al., 2009), the same re-

sponse reported here in 7. plicata seedlings infected with D. thujina.

Early defense responses to D. thujina infection also involved the upregulation of sev-
eral sequences related to cell wall organization, including lignin synthesis transcripts.
The upregulated transcripts involved in the synthesis of lignin were a tricin synthase
1 and a laccase-5 (Table 7.4). Tricin is a flavone that conjugates with lignin (Li et al.,
2016), while laccase-5 participates in lignin deposition in cell walls (Wang et al.,
2015). Other sequences related to cell-wall organization with increased expressions
after infection were a cellulose synthase-like protein H1, a probable xyloglucan endo-
transglucosylase/hydrolase (XTH) protein 6, a beta-D-xylosidase 4, and an omega-
hydroxypalmitate O-feruloyl transferase (Table 7.4). The last four transcripts play
roles in cellulose synthesis (Heldt 2005, p. 269; Heldt and Piechulla 2010, p. 268;
Liepman and Cavalier 2012), xyloglucan modifications (Cosgrove, 2005, Liu et al.,
2007), hemicellulose modification (Hatano and Hamada, 2008), and suberin synthe-
sis (Gou et al., 2009, Molina et al., 2009), respectively. XTHs have been shown to
accumulate in the phloem of celery plants attacked by aphids (Divol et al., 2007), in
jute plants infected with Macrophomina phaseolina (Sharmin et al., 2012), as well as
in tomato plants attacked by parasitic Cuscuta sp. plants (Olsen et al., 2016). An
omega-hydroxypalmitate O-feruloyl transferase has also been reported to be upreg-
ulated in tea plants attacked by the biotroph Ezobasidium vexans (Jayaswall et al.,
2016). Plant cell walls are amongst the first targets of pathogenic fungi (Blanco-Ulate
et al., 2014b), and cell wall reinforcement in plants is a common early response to
pathogen infection (Agrios 2005, p. 232; Vidhyasekaran 2008, p. 298). Based on the

gene expression results in Chapters 3 to 6, cell wall remodelling appears to be one
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of the early responses to D. thujina infection in Thuja sp. plants regardless of the

species, age or resistance class.

One last interesting general response to D. thujina infection was the upregulation of a
dirigent protein in the 7. plicata clones studied in Chapter 5 (Table 7.4). This finding
is remarkable considering that another dirigent protein (disease resistance response
protein 206) was recorded at constitutively high expression levels in the T. standishii
and T. standishii X plicata clonal lines investigated in Chapter 6. Unlike the dirigent
protein found in clones of the Japanese arborvitae and the T. standishii X plicata
hybrid (probably a DIR4), the gene of a dirigent protein 1 was upregulated instead in
T. plicata clones after D. thujina inoculation. Dirigent proteins have been shown to
be upregulated in response to pathogen infection as discussed previously (see section
7.1.2), and may be important players in D. thujina resistance in ontogenetically older

Thuja plants.

7.2.2 Differentially induced between resistance classes

There were not many differential responses to D. thujina infection between Thuja
sp. plants resistant and susceptible to D. thujina. Nevertheless, the differences found
occurred mostly in the clonal lines, with resistant plants having stronger responses
to infection than susceptible lines, as assessed by the fold change in the concentra-
tions of chemical compounds and the expression levels of the differentially expressed
transcripts. The greatest fold change response of all was the foliar accumulation of
high amounts of aluminum in 7. standishii (Table 7.5), the only species studied that
was fully resistant to D. thujina. The possible role of aluminum as a general defense
mechanism against D. thujina has been discussed in section 7.2.1. However, the re-
gression stability selection analysis using aluminum as a response variable carried out
in Chapter 6, showed that besides the G-type lectin S-receptor-like serine/threonine-
protein kinase RLK1 previously mentioned, a calcium-dependent phospholipid bind-
ing protein (protein QUIRKY') and an inositol-3-phosphate synthase had increased

expression levels with increased aluminum concentrations (Table 7.5).

Aluminum stress has been shown to affect calcium homeostasis (Silva, 2012), and
RLK1 and protein QUIRKY are both involved in calcium signalling (Fulton et al.,

2009, Sun et al., 2013). Calcium is a general secondary messenger in plants (Batis-
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ti¢ and Kudla, 2012) that is also known to be involved in pathogen defense (Vid-
hyasekaran 2008, p. 79). Aluminum has also been reported to disrupt the phospho-
lipid signalling system (Poot-Poot and Hernandez-Sotomayor, 2011), and the inositol-
3-phosphate synthase is related to that pathway (Majumder et al., 1997). Four
phospholipases are found in plant cell membranes (PLA1, PLA2, PLC and PLD;
Vidhyasekaran 2008, p. 86), PLC being involved in the production of inositol-1,4,5-
trisphosphate (IP3; Vidhyasekaran 2008, p. 87). IP3 is involved in defense responses
triggered by the JA pathway (Mosblech et al., 2008). The gene expression findings
related to aluminum accumulation suggest that augmented concentrations of the el-
ement, calcium signalling and the phospholipid pathway in leaves may be parts of a

complex and effective defense system against D. thujina infection in T. standishii.

Differential gene expression responses to D. thujina between resistance classes were
also seen in T. plicata clones, and related to pathogenesis-related (PR) proteins and
cell wall organization sequences (Table 7.5). Transcripts in the last category were
discussed in section 7.2.1. PR proteins are induced as result of plant-pathogen inter-
actions (Antoniw et al., 1980, Jayaraj et al., 2004, van Loon, 1999, van Loon and van
Strien, 1999, van Loon et al., 1994), and those mentioned in Table 7.5 have pathogen
defense-related functions. For example, glucan endo-1,3-5-glucosidases have been
reported to have antimicrobial activity in wvitro in tobacco (Leubner-Metzger and
Meins Jr., 1999) and pea (Mauch et al., 1988), a soy homolog of Pru ar 1 has been
documented to be a PR-~10 protein with RNAse activity (Fan et al., 2015), and the
peroxidase 21 in Table 7.5 is a class III peroxidase induced during systemic acquired
resistance in Arabidopsis (Maleck et al., 2000). The production of more than one
type of PR protein in response to pathogen infection leads to a synergistic defense
response by the host (Jayaraj et al., 2004, Jensen et al., 1999), which is possibly one

of the resistance mechanisms to D. thujina in resistant T. plicata clones.

