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Abstract

To date mountain pine beetle (MPB) has affected more than 19 million ha. of pine forests
in Canada. The primary species affected by the current outbreak has been lodgepole pine (Pinus
contorta), however as MPB range expands eastward beyond its historical habitat, the bark beetle
has encountered a novel host: jack pine (Pinus banksiana). Ecological evidence has indicated that
host trees originating from MPB’s historic range have lower host quality compared to hosts from
novel habitats, suggesting that co-evolved lodgepole pine may have acquired induced and
constitutive defenses against MPB that are not present in jack pine. Ecological evidence has also
suggested that trees subjected to abiotic stresses such as drought are more susceptible to MPB
attack. MPB vectors a number of microbial symbionts, including Grosmannia clavigera, a fungal
pathogen that contributes to tree mortality by growing into the host’s xylem tissue and disrupting
water transport.

Using data generated from a large scale microarray study, we examined the transcriptomic
response of both lodgepole and jack pine seedlings inoculated with MPB fungal associate G.
clavigera. In both species, activation of defense response pathways occurred through signaling
action of jasmonic acid and ethylene. We identified qualitative differences between the secondary
metabolite biosynthesis genes induced by lodgepole and jack pine in response to G. clavigera,
with lodgepole pine seedlings exhibiting induction of more genes involved in flavonoid
biosynthesis, and jack pine seedlings exhibiting induction of more genes involved in isoprenoid
biosynthesis. In seedlings inoculated under water deficit conditions, we observed attenuation of
inducible defense related genes. We also observed increased expression of some defense related

genes in response to G. clavigera under water deficit relative to under well watered conditions. In

i



lodgepole pine these changes occurred to a greater degree than jack pine, suggesting water deficit
impacts lodgepole pine defense response to a greater extent than jack pine.

Within the microarray data set, chitinase genes were amongst the most highly upregulated
known defense associated genes. Chitinase genes are a family of well studied pathogenesis
response proteins, some of which hydrolyze chitin, an important component of fungal cell walls.
We conducted a phylogenetic analysis of the chitinase gene families of lodgepole and jack pine.
We observed that expression patterns of the pine chitinases reflected phylogenetic relationships.
We examined allelic variation of three putative orthologs pairs of chitinase genes from lodgepole
and jack pine sampled from across Canada, and we identified several non synonymous
substitutions. Some of these substitutions displayed spatially explicit patterns across the ranges of

lodgepole and jack pine which may reflect adaptive variation.
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Preface

Chapter two of this thesis decribes analysis of microarray data generated by Miranda
Meents and Adriana Arango, using plant material from an experiment conducted by Adriana
Arango, Miranda Meents, Charles Copeland and others from the Cooke Lab. RNA for the
microarrays was extracted by Adriana Arango, Miranda Meents, Justin Khunkhun, William
Peachman and Bulcha Dolal. Data extractions were carried out by Blaire Johnson and Dominik
Royko. Statistical analyses of these data were carried out by Adriana Arango, with assistance
from Walid El Kayal and Chelsea Ju. Annotation of the microarray with lodgepole and jack pine
expressed gene data was carried out by Dominik Royko. Mapman annotations for the microarray
annotations were provided by Jill Hamilton and Bjorn Usadel. The microarrays used for this
experiment were provided by Dr. Jeff Dean and Walt Lorenz. I was responsible for the mining
and analyses of this data which is described in chapter two of this thesis.

Chapter three of this thesis describes analysis of members of the chitinase gene family. Illumina
transcriptome assemblies for lodgepole and jack pine were provided by Mack Yuen and Dr. Joerg

Bohlmann.
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1.0 Chapter 1: Introduction and Background

1.1 Pine forests in Canada

Canadian forests represent 10% of the world’s overall forest cover, and these forests are
composed primarily of conifer species. Pinus (Pinaceae, Coniferophyta) is one of the most
widely distributed genera of trees found in North America (Critchfield and Little 1966). Pine
species are characterized by long needle like leaves, typically found in bundles of two, three or
five needles, but bundles can contain up to eight needles (Richardson 2000). Lodgepole pine,
(Pinus contorta Dougl.), is a two needled pine found throughout British Columbia, extending
north to the Yukon and Northwest territories, east across the Rocky Mountains into Alberta and

south into the United States (Fig 1.1) (https://www.na.fs.fed.us /spfo/

pubs/silvics_manual/Volume 1/ accessed July 2, 2016). Lodgepole pine is considered
mesophytic and is able to grow in a broad range of soil types, including bogs and clay soils
(Carlson et al. 1999). Two varieties of lodgepole pine are found in Canada; Pinus contorta
Dougl. ex. Loud. var. latifolia, which is commonly called lodgepole pine, and Pinus contorta
Dougl. ex Loud. var. contorta, or shore pine which is only found is along the coast of British-
Columbia, and is described as shorter and shrubbier than lodgepole pine (Richardson 2000). Here
we examine one variety of lodgepole pine, Pinus contorta Dougl. ex. Loud. var. latifolia. Jack
pine (Pinus banksiana Lamb.) is a two needled pine whose range extends east from the
Northwest Territories and central Alberta to New Brunswick (Figl.1) (https://www.na.fs.fed.us/
spfo/pubs /silvics_manual/Volume 1). Jack pine is often found growing in well drained, nutrient
poor soils (Kenkel ef al. 1997). The ranges of lodgepole and jack pine meet to form a hybrid zone

in north central Alberta (Cullingham ef al. 2012). Both species of pine are economically and


https://www.na.fs.fed.us/

ecologically important to Canada. Pine species make up a large proportion of Canada’s pulp and
softwood lumber exports, and pine forests support wildlife, providing essential habitat for a
diversity of native species (Natural Resources Canada, Canadian Forest Service 2015; Shore ef

al. 2006).

Pinus contorta
I Pinus banksiana

Figure 1.1: Approximate species ranges in Canada for lodgepole pine (Pinus contorta) shown in
light green and jack pine (Pinus banksiana) shown in dark green. Range distributions were
obtained from USGS (http://gec.cr.usgs.gov/data/little/ accessed July 29, 2016) and are based on
Little (1971).

1.2 Mountain pine beetle outbreak

Mountain pine beetle (MPB; Dendroctonus ponderosae Hopkins) is an eruptive forest

insect pest, meaning that populations alternating between endemic and epidemic phases.



Population densities during the endemic phase are typically very low, while population densities
during epidemic (outbreak) phases can be very high (Raffa et al. 2008). The current MPB
outbreak is estimated to have affected ca. 19 million ha of western Canadian forests, resulting in
widespread tree mortality (Government of British Columbia 2012; Government of Alberta 2012).
In Canada, MPB populations have been historically found in south-central British Columbia,
primarily attacking lodgepole pine. The current MPB outbreak began in the late 1990s, leading to
hyperepidemic levels and expansion of populations farther to the north in British-Columbia than
previously reported (Safranyik & Carroll 2006). In 2006, MPB crossed the Rocky Mountains and
was reported in the north central areas of Alberta (Safranyik & Carroll 2010). As a result of range
expansion into northern Alberta, the beetle encountered the lodgepole x jack pine hybrid stands
and pure jack pine stands of Alberta. In 2010, MPB was conclusively shown to have undergone a
tree-host species shift from lodgepole pine into pure jack pine of Alberta (Cullingham et al.
2011).

Ecological studies have shown that host trees from MPB’s historic range have lower host
quality, resulting in lower beetle reproductive success, compared to hosts from novel habitats
(Cudmore et al. 2010). Whitebark pine (Pinus albicaulis Engelm.) is found at higher elevations
compared to lodgepole pine, and is considered a susceptible host. Studies show that naive
whitebark pine displayed a significantly lower investment in induced defenses than co-evolved
lodgepole pine when attacked by MPB (Raffa er a/. 2013). MPB has a higher rate of reproductive
success in lodegpole pine forests found outside of MPB’s historical range (Cudmore ef al. 2010).
Taken together, this evidence suggests that MPB is likely to encounter less well defended hosts
as it expands into naive tree host populations, and raises significant concerns about MPB’s
potential for expansion eastwards across the boreal forests of Canada. Eastward expansion of

MPB through jack pine forests would likely result in timber loss, large scale socioeconomic



impacts on logging dependent communities and significant loss of wildlife habitat (Nealis &

Peter 2008).

1.2.1 Life cycle of mountain pine beetle

MPB is a bark beetle native to the western forests of Canada. The beetle spends most of
its life cycle (one to two years) under the bark of a host tree, emerging mid July to early
September and dispersing to new tree hosts (Safranyik & Carroll 2006). MPB relies on a mass
attack strategy to overcome a tree host’s defenses and gain access to the nutrient-rich phloem
tissue. MPB relies on chemical cues emitted from tree hosts, as well as the biosynthesis and
perception of its own pheromones, in order to select suitable hosts and recruit other MPB to aid
in mass attack (Hunum ez a/. 1980; Wood 1982). MPB can use defense compounds produced by
the tree hosts to produce aggregation pheromones, such as in the case of a-pinene serving as a
precursor for the aggregation pheromone trans-verbanol (Pierce 1987).

Once a tree host’s defenses have been exhausted, MPB can then mine galleries beneath
the host’s bark and begin reproductive activity (Bentz ef al. 2012; Bonnet et al. 2012). An
important factor mediating MPB population growth is the rate of larval mortality which occurs
during the winter months (Bentz ef al. 1999). Once hatched, MPB larvae typically spend one year
under the bark of a tree host, and produce cryoprotectants such as glycerol to survive winter
temperatures (Bale ef al. 2002). However, MPB is considered freeze susceptible, and extended
periods of cold temperatures during the winter months can play a major role in reducing MPB
populations which emerge in the following spring and summer (Bentz et al. 1999). MPB does
not undergo diapause, an obligatory period of suspended development during winter months
which allows insects to synchronize their life stages, but instead MPB is dependent on

temperature cues to appropriately time continuation of development, as well as time the rate of



development (Logan & Bentz 1999; Bentz et al. 2001). This adaptation allows the beetle to
synchronize its phenology, or life stages, over a broad range of climatic conditions, and is a factor
that is considered to facilitate movement into novel habitat (Safranyik & Carrol 2007).

Host tree selection is an important factor affecting the beetle’s reproductive success,
which impacts their population growth, and the shift from endemic to epidemic status (Raffa et
al. 2008). At lower densities, MPB will target weaker, physiologically stressed tree hosts,
however at higher densities, MPB target will target healthier more vigorous trees, and gain access
to phloem with greater nutritional quality (Boone ef al. 2011). Populations are considered
endemic when unable to reach the threshold density necessary to successfully colonize a large,
vigorously growing tree (Safranyik & Carrol 2006). Epidemic populations have reached this
threshold density and can successfully attack large, healthy trees (Safranyik & Carroll 2006).
Rising winter temperatures have contributed to the frequency with which beetle populations have
reached epidemic levels, by reducing larval overwinter mortality rates, and promoting completion
of the beetle’s life cycle in one year rather than in two (Safranyik & Carroll 2006). At epidemic
populations, MPB is able to access healthier more nutritious trees resulting in higher reproductive

success, and feeding forward into even greater population growth (Boone ef al. 2011).

1.2.2 MPB fungal associate Grosmannia clavigera

MPB is associated with a number of different fungal species belonging to the order
Ophiostomales within the phylum Ascomycota, including Grosmannia clavigera (Robinson-
Jeffrey & R.W. Davidson) Zipfel. de Beer. & Wingf., Ophiostoma montium (Rumbold) von Arx.,
Leptographium longiclavatum (Lee, Kim and Breuil), and Ceratocystiopsis sp.1, and the
basidiomycete Entomocorticium sp (Lee et al. 2006; Khadempour et al. 2012). Grosmannia

clavigera, L. longiclavatum and O. montium are all considered fast growing, colonizing galleries



and quickly growing into phloem and xylem tissue causing blue grey discoloration of host tissue
(Lee et al. 2006). Ceratocystiopsis sp.1 and the basidiomycete Entomocorticium sp. are slower
growing and do not cause tissue discoloration, but may serve as an important nutritional source
for the beetle (Khadempour et al. 2012). These fungi are thought to facilitate bark beetle attack
by exhausting tree host defenses and providing nutrition for the beetle and emerging larvae
(Safranyik & Carroll 2006; Six & Paine 1998). New MPB adults remain for a short period under
the bark to feed on fungi which line the pupal chamber, collecting spores on their exoskeleton
and mycangia before emerging and dispersing to a new tree host (Harrington 1993; Safranyik &
Carroll 2006). MPB ophiostomatoid fungal associates produce sticky spores on long necked
sexual and asexual fruiting bodies, making them well adapted to dispersal by beetles (Harrington
1993; Six & Klepzig 2004).

Grosmannia clavigera is considered to be the most pathogenic of MPB fungal associates,
contributing to eventual tree host mortality by growing into host sapwood tissue and blocking
transport of water and minerals through occlusion of ray parenchyma and tracheids (Solheim &
Krokene 1998; Lee et al. 2006; Ballard ef al. 1984). Grosmannia clavigera is also thought to aid
in MPB attack by detoxifying terpenoid compounds produced by tree hosts (DiGuistini ef al.
2011). Grosmannia clavigera, and its relative Ceratocystis polonica (Siemaszko) C. Moreau,
associated with European spruce bark beetle, Ips typographus L., are thought to be necrotrophic
pathogens on the basis of tree host responses (Arango-Velez et al. 2016; Fossdal et al. 2012).
When inoculated with G. clavigera, pine trees develop a darkened lesion which spreads vertically
along the sapwood from the point of infection, and after time radially into the sapwood. This
lesion is composed of cells which contain large quantities of defensive chemicals (Francheschi et
al. 2005). It has been suggested that lesion length represents either the magnitude of defense

response on the part of the tree, or the extent of the fungal invasion (Arango-Velez et al. 2016;



Lu et al. 2010). Water deficit condtions result in a reduction in lesion length compared with well-
watered controls, which may suggest that lesion length is a measure of tree host defense response
or that water limitation reduces fungal growth (Arango-Velez et al. 2016). PCR detection of G.
clavigera identified along the length of the lesion as well which supports the latter explanation of
lesion as a measure of fungal invasion, suggesting that the two explanations may not be mutually
exclusive (C. McAllister & J.E.K. Cooke, in preparation). Regardless, differences in lesion length
can be a useful indicator of differences in defense response between tree hosts species or between
tree hosts under different abiotic stress. Understanding how naive and co-evolved pine hosts
interact with MPB fungal associates such as G. clavigera, is a critical aspect of understanding

and predicting success of MPB attack in novel territories.

1.3 Components of conifer defense response

1.3.1 Constitutive defenses conifers

Conifers rely on an array of constitutive and induced defenses to defense against invading
pests and pathogens. Constitutive defenses are pre-formed defenses which are present in a tree
prior to challenge by pest or pathogen. MPB targets the nutrient-rich phloem and cambial layer
found just beneath the bark of a tree stem (Franceschi et al. 2005). In order to protect the xylem
and phloem tissue of the trunk, which form the major water and nutrient transport pathways
respectively, conifer species allocate a considerable proportion of their resources to constitutive
defenses surrounding these tissues (Franceschi ef al. 2005). These generalized defenses include
multiple layers of mechanical and chemical defenses which protect the tree from outside
invaders. These protective layers begin with the periderm which forms a tough outer layer

making it difficult for invaders to penetrate a tree host. This layer is followed, in younger trees,



by the cortex whose cells can contain large amounts of toxic phenolic compounds in their
vacuoles (Franceschi et al. 2005). The cortex tissue in young pine can also contain axial resin
ducts which transport toxic oleoresin to a site of attack. Beneath the layer of cortex tissue is
secondary phloem tissue which grows outwards from the cambial meristem and is the site of
multiple constitutive defenses (Franceschi ef al. 2005). There are three principle constitutive
defenses are found in the secondary phloem of most conifers; polyphenolic parenchyma cells,
sclerenchyma cells and calcium oxalate crystals (Hudgins & Franceschi 2004). Polyphenolic
parenchyma cells often occur tangential to one another, forming a ring within the secondary
phloem tissue, and contain varying amounts of phenolic compounds which are thought to
function as antifungal and anti-feedant agents (Krekling et al. 2000; Beckman 2000). In pine,
sclerenchyma tissue often occurs as sclereids (stone cells) which are highly lignified and
irregularly shaped cells that can from mechanical obstacles against bark boring insects (Hudgins
et al. 2004). Calcium oxalate crystals occur as intracellular deposits in all pine species and
considering their relative abundance in secondary phloem tissue and their physical toughness,
they are thought to act as a deterrent against chewing animals and bark boring insects (Hudgins et
al. 2003). All three of these layered constitutive defenses form a protective physical barrier
surrounding the generative cambial tissue, which if reached by an invader can be easily damaged
and result in the death of part or all of the tree (Franceschi et al. 2005).

Another critical constitutive defense in conifers is the constitutive presence of toxic
oleoresin, composed of terpenoid compounds. Radial resin ducts arise from radial rays which
extend outwards from the center of a tree. Axial resin ducts are similar in structure, but extend
vertically along the stem. In pine species, resin producing structures are constitutively present in
both xylem and phloem tissues (Hudgins et al. 2004). Resin ducts accumulate terpenoid resin

under pressure as the epithelial cells which surround the duct synthesize and secrete terpenoid



resins into the duct (Franceschi et al. 2005). The pressurized resin is quickly released upon
wounding or damage by an invading pest, and functions to repel invaders by either trapping the
invading organism in sticky resin, killing the invader due to exposure to the toxic resin
compounds or by flushing (“pitching”) the invading organism out (Franceschi et al. 2005).
Phenolic and terpenoid defense are discussed in more detail in the later sections describing

inducible defenses.

1.3.2 Inducible defenses in conifers

Conifers induce an array of anatomical, chemical and molecular defenses in response to
pathogen challenge. Induced anatomical defenses include the formation of wound periderm, a
reinforced tissue composed of suberized phellem cells, phellogen (cork cambium) and
parenchyma-like phelloderm, which form around invaded or wounded tissue in an effort to
isolate the damage, and are often elicited in conifers in response to bark beetle or fungal
infection. Another important induced anatomical defense is the formation of traumatic resin
ducts, which are not constitutively present in tissues and which form after wounding above and
below the site of injury in order to transport toxic terpenoid compounds to the point of invasion.
In pine, axial traumatic resin ducts can form in the xylem tissue which can be interconnected with
radial resin ducts found in the phloem (Nagy ef al. 2004). The hypersensitive response (HR) is
also considered to be an induced anatomical defense. In an HR, tissue at the point of infection
undergoes rapid cell death through the production of reactive oxygen species, which serves to kill
or contain an invading fungal organism (Franceschi et al. 2005). The lesion which develops in
pine in response to inoculation by G. clavigera may in part indicate HR at the point of

inoculation.



Chemical defenses in the form of phenolic and terpenoid compounds can be induced in
response to attack through activation of biosynthetic pathways. Phenolics act as antifungal and
anti-feedant agents, and are primarily produced within polyphenolic parenchyma (PP) cells,
which expand and accumulate phenolic compounds in response to wounding or pathogen
challenge (Franceschi et al. 2005). Polyphenolic parenchyma cells in lodgepole x jack pine
hybrid seedlings were shown to swell in response to inoculation with G. clavigera, and bands of
PP cells appeared in the xylem tissue of both jack and lodgepole pine seedlings, suggesting that
accumulation of phenolic compounds plays a role in pine defense response (Arango-Velez et al.
2014; Arango-Velez ef al. 2016). As previously discussed, oleoresin is constitutively present in
pine, but can also be induced to accumulate in greater quantities in response to pathogen
challenge (Keeling & Bohlmann 2006). Oleoresin production is increased through the formation
of traumatic resin ducts, and activation of constitutive resin ducts (Eyles ef al. 2010). In
lodgepole x jack pine hybrids, expression of some terpene synthase genes was induced in
response to inoculation with G. clavigera (Arango-Velez et al. 2014). Evidence suggests that the
relative composition of terpenoid compounds produced by a tree may contribute to the perceived
suitability of a host by MPB (Raffa et al. 2013). Profiling of defensive metabolites revealed
differences in both qualitative and quantitative composition of terpenoid compounds produced in
jack and lodgepole pine in response to G. clavigera (Arango-Velez et al. 2016). Jack pine was
shown to contain higher amounts of — (a)-pinene, which is a precursor molecule to the female
MPB aggregation pheromone (-) trans-verbenol (Arango-Velez et al. 2016). Lodgepole pine has
been shown to release greater amounts of B-phellandrene compared to jack pine, which is an
MPB attractant (Arango-Velez et al. 2016; Lusibrink et al. 2011). Jack pine was also reported to

release greater levels of 3-carene, a montoperne known to play a role, along with other
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monoterpenes in the formation of MPB aggregation pheromones (Lusibrink ef al. 2011; Borden
et al. 2008). Little is known concerning the regulatory pathways which activate the production of
different terpenoid compounds between jack and lodgepole pine. From studies in pine and other
conifers, we know upregulation of terpene synthase genes is positively correlated with terpenoid
accumulation, and terpene synthase expression is induced by wounding, insect attack, pathogen
challenge and treatment with the plant defense hormone methyl-jasmonic acid (MeJA) (Zulak et
al. 2009; Keeling & Bohlmann 2006b; Arango-Velez et al. 2014).

A large number of antimicrobial proteins are induced by pine tree hosts in response to
pathogen challenge. Many antimicrobial proteins are considered to be pathogenesis response
(PR) proteins. PR proteins are typically undetectable in healthy tissues, but are rapidly induced
both locally and systematically in response to pathogen challenge (Van Loon et al. 2006). PR
proteins are grouped into 17 different families. Chitinases are members of PR families 3 and 8.
Some members of the chitinase family break down chitin, a component in fungal cell walls
(Neuhaus 1999). Peroxidases, members of PR family 9, have been shown to accumulate at high
levels in pathogen infected Norway spruce, Picea abies Karst., and are thought to aid in
strengthening cell walls (Fossdal et al. 2001; Nagy et al. 2004). Osmotins, or thaumatin-like
proteins, are important PR-5 proteins which inhibit hyphal growth by permeabilizing and
degrading fungal cell walls of fungal invaders (Abad 1996, Osmond 2001). Expression of
thaumatin-like genes is strongly induced in western white pine and Scots pine in response to
fungal inoculation suggesting they play an important antimicrobial role in defense response
(Piggott et al. 2004; Adomas et al. 2007). Although not considered PR proteins, dirigent-like
proteins in conifers are highly up regulated in response to pathogen challenge and are thought to
direct the stereospecific coupling of monolignols, which may act as precursors to phenolic

defensive compounds (Ralph et al. 2006b; Kim et al. 2002). Expression of these well-known
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defense associated proteins can be used as a marker of an active defense response in plants.
Timing and magnitude of PR protein expression can serve as an indicator of the timing and

magnitude of the larger defense response.

1.3.3 Pathogen recognition and activation of defense response

Plants and pathogens exist in a fluctuating co-evolutionary cycle of detection and evasion
(Jones & Dangl 2006). Plants initially detect and respond to both necrotrophic and biotrophic
pathogens by identifying specific molecular patterns characteristic of foreign invaders termed
pathogen-associated molecular patterns (PAMPs) (Glazebrook 2005). Plants use surface pattern
recognition receptors (PRRs) to recognize PAMP’s, and once activated a PRR can elicit a
generalized defenses response called pattern-triggered immunity (PTI) (Zipfel 2014). However,
pathogens are able to adapt to particular host genotypes and release virulence factors, termed
effectors, which can reduce basal defenses by interfering with PTI (Karasov et al. 2014; Raffaele
et al. 2010; Dangl ef al. 2013; Deslandes et al. 2012). Plants have, in turn, evolved to recognize
pathogen released effector molecules through family of polymorphic intracellular nucleotide-
binding/leucine-rich-repeat (NB-LRR) receptors which, once activated, can elicit effector-
triggered immunity (ETI), a more robust and amplified defense response in comparison to PTI
(Cui et al. 2015). Once activated, NB-LRR’s invoke ETI by eliciting a wide array of defense
responses including transcriptional reprogramming, production of reactive oxygen species
(ROS), and mitogen activated protein kinase (MAPK) cascades, which ultimately transduce the
signal to transcription factors, leading to altered transcriptional regulation (Cui ef al. 2015). The
defense responses induced during ETI are similar to those induced during PTI, however the
responses are often amplified or of longer duration (Cui et al. 2015). A recently proposed model

suggests that activated NB-LRRs function to enhance the defense response by reducing negative
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constraints on PTI, allowing defense responses to be amplified (Cui ef al. 2015). A large number
of NB-LRR transcripts have been identified in western white pine, Pinus monticola, and variation
in their sequences has been linked to resistance to white pine blister rust, Cronartium ribicola
Fisch. (Liu & Ekramoddoullah 2004, 2007). It has been proposed that extensive gene expansion
of the NB-LRR gene family in conifers and other long lived woody perennials such as poplar and
grapevine is an adaptive mechanism which compensates for exposure to many different
pathogens over extended generation times (Yang et al. 2008).

Expression analysis of NB-LRRs in Norway spruce has revealed that transcript
abundance corresponding to these genes is maintained at low but relatively constant levels
following pathogen challenge, suggesting NB-LRR genes play a role in early pathogen detection
that is not related to changes in transcript abundance corresponding to these proteins (Fossdal et
al. 2012). However, when comparing the defense response of co-evolved and naive pine hosts to
G. clavigera, it is important to note that an initial difference in detection and signaling via NB-
LRR proteins could potentially contribute to the downstream differences observed between the
responses of pine tree hosts who share a co-evolutionary relationship with MPB and G. clavigera

and those who do not.

1.3.4 Defense hormones involved in eliciting plant defense response

Three plant hormones commonly associated with induction of defense associated gene
expression are jasmonic acid (JA), ethylene and salicylic acid (SA) (Pieterse et al. 2009). In
conifers, exogenous application of methyl-jasmontate (MeJA) induces defense responses similar
to those induced by wounding and pathogen invasion (Miller ef al. 2005; Zulak et al. 2009).
Anatomical changes such as expansion of polyphenolic cells and formation of traumatic resin

ducts are induced in conifers by exogenous MeJA treatment, along with accumulation of
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terpenoid compounds and increase the expression of terpene synthases genes (Franceschi et al.
2002; Martin et al. 2002; Hudgins & Franceschi 2004). Microarray analysis of Sitka spruce
(Picea sitchensis Bong.) responding to white pine weevil (Pissodes strobi Peck.) feeding
demonstrated that genes putatively involved defense were expressed in patterns similar to those
observed after MeJA treatment (Ralph et al. 2006a).

In slash pine, (Pinus elliottii Engelm.) and western white pine (Pinus monticola Dougl.
Ex D. Don) xogenous application of MeJA led to increased expression of chitinases and PR-10
family gene members (Davis ef al. 2002; Liu ef al. 2003). Recently, increased levels of in vivo JA
and JA-isoleucine (JA-Ile) — the active form of JA — were reported in response to inoculation
with G. clavigera (Arango-Velez et al. 2016). JA signaling is often associated with defense
response to necrotrophic pathogens in many plant species, and it has been proposed that G.
clavigera is a necrotrophic pathogen along with other bark beetle-associated fungi (Arango-Velez
et al. 2016; Fossdal ef al. 2012). JA-Ile binds to its receptor, COI1, which constitutes part of the
larger the SCF°" protein complex that targets members of the JAZ protein family for
proteasomal degradation (Chini ef al. 2007; Thines ef al. 2007). Members of the JAZ protein
family act as repressors of jasmonic acid-activated transcription factors such as MYC2 which
function as major switches, inducing the expression of a diverse array of jasmonate-dependent
responses (Dombrecht et al. 2007).

In conifers, production of ethylene has been correlated with biosynthesis of monoterpenes
during fungal infections (Popp et al. 1995). Both wounding and exogenous application of MeJA
increased expression of ethylene biosynthesis genes in Douglas-fir (Psuedotsuga menzeisii
(Mirb.) Franco) and white spruce (Picea glauca (Moench) Voss.) through upregulation of
ethylene biosynthesis enzymes, ACC oxidase and ACC synthases (Ralph et al. 2007; Hudgins et

al. 2006). Exogenous application of ethylene induced defense responses similar to those induced
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by MeJA treatment, promoting phenolic biosynthesis in polyphenolic parenchyma cells,
lignification of sclerieds and formation of traumatic resin ducts (Hudgins & Franceschi 2004).
This response suggests that the defenses induced by MeJA are mediated by ethylene, and that
these two hormone signaling pathways act in concert to elicit a subset of plant defense responses.
Ethylene acts to elicit defense-associated and developmental processes by binding ethylene
receptors, a large family of transmembrane histidine kinase proteins found in the endoplasmic
reticulum, which act as constitutive repressors of ethylene response pathways (Binder 2008).
Once bound by ethylene, these repressors are deactivated resulting in a deactivation of
corresponding repressors, CTR RAF-like kinases, which prevents the protein EIN2 from being
targeted for proteasomal degradation (Qiao ef al. 2009). Accumulation of EIN2 allows EIN3
transcription factors to accumulate and induce expression of ERF transcription factors which then
induce expression of many different ethylene response genes (Solano et al. 1998).

Increased levels of JA are typically associated with response to necrotrophic pathogens,
such as G. clavigera, which are pathogens that kill tissue and consume the remains (Glazebrook
2005; Tomma et al. 1998). Increased levels of SA are typically associated with response to
biotrophic and hemibiotrophic pathogens, which are pathogens that consume living tissue
(Glazebrook 2005; Tomma et al. 1998). The role of SA as an elicitor of conifer defense responses
is not as well established. Salicylic acid has been shown to accumulate in Norway spruce
seedlings responding to pathogen challenge by soil borne pathogen, Pythium irregulae Buisman.,
as well as when seedlings were treated with MeJA (Kozlowski & Metraux 1998; Kozlowski et al.
1999). SA did not elicit the same anatomical defenses in Douglas-fir as was seen with exogenous
MelJA treatment (Hudgins & Franceschi 2004). In slash pine seedlings, application of SA induced
expression of some chitinases, suggesting that SA does play a role in eliciting defense response

pathways (Davis ef al. 2002). In mature lodgepole and jack pine, G. clavigera inoculation also
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impacted SA levels (Arango-Velez et al. 2016). In lodgepole pine seedlings inoculated with G.
clavigera, there were no significant changes in SA acid levels, however in jack pine there was a
significant increase in seedlings inoculated with G. clavigera under water deficit conditions and
the authors suggests that SA does plays a greater a role in jack pine defense response to G.

clavigera (Arango-Velez et al. 2016).

1.4 Effect of drought on pine defense response

Over the past two decades, Alberta has experienced extended periods of severe drought
(Chhin et al. 2008). Current climate models project that increasing temperatures will be
accompanied by reduced precipitation and the resulting drought stress experienced by Canada’s
forests (Seager 2007; IPPC 2013). This extended period of drought has had measurably negative
impact on Alberta’s forests, contributing to large scale aspen die back and is predicted to
contribute to wide spread conifer mortality (Michaelian et al. 2011; Hogg & Michealian 2015;
Adams et al. 2009). Ecological studies in pifion pine, Pinus edulis Engelm., have demonstrated
that water deficit leading to carbon starvation increases pine host susceptibility to other biotic
stressors such as bark beetles (Breshears ef al. 2008). The index of water deficit is an important
climate variable used to model spread risk of MPB into new habitats, as it is correlated with
increases in the rate of larval survival as well as rate of fungal colonization (Safranyik et al.
2010). Lodgepole x jack pine hybrid trees under well watered conditions and inoculated with G.
clavigera developed significantly longer lesions at the point of inoculation than their water
stressed counterparts, demonstrating that water deficit influences tree host defense responses, and
suggesting that pine hosts under well watered conditions are able to mount a more vigorous
defense response (Arango-Velez et al. 2014). Under drought stress, plants close stomata in order

to prevent water loss via transpiration and become carbon limited due to a concomitant reduction
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in photosynthesis. This is thought to cause a reduction in the allocation of carbon resources to
defense, such as production of terpenoid and phenolic compounds, leading to increased
susceptibility to attack by pests and pathogens (McDowell et al. 2008). Biochemical studies have
demonstrated that jack and lodgepole pine seedlings inoculated with G. clavigera while under
water deficit initially emitted more total monoterpenes than those inoculated under well watered
conditions, however over time both species released significantly fewer total monoterpenes while
under water deficit (Lusebrink et al. 2011). Molecular studies have shown that water deficit
conditions altered the transcript abundance of several biotic stress associated genes in lodgepole x
jack pine hybrids inoculated with G. clavigera. When inoculated under water deficit conditions, a
subset of putative chitinases and terpene synthases genes decreased expression levels, while a
separate subset of putative chitinase and terpene synthases displayed increased expression levels
(Arango-Velez et al. 2014). The authors suggest that these patterns of co-expression between
subsets of antimicrobial proteins and the enzymes involved in the biosynthesis of carbon rich
chemical defenses, demonstrates that both carbon and nitrogen based defenses are impacted
under water deficit (Arango-Velez et al. 2014). Lodgepole and jack pine exhibit species-specific
differences in their defense responses to G. clavigera while under water deficit conditions. The
increase in lodgepole pine total monoterpene levels resulting from G. clavigera inoculation was
less under water deficit conditions than under well watered conditions, whereas in jack pine no
significant differences in total monoterpene levels were observed between treatments (Arango-
Velez et al. 2016). Water deficit was also shown to significantly alter the qualitative profile of
monoterpenes produced by lodgepole pine, but had largely non-significant effects on

monoterpene profiles in jack pine (Arango-Velez et al. 2016).
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1.5 Chitinases

Chitinases are a well-studied family of PR proteins. The expression of many members of
this gene family is highly induced in response to pathogen challenge. Some members of the
chitinase family act as glycosyl hydrolases, catalyzing the hydrolytic cleavage of of f-1-4 linked

N-acetyl glucosamine units of chitin (Valuthakkal ez al. 2012).

1.5.1 Biochemical classification of the chitinase gene family

Chitinases are traditionally grouped into seven classes based on the presence or absence of
conserved amino acid motifs including a chitin binding domain, signal peptide domain, hinge
domain and conserved loops found within the catalytic domain (Neuhaus 1999) (Figure 1.2).
Class I, II, IV and VII chitinases are considered members of the glycosyl hydrolase family 19
(GH 19), a family of GHs found exclusively in plants, and are typically reported as being
involved in defense response (Figure 1.2). Class III and class V chitinases are considered
members of the GH 18 family, a broader family of GHs found in both bacteria and plants
(Neuhaus 1999) (Figure 1.2).
Class I Chitinases

Class I chitinases are characterized by the presence of an N-terminal signal peptide
sequence that targets them to the secretory pathway, followed by a proline-rich hinge domain,
and a highly conserved chitin binding domain (CBD). The class I catalytic domain carries all four
distinct loops. Loop 1 is found in the catalytic cleft, suggesting that it provides a sub-site for
sugar binding. Loop 2 is held at the base by a sulfide bond and extends away from the side of the
catalytic cleft. Loop 3 holds loop 4 in place on the outer surface of the enzyme away from the
catalytic cleft. Loop 4 is also termed the C-terminal domain, and is responsible for targeting class

I chitinases to the vacuole (Neuhaus 1999).
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Figure 1.2: Schematic representation of the different classes of chitinases. Signal peptides are
indicated in blue, hinge domain (grey), chitin binding domain (green), catalytic domain of
glycosyl hydrolase family 18 (red), catalytic domain of glycosyl hydrolase family 18 class III
chitinases (purple), and catalytic domain of glycosyl hydrolase family 18 class V chitinases
(pink). Diagram adapted from Islam et al. 2011.

Class II chitinases

Class II chitinases are highly similar to class I chitinases; however, they lack a CBD and
carry a deletion of loop 2 in the catalytic domain. Some class II chitinases are termed class Ila
chitinases, or pathogenesis chitinases, and show a greater similarity to class I chitinases. Other
class II chitinases are termed class IIb, or non pathogenesis chitinases and show less similarity to
class I chitinases. It has been proposed that class I1a and class IIb were derived from class |
chitinases following two independent deletion events, suggesting that the CBD domain may have

been lost by class II chitinases on at least two separate occasions (Neuhaus 1999).
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Class IV chitinases

Class IV chitinases are shorter than class I and II chitinases. They carry a signal peptide,
hinge region, as well as a chitin binding domain and a catalytic domain both shortened by loop
deletions. The loop deletion found in the CBD does not affect sugar binding properties of the
enzyme, and may allow class IV chitinases to hydrolase chitin polymers closer to the surface of
the invading pathogen. The catalytic domain carries a deletion of loops 3 and 4 (Neuhaus 1999).
Due to the lack of a C-terminal vacuolar targeting signal, class IV chitinases may play an
extracellular role in defense (Liu et al. 2005).
Class VII chitinases

Class VII chitinases carry no CBD, and a catalytic domain similar to the catalytic domain
of class IV chitinases, with deletion of loops 3 and 4. Just as with class IV chitinases, class VII
chitinases lack a C-terminal vacuolar targeting signal domain, suggesting they also play an
extracellular role (Neuhaus 1999).
Class III and V

Class III and class V chitinases are both termed “bacterial” chitinases, and work
exogenously on the non-reducing end of chitin to release chitbiose and chittriose, rather than
working endogenously to release chitin polymers of varying length as with GH 19 chitinases
(Neuhaus 1999). Class III and class V share one highly conserved DXDXE domain, but
otherwise share very low sequence similarity. The catalytic domain of Class III chitinases has
low sequence similarity but very high structural similarity to bacterial chitinases. Very few class
V chitinases have been studied in gymnosperms, however a Class V chitinase, purified from

Cycas revoluta, was reported as having transgylcosylation activity (Taira et al. 2009).
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1.5.2 Phylogenetic relationship of chitinase gene family

A recent phylogenetic analysis of chitinases in spruce found that class I and most class II
chitinases fall into one well-supported cluster while class IV and class VII group together in a
separate cluster, suggesting that class I and II chitinases share a common ancestor, while class IV
and class VII chitinases share a different common ancestor (Galindo-Gonzalez et al. 2015). It has
been proposed that divergence into separate classes arose from multiple independent deletion
events of the CBD during the evolutionary history of chitinases (Neuhaus 1999). Conifer class |
and II chitinases group distinctly from angiosperm class I and II chitinases, and conifer class IV
and VII chitinases group group distinctly from angiosperm class IV and VII chitinases. This
indicates that the loss of the CBD in both class I and class IV chitinases to become class II and
class VII respectively occurred following the split of angiosperms and gymnosperms (Galindo-
Gonzalez et al. 2015). This pattern corresponds to previous reports of angiosperm and
gymnosperm class IV chitinases falling into distinct clusters in phylogenetic analyses, and
supports the concept that class IV chitinases likely diversified after the emergence of

angiosperms and gymnosperms (Liu et al 2014).

1.5.3 Role of chitinase enzymes in conifer defense

Many conifer chitinases are highly induced in response to pathogen challenge. The
spatial and temporal diversity of these induced expression patterns suggest that different
chitinases play distinct and separate roles as part of a complex defensive response. Examination
of a class I, class II and class IV chitinases in Norway spruce inoculated with Heterobasidion
annosum (Fr.) Bref., a necrotrophic root rot, revealed upregulation of class II and class IV
chitinases, but down regulation of a class I chitinase (Heitala et a/. 2004). Class II and class IV

chitinases were both strongly upregulated in roots and needles of Douglas-fir inoculated at the
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roots with laminated root rot, Phellinus sulphurascens Pilat. However, the expression patterns
appeared to be spatially distinct between classes, with class IV chitinases more highly
upregulated in root tissue closer to the site of infection, and class II chitinases comparatively
more highly upregulated in needle tissue (Islam ez al. 2010). Transcript abundance corresponding
to class I, VII and IV chitinases increased markedly in lodgepole pine infected with G. clavigera,
while a class VII chitinase was not upregulated in response to G. clavigera, suggesting that some
chitinases play a role in defense while others may play a more developmental role (Kolosova et
al. 2014). Overall, the expression patterns of GH 19 chitinases in response to pathogen challenge
suggest there is a degree of temporal and spatial specificity in their response to pathogen
challenge. Enzymatic assays confirmed the chitinolytic activity of class I chitinases found in
lodgepole pine and white spruce, yet the same class I chitinases failed to show antifungal activity
against both blue stain beetle associated fungi, Leptographium abietinum (Peck) Wingf. and G.
clavigera (Kolosova et al. 2014).

It has been suggested that rather than directly inhibiting fungal growth, some chitinases
work by releasing elicitors, in the form of chitin polymers, from the surface of fungal cells during
the initial stages of infection, helping to activate early systemic defense response (Fossdal et al.
2007). In angiosperms, transgenically overexpressing chitinase genes led to enhanced resistance
in angiosperm crop plants such as maize, rice, wheat, tomato, potato, grape, banana and others
(Cletus et al. 2013). Silver birch, Betula pendula Roth., transformed with a class IV chitinase
originating from sugar beet also displayed enhanced resistance to fungal invaders (Pasonen et al.
2004). Little work has been done to examine the direct role pine chitinases play in pathogen
containment, however evidence points to them having similar importance in conifer defense

response.
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Conifer chitinases may act as useful reporters of conifer defensive response. Early
response to fungal invaders is critical in effective pathogen containment in any plant system.
Chitinases are highly induced in response to pathogen challenge, and the timing and magnitude
of chitinase expression has been shown to be important in the mounting a successful defensive
response in conifers. In Norway spruce challenged with the root rot, H. annosum, class Il and IV
chitinases were upregulated earlier in the resistant seedling clone populations, and later but a
much greater magnitude than in clone populations determined to be susceptible (Heitala et al.
2004). In slash pine, a class II chitinase, PsChi4, was expressed early at low levels in inoculation
in slash pine seedlings resistant to Fusarium subglutinans (Wollenw. & Reinking) Nelson,
Toussoun & Marasas., whereas in resistant seedlings PsChi4 was expressed later after inoculation
and at a much greater magnitude (Davis et al. 2004). Interestingly, the majority of chitinolytic
activity was attributed to pine exudates not containing PsChi4, yet the authors propose that early,
low level induction of the chitinase is an important indicator of rapid and more successful
defensive response in seedlings. The authors speculate that class II chitinases may be acting as
low level surveillance enzymes which release elicitors from invading pathogen cell walls helping
to trigger a more specific and effective defense response from the host (Davis ef al. 2004).
Considering the size and scale of the current MPB outbreak, an effective measure of tree
susceptibility is critical in helping to target management practices. The early expression of key

chitinase enzymes could serve as a molecular marker of tree susceptibility to MPB.

1.5.4 High levels of evolutionary plasticity observed in chitinases
Chitinases display high levels of allelic variation across plant species, and this variation
has been linked to resistant phenotypes in pine. Work done across multiple different species of

Arabis, which are closely related to Arabidopisis, demonstrated that the rate of non-synonymous
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substitutions in class I chitinases often exceeds the rate of non-synonymous substitutions of other
gene families (Bishop et al. 2000). These non-synonymous mutations are often identified at the
active site cleft, and the authors propose that this targeted form of mutation at the catalytic cleft is
the product of strong selective pressure placed on chitinase enzymes in order to overcome the
diverse forms of inhibitors produced by fungal pathogens (Bishop et al. 2000). Work done in
western white pine identified high levels of induced expression of a class IV chitinase, PmCh4, in
trees inoculated with white pine blister rust, Cronartium ribicola, Fisch. Two unique isozymes
(27 kDa and 26 kDa) of PmCh4 were identified in resistant seedling tissue, while only one
isozyme (27 kDa) was identified in susceptible seedlings (Liu et al 2005). This, along with the
inducible expression patterns of PmCh4, suggests that chitinases play a defensive role in the
quantitative resistance of western white pine against C. ribicola. Analysis of a class IV chitinase
in western white pine demonstrated an association between allelic variants and quantitative levels
of resistance against C. ribicola (Liu et al 2011). This evidence suggests that genetic variation in
conifer chitinases contributes to resistant phenotypes. Chitinases may form part of a larger group
of defense related genes which undergo highly specific selective pressure as part of the
evolutionary “arms race” between pathogen and host, yet little work has been done to specifically

examine genotypic variation in chitinases in lodgepole and jack pine across Canada.

1.6 Current Study

The objective of this study is to investigate the molecular mechanisms which contribute to
lodgepole and jack pine defense responses to MPB fungal associate G. clavigera, and to
investigate the influence of water deficit on these mechanisms. While differences in tree host
quality and host defense response to MPB has been reported in evolutionarily co-evolved vs

naive pine hosts (Cudmore ef al. 2010; Raffa ef al. 2013), little is known about the underlying
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regulatory genetic and molecular mechanisms responsible for these differences. The primary goal
of this research was to identify some of these mechanisms by (1) comparing co-evolved
lodgepole pine and naive jack pine responses to inoculation with G. clavigera while under well
watered and water deficit conditions, and (2) exploring expression profiles and allelic variation of
chitinase genes, known defense response genes in lodgepole pine sampled from the MPB historic
range as well as from lodegpole and jack pine sampled from outside this MPB historic range. The
hypotheses tested in this research are: 1) that the evolutionarily co-evolved lodgepole pine has
acquired induced and constitutive defenses to MPB that are not present in jack pine, 2) that
defense response will be affected by water deficit conditions to a greater extent in lodgepole pine,
which is a more drought responsive species than jack pine, and 3) that allelic variation putatively
affecting protein function or transcriptional activation of known defense response genes, such as
chitinases, will show spatially explicit patterns across the ranges of lodgepole and jack pine that
might in turn reflect adaptive variation. The specific objectives of this study are: (1) to
characterize the transcriptome-wide responses of lodgepole and jack pine seedlings inoculated
with G. clavigera and grown under either well watered or water deficit conditions using
microarray analysis, (2) to identify and characterize members of the lodgepole and jack pine
chitinase gene families, and (3) to explore allelic variation of four putative orthologous pairs of
chitinase genes in individuals from 11 provenances of jack and lodgepole pine sampled from
across Canada. This thesis is organized into four chapters. Chapter 1 provides relevant back
information on the MPB outbreak, the biology of MPB and its fungal associates. Chapter 2
describes analyses conducted on microarray data obtained from control or G. clavigera-
inoculated lodgepole and jack pine seedlings grown under either well watered or water deficit
conditions. Chapter 3 describes identification, phylogenetic analysis and in silico characterization

of members of the lodgepole and jack pine chitinase gene families, expression profiling of a
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subset of these genes in lodgepole and jack pine, as well as the allelic re-sequencing and variant
analysis of four putative orthologous pairs of chitinase genes. The fourth chapter summarizes the
findings of Chapters 2 and 3, outlines a conceptual model to explain differences in responses of

lodgepole and jack pine to G. clavigera, and proposed future research directions.
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Chapter 2: Transcriptome-wide analyses of lodgepole pine (Pinus
contorta) and jack pine (Pinus banksiana) responses to Grosmannia

clavigera under well watered versus water deficit conditions

2.1 Introduction

The current mountain beetle (MPB) outbreak is estimated to have affected approximately
19 million ha. of forests in the western Canadian provinces of British Columbia and Alberta,
resulting in wide spread pine mortality (Arango-Velez et al. 2014). Over the course of the
outbreak, MPB has undergone large scale range expansion moving from south central British
Columbia, where it has historically attacked lodgepole pine, Pinus contorta, eastwards into the
boreal forests of Alberta, where the beetle has encountered a novel host: jack pine, Pinus
banksiana (Cullingham et al. 2011). MPB relies on a mass-attack strategy, aggregating in groups
in order to concentrate an attack, and overcome the tree host’s defenses. Ecological studies
suggest that co-evolved lodgepole pine found in MPB’s historic range have acquired induced and
constitutive defenses against MPB that are not present in evolutionarily naive jack pine hosts.
Host trees from MPB’s historic range have lower host quality compared to hosts from novel
habitats, and MPB was reported to have a higher rate of reproductive success in lodgepole pine
forests found outside of MPB’s historical range (Cudmore ef al. 2013; Cudmore ef al. 2013 &
2010; Burke & Carroll 2016). If this is true, as MPB spreads eastwards into novel habitats,
availability of naive tree hosts may augment reproductive success and growth of MPB
populations, impacting the size and scale of the MPB outbreak. However, more work is necessary
to test this hypothesis, and to identify molecular differences in defense response between naive

and co-evolved pine hosts which underlie critical differences in tree host quality.
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MPB is associated with a number of Ophiostomatoid fungal species, which assist in attack
by weakening tree host defenses. Grosmannia clavigera, considered one the most pathogenic
MPB fungal associates, contributes to eventual tree host mortality by growing into host sapwood
tissue and blocking transport of water through occlusion of ray parenchyma and tracheids
(Solheim & Krokene 1998; Lee ef al. 2006; Ballard et al. 1984). Conifer trees rely on a number
of different constitutive and induced defenses to defend against MPB and its fungal associate G.
clavigera. Chemical defenses such as phenolic and terpenoid compounds help to form chemical
and physical barriers against invaders, while expression of pathogenesis response (PR) proteins
such as chitinases, osmotins and defensins all play important anti-microbial roles contributing to
tree host defense response (Keeling & Bohlmann 2006; Neuhaus 1999). Early recognition and
response to pathogen attack is critical in effective pathogen containment, and conifers rely on the
defense related hormones salicylic acid (SA) and jasmonic acid (JA) to activate molecular and
cellular defenses in response to pathogen challenge (Kolosova & Bohlmann 2012). SA is
typically associated with challenge by biotrophic and hemi-biotrophic pathogens, and
accumulates in conifers responding to pathogen challenge; however, the role that SA plays role as
an elicitor of specific defense responses is less well established (Koslova & Bohlmann 2012).
The ethylene-JA pathway is generally invoked in response to challenge by necrotrophic
pathogens, and exogenous application of JA has been associated with the induction of anatomical
and chemical defenses such as the formation of traumatic resin ducts and accumulation of
terpenoid compounds in conifers (Franceschi et al. 2002; Martin et al. 2002; Hudgins &
Franceschi 2004; Krokene et al. 2008; Gould et al. 2009). Earlier work has demonstrated that in
vivo levels of JA-Ile increase in both lodgepole and jack pine seedlings in response to challenge

by G. clavigera, and it has been suggested that G. clavigera along with other bark beetle
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associated blue stain fungi, is a necrotrophic pathogen (Arango-Velez et al. 2016; Fossdal et al.
2012).

Higher densities of beetles are required to overcome the critical threshold of resistance in
healthy and vigorously growing tree hosts, whereas lower densities are sufficient to overcome
resistance of physiologically stressed trees (Berryman 1982; Kolb ez al. 1998; Wallin & Raffa
2002; Raffa et al. 2005; Boone et al. 2011). Northern Alberta has experienced periods of drought
over the past two decades, which have negatively impacted forests (Chhin et al. 2008, Michaelian
etal. 2011, Hogg & Michaelian 2015). Ecological studies suggest that trees subjected to abiotic
stresses such as drought are more susceptible to MPB attack, particularly at sub-epidemic
populations (Breshears ef al. 2009; McDowell et al. 2008; Safranyik et a/ 2010). Molecular
studies have shown that water deficit conditions influence the defense response of lodgepole x
jack pine hybrids to G. clavigera, altering the transcript abundance of biotic stress response genes
and reducing the number traumatic resin ducts appearing in xylem tissue (Arango-Velez et al.
2014). Molecular studies have also shown that water deficit conditions attenuate some induced
defense while transiently increasing some constitutive defenses differently between lodgepole
and jack pine seedlings (Arango-Velez et al. 2016).

As MPB moves eastward across Alberta and into stands of naive jack pine, factors such as
drought, which weaken potential tree hosts and reduce the critical threshold for MPB attack, may
influence the risk of continued MPB spread. Understanding how evolutionarily co-evolved
lodgepole and naive jack pine hosts interact with G. clavigera while under drought stress can aid
in predicting how MPB will move through Alberta’s pine forests. In this study, we aim to
investigate the differences between the induced molecular defenses of evolutionarily co-evolved
lodgepole and naive jack pine seedlings in response to G. clavigera, and we aim to examine the

effect of water deficit on these defenses. We hope to expand our understanding of the underlying
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genetic and abiotic factors which influence tree host defense response and subsequent
susceptibility to G. clavigera.

Using a two color cDNA microarray dataset (Arango-Velez et al., in preparation), I have
examined transcriptome-wide responses of lodgepole and jack seedlings either inoculated or not
inoculated with G. clavigera under both well watered and water deficit conditions. We
hypothesize that lodgepole and jack pine demonstrate differences in their responses to infection
by G. clavigera, and that the co-evolved lodgepole pine seedlings will display qualitative
differences in response to G. clavigera in comparison to naive jack pine seedlings. We
hypothesize that constitutive defenses will increase, and that induced defense responses will be
attenuated under water deficit conditions. We predict that water deficit will exert more of an
effect on lodegpole pine, since it is more sensitive, i.e. responds sooner, to water deficit than jack

pine.

2.2 Materials and Methods

2.2.1 Plant materials and experimental design

One-year-old jack pine seedlings representing a provenance near Dryden Ontario, and
one-year-old lodgepole pine seedlings representing a provenance near Hinton Alberta were
shipped to Edmonton, and transplanted into 3.78L plastic pots filled with Sunshine Mix #4 (Sun
Gro Horticulture Canada™). Seedlings were watered twice weekly, and fertilized once a week
with 500 mg L™ solution of 20-20-20 (N-P-K) fertilizer (Plant Products Company Ltd Brampton
Ont.). Seedlings were grown in growth chambers under the following controlled conditions:
19°C, 20-25% relative humidity, and under incandescent lamps (200-250 pmol PAR, 16 h days /

8 h nights).
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A full factorial experimental design was used to compare three treatment factors: species
(lodgepole pine or jack pine), water availability (well-watered or water deficit) and inoculation
(fungal inoculation, mechanical wound, control non-inoculated). Each individual seedling is
defined as a unit of biological replication. Experimental treatments were applied based on a
randomized complete block design. Seedlings were subjected to well watered conditions (soil
water content, SWC >40%) or to water deficit conditions (SWC 20%) for two weeks prior to
inoculation treatment, and continued throughout the duration of the experiment. Two weeks after
the initiation of the water availability treatments, seedlings were subjected to (a) no further
treatment (control), (b) mechanical wounding (mock), or (¢) mechanical wounding plus
inoculation with G. clavigera. Spore suspensions of the G. clavigera isolate M001-03-03-07-
UC04DLO09 G. clavigera isolate, a strain collected from Fox Creek Alberta (54°24°N, 116°48°W)
(Roe et al. 2010, 2011) were used for inoculations. Inoculation was performed by injecting 5 pL
of the spore suspension into the phloem tissue of seedlings using a 23G1 PrecisionGlide™
needle. Seedlings were inoculated at four equally distributed points around the stem. Bark was
collected from 8 individual seedlings per treatment at 1 and 7 days post inoculation (dpi) by
separating the bark away from the xylem at the cambial zone along the entire length of woody
stem. Since most of the living tissue within the collected bark samples comprises the phloem,
bark is hereafter referred to as phloem. Collected tissue was frozen immediately in liquid

nitrogen and stored at -80°C.

2.2.2 RNA extractions, sample labeling and microarray hybridizations

Total RNA was extracted according to Pavy ef al. (2008), quantified using a NanoQuant
(Tecan Infinite, Morrisville NC, USA) and assessed using a 2100 Bioanalyzer (Agilent,
Mississauga, ON, Canada). An aliquot of 2 pg of RNA from each of treatment combinations was
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amplified using an amino allyl antisense RNA (aRNA) (Ambion® Amino Allyl Message AMP™
IT aRNA Amplification Kit AM1753). Five micrograms of aRNA was labeled using Alexa
Fluor® 555 or 647 dyes (Invitrogen, Carlsbad, CA, USA). Coupling efficiency was evaluated
using the NanoQuant 2000.

Microarray experiments were conducted using PtGen2 loblolly arrays provided by Dr.
Walter W. Lorenz and Dr. Jeffrey Dean (Lorenz et al. 2009), which contained 25,848 cDNAs
amplified from loblolly pine (26,946 total spots minus buffer blanks and duplicate spots). We
subsequently refer to each cDNA feature as a sequence, recognizing that due to a certain degree
of redundancy represented on the array, not every sequence represents a unique gene.
Microarrays on phloem tissue were carried out as described in El Kayal ef al. (2011). For each
species (lodgepole or jack pine), water availability (well watered or water limited) and day post-
inoculation (1 dpi or 7 dpi) treatment combination, an inoculated sample was co-hybridized with
a control uninoculated sample of the same treatment combination (Fig 2.1). Four biological
replicates for each treatment combination were used, with two of the replicates representing dye
swaps. Non-specific filtering was applied to reduce false discovery rate by removing invalid and
low-intensity sequences (Fig 2.1). An empirical Bayes statistic was applied to obtain P-values,
which were adjusted using the Benjamini-Hochberg procedure (Benjamini & Hochberg 1995).
An adjusted P-value cut-off of 0.05 was used to obtain statistically significant differentially
expressed (DE) sequences. This list was further filtered to include only sequences exhibiting fold

changes greater than 1.5 or smaller than 0.67.
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Lodgepole Pine Jack Pine

Well Watered Water Deficit WX‘&" Water Deficit
Control  Inoculated Control  Inoculated Control  Inoculated Control  Inoculated
Harvested
1 day post 4x ~—— 4x 4x ~—— 4x 4x ~— 4x 4x «—— 4x
inoculation
Harvested
7 days post 4x <1 4x 4x 1 4x 4x T 4x 4x 1 4x
inoculation

Figure 2.1: Experimental design depicting treatments applied to pine seedlings for use in
microarray analysis. Lodgepole and jack pine seedlings were subjected to either well watered or
water deficit conditions for two weeks; trees were then either not inoculated or inoculated with,
with G. clavigera as described in Materials and Methods. Bark tissue was destructively sampled
from eight seedlings at 1 dpi and from eight separate seedlings at 7 dpi. 4 biological replicates
(4x), representing 4 individual seedlings subjected to each inoculated-water treatment
combination, were co-hybridized on microarrays to one of the 4 biological replicates representing
four individual seedlings subjected to the respective control-water treatment (co-hybridization

indicated with black arrows).

2.2.3 Microarray annotation and data analysis

Lodgepole and jack pine sequences corresponding to the loblolly pine probe sequences
represented on the microarray were identified from lodgepole and jack pine Illumina
transcriptome assemblies (Hall ez al. 2013) using BLASTx. Probe sequences with no apparent
matches were excluded from downstream analyses. Sequences were annotated using BLASTx

against NCBI and TAIR 7.0 (The Arabidopsis Information Resource) databases. The Mercator
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annotation pipeline (Usadel ef al. 2009) was used to assign MapMan BINs (functional categories)
to each spot sequence.

The assigned MapMan BINs, annotation data associated with highly similar Arabidopsis
gene sequences, and phylogenetic analyses were used to identify differentially expressed genes
putatively involved in hormone biosynthesis and regulation, and with biotic and abiotic defense
responses. Further manual sequence characterization was used to provide additional evidence for
annotations. Potential transcription factors were identified from Arabidopsis gene sequences
using the AGRIS (Arabidopsis Gene Regulatory Information Server) (Palaniswamy ef al. 2006)
transcription factor database, and from assigned MapMan annotation. Heatmaps of expression
data for genes putatively involved in hormone biosynthesis and signaling were generated using
MeV Multi-Experiment Viewer (Saeed et al. 2003).

Gene enrichment analyses were performed according to Galindo-Gonzalez et al. (2015)
by comparing functional categories assigned by MapMan corresponding to a subset of genes to
the functional categories corresponding to all sequences on the complete PtGen array. A
hypergeometric distribution statistic was used to detect significant differences between frequency

of functional categories, and a Bonferroni correction was applied to obtain adjusted P-values.

2.3 Results

2.3.1 Broad transcriptome-scale responses of lodgepole and jack pine seedlings to G.
clavigera

Inoculation with G. clavigera induced large scale changes in the transcriptomes of
lodgepole and jack pine at 1 and 7 dpi relative to control (untreated) plants at the same time

points, under both well watered and water deficit conditions. Under well watered conditions,
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inoculated jack pine seedlings exhibited 2991 DE sequences in comparison to control seedlings
under well watered conditions across both 1 and 7 dpi (Fig 2.2). Of these, 1137 sequences were
DE in inoculated vs. control seedlings of both lodgepole and jack pine. Under water deficit
conditions, inoculated jack pine seedlings exhibited 1678 DE sequences in comparison to control
seedlings. Under well watered conditions, inoculated lodgepole pine seedlings exhibited 1368
DE sequences relative to controls, and under water deficit conditions inoculated lodgepole pine
seedlings exhibited 3009 DE sequences compared to controls (Fig 2.2). Under well deficit
conditions, inoculated lodgepole and jack pine shared 1192 sequences that were DE relative to

controls.

A Lodgepole  Jack B Lodgepole  Jack

8711 /9241 2671
841 | 146 194 |
1041) | 1221 251

Well Watered Water Deficit

Figure 2.2: Venn diagrams comparing sequences DE in lodgepole pine and jack pine inoculated
vs. control treatments at both 1 and 7 dpi. A. Well watered conditions. B. Water deficit
conditions. Within each cell of the Venn diagram, DE sequences are further divided into those
that were upregulated at 1 and/or 7 dpi (1), downregulated at 1 and/or 7 dpi (| ), or upregulated at
1 or 7 dpi, but downregulated on the other day (1)]).
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2.3.2 Genes DE in both lodgepole and jack pine in response to G. clavigera

Four way Venn diagrams were used to examine DE sequences in lodgepole pine versus
jack pine by day to reveal (a) DE sequences that constitute a core response common to both
species, (b) sequences DE uniquely in one species versus the other, and (c¢) sequences DE earlier
(1 dpi) versus later (7dpi) in the response to G. clavigera inoculation (Fig 2.3).

There were 229 sequences that were DE only at 1 dpi in both lodgepole and jack pine
under well watered conditions, while just four sequences were DE only at 1 dpi in both species
under water deficit conditions (Fig 2.3). Among the upregulated sequences under well watered
conditions were three putative a-pinene synthases (spotID:65.9.8, spotlD:32.9.2,
spotID:28.20.11) (Table 2.1). Six putatively defense associated transcription factors (TF) were
upregulated under well watered conditions in inoculated versus control samples in both lodgepole
and jack pine at 1 dpi, including sequences with similarity to two putative ethylene response
factors, ERFs, (spotID:2.13.13, spotlD:43.3.3), two ethylene insensitive-like (EIL) factor
(spotID:53.21.10, spotID:65.22.9), two JAZ-like TF’s (spotID:7.14.2, spotlD:63.5.4), one NAC
domain containing sequence (spotID:53.21.10), and one MY C2-like sequence (spotID:38.13.8)
(Table 2.1). Among the 289 sequences upregulated under well watered conditions in inoculated
vs. control conditions for both lodgepole and jack pine only at 7 dpi were sequences encoding for
21 putative osmotins (spotID:31.19.9, spotlD:32.4.6, spotlD:41.22.12, spotID:45.3.1,
spotID:5.1.12, spotID:61.10.8, spotID:61.14.12, spotID: 61.19.1, spotID:61.20.4, spotID:61.6.1,
spotlD:62.21.8, spotlD:63.14.6, spotID:64.14.3, spotlD:64.15.7, spotlD:65.8.13, spotlD:66.10.3,
spotlD:66.24.6, spotID: 67.1.6, spotID: 67.16.4, spotID: 67.9.10, spotID:9.1.12), three putative
basic secretory proteins (spotID:45.15.15, spotID:61.9.1, spotlD:7.6.7) and three putative

chitinases (spotID:6.19.1, spotlD:2.22.8, spotlD:9.6.8) (Table 2.1).
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Figure 2.3: Four-way Venn diagrams comparing DE sequences between lodgepole pine and jack

pine inoculated vs. control treatments and further comparing between sequences DE at 1 dpi and

7 dpi. A. Well watered conditions (WW). B. Water deficit conditions (WD). Within each cell of

the Venn diagram, DE sequences are further divided into those that were upregulated at 1 and/or

7 dpi (1), downregulated at 1 and/or 7 dpi (|), or upregulated at 1 or 7 dpi, but downregulated on

the other day (1]).
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Three defense associated transcriptional regulators - two defense associated putative, WRKY TFs
(spotID:67.8.5, spotlD:67.21.8), and a putative wounding-responsive MYB TF (spotlD:66.17.4) -
were also upregulated under well watered conditions in both species at only 7 dpi, along with a
putative aminocyclopropane carboxylic acid (ACC) synthase involved in biosynthesis of ethylene
(spotID:68.8.5) (Table 2.1).

Eighty-seven sequences were DE under well watered conditions in both species at both 1
and 7 dpi, including seven putative chitinases (spotlD:38.14.8, spotlD:4.9.8, spot:40.21.10,
spotID:53.7.5, spotID:6.13.15, spotID:7.15.16, spotlD:7.24.4), and two putative dirigent-like
protein (DIR) (spotID: 66.11.5, spotlD:27.20.7) (Fig 2.3; Table 2.1).

Enrichment analysis of sequences DE in both well watereded lodgepole pine and well
watered jack pine revealed significant overrepresentation of genes involved in secondary
metabolism, stress response, protein processing and photosynthesis (Table 2.2). Further
examination of genes involved in secondary metabolism revealed 19 sequences involved in
biosynthesis of isoprenoids, including terpenes, six sequences involved in the biosynthesis of
phenylpropanoids, and four sequences involved in the biosynthesis of flavonoids (Table 2.2 &
Table 2.3).

In contrast to well watered conditions only four sequences were upregulated at 1 dpi in
both lodgepole and jack pine under water deficit, none of which play roles in defense response or
transcriptional regulation (figure 2.3). Among the 732 sequences upregulated under water deficit
conditions at only 7 dpi in both lodgepole and jack pine were sequences encoding three putative
BSP-like sequences (spotlD:4.15.15, spotlD:67.23.8, spotlD:19.22.11), 14 putative chitinase
genes (spotlD:63.22.12, spotlD:66.24.14, spotlD:9.6.8, spotlD:30.2.12, spotlD:22.23.9,
spotlD:6.5.12, spotID:17.12.14, spotlD:66.23.7, spotlD:2.22.8, spotID:61.14.6, spotlD:52.6.6,

spotlD:64.6.10, spotlD:67.21.1, spotID:63.24.13, spotlD:25.22.16, spotlD:3.17.16), 16 putative
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Table 2.1: Sequences on the PtGen2 microarray differentially expressed in both lodgepole and jack pine phloem tissue between

inoculated vs. control treatments under well watered conditions at 1 and/ or 7 dpi with G. clavigera. Sequence putative identity was

predicted on the basis of sequence similarity to sequences within the TAIR database on NCBI nr database (not shown). FC: fold

change. P: adjusted p-value.

PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- identity 1 dpi 7 dpi 1 dpi 1 dpi
value wWw wWw wWw wWwW
FC P FC P FC P FC P
DE at 1 dpi in both lodgepole and jack pine under well watered conditions
65.9.8 AT2G41710.1 2.E-66 Integrase-type pinene 2.09 0.04 0.99 0.98 2.31 0.01 0.94 0.53
DNA-binding synthase-
superfamily protein  like
3292 AT2G41710.1 2BE-66 Integrase-type pinene 1.96 0.05 0.82 0.82 2.40 0.03 0.73 0.06
DNA-binding synthase-
superfamily protein  like
65.9.8 AT2G41710.1 2E-66 Integrase-type pinene 2.09 0.04 0.99 0.98 2.31 0.01 0.94 0.53
DNA-binding synthase-
superfamily protein  like
2.13.13 AT5G47220.1 4E-12 ATERF2|ethylene  ERF-like TF  2.59 0.04 0.82 0.50 2.76 0.01 1.38 0.07
responsive element
binding factor 2
4433 AT5G47220.1 4E-12 ATERF2|ethylene  ERF-like TF  0.47 0.03 0.77 0.28 0.49 0.00 0.71 0.03
responsive element
binding factor 2
53.21.10  AT2G27050.1 2.E-141  AtEIL1 | EIL-like TF 1.87 0.04 1.24 0.38 1.78 0.02 1.32 0.05
ETHYLENE-
INSENSITIVE3-
like 1
65.22.9 AT2G27050.1 2E-141  AtEIL1 | EIL-like TF 1.66 0.04 1.13 0.52 1.58 0.03 1.10 0.49
ETHYLENE-
INSENSITIVE3-
like 1
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- identity 1 dpi 7 dpi 1 dpi 1 dpi
value WW WW WwW WwW
FC P FC P FC P FC P

7.14.2 AT1G74950.1 6E-6 JAZ2 | TIFY JAZ-like 3.05 0.05 0.85 0.78 8.21 0.00 1.10 0.80
domain/Divergent TF
CCT motif family
protein

63.5.4 AT3G17860.1 2E-21 JAZ3 | jasmonate- JAZ-like TF  2.06 0.03 1.24 0.18 1.86 0.02 1.23 0.09
zim-domain protein
3

53.21.9 AT3G10500.1 1E-75 NACO053 | NAC NAC-like 1.67 0.04 1.00 1.00 1.97 0.01 1.23 0.22
domain containing  TF
protein 53

38.13.1 AT1G32640.1 6E-64 AtMYC2 | Basic MY C2-like 4.43 0.01 1.13 0.71 2.77 0.00 1.07 0.73
helix-loop-helix
(bHLH) DNA-
binding family
protein

DE at 7 dpi in both lodgepole and jack pine under well watered conditions

31.19.9 AT4G11650.1 2E-64 OSM34 | osmotin osmotin-like ~ 1.10 0.88 1440 0.02 1.15 0.60 5.22 0.00
34

32.4.6 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  0.96 0.81 11.80 0.01 1.03 0.87 9.14 0.00
34

41.22.12 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  2.49 0.13 2390 0.01 2.44 0.12 40.98 0.00
34

45.3.1 AT4G11650.1 4E-55 OSM34 | osmotin osmotin-like  0.88 0.43 4.61 0.00 1.23 0.29 7.39 0.00
34

5.1.12 AT4G11650.1 3E-49 OSM34 | osmotin osmotin-like ~ 1.27 0.58 2.85 0.05 1.76 0.18 10.32 0.00
34

61.10.8 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  1.24 0.45 8.52 0.01 1.18 0.22 7.91 0.00
34

61.14.12 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like ~ 1.42 0.38 10.60  0.02 1.21 0.45 16.66 0.01
34

61.19.1 AT4G11650.1 4E-55 OSM34 | osmotin osmotin-like  0.92 0.73 2.62 0.06 0.93 0.79 4.01 0.00
34

61.20.4 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  1.26 0.20 4.70 0.02 1.21 0.10 5.55 0.00

34
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- identity 1 dpi 7 dpi 1 dpi 1 dpi
value WwW WwW WwW WwW
FC P FC P FC P FC P

61.6.1 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  1.60 0.28 7.18 0.01 1.23 0.18 13.84 0.00
34

62.21.8 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like ~ 1.38 0.40 16.20  0.01 1.50 0.13 23.88 0.00
34

63.14.6 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  1.80 0.16 13.10  0.01 1.51 0.26 20.96 0.00
34

64.14.3 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  3.26 0.27 15.60  0.01 1.57 0.24 22.50 0.00
34

64.15.7 AT4G11650.1 2E-16 OSM34 | osmotin osmotin-like  0.98 0.94 2.45 0.01 1.34 0.12 3.93 0.00
34

65.8.13 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  1.50 0.24 10.20 0.01 1.37 0.05 12.84 0.00
34

66.10.3 AT4G11650.1 1E-26  OSM34 | osmotin osmotin-like  1.18 0.46 6.96 0.01 1.39 0.04 7.53 0.00
34

66.24.6 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  1.46 0.24 7.41 0.03 1.97 0.09 14.22 0.01
34

67.1.6 AT4G11650.1 4E-55 OSM34 | osmotin osmotin-like  0.85 0.31 345 0.03 0.76 0.14 4.73 0.01
34

67.16.4 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like ~ 2.73 0.29 14.80 0.01 2.87 0.14  36.06 0.00
34

67.9.10 AT4G11650.1 1E-75 OSM34 | osmotin osmotin-like  1.12 0.47 4.50 0.03 0.93 0.64 6.56 0.00
34

9.1.12 AT4G11650.1 2E-16 OSM34 | osmotin osmotin-like  0.58 0.18 3.80 0.01 1.08 0.68 7.71 0.00
34

45.15.15 AT2G15220.1 5E-48 Plant basic BSP-like 1.15 0.45 7.59 0.04 1.48 0.02 7.91 0.01
secretory protein
(BSP) family
protein

61.9.1 AT2G15220.1 5E-48 Plant basic BSP-like 1.00 1.00 2.47 0.02 1.52 0.15 1.74 0.03
secretory protein
(BSP) family
protein

7.6.7 AT2G15220.1 6E-59 Plant basic BSP-like 1.75 0.22 11.10  0.00 0.97 0.83 2.02 0.03
secretory protein

(BSP) family



PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- identity 1 dpi 7 dpi 1 dpi 1 dpi
value WwW WwW WwW WwW
FC P FC P FC P FC P
protein
6.19.1 AT2G43590.1 8E-18 Chitinase family chitinase- 1.29 0.38 2.01 0.04 1.09 0.48 1.87 0.02
protein like
2228 AT2G43590.1 2E-40 Chitinase family chitinase- 1.55 0.08 2.89 0.02 1.25 0.12 4.01 0.00
protein like
9.6.8 AT2G43590.1 3E-15 Chitinase family chitinase- 2.47 0.08 5.73 0.03 1.86 0.05 10.33 0.00
protein like
67.21.8 AT5G64810.1 3E-17 AtWRKYS51 | WRKY-like 0.91 0.67 3.89 0.01 1.43 0.19 6.25 0.00
WRKY DNA- TF
binding protein 51
67.8.5 AT5G64810.1 3E-17 AtWRKYS51 | WRKY-like 1.36 0.15 1.98 0.02 1.30 0.20 3.08 0.00
WRKY DNA- TF
binding protein 51
66.17.4 AT1G22640.1 1E-26 AtMYB3 | myb MYB-like 0.68 0.05 1.72 0.11 1.13 0.62 2.65 0.00
domain protein 3 TF
68.8.5 AT4G26200.1 2E-26 AtACS7|ACC ACC 0.86 0.39 1.82 0.03 0.79 0.06 1.84 0.01
synthase synthase-
like
64.10.1 AT3G12500.1 2E-60 ATHCHIB| basic chitinase- 6.21 0.02 12.10  0.01 9.21 0.00 6.49 0.00
chitinase like
40.21.10  AT3G12500.1 8E-89  ATHCHIB] basic chitinase- 517 0.03 7.06 0.01 6.33 0.01 7.93 0.00
chitinase like
53.7.5 AT3G12500.1 6E-104 ATHCHIB] basic chitinase- 3.76 0.03 4.87 0.04 4.42 0.00 4.34 0.00
chitinase like
49.8 AT3G12500.1 8E-89  ATHCHIB] basic chitinase- 10.20 0.02 8.63 0.02 7.66 0.01 11.17 0.00
chitinase like
7.24.4 AT3G12500.1 6E-104 ATHCHIB] basic chitinase- 2.21 0.04 3.85 0.02 2.95 0.01 4.18 0.00
chitinase like
6.13.15 AT3G12500.1 6E-104 ATHCHIB] basic chitinase- 2.93 0.03 4.63 0.01 3.06 0.02 4.08 0.00
chitinase like
38.14.8 AT3G12500.1 2E-60 ATHCHIB| basic chitinase- 3.26 0.01 345 0.03 3.40 0.01 4.30 0.00
chitinase like
27.20.7 AT1G64160.1 9E-47 Disease resistance-  DIR-like 15.39 0.01 4.84 0.01 18.34 0.00 13.71 0.00
responsive

(dirigent-like
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- identity 1 dpi 7 dpi 1 dpi 1 dpi
value WwW WwW WwW WwW
FC P FC P FC P FC P
protein) family
protein
66.11.5 AT1G64160.1 9E-47 Disease resistance-  DIR-like 7.89 0.03 3.91 0.02 11.30 0.00 7.09 0.00
responsive

(dirigent-like
protein) family
protein
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osmotins (spotlD:63.17.3, spotID:61.19.1, spotID:61.10.8, spotlD:65.8.13, spotlD:67.16.12,

spotlD:4.8.10, spotlD:32.4.6, spotlD:33.10.1, spotlD:63.16.13, spotlD:45.3.1, spotID:31.8.10,

spotlD:64.15.7, spotlD:25.22.16, spotlD:55.22.13, spotID:9.1.12, spotlD:41.22.12), two putative

members of pathogenesis response family 4 (PR-4) (spotID:7.6.3, spotlD:3.24.8), and eight
sequences encoding 4 different putative terpene synthases, including two -farnesene synthases
(spotID:50.4.11, spotID:67.3.1), two levoprimaradiene synthases (spotlD:36.22.5,
spotID:61.19.10), a A-selinene synthase (spotID:64.4.2), and three sesquiterpene synthase

(spotID:21.2.12, spotlD:40.5.7, spotlD:63.20.12) (Table 2.4).

Table 2.2: Enrichment analysis of DE genes in both lodgepole and jack pine inoculated vs.
control seedlings under well watered conditions. Table displays functional categories
significantly over represented in sequences DE in both lodgepole and jack pine inoculated vs.

control seedlings under well watered conditions using a hypergeometric distribution statistic.

Functional Total PtGen  Elements Probability Adjust P value
Category elements in DE in Density Function (Bonferroni)

category lodgepole  (Hypergeometric

and jack distribution )

Secondary 3831 38 5.30E-34 1.54E-32
metabolism
Miscellaneous
cellular 1544 143 3.00E-23 8.69E-22
processes
Stress response 1167 84 2.25E-08 6.53E-07
Protein 3463 96 1.02E-05 2.96E-04
processing
Photosynthesis 526 6 7.82E-05 2.27E-03
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Table 2.3: Count of sequences putatively involved in secondary metabolism and determined by
microarray analysis to be differentially expressed in inoculated vs control tissues under well
watered or water deficit conditions in both lodgepole and jack pine, exclusively in lodgepole pine
or exclusively in jack pine. Sequences are further classified into those involved in flavonoid
biosynthesis, isoprenoid biosynthesis and phenylpropanoid biosynthesis on the basis of sequence

identity using MapMan functional categorization.

Functional category DE in both DE DE
lodgepole and exclusively in  exclusively in
jack pine lodgepole pine jack pine

DE under well watered conditions

flavonoid biosynthesis 4 5 24
isoprenoids biosynthesis 19 0 38
phenylpropanoids biosynthesis 6 2 11
DE under water deficit conditions

flavonoid biosynthesis 39 24 1

isoprenoids biosynthesis 22 11 14
phenylpropanoids biosynthesis 13 6 4

Interestingly, 21 putative chalcone synthase sequences (CHS), involved in phenolic
biosynthesis were DE in lodgepole and jack pine at only 7 dpi exclusively under water deficit
conditions. Seventeen of these genes of these were upregulated in both species under water
deficit conditions (spotID:11.18.6, spotID:11.8.9, spotID:17.2.11, spotlD:23.16.14,
spotlD:24.17.5, spotlD:27.17.3, spotID:32.16.12, spotlD:33.10.7, spotID:40.15.16,
spotlD:59.23.9, spotlD:63.19.6, spotlD:63.8.11, spotID:7.18.5, spotID:19.21.5, spotlD:25.14.7,
spotID:36.1.7, spotID:6.4.5), while four were upregulated in lodgepole but down regulated in
jack pine under water deficit conditions (spotID:31.20.16, sotID:34.9.15, spotID:40.12.10,
spotID56.8.8) (Table 2.4). Among the defense associated transcriptional regulators DE in both
species only at 7 dpi under water deficit conditions were three putative JAZ-like TFs
(spotID:16.8.10, spotlD:62.10.9), two putative WRKY TFs (spotlD:54.14.15, spotlD:67.8.5),
three putative ERFs (spotlD:15.24.6, spotlD:25.5.14, spotID:7.13.5), and one putative MYB TF
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(spotID:66.17.4) (Table 2.4). Five putative ACC oxidase sequences involved in ethylene
biosynthesis (spotlD:46.23.12, spotlD:4.4.16, spotlD:28.2.5, spotID:40.14.9, spotlD:56.18.8).
One putative jasmonate methyl-transferase sequence was upregulated in both lodgepole and jack
pine at only 7 dpi under water deficit conditions along with three putative phenylalanine
ammonia lyase (PAL) sequences central to biosynthesis of phenolic compounds, including
salicylic acid (spotID:3.21.4, spotlD:63.19.7, spotlD:35.4.12) (Table 2.4). There were nine
sequences DE under both well watered and water deficit conditions in lodgepole and jack at both
1 and 7 dpi. One of these sequences encode a putative chitinase (spotID:64.10.1), and two
encode putative DIRs (spotID:16.18.12, spotID:27.20.7) (Table 2.1 &4).

Enrichment analysis of sequences DE in both lodgepole and jack pine under water deficit
conditions revealed over representation of genes involved in miscellaneous cellular processes
including peroxidase activity, secondary metabolism, stress response, protein processing,
biodegradation of xenobiotics and the oxidative pentose phosphate pathway (Table 2.5).
Examination of the genes involved in secondary metabolism revealed 39 sequences involved in
the metabolism of flavonoids, 22 sequences involved in the biosynthesis of isoprenoids, and 13

sequences involved in the biosynthesis of phenylpropanoids (Table 2.3).
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Table 2.4: Sequences differentially expressed on the PtGen2 microarray in both lodgepole and jack pine phloem tissue between

inoculated vs. control treatments under water deficit at 1 and/ or 7 dpi with G. clavigera. Sequence putative identity was predicted on

the basis of sequence similarity to sequences within the TAIR database on NCBI nr database (not shown). FC: fold change. P:

adjusted p-value.

PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value WD WD WD WD
FC P FC P FC P FC P

DE in lodgepole and jack pine at 7 dpi under water deficit conditions

45.15.15 AT2G15220.1 SE-48 Plant basic secretory BSP-like 0.83 0.46 3.65 0.00 1.32 0.18 8.82 0.01
protein (BSP)
family protein

67.23.8 AT2G15220.1 SE-48 Plant basic secretory BSP-like 1.07 0.94 8.64 0.01 1.73 0.28 13.81 0.02
protein (BSP)
family protein

19.22.11 AT2G15220.1 6E-59 Plant basic secretory BSP-like NA NA 2.28 0.01 NA NA 2.70 0.05
protein (BSP)
family protein

63.22.12 AT3G54420.1 7E-10  ATCHITIV | Chitinase- 0.90 0.61 2.67 0.03 1.73 0.12 2.02 0.04
homolog of carrot like
EP3-3 chitinase

66.24.14 AT2G43590.1 3E-67 Chitinase family Chitinase- 1.12 0.78 3.54 0.00 1.19 0.31 3.14 0.04
protein like

9.6.8 AT2G43590.1 3E-15 Chitinase family Chitinase- 1.11 0.90 6.09 0.01 0.79 0.75 3.68 0.02
protein like

30.2.12 AT3G54420.1 1E-51  ATCHITIV | Chitinase- 1.76 0.23 3.39 0.02 0.68 0.19 4.35 0.01
homolog of carrot like
EP3-3 chitinase

22.23.9 AT2G43590.1 2E-40 Chitinase family Chitinase- 1.66 072 1090 0.00 1.63 0.41 16.22 0.03
protein like

6.5.12 AT2G43590.1 6E-16 Chitinase family Chitinase- 1.08 0.74 2.53 0.01 1.11 0.67 3.29 0.01
protein like

17.12.14 AT2G43590.1 2E-40 Chitinase family Chitinase- 1.56 0.71 7.23 0.00 1.43 0.20 9.40 0.02
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value WD WD WD WD
FC P FC P FC P FC P

protein like

66.23.7 AT3G12500.1 2E-60 ATHCHIB | basic Chitinase- 1.74 0.10 3.71 0.01 4.72 0.05 6.04 0.01
chitinase like

2.22.8 AT2G43590.1 2E-40 Chitinase family Chitinase- 1.14 0.64 4.65 0.01 1.24 0.33 3.83 0.03
protein like

61.14.7 AT3G54420.1 9E-52 ATCHITIV | Chitinase- 1.54 0.39 9.03 0.00 1.69 0.23 6.54 0.00
homolog of carrot like
EP3-3 chitinase

52.6.6 AT3G12500.1 6E-104 ATHCHIB | basic Chitinase- 2.86 0.17 2.57 0.01 2.49 0.12 2.55 0.02
chitinase like

64.6.10 AT3G12500.1 8E-89 ATHCHIB | basic Chitinase- 1.67 0.11 2.69 0.01 4.59 0.07 5.62 0.00
chitinase like

67.21.1 AT3G12500.1 2E-60 ATHCHIB | basic Chitinase- 2.07 0.09 3.83 0.01 4.67 0.05 5.72 0.00
chitinase like

63.24.13 AT3G12500.1 2E-60 ATHCHIB | basic Chitinase- 1.31 0.44 2.13 0.01 1.51 0.16 1.83 0.01
chitinase like

25.22.16 AT3G54420.1 4E-46  ATCHITIV | Chitinase- 1.10 0.61 1.93 0.01 1.26 0.23 3.08 0.01
homolog of carrot like
EP3-3 chitinase

3.17.16 AT2G43590.1 2E-40 Chitinase family Chitinase- 1.00 1.00 6.94 0.00 1.32 0.34 5.38 0.03
protein like

63.17.3 AT4G11650.1 4E-55 OSM34 | osmotin Osmotin- 1.07 0.88 4.21 0.02 1.32 0.45 11.68 0.01
34 like

61.19.1 AT4G11650.1 4E-55 OSM34 | osmotin Osmotin- 0.66 0.34 3.75 0.02 0.68 0.42 4.81 0.01
34 like

61.10.8 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.10 0.57 6.73 0.01 1.19 0.46 4.05 0.03
34 like

65.8.13 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.36 0.29 10.00 0.02 1.23 0.55 5.39 0.04
34 like

67.16.12 AT4G11650.1 2E-64 OSM34 | osmotin Osmotin- 1.05 0.89 1.82 0.04 1.06 0.90 2.40 0.02
34 like

4.8.10 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.00 0.99 1.92 0.04 1.60 0.08 2.11 0.05

34
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value WD WD WD WD
FC P FC P FC P FC P

32.4.6 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.06 0.85 9.25 0.01 1.07 0.77 8.19 0.02
34 like

33.10.1 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.48 0.54 3.23 0.00 0.84 0.46 2.25 0.01
34 like

63.16.13 AT4G11650.1 2E-16 OSM34 | osmotin Osmotin- 0.82 0.64 2.95 0.04 1.26 0.77 16.83 0.00
34 like

45.3.1 AT4G11650.1 4E-55 OSM34 | osmotin Osmotin- 0.93 0.65 3.34 0.01 1.03 0.94 9.52 0.01
34 like

31.8.10 AT4G11650.1 2E-16 OSM34 | osmotin Osmotin- 0.79 0.34 2.90 0.04 1.10 0.81 13.44 0.00
34 like

64.15.7 AT4G11650.1 2E-16 OSM34 | osmotin Osmotin- 0.91 0.68 1.98 0.02 1.83 0.06 6.63 0.00
34 like

25.22.16 AT3G54420.1 4E-46  ATCHITIV | Chitinase- 1.10 0.61 1.93 0.01 1.26 0.23 3.08 0.01
homolog of carrot like
EP3-3 chitinase

55.22.13 AT4G11650.1 2E-16 OSM34 | osmotin Osmotin- 0.78 0.42 4.21 0.02 1.30 0.68 18.21 0.00
34 like

9.1.12 AT4G11650.1 2E-16 OSM34 | osmotin Osmotin- 0.93 0.92 2.45 0.01 1.34 0.46 8.05 0.01
34 like

41.22.12 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 2.04 0.33 19.80  0.02 NA NA 12.82 0.05
34 like

7.6.3 AT3G04720.1 4E-31 PR-4|pathogenesis- PR-4-like 0.90 0.64 3.15 0.01 1.27 0.41 3.57 0.00
related 4

3.24.8 AT3G04720.1 2E-49 PR-4 | pathogenesis- PR-4-like NA NA 12.40  0.00 8.70 0.07 32.15 0.02
related 4

50.4.11 AT1G70080.1 4.5 Terpenoid Farnesene 1.36 0.39 4.20 0.03 1.29 0.32 6.25 0.01
cyclases/Protein Synthase-
prenyltransferases like
superfamily protein
|

67.3.1 AT1G70080.1 4.5 Terpenoid Farnesene 1.42 0.23 2.67 0.02 1.19 0.54 4.60 0.03
cyclases/Protein Synthase-
prenyltransferases like
superfamily protein

36.22.5 AT1G61120.1 4E-19 TPS4 | terpene Levoprima 0.87 0.80 3.55 0.00 1.55 0.29 11.88 0.01
synthase 04 radiene
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value WD WD WD WD
FC P FC P FC P FC P
synthase-
like
61.19.10 AT4G16730.1 6E-50 TPSO02 | terpene Levoprima  0.93 0.77 2.89 0.00 2.12 0.13 15.27 0.01
synthase 02 radiene
synthase-
like
64.4.2 AT3G25810.1 4E-63 Terpenoid Selinene 1.59 0.44 5.14 0.05 4.39 0.08 15.24 0.01
cyclases/Protein Synthase-
prenyltransferases like
superfamily protein
21.2.12 AT4G02780.1 1E-106 CPS1 | Terpenoid Sesquiterp 1.00 0.99 4.77 0.01 1.30 0.23 8.36 0.02
cyclases/Protein ene
prenyltransferases Synthase-
superfamily protein  like
40.5.7 AT4G02780.1 1E-106 CPS1 | Terpenoid Sesquiterp 0.97 0.89 3.54 0.00 0.96 0.89 6.93 0.01
cyclases/Protein ene
prenyltransferases Synthase-
superfamily protein  like
63.20.12 AT4G02780.1 1E-106 CPS1 | Terpenoid Sesquiterp NA NA 4.37 0.01 NA NA 6.49 0.03
cyclases/Protein ene
prenyltransferases Synthase-
superfamily protein  like
11.18.6 AT5G13930.1 2E-84 CHS | Chalcone and Chalcone 1.83 0.43 2.14 0.01 0.72 0.42 1.61 0.02
stilbene synthase synthase-
family protein like
11.8.9 AT5G13930.1 3E-69 CHS | Chalcone and Chalcone 1.45 0.58 2.30 0.01 0.75 0.41 1.63 0.03
stilbene synthase synthase-
family protein like
17.2.11 AT5G13930.1 2E-69 CHS | Chalcone and Chalcone 1.42 0.54 2.24 0.01 0.77 0.37 1.67 0.03
stilbene synthase synthase-
family protein like
19.21.5 AT5G13930.1 0.00009 CHS | Chalcone and Chalcone 1.87 0.46 2.05 0.01 0.66 0.33 1.61 0.03
stilbene synthase synthase-
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value WD WD WD WD
FC P FC P FC P FC P

family protein like

23.16.14 AT5G13930.1 2E-69 CHS | Chalcone and  Chalcone 1.59 0.38 2.48 0.01 1.06 0.82 1.80 0.05
stilbene synthase synthase-
family protein like

24.17.5 AT5G13930.1 2E-84 CHS | Chalcone and  Chalcone 1.83 0.47 2.15 0.01 0.67 0.42 1.71 0.02
stilbene synthase synthase-
family protein like

25.14.7 AT5G13930.1 4E-71 CHS | Chalcone and Chalcone 1.67 0.39 2.72 0.01 0.95 0.88 1.80 0.04
stilbene synthase synthase-
family protein like

27.17.3 AT5G13930.1 2E-69 CHS | Chalcone and  Chalcone 1.53 0.44 3.00 0.01 1.13 0.44 1.99 0.02
stilbene synthase synthase-
family protein like

32.16.12 AT5G13930.1 2E-69 CHS | Chalcone and  Chalcone 1.60 0.47 2.17 0.01 0.72 0.39 1.58 0.04
stilbene synthase synthase-
family protein like

33.10.7 AT5G13930.1 2E-69 CHS | Chalcone and  Chalcone 1.32 0.54 2.29 0.02 0.87 0.42 1.66 0.02
stilbene synthase synthase-
family protein like

36.1.7 AT5G13930.1 0.00006 CHS | Chalcone and Chalcone 1.61 0.56 2.20 0.01 0.79 0.38 1.66 0.04
stilbene synthase synthase-
family protein like

40.15.16 AT5G13930.1 2E-84 CHS | Chalcone and  Chalcone 1.70 0.51 2.22 0.01 0.75 0.33 1.70 0.02
stilbene synthase synthase-
family protein like

59.23.9 AT5G13930.1 2E-84 CHS | Chalcone and  Chalcone 1.45 0.57 1.84 0.02 0.87 0.67 1.55 0.02
stilbene synthase synthase-
family protein like

6.4.5 AT5G13930.1 2E-36 CHS | Chalcone and  Chalcone 1.57 0.11 1.67 0.02 1.78 0.12 1.89 0.02
stilbene synthase synthase-
family protein like

63.19.6 AT5G13930.1 2E-69 CHS | Chalcone and Chalcone 1.34 0.55 2.51 0.01 1.00 1.00 1.80 0.02
stilbene synthase synthase-
family protein like

63.8.11 AT5G13930.1 2E-69 CHS | Chalcone and Chalcone 1.34 0.54 2.15 0.01 0.85 0.50 1.56 0.03
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value WD WD WD WD
FC P FC P FC P FC P
stilbene synthase synthase-
family protein like
7.18.5 AT5G13930.1 2E-69 CHS | Chalcone and Chalcone 1.25 0.61 2.07 0.01 0.89 0.65 1.71 0.02
stilbene synthase synthase-
family protein like
31.20.16 AT5G13930.1 2E-69 CHS | Chalcone and  Chalcone 1.44 0.54 2.40 0.01 0.76 0.36 1.74 0.01
stilbene synthase synthase-
family protein like
34.9.15 AT5G13930.1 2E-69 CHS | Chalcone and Chalcone 1.46 0.50 2.53 0.01 0.84 0.33 2.02 0.02
stilbene synthase synthase-
family protein like
40.12.10 AT5G13930.1 2E-69 CHS | Chalcone and  Chalcone 1.36 0.53 2.24 0.01 0.80 0.34 1.56 0.03
stilbene synthase synthase-
family protein like
56.8.8 AT5G13930.1 4E-71 CHS | Chalcone and  Chalcone 1.51 0.52 2.63 0.00 0.72 0.39 1.85 0.03
stilbene synthase synthase-
family protein like
16.8.10 AT1G74950.1 SE-16 JAZ2|TIFY JAZ-like 2.01 0.11 3.94 0.03 2.15 0.10 3.58 0.01
domain/Divergent TF
CCT motif family
protein
62.10.9 AT1G74950.1 SE-16 JAZ2|TIFY JAZ-like 242 0.15 3.92 0.04 2.13 0.18 347 0.01
domain/Divergent TF
CCT motif family
protein
65.20.3 AT5G13220.1 0.000000 JAZI10 |jasmonate-  JAZ-like 1.17 0.41 3.72 0.00 1.29 0.21 2.86 0.02
1 zim-domain protein  TF
10
56.14.15 AT5G28650.1 1E-49 WRKY74 | WRKY  WRKY- 0.96 0.93 1.71 0.02 1.61 0.05 1.67 0.02
DNA-binding like TF
protein 74
67.8.5 AT5G64810.1 3E-17 WRKYS51 | WRKY  WRKY- 0.91 0.65 2.66 0.02 1.34 0.19 2.93 0.01
DNA-binding like TF
protein 51
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value WD WD WD WD
FC P FC P FC P FC P
15.24.6 AT1G28370.1 1E-11 ERF11 | ERF ERF-like 0.81 0.54 1.58 0.01 0.92 0.83 2.65 0.02
domain protein 11
25.5.14 AT1G28370.1 1E-11 ERFI11 | ERF ERF-like 1.29 0.24 1.57 0.03 1.22 0.23 1.60 0.03
domain protein 11
7.13.5 AT3G20310.1 1E-20 ERF7 | ethylene ERF-like 1.38 0.30 1.68 0.01 1.58 0.07 2.02 0.01
response factor 7
66.17.4 AT1G22640.1 1E-26 MYB3 | myb MYB-like 1.09 0.85 3.08 0.03 0.77 0.39 3.29 0.02
domain protein 3 TF
46.23.12 AT1G77330.1 3E-88 2-oxoglutarate ACC 1.11 0.63 1.87 0.02 1.34 0.20 2.73 0.01
(20G) and Fe(1D)- oxidase-
dependent like
oxygenase
superfamily protein
4.4.16 AT3G11180.1 2E-53  2-oxoglutarate ACC 1.32 0.51 2.23 0.02 1.54 0.09 2.41 0.01
(20G) and Fe(ID)- oxidase-
dependent like
oxygenase
superfamily protein
28.2.5 AT1G77330.1 3E-88 2-oxoglutarate ACC 1.73 0.08 4.90 0.01 1.74 0.24 4.80 0.01
(20G) and Fe(1D)- oxidase-
dependent like
oxygenase
superfamily protein
40.14.9 AT3G11180.1 2E-53 2-oxoglutarate ACC 1.25 0.32 2.85 0.01 1.23 0.20 2.31 0.04
(20G) and Fe(1D)- oxidase-
dependent like
oxygenase
superfamily protein
56.18.8 AT3G11180.2 7E-40  2-oxoglutarate ACC 1.03 0.90 2.00 0.03 1.11 0.64 1.69 0.03
(20G) and Fe(1D)- oxidase-
dependent like
oxygenase
superfamily protein
3214 AT3G53260.1 0 PAL2 PAL-like 1.30 0.34 3.19 0.00 1.42 0.09 2.54 0.01

phenylalanine
ammonia-lyase 2
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value WD WD WD WD
FC P FC P FC P FC P
63.19.7 AT3G53260.1 PAL2| PAL-like 1.24 0.46 2.46 0.00 1.45 0.09 2.39 0.01
phenylalanine
ammonia-lyase 2
35.4.12 AT3G10340.1 PAL2] PAL-like 0.96 0.89 2.95 0.01 0.76 0.16 1.71 0.04
phenylalanine

ammonia-lyase 2
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Table 2.5: Enrichment analysis of sequences differentially expressed in both lodgepole and jack
pine inoculated vs. control seedlings under water deficit conditions. Table displays functional
categories significantly over represented in sequences DE in both lodgepole and jack pine
inoculated vs. control seedlings under well watered conditions using a hypergeometric

distribution statistic.

Functional Total PtGen  Elements DE  Probability Density =~ Adjust P value
Category elements in in lodgepole  Function (Bonferroni)

category and jack (Hypergeometric

distribution )

Miscellancous 1544 154 4.66E-27 1.26E-25
cellular processes
Secondary 3831 86 3.42E-12 9.24E-11
metabolism
Stress response 1167 85 4.11E-08 1.11E-06
Protein processing 3463 97 3.64E-06 9.84E-05
Biodegradation of 34 8 4.35E-05 1.17E-03
xenobiotics
Oxidative pentose
phosphate path 51 9 1.51E-04 4.10E-04

2.3.3 Gene DE exclusively in lodgepole pine in response to G. clavigera

There were 146 and 133 sequences DE exclusively in lodgepole pine under well watered
conditions, at 1 and 7 dpi respectively (Fig 2.3). Unlike sequences exclusively DE in 1 dpi jack
pine, there were no well known defense associated genes DE exclusively in 1 dpi lodgepole pine
for either well watered or water deficit treatments. A putative PAL sequence (spotID:62.16.17)
was differentially upregulated at 1 dpi in well watered conditions (Table 2.6). Among the
lodgepole genes uniquely upregulated in inoculated samples only at 7 dpi under well watered
conditions were a basic secretory-like protein (spotlD:4.22.10), a PR-like protein

(spotlD:29.23.12), and a putative NB-LRR (spotID:33.6.10) (Table 2.6). There was no known
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defense associated TF differentially expressed exclusively in lodegpole inoculated vs control
tissue under well watered conditions. Only one putative stress responsive MYB TF
(spotID:35.18.6) was upregulated only in 7 dpi lodgepole pine under well watered conditions.
Only 8 sequences are uniquely DE in lodgepole pine at both 7 and 1 dpi under well watered
conditions (Fig 2.3). None of these sequences are typical defense associated genes.
Enrichment analysis of sequences DE only in lodgepole pine under well watered
conditions revealed over representation of genes involved in secondary metabolism, protein
processing, hormone metabolism, miscellaneous cellular processes, stress response, signalling,
RNA regulation and amino acid metabolism (Table 2.7). Further examination of sequences
involved in secondary metabolism revealed five sequences involved in flavonoid biosynthesis,

and two sequences involved in phenylpropanoid biosynthesis (Table 2.3).