7.3 Conclusions and future work

In this Doctoral project, the resistance mechanisms to D. thujina in T. plicata, T.
standishit and T. standishii X plicata were investigated. The five main investigations
carried out during the program showed that T. standishit was fully resistant to the
disease, and that T. standishii x plicata was highly resistant as reported in the past
(Sgegaard, 1956, 1966, 1969). In contrast, T plicata depicted quantitative resistance
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to the pathogen, in agreement with previous reports on variability in the resistance to
the disease in that species (Russell and Yanchuk 2012; Russell et al. 2007; Spegaard
1969, p. 323). Furthermore, analyses of the relationship between climate of origin
and disease severity in seedlings of T. plicata revealed that resistant plants originated
from milder climates as has been reported for adults (Russell et al., 2007, Russell and
Yanchuk, 2012). In general, the phenotypic and gene expression data collected sug-
gest that major constitutive differences between resistant and susceptible Thuja sp.
plants account for the resistance to D. thujina, and that the resistance mechanisms

differ, depending on the age of the plant.

Constitutive resistance mechanisms to D. thujina in T. plicata seedlings include
thicker cuticles, higher concentrations of a-thujene and sabinene, and higher expres-
sion levels of disease resistance proteins of the NBS-LRR family. Resistant 7. plicata
seedlings also had significantly lower stomatal densities than susceptible seedlings,
but it is unknown if this plays a role in defense against D. thujina. In Thuja sp.
clonal lines, the constitutive resistance to the pathogen was associated with a thin-
ner epidermis, lower citronellyl acetate concentrations than susceptible clones, and
higher levels of expression of bark storage proteins. In addition to the aforementioned
mechanisms present in resistant clonal lines, T. standishit and T. standishii X plicata
clones had also thicker cuticles and elevated expression levels of a dirigent protein

(disease resistance protein 206).

Thuja sp. plants from all lines and ages responded to D. thujina infection despite
the constitutive differences between resistance classes. The most general response to
infection was the foliar accumulation of aluminum, especially in T. standishii, where
concentrations were much higher in the infected plants in relation to the other species
or hybrid. Cell wall reinforcement after D. thujina inoculation was also recorded, as
well as the downregulation in 7. plicata seedlings of several pathways involved in sec-
ondary metabolite production, including the shikimate, alkaloid, flavonoids and cutin
pathways. In addition to those general responses, T. plicata clonal lines resistant to
the pathogen showed significantly higher expression levels of several PR proteins and

of a dirigent protein (dirigent protein 1).

Differences among plants of different ages in the resistance to pathogen infections

are common, with older plants generally being more resistant than young plants
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(Develey-Riviére and Galiana, 2007, Panter and Jones, 2002). That phenomenon is
known as age related resistance (ARR; Carella et al. 2015, Kus et al. 2002, Panter
and Jones 2002, Shibata et al. 2010) and although the specific mechanism is not well
understood (Kus et al., 2002, Panter and Jones, 2002), it has been reported that the
salicylic acid (SA) pathway (Kus et al., 2002, Shibata et al., 2010) and the ethylene
pathway (Shibata et al., 2010) may be involved. For instance, it has been shown
the SA pathway is triggered in response to pathogen infection in both young and
old Arabidopsis plants, but the pathway appears to be suppressed by the invading
pathogen in younger plants only (Carella et al., 2015). Based on the data collected
in the studies carried out during the program, it appears that ARR takes place in
the T. plicata - D. thujina pathosystem as well. This was observed originally by
Soegaard, and was referred to as “physiologically determined resistance” (Sgegaard

1969, p. 366). The specific mechanisms underlying ARR in 7. plicata are unknown.

The comprehensive investigations carried out during this Doctoral project, involved
the concomitant analysis of the constitutive and induced resistance mechanisms to
D. thupna in T. plicata, T. standishiz and T. standishit X plicata both at the pheno-
typic and genotypic levels using cutting edge machine learning methodologies. The
results produced during the program addressed all of the initial research questions
and revealed the apparent involvement of aluminum in plant defense, which has been
overlooked in plant pathology. Although the element is toxic to plants, it is also
highly toxic to pathogens and has been shown to elicit pathogenesis-related responses
in plants via the disruption of calcium signalling and the induction of the phospho-
lipid signalling system. If used as a defense mechanism, aluminum may be detoxified
by the plant (Fang-Ma, 2000, Feng-Ma, 2007, Feng-Ma et al., 2001, Guo et al., 2005,
Panda et al., 2009) while being deployed against the invading pathogen. This project
also showed the relevance of bark storage proteins in defense against pathogens in
Thuja species. Bark storage proteins have been studied mostly in poplar and Ara-
bidopsis, but the evidence produced during the program suggests that those proteins

may have defense functions in other taxa as well, or at least in Thuja species.

Future research should examine the specific mechanism of action of aluminum in the
defense against D. thujina. The role of a-thujene and sabinene in resistant 7. plicata
seedlings, and that of citronellyl acetate in clonal Thuja sp. lines should be followed

up as well. It should be investigated if those terpenes are final or intermediate prod-
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ucts that confer resistance to D. thujina, and whether or not they have fungicidal
or fungistatic properties on D. thujina. At the genetic level, the specific NBS-LRR
proteins that confer resistance to D. thujina in T. plicata seedlings should be char-
acterized, as should the specific BSPs related to resistance against the pathogen in
Thuja sp. clones. The role of dirigent proteins in the defense against D. thujina in
Thugja sp. clonal lines should also be elucidated in future investigations. Finally, re-
sistance markers for resistance to D. thujina in T. plicata based on single nucleotide
polymorphisms (SNPs) could be developed using the RNA-Seq samples, especially
those produced in Chapters 5-6 considering most of them come from clonal plants.
SNP discovery is commonly used in array-based association investigations (La Mantia
et al., 2013), as well as in genome-wide association studies (GWAS; Bush and Moore
2012, Hou and Zhao 2013, Korte and Farlow 2013, Manzoni et al. 2018). SNP dis-
covery methodologies based on next generation sequencing data have been developed
for species with no reference genomes available (see e.g. Lopez-Maestre et al. 2016,

Ojeda et al. 2014) such as the Thuja species investigated in this project.
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A.2 Split-plot fixed effects model for the Analysis
of Variance of individual continuous histological

variables measured in Chapter 2

Individual continuous histological variables measured in Chapter 2 were analyzed

according to the following statistical model:

Yijkim =+ + Biay + ) + 6+ (89)j + (V0)kt + €ijrim

Where:
i = Mean value of the variable of interest.
«; = Effect of the i resistance class.
Bjiy = Effect of the 4™ family within the " resistance class.
Yij) = Main plot effect (K" seedling within j” family).
5, = Effect of the I" branch position per seedling.
(ad)y = Effect of the interaction of the I branch position in the i resistance class.
(B0);;, = Effect of the interaction of the I branch position in the j” family family.
(v0)n = Effect of the interaction of the k™ seedling in the I branch position.
€ijkim = Residual error effect.