There were eight and 1755 sequences DE exclusively in inoculated vs. control lodgepole

pine phloem tissue under water deficit conditions, at 1 and 7 dpi respectively (Fig 2.3). There was

no typical defense associated sequences DE exclusively in lodgepole pine under water deficit

conditions.
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Table 2.6: Sequences differentially expressed on the PtGen2 microarray exclusively in lodgepole tissue between inoculated vs. control

treatments under well watered conditions at 1 and/ or 7 dpi with G. clavigera. Sequence putative identity was predicted on the basis of

sequence similarity to sequences within the TAIR database and within the NCBI nr database (not shown). FC: fold change. P: adjusted

p-value.
PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value wWw wWw A A
FC P FC P FC P FC P

DE at 1 dpi in lodgepole under well watered conditions

63.17.16 AT3G53260.1 0 PAL2 |phenylalanine  PAL-like 1.63 0.03 0.55 0.18 1.36 0.25 1.06  0.81
ammonia-lyase 2

DE at 7 dpi in lodgepole under well watered conditions

33.6.10 AT1G27170.2 0.63 transmembrane NB-LRR- 1.20 0.30 0.59 0.04 1.09 0.75 0.87 052
receptors ATP binding  like

29.23.12 AT1G78780.2 1E-75 pathogenesis-related PR-like 1.33 0.23 2.96 0.04 1.02 0.84 098 094
family protein

4.22.10 AT2G15220.1 5E-48 Plant basic secretory BSP-like 1.11 0.56 4.69 0.04 1.01 0.94 322 0.06
protein (BSP) family
protein

35.18.6 AT3G13540.1 4E-54 MYBS5 | myb domain MYB-like 0.75 0.17 0.49 0.04 1.08 0.66 0.64  0.03
protein TF
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Table 2.7: Enrichment analysis of sequences differentially expressed only in lodgepole pine
inoculated vs. control seedlings under well watered conditions. Table displays functional
categories significantly over represented in sequences DE only in lodgepole pine inoculated vs.

control seedlings under well watered conditions using a hypergeometric distribution statistic.

Functional Total PtGen Elements DE Probability Density  Adjust P value
Category elements in only in Function (Bonferroni)

category lodgepole (Hypergeometric

distribution )

Secondary 3831 8 2.40E-44 4.74E-43
metabolism
Protein 3463 34 1.08E-18 2.17E-17
processing
Hormone 767 1 4.82E-10 9.65E-09
metabolism
Miscellaneous 1544 15 5.68E-09 1.18E-07
cellular processes
Stress response 1167 9 2.14E-08 4.28E-07
Signaling 746 3 9.36E-08 1.87E-06
RNA regulation 1242 14 1.54E-06 3.8E-05
Amino acid 797 7 1.21E-05 2.42E-04
metabolism
Transport 586 6 4.65E-04 9.30E-03

Among the known defense sequences DE uniquely in 7 dpi lodgepole pine under water
deficit conditions were sequences encoding two DIR-like proteins (spotID:20.5.11,
spotID:6.16.8), one putative basic secretory protein (spotID:51.6.15), 14 putative osmotins
(spotID:33.14.1, spotlD:62.4.7, spotID:67.16.4, spotlD:66.24.6, spotlD:64.14.3, spotID: 63.14.6,
spotlD:62.21.8, spotlD:61.6.1, spotID:7.22.11, spotID:61.20.4, spotID:61.14.12,
spotlD:27.23.10, spotID:42.10.2, spotlD:66.10.3) and six putative terpene synthases
(spotlD:61.23.12, spotlD:63.12.7, spotlD:14.10.13, spotlD:63.24.6, spotID: 25.1.15,
spotID:67.10.13) (Table 2.8). Transcriptional regulators differentially upregulated in 7 dpi

lodgepole pine under water deficit conditions included a putative JA responsive JAZ-like TF

58



(spot ID:62.15.10, spotID:67.16.14, spotID:5.5.4), two putative defense associated ERF
(spotlD:62.6.15, spotlD:66.5.11), as well as two putative defense associated b-ZIP TFs
(spotlD:56.2.6, spotlD:29.16.10) (Table 2.8). Transcriptional regulators differentially down
regulated in lodgepole at 7 dpi under water deficit conditions included two putative defense
associated ERFs (spotlD:49.18.7, 20.11.11), a putative bZIP TF involved in defense response to
bacteria (spotlD:56.2.6, spotlD:29.16.10), along with three TFs putatively involved in drought
stress response: an abscisic acid response factor ABF (spotlD:52.22.3) and a putative SEUSS
transcriptional co-regulator (SEU) (spot ID:47.16.12) (Table 2.8). A large number of sequences
involved in the biosynthesis of JA are DE in 7 dpi lodgepole under water deficit conditions,
including an upregulated putative lipoxygenase (LOX) (spotID:7.4.9), two downregulated
putative allene oxidase synthase (AOS)(spotID:12.11.4, spotID:12.12.14), and a downregulated
putative oxo-phytodeinoate (ODPA) reductase (spotID:50.4.9) (Table 2.8). A putative ACC
oxidase (spotID:68.8.5) involved in the biosynthesis of ethylene, and a putative PAL
(spotID:38.8.15) involved in the biosynthesis of SA are both differentially upregulated at 7 dpi
under water deficit conditions exclusively in lodegpole pine seedlings. (Table 2.8).

Only four sequences were uniquely DE in lodgepole pine at both 7 and 1 dpi under water
deficit conditions, none of which were typical defense associated genes. Unlike jack pine, very
few sequences in lodgepole pine were DE across both 1 and 7 dpi for either well watered or water
deficit conditions.

Enrichment analysis of sequences DE only in lodgepole pine under water deficit
conditions revealed overrepresentation of genes involved in secondary metabolism,
photosynthesis, miscellaneous cellular processes, metal handling, transport and the oxidative

pentose phosphate pathway (Table 2.9).
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Table 2.8: Sequences differentially expressed on the PtGen2 microarray exclusively in lodgepole phloem tissue between inoculated vs.

control treatments under water deficit conditions at 1 and/ or 7 dpi with G. clavigera. Sequence putative identity was predicted on the

basis of sequence similarity to sequences within the TAIR database and within the NCBI nr database (not shown). FC: fold change. P:

adjusted p-value.

PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole 1 dpi Lodgepole Jack
spot ID X E- Identity WD 7 dpi 7 dpi
value WD
FC P FC P FC P FC P
DE at 7 dpi in lodgepole under water deficit conditions
6.16.8 AT1G58170.1 6E-24 Disease resistance- DIR-like 1.11 0.64 1.50 0.04 1.32 0.33 1.07  0.76
responsive (dirigent-
like protein) family
protein
20.5.11 AT2G21100.1 2E-46 Disease resistance- DIR-like 0.71 0.51 2.12 0.01 0.68 0.34  0.70 0.15
responsive (dirigent-
like protein) family
protein
51.6.15 AT2G15220.1 6E-59  Plant basic secretory BSP-like 0.87 0.49 1.61 0.04 0.66 021 255 0.06
protein (BSP) family
protein
67.16.4 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.67 0.47 12.00  0.02 6.67 0.17 1191 0.06
like
66.24.6 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.12 0.84 3.27 0.01 NA NA 519  0.05
like
64.143 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.55 0.54 11.70  0.02 3.34 026 812  0.06
like
63.14.6 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.09 0.89 10.70  0.02 NA NA 6.78  0.05
like
62.21.8 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.14 0.67 12.70  0.02 1.27 039 9.58  0.06
like
61.6.1 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.34 0.58 8.69 0.01 1.06 077 631 0.05
like
7.22.11 AT4G11650.1 4E-67 OSM34 | osmotin Osmotin- 1.64 0.35 1.90 0.02 1.14 0.78 3.03  0.08
like
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole 1 dpi Lodgepole Jack
spot ID X E- Identity WD 7 dpi 7 dpi
value WD
FC P FC P FC P FC P
61.20.4 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 0.96 0.83 3.69 0.02 1.20 027 253 0.06
like
61.14.12 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.00 1.00 5.28 0.03 1.24 0.63 474  0.11
like
27.23.10 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 2.78 0.36 14.90 0.02 NA NA 877  0.06
like
42.10.2 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- NA NA 8.55 0.03 NA NA 590  0.09
like
66.10.3 AT4G11650.1 1E-26  OSM34 | osmotin Osmotin- 0.97 0.94 5.67 0.01 1.04 092 323 0.11
like
33.14.1 AT4G11650.1 4E-67 OSM34 | osmotin Osmotin- 2.18 0.20 3.08 0.02 1.41 075 7.21 0.07
like
62.4.7 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 0.98 0.93 2.20 0.03 0.56 0.08 1.18  0.74
like
61.23.12 AT1G61680.2 4E-20 TPS14 | terpene Terpene 1.06 0.83 1.74 0.01 1.08 0.76 1.03 0.81
synthase 14 Synthase-
like
62.24.6 AT1G70080.1 4.5 Terpenoid Terpene 1.67 0.18 2.49 0.00 NA NA 2.64  0.08
cyclases/Protein Synthase-
prenyltransferases like
superfamily protein
25.1.15 AT4G02780.1 1E-106 CPS1 | Terpenoid Terpene 1.05 0.90 2.67 0.01 0.83 035 6.00 0.06
cyclases/Protein Synthase-
prenyltransferases like
superfamily protein
67.10.13 AT4G02780.1 1E-106 CPS1 | Terpenoid Terpene 0.91 0.82 0.42 0.00 0.65 040  0.75 0.41
cyclases/Protein Synthase-
prenyltransferases like
superfamily protein
63.12.7 AT2G41710.1 2E-66 Integrase-type DNA- Terpene 1.69 0.22 3.74 0.00 2.32 0.12 1.01 0.98
binding superfamily Synthase-
protein like
14.10.13 AT1G61680.2 4E-20 TPS14 | terpene Terpene 1.57 0.20 2.76 0.03 3.20 0.13 253 0.06
synthase 14 Synthase-
like
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole 1 dpi Lodgepole Jack Jack
spot ID X E- Identity WD 7 dpi 1 dpi 7 dpi
value WD WD WD
FC P FC P FC P FC P
62.15.10 AT5G13220.1 0.000000 JAZI10 | jasmonate- JAZ-like 1.24 0.30 3.36 0.01 1.39 0.15 1.43 0.09
1 zim-domain protein 10  TF
67.16.14 AT1G74950.1 0.005 JAZ2|TIFY JAZ-like 1.58 0.49 1.62 0.02 5.95 0.10  2.69  0.06
domain/Divergent TF
CCT motif family
protein
55.4 AT5G13220.1 0.000000 JAZ10 | jasmonate- JAZ-like 1.05 0.83 3.18 0.02 1.34 0.14 146 043
1 zim-domain protein 10  TF
62.6.15 AT4G17500.1 0.00003 ERF-1 | ethylene ERF-like 0.90 0.83 1.82 0.03 1.34 0.38 129  0.19
responsive element
binding factor 1
56.2.6 AT5G06960.2 4E-110 TGAS5|OCS-element  bZIP-like 0.88 0.58 2.05 0.01 1.07 0.77 1.47  0.05
binding factor 5 TF
29.16.10 AT5G65210.5 9E-50 TGALI | bZIP bZIP-like 1.10 0.83 1.87 0.04 0.89 0.48 1.41 0.05
transcription factor TF
family protein
66.5.11 AT4G17500.1 5E-30 ERF-1 | ethylene ERF-like 0.96 0.88 2.02 0.01 1.41 0.23 142 0.08
responsive element
binding factor 1
49.18.7 AT3G23240.1 1E-13  ERF1| ethylene ERF-like 0.58 0.24 0.53 0.01 0.54 0.28 1.22 049
response factor 1
20.11.11 AT1G28360.1 3E-20 ERF12 | ERF domain ERF-like 1.13 0.51 0.56 0.04 0.83 027  0.71 0.10
protein 12
52.22.3 AT1G45249.1 2E-21 ABF2 | abscisic acid ABF-like 0.79 0.41 0.55 0.02 0.78 025 0.88 0.54
responsive elements- TF
binding factor 2
47.16.12 AT1G43850.2 4E-73 SEU | SEUSS SUESS- 0.98 0.95 0.53 0.03 0.80 040  0.85 0.41
transcriptional co- like TF
regulator
7.4.9 AT1G55020.1 0 LOXI1 |lipoxygenase 1  LOX-like 1.11 0.62 1.25 0.18 1.19 0.49 1.63 0.02
12.12.14 AT5G42650.1 SE-128 AOS | allene oxide AOS-like 0.94 0.86 0.39 0.01 0.73 035  0.63 0.20
synthase
12.11.4 AT5G42650.1 SE-128 AOS]| allene oxide AOS-like 1.05 0.91 0.38 0.01 0.48 0.06 0.75 0.26
synthase
50.4.9 AT3G05390.1 0.64 molecular function ODPA-like  1.05 0.87 0.57 0.03 1.18 0.30 1.37 045
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole 1 dpi Lodgepole Jack Jack
spot ID X E- Identity WD 7 dpi 1 dpi 7 dpi
value WD WD WD
FC P FC P FC P FC P
unknown
68.8.5 AT4G26200.1 2E-26 ACS7 | 1-amino- ACC- 0.94 0.87 1.66 0.02 0.98 0.92 1.39 041
cyclopropane-1- oxidase
carboxylate synthase 7 like
38.8.15 AT3G30775.1 2E-101 ERDS | PAL-like 0.98 0.96 0.46 0.04 0.66 022 0.71 0.36

Methylenetetrahydrofo
late reductase family
protein
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Examination of the sequences involved in secondary metabolism reveals 24 sequences

involved in flavonoid biosynthesis, 11 sequences involved in isoprenoids biosynthesis and six

sequences involved in biosynthesis of phenylpropanoids (Table 2.3).

Table 2.9: Enrichment analysis of sequences differentially expressed only lodgepole pine

inoculated vs. control seedlings under water deficit conditions. Table displays functional

categories significantly over represented in sequences DE only in lodgepole pine inoculated vs.

control seedlings under water deficit conditions using a hypergeometric distribution statistic.

Functional Total PtGen Elements DE Probability Density  Adjust P value
Category elements in in lodgepole  Function (Bonferroni)
category and jack (Hypergeometric

distribution )
Secondary 3831 46 6.81E-50 1.98E-48
metabolism
Photosynthesis 526 70 8.57E-13 2.49E-11
Miscellaneous 1544 125 5.36E-07 1.56E-05
cellular processes
Metal handling 49 13 9.92E-07 2.88E-05
Transport 586 52 1.50E-04 3.04E-03
Oxidative pentose
phosphate 51 9 1.05E-03 03.06E-02
pathway

2.3.4 Genes DE exclusively in jack pine in response to G. clavigera

Venn diagrams comparing genes DE in lodegpole versus jack pine under either well

watered or watered deficit conditions revealed sequences DE uniquely in one species or the other.

In well watered conditions, 520 sequences were DE exclusively in 1 dpi jack pine and 664

sequences were DE exclusively in 7 dpi jack pine (Fig 2.3). Under well watered conditions, DE

sequences with strong similarity to known defense associated genes included sequences encoding

five putative a-pinene synthases (spotlD:30.12.2, spotID:66.9.12, spotID:15.14.3, spotID:68.5.1,
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spotlD:63.12.7), three putative sesquiterpene synthases (spotlD:67.10.13, spotlD:47.2.7,
spotlD:67.20.8) and a putative defensin (spotlD:3.23.11) (Table 2.10). Analysis of defense
related transcription factors in this set of DE sequences revealed an upregulated putative ethylene
activated WRKY (spotID:38.15.12). Two putative LOX sequences (spotlD:69.6.13, and
spotID:48.17.7) involved in the biosynthesis of JA were upregulated exclusively in 1 dpi well
watered jack pine as well (Table 2.10). Known defense genes upregulated under well watered
conditions at 7 dpi included two putative terpene synthases (spotlD:25.2.15, spotlD:62.24.6), two
putative chitinases (spotID: 66.24.4, spotlD:64.7.12), four osmotins (spotID:7.22.11,
spotID:67.16.12, spotlD:33.10.1, spotID:67.1.6), four basic secretory proteins (spotID:1.23.8,
spotID:2.7.12, spotID:1.23.8, spotID:19.22.11), and seven chalcone/stilbene synthases
(spotlD:3.24.15, spotlD:32.14.15, spotlD:35.13.12, spotlD:69.2.2, spotlD:64.2.4, spotlD:63.8.3,
spotlD:49.2.4, spotID:69.2.2) which encode enzymes of the phenolic biosynthesis pathway
(Table 2.10). Potential regulators upregulated only in inoculated vs. control 7 dpi jack pine under
well watered conditions included a putative defense associated sirtuin TF (spotID:63.3.4) and
putative wounding responsive MYB TF (spot ID:22.2.14), as well as three ACC oxidases
involved in the biosynthesis of ethylene (spotlD:46.23.12, spotlD:4.4.16, spotID:40.14.9,
spotlD:56.18.8) (Table 2.10). There were 600 sequences DE at both 1 and 7 dpi in only jack pine
under well watered and water deficit conditions, respectively (Fig 2.3). Among the defense
associated sequences upregulated under well watered conditions were four sequences encoding
three different putative terpene synthases - two putative a-pinene synthases (spotID: 62.16.9,
spotlD:69.22.15), a putative farnesene synthase (spotID:14.10.13), and a putative selinene
synthase (spotlD:64.4.2) - three putative osmotins (spotID: 63.17.3, spotID:62.4.7,

spotID:4.8.10), and one putative chitinase (spotID: 63.24.13) (Table 2.10). Defense associated
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transcriptional regulators upregulated only in under well watered conditions uniquely in jack pine
at both 1 and 7 dpi included three putative JAZ like TF (spot ID:16.8.10,62.10.9,
spotlD:62.23.13), and one putative MYB TF (spotID:3.22.16). (Table 2.10). Two PAL
sequences, (spotlD:3.21.4, spotID:63.19.7) were upregulated under well watered conditions only
in jack pine at both 1 and 7dpi, along with one ODPA reductase gene (spotID: 50.4.9) involve in
the biosynthesis of JA (Table 2.10).

Enrichment analysis of sequences DE only in jack pine under well watered conditions
revealed overrepresentation of genes involved in secondary metabolism, miscellaneous cellular
processes including peroxidase activity, the oxidative pentose phosphate pathway, transport,
photosynthesis and cell wall biosynthesis (Table 2.11). Examination of sequences involved in
secondary metabolism reveals 38 sequences involved in isoprenoid biosynthesis, 24 sequences
involved in flavonoid biosynthesis, and 11 sequences involved in phenylpropanoid biosynthesis
(Table 2.3).

Under water deficit conditions, 109 sequences were DE exclusively in 1 dpi jack pine and
294 genes were DE exclusively in 7 dpi jack pine (Fig 2.3). Among the 62 genes upregulated
only in 1 dpi jack pine under water deficit is a wounding responsive NAC containing TF
(spotlD:53.21.9) (Table 2.12). Under water deficit conditions, very few defense associated genes
are DE only in inoculated vs. control 7 dpi jack pine; these include one putative basic secretory
protein (spotID:61.9.1), two PR-5 family proteins osmotin-like proteins (spotID:63.11.13,
spotID:14.19.10), and no defense associated transcriptional regulators. There were 80 sequences
DE at both 1 and 7 dpi only in jack pine under well watered and water deficit conditions,
respectively (Fig 2.3). Among the known defense response genes upregulated in only jack pine at
both 1 and 7dpi under water deficit conditions was a NB-LRR PR protein (spotID:54.5.11)

(Table 2.12).
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Table 2.10: Sequences differentially expressed on the PtGen2 microarray exclusively in jack pine phloem tissue between inoculated vs.

control treatments under well watered conditions at 1 dpi and/ or 7 dpi with G. clavigera. Sequence putative identity was predicted on

the basis of sequence similarity to sequences within the TAIR database and within the NCBI nr database (not shown). FC: fold

change. P: adjusted p-value.

PtGen2 TAIR ID BLAS Gene Symbols Putative Lodgepole 1 Lodgepole 7 Jack 1 dpi Jack 7 dpi
spot ID TX E- Identity dpi WW dpi WW WwWWwW WW
value
FC P FC P FC P FC P

DE at 1 dpi in jack under well watered conditions

15.14.3 AT1G70080.1 8E-7 Terpenoid Pinene 1.23 0.62 0.55 0.35 2.12 0.03 1.10 0.86
cyclases/Protein Synthase-like
prenyltransferases
superfamily protein

30.12.2 AT1G70080.1 8E-7 Terpenoid Pinene 1.62 0.07 0.81 0.55 2.10 0.01 1.16 0.64
cyclases/Protein Synthase-like
prenyltransferases
superfamily protein

66.9.12 AT2G24210.1 1E-64 TPS10 | terpene Pinene 1.69 0.09 0.87 0.42 1.53 0.05 0.80 0.21
synthase 10 Synthase-like

68.5.1 AT4G16730.1 5E-59 TPS02 | terpene Pinene 1.43 0.28 0.66 0.55 2.62 0.00 1.21 0.69
synthase Synthase-like

63.12.7 AT2G41710.1 2E-66 Integrase-type DNA-  Pinene 1.54 0.10 1.97 0.49 2.26 0.02 0.77 0.24
binding superfamily Synthase-like
protein

67.10.13 AT4G02780.1 1E-106  CPS1 | Terpenoid Sesquiterpen 1.24 0.26 0.69 0.15 0.58 0.03 1.29 0.23
cyclases/Protein e Synthase-
prenyltransferases like
superfamily protein

47.2.7 AT4G02780.1 4E-138  CPS1 | Terpenoid Sesquiterpen 1.58 0.25 0.79 0.35 2.38 0.01 0.61 0.05
cyclases/Protein e Synthase-
prenyltransferases like
superfamily protein

67.20.8 AT4G02780.1 4E-138  CPSI | Terpenoid Sesquiterpen 1.86 0.10 0.85 0.53 2.73 0.01 0.67 0.12
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PtGen2 TAIR ID BLAS Gene Symbols Putative Lodgepole 1 Lodgepole 7 Jack 1 dpi Jack 7 dpi
spot ID TX E- Identity dpi WW dpi WW WwW WW
value
FC P FC P FC P FC P
cyclases/Protein e Synthase-
prenyltransferases like
superfamily protein
3.23.11 AT2G02120.1 2E-10 PDF2.1 | Scorpion Defensin-like  1.18 0.32 0.63 0.10 1.78 0.01 0.95 0.91
toxin-like knottin
superfamily protein
38.15.12 AT1G62300.1 1E-36  WRKY6 | WRKY WRKY-like 2.16 0.06 0.86 0.53 2.68 0.01 0.66 0.04
family transcription TF
factor
48.17.7 AT1G72520.1 0 LOX4 |PLAT/LH2 LOX-like 1.47 0.12 1.31 0.26 1.69 0.01 1.32 0.08
domain-containing
lipoxygenase family
protein
69.6.13 AT3G22400.1 0 LOXS5 |PLAT/LH2 LOX-Like 1.47 0.11 1.17 0.65 1.83 0.03 1.04 0.80
domain-containing
lipoxygenase family
protein
DE at 7 dpi in jack under well watered conditions
62.24.6 AT1G70080.1 4.5 Terpenoid Terpene 243 0.18 3.24 0.10 NA NA 7.55 0.04
cyclases/Protein Synthase-like
prenyltransferases
superfamily protein
25.1.15 AT4G02780.1 1E-106  CPS1 | Terpenoid Terpene 0.77 0.10 2.88 0.09 0.96 0.83 4.50 0.02
cyclases/Protein Synthase-like
prenyltransferases
superfamily protein
64.7.12 AT2G43590.1 2E-40 Chitinase family Chitinase- 1.13 0.55 1.56 0.07 1.10 0.37 1.84 0.02
protein like
66.24.4 AT3G12500.1 6E-104 HCHIB | basic Chitinase- 2.51 0.08 3.45 0.05 2.65 0.05 3.25 0.00
chitinase like
7.22.11 AT4G11650.1 4E-67 OSM34 | osmotin 34 Osmotin-like ~ 1.54 0.10 2.53 0.07 1.59 0.31 4.74 0.00
67.16.12 AT4G11650.1 2E-64 OSM34 | osmotin 34 Osmotin-like  1.06 0.82 2.37 0.02 1.26 0.25 1.71 0.02
33.10.1 AT4G11650.1 1E-75 OSM34 | osmotin 34 Osmotin-like ~ 0.96 0.84 1.31 0.27 1.31 0.50 2.11 0.01



PtGen2 TAIR ID BLAS Gene Symbols Putative Lodgepole 1 Lodgepole 7 Jack 1 dpi Jack 7 dpi
spot ID TX E- Identity dpi WW dpi WW WwW WW
value
FC P FC P FC P FC P

67.1.6 AT4G11650.1 4E-55 OSM34 | osmotin 34 Osmotin-like ~ 0.85 0.31 3.45 0.03 0.76 0.14 4.73 0.01

2.7.12 AT2G15220.1 6E-59  Plant basic secretory BSP-like 1.37 0.23 2.68 0.08 1.28 0.19 2.73 0.01
protein (BSP) family
protein

1.23.8 AT2G15220.1 5E-48 Plant basic secretory BSP-like 1.18 0.53 2.09 0.14 1.28 0.28 2.82 0.01
protein (BSP) family
protein

19.22.11 AT2G15220.1 6E-59 Plant basic secretory BSP-like NA NA 3.71 0.12 NA NA 4.93 0.03
protein (BSP) family
protein

69.2.2 AT5G05270.2 6E-58 Chalcone-flavanone Chalcone 1.02 0.91 1.19 0.28 1.22 0.34 1.68 0.02
isomerase family Synthase-like
protein

64.2.4 AT5G13930.1 2E-32 Chalcone-flavanone Chalcone 0.84 0.43 2.51 0.06 1.23 0.55 4.00 0.01
isomerase family Synthase-like
protein

63.8.3 AT5G13930.1 2E-36 Chalcone-flavanone Chalcone 0.74 0.08 2.32 0.10 1.13 0.70 4.13 0.00
isomerase family Synthase-like
protein

49.2.4 AT5G13930.1 2E-36 Chalcone-flavanone Chalcone 0.79 0.14 1.67 0.20 1.02 0.92 2.57 0.01
isomerase family Synthase-like
protein

32.14.15 AT5G13930.1 3E-15 Chalcone-flavanone Chalcone 0.95 0.79 1.43 0.37 1.05 0.75 2.90 0.01
isomerase family Synthase-like
protein

3.24.15 AT5G13930.1 2E-36 Chalcone-flavanone Chalcone 0.71 0.10 1.96 0.12 1.10 0.75 3.39 0.01
isomerase family Synthase-like
protein

35.13.12 AT5G05270.2 6E-58 Chalcone-flavanone Chalcone 0.95 0.79 1.33 0.19 1.47 0.15 1.77 0.01
isomerase family Synthase-like
protein

63.3.4 AT5G09230.7 6E-118 SRT?2 | sirtuin 2 Situin-like 1.12 0.52 1.25 0.28 1.07 0.62 1.56 0.01

TF

22.2.14 AT5G35550.1 6E-43 MYBI123 | Duplicated MYB-like 1.02 0.93 1.18 0.60 1.28 0.05 1.68 0.02

homeodomain-like TF
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PtGen2 TAIR ID BLAS Gene Symbols Putative Lodgepole 1 Lodgepole 7 Jack 1 dpi Jack 7 dpi
spot ID TX E- Identity dpi WW dpi WW WwW WW
value
FC P FC P FC P FC P
superfamily protein
46.23.12 AT1G77330.1 3E-88 2-oxoglutarate (20G) ACC 1.22 0.24 1.64 0.15 1.21 0.20 2.01 0.03
and Fe(II)-dependent oxidase-like
oxygenase
superfamily protein
4.4.16 AT3G11180.1 2E-53 2-oxoglutarate (20G) ACC 2.03 0.05 1.68 0.11 1.36 0.10 2.05 0.00
and Fe(II)-dependent oxidase-like
oxygenase
superfamily protein
40.14.9 AT3G11180.1 2E-53 2-oxoglutarate 20G) ACC 1.07 0.73 1.53 0.31 1.32 0.08 1.80 0.04
and Fe(Il)-dependent oxidase-like
oxygenase
superfamily protein
56.18.8 AT3G11180.2 7E-40 2-oxoglutarate (20G) ACC 1.29 0.34 1.76 0.14 1.11 0.35 1.70 0.02
and Fe(II)-dependent oxidase-like
oxygenase
superfamily protein
DE at 1 and 7 dpi in jack under well watered conditions
62.16.9 AT2G41710.1 2E-66 Integrase-type DNA-  Pinene 1.23 0.27 0.97 0.93 2.06 0.01 1.59 0.01
binding superfamily Synthase-like
protein
69.22.15 AT2G41710.1 2E-66 Integrase-type DNA- Pinene 1.31 0.37 0.75 0.50 1.97 0.04 0.55 0.02
binding superfamily Synthase-like
protein
14.10.13 AT1G61680.2 4E-20 TPS14 | terpene Farnesene 2.44 0.09 1.89 0.30 2.88 0.00 2.59 0.01
synthase 14 Synthase-like
64.4.2 AT3G25810.1 4E-63 Terpenoid Selinene 2.16 0.39 6.52 0.09 2.39 0.01 11.50  0.00
cyclases/Protein Synthase like
prenyltransferases
superfamily protein
62.4.7 AT4G11650.1 1E-75 OSM34 | osmotin 34 Osmotin-like  0.65 0.11 3.18 0.08 0.57 0.01 2.21 0.02
63.17.3 AT4G11650.1 4E-55 OSM34 | osmotin 34 Osmotin-like 1.34 0.34 3.85 0.02 1.90 0.04 8.29 0.00
4.8.10 AT4G11650.1 1E-75 OSM34 | osmotin 34 Osmotin-like 1.30 0.26 3.14 0.04 1.51 0.03 2.95 0.00
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PtGen2 TAIR ID BLAS Gene Symbols Putative Lodgepole 1 Lodgepole 7 Jack 1 dpi Jack 7 dpi
spot ID TX E- Identity dpi WW dpi WW WwW WW
value
FC P FC P FC P FC P

63.24.13 AT3G12500.1 2E-60 HCHIB | basic Chitinase- 0.95 0.79 1.40 0.16 1.70 0.01 1.58 0.04
chitinase like

62.10.9 AT1G74950.1 5E-16 JAZ2 | TIFY JAZ-like TF 2.03 0.07 1.67 0.16 2.87 0.01 3.32 0.00
domain/Divergent
CCT motif family
protein

16.8.10 AT1G74950.1 5E-16 JAZ2|TIFY JAZ-like TF 1.94 0.07 1.72 0.14 2.76 0.01 3.05 0.00
domain/Divergent
CCT motif family
protein

62.23.13 AT1G74950.1 6E-10 JAZ2|TIFY JAZ-like TF NA NA 1.65 0.25 5.53 0.00 3.59 0.00
domain/Divergent
CCT motif family
protein

3.22.16 AT5G67300.1 6E-49 MYB44 | myb domain MYB-like 1.14 0.55 0.99 0.95 2.04 0.01 1.59 0.05
protein rl TF

63.19.7 AT3G53260.1 0 PAL2 |phenylalanine  PAL-like 1.38 0.10 1.41 0.23 1.87 0.01 1.58 0.02
ammonia-lyase 2

3214 AT3G53260.1 0 PAL2 |phenylalanine  PAL-like 1.45 0.06 1.67 0.17 1.75 0.02 1.60 0.03
ammonia-lyase 2

50.4.9 AT3G05390.1 0.64 molecularfunction ODPA-like 0.97 0.88 0.80 0.61 1.59 0.02 1.93 0.00
unknown
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Table 2.11: Enrichment analysis of sequences differentially expressed only jack pine inoculated

vs. control seedlings under well watered conditions. Table displays functional categories

significantly over represented in sequences DE only in jack pine inoculated vs. control seedlings

under well watered conditions using a hypergeometric distribution statistic.

Functional Total PtGen  Elements DE  Probability Density ~ Adjust P value
Category elements in only in jack Function (Bonferroni)

category (Hypergeometric

distribution )

Secondary 3831 86 3.78E-26 1.06E-24
metabolism
Miscellaneous 1544 157 4.00E-16 1.12E-14
Oxidative pentose
phosphate 51 14 2.40E-07 6.73E-06
pathway
Transport 586 52 1.01E-04 2.84E-03
Photosynthesis 526 44 9.03E-04 2.53E-02
Cell wall 503 42 1.16E-03 3.26E-02

Enrichment analysis of sequences DE only in jack pine under water deficit conditions
revealed overrepresentation of genes involved in secondary metabolism, protein processing,
transport, miscellaneous cellular processes including peroxidase activity, and cell wall
biosynthesis (Table 2.13). Examination of sequences involved in secondary metabolism reveals
14 sequences involved in isoprenoid biosynthesis, four sequences involved in phenlypropanoid

biosynthesis, and one sequence involved in flavonoid biosynthesis (Table 2.3).
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Table 2.12: Sequences differentially expressed on the PtGen2 microarray exclusively in jack pine phloem tissue between inoculated vs.
control treatments under water deficit conditions at 1 and/ or 7 dpi with G. clavigera. Sequence putative identity was predicted on the
basis of sequence similarity to sequences within the TAIR database and within the NCBI nr database (not shown). FC: fold change. P:

adjusted p-value.

PtGen2 TAIR ID BLASTX Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID E-value Identity 1 dpi 7 dpi 1 dpi 7 dpi
WD WD WD WD

FC P FC P FC P FC P

DE at 1 dpi in jack under water deficit conditions

53.21.9 AT3G10500.1 1E-75 NACO053 | NAC NAC-like TF 1.81 0.09 1.05 0.79 2.20 0.03 1.19 0.16
domain
containing
protein 53

DE at 7 dpi in jack under water deficit conditions

61.9.1 AT2G15220.1 5E-48 Plant basic BSP-like 1.13 0.58 1.29 0.33 1.29 0.41 1.70 0.04
secretory
protein (BSP)
family protein

63.11.13 AT1G75040.1 4E-76 PR3] PR5-like 1.09 0.73 1.90 0.06 1.56 0.14 3.74 0.01
pathogenesis-
related gene 5

14.19.10 AT1G75040.1 4E-76 PRS| PR5-like 1.13 0.59 1.39 0.07 1.56 0.21 2.24 0.03
pathogenesis-
related gene 5

54.5.11 AT2G14080.1 3E-6 Disease NB-LRR-like 0.88 0.64 1.28 0.29 1.78 0.03 1.74 0.04
resistance
protein (TIR-
NBS-LRR
class) family
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Table 2.13: Enrichment analysis of sequences differentially expressed only in jack pine
inoculated vs. control seedlings under water deficit conditions. Table displays functional
categories significantly over represented in sequences DE only jack pine inoculated vs. control

seedlings under water deficit conditions using a hypergeometric distribution statistic.

Functional Total PtGen  Elements DE  Probability Density ~ Adjust P value
Category elements in in lodgepole Function (Bonferroni)

category and jack (Hypergeometric

distribution )

Secondary 3831 23 6.60E-09 1.58E-07
metabolism
Protein processing 3463 24 9.95E-07 2.39E-05
Transport 586 20 0.000348 0.00834
Miscellaneous 1544 39 0.000419 0.0100
Cell wall 503 17 0.000990 0.0238

2.3.5 Temporal and qualitative differences between lodgepole and jack pine response

to G. clavigera

Four-way Venn diagrams revealed sequences whose patterns of DE were temporally
distinct between species, i.e. DE earlier or later in one species compared to the other. There were
117 sequences DE in lodgepole pine at 1 dpi and later in jack pine at 7 dpi under well watered
conditions (Fig 2.3). Among defense associated sequences DE early under well watered
conditions in lodgepole and later in jack pine were five putative osmotin-like sequences
(spotlD:63.22.5, spotID:7.7.6, spotID: 17.19.1, spotID:63.16.13, spotlD:55.22.13,
spotID:31.8.10) and a putative DIR-like protein. Among defense related transcriptional regulators
DE at under well watered conditions in the same category was a putative ERF (spotID:7.13.5)

and a putative JAZ-like TF (spotlD:67.23.2) (Table 2.14). One upregulated ACC oxidase

74



sequence (spotID:28.2.5), involved in the biosynthesis of ethylene was also DE in lodgepole pine
at 1 dpi and in jack pine at 7 dpi under well watered conditions (Table 2.14). There were 24
sequences DE in jack pine at 1 dpi but later in lodgepole at 7 dpi under well watered conditions
(Fig 2.3). No well known defense associated genes, including genes involved in defense hormone
biosynthesis or transcriptional regulation were found in this category under well watered
conditions.

There were 7 sequences DE in lodgepole at 1 dpi and later in jack pine at 7 dpi under water
deficit conditions (Fig 2.3). No defense associated transcriptional regulators, nor hormone
biosynthesis and signaling genes were DE under water deficit conditions early at 1 dpi in
lodgepole pine and later at 7 dpi in jack pine. There were 79 sequences DE in jack pine at 1 dpi
but later in lodgepole at 7 dpi under water deficit conditions (Fig 2.3). Among the sequences
upregulated early in jack and later in lodgepole under water deficit conditions were two putative
DIR-like PR proteins (spotlD:39.23.11, spotlD:44.9.1), one putative chitinase (spotID:4.20.9),
and two o-pinene synthases (spotlD:68.2.15, spotID:65.9.8) (Table 2.15). No defense associated
transcriptional regulators, nor hormone biosynthesis and signaling genes were DE under water

deficit conditions early at 1 dpi in jack pine and later at 7 dpi in lodgepole pine.
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Table 2.14: Sequences differentially expressed on the PtGen2 microarray in lodgepole and jack pine phloem tissue between inoculated

vs. control treatments under well watered conditions at contrasting time points between species, either 1 or 7 dpi with G. clavigera.

Sequence putative identity was predicted on the basis of sequence similarity to sequences within the TAIR database and within the

NCBI nr database (not shown). FC: fold change. P: adjusted p-value.

PtGen2 TAIR ID BLAST  Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID X E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value wWw wWw AN wWwW
FC P FC P FC P FC P
DE at 1 dpi in lodgepole and at 7 dpi in jack pine
63.22.5 AT1G75040.1 4E-76 PRS | pathogeneis- osmotin- like 1.02 0.89 2.96 0.09 1.33 0.04 3.81 0.00
related gene 5
7.7.6 AT4G11650.1 0.00 OSM34 |osmotin 34  osmotin-like 0.41 0.01 3.25 0.07 1.13 0.50 6.23  0.01
17.19.1 AT4G11650.1 0.00 OSM34 | osmotin 34  osmotin-like 0.41 0.02 2.47 0.06 1.14 053 4.63 0.01
63.16.13 AT4G11650.1 0.00 OSM34 |osmotin 34  osmotin-like 0.40 0.02  3.82 0.03 1.31 0.35 826 0.00
55.22.13 AT4G11650.1 0.00 OSM34 |osmotin 34  osmotin-like 0.56 0.02 6.43 0.01 1.26 036 12.61 0.00
31.8.10 AT4G11650.1 0.00 OSM34 | osmotin 34  osmotin-like 0.51 0.02 3.68 0.03 094 0.73 6.29  0.00
3.17.8 AT5G42510.1 0.00 Disease resistance- DIR-like 1.57 0.04 4.05 0.01 1.45 0.09 4.16  0.00
responsive
67.23.2 AT1G74950.1 9E-14 JAZ2 |TIFY JAZ-like TF 1.94 0.03 1.71 0.11 1.38  0.07 1.82 0.03
domain/Divergent
CCT motif family
protein
7.13.5 AT3G20310.1 1E-20 ERF7 | ethylene ERF-like 1.53 0.05 1.40 0.09 1.45 0.02 2.03 0.01
response factor 7
28.2.5 AT1G77330.1 3E-88 2-oxoglutarate ACC oxidase 1.69 0.03 2.57 0.15 135 0.15 2.81 0.03
(20G) and Fe(ID)-

dependent oxygenase
superfamily protein

76



Table 2.15: Sequences differentially expressed on the PtGen2 microarray in lodgepole and jack pine phloem tissue between inoculated

vs. control treatments under water deficit conditions at contrasting time points between species, either at 1 or 7 dpi with G. clavigera.

Sequence putative identity was predicted on the basis of sequence similarity to sequences within the TAIR database and within the

NCBI nr database (not shown). FC: fold change. P: adjusted p-value.

PtGen2 TAIR ID BLAS Gene Symbols Putative Lodgepole Lodgepole Jack Jack
spot ID TX E- Identity 1 dpi 7 dpi 1 dpi 7 dpi
value WD WD WD WD
FC P FC P FC P FC P
DE at 1 dpi in jack and at 7 dpi in lodgepole pine under water deficit
conditions
44.9.1 AT1G64160.1 9E-47 Disease resistance- DIR-like 1.62 0.17 1.98 0.01 2.30 0.03 2.03  0.05
responsive (dirigent-like
protein) family protein
39.23.11 AT1G64160.1 1E-11 Disease resistance- DIR-like 2.13 0.09 2.25 0.01 2.76 0.03 225  0.17
responsive (dirigent-like
protein) family protein
4.20.9 AT3G09890.1 7E-51  Ankyrin repeat family Chitinase- 1.52 0.26 2.08 0.01 2.54 0.03 4.62 0.08
protein like
68.2.15 AT2G41710.1 2E-66 Integrase-type DNA- Pinene 2.25 0.14 1.55 0.03 3.72 0.02 090  0.65
binding superfamily Synthase
protein
65.9.8 AT2G41710.1 2E-66 Integrase-type DNA- Pinene 1.57 0.10 1.61 0.04 3.09 0.05 1.01  0.97
binding superfamily Synthase
protein
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2.3.6 Influence of water deficit on gene expression patterns

Transcript abundance profiles were markedly different in inoculated vs. control samples
under well watered or water deficit conditions (Fig. 2.4). Enrichment analysis of lodgepole
sequences DE in inoculated vs. control seedlings under both well watered and water deficit
conditions revealed significant overrepresentation of genes involved in secondary metabolism,
miscellaneous cellular processes including peroxidase activity, stress response, protein
processing, and the oxidative pentose phosphate pathway (Table 2.16). Enrichment analysis of
sequences in lodgepole DE only in inoculated vs. control seedlings under well watered conditions
revealed significant over representation of sequences putatively involved in miscellaneous
cellular processes including peroxidase activity, and sequences putatively involved in secondary
metabolism (Table 2.16). In contrast, enrichment analysis of sequences in lodgepole DE only in
inoculated vs. control seedlings under water deficit conditions revealed significant over
representation of genes involved in secondary metabolism, photosynthesis, miscellaneous cellular
processes including peroxidase activity, metal handling, transport and the oxidative pentose
phosphate pathway (Table 2.16).

While the categories of significantly overrepresented DE sequences in lodgepole pine
inoculated vs. control seedlings were similar for these three comparisons, there were important
qualitative differences in the sequences represented within these categories. For example,
secondary metabolism was significantly overrepresented in lodgepole pine sequences DE under
well watered and water deficit conditions, only DE under well watered conditions, and only DE
under water deficit conditions, but there were different proportions of DE genes involved in
distinct secondary metabolic pathways. Secondary metabolism sequences DE under both well

watered and water deficit conditions were predominantly those involved in isoprenoid
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Lodgepole Lodgepole
WW 7dpi WD 1dpi

Jack WW Jack WD
1dpi

1"l

Figure 2.4: Four way Venn diagrams comparing DE sequences between well watered (WW) and
water deficit (WD) inoculated vs. control treatments and further comparing between sequences
DE at 1 dpi and 7 dpi A. Lodgepole pine sequences. B. Jack pine sequences. Within each cell of
the Venn diagram, DE sequences are further divided into those that were upregulated at 1 and/or
7 dpi (1), downregulated at 1 and/or 7 dpi (), or upregulated at 1 or 7 dpi, but downregulated on
the other day (1]).
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Table 2.16: Enrichment analysis of sequences differentially expressed in lodgepole pine
inoculated vs. control seedlings under well watered and water deficit conditions, only under well
watered conditions or only under water deficit conditions. Table displays functional categories
significantly over represented in sequences DE in lodgepole pine inoculated vs. control seedlings
under well watered and water deficit conditions, only under well watered conditions or only

under water deficit conditions, using a hypergeometric distribution statistic.

Functional Total PtGen Elements DE  Probability Density Adjust P value
Category elements in  in lodgepole Function (Bonferroni)
category (Hypergeometric

distribution )

DE in lodgepole pine under well watered and water deficit conditions

Secondary 3831 34 3.36E-21 9.40E-20
metabolism

Miscellaneous 1544 113 4.27E-21 1.20E-19
cellular processes

Stress response 1167 81 7.14E-14 2.00E-12
Protein. 3463 74 0.000484 0.0135
processing

Oxidative pentose

phosphate 51 7 0.000520 0.0146
pathway

DE in lodgepole pine only under well watered conditions

Miscellaneous 1544 38 2.20E-09 4.61E-08
cellular processes

Secondary 3831 11 4.54E-07 9.53E-06
metabolism

DE in lodgepole pine only under water deficit conditions

Secondary 3831 100 1.33E-32 3.58E-31
metabolism

Photosynthesis 526 72 3.71E-10 1.00E-08
Miscellaneous 1544 157 7.76E-10 2.10E-08
cellular processes

Metal handling 49 12 3.57E-05 0.000964
Transport 586 61 4.95E-05 0.00134
Oxidative pentose

phosphate 51 12 5.39E-05 0.00146
pathway

biosynthesis (15 sequences), flavonoid biosynthesis (6 sequences), and phenylpropanoid

biosynthesis (5 sequences) (Table 2.3). In comparison, secondary metabolism sequences DE in
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lodgepole pine only under only well watered conditions were involved in phenylpropanoid
biosynthesis (6 sequences) and isoprenoid biosynthesis (3 sequences), but not flavonoid
biosynthesis. Finally, secondary metabolism sequences DE in lodgepole pine under only water
deficit conditons were involved in flavonoid biosynthesis (57 sequences), isoprenoid biosynthesis
(18), and phenylpropanoid biosynthesis (15 sequences) (Table 2.3).

Enrichment analysis of sequences DE in jack pine inoculated vs. control seedlings under
both well watered and water deficit conditions revealed significant overrepresentation of genes
involved in miscellaneous cellular processes including peroxidase activity, stress response,
signalling, cell wall biosynthesis, biodegradation of xenobiotics, transport, the oxidative pentose
phosphate pathway, hormone metabolism, metal handling, C1-metabolism, RNA regulation, and
amino acid metabolism (Table 2.17). Enrichment analysis of sequences DE in jack pine
inoculated vs. control seedlings exclusively under water deficit conditions revealed significant
overrepresentation of sequences involved in secondary metabolism, miscellaneous cellular
processes including peroxidase activity, and photosynthesis and the oxidative pentose phosphate
pathway (Table 2.17). By comparison, enrichment of sequences DE in jack pine inoculated vs.
control seedlings exclusively under water deficit conditions revealed significantly over
representation of sequences involved in secondary metabolism, transport, miscellaneous cellular
processes including peroxidase activity, and cell wall biosynthesis (Table 2.17).

Similar to lodgepole pine, secondary metabolism was significantly overrepresented in
jack pine inoculated vs. control seedlings for all three comparisons, but there were qualitative

differences in the DE sequences within the secondary metabolism category for each.
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Table 2.17: Enrichment analysis of sequences differentially expressed in jack pine inoculated vs.

control seedlings under well watered and water deficit conditions, only under well watered

conditions or only under water deficit conditions. Table displays functional categories

significantly over represented in sequences DE in jack pine inoculated vs. control seedlings under

well watered and water deficit conditions, only under well watered conditions or only under

water deficit conditions, using a hypergeometric distribution statistic.

Functional Category Total Elements Probability Density Adjust P value
PtGen DE in jack Function (Bonferroni)
elements pine (Hypergeometric
in distribution )
category
DE in jack pine under well watered and water deficit conditions
Miscellaneous 1544 273 5.44E-94 1.52E-92
cellular processes
Stress response 1167 121 4.07E-19 1.14E-17
Signalling 746 81 291E-14 8.15E-13
Cell wall 503 58 1.19E-11 3.33E-10
Biodegradation of 34 13 7.10E-10 1.99E-08
xenobiotics
Transport 586 55 5.39E-08 1.51E-06
Oxidative pentose 51 13 1.72E-07 4.82E-06
phosphate pathway
Hormone metabolism 767 64 3.16E-07 8.85E-06
Secondary 3831 17 2.01E-06 5.62E-05
metabolism
Metal handling 49 11 5.62E-06 0.000157
Cl-metabolism 19 6 0.000103 0.00289
RNA 1242 79 0.000191 0.00535
Amino acid 797 53 0.000649 0.0182
metabolism
DE in jack pine under well watered conditions
Secondary 3831 56 2.24E-38 6.04E-37
metabolism
Miscellaneous 1544 131 6.36E-10 1.72E-08
cellular processes
Photosynthesis 526 58 9.97E-09 2.69E-07
Oxidative pentose 51 15 1.58E-08 4.22E-07
phosphate pathway
DE in jack pine under water deficit conditions
Secondary 3831 16 5.38E-17 1.29E-15
metabolism
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Functional Category Total Elements Probability Density Adjust P value

PtGen DE in jack Function (Bonferroni)
elements pine (Hypergeometric
in distribution )

category
Transport 586 25 3.75E-05 0.000900
Miscellancous 1544 44 0.000631 0.0151
cellular processes
Cell wall 503 19 0.00112 0.0269

Secondary metabolism sequences DE in jack pine under both well watered and water
deficit conditions were predominantly involved in flavonoid biosynthesis (43 sequences),
isoprenoid biosynthesis (38 sequences), and phenylpropanoid biosynthesis (19 sequences) (Table
2.3). Secondary metabolism sequences DE in jack pine under only well watered conditions were
predominanty involved isoprenoid biosynthesis (30 sequences), flavonoid biosynthesis (18
sequences), and phenylpropanoid biosynthesis (3 sequences) (Table 2.3). Finally, among the
secondary metabolism sequences DE in jack pine under only water deficit conditions the two
most predominant categories were those involved in isoprenoid biosynthesis (14 sequences) and
phenylpropanoid biosynthesis (4 sequences), followed by those involved in flavonoid
biosynthesis (1 sequence) (Table 2.3).

For both lodgepole pine and jack pine, there were instances in which G. clavigera
inoculation under water deficit conditions altered the expression patterns by delaying significant
changes in transcript abundance from 1 dpi to 7 dpi. In lodgepole pine, 884 sequences were DE at
1 dpi under well watered conditions, and 137 of these sequences were also DE at 7dpi (Fig 2.4).
Inoculation under water deficit conditions delayed DE for 366 of the sequences, which were
expressed early at 1 dpi under well watered conditions, but only later at 7 dpi under water deficit
conditions (Fig 2.4). These sequences included four defense associated putative chitinases

(spotID:38.14.8, spotlD:53.7.5, spotID:7.24.4, spotID:6.13.15, spotld:4.9.8, spotID:61.14.7), five
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putative DIRs (spotID:3.17.8, spotID:66.11.5, spotID:8.10.8, spotlD:39.23.11, spotlD:44.9.1),
four putative osmotins (spotlD:33.14.1, spotID:7.15.16, spotID:25.17.10, spotID:44.13.3), two
PR-10 likes (spotID:4.7.1, spotID:48.10.10) and one a-pinene synthase (spotlD:65.9.8) (Table
2.18). There were four defense associated transcriptional regulators in lodgepole pine that
showed temporally delayed changes in transcript abundance under water deficit conditions,
including two putative JAZ TF (spotID:63.5.4, spotID:6.22.1), and one ERF-like TF
(spotID:7.13.5) (Table 2.18).

In jack pine, 1868 genes were DE at 1 dpi under well watered conditions, with 869 of
these genes also DE at 7 dpi (Fig 2.4). Under water deficit conditions, 629 of these genes were
DE in inoculated vs. control samples later 7 dpi, including 10 putative chitinase genes
(spotD:67.21.1, spotlD:7.15.6, spotlD:52.6.6, spotlD:66.23.7, spotID:3.17.16, spotlD:64.6.10,
spotID:61.14.7, spotlD:17.12.14, spotlD:22.23.9, spotlD:63.24.13), a DIR-like protein
(spotID:8.10.8) four putative terpene synthases encoding three different enzymes - a A-selinene
synthase (spotlD:64.24.13), an a-farnesene synthase (spotID:61.14.5) and a putative limonene
synthase (spotlD:69.22.15) - five putative osmotins (spotlD:63.17.3, spotID:4.8.10,
spotlD:48.24.5, spotlD:66.6.5, spotlD:14.19.10), and two NBS like proteins (spotID:41.2.10,
spotlD:22.22.9) (Table 2.19). There were three putative JAZ TFs (spotID:16.8.10,
spotlD:62.10.9, spotID:7.14.2) whose expression was delayed under water deficit conditions
(Table 2.19). The expression of some genes involved in the biosynthesis of JA was delayed under
water deficit conditions, including two putative LOX (spotID:58.4.1), a putative ODPA reductase

(spotlD:3.9.13) and a JA methyltransferase (spotID:3.4.13) (Table 2.19).

84



Table 2.18: Sequences differentially expressed on the PtGen2 microarray in lodgepole phloem tissue between inoculated vs. control

treatments early under well watered conditions at 1 dpi and later under water deficit conditions at 7 dpi. Sequence putative identity was

predicted on the basis of sequence similarity to sequences within the TAIR database and within the NCBI nr database (not shown).

FC: fold change. P: adjusted p-value.

PtGen2 spot TAIRID BLASTX Gene Symbols Putative Lodgepole Lodgepole Lodgepole Lodgepole
ID E-value Identity 1 dpi 1 dpi 7 dpi 7 dpi
wWw WD wWwW WD
FC P FC P FC P FC P

DE in lodgepole 1 dpi under well watered conditions and 7 dpi under water deficit conditions

38.14.8 AT3G12500.1 2E-60 HCHIB | basic Chitinase- 3.26 0.01 1.70 0.10 3.45 0.03 2.22 0.02
chitinase like

53.7.5 AT3G12500.1 6E-104 HCHIB | basic Chitinase- 3.76 0.03 254 0.07 4.87 0.04 2.51 0.03
chitinase like

7.24.4 AT3G12500.1 6E-104 HCHIB | basic Chitinase- 2.21 0.04 201 0.10 3.85 0.02 2.27 0.03
chitinase like

6.13.15 AT3G12500.1 6E-104 HCHIB | basic Chitinase- 2.93 0.03 1.86 0.14 4.63 0.01 2.75 0.01
chitinase like

49.8 AT3G12500.1 8E-89 HCHIB | basic Chitinase- 1020 0.02 514 0.12 8.63 0.02 4.43 0.00
chitinase like

61.14.7 AT3G54420.1 9E-52 CHIV | basic chitinase  Chitinase- 3.40 0.04 1.54 039 9.45 0.02 9.03 0.00

like

3.17.8 AT5G42510.1 2E-20 Disease resistance- DIR-like 1.57 0.04 141 0.14 4.05 0.01 4.12 0.01
responsive (dirigent-
like protein) family
protein

66.11.5 AT1G64160.1 9E-47 Disease resistance- DIR-like 7.89 0.03 531 0.06 3.91 0.02 5.71 0.01
responsive (dirigent-
like protein) family
protein

8.10.8 AT5G42510.1 2E-20 Disease resistance- DIR-like 5.74 0.01 379 0.08 23.00 002 2770 0.01

responsive (dirigent-
like protein) family
protein
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PtGen2 spot TAIRID BLASTX Gene Symbols Putative Lodgepole Lodgepole Lodgepole Lodgepole
ID E-value Identity 1 dpi 1 dpi 7 dpi 7 dpi
WwW WD wWw WD
FC P FC P FC P FC P
39.23.11 AT1G64160.1 1E-11 Disease resistance- DIR-like 3.79 0.03 213 0.09 1.59 0.07 2.25 0.01
responsive (dirigent-
like protein) family
protein
44.9.1 AT1G64160.1 9E-47 Disease resistance- DIR-like 2.41 0.01 1.62 0.17 1.52 0.12 1.98 0.01
responsive (dirigent-
like protein) family
protein
33.14.1 AT4G11650.1 4E-67 OSM34 |osmotin 34  Osmotin- 3.62 0.04 218 0.20 6.95 0.03 3.08 0.02
like
7.15.16 AT4G11650.1 7E-41 OSM34 | osmotin 34  Osmotin- 1.63 0.04 1.01 098 9.91 0.01 5.14 0.01
like
25.17.10 AT4G11650.1 4E-55 OSM34 | osmotin 34  Osmotin- 0.59 0.04 071 036 1.71 0.19 1.55 0.02
like
44.13.3 AT1G20030.1 6E-84 Pathogenesis-related Osmotin- 1.93 0.02 247 0.06 1.70 0.07 2.20 0.04
thaumatin like
superfamily protein
LENGTH=1382
4.7.1 AT1G24020.2 1.E-07 MLP-like protein 423 ~ Osmotin- 4.87 0.03 1.12 093 3.55 0.13 2.67 0.03
like
48.10.10 AT1G24020.2 1.E-07 MLP423 | MLP-like Osmotin- 2.88 0.04 136 0.57 2.14 0.21 2.02 0.02
protein 423 like
65.9.8 AT2G41710.1 2E-66 Integrase-type DNA-  Pinene 2.09 0.04 1.57 0.10 0.99 0.98 1.61 0.04
binding superfamily Synthase-
protein like
63.5.4 AT3G17860.1 2E-21 JAZ3 | jasmonate- JAZ-like TF  2.06 0.03 148 0.22 1.24 0.18 1.56 0.01
zim-domain protein 3
6.22.1 AT1G74950.1 9E-14 JAZ2|TIFY JAZ-like TF  6.36 0.01 272 0.15 5.31 0.05 16.50 0.02
domain/Divergent
CCT motif family
protein
7.13.5 AT3G20310.1 1E-20 ERF7 | ethylene JAZ-like TF  1.53 0.05 1.38 0.30 1.40 0.09 1.68 0.01

response factor 7
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In order to further investigate defense response genes attenuated under water deficit
conditions in lodgepole and jack pine, we compared sequences upregulated in inoculated vs.
control seedlings under well watered conditions to sequences down regulated or not DE in
inoculated vs. control seedlings under water deficit conditions in lodgepole and jack pine (Fig
2.5).

Enrichment analysis of genes significantly upregulated in lodgepole inoculated vs. control
seedlings under well watered conditions, and also downregulated or not DE in lodgepole
inoculated vs. control seedlings under water deficit conditions revealed significant
overrepresentation of genes involved in secondary metabolism, miscellaneous cellular processes
including peroxidase activity, photosynthesis, and protein processing (Table 2.20). Enrichment
analysis of genes upregulated in jack pine inoculated vs. control seedlings under well watered
conditions, and also downregulated or not DE in lodgepole inoculated vs. control seedlings under
water deficit conditions revealed significant over representation of genes involved in secondary
metabolism, miscellaneous cellular processes including peroxidase activity, protein processing,
photosynthesis, TCA cycling, C1-metabolism, the oxidative pentose phosphate pathway, and cell
wall biosynthesis (Table 2.20).

Given the established importance of terpenoid biosynthesis to conifer defense against
pests and pathogens, and given the prominence of putative terpene synthases in our above
analyses, we used heat maps to compare expression profiles of all DE putative terpene synthases.
While expression profiles of the putative di- and sesquiterpene synthases were similar between
species,jack pine seedlings displayed differential expression of more putative a-pinene synthases

than lodgepole pine, and upregulation was most apparent at 1 dpi (Fig 2.6).
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Table 2.19: Sequences differentially expressed on the PtGen2 microarray in jack pine phloem tissue between inoculated vs. control

treatments early under well watered conditions 1 dpi and later under water deficit conditions 7 dpi. Sequence putative identity was

predicted on the basis of sequence similarity to sequences within the TAIR database and within the NCBI nr database (not shown).

FC: fold change. P: adjusted p-value.

PtGen2 TAIR ID BLAST  Gene Symbols Putative Jack Jack Jack Jack
spot ID X E- Identity 1 dpi 1 dpi 7 dpi 7 dpi
value wWw WD wWw WD
FC P FC P FC P FC P

DE in jack pine 1 dpi under well watered conditions and 7 dpi under water deficit conditions

67.21.1 AT3G12500.1 2E-60 HCHIB | basic Chitinase- 434  0.00 4.67 0.05 2.93 0.01 572  0.00
chitinase like

52.6.6 AT3G12500.1 6E-104 HCHIB | basic Chitinase- 3.72 0.01 2.49 0.12 347 0.00 255 0.02
chitinase like

66.23.7 AT3G12500.1 2E-60 HCHIB | basic Chitinase- 426 0.00 4.72 0.05 3.48 0.00 6.04 0.01
chitinase like

3.17.16 AT2G43590.1 2E-40 Chitinase family Chitinase- 1.86  0.03 1.32 0.34 7.20 0.00 538 0.03
protein like

64.6.10 AT3G12500.1 8E-89 HCHIB | basic Chitinase- 4.51 0.00 4.59 0.07 3.46 0.01 5.62 0.00
chitinase like

61.14.7 AT3G54420.1 9E-52  CHIV | homolog of  Chitinase- 3.39  0.00 1.69 023 18.51 0.00 6.54  0.00
carrot EP3-3 like
chitinase

17.12.14 AT2G43590.1 2E-40 Chitinase family Chitinase- 2,53 0.02 1.43 020 16.94 0.00 940 0.02
protein like

22.239 AT2G43590.1 2E-40 Chitinase family Chitinase- 4.04 0.00 1.63 041  28.16 0.00 16.22  0.03
protein like

63.24.13 AT3G12500.1 2E-60 HCHIB | basic Chitinase- 1.70  0.01 1.51 0.16 1.58 0.04 1.83 0.01
chitinase like

8.10.8 AT5G42510.1 2E-20 Disease resistance- DIR-like 6.83  0.00 4.92 0.06 3033 0.00 4756  0.01
responsive (dirigent-
like protein) family
protein

64.23.13 AT5G48540.1 6E-28 receptor-like protein  Selinene Synthase- 0.08 0.57 0.37 1.32 0.32 0.62 0.35

kinase-related family
protein

like
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PtGen2 TAIR ID BLAST  Gene Symbols Putative Jack Jack Jack Jack
spot ID X E- Identity 1 dpi 1 dpi 7 dpi 7 dpi
value WWwW WD wWw WD
FC P FC P FC P FC P

61.14.5 AT4G02780.1 2E-20 CPS1 | Terpenoid Farnesene 152  0.01 1.61 0.08 2.06 0.04 1.96 0.02
cyclases/Protein Synthase-
prenyltransferases like
superfamily protein

69.22.15 AT2G41710.1 2E-66 Integrase-type DNA- Limonene 1.97 0.04 2.23 0.14 0.55 0.02 042 0.03
binding superfamily =~ Synthase
protein

63.17.3 AT4G11650.1 4E-55 OSM34 | osmotin Osmotin- 1.90 0.04 1.32 0.45 8.29 0.00 11.68  0.01
34 like

4.8.10 AT4G11650.1 1E-75 OSM34 | osmotin Osmotin- 1.51  0.03 1.60 0.08 2.95 0.00 211 0.05
34 like

48.24.5 AT1G75040.1 4E-76 PR-5 | pathogenesis-  Osmotin- 2.29 0.02 2.80 0.14 9.85 0.00 8.57 0.00
related gene 5 like

66.6.5 AT1G75040.1 4E-76 PR-5 | pathogenesis-  Osmotin- 1.78 0.02 2.08 0.23 1.90 0.02 2,12 0.01
related gene 5 like

14.19.10 AT1G75040.1 4E-76 PR-5 | pathogenesis-  Osmotin- 1.58 0.03 1.56 0.21 2.13 0.02 2.24 0.03
related gene 5 like

41.2.10 AT1G72910.1 5E-10 Toll-Interleukin- NB-LRR 040  0.01 0.38 0.09 0.69 0.07 041  0.01
Resistance (TIR) like
domain-containing
protein

22.22.9 AT1G69550.1 6E-13  Toll-Interleukin- NB-LRR 1.61 0.02 1.44 0.11 1.57 0.01 1.96 0.02
Resistance (TIR) like
domain-containing
protein

16.8.10 AT1G74950.1 5E-16 JAZ2| TIFY JAZ-like 276  0.01 2.15 0.10 3.05 0.00 3.58 0.01
domain/Divergent
CCT motif family
protein

62.10.9 AT1G74950.1 5E-16 JAZ2|TIFY JAZ-like 2.87 0.01 2.13 0.18 3.32 0.00 347 0.01
domain/Divergent
CCT motif family
protein

7.14.2 AT1G74950.1 6.E-07 JAZ2|TIFY JAZ-like 8.21 0.00 2.54 0.26 1.10 0.80 240  0.04
domain/Divergent
CCT motif family
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Figure 2.5. Four way Venn diagrams comparing sequences upregulated (up facing arrows) in
inoculated vs. control treatments under well watered (WW) and sequences down regulated or
non DE (down facing arrows) in inoculated vs. control treatments under water deficit (WD) and
further comparing between sequences DE at 1 and 7 dpi A. Lodgepole pine sequences. B. Jack

pine sequences.
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Table 2.20: Enrichment analysis of sequences which are differentially expressed and upregulated

in inoculated vs. control lodgepole and jack pine seedlings under well watered conditions, but
down regulated or not DE in inoculated vs. control in lodgepole and jack pine seedlings under
water deficit conditions. Table displays functional categories significantly over represented in

these sequences, using a hypergeometric distribution statistic.

Functional Total PtGen  Elements DE  Probability Density ~ Adjust P value
Category elements in in lodgepole  Function (Bonferroni)
category and jack (Hypergeometric

distribution )

Upregulated in lodgepole pine under well watered conditions and downregulated or not
DE under water deficit conditions

Secondary

metabolism 3831 26 7.74E-15 2.17E-13
Misc 1544 78 8.46E-14 2.37E-12
PS 526 1 1.48E-04 4.13E-03
Protein 3463 50 5.19E-04 1.45E-02

Upregulated in jack pine under well watered conditions and downregulated or not DE
under water deficit conditions

Secondary
metabolism 3831 78 2.61E-24 7.06E-23
Misc 1544 133 8.21E-17 2.22E-15
protein 3463 90 1.02E-12 2.75E-11
PS 526 2 7.78E-09 2.10E-07
TCA / org
transformation 222 22 1.84E-04 4.97E-03
Cl-metabolism

19 5 1.00E-03 2.71E-02
OPP 51 8 1.24E-03 3.36E-02
cell wall 503 10 1.33E-03 3.60E-02
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Figure 2.6. Heatmap representation of transcript abundance of putative lodgepole and jack pine

terpene synthase genes in Grosmannia clavigera-inoculated trees. Data are expressed as log,
fold-change relative to control uninoculated trees. Yellow: upregulation, blue: downregulation,
significant differences in transcript abundance are indicated by an asterisk (*). Genes are

clustered hierarchically based on shared patterns of expression.
2.3.7 Activation of JA/ethylene signaling pathway in lodgepole and jack pine
Examination of genes involved in biosynthesis and downstream signaling of defense

associated hormones revealed concerted changes in transcript abundance profiles of JA and

ethylene pathway sequences in both lodegpole and jack pine seedlings (Fig 2.7).
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Figure 2.7: Heat map representation of transcript abundance of sequences involved in JA and
ethylene biosynthesis and downstream signaling in lodgepole and jack pine inoculated seedlings
vs control seedlings, determined by microarray analysis. Data are expressed as log2 fold-change
inoculated vs control treatments at 1 and 7 dpi, under well watered (WW) and water deficit
(WD) conditions. Yellow: upregulation. Blue: down regulation. Differentially expressed genes:
starred (*). In the presence of JA, the SCF-COI protein complex is target for degradation,
allowing expression of MY C2-like genes which induce expression of JAZ-like TF. In the
presence of ethylene ERT histidine kinases are deactivated, allowing EIN2-like TFs to induce
expression of EIL-like TFs which in induce expression of ERF-like TFs, promoting expression

of downstream of ethylene responsive genes.
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Genes putatively involved in biosynthesis of jasmonic acid such as LOX (spotID:58.4.1,
spotID:7.4.9) and ODPA-reductase (spotlD:3.9.13) were significantly upregulated at 1 dpi in
both lodgepole and jack pine. A subset of these genes was also significantly upregulated under
water deficit conditions. Putative members of the JAZ-like transcription factor family
(spotlD:61.4.16, spotID:61.7.15, spotlD:6.22.1, spotlD:63.5.4) shared similar but not identical
transcript abundance patterns. Different members were significantly upregulated at both time
points and both water availability levels in both species (Fig 2.7).

Genes determined to be putatively involved in the biosynthesis of ethylene also display
upregulation in both lodgepole and jack pine, particularly at 7 dpi (Fig. 2.7). Fold change
increases in transcript abundance for inoculated vs. control samples were particularly high for
several ACC oxidase sequences (spotID: 46.23.12, spotID:4.4.6, spotID:28.2.5, spotID:40.14.9,
spotlD:9.8.15, spotlD:56.18.8) and a subset of putative ERF-like sequences (spotlD:15.24.6,
spotlD:25.5.14) in 7dpi lodgepole pine under water deficit conditions. Other putative ERF-like

TFs displayed diverse transcript abundance profiles.

2.4 Discussion

2.4.1 Transcriptomes of lodgepole and jack pine are substantially altered in

response to G. clavigera

Conifers rely on an array of induced and constitutive defenses to defend against pests and
pathogens. Fungal invaders are known to induce a wide array of molecular responses in conifers
(Eyles et al. 2010, Franceschi et al. 2005, Koslova & Bohlmann 2012), including (1) chemical
defenses, often secondary metabolites, (2) protein defenses, including increased expression of PR

proteins, and (3) anatomical defenses, such as cell wall fortification and formation of traumatic
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resin ducts (Keeling & Bohlmann 2006, Van Loon et al. 2006, Eyles et al. 2010). Many
sequences associated with this diversified response were evident in the transcriptome-wide
changes that we observed in both pine species in response to inoculation with G. clavigera, and
indicates that both lodgepole and jack pine respond to challenge by G. clavigera through
activation of multiple defense strategies.

Timing of defense responses are critical in effective pathogen containment, and studies
have linked early induction of important PR proteins such as chitinases in pine to resistant
phenotypes, and late induction of the same proteins to susceptible phenotypes (Davis ef al. 2002,
Heitala et al. 2004). There were a greater number of DE sequences at 7 dpi than at 1 dpi in
response to G. clavigera inoculation in both lodgepole and jack pine, suggesting that at a global
level, there was no overt differences in timing of response to pathogen attack between the co-
evolved and naive species. However, as will be discussed below, there are temporal differences
in expression profiles for subsets of genes that have the potential to impact defense capacity of

these two species against G. clavigera.

2.4.2 JA and ethylene are implicated in the response of both lodgepole and jack pine
to G. clavigera

Both species responded to inoculation with G. clavigera by invoking genes implicated in
the JA and ethylene biosynthesis and signaling pathways as early as 1 dpi. Some of these
sequences showed significantly increased transcript abundance in response to G. clavigera at 1
dpi in both lodgepole and jack pine, suggesting that JA and ethylene play roles in mediating
early responses to G. clavigera infection in both species. These inferences from gene expression
patterns are corroborated by a recent study reporting early in vivo increases in levels of JA and
JA-Ile in lodgepole and jack pine seedlings inoculated with G. clavigera (Arango-Velez et al.
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2016). In conifers, exogenous application of JA has been reported to induce an array of defense
responses such as increased expression of terpene synthases and formation of traumatic resins
ducts (Hudgins & Franceschi 2004; Martin et al. 2002; Franceschi et al. 2002; Gould et al.
2009). These reports support our findings that the JA signaling pathway is responsible for
activating defense responses to G. clavigera in both lodgepole and jack pine. In contrast, much
less work has been carried out on the role of ethylene in the defense response of conifers.
Formation of tramatic resin ducts and swelling of polyphenolic parenchyma cells was reported
following the exogenous application of ethylene (Hudgins & Franceschi 2004). There is indirect
evidence that ethylene biosynthesis increases in response to wounding and in response to JA. In
Douglas-fir, select ACC synthase genes were expressed at increased levels and ACC synthase
proteins accumulated in greater quantities in response to wounding (Ralph ez al. 2007).
Accumulation of ACC oxidase was reported in Douglas-fir treated with both MeJA and
wounding, suggesting that in the presence of JA, ethylene biosynthesis is induced and the
resulting increase in ethylene promotes downstream defenses such as formation of tramautic
resin ducts and accumulation of polyphenolic cells (Hudgins et al. 2006). These reports support
our model that ethylene works in concert with JA to mediated the inducible defense response of
lodgpole and jack pine in response to G. clavigera.

In annual plants such as Arabidopsis, activation of the JA and ethylene pathways is
associated with response to necrotrophic pathogens (Thomma et al. 1998; Glazebrook 2005). In
contrast, the SA pathway is invoked in response to biotrophic pathogens (Thomma et al. 1998;
Glazebrook 2005). Our transcriptomic data — in which several sequences associated with the JA

and ethylene biosynthetic and signaling pathways are DE, but few if any sequences associated
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with the SA biosynthesis and signally pathways are DE — supports the postulation by Arango-
Velez et al. (2016) that G. clavigera is likely a necrotrophic pathogen.

While there are similarities in the transcriptomic responses of JA and ethylene
biosynthesis and signaling genes for both lodgepole and jack pine, there are also some intriguing
differences in timing and/or amplitude of increased transcript abundance for some of these genes
under conditions of water deficit. It will be important to conduct more in-depth studies
investigating the roles for JA and ethylene in response of lodgepole and jack pine to G.
clavigera, and how water deficit changes JA and ethylene signaling. Similarly, it will be of great
interest to determine JA- and ethylene-responsive genes in these species. Defense associated
genes such as putative terpene synthases, chitinases and DIR-like genes show similar expression
patterns to several JA and ethylene biosynthesis and signaling genes in both species, leading to

the hypothesis that they could be activated through the JA/ethylene signaling pathway.

2.4.3 Evidence for core responses and species-specific responses between lodgepole
and jack pine to G. clavigera

Comparison of genes differentially expressed in response to G. clavigera between
lodgepole and jack pine seedlings revealed a core set of responses that were invoked in both
species, including a number of genes commonly associated with defense responses against
diverse pests and pathogens in many species (Ralph et al. 2006a; Koslova & Bohlmann 2012).
Comparison of transcriptomic profiles also revealed defense response genes that were
significantly differentially expressed in one species but not the other, suggesting that even
though the global temporal transcriptomic response between the species was similar and there
was a shared set of responses, there are also aspects of their responses to G. clavigera that differ

between lodgepole and jack pine. In some cases, the difference was due to timing of differential
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expression of putative orthologues, i.e. a differential temporal response. In other cases, the
difference was due to differential expression of genes in one species but not the other, i.e. a
unique response.

Mounting an early defense response to pathogen challenge is critical in effective
pathogen containment, and differences in timing in the expression of certain defense response
genes in one species vs. another may serve as indication of earlier pathogen recognition and
response. Analysis of the temporal patterns of DE in lodgepole and jack pine revealed shared
defense related regulators expressed earlier in lodgepole and later in jack pine, including a
putative ACC oxidase involved in ethylene biosynthesis, and an ERF-like TF involved in
ethylene signal transduction. Co-expressed with these potential regulators are an osmotin-like
and a DIR-like gene. In contrast, no defense associated transcriptional regulators, nor hormone
biosynthesis and signaling genes were differentially expressed earlier in jack pine and later in
lodgepole pine. Plants recognize and respond to invaders through generalized and/or specific
pathogen recognition mechanisms (Jones & Takemoto 2008). Earlier expression of certain
defense associated regulators co-expressed with specific defense response genes such as
osmotins, may indicate earlier recognition of G. clavigera by lodgepole pine, leading to earlier
activation of pathogen specific defense pathways. Osmotins are important anti-microbial proteins
which act against fungal invaders by inhibiting hyphal growth by permeabilizing and degrading
fungal cell walls (Abad 1996; Osmond 2001; Zearie 2002). Certain ascomycete fungi are highly
sensitive to osmotins, and it has been proposed that osmotins may potentially play a role in the
specialized, pathogen-specific response in plants (Vernoese et al. 2003). DIR proteins are
thought to contribute to stereospecific coupling of monolignols to form lignin dimers, also

known as lignans (Ralph et al. 2006b), as well as other phenoxy radical coupling of other
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secondary metabolites such as complex terpenoids (Pickel & Schaller 2013). Many of these
compounds, such as lignans, have known roles in plant defense (Pickel & Schaller 2013). In
contrast to jack pine, lodgepole pine is considered to have co-evolved with MPB and by
extension with MPB fungal associate G. clavigera, and early low levels of DE in some defense
response genes such as those encoding osmotins and DIR proteins may indicate earlier
recognition and response to G. clavigera as a result of a co-evolved relationship (Cudmore et al.
2010, Safranyik ef al. 2010).

Enrichment analysis of genes DE exclusively in lodgepole and exclusively in jack pine
inoculated vs. control seedlings under well watered conditions revealed the importance of
secondary metabolism to the defense response of these sister species. Closer inspection of the
genes contained within the secondary metabolism category further revealed differences between
the two species: whereas secondary metabolism sequences DE only in lodgepole were
predominantly involved in flavonoid biosynthesis, the majority of which were chalcone
synthases, and none were involved in the biosynthesis of isoprenoids, secondary metabolism
sequences DE only in jack pine were primarily associated with isoprenoid biosynthesis,
specifically putative terpene synthases (Table 2.8 & Table 2.10).

Chalcone synthases are often induced in conifers responding to pathogen challenge, and
provide the precursor molecules for important anti-microbial compounds such as phytoalexins
and phytoanticipins (Nagy ef al. 2004; Dao et al. 2011). Terpene synthases catalyze steps in the
complex network of reactions which produce terpenoids, the compounds that form a major
component of oleoresins (Byun-McKay et al. 2006, Zulak & Bohlmann 2010). While both
flavonoid and terpenoid compounds are reported to play a role in conifer defense response, the

quantity and qualitative composition of induced oleoresin is reported to effect pest-host
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interactions and tree host resistance (Tomlin ef al. 2000; Raffa & Berryman 1982). We observed
notable differences in expression of genes encoding putative terpene synthases between
lodgepole and jack pine. Three of the putative terpene synthases DE uniquely in jack pine were
a-pinene synthases. This finding is consistent with a previously published report comparing the
monoterpene profiles of lodgepole and jack pine seedlings challenged with G. clavigera, which
demonstrated that jack pine seedlings contained and emitted greater amounts of o-pinene in
comparison to lodgepole pine seedlings (Lusebrink ef al. 2011; Arango-Velez et al. 2016).
Interestingly, though, these same studies showed that lodgepole pine exhibited the greater
induction of total monoterpene levels in response to G. clavigera infection, and also greater
increases in other specific monoterpenes such as myrcene, -phellandrene, and terpenolene.
There were also species-specific differences in transcript profiles for several putative diterpene
and sesquiterpene synthases, including putative farnesene synthases and selinene synthases.
Expression of these putative diterpene and sesquiterpene synthases was significantly greater in
response to G. clavigera in both lodgepole and jack pine at 7 dpi, but jack pine exhibited higher
fold-changes in transcript abundance for these genes than lodgepole pine. Along with
monoterpenes, diterpene resin acids and sesquiterpenes form important components of oleoresins
which accumulate in pine challenged by pests and pathogens. Early work has demonstrated that
lodgepole pine resistant to MPB attack accumulated greater quantities of oleoresins in response
to inoculations with G. clavigera (Raffa & Berryman 1982). Higher concentrations of diterpene
resin acids found in wounding induced oleoresin was positively correlated to weevil resistance in
Sitka spruce (Tomlin 1996 & 2000). MeJA induced increases in sesquiterpene accumulation
along with monoterpene and diterpenes which resulted in increased resistance in Norway spruce

to Ceratocytstis polonica, a fungus associated with the spruce bark beetle Ips typograhus (Zeneli
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et al. 2005). The scale of induced total oleoresin accumulation often is a marker of the strength
of overall tree host resistance to pathogen challenge, and higher fold changes in transcript
abundance of diterpenes and sesquiterpenes in jack pine compared to lodegpole pine is
suggestive of species-specific differences in the defense responses to G. clavigera between

species that may impact the tree’s ability to contain the G. clavigera infection.

2.4.4 Water deficit augments constitutive defenses and attenuates induced defenses
in lodgepole and jack pine

Water deficit had a substantive effect on the transcriptomic responses of both lodgepole
and jack pine to G. clavigera. A subset of sequences that were significantly DE in lodgepole
and/or jack pine under water deficit conditions were not DE under well watered conditions. The
number of genes that were DE in inoculated vs. control samples exclusively under water deficit
was three fold greater in lodgepole pine than jack pine, with only a small proportion of these DE
genes shared between species. The greater impact of water deficit on the transcriptomic response
of lodgepole pine to G. clavigera may be a function of the stronger isohydric nature of this
species relative to jack pine (Arango-Velez ef al. 2016).

In both species, water deficit induced the expression of multiple genes encoding enzymes
involved in synthesis of secondary metabolites implicated in defense (Table 2.15 & 16, Table
2.3). Previously published reports suggest that water limitation in conifers increases expression
of constitutive defenses while decreasing induced defenses (Lorio et al. 1995, Lombardo et al.
2000). Other studies examining lodgepole and jack pine defense response to G. clavigera have
demonstrated that non-inoculated seedlings under water deficit displayed increased total
monoterpene content under control conditions as well as an increase in expression of some
terpene synthase genes in comparison to seedlings under well watered conditions (Lusebrink et
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al. 2011, Arango-Velez et al. 2014). In our findings, enrichment analysis of sequences DE only
in inoculated vs control trees under water deficit revealed statistical overrepresentation of
sequences involved in secondary metabolism for both lodgepole and jack seedlings, including
terpene synthases, which are not DE under well watered conditions in either species. The
augmentation of these defenses under water deficit conditions occurs to much greater extent in
lodgepole pine, supporting our initial hypothesis that water deficit will exert a greater effect on
the more drought responsive lodgepole pine seedlings.

Water deficit conditions also delayed differential expression of defense associated
regulators and defense response genes in both lodgepole and jack pine. In lodgepole pine, the
upregulation of three JAZ-like JA signaling TFs was delayed under water deficit conditions
along with the upregulation of key defense genes such as those encoding chitinases and DIR-like
proteins. A similar pattern was observed in jack pine seedlings, where water deficit conditions
delayed the upregulation of three different JAZ-like TFs along with putative orthologues of the
lodgepole pine chitinases and DIR-like genes. These results are consistent with other studies that
have demonstrated that lodgepole and jack seedlings inoculated with G. clavigera released
significantly lower monoterpene emissions while under water deficit, as well as demonstrated
reduced transcript abundance of chitinases relative to inoculation under well watered conditions
(Lusibrink et al. 2011, Arango-Velez ef al. 2014). Our results demonstrate water deficit
conditions delayed expression of JAZ-like defensive transcriptional regulators, and co-expressed
defense associated genes in both lodgepole and jack pine. We hypothesize that both species
respond to carbon limitation imposed under water deficit conditions by stomatal closure and the
resulting decrease in photosynthesis (Arango-Velez et al. 2014, Arango-Velez et al. 2016) by

delaying or limiting expression of inducible defense regulons.
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2.4.5 Conclusion
The objective of our study was to examine transcriptome-wide responses of jack pine and
lodgepole pine seedlings inoculated with MPB fungal associate G. clavigera while under well
watered or water deficit conditions. We aimed to identify species-specific differences between
the evolutionarily co-evolved lodgepole pine and naive jack pine as well as to determine the
effect of water deficit on their respective responses. Our results support our previous study
suggesting that activation of defense response pathways in both species to G. clavigera occurs
through the JA signaling pathway (Arango-Velez et al. 2016), and likely also invokes ethylene
signalling. As has been established, secondary metabolism appears to be central to both
lodgepole and jack pine defense against G. clavigera. Our results suggest that there are
qualitative differences in the secondary metabolites induced defense response of lodgepole and
jack pine, with a greater emphasis on changes in gene expression associated with flavonoid
biosynthesis in lodgepole pine versus isoprenoid biosynthesis in jack pine. This difference may
reflect that lodgepole pine typically generates longer lesions in response to G. clavigera
inoculation than jack pine. We also conclude that expression of a subset of genes that are
normally part of the induced defenses becomes attenuated under water deficit conditions, while
expression of another subset of genes that contributes to the plant’s constitutive defenses under
well watered is augmented under water limitation. Finally, we conclude that water deficit
impacts defense response to a greater extent in lodgepole pine than in jack pine, and we propose

this is due to the stronger isohydric nature of lodgepole pine.
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3.0 Chapter 3: Characterization of the chitinase gene family in

lodgepole and jack pine

3.1 Introduction

Conifers induce an array of defenses to defend against pests and pathogens. Inducible
defenses allow the tree to effectively defend against invader while allocating fewer resources to
defense compared to constitutive defenses (Eyles et al. 2010). Pathogenesis response (PR)
proteins are antimicrobial proteins found in low or undetectably levels in healthy tissue, which
accumulate in high concentrations during the onset of pathogen challenge (van Loon et al. 2006).
Transcription of PR proteins is thought to be induced by R genes, or NB-LRR genes, that detect
pathogen-produced elicitors (Valuthakkal et al. 2012). Chitinases are PR proteins, belonging to
families PR-3, PR-4, PR-8 and PR-11, and are commonly induced in conifers at very high levels
in response to pathogen challenge (Valuthakkal e al. 2012; Heitela et al. 2004; Koslova et al.
2014; Islam et al. 2010). Within the chitinase family, some chitinases are thought to play an
antimicrobial role in response to pathogen challenge, as some chitinases hydrolyze the (3-1-4
linked N-acetyl glucosamine units which form chitin, an important component in fungal cell
walls. Enzymatic assays have confirmed chitinolytic activity in a subset of chitinases originating
from spruce and lodgepole pine (Valuthakkal et al. 2012; Koslova ef al. 2014).

Chitinases are grouped into two separate families of glycosyl hydrolases, GH18 and
GHI19. Chitinases are further classified in to seven distinct classes based on the presence or
absence of highly conserved domains (Neuhaus 1999). Class I, 11, IV and VII chitinases are
members of GH family 19 and share high sequence similarity with one another (Neuhaus 1999).

Class I chitinases contain an N-terminal signal peptide domain, a chitin binding domain (CBD), a
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catalytic domain, and ending in a C-terminal vacuolar localization signal. Class II chitinases are
highly similar to class I chitinases, but lack a CBD and carry a deletion in the second of three of
the loops in the catalytic domain. Class IV chitinases contain a signal peptide and CBD domain,
but the catalytic domain is shortened and contains deletions in third of three loops and lack the
C-terminal vacuolar signal. Class VII chitinases are highly similar to class IV chitinases, but
lack the CBD (Neuhaus 1999). Some GH 19 chitinases have chitinolytic activity, which work
endogenously to hydrolyze chitin polymers, and mostly occur in plants (Islam et al. 2010). GH
18 chitinases, often referred to as “bacterial”, include class III and class V chitinases, and work
exogenously on the ends of chitin polymer (van Aalten et al. 2001). Less is known about the role
of class III and class V chitinase in conifer defense.

The current mountain pine beetle (MPB; Dendroctonus ponderosae) outbreak is
estimated to have affected 19 million ha. of Canadian forests, resulting in widespread tree
mortality and large scale ecological consequences. Within MPB’s historic range in south-central
British Columbia, lodgepole pine, Pinus contorta var. latifolia has been a major host for MPB.
However, during the course of the outbreak, the beetle has spread eastwards across the Rocky
Mountain barrier into Alberta (Safranyik & Carroll 2006). In 2011, MPB was reported to have
undergone a tree host species expansion from lodgepole pine to jack pine, Pinus banksiana,
found in north central Alberta (Cullingham ef al. 2011). Ecological studies have shown that tree
hosts located beyond the historic range of MBP have lower host quality and invest fewer
resources to defense than their counterparts that share a co-evolutionary history with MPB (Wu
et al. 1996; Raffa et al.2013). MPB was also reported as having a higher rate of reproductive
success in lodgepole pine found outside of MPB’s historic range (Cudmore et al. 2010).

Furthermore, ecological studies suggest that trees subjected to abiotic stresses such as drought
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are more susceptible to MPB attack (Breshears et al. 2009; McDowell et al. 2008; Safranyik et
al. 2010). Northern Alberta has been subjected extended periods of drought over the past two
decades, which have negatively impacted forests, and which may increase risk of MPB
infestation in these regions (Chhin ef al. 2008, Michaelian et al. 2011, Hogg & Michaelian
2015). Due to the size and scale of the current MPB outbreak, management practices must be
targeted to areas of higher risk. Therefore, efforts to identify resistant and susceptible pine stands
have become critical in locating stands at higher risk of infestation. Additionally, understanding
the impact of drought on host defense response may also become an important factor in
predicting stand susceptibility.

MPB vectors a number of fungal associates, which are thought to play an important role
in suppressing tree host defenses and providing nutrition for the beetle (Safranyik & Carroll
2006). The most pathogenic MPB fungal associate is Grosmannia clavigera, which grows into
tree hosts xylem tissue, blocking water and mineral transport, and contributing to eventual tree
host mortality (Solheim & Krokene 1998; Lee et al. 2006; Ballard et al. 1984). Early response to
pathogen challenge is critical in effective containment, and induced chitinase expression may
serve as reporters or “sentinels” of early tree host defense response. The timing and magnitude of
chitinase expression is correlated with the relative degree of pathogen containment in conifers. In
slash pine, Pinus elliottii, inoculated with a wound pathogen Fusarium subglutinans, responsible
for pitch canker disease, class II chitinases were expressed earlier and at lower levels in resistant
genotypes in slash pine relative to susceptible genotypes (Davis et al. 2002). In Norwary spruce
inoculated with the root rot pathogen Heterobasidion annosum, class Il and IV chitinases were
upregulated earlier in resistant clone lines, and later but at greater magnitude than in clone lines

determined to be susceptible (Heitala et al. 2004).
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Chitinases show high levels of allelic variation across plant species, with a rate of non
synonymous mutations often located within the catalytic cleft, that exceeds the rate of non
synonymous substitutions in other gene families and work on western white pine chitinases has
demonstrated that they display high levels of haplotype diversity (Bishop 2000, Liu et al. 2013).
Work done in western white pine, Pinus monticola, identified two unique isozymes of a class IV
chitinas present in seedlings resistant to Cronartium ribicola, but absent in susceptible seedlings
(Liu et al. 2011). It has been proposed that chitinases undergo adaptive mutation to overcome the
diverse forms of inhibitors produced by some fungal invaders.

We hypothesize that chitinases play and important role in pine defense response to G.
clavigera, and expression of some chitinases will be highly induced in response to inoculation,
but induction will be attenuated under water deficit conditions. We further hypothesize that co-
evolution between lodegpole pine and the MPB fungal associate G. clavigera has placed
selective pressure on lodgepole pine but not jack pine chitinases, and that this difference will be
evident in spatially explicit patterns or allelic variation with in chitinase genes across the ranges
of lodgepole and jack pine. To address these hypotheses, we aimed to (1) describe the role of
chitinase enzymes in lodgepole and jack pine response to MPB fungal associate G. clavigera,
and (2) determine the extent of allelic variation for a subset of chitinase genes from jack and
lodgepole pine sampled from across their ranges. Specifically, we have identified members of
the chitinase gene family in lodgepole and jack pine using sequence data from multiple
transcriptomic data sets, and characterized these sequences through phylogenetic and other in
silico analyses. We then identified a subset of G. clavigera-responsive lodgepole and jack pine
chitinases from a large microarray experiment dataset, and determined the effect of water deficit

on expression profiles for these defense-associated chitinases. Finally, we assessed allelic
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variation of class I, I, IV and VII chitinases in jack and lodgepole pine seedlings sampled from

11 pine provenances samples from across Canada.

3.2 Materials and Methods

3.2.1 Data mining and sequence extraction

Putative chitinase sequences were mined from in house Illumina, 454 Roche, and Sanger
transcriptome data using as queries previously identified chitinases from lodgepole pine, jack
pine and white spruce, to query assembled jack pine and lodgepole pine transcriptomes for
candidate chitinase genes using tBLASTn (Hall ez al. 2013; Kolosova et al. 2014; Gonzalez et al.
2015) (Appendix 6.1). BLAST hits with a return value e-value< 10E-10 were classified as
candidate sequences. Reciprocal BLASTs were performed between species in order to identify
potential orthologs shared between lodgepole and jack pine (Ziemann ef al. 2013). Putative
chitinase sequences were also identified using tBLASTn for loblolly pine (Pinus taeda) from
NCBI dbEST using lodgepole pine, jack pine and white spruce putative chitinase queries.

Redundant gene sequences within each species were removed using USEARCH (Edgar
2010). Sequences with > 96% sequence identity were designated as originating from the same
loci, and the longest sequence within a cluster was extracted as the representative sequence of
that loci. Open reading frames and resulting amino acid sequences were predicted using ORF
predictor (Min et al. 2005). Sequences were further filtered using BLASTp to compare predicted
amino acid sequences against NCBI nr database, removing sequences that did not return

convincing chitinase hits.
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Lodgepole and jack pine predicted amino acid chitinase sequences were aligned to a full
length representative class I chitinase from tobacco described in Neuhaus ef al. 1991 using a
MAFFT version 7 alignment (gap penalty -3.0) followed by manual adjustment in Mesquite
version 3.10 (Katoh et al. 2002; Maddison & Maddison 2010). Amino acid sequences were
assigned to appropriate biochemical classes based on the presence or absence of highly

conserved domains.

3.2.2 Biochemical classification and phylogenetic analysis

Predicted amino acid sequences from lodgepole pine, jack pine, loblolly pine,
Arabidopsis thaliana, white spruce (Picea glauca), and Douglas-fir (Pseudotsuga menziesii)
shown in Appendix 6.2 were aligned using MAFFT multiple sequence alignment online tool
version 7 implementing the L-INS-1 method and instructing the program to implement the “leave
gappy regions” parameter (Katoh ef al. 2002). Protest version 2.4 was used to determine the most
suitable model of heterogeneity (Gamma) and amino acid substitution model (WAG) based on
their Bayesian information criterion score (BIC) (Abascal et al. 2005; Yang 1994; Whelan &
Goldman 2001). RaxML version 8 was used to construct a maximum likelihood tree was built
using these models, with 100 bootstrap iterations (Stamatakis et al. 2014). Putative orthologs
between jack and lodgepole pine were identified on the basis of proximal positions within the
phylogenetic tree. Jack and lodgepole pine chitinases were named based on the pine chitinase

naming conventions introduced in Kolosova et al. (2006).
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3.2.3 Transcript abundance profiling

Expression profiles for members of the lodgepole and jack pine chitinase family were
mined from the large microarray dataset described in Chapter 2. Lodgepole and jack pine
chitinase sequences above were used to identify chitinase probes on the loblolly pine PtGen
microarray used for transcriptome profiling experiments by BLAST against the original loblolly
pine sequences representing each probe, as well as against the corresponding lodgepole and jack
pine sequences from Hall ez al. (2013) that had been used to annotate the PtGen array (Lorenz et
al. 2009). Fold-change expression data between control seedlings and seedlings inoculated with
G. clavigera across 1, 7 and 28 days post inoculation (dpi) under well watered and water deficit
conditions was extracted for each of the chitinases represented on the array. A Log,
transformation was performed on fold change (FC) data, and used to create a heat map in multi-
experiment viewer (MeV) (Saeed et al. 2003). Heatmap data were superimposed onto

phylogenetic trees.

3.2.4 Gene Cloning

Genomic chitinase sequences for three putative orthologous gene pairs of chitinases
(Pcchial-1 and Pbchial-1, Pcchia2-1 and Pbchia2-1, and Pcchia4-1 and Pbchia4-1) were
cloned from lodgepole pine (Pc) and jack pine (Pb) genomic DNA (gDNA) using primers
designed from jack pine CDS (Supplemental table 6.3 & Appendix 6.4). Promoter regions were
cloned separately using primers designed against loblolly pine genomic sequence accessed
through congenie.org (Zimin et al. 2014; Nystedt ef al. 2013) (Table 6.1). Gene targets were
amplified using PCR with standard Taq DNA polymerase (NEB, Ipswich, MA USA) under the

following cycling parameters: 95°C 5 min, 95 °C 30 sec, 52 °C 30 sec, 68 °C 1 min 30 sec x 25
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cycles. PCR products were purified using the GeneJet PCR purification kit (Thermo Fisher
Scientific, Waltham, MA, USA), ligated into the pGEMT-easy vector system (Promega,
Madison, WI, USA) and transformed into DH-5 a cells (Thermo Fisher Scientific, Waltham,
MA, USA) using heat shock in 42 °C water bath. Inserts were sequenced using the BigDye
terminator sequencing system (Thermo Fisher Scientific, Waltham, MA, USA) and sequenced on

a 3730 DNA analyzer (Thermo Fisher Scientific, Waltham, MA, USA) (Appendix 6.4).

3.2.5 Seedling germination

Seeds originating from 12 different sampling location representing 11 different
provenances were obtained from the National Tree Seed Centre (NTSC), Natural Resources
Canada, Canadian Forest Service (Fig 3.1).

Lodgepole pine (Pinus contorta var. latifolia) provenances were derived from Minto YK
(62.60000°, -136.83330°), Baldy Hughes BC (53.66667°, -122.95000°), Edgewood BC
(49.91667°, -118.18330°), Cypress Hills AB (59.63981°,-109.98333°) and Nose Mountain AB
(54.63333°, -119.11667°). Jack pine (Pinus banksiana) provenances were derived from Stoney
Mountain AB (56.26670°, -111.60000°), Creighton SK (54.85000°, -102.41670°), Hudson Bay
SK (52.98333°, -102.60000°), seed zone 8 Weagamow lake ON (51.00000°, -90.00000°), seed
zone 37 London ON (43.00000°,- 81.00000°), and Despres Lake NB (46.65000°, -65.56667°).
One lodgepole-jack pine hybrid, Pinus contorta x Pinus banksiana, provenance was included

from Blue Ridge AB (54.1000°, -115.53333°).
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Figure 3.1 Locations of the provenances used for allelic resequencing, superimposed upon the
ranges for lodgepole pine and jack pine. Lodgepole pine: light green. Jack pine: dark green.

Creighton and Hudson Bay provenances were combined into one location for analyses.

Seeds were hydrated under running water for 30 min, then wetted in a diluted solution of
TWEEN-20, and rinsed under running water for an additional 30 mins. Seeds were immersed in
a 1% (v/v) sodium hypochlorite (bleach) solution for 5 min, and rinsed under running water.
Seeds were stratified at 4 °C for three weeks between two dampened sterile Kimpads inside
clamshell containers. After stratification, seeds were sterilized in 1% (v/v) sodium hypochlorite

(bleach) solution for 10 min, rinsed with deionized water, then transferred to fresh water-
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dampened Kimpads in sterile seed germination trays. Seedlings were germinated at 25 °C with
ca. 75% humidity under 12 h light / 12 h dark photoperiod in controlled environment growth
chambers. Once cotyledons had elongated but megagametophytes were still attached to the
seedlings, megagametophytes and seedlings were separated, flash frozen in liquid nitrogen, and

stored at -80°C until processing.