Model parameters and mean squares were calculated in R (R Core Team, 2015).
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A.3 Split-plot fixed effects model for the Analysis

of Variance of individual continuous histological

variables measured in Chapters 5 and 6

Individual continuous histological variables measured in Chapters 5 and 6 were ana-

lyzed according to the following statistical model:

Where:

€ijkl

Yije = W+ o+ 706 + 0k + (ad)i + (V) jx + €iju

Mean value of the variable of interest.

Effect of the i clonal line.

Main plot effect (j seedling within i clonal line).

Effect of the ™ branch position per seedling.

Effect of the interaction of the & branch position with the " clonal line.
Effect of the interaction of the ;" seedling with the & branch position.

Residual error effect.

Model parameters and mean squares were calculated in R (R Core Team, 2015).
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A.10 Custom-made humidity chamber used to per-
form controlled inoculations of Thuja plicata

foliage with Didymascella thujina

T —

Figure A.1. Custom-made humidity chamber used to carry out controlled inoculations
of Thuja plicata foliage with Didymascella thujina. The cage was made of PVC pipes fully
covered with transparent plastic. An irrigation system linked to a tray inside the cage
supplied the water used by five Exo Terra® ultrasonic foggers (Rolf C. Hagen Inc., Montreal
QC, Canada) to increase the relative humidity above 90% within two days. The excess water
was drained by holes punched at the bottom of the cage. During the experiment, the cage
remained inside a Conviron growth chamber (Conviron, Winnipeg MB, Canada) set at 12
h darkness at 10°C and 12 h light at 14°C. Temperature and humidity meters were placed
inside the cage to monitor those conditions. (Image by Juan A. Aldana).
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A.11 Climate variables per parent and family used
in Chapter 2

Table A.8. List of the 32 climate variables per parent and family used
in Chapter 2 to analyze the relationship between resistance to Didymascella
thujina and climate of origin of seedlings from 13 Thuja plicata full-sib families.

Climate variable

April maximum mean temperature (°C)
April mean temperature (°C)

April precipitation (mm)

August maximum mean temperature (°C)
August mean temperature (°C)

August precipitation (mm)

Autumn degree-days above 5°C
Autumn mean temperature (°C)
Autumn precipitation (mm)

July maximum mean temperature (°C)
July mean temperature (°C)

July precipitation (mm)

June maximum mean temperature (°C)
June mean temperature (°C)

June precipitation (mm)

May maximum mean temperature (°C)
May mean temperature (°C)

May precipitation (mm)

Mean annual precipitation (mm)

Mean annual temperature (°C)
September maximum mean temperature (°C)
September mean temperature (°C)
September precipitation (mm)

Spring degree-days above 5°C

Spring mean temperature (°C)

Spring precipitation (mm)

Summer degree-days above 5°C
Summer heat-moisture index

Summer mean temperature (°C)
Summer precipitation (mm)

Winter degree-days below 5°C

Winter mean minimum temperature (°C)
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A.12 Estimated climatic variables of the field site
where the 2012 pilot study and the 2013 inves-
tigation in Chapter 3 took place

The progeny trial where the 2012 pilot study and the 2013 inoculations were held is
located in Jordan River, British Columbia (48° 25’ 24.52” N, 124° 1’ 27.69” W, elev.
76 m). The pilot study took place between May 2°¢ and July 18", 2012, while the
experiment referred to in Chapter 3 was performed between May 8" and June 28",
2013. Weather data for the period when the plants were exposed to Didymascella thu-
Jina in each year were estimated because no weather loggers or rain collectors were

deployed in either of those two field seasons, and there are no weather stations nearby.

Total rain, relative humidity and mean temperature of the infection periods afore-
mentioned were estimated by averaging the values recorded by the weather stations
of the John Muir and Port Renfrew elementary schools. Data from both stations were
collected from the School-Based Weather Station Network (Weaver and Wiebe, 2016)
and used for this analysis because the Thuja plicata progeny trial is located between
those two schools. Table A.9 summarizes the values of each variable for the 2012 and
2013 infection periods per school station, as well as the estimated values for Jordan

River.

Table A.9. Estimated values of selected climate variables in the Thuja plicata progeny
trial in Jordan River, British Columbia (48° 25’ 24.52” N, 124° 1’ 27.69” W, elev. 76
m) in the summers of 2012 and 2013.

2012 2013
Deployment date to Jordan River May 2 May 8
Length of Exposure Retrieval date from Jordan River July 18  June 28
Total days in the field 7 51
Total rain - Port Renfrew station (mum) 227.2 229.8
Total Rain Total rain - John Muir station (mm) 73.1 81.8
Estimated Total rain received in Jordan River (mm) 150.1 155.8
Mean relative humidity - Port Renfrew station (%) 85.43  89.17
Relative Humidity =~ Mean relative humidity - John Muir station (%) 78.89 82.93
Estimated mean relative humidity in Jordan River (%)  82.16 86.05
Mean temperature - Port Renfrew station (°C) 11.2 11.9
Mean Temperature Mean temperature - John Muir station (°C) 11.6 12.3

Estimated mean temperature in Jordan River (°C) 11.4 12.1
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A.13 Didymascella thujina spore load and mean
temperature in Jordan River (British Columbia)

in summer 2014
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Figure A.2. Didymascella thujina spore load and mean temperature recorded during the
Natural Conditions (NC) experiment carried out in 2014 in Jordan River (British Columbia),
presented in Chapter 4. D. thujina (cedar leaf blight, CLB) was present in the Black Creek
road progeny trial (NC-CLB™), and absent in the East Main road progeny trial (NC-CLB").
(a) D. thujina spore load on the two sites: ** all spores counted regardless of their germination
status; *** germinated spores only. (b) Mean temperature of the two sites.
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A.14 Didymascella thujina spore load and mean
temperature in Jordan River (British Columbia)

in summer 2015
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Figure A.3. Didymascella thujina spore load and mean temperature recorded in the
Thuja plicata progeny trial in Jordan River (British Columbia), where the D. thujina
inoculum for the experiments presented in Chapters 5 and 6 came from. Data was
recorded during the first sporulation season of 2015 (see also Figs. 1.1a - 1.1f). (a) D.
thujina spore load: ** all spores counted regardless of their germination status; ***
germinated spores only. (b) Mean temperature.