3.2.6 DNA extraction

DNA was extracted from seedling tissue using a CTAB (hexadecyl-trimethyl ammonium
bromide) protocol modified from Chang et al. (1993) and Roe et al. (2010). Seedlings were
quickly crushed in 1.5 mL Eppendorf tubes using small pestles, and 400 uL. CTAB,
supplemented with 25 mAU proteinase K and 10 pg/mL RnaseA, was immediately added.
Tissue was incubated for 1 hour at 65 °C, samples were centrifuged for 5 min at 14 000 rpm and
supernatant was collected. A phase extraction using 500 ul of chloroform: isoamyl alchohol
(24:1) added to the supernatant was performed twice, centrifuging at 14 000 rpm for 5 min each
time and collecting the upper phase. 500 ul of ice cold isopropanol was added, samples were
incubated at -20°C for 2 hours, and centrifuged at 14 000 rpm for 30 min at 4°C. Supernatant
was removed and precipitates were washed with 95% ethanol followed by 70% ethanol and
suspended in deionized water then quantified using the Tecan Nanoquant' ™. Samples were

diluted to a standard concentration of 100 ng/uL.
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3.2.7 Sanger sequencing

PCR products were generated from lodgepole and jack pine gDNA for the three chitinase
genes (chial-1, chia2-1, chia4-1) including promoter sequences using two set of external and
internal primers designed against lodgepole and jack pine genomic clones described above

(Figure 3.2; Appendix 6.2).

chial-1

REV1 REV2

— B [ B
=

chia2-1 FWD2 FWD1

REV1 REV2

— L [ i, 3 4]

chia4-1 FWD2 FWD1

REV1 REV2

= N [ -
e

FWD2 FwD1

. Signal peptide domain

[C] Hinge domain

ﬂ Chitin binding domain

. Catalytic domain (Glycosyl hydrolase family 19)

Figure 3.2: Schematic representation of two primer sets used to PCR amplify and Sanger
sequence Chial-1, Chia2-1 and Chia4-1 from lodgepole and jack pine seedlings gDNA. Two
sets of primers were designed specifically for each gene. The first set of primers, FWD1 and
REV1, (indicated in dark purple) were used to amplify an sequence the exterior flanking
sequences of each gene and the second set of primers, FWD2 and REV?2 (indicated in light
purple) were used to amplify and sequence the interior sequences of each gene. See Appendix

6.2 for primer sequences.
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PCR reactions were carried out in 96 well plates under the following cycling parameters:
95 °C 30 sec, 51 °C 30 sec, 68 °C 2.5 min x 35 cycles. PCR reactions were cleaned by
supplementation with Exonuclease I and shrimp alkaline phosphatase (NEB, Ipswich, MA USA).
PCR amplicons were used in forward and reverse cycling reactions using the BigDye™
terminator system (Thermo Fisher Scientific, Waltham, MA, USA) under the following cycling
parameters ( 96 °C 30 sec, 50 °C, 15 sec, 60 °C 2 min x 25 cycles). DNA was precipitated with
1.5 M sodium acetate/250 mM EDTA and 95% ethanol at 4 °C for 15 min. Samples were
centrifuged at 2500 g for 30 min at 4 °C, the supernatant was removed and pellets were washed
with 70% ethanol. The pellets were dried under vacuum and suspended in deionized water.

Resuspended sequencing products were combined with formamide and sequenced on an Applied

Biosystems 3730 DNA analyzer (Thermo Fisher Scientific, Waltham, MA, USA).

3.2.8 Data analysis

Sequences were initially trimmed using fastq trimmer as part of the Fastq Toolkit,
formatted into fasta files and aligned using MAFFT version 7 (gap opening penalty of -3.0), and
assembled by hand into contigs (Gordon et al. 2010; Katoh ef al. 2002) (Appendix 6.7). Contigs
were mapped to the reference genomic clones (comprising both the CDS and promoter) in CLC
Genomics Server (Qiagen, Redwood City CA) and variants were called using CLC basic variant
detection tool, using minimum coverage requirement of ten and minimum count requirement of
two. Ambiguous base calls (N) at variant sites were resolved by returning to the original
chromatogram output and calling the base with the highest peak of fluorescence.

Sequence motifs and exon-intron boundaries were identified in the genomic reference

clone sequences based on pairwise sequence alignment with the coding sequence and resulting
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amino acid sequence mined from transcriptomic data using the ebi EMBOSS water local
alignment tool gap opening penalty set to -50 and gap extension penalty set -0.05 (Appendix 6.5;
Rice et al. 2000). SwissProt was used to perform protein homology modeling of allelic variants
carrying non-synonymous amino acid substitutions and insertion-deletions (Boekmann et al.
2003). Superpose was used to perform superpositioning of 3-D protein models (Maiti et al.
2004). SignalP version 4.1 was used to identify location of signal peptide and anlazye allelic
variation within the signal peptide (Peterson et al. 2011). Allelic richness within each sampling
location as well as within each species, and well as pairwise Fst values between sampling
locations and between species were calculated across varients identified in each gene separately

using FSTAT version 2.9.3 (Goudet 2001).

3.3 Results

3.3.1 In silico characterization of the lodgpole and jack pine chitinase gene families
We identified 42, 40, and 44 putatively unique chitinase expressed genes in the loblolly
pine, lodgepole pine, and jack pine transcriptome assemblies, respectively (Appendix 6.2). Based
on the presence or absence of defining motifs — signal peptide domain, hinge domain, chitin
binding domain, and catalytic domain- we identified eight class I chitinase sequences in loblolly
pine, four in lodgepole pine, and three in jack pine. Five chitinase sequences were classified as
class II chitinases in loblolly pine, three in lodgepole pine, and four in jack pine. Ten class IV
chitinase sequences were identified in loblolly pine, 12 in lodgepole pine, and ten in jack pine.
Nine class VII chitinase sequences were identified in loblolly pine, ten in lodgepole pine, and 16
in jack pine. Among the GH 18 family, one class III chitinase sequence was identified in loblolly

pine, while nine class V chitinase sequences were identified in loblolly, nine in lodgepole pine,
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and seven in jack pine. No lodgepole or jack pine sequences shared enough sequence similarity
with previously characterized class III chitinases to be confidently classified as such.

A maximum likelihood tree with 100 bootstraps, constructed from the full length deduced
amino acid sequences from the pine chitinases together with previously characterized chitinases
from Arabidposis thaliana, white spruce and Douglas fir yielded five predominant clades (Figure
3.3).

Cluster one contains, GH 18 chitinases assigned to class V and class III which form a
distinct cluster separate from the GH 19 chitinases (Fig 3.3). Cluster two contains both class |
and class II chitinases, with conifer and angiosperm chitinases grouping separately from each
other (Fig 3.3). Cluster three contains members of class IV and cluster four contains memebers
of class VII (Fig 3.3). Finally cluster 5 contains members of class II from lodgepole pine, jack

pine and spruce which separate from class II chitinases found in cluster two (Fig 3.3).

3.3.2 Transcript abundance analysis of chitinase gene family

We next extracted transcript abundance profiles for members of the chitinase
family from a large microarray dataset comparing G. clavigera-inoculated versus control
lodgepole and jack pine seedlings grown under well watered or water deficit conditions and
sampled at 1, 7 or 28 days post-inoculation (dpi). Heatmaps were generated, with fold change
data arranged by treatment along the horizontal axis, and by phylogenetic relationships between
sequences along the vertical axis (Fig 3.4). Only lodgepole and jack pine sequences were
included in the maximum likelihood phologenetic tree used. Notably in this analysis the group of
class II chitinases which formed a separate cluster (cluster 5, Fig 3.3) in the previous analysis

using amino acid sequences, grouped together with other class I and class II chitinases.
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Figure 3.3: Maximum likelihood tree with 100 bootstraps displaying relationships between
chitinases identified in this study from lodgepole pine (green), jack pine (blue), and loblolly pine
(red) with previously identified chitinases from white spruce, Douglas-fir and Arabidopsis
thaliana (black). Species are identified by the first two letters of their name: Pc, lodgepole pine
(Pinus contorta); Pb, jack pine (Pinus banksiana); Pt, loblolly pine (Pinus taeda); At,
Arabidopsis thaliana; Nt, Nicotiana tabacum, Pg, white spruce (Picea glauca), and Pm,
Douglas-fir (Pseudotsuga menziesii). Species identifiers are followed by their GenBank ID in
the case of Arabidopsis, Douglas-fir and loblolly pine, the full length cDNA insert (FLIC) ID for
white spruce, and putatively assigned gene names for lodgepole and pine sequences available in
supplemental table 1. The inferred structural class for each chitinase is indicated at the end of the

sequence identifier.
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Figure 3.4: Changes in transcript abundance of chitinase genes in G. clavigera-inoculated vs.

control jack (Pb) and lodgepole (Pc) pine at 1, 7 or 28 dpi, under either well watered or water

deficit conditions. Data are represented as log, fold-change between G. clavigera-inoculated and

non-inoculated seedlings, with red representing upregulation, and green representing down

regulation. Heatmap expression data is organized on the vertical axis as dedrogram depicting a

maximum likelihood phylogeny of lodgepole and jack pine chitinases.
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Phylogenetic representation of expression patterns revealed patterns of co-expression
between related groups of chitinases (Fig 3.4). Class III and class V chitinase members of GH
18 displayed no significant up or down regulation in response to G. clavigera in either xylem or
phloem (Fig 3.4). Class I chitinases in lodgepole and jack pine phloem displayed strong and
statistically significant upregulation at 1 dpi in and sustained upregulation until 7 dpi and lesser
but still significant upregulation at 28 dpi (Fig 3.4). In xylem, class I chitinases displayed a
similar pattern of significant at upregulation at 7 dpi, and lesser, but still significant, upregulation
at 28 dpi (Fig 3.4). Two distinct expression pattern groups were observed for class II chitinases
that correlated with phylogenetic relationships. One group displayed slight non significant down
regulation in response to G. clavigera in jack pine and lodgepole pine phloem and xylem, while
the other displayed upregulation at 7 and 28 dpi in phloem and xylem (Fig 3.4). Class IV
chitinases in both jack and lodgepole pine displayed concerted and significant upregulation at 7
dpi in phloem and xylem (Fig 3.4). Similar to class II chitinases, two groups of class VII
chitinases could be distinguished, with each group displaying patterns of co-expression unique to
these two groups (Fig 3.4). In jack and lodgepole pine phloem, one group of class VII chitinases
was non-significantly upregulated at 1 dpi and significantly pregulated at 7 dpi, while the other
group displayed slight non significant down regulation (Fig 3.4). Within jack and lodgepole pine
xylem, both groups of class VII chitinases were highly up regulated at 7 and 28 dpi (Fig 3.4).

Differences in expression levels between G. clavigera-inoculated vs control seedlings
under well watered or water deficit conditions were evident across all GH 19 chitinases. Water
deficit led to a marked decrease in expression of class IV chitinases at 7 dpi (Fig 3.4). Class |
chitinases demonstrated similar patterns of reduced expression at 7 dpi, however at 28 dpi,

expression levels were higher under water deficit conditions (Fig 3.4). At 7 and 28 dpi, some
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jack pine class VII chitinases displayed increased expression in phloem under water deficit, to a
greater extent than their lodgepole pine counterparts in phloem (Fig 3.4). Both jack and
lodgepole pine class VII chitinases displayed higher levels of expression under water deficit
conditions at 28 dpi in xylem (Fig 3.4). qRT-PCR analysis of select chitinases in phloem tissue

confirmed the expression patterns described in microarray data, and is shown in Appendix 6.8.

3.3.3 Allelic variation of chitinase genes

We selected representatives of class I, class IV (Pcchial-1 & Pbchial-1, Pcchia4-1 &
Pbchia4-1) in order to characterize allelic variation in chitinase classes which were highly
induced in response to G. clavigera, and we selected representative gene of class II chitinases
(Pcchia2-1 & Pbchia2-1) to characterized allelic variation in a class of chitinases which were not
induced in response to inoculation. Allelic re-sequencing of putative orthologous pairs of class I,
class II and class IV chitinases in lodgepole and jack seedlings revealed sequence variation
within promoter and coding sequences.

CHIAI-1

Sequencing of chial-1 in lodgepole and jack pine displayed allelic variation at nine
locations in the 888 bp immediately upstream up the transcriptional start site (Table 3.1). Of
these nine sites of variation, eight posed no effect on the predicted transcriptional factor binding
sites. At one site, Indel -476, insertion of the nucleotide sequence GCTTAC results ina MYB
transcription factor biding site (MBS). Within the coding sequence of chial-1, we identified
three sites of allelic variation (Table 3.1). The first site of variation was an insertion-deletion

found 199 bp after the transcriptional start site, and was located in the hinge region between the
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Table 3.1: Variants identified in jack and lodgepole pine promoter sequence of class I chitinase, chial-1, sequenced from gDNA of

seedlings from 12 provenances collected across Canada. Allele counts specific to each sample location indicated below total allele

count. MBS: MYB transcription factor binding site. Total individuals: total number of individual seedlings sequenced per sample

location. SNV: single nucleotide variant. Indel: insertion/deletion

Sequence position =706 -671 -645 -616 -529 -485 -476 -455 -170
Type SN SNV SNV SNV SNV SNV Indel SNV SNV
A%
Coverage 96 100 91 89 73 85 97 94 187
Alleles A G A G C T C G T Insert Del C G G C
CGTTAC
Functional Change non none None none none none MBS Loss of none none
e MBS
Total allele count 8 7 92 8 89 84 52 21 78 82 15 8 13 67 120
9 1
Sample Total
location individuals
Minto 1 1
YK 18 3 0 12 1 12 13 11 1 10 11 0 1 2 10 8
Baldy Hughes 1
BC 13 6 0 9 0 7 7 3 0 4 5 8 9 2 7 6
Edgewood 1
BC 17 9 1 7 1 8 8 4 1 10 10 0 0 0 8 9
Crelsgé‘“’“ 6 10 0 0 0 0 0 0 0 0 0 0 0 0 6
Hudssf’lgBay 11 41 4 1 4 2 3 1 3 2 1 3001 110
London
ON 18 7 3 10 2 9 8 4 5 6 7 2 4 2 4 14
Weagamow
Lake 18 7 1 7 1 8 8 5 1 7 7 2 7 2 1 17
ON
Nose 16 Yo 16 0 s 13 8 5 14 14 0 9 1 8 6
Mountain AB 5
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Sequence position =706 -671 -645 -616 -529 -485 -476 -455 -170
Type SN SNV SNV SNV SNV SNV Indel SNV SNV
\%
Coverage 96 100 91 89 73 85 97 94 187
Alleles A G A G C T T C C G T Insert Del C G G C
CGTTAC
Functional Change non none None none none none MBS Loss of none none
e MBS
Total allele count 8 7 92 8§ 8 2 8 5 52 21 78 82 15 13 67 120
9
Bl“eAlgdge’ 16 90 9 0 9 0 9 0o 7 1 9 9 o 8 0 6 11
Stoney
Mountain 18 31 5 0 5 0 4 1 2 2 5 5 1 4 1 4 14
AB
Cypress Hills 18 70 7 0 7 0 7 0 4 1 5 6 1 201 15 4
AB
DeSpIr\Ie;Lake 18 8§80 6 2 5 0 5 0o 1 3 s 6 0 4 1 3 15
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signal peptide and the chitin binding domain. Thirty nine individuals contained an insertion of
the nucleotide sequence CCACGCCTCCTTCAC which resulted in an insertion of proline-
tyrosine-proline-proline-serine-proline amino acid residues. Two individuals carried a shorted
insertion at this site of the nucleotide sequence CTTCAC, resulting in an insertion of serine-
proline amino acid residues, and 141 individuals carried a complete deletion at this site (Table
3.2).

Protein homology models were built for the two amino acid sequences, one containing
the full proline-tyrosine-proline-proline-serine-proline insertion and the other containing the
corresponding deletion. Superimposing the two resulting three-dimensional protein models
demonstrated that the insertion conferred an extension of the hinge domain but did not alter the

structure of the flanking chitin binding domain or catalytic domain (Fig 3.5).

Figure 3.5: Superpositioning of two class one, chial-1, alleles. Orange: chia-1-1 carrying a
proline-tyrosine-proline-proline-serine-proline in the hinge domain. Blue: chia-1-1 carrying a
deletion in this position. Hinge domain extends between the chitin binding domain (left) and the

catalytic domain (right). Extended hinge domain displayed in grey.
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Table 3.2: Variants identified in jack and lodgepole pine coding sequence of class I chitinase, chial-1, sequenced from gDNA of

seedlings from 12 provenances collected across Canada. Allele counts specific to each sample location indicated below total allele

count. Total individuals: total number of individual seedlings sequenced per sample location. SNV: single nucleotide variant. Indel:

insertion/deletion

Sequence position 199 324 357

Type Indel SNV SNV
Location Hinge domain Catalytic domain Catalytic domain
Coverage 182 184 191
Alleles Insert Insert Deletion C T T C
CCACGCCTCCTTCAC CTTCAC
Functional changes PTPPSP insertion SP Insertion  deletion silent silent silent silent

Total allele count 39 2 141 65 119 65 126

Sample Location Total
individuals

Minto, YK 18 4 0 14 12 6 12 6
Baldy Hughes, 13 1 10 4 3 10
BC
Edgewood, BC 18 4 0 14 3 14 6 12
Creighton, SK 6 2 0 4 2 4 2 4
Hudson Bay, SK 12 4 1 2 4
London, ON 18 6 0 12 3 15 6 12
Weagamow Lake, 18 2 0 13 4 13 0 16
ON
Nose Mountain, 16 2 0 13 8 8 5 12
AB
Blue Ridge, AB 16 13 6 11 13
Stoney Mountain, 18 4 13 3 14 4 15
AB
Cypress Hills, AB 18 1 17 17 1 15 5
Despres Lake, NB 18 5 11 1 15 5 14
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The other two allelic variants found in the coding region of chial-1 are SNVs (Single
nucleotide variants) located 324 and 357 bp from the start site. Both were located in the catalytic
domain, and were synonymous mutations resulting in no amino acid substitutions (Table 3.2)

Variants represented by greater than 150 individuals (i.e. coverage > 150), were used to
construct haplotypes observed for each individual. We observed 16 unique haplotypes among the

179 individual seedlings sequenced (Table 3.3)

Table 3.3: Unique haplotypes observed within the class I, chial-1, chitinase gene in 179
individual seedlings. Variants are indicated by their type, and sequence location with respect to
the transcriptional start site. SNV: single nucleotide variation, InDel: insertion/deletion. Variants

are described in Table 3.1 and 3.2

Haplotype SNV -170 Indel 199 SNV 324 SNV 357
Hap 1 C Deletion T C
Hap 2 G Deletion C T
Hap 3 C CCACGCCTCCTTCAC T C
Hap 4 G Deletion T C
Hap 5 G Deletion C C
Hap 6 G Deletion T T
Hap 7 C Deletion C C
Hap 8 C Deletion C T
Hap 9 C Deletion T T
Hap 10 C CCACGCCTCCTTCAC T T
Hap 11 C CCACGCCTCCTTCAC C C
Hap 12 C CCACGCCTCCTTCAC C T
Hap 13 G CCACGCCTCCTTCAC T C
Hap 14 C CTTCAC T C
Hap 15 G CCACGCCTCCTTCAC C C
Hap 16 C CTTCAC T T

The most abundant haplotype is haplotype one (Hap 1) which appeared to be
predominately found in seedlings from jack pine populations of Stoney Mountain AB, Creighton

and Hudson Bay SK, Weagamow Lake ON, London ON and Despres Lake and to a lesser extent
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Nose Mountain AB, and Blue Ridge AB (Table3.4: Fig 3.6). Haplotype two (Hap 2) was the
second most abundant haplotype and appeared mostly in seedlings from Minto YK, and Cypress
Hills (Table3.4: Fig 3.6).

Jack pine sample locations displayed the greatest allelic richness in chial-1 across the
four variant sites found in chial-1 in comparison to lodgepole sample sites and the lodgepole x
jack hybrid site (Table 3.5). However, examination of allelic richness with in individual
sampling sites revealed lodgepole pine samples found in Baldy Hughes carried the greatest
allelic richness in relation to other sampling sites (Appendix 6.6.1). Estimation of pairwise Fst
values between lodgepole and jack pine samples revealed very little differentiation between
species (Table 3.6). Pairwise Fst values between each sampling location revealed moderate to
great differentiation between samples from Minto and Cypress Hills compared to other sampling

locations (Appendix 6.6.2).
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Table 3.4: Counts of haplotypes identified in jack and lodgepole pine class I chitinase, chial-1, sequenced from gDNA of seedlings

from 12 provenances collected across Canada. Haplotypes are described in table 3.3.

Sample Minto Baldy Edgewood  Creighton Hudson London Weagamow Nose . Bme Stoney . Cypres Despres
locations YK Hughes BC SK Bay ON Lake ON Mountain ~ Ridge Mountain s Hills  Lake
BC SK AB AB AB AB NB
El?itiiliduals 13 17 6 11 18 15 14 16 17 18 16
Haplotype count
Hap 1 2 3 5 2 5 7 11 4 5 7 0 5
Hap 2 7 1 0 0 0 1 0 2 1 0 11 0
Hap 3 1 0 2 1 1 3 1 0 1 1 0 4
Hap 4 0 3 2 0 0 1 0 2 2 3 0 2
Hap 5 1 1 1 0 0 1 1 3 1 1 2 0
Hap 6 1 1 5 0 1 1 0 0 0 0 0 1
Hap 7 1 0 1 0 1 0 1 0 2 0 1 1
Hap 8 2 0 0 1 0 0 0 2 0 0 3 0
Hap 9 0 1 0 1 0 1 0 0 2 2 0 1
Hap 10 1 0 0 0 1 2 0 0 0 1 0 1
Hap 11 0 1 0 1 0 0 1 0 1 2 0 0
Hap 12 1 0 1 0 1 1 0 0 0 0 0 0
Hap 13 1 0 0 0 0 0 0 1 0 0 1 0
Hap 14 0 1 0 0 0 0 0 0 0 0 0 1
Hap 15 0 1 0 0 0 0 0 0 1 0 0 0
Hap 16 0 0 0 0 1 0 0 0 0 0 0 0
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Figure 3.6: Map showing the distribution of unique haplotypes observed in the class I, chial-1,
chitinase for each of the 12 sampling locations across Canada. Sampling locations Creighton SK
and Hudson Bay SK have been combined to represent on location in this map. Total number of
individuals sequenced within each population are indicated as “N="and are found above each

pie chart. Haplotype counts specific to each sampling location described in table 3.4.

Table 3.5: Allelic richness based on four variant loci in jack and lodgepole pine class I chitinase,
chial-1, sequenced from gDNA of seedlings from 12 provenances collected across Canada.
Seedlings sampled from Minto, Edgewood, Baldy Hughes, and Nose Mountain are designated as
lodgepole. Seedlings sampled from Stoney Mountain, Cypress Hills, Hudson Bay, Weagamow
lake, London, and Despres Lake are designated as jack pine, and seedlings sampled from Blue

Ridge are designated as lodgepole x jack pine hybrids.

Lodgepole pine Jack pine jaf;l? (;igrfs(})ll}?b);i d Overall
SNV -170 2.00 2.00 2.00 2.00
Indel 199 241 2.46 2.00 2.34
SNV324 2.00 2.00 2.00 2.00
SNV357 2.00 2.29 2.00 2.17
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Table 3.6: Matrix of pairwise Fst values for chial-1 among pine seedlings designated as
lodgepole pine, jack pine and lodgepole x jack pine hybrids. Fst values were estimated on the
basis of four variant loci sequenced from gDNA of seedlings from 12 provenances collected
across Canada. Seedlings sampled from Minto, Edgewood, Baldy Hughes, and Nose Mountain
were designated as lodgepole. Seedlings sampled from Stoney Mountain, Cypress Hills, Hudson
Bay, Weagamow Lake, London, and Despres Lake were designated as jack pine, and seedlings
sampled from Blue Ridge were designated as lodgepole x jack pine hybrids. Negative Fst values

corrected to be values of 0.

Lodgepole pine Jack pine Lodgepole x jack
pine hybrid
Lodgepole pine 0.000 0.045 0.009
Jack pine 0.045 0.000 0.000
Lodgepole x jack pine hybrid 0.009 0.000 0.000

CHIA2-1

Allelic resequencing of the class II chitinase, chia2-1, revealed fewer sites of variation
within the promoter in comparison to chial-1. We identified two SNVs within the promoter
region, including a SNV located 284 bp upstream of the transcriptional start site (Table 3.7).
Ninety-seven individuals carried a T at this location, which contributed to a CAT-box core
promoter element, and 70 individuals carried a C which resulted in a loss of the CAT-box
element (Table 3.7).

We identified an additional SNV located 141 bp upstream of the start site. Ninety eight
individuals carried an A at this location, which contributed to a TATA-box core promoter
element, and 67 individuals carried a C at this location which resulted in a loss of the TATA-box
core promoter element (Table 3.7). An insertion-deletion was identified 67 bp after the
transcriptional start site of chia2-1 within the signal peptide domain. Thirty six individuals carry
a TGT insertion at this site resulting in insertion of a cysteine residue, and 129 individuals carry

a deletion at this site (Table 3.7). Signal peptide analysis of putative amino acid sequences
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containing either and insertion or a deletion using SignalP version 4.1, revealed that the
additional cysteine residue at amino acid position 24 occurred before the predicted cleavage site.
As such, it is likely cleaved off during post translational modification and therefore does not
likely affect protein confirmation. Interestingly, insertion of a cysteine residue at position 24
increased the calculated Y score at this position, which determines the likelihood of a cleavage
site. However, the Y score at position 28 was still higher, making it more likely to be the point
of cleavage (Appendix 6.9).

Finally, we identified a SNV located 413 bp after the start site, located within loop 1 of
the catalytic domain of chia2-1 (Table 3.7). One hundred and twenty-three individuals carried a
T at this location and 55 carried a C. This SNV was a silent mutation (Table 3.7). All four
variants identified in chia2-1 coding region and upstream promoter region had coverage greater
than 150 sequences. From this, we identified 12 unique haplotypes from a total of 167 individual
seedlings (Table 3.8). Haplotype one (Hap 1) was the most abundant for chia2-1, which occured
predominantly in western Canada provenances, including lodgepole pine sampled near Minto
YK, Baldy Hughes BC, Edgewood BC and Nose Mountain AB, the lodgepole x jack pine
hybrids found in Blue Ridge AB, and the lodgepole pine found in Cypress Hill AB (Table 3.9:
Fig 3.7). Haplotype 2 (Hap 2) was the second most abundant haplotype and appeared
predominantly in the sample locations of eastern Canada, including jack pine sampled near
Creighton and Hudson Bay SK, Weagamow Lake ON, London ON and Despres Lake NB (Table
3.9: Fig 3.7). Other abundant haplotypes occurred along similar pattern of east-west distribution.
Haplotype three (Hap 3) occurred frequently in Creighton and Hudson Bay SK, Weagamow
Lake ON, Despres Lake NB and to a lesser extent (only one occurrence) in London ON and

Baldy Hughes BC (Table 3.9: Fig 3.7).
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Table 3.7: Variants identified in jack and lodgepole pine promoter and coding sequence of class II chitinase, chia2-1, sequenced from

gDNA of seedlings from 12 provenances collected across Canada. Allele counts specific to each sample location indicated below total

allele count. Total individuals: total number of individual seedlings sequenced per sample location. SNV: single nucleotide variant.

Indel: insertion/deletion.

Sequence position -284 -141 67 413
Type SNV SNV Insertion-deletion SNV
Location promoter promoter N-terminal signal peptide Loop 1 Catalytic
domain
Coverage 167 165 165 178
Alleles T C A C TGT Deletion T C
Functional Changes CAT- lossof  TATA-box loss of insertion of C deletion of C silent silent
box CAT TATA-box residue residue mutation  mutation
Total Allele count 97 70 98 67 36 129 123 55
Sample location Total
individuals
Minto, YK 18 4 10 14 0 2 13 15 3
Baldy Hughes, BC 10 3 6 9 0 1 8 6 4
Edgewood, BC 14 5 8 11 2 2 11 10 4
Creighton, SK 6 6 0 1 5 0 6 4 2
Hudson Bay, SK 11 9 2 4 7 4 7 7 4
London, ON 18 14 3 5 12 8 9 7 11
Weagamow Lake, 18 16 1 3 12 7 9 9 10
ON
Nose Mountain, AB 16 11 13 1 1 13 15 1
Blue Ridge, AB 16 4 12 13 3 14 13 3
Stoney Mountain, 18 16 1 1 16 15 14 3
AB
Cypress Hills, AB 18 4 14 18 0 18 14
Despres Lake, NB 15 13 2 6 6 9
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Table 3.8: Unique haplotypes observed within the class II, chia2-1, chitinase gene in 167
individual seedlings. Varients are indicated by their type, and sequence location with respect to
the transcriptional start site. SN'V: single nucleotide variation, InDel: insertion/deletion. Variants

are described in table 3.5.

Haplotype SNV -184 SNV -141 Indel 67 SNV 413

Hap 1 C A deletion T
Hap 2 T C deletion T
Hap 3 T A TGT C
Hap 4 T A deletion T
Hap 5 C A TGT C
Hap 6 T C deletion C
Hap 7 T C TGT C
Hap 8 C A deletion C
Hap 9 T A deletion C
Hap 10 C C deletion T
Hap 11 T A TGT T
Hap 12 T C TGT T

Haplotype four (Hap 4) occurred in Minto YK, Edgewood BC, Nose Mountain AB, Blue
Ridge AB and Cypress Hills (Table 3.9: Fig 3.7). Sample locations representing jack pine and
the lodgepole jack pine hybrid site displayed moderately greater allelic variation in chia2-1
across these four variant sites in comparison to lodgepole pine sample sites (Table 3.10).
However, examination of allelic variation within sampling locations revealed little to no
difference in allelic richness between locations (Appendix 6.6.3). Interestingly, in contrast to the
variation identified in chial-1, calculation of pairwise Fst values for chia2-1 between lodgepole
and jack pine samples revealed substantial genetic differentiation between species (Table 3.11).
This differentiation between species was reflected in pairwise comparisons between sampling

locations representing either species (Appendix 6.6.4).
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Table 3.9: Counts of haplotypes identified in jack and lodgepole pine class II chitinase, chia2-1, sequenced from gDNA of seedlings

from 12 provenances collected across Canada. Haplotypes are described in Table 3.8

Baldy Hudson Nose Blue Stoney Cypress Despres
Sample Minto, Hughes, Edgewood, Creighton, Bay, London, Weagamow Mountain, Ridge, Mountain, Hills, Lake,
location YK BC BC SK SK ON Lake, ON AB AB AB AB NB
;1;1(<)1ti€1/liduals 14 9 13 6 11 17 17 14 16 17 18 15
Haplotype count
Hap 1 9 5 5 0 0 0 0 10 9 0 12 0
Hap 2 0 0 2 4 7 6 9 1 1 13 0 5
Hap 3 1 1 0 0 2 1 4 0 0 1 0 3
Hap 4 3 0 3 0 0 1 0 1 2 0 2 0
Hap 5 0 0 2 0 2 3 1 0 2 0 0 2
Hap 6 0 0 0 1 0 2 1 0 1 2 0 3
Hap 7 0 0 0 0 0 4 2 0 0 0 0 0
Hap 8 1 1 1 0 0 0 0 1 0 0 2 0
Hap 9 0 2 0 1 0 0 0 0 0 0 2 0
Hap 10 0 0 0 0 0 0 0 0 1 1 0 0
Hap 11 0 0 0 0 0 0 0 1 0 0 0 1
Hap 12 0 0 0 0 0 0 0 0 0 0 0 1
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Figure 3.7: Map showing the distribution of unique haplotypes observed in the class I, chia2-1,
chitinase for each of the 12 sampling locations across Canada. Sampling locations Creighton SK
and Hudson Bay SK have been combined to represent on location in this map. Total number of
individuals sequenced within each population are indicated as “N=""and are found above each

pie chart. Haplotype counts specific to each sampling location described in Table 3.4.

Table 3.10: Allelic richness based on four variant loci in jack and lodgepole pine class II
chitinase, chia2-1, sequenced from gDNA of seedlings from 12 provenances collected across
Canada. Seedlings sampled from Minto, Edgewood, Baldy Hughes, and Nose Mountain are
designated as lodgepole. Seedlings sampled from Stoney Mountain, Cypress Hills, Hudson Bay,
Weagamow lake, London, and Despres Lake are designated as jack pine, and seedlings sampled

from Blue Ridge are designated as lodgepole x jack pine hybrids.

Lodgepole x jack

Lodgepole pine Jack pine pine hybrid Overall
SNV -284 2.00 2.00 2.00 2.00
SNV -141 1.91 2.00 2.00 2.00
InDel 6 1.99 2.00 2.00 2.00
SNV 413 2.00 2.00 2.00 2.00
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Table 3.11: Matrix of pairwise Fst values for chia2-1 among pine seedlings designated as
lodgepole pine, jack pine and lodgepole x jack pine hybrids. Fst values estimated on the basis of
four variant loci found in chia2-1, sequenced gDNA of seedlings from 12 provenances collected
across Canada. Seedlings sampled from Minto, Edgewood, Baldy Hughes, and Nose Mountain
were designated as lodgepole. Seedlings sampled from Stoney Mountain, Cypress Hills, Hudson
Bay, Weagamow Lake, London, and Despres Lake were designated as jack pine, and seedlings
sampled from Blue Ridge were designated as lodgepole x jack pine hybrids. Negative Fst values

corrected to be values of 0.

Lodgepole pine Jack pine Lodgepc};l;biijdack pine
Lodgepole pine 0.000 0.272 0.000
Jack pine 0.272 0.000 0.215
Lodgepole x jack pine 0.000 0.215 0.000
hybrid
CHIA4-1

Allelic resequencing of class IV chitinase, chia4-1, revealed variation at three sites along
the upstream promoter region and five sites of variation within the coding region across a total of
183 sequenced individuals (Table 3.12).

We identified SNVs 167, 119 and 45 bp upstream of the chia4-1 transcriptional start site.
However only variation at SNV -119 was non-synonymous and could potentially result in
functional changes. There were 15 individuals who carried an A at this location, conserving a
putative CAT-box core promoter element, and 161 individuals who carried a G at this location
which resulted in a loss of the CAT-box core promoter element (Table 3.12). We identified a
GTGGTG insertion in the signal peptide domain of chia4-1 in 173 individuals which resulted in
an insertion of two valine amino acid residues at amino acid position 11 and 12 within the signal

peptide domain (Table 3.13).
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Table 3.12: Variants identified in jack and lodgepole pine promoter sequence of class IV

chitinase, chia4-1, sequenced from gDNA of seedlings from 12 provenances collected across

Canada. Allele counts specific to each sample location indicated below total allele count. Total

individuals: total number of individual seedlings sequenced per sample location. SN'V: single

nucleotide variant. Indel: insertion/deletion

Sequence position -167 -119 -45
Type SNV SNV SNV
Location Promoter Promoter Promoter
Coverage 175 176 169
Alleles G C A G A G
Functional changes None none CAA Loss none none
T-box of
CAA
T box
Functional changes
Total Allele count 59 116 15 161 28 141
Sample location Total
individuals
Minto, YK 16 13 1 15 8
Baldy Hughes, 13 9 2 2 9 2 7
BC
Edgewood, BC 18 7 1 15 1 13
Creighton, SK 6 0 6 0 6 0
Hudson Bay, SK 11 1 10 0 11 2
London, ON 17 0 17 0 17 0 17
Weagamow 18 0 18 2 16 1 17
Lake, ON
Nose Mountain, 15 10 5 3 12 3 10
AB
Blue Ridge, AB 16 8 13 2 13
Stoney Mountain, 18 4 14 16 5 13
AB
Cypress Hills, 18 7 10 1 16 4 13
AB
Despres Lake, 17 1 15 1 15 1 15
NB
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Table 3.13: Variants identified in jack and lodgepole pine coding sequence of class IV chitinase, chia4-1, sequenced from gDNA of

seedlings from 12 provenances collected across Canada. Allele counts specific to each sample location indicated below total allele

count. Total individuals: total number of individual seedlings sequenced per sample location. SNV: single nucleotide variant. Indel:

insertion/deletion
Sequence position 36 56 737 793 867
Type Insertion SNV SNV SNV SNV
Location Signal peptide Signal peptide Intron Catalytic domain Catalytic domain
Coverage 186 181 174 177 178
Alleles Deletion GTGGTG T C A T C C A G T C
Functional changes Del2 V Ins 2V silent none glutamine lysine silent  silent silent
Total Allele count 13 173 54 127 47 125 2 65 112 16 160 2
Sample location Total
individuals
Minto, YK 16 3 13 7 8 10 5 1 14 2 11 1
Baldy Hughes, 13 4 9 7 4 4 9 0 8 5 3 10 0
BC
Edgewood, BC 18 3 16 9 10 5 11 0 10 2 14 0
Creighton, SK 6 0 6 0 6 0 5 1 0 0 6 0
Hudson Bay, SK 11 0 11 1 10 0 11 0 0 11 0 11 0
London, ON 17 0 18 0 18 1 17 0 0 18 0 18 0
Weagamow Lake, 18 0 18 1 17 0 18 0 0 18 0 18 0
ON
Nose Mountain, 15 1 15 9 6 9 4 0 10 4 2 12 0
AB
Blue Ridge, AB 16 0 15 9 3 13 6 15 1
Stoney Mountain, 18 18 4 15 3 13 13 15 0
AB
Cypress Hills, AB 18 17 10 10 5 7 10 14
Despres Lake, NB 17 0 17 1 16 2 14 13 0 16
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Thirteen individuals carried a deletion at this site (Table 3.13). Signal peptide analysis of
putative amino acid sequences containing either an insertion or a deletion revealed that the
additional valine residues occurred before signal peptide the cleavage site, and therefore did not
likely affect protein confirmation. (Appendix 6.9). We found an additional SNV 56 bp after the
transcriptional start site, found within the signal peptide domain and resulting in no amino acid
changes, as well as a SNV 737 bp from the transcriptional start site found within the first intron
(Table 3.13). Resequencing revealed a non-synonymous substitution 793 bp from the chia4-1
transcriptional start site within the catalytic domain (Table 3.13). Sixty-five individuals carried a
C at this position resulting in a glutamine residue at position 188 along the peptide, and 112
individuals carried an A at this position resulting in a lysine at amino acid residue 188 (Table
3.13). Protein homology modeling revealed that this substitution occurred outside of the catalytic
cleft and a calculated RMSD value of 0 indicated that there were no structural differences

between allelic variants (Fig 3.8: Table 6.2).

Figure 3.8: Protein homology model of the class IV chitinase, chia4-1. Catalytic cleft indicated
by arrow. Site of amino acid substitution glutamine to lysine at amino acid position 188 (Q188K)

is highlighted in red.
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Finally, we identified an SNV 867 bp from the transcriptional start site of chia4-1,
located in the catalytic domain which results in no putative amino acid changes (Table 3.13).
There was a large diversity of haplotypes within chia4-1 across sequenced individuals, and using
sites of variation with greater than 150 we identified 54 unique haplotypes (Table 3.14). In the
jack pine provenances Stoney Mountain AB, Creighton and Hudson Bay SK, Weagamow Lake
ON, London ON, and Despres Lake NB, haplotype one (Hap 1) represented the majority of
sequences individuals (Table 3.15: Fig 3.9). In the lodgepole and lodgepole x jack pine
provenances Minto YK, Baldy Hughes BC, Edgewood BC, Nose Mountain AB, Blue Ridge AB,
and Cypress Hills, Hap 1 occurred to a lesser extent compared to eastern sample locations (Table
3.15: Fig 3.9). Interestingly, lodgepole pine provenances appeared to contain much greater
haplotype diversity than jack pine. Haplotype two was the second most abundant haplotype, but
occurred at a much lower frequency than haplotype one and was found in central provenances of
Baldy Hughes BC, Edgewood BC, Nose Mountain AB, Blue Ridge AB and Hudson Bay SK.
However, haplotype two carried no functional differences in comparison to haplotype one (Table
3.14). In contrast to haplotype one and two, haplotype three and four both carried an A resulting
in a lysine rather than glutamine at residue 188 in the catalytic domain, and occurred in western
sampling locations Minto YK, Edgewood BC, Nose Mountain AB, Blue Ridge AB, Stoney
Mountain AB and Cypress Hills AB (Table 3.14: Fig 3.9).

Sample locations belonging representing lodgepole pine sampling locations displayed
greater allelic variation in chia4-1 across these eight variant sites in comparison to jack pine and
lodgepole x jack pine sample sites (Table 3.16). Examination of allelic variation within sampling
locations reveals lodgepole pine sample sites Minto, Edgewood and Nose Mountain carried the

greatest amount of allelic richness across these sites (Appendix 6.6.5).
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Table 3.14: Unique haplotypes observed within the class IV, chia4-1, chitinase gene in 171 individual seedlings. Variants are

indicated by their type, and sequence location with respect to the transcriptional start site. SN'V: single nucleotide variation, InDel:

insertion/deletion. Variants are described in table 3.12 and 3.13

Haplotype SNV -167 SNV -119 SNV -45 Indel 36 SNV 56 SNV 737 ~ SNV 793 SNV 867
Hap 1 C G G GTGGTG C T A T
Hap 2 G G G GTGGTG T T A T
Hap 3 G G G GTGGTG T T C T
Hap 4 G G G GTGGTG C A C T
Hap 5 G G G GTGGTG T A A T
Hap 6 C G G GTGGTG C T C T
Hap 7 C G G GTGGTG C A C T
Hap 8 C G A GTGGTG C T A T
Hap 9 C G G GTGGTG C A A T
Hap 10 C G G GTGGTG T A C T
Hap 11 G G G GTGGTG T A C T
Hap 12 C A A GTGGTG T T A T
Hap 13 C G A GTGGTG C A C G
Hap 14 C G G GTGGTG T T A T
Hap 15 G A A GTGGTG T T C T
Hap 16 G G A GTGGTG C A C T
Hap 17 G G A GTGGTG T A C T
Hap 18 G G G DEL C T A T
Hap 19 G G N/A GTGGTG T A C G
Hap 20 C A A GTGGTG C A A T
Hap 21 C A G GTGGTG C A C T
Hap 22 C A G GTGGTG C T A T
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Haplotype SNV -167 SNV -119 SNV -45 Indel 36 SNV 56 SNV 737 SNV 793 SNV 867
Hap 23 C G A DEL C A C G
Hap 24 C G A DEL T A C T
Hap 25 C G A GTGGTG C A C G
Hap 26 C G A GTGGTG C T C G
Hap 27 C G A GTGGTG T T C T
Hap 28 C G G DEL C A C T
Hap 29 C G G DEL C T C T
Hap 30 C G G GTGGTG C A C G
Hap 31 C G G GTGGTG T C A T
Hap 32 G A A DEL C A C G
Hap 33 G A A GTGGTG C A C T
Hap 34 G A A GTGGTG T A C G
Hap 35 G A A GTGGTG T A C T
Hap 36 G A A GTGGTG T T C G
Hap 37 G A N/A DEL T T C T
Hap 38 G G A DEL C N/A C T
Hap 39 G G A DEL T A C G
Hap 40 G G A GTGGTG C A C G
Hap 41 G G A GTGGTG T C C T
Hap 42 G G A GTGGTG T T C T
Hap 43 G G G DEL C A A T
Hap 44 G G G DEL C A C T
Hap 45 G G G DEL N/A A A T
Hap 46 G G G GTGGTG C A A G
Hap 47 G G G GTGGTG C C C T
Hap 48 G G G GTGGTG C T A T
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Haplotype SNV -167 SNV -119 SNV -45 Indel 36 SNV 56 SNV 737 SNV 793 SNV 867
Hap 49 G G G GTGGTG T A C G
Hap 50 G G G GTGGTG T C C T
Hap 51 G G G GTGGTG T T A C
Hap 52 G G N/A GTGGTG C T C T
Hap 53 N/A G G GTGGTG C T C C
Hap 54 T G T GTGGTG T T C G
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Table 3.15: Counts of haplotypes identified in jack and lodgepole pine class IV chitinase, chia4-1, sequenced from gDNA of seedlings

from 12 provenances collected across Canada. Haplotypes are described in table 3.14

Baldy  Edgewoo . Husdon Weagamo Nose Blue Stoney Cypres  Despre
Hughes d Creighton Bay London w Lake Mountain  Ridge  Mountain s Hills s Lake
BC BC SK ON AB AB AB AB NB

SK ON
Total individuals 17 10 16 6 11 17 18 13 14 17 17 15

Minto

Sample Location YK

Haplotype count
Hap 1
Hap 2
Hap 3
Hap 4
Hap 5
Hap 6
Hap 7
Hap 8
Hap 9
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Hap 13
Hap 14
Hap 15
Hap 16
Hap 17
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Hap 21

—_—
(o)
—
[@)}
—_
J—
—_
w

S O =B O O = = O O O O N o = O W

(=

S O = = O = O O O O = O O O O O O W = o o
—

S O = = = O O O = O =, O O O O O o o o ~= o
S O O O O O O =, O O O O O = = = O O N DD W
S O O O O O O O O O O = O O O O O o o O wm
S O O O O O O O O o O o = = O O O OO © =
S O O O O O O O O o o o - o o o o o o o<
S O O O O O O O O = O O O O o o o o o o<
—_ O O O O = O O O O N O O O O = N o = = O
S O O O O O N O O O O = = O O = O = = = W
S O O O O O O O O O O N o o o o o = o o
S O O O O O O O O O O o o o o = 0o o o <o

145



NB

Despre
s Lake

Cypres
s Hills
AB

Stoney
Mountain
AB

Weagamo Nose Blue
w Lake Mountain ~ Ridge
ON AB AB

London
ON

Husdon
Bay
SK

Creighton
SK

Edgewoo
d
BC

Baldy
Hughes
BC
10

Minto
YK

Sample Location

14 17 17 15

18 13

17

11

16

17

Total individuals

Hap 22
Hap 23

Hap 24

Hap 25
Hap 26

Hap 27

Hap 28
Hap 29

Hap 30

Hap 31

Hap 32

Hap 33

Hap 34

Hap 35

Hap 36

Hap 37

Hap 38

Hap 39

Hap 40

Hap 41

Hap 42

Hap 43

Hap 44

Hap 45

Hap 46

146



Baldy  Edgewoo Husdon Weagamo Nose Blue Stoney Cypres  Despre

Sample Location 1\/&111;0 Hughes d Creisgélton Bay Loonlcilon w Lake Mountain  Ridge  Mountain s Hills s Lake
BC BC SK ON AB AB AB AB NB
Total individuals 17 10 16 6 11 17 18 13 14 17 17 15
Hap 47 1 0 0 0 0 0 0 0 0 0 0 0
Hap 48 0 1 0 0 0 0 0 0 0 0 0 0
Hap 49 0 0 0 0 0 0 0 0 0 0 1 0
Hap 50 0 0 0 0 0 0 0 1 0 0 0 0
Hap 51 1 0 0 0 0 0 0 0 0 0 0 0
Hap 52 0 0 1 0 0 0 0 0 0 0 0 0
Hap 53 0 0 0 0 0 0 0 0 1 0 0 0
Hap 54 0 0 1 0 0 0 0 0 0 0 0 0
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Figure 3.9: Map showing the distribution of unique haplotypes observed in the class 1V, chia4-1,
chitinase for each of the 12 sampling locations across Canada. Sampling locations Creighton SK
and Hudson Bay SK have been combined to represent on location in this map. Total number of
individuals sequenced within each population are indicated as “N=""and are found above each

pie chart. Haplotype counts specific to each sampling location described in table 3.14.

Calculation of pairwise Fst values for chia4-1 between lodgepole and jack pine samples
revealed substantial genetic differentiation between pure species, as well as between jack pine
and lodgepole x jack pine hybrid samples (Table 3.17). However, there was little differentiation
between lodgepole samples and lodgepole x jack pine hybrid samples (Table 3.17). This genetic
differentiation between species was reflected in pairwise Fst calculations between sampling

locations (Appendix 6.6.6).
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Table 3.16: Allelic richness based on four variant loci in jack and lodgepole pine class IV
chitinase, chia4-1, sequenced from gDNA of seedlings from 12 provenances collected across
Canada. Seedlings sampled from Minto, Edgewood, Baldy Hughes, and Nose Mountain were
designated as lodgepole. Seedlings sampled from Stoney Mountain, Cypress Hills, Hudson Bay,
Weagamow Lake, London, and Despres Lake were designated as jack pine, and seedlings

sampled from Blue Ridge were designated as lodgepole x jack pine hybrids.

Lodgepole Jack pine Lodgepole x Overall
pine jack pine
hybrid
SNV -167 2.43 1.98 2.00 2.15
SNV -119 1.98 1.84 2.00 1.93
SNV -45 2.47 1.98 2.00 2.15
Indel 36 2.00 1.43 1.00 1.90
SNV 56 2.00 2.00 2.00 2.00
SNV 737 2.67 2.59 2.00 2.57
SNV 793 2.00 2.24 2.00 2.15
SNV 867 242 1.78 1.99 2.22

Table 3.17: Matrix of pairwise Fst values for chia4-1 among pine seedlings designated as
lodgepole pine, jack pine and lodgepole x jack pine hybrids. Fst values estimated on the basis of
four variant loci found in chia4-1, sequenced gDNA of seedlings from 12 provenances collected
across Canada. Seedlings sampled from Minto, Edgewood, Baldy Hughes, and Nose Mountain
were designated as lodgepole. Seedlings sampled from Stoney Mountain, Cypress Hills, Hudson
Bay, Weagamow Lake, London, and Despres Lake were designated as jack pine, and seedlings
sampled from Blue Ridge were designated as lodgepole x jack pine hybrids. Negative Fst values

corrected to be values of 0.

Lodgepole Jack pine Lodgepole X jack
pine pine hybrid
Lodgepole pine 0.00 0.303 0.043
Jack pine 0.303 0.000 0.161
Lodgepole x jack pine 0.043 0.161 0.000
hybrid
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3.4 Discussion

3.4.1 Phylogenetic analysis of lodgepole and jack pine chitinase family

Pine chitinases grouped into five distinct clades, which correspond strongly to their
biochemical classifications. We named each of these clades as clusters, for consistency with the
naming convention of Galindo-Gonzalez et al. (2015). Clusters one, two, three and four are
consistent with four of the five clusters described in a phylogenetic analysis of white spruce
chitinases (Galindo-Gonzalez ef al. 2015). However, the phylogenetic analysis conducted by
Galindo-Gonzalez et al. 2015 identified a cluster composed of class III chitinases, and we were
unable to identify class III chitinases within the jack and lodgepole transcriptomes with
confidence. Rather the fifth cluster we identified was composed of class II chitinases which
formed their own cluster (cluster five) distinct from the class II chitinases found in cluster two. It
has been suggested that class II chitinases may be further divided into subclass class Ila, termed
pathogenesis chitinases, which are more closely related to class I chitinases compared to class 1Ib
chitinases (Araki & Torikata 1995; Neuhaus 1999). It has been proposed that class I1a and class
IIb were derived from class I chitinases following two independent deletion events of the CBD
from a class I chitinase (Neuhaus 1999). We suggest that the chitinases which form cluster five
are less related to class I chitinases than those class II chitinases found in cluster 2, and these two
lineages of class II chitinases arose from a separate event leading to the deletion of the CBD.