257

A.15 Total rain and mean relative humidity in Jor-

dan River (British Columbia) in summer 2014
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Figure A.4. Total rain and mean relative humidity recorded during the Natural
Conditions (NC) experiment carried out in 2014 in Jordan River (British Columbia),
and presented in Chapter 4. Didymascella thujina (cedar leaf blight, CLB) was present
in the Black Creek road progeny trial (NC-CLB™), and absent in the East Main road
progeny trial (NC-CLB"). (a) Total rain on the two sites. (b) Mean relative humidity
on the two sites.
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A.16 Total rain and mean relative humidity in Jor-

dan River (British Columbia) in summer 2015
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Figure A.5. Total rain and mean relative humidity recorded in the Thuja plicata
progeny trial in Jordan River (British Columbia), where the Didymascella thujina in-
oculum for the experiments presented in Chapters 5 and 6 originated. Data was recorded
during the first sporulation season of 2015. (a) Total rain. (b) Mean relative humidity.



259

A.17 Variables transformed for the Pearson

correlation analyses in Chapter 2

Table A.10. Variables that were transformed to meet the normality assumption for the
Pearson correlation analyses of the evaluation of the relationship between resistance to
Didymascella thujina and Thuja plicata climate of origin in Chapter 2.

Source Climate variable Transformation
Female parent =~ Winter degree-days below 5°C Cosine
Female parent  June precipitation (mm) Reciprocal
Female parent  July precipitation (mm) Reciprocal
Female parent ~ Autumn mean temperature (°C) Cosine
Female parent  June maximum mean temperatures (°C)  Reciprocal

Male parent
Male parent
Male parent
Male parent
Male parent
Seedling family
Seedling family
Seedling family
Seedling family

Winter degree-days below 5°C

Autumn precipitation (mm)

September precipitation (mm)

Autumn mean temperature (°C)

Winter mean minimum temperature (°C)
Mean annual temperature (°C)

May precipitation (mm)

Autumn mean temperature (°C)

Winter mean minimum temperature (°C)

Natural logarithm
Square root
Cosine

Cosine

Sine

Cosine

Sine

Cosine

Cosine
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A.18 Change point analysis of the random forest
output of section 2.3.2.2
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Figure A.6. Change point analysis of the increase in node purity scores
output by random forest from 96 climate variables studied as predictors
for D. thujina severity in seedlings of 13 T. plicata families (32 variables
per parent and family). The analysis was completed using the changepoint
R package with the AMOC method on mean and variance. The top 23
variables were the best predictors according to this analysis (red line).
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A.19 Elements and compounds quantified

in the study presented in Chapter 3

Table A.11. Elements and compounds quantified in the study presented in Chapter 3

Terpenes ‘ Elements ‘ Acid detergent fibre ‘ Non-structural carbohydrates
Borneol Al Lignin Sugars (as glucose)
Bornyl acetate B Cellulose Starch
Camphene C Fibre
Camphor Ca
2-Carene Cu
3-Carene Fe
B-Caryophylene K
1,8-Cineol Mg
Citronellene Mn
Citronellal Mo
Citronellol N
Citronellyl acetate Na
p-Cymene P
Fenchone and terpinolene S
Geranyl acetate Zn

Geraniol
a-Humulene
R-Limonene
Linalool
Myrcene
Ocimene
a-Phellandrene
a-Pinene
[B-Pinene
Pulegone
Sabinene
a-Terpinene
~-Terpinene
Terpineol
a-Thujene
a-Thujone
B-Thujone
Monoterpenes
Sesqui- and di-terpenes
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A.20 Variable contribution to components 1 to 3 of
the principal component analyses of the chem-

ical variables studied in Chapter 4

Table A.12. Variable contribution to components 1 to 3 of the principal compo-
nent analyses of the chemical variables studied in both the natural conditions and
controlled conditions experiments presented in Chapter 4. The top five variables
per component are shown in bold.

Natural conditions experiment ‘ Controlled conditions experiment

Element /compound | Component 1 ‘ Component 2 ‘ Component 3 | Component 1 ‘ Component 2 ‘ Component 3
Al 0.139 5.382 0.014 3.240 2.733 0.401
B 0.632 4.780 0.130 3.893 1.476 0.257
C 0.155 5.295 5.050 2.798 0.042 0.871
Ca 0.039 3.259 8.888 1.944 3.480 1.058
Cu 0.002 3.922 5.234 0.059 0.093 0.432
Fe 0.067 5.625 6.365 2.767 6.187 0.081
K 2.282 1.788 3.309 4.759 1.660 0.044
Mg 0.588 8.673 0.894 4.830 1.627 0.056
Mn 0.004 4474 1.461 1.057 0.790 0.058
Mo 0.352 1.329 1.837 1.683 2.655 0.153
N 0.483 0.827 5.627 4.521 1.100 0.015
Na 0.103 6.458 4.522 3.802 3.434 0.023
P 1.005 8.420 0.680 4.133 1.546 0.080
S 0.006 9.185 0.085 2.651 0.040 0.531
Zn 1.128 1.792 2.830 0.265 4.466 0.051
Borneol 0.255 0.113 1.794 0.000 0.390 13.242
Bornyl acetate 0.158 1.081 1.515 1.127 0.079 10.527
Camphene 1.871 1.216 4.670 0.227 0.950 4.688
Camphor 0.040 0.873 1.396 0.019 1.390 10.324
2-Carene 0.000 0.000 0.000 0.000 0.000 0.000
3-Carene 0.058 0.468 0.654 0.110 0.001 0.013
[-Caryophylene 0.566 0.353 0.500 2.286 0.485 0.325
1,8-Cineol 0.000 0.000 0.000 0.001 0.198 13.778
Citronellene 0.241 0.089 0.563 0.000 0.000 0.000
Citronellal 0.941 0.049 0.072 1.114 1.441 0.975
Citronellol 0.006 0.100 1.112 0.002 0.264 14.105
Citronellyl acetate 1.752 0.077 0.068 0.199 3.719 0.258
p-Cymene 0.475 2.666 7.281 1.201 4.413 0.026
Fenchone and terpinolene 2.125 1.897 0.284 5.801 0.953 0.549
Geranyl acetate 5.013 0.122 1.240 4.911 0.335 0.040
Geraniol 2.699 3.996 1.482 3.888 0.003 0.092
a-Humulene 3471 0.069 0.057 0.722 1.311 0.584
R-Limonene 8.123 0.309 0.421 1.454 8.110 0.177
Linalool 0.347 0.000 0.327 0.190 1.989 0.015
Myrcene 8.253 0.254 0.078 4.581 3.774 0.387
Ocimene 0.000 0.000 0.000 0.281 0.289 0.049
a-Phellandrene 0.000 0.000 0.000 0.000 0.000 0.000
a-Pinene 8.037 0.160 0.184 1.580 6.898 0.225
[-Pinene 6.325 0.045 0.041 3.611 1.972 0.053
Pulegone 0.010 1.256 0.170 0.002 1.605 9.663
Sabinene 4.655 0.386 0.003 1.536 1.378 1.305
a-Terpinene 0.624 0.437 6.197 0.412 0.074 0.186
~-Terpinene 5.574 0.049 0.756 0.009 4.363 1.379
Terpineol 0.281 0.242 0.493 0.576 0.290 5.278
a-Thujene 7.558 0.284 0.111 2.360 5.177 0.506
a-Thujone 6.736 0.219 0.190 2.974 3.940 0.000
S-Thujone 3.436 0.047 2.000 2.760 2.252 0.000
Monoterpenes 8.193 0.284 0.119 3.768 5.513 0.153
Sesqui- and di-terpenes 3.235 0.041 0.006 0.303 2.108 1.283
Fibre 0.003 1.952 10.192 2.743 0.046 0.000
Cellulose 0.743 0.172 1.784 0.004 0.004 4.418
Lignin 0.455 3.992 3.492 2.035 0.076 0.725
Sugars (as glucose) 0.647 1.434 2.059 0.400 2.654 0.011
Starch 0.111 4.059 1.763 4.413 0.227 0.552
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A.21 Elements and compounds quantified in the stud-
ies presented in Chapters 5 and 6

Table A.13. Elements and compounds quantified in the studies presented in Chap-
ters 5 and 6.

Terpenes ‘ Elements ‘ Acid detergent fibre
Borneol Al Lignin
Bornyl acetate B Cellulose
Camphene Ca Fibre
Camphor Cu
2-Carene Fe
3-Carene K
(3-Caryophylene Mg
1,8-Cineol Mn
Citronellene Mo
Citronellal Na
Citronellol P
Citronellyl acetate S
p-Cymene Zn

Fenchone and terpinolene
Geranyl acetate
Geraniol
a-Humulene
R-Limonene
Linalool

Myrcene

Ocimene
a-Phellandrene
a-Pinene

[3-Pinene

Pulegone

Sabinene
a-Terpinene
~-Terpinene
Terpineol
a-Thujene
a-Thujone
B-Thujone
Monoterpenes
Sesqui- and di-terpenes
a-Gurjunene
trans-3-Guaiene
a-Cadinene
Germacrene-D-4-0l
Rimulene
Cembrene
Sandaracopimarinol
trans-Ferruginol
cis-Ferruginol
Totarol acetate




264

A.22 Fixed-effects factorial model for the Analysis

of Variance of chemical variables in Chapter 3

Fixed-effects factorial model for the Analysis of Variance of individual chemical vari-
ables that were selected using stability selection and change point analyses in Chapter

3. The variables were analyzed according to the following statistical model:

Yije = p+oi+ 05+ (aB)iy + e

Where:
i = Mean value of the variable of interest.
o; = Effect of the i family.
B; = Effect of the 4™ infection treatment.
(aB)i; = Effect of the interaction of the i family in the j infection treatment.
€55 = Residual error effect.

Model parameters and mean squares were calculated in R (R Core Team, 2015).
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A.25 Temporal variation of selected chemical vari-

ables from Chapter 4
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Figure A.7. Temporal variation of the relative concentrations of selected chemical variables in the real infections
normalized against mock infections in both experiments carried out in Chapter 4. Variables from the natural conditions
experiment: (a) bornyl acetate, (b) camphor, (c) starch. Variables from the controlled conditions experiment: (d)
copper, (f) iron, (g) molybdenum. Resistant families in green, susceptible families in cyan. Concentrations are higher
in the real infections if the relative concentration (CLB* /CLB") is >1, and higher in the mock infections if <1. dpd
= days post deployment, dpi = days post infection.



268

A.26 Temporal variation of selected chemical vari-

ables from Chapter 5
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Figure A.8. Temporal variation of the relative concentrations of selected minerals of
Thuja plicata in response to Didymascella thujina infection as chosen by stability selection
in Chapter 5. Clone lines were colour-coded as follows: 5382 in red, 5412 in light purple,
and 5398 in blue. (a) Phosphorus, (b) magnesium. Concentrations are higher in the real
infections if the relative concentration (CLB" /CLB") is >1, and higher in the mock infections
if <1. dpi = days post infection.
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A.30 Statistics of the transcriptomes assembled for
the studies in Chapters 3 to 6

Table A.14. Statistics of the transcriptomes assembled for the studies in Chapters 3
to 6 (calculated in PRINSEQ). * = Number of transcriptomic samples used to build
the respective assembly.

Chapter ‘ 3 ‘ 4 ‘ 5 ‘ 6

Sample size (N)* 12 16 72 48
Trinity genes 138,020 93,009 267,664 242,906
Trinity transcripts 173,924 122,588 339,748 311,664
Trinity transcripts with annotations 71,746 51,656 64,889 77,886
Total number of bases 134,254,425 | 103,775,832 | 221,595,429 | 193,615,273
Mean sequence length (bp) 772 847 652 621
Minimum sequence length (bp) 224 224 201 201
Maximum sequence length (bp) 16,325 12,293 17,797 17,893
Mode sequence length (bp (# seqs.)) | 224 (1,090) | 224 (629) | 202 (2,071) | 201 (1,873)
N50 contig size (bp) 1,315 1,441 1,039 945
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A.31 Overall alignment rates of the RINA-Seq sam-
ples used in Chapter 3

Table A.15. Overall alignment rates of the filtered reads of all libraries used in the gene
expression analyses of the experiment presented in Chapter 3.