Our findings add further support to the proposition that class I and class II chitinases
likely share a common ancestor and class IV and class VII chitinases likely share a different

common ancestor (Galindo-Gonzalez ef al. 2015; Araki & Torikata 1995; Neuhaus 1999).
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Placement of class IV and class VII chitinases together, and class I and class Ila chitinases
together suggests that shared similarities in the catalytic domains are driving the placement of
these sequences, rather than presence or absence of the CBD. It has been proposed that the CBD
has been lost many times throughout the evolutionary history of chitinases within the GH 19
family (Neuhaus 1999). Our results are in line with this theory, suggesting — as did Galindo-
Gonzalez et al. (2015) — that class II chitinases arose following a deletion events of the CBD in
class I chitinases, and similarly class VII chitinase arose following a deletion event of the CBD in
a class IV chitinases.

Galindo-Gonzalez et al. (2015) suggest that the loss of the CBD in class VII and class II
chitinases occurred after the gymnosperm-angiosperm split, as evidenced by class IV conifer
chitinases being more closely related to class VII conifer chitinases than class [V angiosperm
chitinases, and class I conifer chitinases being more closely related to class II chitinases. Our
results also show Arabidopsis class I and II chitinases clustering more closely to one another than

to conifer chitinase members of the equivalent class.

3.4.2 Expression analysis of chitinase family in response to G. clavigera

Analysis of microarray expression data revealed that many chitinase members of GH
family 19 in pine are induced in response to challenge with G. clavigera. This is consistent with
large increases in pathogen-induced chitinase transcript abundance reported for other conifers
(Davis et al. 2004; Heitala et al. 2004; Koslova et al. 2014). Our results showed that different
classes (clusters) of GH 19 chitinases displayed distinct transcript abundance profiles, differing in
the timing and magnitude of their induction, but that closely related chitinases within classes

(clusters) display similarities in expression profiles. These results suggest that there is a
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correlation between polygenetic relationship, biochemical classification and expression patterns
among the chitinase gene family.

Our results are consistent with qRT-PCR analysis of two class VII chitinases in lodgepole
pine inoculated with G. clavigera (Koslova et al. 2014). It was reported that one class VII
chitinase was upregulated in response to inoculation while the other displayed no change in
expression pattern, and the authors suggest that some chitinase may play a role in defense while
others play a role in development (Koslova et al. 2014). Plant chitinases have been reported to
play roles in a variety of developmental processes including somatic embryogenesis (Wiweger et
al. 2003), seed senescence and germination (Hanfrey ez al. 1996; Wu et al. 2001) and cell wall
biosynthesis and assembly (Zhang et al. 2004: Sanchez-Rodriguez ef al. 2012: Wu et al. 2012).
Conifer chitinases have been reported to play a role in a number of metabolic and developmental
processes, such as somatic embryogenesis (Johnsen et al. 2005), the transition from growth to
dormancy (Galindo-Gonzalez et al. 2015), and cold hardiness through antifreeze activity (Zamani
et al. 2003; Jarzabek et al. 2009). It is possible that class II and class VII pine chitinases which
are not upregulated in response to G. clavigera do not play roles in defense in pine. It is also
possible that they do play a defensive role, but not in response specifically to G. clavigera.

We identified lodgepole and jack pine chitinases PcChia2-2 and PbChia2-2 respectively
which both display low levels of down regulation in response to G. clavigera. These chitinases
are highly similar to a class II chitinase, Pschi4, whose expression is upregulated in slash pine
seedlings when treated with SA but not upregulated when treated with JA (Davis et al. 2004). In
Chapter 2, we noted a coordinated upregulation of gene involved in the JA and ethylene
biosynthesis and signaling pathways, and little upregulation of genes involved in SA biosynthesis
or signaling within both jack and lodgepole pine seedlings inoculated with G. clavigera.

Furthermore, significant increases in JA have been reported in G. clavigera-inoculated lodgepole
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and jack pine trees under well watered and water deficit conditions, where as in the same study
SA was only upregulated in jack pine trees inoculated with G. clavigera under water deficit
conditions (Arango-Velez et al. 2016) pcchia2-2 and pbchia2-2 are likely upregulated through
activation of SA pathway, not through activation of JA pathway, and are therefore not induced in
response to G. clavigera. It is possible that the same pattern exists amongst class VII chitinases
observed to have low levels down regulation in response to G. clavigera. Taken together, these
results suggest that the certain members of the chitinase family are specialized to respond
specifically challenge by biotrophic pathogens through SA signaling. Our results demonstrated
that water deficit influences the induced expression of chitinases genes in pine by either
attenuating or augmenting expression in response to G. clavigera. This is consistent with qRT-
PCR analysis of class I and class I chitinases in jack x lodgepole hybrids which displayed

contrasting pattern of expressions when under water deficit (Appendix 6.7).

3.4.3 Functional consequences of allelic variation found within chitinase genes

For all three resequenced chitinases, very little variation identified within promoter
sequences resulted in changes to putative transcription factor binding sites, and only chial-1
displayed alteration of a putative MYB transcription factor binding site (MBS). MYBs are known
to play a role in conifer defense response through regulation of the phenylpropanoid pathway
(Liu et al. 2015 Patzlaff et al. 2003a; Patzlaff 2003b Bedon 2010). MYB TFs have recently been
reported to regulate transcription of chitinases in Brassica juncea in response to pathogen
challenge (Gao ef al. 2016). While variation at the MBS site in the chial-1 promoter may
influence expression in response to pathogen challenges, it is important to note that two other

putative MBS are located within the upstream promoter region and neither are altered by any of
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the variation identified in this study. Further study is required to confirm any interaction between
a defense associated MYB TF and the chial-1 promoter, as well as any potential changes to
transcriptional regulation conferred by conservation or loss of an MBS.

We also identified allelic variation in chia2-1 and chia4-1 CAT-box core promoter
elements. The CAT-box is present in the promoters of most eukaryotic genes, and is bound by a
core binding element or nuclear factors which facilitate transcription by RNA polymerases
(Laloum et al. 2013). In chia 2-1, we further identified alteration of a TATA box, another core
promoter element found in most eukaryotic genes which promotes recruitment of RNA
polymerases and facilitates transcription (Smale & Kadonaga 2003). Other CAT and TATA
boxes were identified at multiple alternative locations in the promoters of chia2-1 and chia4-1
which were unaffected by variation identified in this study. Further study is required to determine
if any differences in expression patterns exist as a result of this variation. Taken together, our
results suggest that variation identified within the promoter regions of chial-1, chia2-1, and
chia4-1 likely does not result in any differences in expression patterns across the individuals we
sequenced.

In both chia2-1, and chia4-1, we identified insertion-deletions within the signal peptide
domain. Signal peptides are responsible for targeting proteins to the secretory pathway in
eukaryotes and prokaryotes (Gierasch1989 & Rapoport 1992). Plant chitinases exhibit diagnostic
signal peptides which target them to the secretory pathway (Neilson et al. 1997). The variation
identified in the signal peptides of chia4-1 and chia2-1 did not change the location of predicted
signal peptide and both occurred prior to the cleavage site. These results suggest that in both
cases they do not play a role in altering the protein structure and function, and because the signal
peptide remains detectable in both cases, it is unlikely that these variants effect targeting of

protein to secretory pathway.

154



Chial-1 contained an insertion within the hinge domain located between the chitin
binding domain and the catalytic domain. Protein homology modeling and superposition of the
two amino acid sequences revealed and extension of the hinge loop between the chitin bind
domain and the catalytic domain. However, the extended hinge domain did not appear to affect
the folding of the chitin binding or catalytic domains. Hinge regions are typically proline rich and
hyper variable regions, therefore the variation we observed in the hinge region of chial-1 is not
unexpected (Bishop 2000). Further study is required to determine if extension of the hinge
domain confers any changes to the function of chial-1.

Chia4-1 contains a non-synonymous substitution of a polar glutamine to a charged lysine
at amino acid residue 188 in the catalytic domain. Protein homology modeling revealed this
substitution occurs outside of the catalytic cleft and results in no conformational changes to the
protein. Analysis of chitinases found in white spruce demonstrated low conservation of identical
or similar amino acid residues at this position, and in the two separate class IV white spruce
chitinases reported one carried a glutamine at this position and the other a lysine (Galindo-
Gonzalez et al. 2015). Taken together, it is unlikely this non-synonymous substitution results in
changes to the function of chia4-1 in lodgepole or jack pine, however further study is required to

confirm this.

3.4.5 Geographic distribution of chitinase haplotypes reveals specifies specific
differences

Analysis of chitinase haplotypes revealed a difference in distribution between eastern and
western lodgepole and jack pine sample locations. Often the most abundant haplotypes were
found either predominantly in eastern populations of Stoney Mountain AB, Creighton and

Hudson Bay SK, Weagamow Lake ON, London ON, and Despres Lake NB, or alternatively were
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found predominantly in western populations of Minto YK, Baldy Hughes BC, Edgewood BC,
and Nose Mountain AB. In the case of chia2-1, the east-west partition is particularly well
illustrated, and with the exception of Cypress Hills, is indicative of haplotypes specific to
lodgepole pine, found in the western sample locations, or jack pine, found in the eastern sample
locations.

The occurrence of haplotypes specific to lodgepole or jack pine is well illustrated by the
haplotypes observed across the three sample locations (Nose Mountain AB, Blue Ridge AB and
Stoney Mountain AB) which represent the hybridization zone between lodgepole and jack pine
previously characterized in Cullingham ef al. 2012. Samples collected from Nose Mountain AB
represent lodgepole pine, samples collected from Blue Ridge represent lodgepole x jack pine
hybrids and samples collected from Stoney Mountain represent jack pine. Accordingly, a gradient
of lodgepole to jack pine specific haplotypes can be observed across these sample locations, with
Nose Mountain containing predominantly lodgepole pine specific haplotypes, Stoney Mountain
containing predominantly jack pine specific haplotypes, and Blue Ridge containing intermediate
counts of haplotypes specific to both species.

As expected, pairwise Fst calculations using the variants identified in chia2-1 and chia4-1
revealed substantial genetic differenation between species. Samples collected from the lodgepole
x jack pine hybrids in Blue Ridge displayed less genetic differentiation in chia2-1 and chia4-1
from lodgepole samples compared to jack pine samples. This is consistent with earlier studies
which suggest that hybrid ancestry is biased toward lodgepole pine (Cullingham et al. 2012).
However, Fst calculations using the variants identified in chial-1 little genetic differentiation
between species suggesting that chial-1 many be more conserved in comparison to chia2-1 and
chia4-1. Additionally, in contrast to chia2-1 and chia4-1, lodgepole x jack pine hybrid samples

from Blue Ridge showed less genetic differentiation in chial-1 from jack pine samples than from
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lodgepole pine samples. Taken together, this is compelling evidence that different selective
pressures are acting on chial-1 in comparison to chia2-1 and chia4-1, and that the chitinase gene
family is playing diverse roles in deference and development.

In the case of chia4-1, much greater proportion of the haplotype diversity was represented
in western lodgepole pine samples found in MPB historic range. These samples also displayed
much greater allelic richness in comparison to the eastern jack pine samples. Chitinases undergo
greater rates of non-synonymous substitution at their active site, and it has been suggested that
this a strategy to overcome inhibition by carbohydrate and protein inhibitors released by an
invading pathogen (Bishop ef al. 2000). Higher levels of haplotype diversity, and allelic richness
found in lodgepole pine located in MPB historic range may suggest greater diversifying selective
pressure on chitinases within these populations. However, the variants we observed did not occur
within the catalytic cleft and would need to be compared to neutral markers in order to confirm

that they are the result of selective pressure.

3.5 Conclusion

The objectives of our study were to characterize the chitinases gene family in lodgepole
and jack pine, to investigate their role in response to G. clavigera, and to examine their allelic
variation across Canada. Using transcriptome assemblies generated from loblolly, lodgepole, and
jack pine, we identified 42 putative unique expressed chitinase genes in loblolly pine, 44 in jack
pine and 40 in lodgepole pine. Our data are consistent with the theory that class II chitinases
likely arose from class I chitinases following a deletion of the CBD and that class VII chitinases
arose from class IV chitinases following a deletion of the CBD. A number of lodgepole and jack
pine chitinases appear to be involved in defense against the putative necrotroph G. clavigera,

with closely related genes showing co-expression patterns. Similar to the changes in global gene
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expression described in Chapter Two, inoculation under water deficit attenuated expression of
some chitinases while increasing expression of others. Allelic resequencing revealed species
specific differences in chitinase haplotypes between lodegpole and jack pine species, and in the
case of chia4-1 it revealed greater haplotype diversity and allelic richness in lodgepole pine
samples collected from MPB historic range which is suggestive of greater selective pressure

being placed on defensive enzymes such as chitinases in those populations.
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4.0 Conclusions

The current MPB outbreak has resulted in wide spread tree mortality, and its continued eastward
spread across the Rocky Mountains into Alberta remains a significant threat to Canadian forests.
In order to effectively combat an outbreak of this magnitude, management practices must be
targeted to areas of higher risk. This has made efforts to understand the underlying mechanisms
which contribute to tree host susceptibility critical in predicting future MPB spread risk.
Differences in the response of co-evolved and naive pine attacked by MPB have been studied
mainly in field studies. These ecological studies have shown that trees outside of the traditional
range of MPB have better host quality, resulting in higher beetle reproductive success, and invest
fewer resources in inducible defenses (Cudmore ef al. 2010; Raffa et al. 2013). Both qualitative
and quantitative differences in monoterpene emission profiles and differences in lesion lengths
have been reported between co-evolved lodgepole and naive jack pine seedlings inoculated with
G. clavigera, and these responses are impacted by water deficit (Lusibrink ef al. 2011; Arango-
Velez et al. 2016). Yet, little work has been done to elucidate the underlying genetic and
molecular mechanisms responsible for the observed differences in host quality and defense
response between co-evolved and naive pine hosts, and even less work has been done to examine
the effect of water deficit on these underlying molecular mechanisms.

In this study, we investigated the transcriptome-wide responses of lodgepole and jack
pine seedlings to inoculation with the MPB fungal associate G. clavigera, under either well
watered or water deficit conditions. Secondary metabolite production is an important component
of plant defense against pests and pathogens. We identified differences in expression profiles for
genes encoding secondary metabolites in lodgepole and jack pine seedlings in response to G.

clavigera. Lodgepole pine exhibited greater changes in expression of genes involved in flavonoid
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biosynthesis, such as dihydroflavonol reductases and chalcone synthases, whereas jack pine
exhibited greater changes in expression of genes involved in isoprenoid biosynthesis, in
particular putative terpene synthases. These were mainly genes encoding putative diterpene and
sesquiterpene synthases, suggesting that the di- and sesquiterpene synthases may represent
important differences between these two species. However, most studies to date have
concentrated on monoterpenes. For example, lodgepole seedlings were reported to contain
greater levels of total monoterpenes in comparison to jack pine seedlings (Arango et al. 2016).
The same study demonstrates that lodgepole pine seedlings inoculated with G. clavigera,
developed longer lesions and experience greater loss of stem hydraulic conductivity, and the
authors suggest that G. clavigera is able to better colonize lodgepole pine. Given that the amount
of total oleoresin which accumulates in response to pathogen challenge is often a marker of the
strength of overall tree host resistance to pathogen challenge, the higher fold change in
expression of sesquiterpene synthases and diterpene synthases that we observed in jack pine
compared to lodgepole pine may contribute to jack pine’s ability to better contain G. clavigera.
However, Arango-Velez ef al. (2016) propose that lodgepole pine mounted a more rapid response
to G. clavigera compared to jack pine. We identified early upregulation of ERF-like and JAZ-like
TF’s, along with several osmotin-like genes in lodgepole pine. Given that these regulators are
expressed later in jack pine, we suggest they are important in both species defense responses to
G. clavigera. We propose that early expression of these regulators and defense response proteins
in lodgepole pine seedlings indicates earlier recognition of G. clavigera effector molecules by
NB-LRR proteins which leads to earlier induction of pathogen specific JA and ethylene signaling
pathways, and a more rapid response to inoculation on the part of lodgepole pine.

Gene expression profiles suggested that activation of defense response pathways in

response to G. clavigera occurs through the signaling action of JA and ethylene rather than
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through the SA pathway. This gene expression data is supported by hormone profiling carried
out by Arango-Velez et al. (2016), who demonstrated increased JA levels in both lodgepole and
jack pine inoculated with G. clavigera. We also observed that water-deficit conditions influence
defense responses by attenuating expression of some inducible defense-related genes, while
simultaneously increasing expression of some defense related genes which, under well-watered
conditions, played a constitutive role in response to inoculation. While upwards and downwards
shifts in gene expression are expected in any system responding to external stress, we observed
that water deficit specifically influences the expression of genes known to play a role in tree host
defense.

We propose that water deficit modulates defensive signalling pathways through the action
of ABA (Fig. 4.1), a well characterized stress hormone that shows dramatically increased levels
in lodgepole and jack pine trees subjected to water deficit (Arango-Velez ef al. 2016). The JA
signaling pathway comprises two branches termed the ERF branch and the MYC branch (Pieterse
et al. 2012; Broekgaarden et al. 2015). The ERF branch is believed to promote expression of
necrotrophic pathogen response genes, and the MYC branch is believed to promote expression of
wounding response genes. The MYC branch is favoured in the presence of ABA (Pieterse ef al.
2012; Broekgaarden et al. 2015) (Figure 5.1). Increased levels of ABA were previously reported
in phloem tissue of lodgepole and jack pine seedlings inoculated with G. clavigera under water
deficit compared to those inoculated under well-watered conditions (Arango-Velez et al. 2016).
We propose that in well watered lodgepole and jack pine seedlings, the ERF branch of the JA
signalling pathway is activated to a greater degree than in seedlings under water deficit, due to
lower levels of ABA in well watered tissues. Alternatively, under water deficit conditions,

increased levels of ABA promote the MYC branch of the JA signalling pathway.
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Figure 4.1: Conceptual model of defense signalling pathways in lodgepole and jack pine bark in
response to inoculation with G. clavigera. Panel A: Inoculation of a lodgepole or jack pine host
under well watered Panel B: Inoculation of a lodgepole or jack pine host under water deficit

conditions. When inoculated, jasmonic acid (JA) and ethylene (ET) accumulate in response to
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necrotrophic pathogen challenge (Pieterse ef al. 2009). In the presence of JA, COI1 is targeted for
degradation, allowing JAZ-like TFs to induce expression of MYC-like TFs which in turn induced
expression wounding responsive genes (Chini et al. 2007; Thines et al. 2007; Dombrecht ef al.
2007; Broekgaarden et al. 2015). In the presence of ethylene (ET), ERT-like histidine kinases are
deactivated, which deactivates CRT-like histidine kinases and allows EIN2-like TF’s to induce
expression of EIL3-like TFs which in turn induces expression of ERF-like TFs (Binder 2008;
Qiao et al. 2009; Solano et al. 1998). MYCs and ERFs work antagonistically to inhibit one
another’s expression (Zhang et al. 2014; Song et al. 2014). Under well watered conditions (panel
A) JA and ET work synergistically to induce expression of ERFs, which activates expression of
genes involved in necrotrophic pathogen defense response, and inhibiting the action of MYC
TFs. Under water deficit conditions (panel B) we hypothesize that abscisic acid (ABA)
accumulates in the phloem tissue, and promotes expression of MY Cs which inhibits the action of
ERF TFs reducing expression of genes involved in necrotrophic pathogen defense response and
increasing expression of genes involved in response to wounding (Vos et al. 2013). Panel C &
D: Inoculation of lodgepole and jack pine under water deficit conditions. lodgepole pine (panel
C) is the more isohydric species, and is likely more sensitive to ABA than jack pine (panel D).
This results in greater promotion of MYC TFs and downstream wounding response genes in
lodgepole compared to jack pine, as well as greater inhibition of the ERF JA signalling branch

and downstream necrotrophic pathogen response genes in lodgepole compared to jack pine.

We observed attenuation of some inducible defense genes under water deficit conditions,
and we suggest this is due to inhibition of the ERF JA signalling branch in the presence of ABA,
resulting in reduced expression of necrotrophic pathogen response genes under water deficit
conditions. We also observed increased expression of some defense related genes which were
constitutively expressed under well-watered conditions, and we suggest this is due to promotion
of the MYC JA signalling branch in the presence of ABA, resulting in increased expression of

wounding responsive genes under water conditions.
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To add further support to our model, microarray analysis revealed that expression of a
putative MYC gene increases under water deficit in both lodgepole and jack pine, and expression
under water deficit increased earlier in lodgepole seedlings at 1 dpi, but later in jack pine at 7 dpi.
We propose that accumulation of ABA in the more isohydric lodgepole pine results in earlier
upregulation of a MY C-like genes, and therefore impacts expression of defense related genes to
greater extent than jack pine. This results in greater downstream increases of wounding
responsive genes and greater inhibition of necrotrophic pathogen responsive genes observed in
lodgepole compared to jack pine. However, further qRT-PCR expression analysis of MY C-like
genes in jack and lodgepole pine after inoculation with G. clavigera is be required to confirm this
pattern of expression. Additionally, qRT-PCR analysis of of MYC-like genes in jack and
lodgepole inoculated with G. clavigera and subjected to exogenous application of ABA would be
required to confirm a causal link between increased expression of MYC in the presence of
increased ABA.

Using transcriptome assemblies, we identified members of the chitinases gene family in
loblolly, lodgepole and jack pine, and investigated their corresponding expression patterns in
response to G. clavigera. We observed that biochemical classification, based on the presence or
absence of conserved amino acid sequence motifs, corresponded to phylogenetic relationships,
and we determined that the phylogenetic relationships among members of pine chitinase gene
families is similar to the relationships described for the white spruce and Norway spruce chitinase
gene families (Galindo-Gonzalez et al. 2015). We also observed that the expression patterns of
pine chitinases reflect phylogenetic relationships. Interestingly, under water deficit conditions,
expression patterns among the chitinase gene family mirrored global patterns described by the
microarray data. Class I and class IV chitinases were highly induced in response to inoculation

but this response was attenuated under water deficit conditions, whereas for some class II and
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class VII chitinases, expression was induced only in seedlings inoculated under water deficit
conditions. Given that different classes of chitinases play different biological roles in the plant
(Veluthakkal et al. 2012), we propose that chitinases are specialized to play different role in
defense response, and that some members of the chitinase gene family form part of the
necrotrophic pathogen defense response, while others form part of the wounding defense
response. We propose that diversification of the pine chitinase gene family evolved as a
mechanism to better tailor defense responses against a wide range of pests and pathogens, which
long-lived pine encounter over their lifetimes. Further investigation into the enzymatic functions
of different pine chitinase members will be required in order to test the hypothesis that they play
different roles in defense response.

Finally, we examined the allelic variation of three putative orthologous pairs of chitinase
genes in individuals from both lodgepole and jack pine sampled from across Canada. We
identified a several changes in the upstream promoter regions of these genes, including
alterations of a MYB binding site, along with CAT and TATA core promoter elements. However
we were not able to sequence farther than 500-800 bp upstream of the transcriptional start site,
and allelic variation in TF binding sites may exist further upstream. Expression analysis of
chitinase genes in response to G. clavigera across populations would be required to confirm if
differences in transcriptional regulation for a unique chitinase gene(s) exists between populations,
and promoter deletion analysis would be required to confirm if allelic variation in the promoter is
responsible for this difference.

We identified allelic variation in the signal peptide, hinge and catalytic domains of class I,
class II and class IV chitinase genes, and frequency of haplotypes differed within and between
lodgepole and jack pine populations. In particular, we observed a spatially explicit pattern of

occurrence for the non-synonymous substitution observed in the catalytic domain of the class IV
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chitinases across lodgepole and jack pine ranges. In order to determine if any of the alleles
observed in eastern lodgepole pine populations within MPB’s traditional range are a result of
selective pressure, the alleles we reported will need to be compared to frequencies of neutral
markers. For all three putative orthologous chitinase pairs, we observed a distribution of
haplotypes suggestive of differentiation between western-lodgepole and eastern-jack pine
populations. Calculation of Fst values across variant sites in all three orthologous chitinase pairs
displayed high levels of population differentiation between lodgeople and jack pine samples. The
greater haplotype variation found within the class IV chitinase across lodgepole pine populations
could be evidence of greater selective pressure on these populations. Lodgepole samples
displayed substantially higher levels of allelic richness across variant sites within the class [V
chitinase compared to jack pine samples. Microarray expression and qRT-PCR data demonstrated
that class IV chitinases display the highest fold change in expression in response to G. clavigera,
and likely play a more prominent role in defense response compared to other classes of
chitinases. Therefore, we would expect greater selective pressure would be placed on class IV
chitinases in comparison to other classes.

Differences between naive and co-evolved pine hosts to MPB and its fungal associates
have been described at the ecological and physiological level (Cudmore et al. 2010; Raffa et al.
2013; Arango et al. 2016). The significant impact of water deficit on pine host defense has also
been described at the physiological level (Lusibrink et al. 2011; Arango-Velez et al. 2014). The
results of this study have revealed that there are substantial differences in the transcriptomic
response of lodgepole and jack pine to MPB fungal associate G. clavigera and these differences
occur among genes that are an important part of defense response. Our results also reveal that
water deficit greatly impacts defense response of both species, however to a greater degree in

lodgepole pine. We have provided evidence of the molecular and genetic mechanisms which
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underlie earlier observations made at at the ecological and physiological level. Furthermore, our
results describe the roles played by different classes of the pine chitinase gene family in response
to G. clavigera, and provide evidence for greater diversification of defense related gene families

in long lived species such as pine.
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6.0 Appendices

Appendix 6.1

Nucleotide sequences of previsously identified conifer chitinases including sequences
from a lodgepole and jack pine from a sanger generated clone library designated as PCO
for lodgepole and PBA for jack pine, as well as odgepole, and white spruce sequences

from NCBI EST data base.

>PCO0111 M10
AATTCGGCCATTACGGCCGGGGAACTGAAAGTTGCAATTAATGCAGTGCTGATATAGAAACGAGTGTCTGCAATATGA
AATCGATGAAGTTCTGCGCGATGGCGATCGCCTTGCTTACAATGGCGACGATGAATATGTATTTTGTATCTGCTGAGC
AATGCGGACAGCAAGCAGGCGGAGCTCTTTGTCCCGGTGGCTTGTGCTGCAGCAAATGGGGATGGTGTGGCAACACGG
ACGCCCATTGCGGGCAGGATTGCCAGAGCCAATGCAGCGGATCGACTCCCACTCCCGGTGGACAGGGAGTTGCATCTA
TCATCACTGAAAGCATTTTCAATGAGTTNTNAAGCACAGAAACGACGCCGGNNGCAAGNCCNAGCGNNTTCTACACNT
ANTNTCCCTTCATTGCAGCTGCCAATGCTTTTCCTTCCTTCGGCACCACCGGCGATGTCGCTACTCGGAAAAGAGAGC
TCGCTGCTTTCTTTGGCCAAACCTCCCACGAAACCACAGGAGGATGGGCGACAGCCCCAGACGGCGCGTACGCGTGGG
GTTATTGTTTCAAAGAGGAGCAAGGCAATCCTCCCGCCGAGTACTGCCAGGCAACCTCCCAGTGGTCCTGTGCATCTG
GAAAGAGATACTACGGACGAGGGCCCGTTCAATTGTCATGGAATTACAACTATGGACCGGCCGGGAAGGCAATCGGAT
TCGATGGCATAAACAACCCCGACATTGTTGCTAGCGATGCCACGGTCTCTTTCAAGACCGCAATCTGGTTNTGGATGA
CCGCCCAATCTCCGAAACCTTCTTGCCACGATGTCATGACCGGGAAATGGACTCCGTCCGGCAGCGACAGCGCCGCTG
GGAGAGCTGCGGGATATGGAGCAGTTACCAACATCATCAACGGCGGGCTGGAGTGCGGGAAAGGCAGTGACTCGAGGC
AGCAGGATCGCATCGGCTTCTACAAAAGATACAGTGACATTCTTGGGGTGAGCTACGGATCAAACCTGGATTGCAACA
ACCAGAGGCCTTTCGGCGCTGCAGTTCAATCTGAACCTCGTCTTATCAAAACCGTGGTCTGAACACTTCTCATAAATC
CGAGATTTCGGATTAGCAGCAGTTCGATCTCCATCTGTGTTCCAAGTTGCCATAATAAGATATAATAAAATCCNNNNN
NNNNNNNNNAAAAAAAAA

>PC0024 012

ATATGCCCGGGAATTCGGCCATTACGGCCGGGTGGAGAGTAG
TAGAGGTAACTCGGTAATGGTGCTGGTGGTGGTGCTAGTCCTGCTACTGG
CGGGTGTCAGTGTTAATGCTCAAAACTGTGGCTGTGCCAGCGGACTGTGT
TGCAGCAAGTTTGGATATTGCGGGACCACCTCTGCTTACTGCGGCGGATGGCTGCCAGAGCGGTCCTTGTACCAGTTC
AGGAGGAGGATCTCCCAAGTGGCGGAGGTGGAAGCGTGGGTACCATAATTTCCCAGAGTTTCTTCAATGGCCTCGCGG
GCGGAGCTGCCAGCTCCTGCGAGGGCAAGGGATTCTACACTTACGATGCTTTCATCGCAGCGGCCAATGCGTATTCTG
GATTTGGCACCACGGGATCCGCAGACGTCACAAAGAGAGAACTCGCGGCCTTCTTCGCTAATGTTATGCACGAAACTG
GAGGGATGTGCTACATCAATGAGAGAACCCCTCCAATGATNTACTGTATGAGTTCAGCCACGTGGCCGTGTGCGAGCG
GTAAGGACTACCATGGACGTGGCCCTCTCCAGTTGAGCTGGAATTACAATTATGGAGCGGCTGGGAAGAACATTGGGT
TCGACGGGGTGAACAACCCAGAGAAGGTGGGGCAAGACTCCACCATTTCGTTCAAGACGGCGGTCTGGTTCTGGATGG
ACAACAGCAACTGCCACACCGCCATAACGTCAGGGCAGGGCTTCGGTGGCACAATCAAAGCCATCAACAGCCAGGAAT
GCAACGGTGGAAACAGTGGGGAAGTGAATAGCAGAGTGAACTACTACAAGAATATCTGTAGCCAGTTGGGTGTGGATC
CTGGAGCCAACGTCTCGTGCTAAATGTCTCTTTTTCTTCATGGCTACTAAATATATATGAATAAGACATCAGTGATCA
TTGATGTCCNTNNCNNNNNNNTAAATAAAAATTGCTCTGCACATCNNNNNNNNNNNNNNNNAAAAAAAAAGGCCGCCT
CGGCCCTCGAGAAGCTTTCTAGACC

>PBA019 012

GGGGGCAAATAATATC
TGTGAGTGGAGAGTCCTAAGAAACTGTTGGCAATGGGGAGTAGTAGCGGT
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AACTCGGCAATGGTGGTGGTGGTGCTAGTCCTGGCTACTGGTGGGCGTTAGTGTTACTGCTCAAAACTGTGGCTGTGC
CAGCGACCTGTGTTGCAGCATGTATGGATACTGCGGGACCACCTCTGCTTACTGCGGCGATGGCTGCCAGAGCGGTCC
TTGTACCAGTTCAGGAGGATCTNTAAGTGGCGGAGGTGGAAGCGTGGGTACCATAATTTCCCAGAGTTTCTTCGATGG
CCTCAAGGGCGGAGCTGCCAGCTCCTGCGAGGGCAAGGGATTCTACACTTACAATGCTTTCATCGCAGCGGCCAATGC
ATATTCTGGATTTGGCACCACCGGATCCGCCGACGTCACAAAGAGAGAACTCGCGGCTTTCTTCGCTAATGTTATGCA
CGAAACTGGAGGGATGTGCTACATCAATGAGAGAAACCCTCCCATGAACTACTGTATGGGTTCAGCCACGTCGCCGTG
TGCGAGCGGTAAGAGCTACTATGGACGTGGCCCTCTCCAGTTGAGCTGGAATTACAATTATGGAGCGGCTGGGCAGAG
CATTGGGTTCGACGGGGTGAACAACCCAGAGAAGGTGGGGCAAGACTCCACCATTTCGTTCAAGACGGCCGTTTGGTT
CTGGATGAAGAATAGCAACTGTCACTCCGCCATAACGTCAGGGCAGGGCTTCGGTGGCACAATCAAAGCCATCAACAG
CCAGGAATGCAACGGCGGAAACAGTGGAGAAGTGAATAGCAGAGTGAACTACTACAAGAATATCTGTAGCCAGTTGGG
TGTGGATCCTGGAGCCAATGTTTCGTGTTAAATCTGTATTTTTTTCCTGCTTGCTAAATATATGAATAAGACATCAAT
GATCGTCGATGTCCATGGCCACTTACTAAATAAAAATTGACTTGCACATCTTTTTCCAAAAAAAAAAAAAAAAAAANG
GCCGCCTCGGCCCTCGAGAAGNNNNTAGNNCATTCG

>JPPBA0221 H13
GGGGACTGTGTTTGAATGTTTCACTGGCGTCGAAGAAGATGAAGGTCTGCGACAAGGGATGGGAATGCAAGGGGACTT
ATTGCTGCAACCAGACTATATCGGAAATTTTCACAGTGGACAATTTCGAAGAACTATTCTCCAAGAGGAATACCCCGG
TGGCTCATGCGGTGGGTTTCTGGGATTACTATTCCTTCATCAACGCGGCTGCACAGTTCGAGGGCATAGGATTTGGTA
CTACTGGAGGACAGGTGATGCAGCAGAAGGAGCTTGCAGCCTTCCTTGGCAATGTTGCAGCTGAAACTTCATGTGGTT
ACAATGTTGCTACTGGTGGTCCAACTGCTTGGGGTTTGTGCTACAAAGAAGAAATGAGTCCGGACCAGCTTTACTGTG
ATCAAAATTTGCTATACCCTTGCGCTCCAGGAGCCAGTTACCATGGACGTGGTGCCCTGCCTATTTACTGGAACTTTA
ACTACGGACCGATTGGTGTAGCACTGAAACTTGATTTGCTTACTAGTCCAGACATGGTGTCAAACAATGCCACGATAG
GATTTCTAACTGCAATGTGGAGGTGGATGAATCCCATCAAGCCAAAACAGCCCTCTGCTCATGATGTGTTTGTGGGTA
ACTGGAAACCAACCAAAAATGACACTGAATCATATAGGCTCCCTGGTTTTGGAATGGTCATCAATGTTCTAAATGGGG
GTTTAGAGTGTGGGGAAAGGGGATATTGATGCAATGAACAACAGGATTTCACATTACCTGTATTTCCTTGATTTG

>JPcontig7707
TTTTTTTTTTTTTTTTAACGAAATGTACCAGCATGCACGAGGTGCTGCAGCGCAACTTTTATTCACCAGTTCGCCATA
GACTTACTCACATTTTCTACTCGCGATTATTTAGTTATATATTTGGCGGCCATGAAAATAGATATTTAGCAAGAGATG
TTGGTTCCCGGATCCACCCCCAACTGGCTACATAATTTCTTGTAGTAATTCACTCTGCTATTCACCTGCGCACTATGT
CCACCGTTGCACTCCCCGCCGTTGATGGCTTTGATTGTCGCACCAAAACCCTGCCCGGAGGTTATGGCAGAATGGCAG
TTGCTGTTCTTCATCCAGAACCACACAGCCGTCTTGAACGAAATGGTGGCGTCTTGCCCCACTTTCTCTGGGTTGTTC
AGGCCGTCGAAGCCAATGTCCTGCCCCGCCGCTCCATAATTGTAATTCCAGGTTAGTTGGATGGGGCCACGCCCATGG
TAGCTCTTCCCGCTCGCACACGGCCACGTGCTGGAACTCTGACAGAAGTTTGACAAAGGATTTATCTCGTTGATGTAG
CACAGTCCTCCAGTTTCGTGCATCACATTAGCGAAGAAGGCAGCGAGCTCTCTCTTCTGGTTGTCGCTGGCACCGGTG
GTGCCAAATCCAGAATACGCATTTGCAGCTGTGATGAAAGCGTTGTAAGTGTAGAAACCCTTGCCCTCGCACGAGCTA
CCAGCAGCATTGGCTAGGCCACTGAAGAAATTCTGAGAAATTATAGTTCCCACGTTTCCACCTCCACCACTTGGAGAT
CCTCCACCTGAGCCGTAACAGGGGCCGCTCTGGCAGCCATTGCCGCAATAAGCAGAGGTGGTGCCGCAGTATCCCCAC
TTACTGCAACACAGTCCGCTGGCGCAGCCACAGTTTTGAGCATAAACAACGTTAACGCTCACGACCACCACTAACAGC
AGCACCATACTCATCCTCAGCACCATATGCTCATAAGGGCTAACAATCACCGATCTACCAGTACGAGTCCCCATTACT
AATAATCGCTCAGGACTCCCACATTCACTCTGAATATCCCC

>LPContig6903

GGGGAGAGCAAAGAAGTACACTCTCTGTGCTAGTGACAGTAGTGATAGACATTAGCCAATATGAGAAATTACCTCCGT
GTTATGACACCGAGCGTTATTATTCTATTGCTCGTTCTTGCCTTCGATGTTGTTTCCATCTGCCGAGGAGATGTTGGG
GATTTTGCCACCCAAGATTTCTTCAATGGAATTTTGTCTGGTGCTTCTGATAGTTGCGCAGGAAAGACCTTCTATACA
TACAATAACTTCATGGACGCAGCCACTGCATTCTCTGGCTTTGGCACAACAGGCGCCGACGTTGACCACAAGAGAGAA
ATCGCTGCTTTCTTCGCCAATATTGCTCACGAGACTTCCAGACTGTGCTACGTTGAGCAAATAGAGAAGTCTGACTAC
TGCGATTCCACCAACAAGAAATACCAGTGTGTGGCGGGAAAGCAGTACTACGGGCGTGGCCCCTTGCAACTCACATGG
AATTATAATTATGATGCAGCTGGTGATTACCTGGGCTTTGATGGCCTGAATCACCCTGAAATTGTAGCCCAGAATGGC
TCAATCTCTTGGAAGACTGCTGTCTGGTTTTGGATGAAGCATAGTAATTGCCACTCTGCTATTACATCTGGACAAGGA
TTCAGGGCAACCATCAAAGCAATCAGTGGGGATGAATGCAATGGTGGAGACTCCGACGCAATTGATGAACGTGTCAAT
TATTATACCAACTATTGCAACGAGTTTGGTGTAGATCCAGGAAGTAATCTTAGCTGTTAAAAGTATATTAATATGCTG
TGACCTCTTGATCTCTGTCAAAGGATCCAGAATAGTTCAAAATACTATATCGATAGAGTCTGATTACCACGGTTAGCA
TTAGCAGGAAACGGATCTATGTGACATGTAAAACGAGACAACATTCAACATGTAAGCACATCCATGCCTTTTGCATGC
CAATGAACTGTGCAAATACAGCAAATTAAGATTAGATTATCTCAGATTTTAAATTTTTGCGGCCATTAATAAGGTAGT
TCATTTTTTCGTTCTTTTTCATCCTGAAAAATAACTATAGTTGCTGTGCTGGTTCGAAAAGCCCAATGGTAAATATGG
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TGAATGGGATGAATCCAGAAATTTAATGTTTACCGCACAAGATTAGATTAATTAGGTGTACCTAATATTAGTGCATTT
GGTGCCACATTGATTTTATATTTCAGGGATGATTTATACTTTTTCTAGCATTAAATAAGATGCTGCTTTTTGGTTAAA
AAAAAAAAAAAAGAAAAAAAAAAAAAAAA

>JPContig8129
TTTTTTTTTTTTTTTTACCTTAATTTGCTGTATTTGCACAGTTTATTGGCATGCAAAAGGCATGGATGTGCTTACATG
TTGAAAGAAAGAGAATGTTGTCTTGTTTTACATGTCACATAGATCCGTTTCCTGCTAATGCTAACCGTGGTAATCAGA
CTCTATCGATATAGTATTTTGAACTATTCTGGATCCTCTGACAGAGATCAAGAGGTCACAGCATATTAATATACTTTT
AACAGCTAAGATTACTTCCTGGATCTACACCAAACTCGTTGCAATAGTTGGTATAATAATTGACACGTTCATCAACTG
AGTCGGAGTCTCCACCATTGCATTCATCCCCACTGATTGCTTTGATGGTTGCCCTGAATCCTTGTCCAGATGTAATAG
CAGAGTGGCAATTACTGTGCTTCATCCAAAACCAGACAGCAGCCTTCCACGAGATTGAGCCATTCTGGGCTACAATTT
CAGGGTGATTCAGGCCATCAAAGCCCAGGTAATCACCAGCTGCATCATAATTATAATTCCATGTGAGTTGCAAGGGGC
CACGCCCGTAGTACTGCTTTCCCGCCACACACTGGTATTTCTTGTTGGTGGAATCGCAGTAGTCAGACTTCTCTATTT
GCTCAACGTAGCACAGTCTGGAAGTCTCGCGAGCAATATTGGCGAAGAAAGCAGCGATTTCTCTCTTGTGGTCAACGT
CGGCGCCTGTTGTGCCAAAGCCAGAGAATGCAGTGGCTGCGTCCATGAAGTTATTGTATGTATAGAAGGTCTTTCCTG
CGCAACTATCAGAAGCACCAGACAAAATTCCATTGAAGAAATCTTGGGTGGCGAAATCCCCAACATCTCCTCGGCAGA
TGGAAACAACATCGAAGGCAAGAACGAGCAATAGAATAATAACGCTCGGTGTCATAACACGGAGGTAATTTCTCATAT
TGGCTAATGTCTATCACTACTGTCACTAGCACAGAGAATGTACTTCTTTGCTCTCCCCC

>LPContig2984
TTTTTTTTTTTTTTTTGAGCTCTAAAGAAAAACTTTTGTTCCATTTCCACTGTTTCTAGGGCGATGTTTACACGTCAA
TCTCACCTTTCATCTTCGGTGCTTAAGACTTGCTTTAATCAATTTCCATCTAATAACTAAAACACAATTTGTTTACAT
TTTTTATCGCAACAATATAGAATGAATGGCTGTAGCCGATATGGATTTCTAAGTAATTCATTATTCACAAAAATTCAG
AACAATTTGACATCCAGACTGACTTTGCATGAGCAGCTTCTATTCAAGCCTCTCTTAAATCATTAATAACTGAAGTCC
ATCTTCAATATGGATATAGAGTACTGATGCCATAAGTGATATTCACGATCTTCAGTCTTGCCTTTTTTCTCCAGCAGC
ATTGGATACAGGTGGAAGCGAAACATAATGTAGAATCTTCTGTACGACAAGAACATCAAGTTGAAACCTCTCTGCAAT
ACCTTTAGCATCCATTGACTTCTCTTGATTTTCTGCTTTGCCTTCATGAAGGAGCAACATTTGGTGAAGTTGGGCAAC
AGTTAATGTTCCAGGAGCCAAGATTTTCTCCCCATTTGGACCTGTATTAACACTAGTATTTCGAAGCTTTGGCAATGG
TCTATTATATTTTGGCACAACTGCAGCATCACCCATTTCTGCTGGCCCTCCGGGCTTAACCTTGACACGTCCAAACAT
CTCATTCAGCATTACATCATAACTTGGGTCTCTCTGTTCCAAAACATTAGAATCAGGAGCCTGATTAGGATCTGCCTT
GGGATCCCAATTCGGGTTATTCACTGGTATGGAATCTTGGGACTTGGATTGTGATGGAGGTCTGCTGAATAGCTCGGG
CTTGTGATCTTTAACAGAAGATGATTTTGTTGGTGCCGTGGGATTCGCACTTCTGAGCCACCCTGTTGCTCTACGTAG
AGTCTGCCCCATGTTTTCTTCAGTTAAATAAGATCAATCCAGAAGCCTTGAGCTCTTCATGTGTGTAAATACAGGCCT
TACACCTGCTACGTCTCGTCTCTCGACACATTTGGTTGTGACTGTTTGATTTGAAGCTCAAACAACTGTAAACTGTAA
AGTATTACGAAAATAGACACCCCCC

>LP-Contig3900
TTTTTTTTTTTTTTTTATTTTATTTTAATTTTTTTTCAAAAGAATGATACATGTTTATACAATGATATATGTTTATAC
AGATATTTCAGGCCTCGGCAATAGCTGGCTTGCACAAAATAACAAATAACATATTTTCATCATGTGATCCACAATAAT
TAAATTAAGTCGTTGCACAAATAGCGTCTTAGAAAGCGCTGCTGGTATATTTTACATAACCGGCAACAAACCTTATCA
CGATCACCTACAAATAGGAAGAGAGAGCCATTCTATTATTTCATCACTGAACGGAACCAAACTTCCTAACTGTGAAAT
AAAGAGCCCAAACAATACACATAATGGTCAAAGGCATGCTCCTTTATTTACCCTACTATCAATTGGATCAAGGATGGC
CTTGGATAGATAAAACTACAGACTGCCAGCTAACGAGAGGTGGTAGAAGTTGATACAGGGTTAAGAGGAACTTGCTGG
CCACAATCAAGATTATCACCAGCTTGTTCTCGTCCAACGCCCAGCAAATCAAGGAAATACAGGTAATGTGAAATCCTG
TTGTTCATTGCATCAATATCCCCTTTCCCACACTCTAAACCCCCATTTAGAACATTGATGACCATTCCAAAACCAGGG
AGCCTATATGATTCAGTGTCATTTTTGGTTGGTTTCCAGTTACCCACAAACACATCATGAGCAGAGGGCTGTTTTGGC
TTGATGGGATTCATCCACCTCCACATTGCAGTTAGAAATCCTATCGTGGCATTGTTTGACACCATGTCTGGACTAGTA
AGCAAATCAAGTTTCAGTGCTTCACCAATCGGTCCGTAGTTAAAGTTCCAGTAAATAGGCAGGGCACCACGTCCATGG
TAACTGGCTCCTGGAGCGCAAGGGTATAGCAAATTTTGATCACAGTAAAGCTGGTCCGGACTCATTTCTTCTTTGTAG
CACAAACCCCAAGCAGTTGGACCACCAGTAGCAACATTGTAACCACATGAAGTTTCAGCTGCAACATTGCCAAGGAAG
GCTGCAAGCTCCTTCTGCTGCATCACCTGTCCTCCAGTAGTACCAAATCCTATGCCCTCGAACTGTGCAGCCGCGTTG
ATGAAGGAATAGTAATCCCAGAAACCCACCGCATGAGCCACCGGGGTATTCCTCTTGGAGAAGAGTTCTTCGAAATTG
TCCACTGTGAAAATTTCCGATATAGTCTGGTTGCAGCAATAAGCCCCCTTGCATTCCCATCCCTTGTCGCATATCTTC
ATCTTCTTCGACGCCAGTGAAACATTCAAACACAGTGCCAATGCCAACAAAACAACCAAACAAATCCTTCCCATCGCC
ATGACAGGCAAGATCTCCGCCAGATCTAGGAAGATTTTGAAGCTTAATCCCAATATTCGGGCCCC
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>1.GQ0183 A06.2 clone=GQ0183 A06 cluster=GQ0183 AO6 status=complete
gb=BT102361 date=2009-11-25
GTCAGATCTGTCTAATAACATACATACAGATACTGCAGTTGAGGGAGATGCCCTTATCCAGCACAAATCTCAGCTTTG
GATTTCATCGAGAAGCTGAAAAAATCCTCACATCTAAATGCGGCTCAACTTTCATCAAGCTTCTTCATATTCAAGGGG
TTCCTCTCAGAGGGAATAAATGTAGTCGATGATATTATTCTTGGCGAAGCAAAGACAATTGCTTGTCTTTATTATTCT
CTCAGATATTTTGGAAAGATTCGAAACCCTTTATCCCAAAGGAGAGGAGTTGGTCCAAATATTAAAGGGGAAGCAATA
GAATTGATAGTACATGGGTCCATCATTGAAATTTAAAAATTTTCAAGGATATTCAAGGGATCAAAGATGTTTGATTGA
ATGAAAATAAGGATCCATTGGATATATCTGCATCAAAATTGGACTTAATGTATAATTATATCTGCATCAAAATTGGAT
TTTAGGTAGAAATTAAAAAGGAATACTTGAGTTAGTTATTGCTTATTGTTTAGCATGGGAGTTGAGATACTTGAGTTA
GTTATTGTGTAGCATGGGAGTTGAGATACTTGAGTTAGTTATTGTGTAGCATGGATTAGCAATGTATGAGTCCTTATC
GGGACTAAATGTAATATTGGGAACAGAGTTGGTAATGTTTATTTGGCTGAAGCTCATGCATGAGCCTGAGGCTTTGGA
TTCTCTTGTTGAGACTTTTGATTAANAAAAAAAAAAAAAAAAAAAAAATTAATGCAGTGCTAAGACGTTAACGAGTGT
CCGAGAGATGAAATCGATTCGGTTCTCCGCGATGGCGATCGCCTTGGTTACAATGGGGACAATGAATTTGTATTTTGC
GTCTGCAGAACAATGCGGACGGCAAGCAAGCGGAGCGCTCTGTCCCGGTGGCTTGTGCTGCAGCAAATGGGGATGGTG
CGGCAACACAGAGGCCCATTGCGGGCAGGATTGCCAAAGTCAATGCGGAGGATCGACTCCCACGCCTCCCTCACCCAC
TCCCGGTGGACAGGGAGTCTCATCTGTCATCACTGAAAGCATTTTCAACGATTTATTGAAGCACAGAAACGACGCCGC
TTGCAAGGCCAAAGGATTCTACTCCTACGCCGCCTTCATTGCGGCTGCCAATGCTTTCCCCGCTTTCGGCACCACAGG
CGATCTCTCTACTCGGAAAAGAGAGCTCGCTGCTTTCTTTGGCCAAACCTCCCACGAAACCACAGGCGGATGGCCGGC
GGCCCCAGACGGCCCGTACGCGTGGGGTTATTGTTTCAAAGAGGAGCAAGGCAATCCTCCCGGCGAGTACTGCCAGGC
ATCTTCCCAATGGCCCTGCGCATCTGGAAAGAGATACTACGGACGAGGGCCCGTTCAAATATCATGGAACTACAACTA
TGGACCGGCCGGGAGGGCAATTGGGTTCGATGGCATAAACAACCCGGACATTGTTGCGAACGATGCCACGGTCTCTTT
TAAGACGGCAATGTGGTTTTGGATGACCGCCCAGTCTCCAAAGCCTTCTTGCCACGACGTGATGACCGGGAGATGGAG
TCCGTCTGGCAGAGACAGCGCCCCCGGGAGAGCGGCGGGATATGGAGTGGTAACAAATATCTTCAACGGCGGGTTGGA
GTGCGGGAAAGGCAGCGACTCGAGGCAGGTGGACCGCATCGGGTTTTACAAAAGATATTGCGACATTTTCGGGGTGAG
ATACGGATCAAACCTGGAGTGCAACACCCAGAAGCCTTTTGGATTTGCGGGTCAATCTCAACCTCACCTTATCAAAAC
CGTGGTTTAAATACTGTTTATAAATCTGAGATTTGTGGGGGCGCTTGCGTTGTTAGGGTTAAAGCAGTTGGATCTCCA
TCTGTTTGCCCTAATAAAATAGAATAAAGTCCCTATAAATTAACTCTCTAAAAAA