Family | CLB resistance class | Seedling ID | Condition | Overall alignment rate (%)

583 Susceptible 583-23 CLB 96.89
583 Susceptible 583-27 CLB- 96.81
583 Susceptible 583-33 CLB- 97.04
685 Resistant 685-24 CLB 96.05
685 Resistant 685-27 CLB- 97.00
685 Resistant 685-34 CLB 96.80
583 Susceptible 583-2 CLB* 95.93
583 Susceptible 583-12 CLB* 97.19
583 Susceptible 583-17 CLB™ 96.00
685 Resistant 685-1 CLB* 97.29
685 Resistant 685-4 CLB* 97.02

685 Resistant 685-18 CLB™" 97.27
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A.32 Overall alignment rates of the RINA-Seq sam-

ples used in Chapter 4

Table A.16. Overall alignment rates of the filtered reads of all libraries used in the
gene expression analyses of the experiment presented in Chapter 4.

Family ‘ CLB resistance class ‘ Seedling ID ‘ Time (dpi) ‘ Status ‘ Overall alignment rate (%)
398 Resistant 398-0 dpi 0 Uninfected 97.01
398 Resistant 398-3 dpi 3 Infected 97.36
398 Resistant 398-6 dpi 6 Infected 97.51
398 Resistant 398-9 dpi 9 Infected 96.06
685 Resistant 685-0 dpi 0 Uninfected 96.86
685 Resistant 685-3 dpi 3 Infected 96.94
685 Resistant 685-6 dpi 6 Infected 97.12
685 Resistant 685-9 dpi 9 Infected 97.13
583 Susceptible 583-0 dpi 0 Uninfected 97.24
583 Susceptible 583-3 dpi 3 Infected 96.60
583 Susceptible 583-6 dpi 6 Infected 97.59
583 Susceptible 583-9 dpi 9 Infected 97.01
8265 Susceptible 8265-0 dpi 0 Uninfected 97.33
8265 Susceptible 8265-3 dpi 3 Infected 97.19
8265 Susceptible 8265-6 dpi 6 Infected 97.27
8265 Susceptible 8265-9 dpi 9 Infected 97.36
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A.33 Overall alignment rates of the RINA-Seq sam-

ples used in the mock-infections of Chapter 5

Table A.17. Overall alignment rates of the filtered reads of libraries used in the
mock-infection (CLB") part of gene expression analyses in Chapter 5.

Line ‘ Time point (dpi) ‘ Sample ID ‘ Overall alignment rate (%)
5382 0 5382-6-0 dpi-Control 95.37
5382 0 5382-9-0 dpi-Control 97.39
5382 0 5382-12-0 dpi-Control 97.45
5382 4 5382-2-4 dpi-Control 97.73
5382 4 5382-5-4 dpi-Control 97.11
5382 4 5382-10-4 dpi-Control 97.38
5382 8 5382-1-8 dpi-Control 97.67
5382 8 5382-8-8 dpi-Control 97.75
5382 8 5382-11-8 dpi-Control 96.59
5382 12 5382-3-12 dpi-Control 97.08
5382 12 5382-4-12 dpi-Control 95.88
5382 12 5382-7-12 dpi-Control 96.99
5398 0 5398-1-0 dpi-Control 97.36
5398 0 5398-3-0 dpi-Control 96.59
5398 0 5398-9-0 dpi-Control 97.26
5398 4 5398-4-4 dpi-Control 97.28
5398 4 5398-8-4 dpi-Control 96.42
5398 4 5398-11-4 dpi-Control 96.24
5398 8 5398-2-8 dpi-Control 97.75
5398 8 5398-5-8 dpi-Control 97.54
5398 8 5398-7-8 dpi-Control 96.50
5398 12 5398-6-12 dpi-Control 97.27
5398 12 5398-10-12 dpi-Control 97.13
5398 12 5398-12-12 dpi-Control 97.20
5412 0 5412-1-0 dpi-Control 97.01
5412 0 5412-9-0 dpi-Control 96.40
5412 0 5412-11-0 dpi-Control 97.30
5412 4 5412-4-4 dpi-Control 97.67
5412 4 5412-6-4 dpi-Control 97.74
5412 4 5412-10-4 dpi-Control 97.25
5412 8 5412-2-8 dpi-Control 97.15
5412 8 5412-3-8 dpi-Control 96.32
5412 8 5412-8-8 dpi-Control 97.20
5412 12 5412-5-12 dpi-Control 97.05
5412 12 5412-7-12 dpi-Control 97.28
5412 12 5412-12-12 dpi-Control 97.44
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A.34 Overall alignment rates of the RINA-Seq sam-

ples used in the real-infections of Chapter 5

Table A.18. Overall alignment rates of the filtered reads of libraries used in the
real-infection (CLB™) part of gene expression analyses in Chapter 5.

Line | Time point (dpi) | Sample ID | Overall alignment rate (%)
5382 0 5382-18-0 dpi-Infected 96.41
5382 0 5382-21-0 dpi-Infected 97.48
5382 0 5382-24-0 dpi-Infected 97.22
5382 4 5382-14-4 dpi-Infected 97.21
5382 4 5382-17-4 dpi-Infected 97.54
5382 4 5382-22-4 dpi-Infected 97.50
5382 8 5382-13-8 dpi-Infected 97.41
5382 8 5382-20-8 dpi-Infected 97.18
5382 8 5382-23-8 dpi-Infected 95.78
5382 12 5382-15-12 dpi-Infected 95.35
5382 12 5382-16-12 dpi-Infected 96.81
5382 12 5382-19-12 dpi-Infected 96.73
5398 0 5398-13-0 dpi-Infected 97.37
5398 0 5398-15-0 dpi-Infected 97.35
5398 0 5398-21-0 dpi-Infected 97.58
5398 4 5398-16-4 dpi-Infected 97.28
5398 4 5398-20-4 dpi-Infected 96.43
5398 4 5398-23-4 dpi-Infected 97.17
5398 8 5398-14-8 dpi-Infected 96.67
5398 8 5398-17-8 dpi-Infected 96.84
5398 8 5398-19-8 dpi-Infected 95.96
5398 12 5398-18-12 dpi-Infected 97.26
5398 12 5398-22-12 dpi-Infected 97.29
5398 12 5398-24-12 dpi-Infected 96.61
5412 0 5412-13-0 dpi-Infected 97.11
5412 0 5412-19-0 dpi-Infected 97.39
5412 0 5412-21-0 dpi-Infected 97.17
5412 4 5412-16-4 dpi-Infected 96.33
5412 4 5412-18-4 dpi-Infected 96.08
5412 4 5412-20-4 dpi-Infected 96.88
5412 8 5412-14-8 dpi-Infected 96.58
5412 8 5412-15-8 dpi-Infected 97.19
5412 8 5412-22-8 dpi-Infected 96.67
5412 12 5412-17-12 dpi-Infected 96.91
5412 12 5412-23-12 dpi-Infected 97.20
5412 12 5412-24-12 dpi-Infected 97.12
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A.35 Overall alignment rates of the RINA-Seq sam-