>2.GQ03811 E13.2 clone=GQ03811 E13 cluster=GQ03811 E13 status=complete
gb=BT117024 date=2009-11-25
CAGAACACCGCACTTTTCTTTGTGTCTGTGCAAGTGATAAGAATAGTACTGATAGACAATAGTCGCCAATATGGCAAC
TCATTTCCGTGTGAACGTTATTTTTCTATGGCTTGCTTTTGCCCTTTCTGCTCTTTCCATCTGCCGTGGAGCAGTTTC
GGATATTGCTACCCAAGATTTCTTCAATGGAATTTTATCTGCTGCTACTGATGGCTGCGCAGGAAAGACCTTCTATAC
ATACAGTGATTTCATTACTGCGGCCAATGGATTCTCCGGCTTTGGCACAACTGGGACCTCCGATGACAACAAGAGAGA
AATTGCTGCTTTCTTCGCCAACGTTGCTCACGAGACTACCAATCTGTGCTACGTGGAGGAGATCGCCAAGAGCGACTA
CTGCTCCAGCAATACACAATATCCATGCGCATCCGGACAGCAATACTACGGCCGCGGCCCCTTGCAACTCACAGGARAA
TGCAAACTATGGTGCAGCTGGAACTTATCTGAGCGCGGATTTGCTGAATAACCCTGGATTGGTGGCTCAGGACGACCT
AACCTCGTGGAzZGGCTGCGCTCTGGTTTTGGAATGTGAACAGCAATTGCCACACTGCTATTACGTCCGGTCAGGGATT
TGGGGCAACCATTCAAGCAATCAACGGAGCGATAGAATGCAACGGTGGAAACACCGACCAAGTTAATGACCGCATCAG
TCGCTACACCAACTATTGCAGTCAGTTTGGTGTAGACCCAGGAAGCAACCTTAGCTGTTAACTTAACGGTTAACAATA
ATTAGCCAGTCCCTTTTGATCGTAGCTATCACATCACGTCTCAGTAATAACGAATATTAAATATTTTCTCTCACTCAA
TAATAGTGATAGAGGCTAATAATTACCGTTACTGGTATTTAGCAGAACAGAGTAGGGTTCGACTCATGTCGTATGTAC
GGTGACTCAAAATCCTGCGACTCTAAATAAAAGGATAAATTTCGCATATTCCCACCGCCAAAAAA

>3.6003206 D15.1 clone=GQ03206 D15 cluster=GQ03206 D15 status=complete
gb=BT109235 date=2009-03-31
AATCAACAAGTCAAATAATCAGAGCCAGTGGGTAGTCTTAAGGAATTATTGGCAATGGGGAGTAGTAGTAGTAATAAA
TCGGTAATGGCGCTGGTGCTAGTGCTGTTACTGGTGGGCGTCAGTGTTAATGCTCAAAACTGTGGCTGTGCTAGCGGA
GTGTGTTGCAGTCAGTATGGATACTGCGGGACAACCTCTGCTTACTGCGGGAAGGGCTGTAAGAGCGGTCCCTGTTAC
AGTTCAGGAGGAGGATCTCCGAGTGCCGGGGGAGGAAGCGTGGGGGGCATAATTTCCCAGAGTTTCTTCAATGGCCTT
GCGGGTGGAGCTGGCAGCTCCTGCGAGGGCAAGGGATTCTACACTTATAACGCTTTCATCGCAGCGGCCAATGCGTTT
TCTGGATTTGGCACCACCGGATCCAACGACGTCAAAAAGAGAGAACTGGCCGCCTTCTTCGCTAATGTAATGCACGAA
ACTGGAGGGCTGTGTTACATCAACGAGATAAACCCTAAAATAATCTACTGTCAAAGTTCAAGCACGTGGCCGTGTACG
AGCGGTAAGAGCTACCATGGACGTGGGCCTCTCCAGTTGAGCTGGAATTACAATTATGGAGCGGCTGGGAAGAGCATT
GGGTTCGACGGGCTGAACAACCCAGAGAAGGTGGGGCAAGACTCCACCATCTCGTTCAAGACGGCCGTGTGGTTCTGG
ATGAAGAATAGCAACTGCCACTCCGCCATAACCTCAGGGCAGGGCTTTGGTGGCACAATCAAAGCCATCAACAACATG
GAATGCAACGGCGGAAACAGTGGCGAAGTGAGCAGCAGAGTGAACTACTACAAGAAAATATGTAGCCAGTTGGGTGTC
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GACCCTGGAGTCAATGTCTCCTGCTAAATTTGTCTTCTGTTCATGGCTGCTAAGTATATCAATAAGATGTCAATGATC
ATTGATGTCCATGGCTTCTAGTAAATAAAAATTGCACTGCACCTCTCGTGGCGTGCATCTAGATTCTCTCAAAAAA

>4.GQ03803 J20.1 clone=GQ03803 J20 cluster=GQ03803 J20 status=complete
gb=BT116631 date=2009-03-31
ACCAACACATCAAATATTCAGAGTGAATGTGAGAGTGCTGAGCAATTATTAGCAATGGCGGGTAGTAGTGGTAAATTT
GCTAGTCCTCGTGGCCGTGTGGTGGTGAGGATGAGTCTGGTGCTACTGCTGGTGGTGGGCGTGAGCGTTAACGTTGTT
AACGCCCAAAACTGTGGCTGTGCCAGCGGACTGTGTTGTAGTAAGTGGGGATACTGCGGCACCACCTCTGCTTATTGC
GGCAATGGCTGCCAGAGCGGACCCTGTTCTGGCGGAGGATCTCCAAGTGGCGGAGGTGGAAACGTGGGGACTATAATT
TCTCAGAATTTCTTCAATAGCCTTGCGAGCGGAGCTGGTAGCTCCTGCAAGGGCAAGGGATTCTACACATACAACGCT
TTCATCGCAGCTGCCAATGCGTATTCTGGATTTGGCACCACCGGTTCCAACGAGGTACAGAAGAGAGAGCTTGCTGCC
TTCTTCGCAAATGTAATGCACGAAACTGGAGGACTGTGCTACATCAACGAGATAAGTCCTTCATCAAACTACTGTCAG
AGTTCAAGCACTTGGCCATGTACGAGCGGGAAGAGCTACCATGGGCGTGGGCCCCTCCAAATAAGTTGGAATTACAAT
TATGGAGCGGCGGGGCAGAGCATTGGGTTCGACGGGCTGAATAACCCAGAGAAGGTTGGGCAAGACGCCACCATCTCG
TTCAAGACAGCGGTGTGGTTCTGGATGAAGAACAGCAACTGCCATTCTGCCATAACCTCCGGGCAGGGCTTCGGTGGG
ACAATCAAAGCCATTAACAGCGGGGAATGCAACGGTGGAAACAGTGGCCAAGTGAATAGCAGAGTTACTTACTACAAG
AAATTCTGTAGCCAGTTGGGGGTGGATACCGGAACCAACGTCTCCTGCTAAATATTTCTCTTCATGGCTGCCAAATAT
ATAAATAAATAAATGCAAGAAGAAAATGTGACTGTCTATATAACAGTCTGTTATATAACTAGCACAGTCGCTAACTCG
TGGCTGAGAACGCCGAAAGATAGTGGCTGATAACGCCTGTCCTCAATACATTGAGAATGTGTGTCTCTAATATAAAAC
GTTTGTGGTAATCTGTTTGTGGTAATAAAAAA

>5.G6Q0183 A06.2 clone=GQ0183 A06 cluster=GQ0183 AO6 status=complete
gb=BT102361 date=2009-11-25
GTCAGATCTGTCTAATAACATACATACAGATACTGCAGTTGAGGGAGATGCCCTTATCCAGCACAAATCTCAGCTTTT
GGATTTCATCGAGAAGCTGAAAAAATCCTCACATCTAAATGCGGCTCAACTTTCATCAAGCTTCTTCATATTCAAGGG
GTTCCTCTCAGAGGGAATAAATGTAGTCGATGATATTATTCTTGGCGAAGCAAAGACAATTGCTTGTCTTTATTATTC
TCTCAGATATTTTGGAAAGATTCGAAACCCTTTATCCCAAAGGAGAGGAGTTGGTCCAAATATTAAAGGGGAAGCAAT
AGAATTGATAGTACATGGGTCCATCATTGAAATTTAAAAATTTTCAAGGATATTCAAGGGATCAAAGATGTTTGATTG
AATGAAAATAAGGATCCATTGGATATATCTGCATCAAAATTGGACTTAATGTATAATTATATCTGCATCAAAATTGGA
TTTTAGGTAGAAATTAAAAAGGAATACTTGAGTTAGTTATTGCTTATTGTTTAGCATGGGAGTTGAGATACTTGAGTT
AGTTATTGTGTAGCATGGGAGTTGAGATACTTGAGTTAGTTATTGTGTAGCATGGATTAGCAATGTATGAGTCCTTAT
CGGGACTAAATGTAATATTGGGAACAGAGTTGGTAATGTTTATTTGGCTGAAGCTCATGCATGAGCCTGAGGCTTTGG
ATTCTCTTGTTGAGACTTTTGATTAANAAAAAAAAAAAAAAAARAAAAAATTAATGCAGTGCTAAGACGTTAACGAGTG
TCCGAGAGATGAAATCGATTCGGTTCTCCGCGATGGCGATCGCCTTGGTTACAATGGGGACAATGAATTTGTATTTTG
CGTCTGCAGAACAATGCGGACGGCAAGCAAGCGGAGCGCTCTGTCCCGGTGGCTTGTGCTGCAGCAAATGGGGATGGT
GCGGCAACACAGAGGCCCATTGCGGGCAGGATTGCCAAAGTCAATGCGGAGGATCGACTCCCACGCCTCCCTCACCCA
CTCCCGGTGGACAGGGAGTCTCATCTGTCATCACTGAAAGCATTTTCAACGATTTATTGAAGCACAGAAACGACGCCG
CTTGCAAGGCCAAAGGATTCTACTCCTACGCCGCCTTCATTGCGGCTGCCAATGCTTTCCCCGCTTTCGGCACCACAG
GCGATCTCTCTACTCGGAAAAGAGAGCTCGCTGCTTTCTTTGGCCAAACCTCCCACGAAACCACAGGCGGATGGCCGG
CGGCCCCAGACGGCCCGTACGCGTGGGGTTATTGTTTCAAAGAGGAGCAAGGCAATCCTCCCGGCGAGTACTGCCAGG
CATCTTCCCAATGGCCCTGCGCATCTGGAAAGAGATACTACGGACGAGGGCCCGTTCAAATATCATGGAACTACAACT
ATGGACCGGCCGGGAGGGCAATTGGGTTCGATGGCATAAACAACCCGGACATTGTTGCGAACGATGCCACGGTCTCTT
TTAAGACGGCAATGTGGTTTTGGATGACCGCCCAGTCTCCAAAGCCTTCTTGCCACGACGTGATGACCGGGAGATGGA
GTCCGTCTGGCAGAGACAGCGCCCCCGGGAGAGCGGCGGGATATGGAGTGGTAACAAATATCTTCAACGGCGGGTTGG
AGTGCGGGAAAGGCAGCGACTCGAGGCAGGTGGACCGCATCGGGTTTTACAAAAGATATTGCGACATTTTCGGGGTGA
GATACGGATCAAACCTGGAGTGCAACACCCAGAAGCCTTTTGGATTTGCGGGTCAATCTCAACCTCACCTTATCAAAA
CCGTGGTTTAAATACTGTTTATAAATCTGAGATTTGTGGGGGCGCTTGCGTTGTTAGGGTTAAAGCAGTTGGATCTCC
ATCTGTTTGCCCTAATAAAATAGAATAAAGTCCCTATAAATTAACTCTCTAAAAAA

>6.6001310 K18.3 clone=GQ01310 K18 cluster=GQ01310 K18 status=complete
gb=BT101680 date=2009-11-25
CAACTATAAAGCTGCCGGGGATGCCTTAGGATACGATCTCATAAACAACCCGGAGCTTGTGGTAACCGATGCCACGGT
CTCTTTTAAGACGGCGGTGTGGTTCTGGATGACCCCGCAGTCTCCCAAGCCTTCCTGCCACGACGTCATATTGGGACG
ATGGAGTCCATCCGACACCGACACTGCCGCCGGCAGAGTTCCGGGATATGGAATGGTGACCAACATCATAAATGGCGG
GGTGGAGTGTGGTCAAGGCACATCAAGCGCCACGCAGCAGGGCCGCATCGGCTTCTACCAGACATTCTGCAACAAGCT
GGGCGTCGACTCTGGATCCAACCTCGACTGCAACAACCAGAAGCATTTCGGAAACTAATCTCAAAAATACCAACATTT
GTCGTGCTATCGATGGTATGTCTAATAAATAAATAATCTGAAAATTGTCATAACTGATGGGTCCGTTTGCCGGAGGGT
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TCCCATCCCTGACTTGCGCAATAATTCAATAAATTTCAAAATCTGAAGAATAAATCTTCTCACTATTTCTGTAACTGG
TATAATTAGCATGATGATTTTCTCGATATTTCAAATATTATAGATGTTTTCGAAATGATGGAGTTTTGTTATTTTAAT
CCAATTGATGATTTAAGGTGAATTTAACAAGGCAGCGAGGCTGCGCGTACTGCCTCCTCAGTCTGCCATGAAAATATT
GCCGAATTCCATGGATACAAGCTTCTTCAAGTCCTCAATTGCTGAGCTACTGAATTGAATTGTTCAGTATGATCCTTC
AATATTTAAAGAGCAGAAACTCCTCTTCCTCTGTACTGAGATAAATTCGTAGATACGTATGCATACAGTGTGAGGAGT
CGTGTGGTCAATATCCGATTAGTTGGCGCCCCGAGGGTGCCTTTCTGTCTCCGACTATTCTTGAGACCCAGAGCGAAT
ATTGTGTTAGGTGGTGTTGAGATTCGAACCCACCCCC

>7.GQ03811 E13.2 clone=GQ03811 E13 cluster=GQ03811 E13 status=complete
gb=BT117024 date=2009-11-25
CAGAACACCGCACTTTTCTTTGTGTCTGTGCAAGTGATAAGAATAGTACTGATAGACAATAGTCGCCAATATGGCAAC
TCATTTCCGTGTGAACGTTATTTTTCTATGGCTTGCTTTTGCCCTTTCTGCTCTTTCCATCTGCCGTGGAGCAGTTTC
GGATATTGCTACCCAAGATTTCTTCAATGGAATTTTATCTGCTGCTACTGATGGCTGCGCAGGAAAGACCTTCTATAC
ATACAGTGATTTCATTACTGCGGCCAATGGATTCTCCGGCTTTGGCACAACTGGGACCTCCGATGACAACAAGAGAGA
AATTGCTGCTTTCTTCGCCAACGTTGCTCACGAGACTACCAATCTGTGCTACGTGGAGGAGATCGCCAAGAGCGACTA
CTGCTCCAGCAATACACAATATCCATGCGCATCCGGACAGCAATACTACGGCCGCGGCCCCTTGCAACTCACAGGAAA
TGCAAACTATGGTGCAGCTGGAACTTATCTGAGCGCGGATTTGCTGAATAACCCTGGATTGGTGGCTCAGGACGACCT
AACCTCGTGGAAGGCTGCGCTCTGGTTTTGGAATGTGAACAGCAATTGCCACACTGCTATTACGTCCGGTCAGGGATT
TGGGGCAACCATTCAAGCAATCAACGGAGCGATAGAATGCAACGGTGGAAACACCGACCAAGTTAATGACCGCATCAG
TCGCTACACCAACTATTGCAGTCAGTTTGGTGTAGACCCAGGAAGCAACCTTAGCTGTTAACTTAACGGTTAACAATA
ATTAGCCAGTCCCTTTTGATCGTAGCTATCACATCACGTCTCAGTAATAACGAATATTAAATATTTTCTCTCACTCAA
TAATAGTGATAGAGGCTAATAATTACCGTTACTGGTATTTAGCAGAACAGAGTAGGGTTCGACTCATGTCGTATGTAC
GGTGACTCAAAATCCTGCGACTCTAAATAAAAGGATAAATTTCGCATATTCCCACCGCCAAAAAA

>8.6Q0046 _J03.1 clone=GQ0046 J03 cluster=GQ0046 J03 status=complete
gb=BT100827 date=2009-11-25 (Al3clone??)
CCCTATCTCAATTCCCATTGTATTTCAGGTGAGAGATTGCAATTCGCAGAGGAAGATGGAAACGAAGCAGATTATAGG
GTCGGTCAACAGAATGCTCGTTGTGGTTGGTATTTGTTTAATGATCTCGTCATGGCTTTGCTGTATCGAACCTGCAGC
AGCGGCAGACGAAGATCAGGCGATGAAGTCGAAGAAGATAGCATGTATAAAGGGAGCGGAGTGCAAAAATAAGACCAT
TTCGGAGCTATTCACAGTCGACCAGTTCGAATCTCTCTTCTCTCACCGCAATGCTCCCATGGCGCATGCTCAGGGATT
CTGGGACTACCACTCTTTCATCACCGCGGCGGCCCACTTCGAACCCAAAGGATTTGGTGCCACCGGCGGAGATCTGGT
CCAGAAAAAGGAGCTCGCTGCTTTCTTCGCCCACGTTGCCACTGAAACTTCATGTGAATCGTTGATGGCCCAGAGTTC
CACCGCAACTACAGATTCCCCTACCAAGTGGGGATTATGCTACAAAGAGGAACTCAGCCCAGACAGCACTTACTGTGA
ATCAAGCCTAGTCTACCCGTGTGCTCCTGGAGTCAGCTACCATGGACGGGGAGCTCTGCCAGTATACTGGAACTACAA
TTATGGACAATTAGGGCAGGCTCTGAAGGTGGATTTGTTGCATCATGCCGAGGATCTGTCGCAGAATGCAACATTGGC
GTTCCAAGCGGCCATGTGGAGATGGATGAATCCAATTAAAGTGAAGCAGCCTTCGGCTCATCAAGTGATGGTGGGGAA
GTGGGTTCCCACGAAGAACGACACGAACTCGTTGAGACATCCTGGCTTCGGCATGACCATCAACATTCTCAAGGGAGA
TGCCGAATGTGGAGCCGGCTCCGATGATAAGCAGATGAACAAGAGAATCGCGCATTACCTCTACTTTCTTGACCAGTT
GGACGTCGGTCGAGACAATGCTGGCGACAATCTCGACTGCTCCGACCAAAAAGTTCTAAATCCTTCTTCCGCGTCCAC
TTAGCTAGGGTTCCATTTCTTCAAATAAATGAAGATAAATTTATGGTATTTTTTCTCAGATTTCTCCTGGTATTTCCT
ATATTTCTCCTGGATCGTAATCTGTCTACAATGAAAGCTTTATTTCCTGGTTGGTGCCTGTTTTCTGATCAGAAATCA
GATATTGCACAACAATGTTGATATACAGACGGTATTATTGAGTTTATAATGAAAGCTTTATTTCCTGGTTGGTGCCTG
TTTTCTGATCAGAAATCAGATATTGCACAACAATGTTGATATACAGACGGTATTATGAGTTT

>gi|333601359|gb|HM219843.1| Picea engelmannii x Picea glauca class I
chitinase (Chial-1) mRNA, complete cds
ATGAAGTCGATTAGGTTCTCCGCGATGGCGATCGCCTTGGTTACAATGGGGACAATGAATTTGTATTTTG
CGTCTGCAGAACAATGCGGACGGCAAGCAAGCGGAGCGCTCTGTCCCGGTGGCTTGTGCTGCAGCARAATG
GGGATGGTGCGGCAACACAGAGGCCCATTGCGGGCAGGATTGCCAAAGTCAATGCGGAGGATCGACTCCC
ACGCCTCCCTCACCCACTCCCGGTGGACAGGGAGTCTCATCTGTCATCACTGAAAGCATTTTCAACGATT
TATTGAAGCACAGAAACGACGCCGCTTGCAAGGCCAAAGGATTCTACTCCTACGCCGCCTTCATTGCGGC
TGCCAATGCTTTCCCCGCTTTCGGCACCACAGGCGATCTCTCTACTCGGAAAAGAGAGCTCGCTGCTTTC
TTTGGCCAAACCTCCCACGARAACCACAGGCGGATGGCCGGCGGCCCCAGACGGCCCGTACGCGTGGGGTT
ATTGTTTCAAAGAGGAGCAAGGCAATCCTCCCGGCGAGTACTGCCAGGCATCTTCCCAATGGCCCTGCGC
ATCTGGARAAGAGATACTACGGACGAGGGCCCGTTCAAATATCATGGAACTACAACTATGGACCGGCCGGG
AGGGCAATTGGGTTCGACGGCATAAACAACCCGGACATTGTTGCGAACGATGCCACGGTCTCTTTTAAGA
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CGGCAGTGTGGTTCTGGATGACCGCCCAGTCTCCAAAGCCTTCCTGCCACGACGTGATGACCGGGAGATG
GAGTCCGTCCGGCAGCGACAGCGCCGCCGGGAGAGCGGCGGGATATGGAGTGGTAACAAATATCATCAAC
GGCGGGTTGGAGTGCGGGAAAGGCAGCGACTCGAGGCAGGTGGACCGCATCGGGTTCTACAAAAGATACT
GCGACATTCTCGGCGTGAGCTACGGATCAAACCTGGACTGCAACAGCCAGAAGCCTTTCGGATTTGCGGC
TCAATCTCATCCTCGCCTTATCAAAACCGTGGTTTAA

>gi11333601363|gb|HM219845.1| Picea engelmannii x Picea glauca class II
chitinase (Chia2-1) mRNA, complete cds
ATGGAAACTAGTGTCCGACTAATGAAATCGATGAGGTTCTCCGTGATGGTGATGGCCTTGGTTACAATGG
CGACGATGAATTTCTATTTTGTGTCTGCAGAGCAATGCGGACGGCAAGCAAGCGGAGTGCTCTGTACCGG
CGGCGTACAGGGAGTCTCATCTGTCATCACTGAAAGCATTTTCAATAATTTATTGAAGCACAGAAACGAC
GCCGGTTGCAAGGCCAAAGGATTCTACTCCTACGACGCCTTCATTGCGGCTGCCAATGCTTTCCCTGGTT
TCGGCACCACCGGCGATCTCACTAGTCAGAAAAGAGAGCTCGCTGCTTTCTTTGGCCAAACCTCCCACGA
AACCACAGGCGGATGGCCGACGGCCCCAGACGGCCCGTACGCGTGGGGTTATTGTTTCAAAGAGGAGCAA
GGCAATCCTCCCGGCGAGTACTGCCAGGCGTCCTCCCAATGGCCCTGTGCATCTGGGAAGAGATACTACG
GACGAGGGCCCGTTCAAATATCATGGAACTACAACTATGGACCGGCCGGGAAGGCAGTTGGATTCGACGG
CATAAACAACCCGGACATTGTTGCTAACGATGCCACGGTCTCTTTTAAGACGGCGGTGTGGTTCTGGATG
ACCGAACAGTCTCCAAAGCCTTCCTGCCACAACGTGATGGCCGGGGGATGGGGTCCGTCCGGCAGCGACA
CCGCCGCCGGGAGAGCGGCGGGATATGGAGTGGTAACCAACATCATCAACGGCGGGTTGGAGTGCGGGAA
AGGCAGCGACTCAAGGCAGGAGGACCGCATCGGGTTCTACAAAAGATACTGCGACATTCTTGGCGTGAGC
TACGGATCAAACCTGGACTGCAACAGCCAGAAGCCTTTCGGCTTTGCGGCTCAATCTCAACCTCGCCTTA
TCAAAACCGTGGTTTAA

>g11333601365|gb|HM219846.1| Picea engelmannii x Picea glauca class IV
chitinase (Chia4-1) mRNA, complete cds
ATGGCGCTGGTGCTAGTGCTTTTACTGGTGGGCGTCAGTGTTAATGCTCAAAACTGTGGCTGTGCTAGCG
GAGTGTGTTGCAGTCAGTATGGATACTGCGGGACAACCTCTGCTTACTGCGGGAAGGGCTGTAAGAGCGG
TCCCTGTTACAGTTCAGGAGGAGGATCTCCGAGTGCCGGGGGAGGAAGCGTGGGGGGCATAATTTCCCAG
AGTTTCTTCAATGGCCTTGCGGGTGGAGCTGGCAGCTCCTGCGAGGGCAAGGGATTCTACACTTACAACG
CTTTCATCGCAGCGGCCAATGCGTTTTCTGGATTTGGCACCACCGGATCCAACGACGTCAAAAAGAGAGA
ACTGGCTGCCTTCTTCGCTAATGTAATGCACGAAACTGGAGGGTTGTGCTACATCAACGAGAAGAACCCT
CCAATGAAGTACTGTCAGAGTTCAAGCACGTGGCCGTGTACGAGCGGTAAGAGCTACCATGGACGTGGGC
CTCTCCAGTTGAGCTGGAATTACAATTATGGAGCGGCTGGGAAGAGCATTGGGTTCGACGGGCTGAACAA
CCCAGAGAAGGTGGGGCAAGACTCCACCATCTCGTTCAAGACGGCCGTGTGGTTCTGGATGAAGAATAGC
AACTGCCACTCCGCCATAACCTCAGGGCAGGGCTTTGGTGGCACAATCAAAGCCATCAACAGCATGGAAT
GCAACGGCGGAAACAGTGGCGAAGTGAGCAGCAGAGTGAACTACTACAAGAAAATATGTAGCCAGTTGGG
TGTCGACCCTGGAGCCAATGTCTCCTGCTAA

>gi|333601367|gb|HM219847.1| Picea engelmannii x Picea glauca class VII
chitinase (Chia7-1) mRNA, complete cds
ATGGCAACTCATTTCCGTGTCAACGTTATTTTTCTATGGCTTGCTTTTGCCCTTTCTGCTCTTTCCATCT
GCCGTGGAGCTGTTTCGGATATTGCTACCCAAGATTTCTTCAATGGAATTTTATCTGCTGCTACTGATGG
CTGCGCAGGAAAGACCTTCTATACATACACTGACTTCATTAATGCGGCCAATTCATTTTCTAGCTTTGGC
ACAACTGGGACCTCCGATGACAACAAGAGAGAAATTGCTGCTTTCTTCGCCAACGTTGCTCACGAGACTA
CCAATCTGTGCTACGTGGAGGAGATAGACAAGAGCGACTACTGTGATTCCAGCAATACACAATATCCATG
CGCATCCGGACAGCAATACTACGGCCGTGGCCCCTTGCAACTCACAGGAAATGCAAACTATGGTGCAGCT
GGAACTTATCTGAGCGCGGATTTGCTGAATAACCCTGGATTGGTGGCTCAGGACGACCTCACCTCGTGGA
AGACTGCGCTCTGGTTTTGGAATGTGAACAGCAATTGCCACACCGCTATTACTTCCGGTCAGGGATTCGG
GGCAACCATTCAGGCAATCAACGGAGCGATAGAATGCAACGGTGGAAACCCCGACGAAGTTAATGACCGC
ATCAGTCACTATACCAACTATTGCAGTCAGTTTGGTGTAGACCCAGGAAGCAACCTTAGCTGTTAA

>gi|333601369|gb|HM219848.1| Picea engelmannii x Picea glauca class VII
chitinase (Chia7-2) mRNA, complete cds

ATGGCAACTCATTTCCGTGTGAACGTTATTTTTCTATGGCTTGCTTTTGCCCTTTCTGCTCTTTCCATCT
GCCGTGGAGCTGTTTCGGATATTGCTACCCAAGATTTCTTCAATGGAATTTTATCTGCTGCTACTGATGG
CTGCGCAGGAAAGACCTTCTATACATACACTGACTTCATTAATGCGGCCATTTCATTTTCTAGCTTTGGC
ACAACTGGGACCTCCGATGACAACAAGAGAGAAATTGCTGCTTTCTTCGCCAACGTTGCTCACGAGACTA
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CCAATCTCTGCTACGTGGAGGAGATCGCCAAGAGCGACTACTGCTCCAGCAATACACAATATCCATGCGC
ATCCGGACAGCAATACTACGGCCGTGGACCCTTGCAACTCACAGGAAATGGAAACTATGGTGCAGCTGGG
GATTACCTGGGCGTCGATCTGCTGAATAACCCAGGATTGGTGGCTCAGGACGACCTAACCTCGTGGAAGA
CTGCGCTCTGGTTTTGGAATGTGAACAGCAATTGCCACACCGCTATTACGTCCGGTCAGGGATTCGGGGC
AACCATTCAAGCAATCAACGGAGCGATAGAATGCAACGGTGGAAACACCGACCAAGTTAATGACCGCATC
AGTCGCTATACCAACTATTGCAGTCAGTTTGGTGTAGACCCAGGAAGCAACCTTAGCTGTTAA

>gi 333601371 |gb|HM219849.1|] Pinus contorta class I chitinase (Chial-1)
complete cds
ATGAAATCGATGAAGTTCTCCGCGATGGCGATCGCCTTGCTTACAATGGCGACGATGAATTTGTATTTTG
TATCTGCTGAGCAATGCGGACAGCAAGCAGGCGGAGCTCTTTGTCCCGGTGGCTTGTGCTGCAGCAAATG
GGGATGGTGTGGCAACACGGACGCCCATTGCGGGCAGGATTGCCAGAGCCAATGCGGAGGATCGACTCCC
ACGCCTCCTTCACCCACTCCCGGTGGACAGGGAGTTGCATCTATCATCACTGAAAGCATTTTCAATGAGT
TATTGAAGCACAGAAACGACGCCGGTTGCAAGGCCAGCGGATTCTACACCTACTCTGCCTTCATTGCAGC
TGCCAATGCTTTTCCTTCCTTCGGCACCACCGGCGATGTCGCTACTCGGAAAAGAGAGCTCGCTGCTTTC
TTTGGCCAAACCTCCCACGAAACCACAGGAGGATGGGCGACAGCCCCAGACGGCGCGTACGCGTGGGGTT
ATTGTTTCAAAGAGGAGCAAGGCAATCCTCCCGCCGAGTACTGCCAGGCAACCTCCCAGTGGCCCTGTGC
ATCTGGAAAGAGATACTACGGACGAGGGCCCGTTCAATTGTCATGGAATTACAACTATGGACCGGCCGGG
AAGGCAATCGGATTCGATGGCATAAACAACCCCGACATTGTTGCTAGCGATGCCACCGTCTCTTTCAAGA
CCGCAATCTGGTTCTGGATGACCGCCCAATCTCCGAAACCTTCTTGCCACGATGTCATGACCGGGAAATG
GACTCCGTCCGGCAGCGACAGCGCCGCTGGGAGAGCTGCGGGATATGGAGCAGTTACCAACATCATCAAC
GGCGGGCTGGAGTGCGGGAAAGGCAGTGACTCGAGGCAGCAGGATCGCATCGGCTTCTACAAAAGATACA
GTGACATTCTTGGGGTGAGCTATGGATCAAACCTGGATTGCAACAACCAGAGGCCTTTCGGCGCTGCAGT
TCAATCTGAAGCTCGTCTTATCAAAACCGTGGTTTGA

>gi|333601373|gb|HM219850.1] Pinus contorta class I chitinase (Chia4-1)
complete cds
ATGGGGAGTAGTAGCGGTAACTGGGTAATGGCGGTGCTAGTCCTGCTACTGGTGAGCGTCAGTGTTAATG
CTCAAAACTGTGGCTGTGCCAGCGGACTGTGTTGCAGCAAGTATGGATACTGTGGAACCACCTCTGCTTA
CTGCGGCGCTGGCTGCAAGAGCGGTCCATGTTCCAGTTCAGGGGGAGGATCTCCAAGTGGCGGAGGTGGA
AGCGTGGGAACCATAATTTCCCAGAGTTTCTTCAATGGCCTCGCGGGCGGAGCTGCCAGCTCCTGCGAGG
GCAAGGGATTCTACACTTACAATGCTTTCATCGCAGCGGCCAATGCGTATTCTGGATTTGGCACCACCGG
ATCTGCCGACGTCAGAAAGAGAGAACTCGCCGCCTTCTTCGCTAATGTTATGCACGAAACTGAAGGGATG
TGCTACATCAATGAGATAAACCCTCAAAGTAACTACTGTAATAGTTCAGCCACGTGGCCATGTGCGAGTG
GTAAGAGCTACCATGGACGGGGCCCTCTCCAGTTGAGCTGGAATTACAATTATGGGGCGGCTGGGCAGAC
CATTGGGTTCGATGGGGTGAACAACCCAGAGAAGGTGGGGCAAGACCCCACCATTTCGTTCAAGACGGCT
GTCTGGTTCTGGATGAAGAACAGCAACTGTCACTCCGCCATAACGTCAGGGCAGGGCTTCGGTGGCACAA
TCAAAGCCATCAACAGCCAGGAATGCAACGGTGGAAAGACTGGGGAGGTGAATAACAGAGTGAACTACTA
CAAGAATATCTGTAGCCAGTTGGGTGTGGATCCTGGAGCCAATGTTTCGTGTTAA

>gi|333601375|gb|HM219851.1| Pinus contorta class VII chitinase (Chia7-1)

mRNA, complete cds
ATGGCAACTCATTTCACTGTGCGCGCTGTTATTCTATGGTTTGTTTTTGCCCTTTCCGCTCTTTACATCT
GCCGCGGAGCTGTTTCGGATATTGCTACCCAAGATTTCTTCAATGGAATTTTATCTGCTGCTACTGATGG
CTGCGCAGGAAAGACCTTCTATACATACAGCGACTTCATTAATGCGGCCAATTCATTTTCTAGTTTTGGC
ACGACCGGAACATCCGATGACAACAAGAGAGAAATTGCTGCTTTCTTCGCCAATGTTGCTCACGAGACTA
CCAATCTGTGCTACGTGGAGGAGATAGCCAAGAGCGCCTACTGTGATTCCACCAATACACAATATCCATG
CGCATCTGGACAGCAATACTACGGCCGTGGCCCCTTGCAACTCACAGGAAATGCAAACTATGGTGCAGCT
GGAGCTTATCTGGCAGTGGATCTGCGGAATAACCCTGGATTGGTGGCTCAGGACGACCTAACCTCGTGGA
AGACAGCTCTGTGGTTTTGGAATGTGAACAGCAACTGCCACACCGCTATTACATCCGGTCAGGGATTCGG
GGCAACTATTCAAGCAATCAATGGAGCAGTAGAATGCAACGGTGGAAACACCGCCGAAGTTAACGACCGC
GTCAGTCGTTACACCACCTATTGCAGTCAGCTTGGTGTAGACCCAGGAAGCAATCTTACCTGTTAA

>gi|333601377|gb|HM219852.1| Pinus contorta class VII chitinase (Chia7-2)

mRNA, complete cds
ATGAGAAATTACCTCCGTGTTATGACACTGAGCGCTATTATTCTATGGCTCGTTCTTGCCTTCGATCTTG
TTTCCATGTGCCGAGGAGATGTTGGGGATTTTGCTACTCAAGATTTCTTTAATGGAATTTTGTCTGGTGC

mRNA,

mMRNA,
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TTCTGATAGTTGCACAGGAAAGACCTTCTATACATACAATAACTTCATGGACGCAGCCACTGCATTCTCT
GGCTTTGGCACAACGGGCCCCGACGTTGACCACAAGAGAGAAATCGCTGCTTTCTTCGCCAATGTTGCTC
ACGAGACTTCCAGACTGTGCTACGTTGAGCAAATAGAGAAGTCTGACTACTGCGATTCCACCAACCAGAA
ATACCAGTGTGTGGCGGGAAAGCAGTACTATGGGCGTGGCCCCTTGCAACTCACATGGAATTATAATTAT
GGTGCAGCTGGTGATTACCTGGGCTTTGATGGCCTGAATCACCCTGAAATTGTAGCCCAGAATGGCTCAA
TCTCGTGGAAGACTGCTGTCTGGTTTTGGATGAAGCATAGTAATTGCCACTCTGCTATTACATCTGGACA
AGGATTCAGGGCAACGATCAAAGCAATCAGCGGGGATGAATGCAATGGTGGAGACTCCAACGCAGTTGAT
GAACGTGTCAATTATTATACCAACTATTGCAATGAGTTTGGTGTAGATCCAGGAAATAACCTTAGCTGTT
AA
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Appendix 6.2

>PcChil-1
MKSMKFCAMATALLTMATMNMYFVSAEQCGQQAGGALCPGGLCCSKWGWCGNTDAHCGQD
CQOSQCSGSTPTPGGOGVASIITESIFNELLKHRNDAGCKASGEYTYSAFIAAANAFPSEG
TTGDVATRKRELAAFFGQTSHETTGGWATAPDGAYAWGYCFKEEQGNPPAEYCQATSQWS
CASGKRYYGRGPVQLSWNYNYGPAGKATIGFDGINNPDIVASDATVSFKTATIWEWMTAQSP
KPSCHDVMTGKWTPSGSDSAAGRAAGYGAVTNIINGGLECGKGSDSROQQODRIGEFYKRYSD
ILGVSYGSNLDCNNQRPFGAAVQSEPRLIKTVV

>PcChial-2
TTGDVATRKRELAAFFGQTSHETTGGWATAPDGAYAWGYCFKEEQGNPPAEYCQATSQWP
CASGKRYYGRGPVQLSWNYNYGPAGKATIGFDGINNPDIVASDATVSFKTATIWEFWMTAQSP
KPSCHDVMTGKWTPSGSDSAAGRAAGYGAVTNITINGGLECGKGSDSROODRIGEFYKRYSD
ILGVSYGSNLDCNNQRPFGAAVQSEPRLIKTVV

>PcChial-3
MEGTIGKMSSILLATTLAIFTAMTIVITGLPSVSADDCGKNAGGALCPGGLCCSKYGYCG
NTQAHCGKDCQSQCGGGGSTPTPTPPTPTPTTPTPTPSGOGVASIITEDLENQLLKYKDD
SRCKANGEFYSYDAFINVANAYPGFGTAGDVTSNKRELAAFFGQTSHETTGGWPAAPDGPY
AWGYCLKEEIGTPPPVYCNETAQWPCGSGKSYYGRGPIQISWNYNYGPAGNALGEDGINN
PDIVASDATVSFKTAIWEFWMTAQSPKPSCHDVMTGKWTPSGSDSAAGRVPGYGAVTNIIN
GGLECGKGTVSRQODRIGEFYQRYCDILGVSYGANLDCNNQTPFEGS

>PcChial-4
MKAFWTVTIFILATSLATISAEQCGRQAGNAICPNGLCCSQFGFCGSTPDYCTKNCQSQCS
TGGGGGATPAPSGGGGGDVGSIITEGIFNEMLKYRNDGRCHANGEFYTYSAFISAAKSEGG
FGTTGNDVORKOELAAFLAQTSHETTGGWPSAPDGPYAWGYCEFLKENNQGTFCTSNAYPC
APGKQYYGRGPIQLTHNYNYAQAGKAIGVDLINNPDLVATDATISFKTAIWEWMTPQANK
PRSEE

>PcChiaz-1
MARKMSMKLLLALAAVAIMSTLCYVSEQQGVGSITITEDVEFNEFLKHRNDAACQARDEFYTY
SAFIAATNSEFSDEGNNGDLESRKRELAAFFGOTSQETTGGWATAPDGPYAWGYCEFKEENS
GDKYHGRGPIQLTGDYNYKAAGDALGYDLINNPDLLVTDATVSFKTAVWEWMTAQAPKPS
CHDVILGRWSPSNDDTAAGRVPGYGLLTNIINGGMECGTGTISDROOGRIGFYQRYCSLL
GV

>PcChiaz-2
MAYTNMGRRMSTMRLLLALTAVAIMSSLCCYVSAQQGVASITISEDVENQFLKHRNDAACP
AKGEFYTYTAFIAAANSEFPDEFGNNGDLOSRKRELAAFFGOTSQETTGGWATAPDGPYAWGY
CFKDQVNSGGDRYHGRGPIQLTGDYNYKAAGDALGYDLINNPDLVVNDATISFKTAVWEW
MTAQSPKPSCHDVILGRWSPSATDTAAGRVAGYGMVTDIINGGPECGTGTISDVQKGRIG
FYOQRYCNMLGVAVGSNLDCKNQKPFEGT

>PcChia?2-3
MAMGRICLVVLLALALCLNVSLASKKMKICDKGWECKGAYCCNQTISEIFTVDNFEELES
KRNTPVAHAVGEFWDYYSFINAAAQFEGIGFGTTGGQVMQOKELAAFLGNVAAETSCGYNV
ATGGPTAWGLCYKEEMSPDQLYCDONLLYPCAPGASYHGRGALPIYWNEFNYGPIGEALKL
DLLTSPDMVSNNATIGFLTAMWRWMNPIKPKQPSAHDVEVGNWKPTKNDTESYRLPGEFGM
VINVLNGGLECGKGDIDAMNNRISHYLYFLDLLGVGREQAGDNLDCGQQVPLNPVSTSTT
SR

>PcChiaz-4
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METKQVNRILVVAGICLMMSSWECCIEAAAAAAAADENEETKFKKILCAKATDCKNKTIS
ELFTVDQFESLFSHRNAPLAHAQGEFWDYHSFITAAAHYEPKGFGTTGGDIVQKRELAAFF
AHIATETSCESLMAQAASTAPSDSPTKWGLCYKEELSPDSTYCESSLVYPCAPGVSYHGR
GALPVYWNYNYGQLGOQALKVDLLHHAEYLSONATLAFAAATIWRWMT PMKVKQPSAHQVMV
GKWVPTKNDTEALRLPGFGMTINILKADAECGTDSDDKOMNTRIAHYLDFLDHMDVGREN
AGDNVDCSEQKVLNPSSSAST

>PcChia2-5
MAMGRICLVVLLALALCLNVSLASKKMKVCDKGWECKGTYCCNQTISEIFTVDNFEELFES
KRNTPVAHAVGFWDYYSFINAAAQFEGIGFGTTGGQVMOOKELAAFLGNVAAETSCGYNV
ATGGPTAWGLCYKEEMSPDQLYCDONLLYPCAPGASYHGRGALPIYWNENYGPIGEALKL
DLLTSPDMVSNNATIGFLTAMWRWMNPIKPKQPSAHDVEFVGNWKPTKNDTESYRLPGFGM
VINVLNGGLECGKGDIDAMNNRISHYLYFLDLLGVGREQAGDNLDCGQQVPLNPVSTSTT
SR

>PcChia2-6
MEAKIKMGLEFIALVMVTLASVNGDSSKEILVKTVKGKKVCSQGWECKQWSKYCCNQTISD
LFQVYQFEDLFAKRNTPVAHAVGFWDYQSFITAASIYEPLGEFGTTGGKLMOMLETIAAFLG
HIGSKTSCGYGVATGGPLAWGLCYNREMSPSQSYCDDSYKYTYPCAPGAEYYGRGALPLY
WNENYGAAGEALKVDLLNHPEYIEQNATLAFQAATIWRWM

>PcChiad-1
MGSSSGNSVMVVVVLVLLLVSVSVNAQNCGCASGLCCSKYGYCGTTSAYCGAGCKSGPCS
SSGGGSPSGGGGSVGTIISQSEFENGLAGGAASSCEGKGEYTYNAFTAAANAYSGEGTTGS
ADVRKRELAAFFANVMHETEGMCYINEINPQSNYCNSSATWPCASGKSYHGRGPLQLSWN
YNYGAAGQTIGFDGVNNPEKVGODPTISFKTAVIWEFWMKNSNCHSAITSGOGEFGGTIKAIN
SQECNGGKTGEVNNRVNYYKNICSQLGVDPGANVSC

>PcChiad-9
MHETGGLCYINEQNPASIYCDATSTSWPCASGKSYHGRGPLOLSWNYNYGVAGONIGEDG
LNNPDVVGQDATISFKTAVWEWMONCHSAITSGOQGFGATIKAINSMECNGGNTPAVNSRV
SYYNTICSQLGVDPGANVSC

>PcChiad-10
CNCSPDLCCSQYGYCGTGDDYCGKGCQGGPCYNAAPSGGGTGGGSVADIVTDGFFNGIIS
OADGSCTGKNFYTRSAFLEATGSYTGFGSGSGDALKREIAAFFAHVTHETGHECYTEEID
GRSKDYCDETKTQYPCAPNKYYFGRGPLOLTWNYNYAEAGKSVVFDGLONPDIVASDAVV
SFKTALWFWTNNVESVMGOQGFGATIRAINSIECNGGAPDAVNARISYYTSYCSQLGVAPG
ENLSC

>PcChiad4-11
MLGCQEGPCDAPPPONSVVVEDIVTDNEFFNGIIDQAEESCAGKGEFYSRSAFLEALKFYSG
FGTVGSEDDSKREIAAFFAHATHETGHFCYIEEINGPSKDYCDENNTQYPCAPNKGYYGR
GPIQLS

>PcChiad4-12
MHETGGLCYINEQNPASIYCDATSTSWPCASGKSYHGRGPLOLSWNYNYGVAGONIGEDG
LNNPDVVGQDATISFKTAVWEWMONCHSAITSGOQGFGATIKAINSMECNGGNTPAVNSRV
SYYNTICSQLGVDPGANVSC

>PcChiad-2
GCQSGPCTSSGGGSPSGGGGSVGTIISQSFENGLAGGAASSCEGKGEFYTYDAFIAAANAY
SGFGTTGSADVTKRELAAFFANVMHETGGMCYINERTPPMIYCMSSATWPCASGKDYHGR
GPLOLSWNYNYGAAGKNIGFDGVNNPEKVGODSTISFKTAVWFWMDNSNCHTAITSGQGF
GGTIKAINSQECNGGNSGEVNSRVNYYKNICSQLGVDPGANVSC
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>PcChia4d-3
MHETGGLCYINEVNPGSIYCDSSSNTWPCASGKSYHGRGPLQLSWNYNYGAAGEDIGFEDG
LNHPEEVALDAIISFRTGVWFWMKNSNCHSAITSGQGFGATIKAINSMECNGGNTAAVNS
RINYYTKFCS

>PcChiad-4
CGDGCQSGPCTSSGGGSPSTGGGNVGTIISQSVFDGLAGGAASSCEGKGEFYTYDAFIAAA
NAYSGFGTTGASDDQKRELAAFFANVMHETGGLCYINEQNPPSIYCDATSTSWPCASGKS
YHGRGPLQLSWNYNYGVAGONIGEFDGLNNPDVVGQDATISFKTAVWEWMONCHSAITSGQ
GFGATIKAINSMECNGGNTPAVNSRVSYYNTICSQLGVDPGANVSC

>PcChiad-5
MGVRCGTSVMALVLVLLLVGVSVNAQNCGCASGLCCSKYGYCGTTSDYCGDGCQSGPCTS
SGGGSPSTGGGNVGTIISQSVEDGLAGGAPSSCEGKGEYTYDAFIAAANAYSGEGTTGAS
DDQKRELAAFFANVMHETGGLCYINEQNPASIYCDATSTSWPCASGKSYHGRGPLQLSWN
YNYGVAGONIGFDGLNNPDVVGQODATISFKTAVWFWMONCHSAITSGQGFGATIKAINSM
>PcChiad-6
MHETGGLCYINEINPLSNFCQSSSTWPCASGKSYHGRGPIQLTWNYNYGAAGQDIGFDGL
NNPEKVGQDATISFKTA

>PcChiad-7
SGGGSPSGGGGSVGTIISQSFENGLAGGAASSCEGKGEYTYNAFTIAAANAYSGEFGTTGSA
DVRKRELAAFFANVMHETGGMCYINERNPPMNYCMSSATWPCASGKSYHGRGPLQLSWNY
NYGAAGKSIGFDGVNNPEKVGQDPTISFKTAVWEWMKNSNCHSAITSGOGEFGGTIKAINS
QECNGGNSGEVNSRVKYYKNICSQLGVDPGANVSC

>PcChiad-8
MGGSSGNSVMVLVMVLVLLLAGVSVNAQNCGCASGLCCSKYGYCGSTPAYCGRGCRSGPC
SSSGGGSPSGGGGSVGTIISQSFEFNGLAGGAASSCEGKGEYTYDAFIAAANAYSGEGTTG
SADVTKRELAAFLANVMHETGGMCY INERNPPMNYCMSSATWPCASGKSYHGRGPLQLSW
NYNYGAAGQTIGEDGVNNPEKVGODPTISFKTAVWFWMKNSNCHSAITSGOQGFGGTIKAT
NSQECNGGNSGEVNSRVKYYKNICSQLGVDPGANVSC

>PcChia5-1
MGMPLYGRSWILKSLDETGIGAPAIAAGPKQTLSSETGVMFFSEIIDFISQKNATEVEDK
ETVSAYAYSSDMMWVGYDNKQSVAAKVSFAKKKHLLGYFEFWAISQDSNWMLSAQASVSWN
QAR

>PcChiab-2
MAALHRLLNITGVAFTFLCVISPHMASASKGGYWPAYSYSYFPPSQINASLYTHLYYAFV
DVDNQTFQVGVSVENQQOSIQQFTAQVQTNNPSVKTLLSIGGGGDDTIHTKFAKMAADASS
RKAFIDSSIALARNYSFHGLDLDWEYPQDTT