ples used in Chapter 6
Table A.19. Overall alignment rates of the filtered reads of libraries used in the gene

expression analyses carried out in Chapter 6. CLB™ = plants in the mock-infections,
CLB" = plants in the real-infections.

Infection condition ‘ Line ‘ Time (dpi) ‘ Sample ID ‘ Overall alignment rate (%)
CLB- Thuja plicata 124 0 S5 124-3-0 dpi-Control 98.51
CLB- Thuja plicata 124 0 S5 124-8-0 dpi-Control 98.50
CLB Thuga plicata 124 4 S5 124-2-4 dpi-Control 98.13
CLB- Thugja plicata 124 4 S5 124-7-4 dpi-Control 98.50
CLB Thuja plicata 124 8 S5 124-4-8 dpi-Control 98.27
CLB Thuja plicata 124 8 S5 124-6-8 dpi-Control 98.29
CLB Thuja plicata 129 0 S5 129-1-0 dpi-Control 98.40
CLB Thuja plicata 129 0 S5 129-5-0 dpi-Control 98.20
CLB- Thugja plicata 129 4 S5 129-3-4 dpi-Control 98.40
CLB" Thuja plicata 129 4 S5 129-7-4 dpi-Control 98.48
CLB Thuja plicata 129 8 S5 129-2-8 dpi-Control 98.44
CLB- Thugja plicata 129 8 S5 129-6-8 dpi-Control 98.48
CLB Thuja standishii x plicata 0 hyb-1-0 dpi-Control 98.18
CLB Thuja standishii x plicata 0 hyb-7-0 dpi-Control 98.05
CLB" Thuja standishii x plicata 4 hyb-3-4 dpi-Control 98.25
CLB Thuja standishii X plicata 4 hyb-6-4 dpi-Control 98.31
CLB Thuja standishii x plicata 8 hyb-2-8 dpi-Control 98.19
CLB- Thuja standishii x plicata 8 hyb-5-8 dpi-Control 98.23
CLB- Thuja standishii 0 T. stand-1-0 dpi-Control 97.67
CLB- Thuja standishii 0 T. stand-5-0 dpi-Control 97.88
CLB" Thuja standishii 4 T. stand-2-4 dpi-Control 97.81
CLB Thuja standishii 4 T. stand-6-4 dpi-Control 97.93
CLB- Thuja standishii 8 T. stand-3-8 dpi-Control 97.81
CLB- Thuja standishii 8 T. stand-7-8 dpi-Control 97.79
CLB' Thuja plicata 124 0 S5 124-11-0 dpi-Infected 98.38
CLB* Thugja plicata 124 0 S5 124-16-0 dpi-Infected 98.46
CLB" Thuja plicata 124 4 S5 124-10-4 dpi-Infected 98.33
CLB' Thuja plicata 124 4 S5 124-15-4 dpi-Infected 98.28
CLB' Thuja plicata 124 8 S5 124-12-8 dpi-Infected 98.31
CLB* Thugja plicata 124 8 S5 124-14-8 dpi-Infected 98.13
CLB" Thuga plicata 129 0 S5 129-9-0 dpi-Infected 98.28
CLB* Thugja plicata 129 0 S5 129-13-0 dpi-Infected 98.26
CLB' Thuja plicata 129 4 S5 129-11-4 dpi-Infected 98.35
CLB' Thuja plicata 129 4 S5 129-15-4 dpi-Infected 98.19
CLB* Thugja plicata 129 8 S5 129-10-8 dpi-Infected 98.15
CLB* Thuja plicata 129 8 S5 129-14-8 dpi-Infected 98.30
CLB" Thuja standishii x plicata 0 hyb-9-0 dpi-Infected 98.03
CLB" Thuja standishii x plicata 0 hyb-16-0 dpi-Infected 98.31
CLB' Thuja standishii X plicata 4 hyb-11-4 dpi-Infected 97.99
CLB" Thuja standishii x plicata 4 hyb-14-4 dpi-Infected 98.24
CLB" Thuja standishii x plicata 8 hyb-10-8 dpi-Infected 98.20
CLB" Thuja standishii x plicata 8 hyb-13-8 dpi-Infected 97.91
CLB" Thuja standishii 0 T. stand-9-0 dpi-Infected 97.60
CLB' Thuja standishii 0 T. stand-13-0 dpi-Infected 97.76
CLB* Thuja standishii 4 T. stand-10-4 dpi-Infected 97.87
CLB* Thuja standishii 4 T. stand-14-4 dpi-Infected 97.88
CLB' Thuja standishii 8 T. stand-11-8 dpi-Infected 97.77
CLB' Thuja standishii 8 T. stand-15-8 dpi-Infected 97.85
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A.36 Pearson correlation heat-map of the expression

profiles of the samples in Chapter 4
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Figure A.12. Pearson correlation heat-map of the expression profiles of the samples in the CC-
CLB™" treatment used for the gene expression analyses presented in Chapter 4. The samples were
hierarchically clustered using Euclidean distance. The labels on the leaves of the clustering trees refer
to specific family X time combinations; important nodes were labelled. Notice how the uninfected
plants (0 dpi cluster) grouped together regardless of the family, as did the infected seedlings (3, 6,
9 dpi cluster). Susceptible families 583 and 8265 were together in both the uninfected and infected
clusters, as were resistant families 398 and 685 (except for sample 398-9 dpi). The top left bar shows
the colour coded correlation values (red = high correlation, green = low correlation). dpi = days
post infection.
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A.37 Pearson correlation heat-map of the expression

profiles of the samples in Chapter 5

5382 l
5412 5398
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i
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Figure A.13. Pearson correlation heat-map of the expression profiles of the samples used
in the experiment presented in Chapter 5. The tree shown was produced using hierarchical
clustering with Fuclidean distance. Samples from each Thuja plicata clonal line grouped
“monophyletically” in the clusters shown. Notice that the most resistant lines (5398 and
5412) are clustered together (see also section 5.3.2.2). Correlation values are colour coded
according to the top left bar (red = high correlation, green = low correlation).
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A.38 Pearson correlation heat-map of the expression

profiles of the samples in Chapter 6
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Figure A.14. Pearson correlation heat-map of the expression profiles from
two Thuja plicata seedling lines (124 and 129), a Thuja standishii clonal line,
and a Thuja standishii x plicata clonal line used in the study presented in
Chapter 6. Hierarchical clustering of the samples was done with Euclidean
distance. Samples from each line grouped together in a “monophyletic” way.
Note that both T. plicata lines are more correlated to each other than to other
lines, and that T. standishii X plicata samples are more correlated to T. plicata
lines than to T. standishii. Correlations were colour-coded according to the
top left bar (green = low correlation, red = high correlation).
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A.39 Expression levels of TRINITY DN115787-
_c0 g2 il (catalase-3) - Chapter 5
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Figure A.15. Expression  levels of  transcript — TRIN-

ITY DN115787 c0 g2 il (catalase-3). Three Thuja plicata clonal
lines (5382, 5398 and 5412) were real (+) and mock (-) infected with
Didymascella thujina (cedar leaf blight, CLB) under controlled conditions,
and foliar samples taken 0, 4, 8 and 12 days post infection (dpi). The samples
were processed for gene expression using the Illumina HiSeq 2000 paired-end
technology. Treatments were colour coded as follows: 5382 CLB™ in black,
5382 CLB™ in red, 5398 CLB" in green, 5398 CLB™ in blue, 5412 CLB" in
cyan, and 5412 CLB™ in magenta. Note that expression levels were similar
among treatments. dpi = days post infection.
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A.40 Expression levels of TRINITY DN4933 c-
0 g3 i1 (ethylene-responsive transcription fac-
tor RAP2-4) - Chapter 5

L
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Figure A.16. Expression levels of transcript TRINITY DN4933 ¢0 g3 il
(ethylene-responsive transcription factor RAP2-4). Three Thuja plicata clonal
lines (5382, 5398 and 5412) were real (+) and mock (-) infected with Didyma-
scella thujina (cedar leaf blight, CLB) under controlled conditions, and foliar
samples taken 0, 4, 8 and 12 days post infection (dpi). The samples were
processed for gene expression using the Illumina HiSeq 2000 paired-end tech-
nology. Treatments were colour coded as follows: 5382 CLB- in black, 5382
CLB™ in red, 5398 CLB" in green, 5398 CLB™ in blue, 5412 CLB" in cyan,
and 5412 CLB™ in magenta. Note expression levels were higher in line 5382
than in the other two lines.
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A.41 Expression levelsof TRINITY DN122568 c-
0 g1 i3 (glyceraldehyde-3-phosphate dehy-
drogenase B) - Chapter 5
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Figure A.7. Expression  levels of  transcript  TRIN-
ITY DN122568 c0 g1 i3 (glyceraldehyde-3-phosphate  dehydrogenase
B). Three Thuja plicata clonal lines (5382, 5398 and 5412) were real (+)
and mock (-) infected with Didymascella thujina (cedar leaf blight, CLB)
under controlled conditions, and foliar samples taken 0, 4, 8 and 12 days post
infection (dpi). The samples were processed for gene expression using the
Mumina HiSeq 2000 paired-end technology. Treatments were colour coded
as follows: 5382 CLB in black, 5382 CLB™ in red, 5398 CLB" in green,
5398 CLB™ in blue, 5412 CLB in cyan, and 5412 CLB" in magenta. that
expression levels were lower in line 5382 in comparison to the other two lines.
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A.42 Expression levels of selected transcripts from
Chapter 6
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Figure A.18. Expression levels of the two transcripts that were shared among the top ten sequences
of the static topics in Table 6.5 of Chapter 6. Two Thuja plicata seedling lines (124 and 129),
one Thuja standishii clonal line, and a Thuja standishii x plicata clonal line were real (+) and
mock (-) infected with Didymascella thujina (cedar leaf blight, CLB) in growth chambers at the
Bev Glover Growth Facility (University of Victoria, Victoria, British Columbia, Canada). Samples
for gene expression analysis using the RNA-Seq technique were taken just before inoculation (0
days post infection, dpi), and 4 and 8 dpi. (a) TRINITY DN86213 ¢8 g2 i2 (Uncharacterized
protein ORF91), (b) TRINITY DN87363 c¢15 ¢3 il (unknown). Treatments were colour-coded
as follows: T. plicata 124 CLB~ in black, T. plicata 124 CLB™ in red, T. plicata 129 CLB" in
green, T. plicata 129 CLB™ in blue, T. standishii CLB™ in cyan, T. standishii CLB™ in magenta,
T. standishii x plicata CLB™ in grey, and T. standishii x plicata CLB™ in brown.



285

A.43 Expression levelsof TRINITY DN94350 c-
0 g2 12 (glutamine synthetase cytosolic iso-

zyme) - Chapter 6
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Figure A.19. Expression  levels of  transcript  TRIN-

ITY DN94350 c0 g2 i2 (glutamine synthetase cytosolic isozyme, see
also Table 6.5). One Thuja standishii clonal line, two Thuja plicata seedling
lines (124 and 129), and a Thuja standishii x plicata clonal line were real
(+) and mock (-) infected with cedar leaf blight (CLB, Didymascella thujina)
under controlled conditions at the Bev Glover Growth Facility (University of
Victoria, Victoria, British Columbia, Canada). Foliar samples for differential
gene expression analysis using the RNA-Seq technology were taken before
inoculation (0 days post infection, dpi), and 4 and 8 dpi. Treatments were
colour-coded as follows: T. plicata 124 CLB" in black, T. plicata 124 CLB™ in
red, T. plicata 129 CLB" in green, T. plicata 129 CLB™ in blue, T. standishii
CLB" in cyan, T. standishii CLB™ in magenta, T. standishii x plicata CLB"
in grey, and 7. standishii x plicata CLB™ in brown.
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