>PcChiab-3
MAQAPKNLCIILFFITSSIIYSSSSSNNTTSNNGVKAAYWPSDSSLSPSSISTDLFTHIF
YAFADLNDQTFQVQLPATADPAEFTSTLLOKNPSLKTLISIGGGGSNATAFALMASNASH
RKVFINSATAVARKYGFHGLDLDWEFPRDAAEMEYLGTLFDDWRHAIDLEATASGRPRLL
LTAAVYFAQYFFVWGKKRAYPVTSIARNLDWVNVMCYDYHGSWDISATGAHAALYDPTSN
ISTSFGIGSWLHSGVPPNKVAMGMPLYGRSWILKSLDETEIGAPAVAAGPKQTLSNEKGV
MFFSEIRELINQKNATEVFDKETVSAYSYSSDLLWVGYDNQESVATKVSFAKEMHLLGYF
FWAIGODNNWMLSAQASDSWN

>PcChia5-4
MASNASDRKVFINSATIATARKYGFHGLDLDWEFPKNSVEMENLGTLFSEWRHAIDLEATA
SGRPRILLTAAVYFAQYFFLSSEKRAYPATSIAQNLDWVNVMCYDYHGSWNISATGAHAA
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LYDPSSNISTSFGIGSWLHSGVSPNNIVMGMPLYGRSWILKSLDETGIGAPAMAAGPKQT
LSNEKGVMFFEFSEIRDLINQKNATEVEDKDTVSAYSYSSGMIWVAYDNPDSVATKVSFAKE
RRLLGYFFWGYQSR

>PcChia5-5
MAQTOQKYLLFILLSMTTSLVYSSSSQSASHGGGVKAAYWPSYAVSYSPPSSINAALFTHI
FYAFANLNDQTFQVELPATAKPAEFTLTLRKKNPFLKTLISIGGGGSNSTAFALMASNAS
RRKVFINSAIALARKYGFHGLDLDWEFPKDATEMONLGSLFAEWRHAIELEARAWPRCPR
LLLTAAVYFAQYFLLAADKRAYPATSITONLDWVNVMCYDYHGSWDISATGAHAALYDPT
SNISTSFGIGSWLHSGVPPNKVAMGMPLYGRSWILKSLDDTEIGAPAVAAGPKQTLSNEK
GVMFEFSEIRELINQKNATEVEDKETVSAYSYSSDLLWVGYDNQESVATKVSFAKEMHLLG
YEFWAIGODNNWMLSAQASDSWN

>PcChia5-6
MALKTLAITLLVFLVQLLOFSVPAQSQSSVNAGYWFLDSGLAASDINSTLFTHLEFCAFAD
LDPNTKQVTISSSNNASFAQFTQTVRLKNPSVITLLSIGGGNSNDADFAATASNSTSRKS
FIDSSLKVAGRLVCYRSLA

>PcChia5-7
MALKTLAITLLVFLVQLLQFSVPAQSQSSVNAGYWFLDSGLAASDINSTLFTHLEFCAFAD
LDPNTKQVTISSSNNASFAQFTQTVRLKNPSVITLLSIGGGNSNDADFAATASNSTSRKS
FIDSSLKVARSYNFLGLDLDYEYPLSATDMVNLGTLLSEWRTAAATEATN
>PcChia5-8
MENLGTLFSEWRHAIDLEATASGRPRILLTAAVYFAQYFFLSSEKRAYPATSIAQNLDWV
NVMCYD

>PcChiab-9
SVPCIRSCAGQCPIGGVLHDVPEEVAQQPFLFRKHRLPGYRLVIIVANPVESRVTVSRDG
GVIKHLRGCILCNEVPNIRVCNGAIFYTYATSCGSYSHLPGALEFPRVAVEGHSH
>PcChia7-1
RAKHRTCLCVCTSDNSSTATQLPPIWQLISLCALLEYGLFLPFPLLSICRGAVSDIATQD
FENGILSAATDGCAGKTEFYTYSDFINAANSFSSEFGTTGTSDDNKREIAAFFANVAHETTN
LCYVEEIVKSAYCDSTNTQYPCASGQOQYYGRGPLOLTGNANYGAAGAYLALDLLNNPGLV
AQDDLTSWKTALWFWNVNSNCHTAITSGOGFGATIQAINGAVECNGGNTAEVNDRVSRYT
TYCSQLGVDPGSNLTC

>PcChia7-9
NAFSGFGTTGTSDDEKREIAAFFANVAHETIGFCYIDEIQKGDYCDSNSTQYPCAPGKQY
YGRGPIQLSWNENYGPAGNYLGVDLLNHPEIVAQDALISWKSALWYWNVNSDCHSAITSG
KGFGATIQAINGAIECNGGNTDEVNDRISYYTKYCSQFGVDPGSNLSC

>PcChia7-10
MHSLASAQLGLPMMRREKLPLSSPTLLTKLSKGDYCDSNSTQYPCAPGKQYYGRGPIQLS
WNEFNYGPAGNYLGVDLLNHPEIVAQDALISWKSALWYWNVNSDCHSAITSGKGFGATIQA
INGAIECNGGNTDEVNDRISYYTKYCSQFGVDPGSNLSC

>PcChia7-11
MHSLASAQLGLPMMRREKLPLSSPTLLTKLSKGDYCDSNSTQYPCAPGKQYYGRGPIQLS
WNEFNYGPAGNYLGVDLLNHPEIVAQDALISWKSALWYWNVNSDCHSAITSGKGEFGATIQA
INGAIECNGGNTDEVNDRISYYTKYCSQFGVDPGSNLSC

>PcChia7-2
MRNYLRVMTPSVIILWLVLAFDLVSICRGDVGDFATQDFFNGILSGASDSCAGKNFYTYN
NEFMDAATAFSGEFGTTGPDVDHKREIAAFFANVAHETSRLCYVEQIEKSDYCDSTNEKYQC
VAGKQYYGRGPLQLTWNYNYDAAGDYLGEFDGLNHPEIVAQNGSISWKTAVWEWMKHSNCH
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SATITSGQGFRATIKAISGDECNGGDSNAVDERVNYYTNYCNEFGVDPGNNLSC
>PcChia7-3
MAAQLPVSAIILWEVFALSALSICRGAVSDIATEDFEFNGILSAATDGCAGKTEFYTYSDFI
NAANSFSSEFGTTGTSDDNKREIAAFFGNVAHETTNLCEFVEENAKSDNCDSSNTQYPCASG
OQOYYGRGPLOLTGNGNYGAAGSYLGVDLLNNPGLVAQDDLTSWKTALWFWNVNSNCHTAT
TSGOGFGATIQAINGAKECNGVNTAEVNDRVSRYTTYCSQLVVDPGSNLSC
>PcChia7-4
MATHLRSVLILWLALALYVVSICRGDVGDFATQODFFNGILSGASDSCAGETFYTYNNEMD
AATSEFSGFGTTGPDVDHKREIAAFFANVAHETSRLCYVEQIEKSDYCDSTNQKYQCVAGK
OYYGRGPLQLTWNYNYDAAGDYLGEFDGLNHPEIVAQNGSISWKTAVWEFWMLDSNCHSATIT
SGQG

>PcChia7-5
MATHLRSVLILWLALALYVVSICRGDVGDIVTRDFFNGILSGAADSCAGKNFYTYDDFIT
AANAFSGFGTTGTSDDNKRELAAFFANVAHETGSLCYIEEINKSDYCDSTNTQYPCVAGK
QYYGRGPLOLTWNYNYDAAGDYLGFDGLNHPEIVAQNGSISWKTAVWEWMLDSNCHSAIT
SGQG

>PcChia7-6
MATHFTVRAVILWEVFALSALSICRGAVSDIATQDFFNGILSAAADGCAGKTEFYTYSDFI
NAANSEFSSFGTTGTSDDNKREIAAFFANVAHETTDLCYVEEIAKSAYCDSTNTQYPCASG
OQOYYGRGPLOLTGNANYGAGGAYLALDLLNNPGLVAQDDLTSWKTALWFWNVNSNCHTATI
TSGQGFGATIQAINGAVECNGGNTDEVNDRVSRYTTYCSQLGVDPGSNLTC
>PcChia7-7
MATHFRVNVIFLWLAFALSALSICRGAVSDIATODFFNGILSAATDGCAGKTFYTYTDFI
NAAISEFSSFGTTGTSDDNKREIAAFFANVAHETTNLCYVEEIAKSDYCSSNTQYPCASGQ
OYYGRGPLQLTGNGNYGAAGDYLGVDLLNNPGLVAQDDLTSWKTALWEWNVNSNCHTATIT
SGOGFGATIQAINGAIECNGGNTDQVNDRISRYTNYCSQFGVDPGSNLSC
>PcChia7-8
MASHLPVTTVSLFIIGLALAFFTCRGDVENIATEDFEFNGIISGVSDTCEAKNFYTYSDF I
TAANVEFSGFGTTGTSDDEKREIAAFFANVADETIGFCYINEIQKGDYCDSNSTQYPCAPG
KOYYGRGPIQLSWNENYGPAGNYLGVDLLNHPEIVAQDALISWKSALWYWNVNSDCHSSI
TSGKGFGATIQAINGAIECNGGNTDEVNDRISYYTKYCSQFGVDPGSNLSC
>PbChial-1
MKSMKEFSAMATALLTMATMNLYFVSAEQCGQQAGGALCPGGLCCSKWGWCGNTDAHCGQD
COSQCGGSTPTPPSPTPGGQGVASIITESIFNELLKHRNDAGCKASGEYTYSAFIAAANA
FPSEFGTTGDVATRKRELAAFFGOQTSHETTGGWATAPDGAYAWGYCFKEEQGNPPAEYCQA
TSOQWPCASGKRYYGRGPVQLSWNYNYGPAGKAIGFDGINNPDIVASDATVSFKTAIWEWM
TAQSPKPSCHDVMTGKWTPSGSDSAAGRAAGYGAVTNIINGGLECGKGSDSRQQODRIGEY
KRYSDILGVSYGSNLDCNNQRPFGAAVQSEPRLIKTVV

>PbChial-2
MKSMKEFSAMATALLTMATMNLYFVSAEQCGQQAGGALCPGGLCCSKWGWCGNTDAHCGQD
COSQCGGSTPTPGGQGVASIITESIFNELLKHRNDAGCKASGEYTYSAFIAAANAFPSFEG
TTGDVATRKRELAAFFGQTSHETTGGWATAPDGAYAWGYCFKEEQGNPPAEYCQATSQWP
CASGKRYYGRGPVQLSWNYNYGPAGKAIGFDGINNPDIVASDATVSFKTAIWEFWMTAQSP
KPSCHDVMTGKWTPSGSDSAAGRAAGYGAVTNIINGGLECGKGSDSRQODRIGEFYKRYSD
ILGVSYGSNLDCNNQRPFGAAVQSEPRLIKTVV

>PbChial-3
MSSILLATTLATIFTAMAIVITGLPSVSADDCGKNAGGALCPGGLCCSKYGYCGNTQAHCG
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KDCOSQCGGGGSTPTPTPPTPTPTTPTPTPSGQGVASIITEDLENQLLKYKDDSRCKANG
FYSYDAFINVANAYPGEFGTAGDVTSNKRELAAFFGQTSHETTGGWPAAPDGPYAWGYCLK
EEIGTPPPVYCNETAQWPCGSGKSYYGRGPIQISWNYNYGPAGKAIGFDGINNPDIVASD
ATVSFKTAIWEFWMTAQSPKPSCHDVMTGRWSPSSSDSAAGRAPGYGAVTNIINGGLECGK
GSYPKQEDRIGEFYKRYCDILGVSYGSNLDCNNQTPEFGS

>PbChial-4
MAIMITGLPSVSAEDCGQQOAGGAVCPRGLCCSKWGWCGNTEAHCGLGCQOSQCGGGGSTPT
PTPPTPTPTNPTPTPSGOGVASIITEDLEFNQLLKYKDDSRCKANGEFYSYAAFTAAANAFP
GFGTAGDVTTNKRELAAFLGQTSHETTGGWQTAPDGPYAWGYCFKEEQGSPPPVYCQASS
QWPCVSGKSYYGRGPIQLTWNYNYGPAGKAIGEDGINNPDIVASDATVSEKTAIWEWMTA
QSPKPSCHDVMTGKWTPSGSDSAAGRVPGYGAVTNIVNGGLECGKGTDSRQODRIGEYQR
YCDILGVSYGANLDCNNQTPFGS

>PbChiaz2-1
MARKMSMKLLLALAAVAIMSTLCYVSGQQOGVGSIITEDVENEFLKHRNDAACQARDEYTY
SAFIAATNSESDEGNNGDLESRKRELAAFFGQTSQETTGGWATAPDGPYAWGYCFKEENS
GDKYHGRGPIQLTGDYNYKAAGDALGYDLINNPDLLVTDATVSFKTAVWEWMTAQAPKPS
CHDVILGRWSPSNDDTAAGRVPGYGLLTNIINGGEECGTGTISDRQOGRIGFYQRYCSLL
GVDTGSNLDCQONQKHEF

>PbChiaz2-2
MAYTNMGRRMSIMRLLLALTAVAIMSSLCCYVSAQQGVASIISEDVENQFLKHRNDAACS
AKGFYTYTAFIAAANSEFPDEGNNGDLESRKRELAAFFGOTSQETTGGWATAPDGPYAWGY
CFKDQVNSGGDRYHGRGPIQLTGDYNYKAAGDALGYDLINNPDLVVNDATISFKTAVWEW
MTAQSPKPSCHDVILGRWSPSATDTAAGRVAGYGMVTIDIINGGPECGTGTISDVQKGRIG
FYORYCNMLGVDVGSNLDCKNQKPEGT

>PbChia2-3
MAMGRICLVVLLALALCLNVSLASKKMKICDKGWECKGAYCCNQTISEIFTVDNFEELES
KRNTPVAHAVGEWDYYSEFINAAAQFEGIGEFGTTGGOVMOOKELAAFLGNVAAETSCGYNV
ATGGPTAWGLCYREEMSPDQLYCDONLLYPCAPGASYHGRGALPIYWNENYGPIGEALKL
DLLTSPDMVSNNATIGEFLTAMWRWMNPIKPKQPSAHDVEVGNWKPTKNDTESYRLPGEGM
VINVLNGGLECGKGDIDAMNNRISHYLYFLDLLGVGREQAGDNLDCGQQVPLNPISTSTT
SR

>PbChiaz-4
METKQVNRILVVAGICLMMSSWEFCCIEAAAAAAAADENEETKFKKILCAKATDCKNKTIS
ELFTVDQFESLFSHRNAPLAHAQGFWDYHSFITAAAHYEPKGFGTTGGDIVQKRELAAFF
AHIATETSCESLMAQAASTAPSDSPTKWGLCYKEELSPDSTYCESSLVYPCAPGVSYHGR
GALPVYWNYNYGQLGQALKVDLLHHAEYLSENATLAFAAATIWRWMTPMKVKQPSAHQVMV
GKWVPTKNDTEALRLPGFGMTINILKADAECGTDSDDKOMNTRIAHYLDFLDHMDVGREN
AGDNVDCSEQKVLNPSSSAST

>PbChiad-1
MGSSSGNSVMAVLVLLLVSVSANAQNCGCASGLCCSKYGYCGTTSAYCGAGCKSGPCSSS
GGGSPSGGGGSVGTIISQSFENGLAGGAASSCEGKGEYTYNAFIAAANAYSGEGTTGSAD
VRKRELAAFFANVMHETGGMCY INERNPPMNYCMSSATWPCASGKSYHGRGPLOLSWNYN
YGAAGKSIGEFDGVNNPEKVGODPTISFKTAVWEWMKNSNCHSAITSGOQGEFGGTIKAINSQ
ECNGGNSGEVNSRVKYYKNICSQLGVDPGANVSC

>PbChiad4-10
MGTRTGRSVIASPYEHMVLRMSMVLLLVVVVSVNVVYAQNCGCASGLCCSKWGYCGTTSA
YCGNGCQSGPCYGSGGGSPSGGGGNVGTIISONFESGLANAAGSSCEGKGEYTYNAFITA
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ANAYSGFGTTGASDNQKRELAAFFANVMHETGGLCYINEINPLSNECQSSSTWPCASGKS
YHGRGPIQLTWNYNYGAAGQODIGEFDGLNNPEKVGQODATISFKTAVWEFWMKNSNCHSATITS
GOGFGGTIKAINSRECNGGNSAQVNSRVNYYKKLCSQLGVDPGTNISC

>PbChiad-11
MGTRTGRSVIVSPYEHMVLRMSMVLLLVVVVSVNVVYAQNCGCASGLCCSKWGYCGTTSA
YCGNGCQSGPCYGSGGGSPSGGGGNVGTIISONFFSGLANAAGSSCEGKGFYTYNAFITA
ANAYSGFGTTGASDNQKRELAAFFANVMHETGGLCYINEINPLSNECQSSSTWPCASGKS
YHGRGPIQLTWNYNYGAAGODIGEFDGLNNPEKVGQODATISFKTAVWEFWMKNSNCHSATITS
GOGFGATIKAINGGECNGGHSAQVNSRVNYYKKLCSQLGVDPGTNISC

>PbChiad4-2
MGSSSGNSAMVVVVLVLLLVGVSVTAQNCGCASDLCCSKYGYCGTTSAYCGDGCQSGPCT
SSGGSLSGGGGSVGTIISQSFFDGLKGGAASSCEGKGFYTYNAFIAAANAYSGEFGTTGSA
DVTKRELAAFFANVMHETGGMCY INERNPPMNYCMGSATSPCASGKSYYGRGPLQLSWNY
NYGAAGQSIGEFDGVNNPEKVGQODSTISFKTAVWEWMKNSNCHSAITSGQGEFGGTIKAINS
QECNGGNSGEVNSRVNYYKNICSQLGVDPGANVSC

>PbChiad-3
MATVLVLVQLLLGVIVNVVNAESVANIVSRSFEFDSILNAPTLANCSCAIGLCCSKWGYCG
NTASYCGDGCQSGSCYNQSGGSSTGRHGGAGATIISSSFEFDGLAGGAASSCEGKGEFYTYKA
FVAASSAYSVFGTTGSSDDQKRELAAFFANVMHETGGLCYINEVNPGSIYCDSSSNTWPC
ASGKSYHGRGPLQLSWNYNYGAAGEDIGEFDGLNHPEEVALDAIISFRTGVWEWMKNSNCH
SAITSGOGFGATIKAINSMECNGGNTAAVNSRINYYTKFCSELGVDPGTKLSC
>PbChiad-4
MGVRCGTSVMALVLVLLLVGVSVNAQNCGCASGLCCSKYGYCGTTSDYCGDGCQSGPCTS
SGGGSPSTGGGNVGTIISQSVEDGLAGGAASSCEGKGEYTYDAFIAAANAYSEFGTTGAS
DDQKRELAAFFANVMHETGGLCYINEQNPPSIYCDATSTSWPCASGKSYHGRGPLQLSWN
YNYGAAGONIGFDGLNNPDVVGQDATISFKTAVIWEFWMONCHSAITSGQGFAATIKAINSM
ECNGGNTPAVNSRVNYYNTICSQLGVDPGSNVSC

>PbChiad-5
MGVRCGTSVMALVLVLLLVGVSVNAQNCGCASGLCCSKYGYCGTTSDYCGDGCQSGPCTS
SGGGSPSTGGGNVGTIISQSVEDGLAGGAPSSCEGKGEYTYDAFIAAANAYSGEFGTTGAS
DDOQKRELAAFFANVMHETGGLCYINEQNPASIYCDATSTSWPCASGKSYHGRGPLQLSWN
YNYGVAGONIGFDGLNNPDVVGQDATISFKTAVIWEFWMONCHSAITSGQGFGATIKAINSM
ECNGGNTPAVNSRVSYYNTICSQLGVDPGANVSC

>PbChiad-6
MGVRCGTSVMALVLVLLLVGVSVNAQNCGCASGLCCSKYGYCGTTSDYCGDGCQSGPCTS
SGGGSPSTGGGNVGTIISQSVEDGLAGGAPSSCEGKGEYTYDAFIAAANAYSGEFGTTGAS
DNQKRELAAFFANVMHETGGLCYINEQNPASIYCDATSTSWPCASGKSYHGRGPLQLSWN
YNYGVAGONIGFDGLNNPDVVGQDATISFKTAVWEWMONCHSAITSG

>PbChiad-7
MGVRCGTSVMALVLVLLLVGVSVNAQNCGCASGLCCSKYGYCGTTSDYCGDGCQSGPCTS
SGGGSPSTGGGNVGTIISQSVEDGLAGGAPSSCEGKGEYTYDAFIAAANAYSGEFGTTGAS
DNQKRELAAFFANVMHETGGLCYINEINPSSNYCQSSSTWPCASGKSYHGRGPIQLSWNY
NYGAAGQDIGFDGLNNPEKVGQDATISFKTA

>PbChiad-8
MGVRCGTSVMALVLVLLLVGVSVNAQNCGCASGLCCSKYGYCGTTSAYCGAGCKSGPCSS
SGGGSPSGGGGSVGTIISQSEFENGLAGGVASSCEGKGEYTYNAFIAAANAYSGEFGTTGSA
DVRKRELAAFFANVMHETGGMCYINERNPQINYCMSSTTWPCASGKSYHGRGPLQLSWNY
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NYGPAGKSIGFDGVNNPEKVGQODPTISFKTAVWEWMKNSNCHSAITSGQGEFGGTIKAINS
QECNGGNSGEVNSRVNYYKNICSQLGVDPGANVSC

>PbChiad4-9
MVLRMSMVLLLVVVVSVNVVYAQNCGCASGLCCSKWGYCGTTSAYCGNGCQSGPCYGSGG
GSPSGGGGNVGTIISONFFSGLANAAGSSCEGKGFYTYNAFIAAANAYSGFGTTGASDNQ
KRELAAFFANVMHETGGLCYINEINPSSNYCQSSSTWPCASGKSYHGRGPIQLSWNYNYG
AAGQDIGEFDGLNNPEKVGODATISFKTAVWEWMKNSNCHSAITSGOGEFGGTIKAINSGEC
NGGNSAQVNRRVNYYKKFCSQLGVDPGTNISC

>PbChiab-1
MTTSLVYSSSSQSASHGGGVKAAYWPSYTVSYSPPSSINAALFTHIFYAFANLNDQTEFQV
ELPATAKPAEFTLTLRKKNPFLKTLISIGGGGSNSTAFALMASNAFRRKVEFINSAITLAR
KYGFHGLDLDWEFPKDATEMRNLGSLFAEWRHAIELEARAWPRRPRLLLTAAVYFAQYFL
LAADKRAYPATSITONLDWVNVMCEFDYHGSWDTSATGAHAALYDPSSNISNSFGIGSWLH
SGVPTNKVVMGMPLYGRSWILKSLDETGIGAPATAAGPKQTLSSETGVMFEFSEIIDEFISQ
KNATEVFDKETVSAYAYSSDMMWVGYDNKQSVAAKVSFAKNKHLLGYFFWAISQDSNWML
SAQASVSWNQAR

>PbChia5-2
MAALHRLLNITGVAFTFLCVISPHIASASKGGYWPAYSYSYFPPSQINASLYTHLYYAFV
DVDNQTFQVGVSVENQOSIQQFTAQVOTNNPSVKTLLSIGGGGDDSIHTKFAKMAADASS
RKAFIDSSIALARNYSFHGLDLDWEYPODTTEMNNLGQLLSEWRSAVQAEATATGNDPLL
LTAAVYFSHSFFVSDIVREYPSEMDKLDWLNIMAYDFHGSWEPKQTGAPAALYDPDSNIS
TSFGVQSWLDAGLPSSKVVMGMPLYGYSWKLQOSAGEVGIGAAASGTGIKDGSVTYSDIRD
FIAQONAATEVEDNTTVSAYCYSGLDWIGYDNDQSVARKAVFAKQEGLLGYFFWNVVQDTA
DWALSRTASDTWDG

>PbChia5-3
MASNASHRKVFEFINSSIAVARKYGFHGLDLDWEFPODAAEMEYLGTLFDDWRHAIDLEATA
SGRPRLLLTAAVYFAQYFFVWGKKRAYPVTSIARNLDWVNVMCYDYHGSWDISATGAHAA
LYDPTSNISTSFGIGSWLHSGVPPNKVAMGMPLYGRSWILKSLDETEIGAPAVAAGPKQT
LSNEKGVMFFESEIRELINQKNATEVEDKETVSAYSYSSDLLWVGYDNQESVATKVSFAKE
MHLLGYFFWATIGQODNNWMLSAQASDSWN

>PbChia5-4
MAQPOKYLLEFILLSMTTSLVYSSSSQSASHGGGVKAAYWPSYTVSYSPPSSINAALEFTHI
FYAFANLNDQTFOQVELPATAKPAEFTLTLRKKNPFLKTLISIGGGGSNSTAFALMASNAFE
RRKVFINSAITLARKYGFHGLDLDWEFPQODAAEMEYLGTLEFDDWRHDIDLEATASGRPRL
LLTAAVYFAQYFFVWGEKRAYPVTSIARNLDWVNV

>PbChia5-5
MKKPSLKTLLSIGGGGSSPTVFALMANNASDRKVEINSATATARKYGFHGLDLDWEEFPKN
SVEMENLGTLEFSEWRHAIDLEATASGRPRILLTAAVYFAQYFFLSSEKRAYPATSIAQNL
DWVNVMCYDYHGSWNISATGAHAALYDPSSNISTSFGIGSWLHSGVSPNNIVMGMPLYGR
SWILKSLDETGIGAPAMAAGPKQTLSNEKGVMFEFFSEIRDLINQKNATEVEDKDTVSAYSY
SSDMIWVAYDNPDSVATKVSFAKER

>PbChia5-6
MGMPLYGCTWILKSLNETGIGAPAVAAGPKLTLSNETGVMFEFSDIRNEFITQKNVTVVEDN
ETVSAYAYSSDMMWVGYDNPDSVAIKVSFAKERRLLGYFEFWAVSQDSNWMLSTRALETWN
QvQ

>PbChiab5-7
INTDLFTHLLYASVYLNNHTFQVDVPPTENPLQFTSTLLKKKPSLKTLISISGDTTAFAT
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MASNASHRKAFINSTFALARKYGFHG

>PbChia5-8
MAQAPKNLCIILFFITSSIIYSSSSSNNTTSNNGVKAAYWPSDSSLSPSSISTDLETHIF
YAFADLNDQTFOQVOQLPATADPAEFTSTLLOKNPSLKTLISIGGGGSNATAFALMASNTSY
RKVFINSTIALARKYGFHGLDLDWEFPODAAEMEYLGTLFDDWRHDIDLEATASGRPRLL
LTAAVYFAQYFFVWGEKRAYPVTSTIARNLDWVNVMCYDYHGSWDISATGAHAALYDPTSN
ISTSFGIGSWLHSGVPPNKVAMGMPLYGRSWILKSLDETEIGAPAVAAGPKQTLSNEKGV
MFFSETRELINQKNATEVEDKETVSAYSYSSDLLWVGYDNQESVATKVSFAKEMHLLGYF
FWAIGQODNNWMLSAQASDSWN

>PbChia5-9
MAQPOKYLLEFILLSMTTSLVYSSSSQSASHGGGVKAAYWPSYTVSYSPPSSINAALEFTHI
FYAFANLNDQTFOQVELPATAKPAEFTLTLRKKNPFLKTLISIGGGGSNSTAFALMASNAF
RRKVFINSAITLARKYGFHGLDLDWEFPKDATEMRNLGSLFAEWRHAIELEARAWPRRPR
LLLTAAVYFAQYFLLAADKRAYPATSITONLDWVNVMCEDYHGSWDTSATGAHAALYDPS
SNISNSFGIGSWLHSGVPTNKVVMGMPLYGRSWILKSLDETGIGAPATIAAGPKQTLSSET
GVMFFSEIIDFISQKNATEVEFDKETVSAYAYSSDMMWVGYDNKQSVAAKVSFAKNKHLLG
YFEWAISQDSNWMLSAQASVSWNQAR

>PbChia7-1
RAKHRTCLCVCTSDNSSTATQLPPIWQLISLCALLEFYGLFLPFPLLSICRGAVSDIATQD
FFNGILSAATDGCAGKTEYTYSDFINAANSEFSSEFGTTGTSDDNKRETIAAFFANVAHETTN
LCYVEEIVKSAYCDSTNTQYPCASGQOYYGRGPLOLTGNANYGAAGAYLALDLLNNPGLV
AQDDLTSWKTALWEWNVNSNCHTAITSGOGFGATIQAINGAVECNGGNTAEVNDRVSRYT
TYCSQLGVDPGSNLTC

>PbChia7-10
MATFLRSTLILWLALALYVVSFCQGDVGDIVTODFEFNATILSGADGSCAGONEFYTYNDEIN
AANAFSGEGTTGTSDDNKRELAAFFANVAHETGSLCYIEEISKSDYCDSTNTQYPCATGK
QYYGRGPIQLTWNYNYGAAGNYVGEFDGLNNPDIVAQDDSTISWKTAVWEWMLDSNCHSATIT
SGOGEFGATIQAINSGECNGGNSAAVTSRVNYYNNYCSQEGVDPGSDVSC
>PbChia7-11
MATFLRSTLILWLALALYVVSFCQGDVGDIVTODFEFNATILSGADGSCAGONEFYTYNDEFIN
AANAFSGEGTTGTSDDNKRELAAFEFANVAHETGSLCYIEEISKSDYCDSTNTQYPCATGK
QYYGRGPIQLTWNYNYGAAGNYVGEFDGLNNPDIVAQDDSISWKTAVWEWMLDSNCHSATIT
SGOGFGATIQAINSGECNGGNTAAVTSRVNYYNNYCSQEFGVDPGSDVSC
>PbChia7-12
MRNYLRVMTPSVIILLLVLAFDVVSICRGDVGDFATQDFFNGILSGASDSCAGKTEYTYN
NEFMDAATAFSGEFGTTGADVDHKRETIAAFFANTIARETSRLCYVEQIEKSDYCDSTNKKYQC
VAGKQYYGRGPLOLTWNYNYDAAGDYLGFDGLNHPEIVAQNGSI SWKAAVWEWMKHSNCH
SATITSGOGFRATIKAISGDECNGGDSDSVDERVNYYTNYCNEEFGVDPGSNLSC
>PbChia7-13
MRNYLRVMTPSVIILLLVLAFDVVSICRGDVGDFATQDFEFNGILSGASDSCAGKTEYTYN
NEFMDAATAFSGEFGTTGADVDHKREIAAFFANTIAHETSRLCYVEQIEKSDYCDSTNKKYQC
VAGKQYYGRGPLOLTWNYNYDAAGDYLGFDGLNHPEIVAQNGSISWKTAVWEWMKHSNCH
SATTSGOQGFRATIKAISGDECNGGDSDAVDERVNYYTNYCNEEFGVDPGSNLSC
>PbChia7-14
MLFPSAEEMLGILPPKISSMEFCLVLLIVAQERPSTHTITSWTQPLHSLALAQQAPTLTT
REIAAFFANIAHETSRLCYVEQIEKSDYCDSTNKKYQCVAGKQYYGRGPLOLTWNYNYDA
AGHYLGFDGLNHPEIVAQNGSISWKTAVWEWMKHSNCHSAITSGOGFRATIKAISGDECN
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GGDSDSVDERVNYYTNYCNEFGVDPGSNLSC

>PbChia7-15
MDAATAFSGFGTTGADVDHKREIAAFFANIAHETSRLCYVEQIEKSDYCDSTNKKYQCVA
GKQYYGRGPLOLTWNYNYNAAGDYLGFDGLNHPEIVAQNGSISWKTAVWFWMKHSNCHSA
ITSGOGFRATIKAISGDECNGGDSDAVDERVNYYTNYCNEFGVDPGSNLSC
>PbChia7-16
SDIATQDFEFNGILSAAADSCAGKNEYAYSDEFINAANSESSEFGTTGTSDDNKREIAAFFAN
VAHETGNLCYVEEINKSDYCDSTNTQYPCAAGKQYYGRGPLOQLSWNYNYGAAGDYLGQDL
LNNPDTVAQDDLTSWKTALWFWNVNSNCHTAITSGQGFGATIQAINGAIECNGGNTDQVN
DRISRYTNYCSQFNVDPGSNLSC

>PbChia7-2
MRNYLRVMTLSAITILWLVLAFDLVSMCRGDVGDFATQDFEFNGILSGASDSCTGKTEFYTYN
NEFMDAATAFSGFGTTGPDVDHKREIAAFFANVAHETSRLCYVEQIEKSDYCDSTNQKYQC
VAGKQYYGRGPLOQLTWNYNYGAAGDYLGEFDGLNHPEIVAQNGSISWKTAVWEWMKHSNCH
SATITSGQGFMATIKAISGDECNGGDSNAVDERVNYYTNYCNEEFGVDPGNNLSC
>PbChia7-3
MAAQLPVSAIILWEVFALSALSICRGAVSDIATEDFFNGILSAATDGCAGKTEFYTYSDFI
NAANSFEFSSEFGTTGTSDDNKREIAAFFGNVAHETTNLCEVEENAKSDNCDSSNTQYPCASG
OQOYYGRGPLOLTGNGNYGAAGSYLGVDLLNNPGLVAQDDLTSWKTALWFWNVNSNCHTAT
TSGOGFGATIQAINGAKECNGGNTAEVNDRVSRYTTYCSQLVVDPGSNLSC
>PbChia7-4
MATHLRSVLILWLALALYVVSICRGDVGDIVTRDFFNGILSGAADSCAGKNFYTYDDFIT
AANAFSGFGTTGTSDDNKRELAAFFANVAHETGSLCYIEEINKSDYCDSTNTQYPCVAGK
OYYGRGPLQLTWNYNYGPAGNYVGEDGLNNPDIVAQDDSISWKTAVWEWMLDSNCHSATIT
SGOGFGATIQAINSGECNGGNSAAVADRVKYYNNYCGQEFGVDPGSNVSC

>PbChia7-5
MATHLRSVLILWLALALYVVSICRGDVGDIVTRDFFNGILSGAADSCAGKNFYTYDDFIT
AANAFSGFGTTGTSDDNKRELAAFFANVAHETGSLCYIEEINKSDYCDSTNTQYPCVAGK
OYYGRGPLQLTWNYNYGAAGNYLGEFDGLNNPDIVAQDDSISWKTAVWEWMLDSNCHSATIT
SGOGFGATIQAINSGECNGGNTAAVTDRVNYYNNYCGQFGVDPGSNVSC

>PbChia7-6
MATHFTVRAVILWFVFALSALSICRGAVSDIATONFEFNGILSAATDGCAGKTFYKYSDFI
NAANSEFSSFGTTGTSDDNKREIAAFFANVAHETTNLCYVEEIVKSAYCDSTNTQYPCASG
OOYYGRGPLOLTGNANYGAAGAYLAVDLRNNPGLVAQDDLTSWKTALWFWNVNSNCHTAT
TSGOQGFGATIQAINGAVECNGGNTAEVNDRVSRYTTYCSQLGVDPGSNLTC
>PbChia7-7
MATHFTVRAVILWFVFALSALSICRGAVSDIATONFEFNGILSAATDGCAGKTFYKYSDFI
NAANSFEFSSFGTTGTSDDNKREIAAFFANVAHETTNLCYVEEIVKSAYCDSTNTQYPCASG
OOYYGRGPLOLTGNANYGAAGAYLAVDLRNNPGLVAQDDLTSWKTALWFWNVNSNCHTAT
TSGOGFGATIQAINGAVECNGGNTAEVNDRVSRYTTYCSQLGVDPGSNLTC
>PbChia7-8
MAIHLPVTTVSLFIIGLALAPFTCRGDVENIATEDFFNGLISGVSDTCEAKDFYTYSDFI
TAANAFSGFGTTGTSDDEKREIAAFFANVAHETIGFCYIDEIQKGDYCDSNSTQYPCAPG
KOYYGRGPIQLSWNENYGPAGNYLGVDLLNHPEIVAQDALISWKSALWYWNVNSDCHSAT
TSGKGFGATIQAINGAIECNGGNTDEVNDRISYYTKYCSQFGVDPGSNLSC
>PbChia7-9
MATFLRSTLILWLALALYVVSFCQGDVGDIVTQDFEFNAILSGADGSCAGONEFYTYNDFEIN
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AANAFSGFGTTGTSDDNKRELAAFFANVAHETGSLRYIEEISKSDYCDSTNTQYPCATGK
OYYGRGPIQLTWNYNYGAAGNYVGEFDGLNNPDIVAQDDSISWKTAVWEFWMLDSNCHSATIT
SGOGFGATIQAINSGECNGGNTAAVTSRVNYYNNYCGQFGVDPGSDVSR

>Pt|gi| 67046839 |gb|DR069154 |ClassI
MSSILLATTLAIFTAMAIMITGLPSVSAEDCGQQAGGAVCPRGLCCSKWGWCGNTEAHCG
LGCQSQCGGGGSTPTPTPPTPTPTNPTPTPSGQGVASIITEDLEFNQLLKYKDDSRCKANG
FYSYAAFIAAANAFPGFGTAGDVTTNKRELAAFLGQTSHETTGGWQTAPDGPYAWGYCFEFK
EEQGTPPPVYCQASSQWPCVSGKSYYGRGPIQLTWNYNYGPAGKAIGFDGINNPDIVASD
ATVSFKTAIWFWMTAQSPKPSCHDVMTGKWTPSGSDSAAG

>Pt|gi| 66737452 |gb|DR015082.1|ClassI
IAAANAFPGFGTAGDVTTNXRELAAFLGQTSHETTGGWQTAPDGPYAWGYCFKEEQGSPP
PVYCQASSQWPCVSGKSYYGRGPIQLTWNYNYGPAGKAIGEDGINNPDIVASDATVSEKT
AITWEFWMTAQSPKPSCHDVMTGKWTPSGSDSAAGRVPGYGAVTNIINGGLECGKGTVSRQQ
DRIGFYQRYCDILGVSYGANLDCNNQTPFGS

>Pt|gi| 67556009 |gb|DR096654.1|ClassI
YKDDSRCKANGFYSYAAFIAAANAFPGFGTAGDVTTNKRELAAFLGQTSHETTGGWQSAP
DGPYAWGYCFKEEQGTPPPVYCQASSQWPCVSGKSYYGRGPIQLTWNYNYGPAGKAIGED
GIGNPDIVASDATVSFKTAIWFWMTAQSPKPSCHDVMTGKWTPSSSDSAAGRVPGYGVVT
NIVNGGLECGKGSDSRQEDRIGEFYKRYCDILGVSYGANLDCNNQTPFEGS

>Pt|gi| 67556254 |gb|DR096899.1|ClassI
MTGKWTPSGSDSAAGRVPGYGAVTNIINGGLECGKGTVSROQDRIGFYQRYCDILGVSYG
ANLDCNNQTPFEGS

>Pt|gi]| 67552206 |gb|DR093065.1|ClassI
PSPTPGGQGVASIITESIFNELLKHRNDAGCKASGFYTYSAFIAAANAFPSFGTTGDVAT
RKRELAAFFGOQTSHETTGGWATAPDGAYAWGYCFKEEQGNPPAEYCQATSQWPCASGKRY
YGRVPVQLSWNYNYGPAGKAIGFDGINNPDIVASDATVSFKTAIWFWMTAQSPKPSCHDV
MTGKWTPSGSDSAAGRAAGYGAVTNIINGGLECGKGSDSROQDRIGFYKRYSDILGVSYG
SNLDCNNQRPFGAAVQSEPRLIKTVV

>Pt|gi| 67553779 |gb|DR094424.1|ClassI
MPPSPTPGGQGVASIITESIFNELLKHRNDAGCKASGEYTYSAFIAAANAFPSEFGTTGDV
ATRKRELAAFFGQTSHETTGGWATAPDGAYAWGYCFKEEQGNPPAEYCQATSQWPCASGK
RYYGRGPVQLSWNYNYGPAGKAIGEDGINNPDIVASDATVSEFKTAIWFWMTAQSPKPSCH
DVMTGKWTPSGSDTAAGRAAGYGAVTNIINGGLECGKGSDSRQODRIGEFYKRYSDILGVS
YGSNLDCNNQRPFGAAVQSE

>Pt|gi| 67560943 |gb|DR101588.1|ClassI
SGOGVASIITEDLFNQLLKYIDDSRCKANGFYSYDAFINVANAYPGFGTAGDVTSNKREL
AAFFGQTSHETTGGWPAAPDGPYAWGYCLKEELGTPPPVYCNETAQWPCGSGKSYYGRGP
TQISWNYNYGPAGNAIGEFDGINNPDIVASDATVSFKTAIWEFWMTAQSPKPSCHDVMTGKW
TPSGSDSAAGRVPGYGAVTNIVNGGLECGKGTDSRQODRIGEFYQRYCDILGVSYGANLDC
NDQTPFGY

>Pt|gi|49446386|gb|C0365069.1|ClassII
MSSLCCYVSAQQGVASIISEDVEFNQFLKHRNDAACSAKGFYTYTAFIAAANSEFPDFGNNG
DLESRKRELAAFFGQTSQETTGGWATAPDGPYAWGYCEFKDQVNSGGDRYHGRGPIQLTGD
YNYKAAGDALGYDLINNPDLVVNDATISFKTAVWEWMTAQSPKPSCHDVILGRWSPSATD
TAAGRVAGYGMVTDIINGGPECGTGTISDVQKGRIGFYQRYCNMLGVDVGSNLDCKNQKP
FGT

>Pt|gi|49448281|gb|C0366964.1|ClassII
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MRLLLATITAVAIMSSLCCYVSAQQGVASIISEDVENQFLKHRNDAACPAKGEFYTYTAFTIA
AANSFPDFGNNGDLESRKRELAAFFGQTSQETTGGWATAPDGPYAWGYCFKDQVKSGDRY
HGRGPIQLTGDYNYKAAGDALGYDLINNPDLVVNDATISFKTAVWEWMTAQSPKPSCHDV
ILGRWSPSATDTAAGRVAGYGMVTDIINGGPECGTGTISDVQQGRIGFYQRYCNMLGVDV
GSNLDCKNQKPFEFGT

>Pt|gi|67049355|gb|DR071605.1}ClassII
MSMKLLLALAAVAIMSTLCYVSGQQGVGSIITEDVENEFLKHRNDAACQARDEYTYSAFT
AATNSEFSDFGNNGDLESRKRELAAFFGQTSQETTGGWATAPDGPYAWGYCFKEENSGDKY
HGRGPIQLTGDYNYKAAGDALGYDLINNPDLLVTDATVSENTAVWEWMTAQAPKPSCHDV
ILGRWSPSNDDTAAGRVPGYGLLTNITINGGVECG
>Pt|gi|67049355|gb|DR071605.1|ClassII
MARKMSMKLLLALAAVATIMSTLCYVSGOQGVGSIITEDVENEFLKHRNDAACQARDEYTY
SAFIAATNSEFSDEFGNNGDLESRKRELAAFFGQTSQETTGGWATAPDGPYAWGYCFKEENS
GDKYHGRGPIQLTGDYNYKAAGDALGYDLINNPDLLVTDATVSFKTAVWEFWMTAQAPKPS
CHDVILGRWSPSNDDTAAGRVPGYGLLTNIINGGVECGTGTISDROQGRIGFYQRYCSLL
GVDTGSNLDCQONQKHF

>Pt|gi|34361138|gb|CF402721.1|ClassII
MTAQSPKPSCHDVILGRWSPSATDTAAGRVAGYGMVTDIINGEPECGTGTISDVQQOGRIG
FYQRYCNMLGVDVGSNLDCKNQKPFEGT
>Pt|gi|67552425|gb|DR093284.1|ClassII
FGFYSYDAFINVANAYPGFGTAGDVTSNKRELAAFFGQTSHETTGGWPAAPDGPYAWGYC
LKEEIGTPPPVYCNETAQWPCGSGKSYYGRGPIQISWNYNYGPAGNALGEFDGINNPDIVA
SDATVSFKTATIWEFWMTAQSPKPSCHDVMTGKWTPSGSDSAAGRVPGYGVVTNIVNGGLEC
GKGSDSRQEDRIGFYKRYCDILGVSYGANLDCNNQTPFEGS

>Pt|gi| 66746927 |gb|DR024557.1|ClassII
MGDSPRRRVRVGLLFQRGARQSSRRVLPGTSQWPCASGKRYYGRGPVQLSWNYNYGPAGK
ATGFDGINNPDIVASDATVSFKTAIWFWMTAQSPKPSCHDVMTGKWTPSGSDSAAGRAAG
YGAVTNIINGGLECGKGSDSRQOQODRIGEFYKRYSDILGVSYGSNLDCNN

>Pt|gi| 37561417 |gb|CF664174.1|ClassIIfragemennt
MVTDIINGGPECGTGTISDVQQOGRIGFYQRYCNMLGVDVGSNLDCKNRKPFGTYSVRYQTI
ITSTTTTVSYSMLWSAQSLPSTDR
>Pt]gi|49450589|gb|C0369272.1|ClassIV
MGTRTGRSVIASPYQHMVLRMSMVLLLVVVVSVNVVYAQNCGCASGLCCSKWGYCGTTSA
YCGNGCQSGPCYGSGGGSPSGGGGNVGTIISONFFSGLANAAGSSCEGKGEYTYNAFITA
AKAYSGFGTTGASDNQKRELAAFFANVMHETGGLCYINEINPSSNYCQSSSTWPCASGKS
YHGRGPIQLSWNYNYGAAGQDIGFDGLNNPEKVGQDATISFKTAVWEFWMKNSNCHSAITS
GOGFGGTIKAINSGECNGGNSAQVNSRSDYYKKFCSQ
>Pt|gi|49447453|gb|C0366136.1|ClassIV
MGTRTGRSVIGSPYGHLVLRMSMVLLLVVVVSVNVVYAQNCGCASGLCCSKWGYCGTTSA
YCGNGCQSGPCYGSGGGSPSGGGGNVGTIISONFEFNGLANAAGSSCEGKGEFYTYNAFITA
ANAYSGFGTTGSNDVQKRELAGFFANVMHETGGLCDINERDPLSNYCQSSSTWPCASGKS
YHGRGPIQLTWNYNYGAAGODIGFDGLNNPEKVGODATISFKTAVWEFWMKNSNCHSATITS
GOGFGATIKAINGGECNGGHSAQVNSRVNYYKKLCSQLGGGS
>Pt|gi|68026759|gb|DR166981.1|ClassIV
MGTRTGRSVIGSPYGHLVLRMSMVLLLVVVVSVNVVYAQNCGCASGLCCSKWGYCGTTSA
YCGNGCQSGPCYGSGGGSPSGGGGNVGTIISONFENGLANAAGSSCEGKGEFYTYNAFITA
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ANAYSGFGTTGSNDVQKRELAGFFANVMHETGGLCDINERDPLSNYCQSSSTWPCASGKS
YHGRGPIQLTWNYNYGAAGQDIGFDGLNNPEKVGQDATISFKTAVWEWMK
>Pt|gi|67552487|gb|DR093346.1|ClassIV
MVVVVLVLLLVSVSVNAQNCGCASGLCCSKYGYCGTTSAYCGAGCKSGPCSSSGGGSPSG
GGGSVGTIISQSFFNGLAGGAASSCEGKGEFYTYNAFIAAANAYSGFGTTGSADVRKRELA
AFFANVMHETGGMCY INERNPPMNYCMSSATWPCASGKS YHGRGPLOLSWNYNYGAAGKS
IGFDGVNNPEKVGQDPTISFKTAVWEWMKNSNCHSAITSGQGFGGT IKAINSQECNGGNS
GEVNSRVNYYKNICSQLGVDPGANVSC
>Pt|gi|67552259|gb|DR093118.1|ClassIV
MESSRGNSVMVLVVVLVLLLAGVSVNAQNCGCASGLCCSKFGYCGTTSAYCGAGCQSGPC
TSSGGGSPSGGGGSVGTIISQSFFNGLAGGAASSCEGKGFYTYDAFIAAANAYSGEFGTTG
SADVTKRELAAFFANVMHETGGMCY INERTPPMIYCMSSATWPCASGKSYHGRGPLQLSW
NYNYGAAGKNIGEDGVNNPEKVGODSTISFKTAVWFWMDNSNCHTAITSGOQGFGGTIKAT
NSQECNGGNSGEVNSRVNYYKNICSQLGVDPGANVSC
>Pt|gi|49450305|gb|C0368988.1|ClassIV
MVVVVLVLLLVSVSVNAQNCGCASGLCCSKYGYCGTTSAYCGAGCKSGPCSSSGGGSPSG
GGGSVGTIISQSFFNGLAGGAASSCEGKGFYTYNAFIAAANAYSGFGTTGSADVRKRELA
AFFANVMHETGGMCY INERNPPMNYCMSSATWPCASGKS YHGRGPLOLSWNYNYGAAGQS
IGFDGVNNPEKVGODPTISFKTAVWFWMKNSNCHSAITSGQGFGGTIKAINSQECNGGNS
GEVNSRVKYYKNICSQLGVDPGANVSC
>Pt|gi|37566495|gb|CF669102.1|ClassIV
MVLVVVLVLLLAGVSVNAQNCGCASGLCCSKFGYCGTTSAYCGDGCQSGPCSSSGGGSPS
GGGGSVGTIISQSFFNGLAGGAASSCEGKGFYTYDAFIAAANAYSGFGTTGSADVTKREL
AAFFANVMHETGGMCYINERTPPMIYCMSSATWPCASGKSYHGRGPLOQLSWNYNYGAAGK
NIGFDGVNNPEKVGODSTISFKTAVWEWMDNSNCHTAITSGRGEFGGTIKAINSQECNGGN
SGEVNSRVNYYKNICSQLGVDPGANVSC
>Pt|gi|67048599|gb|DR0O70857.1|ClassIV
SAYCGNGCQSGPCYGSGGGSPSGGGGNVGTIISONFFSGLANAAGSSCEGKGFYTYNAFT
TAAKAYSGFGTTGASDNQKRELAAFFANVMHETGGLCYINEINPSSNYCQSSSTWPCASG
KSYHGRGPIQLSWNYNYGAAGODIGEFDGLNNPEKVGODATISFKTAVWFWMKNSNCHSAT
TSGQGFGGTIKAINSGECNGGNSAQVNSRVNYYKKFCSQLGVDPGTNISC
>Pt|gi|66979070|gb|DR055503.1|ClassIV
MHETGGLCYINEINHSSNYCQSSSTWPCASGKSYHGRGPIELSWNYNYGAAGQDIGFDGL
NNPEKVGQDATISFKTAVWEWMKNSNCHSAITSGQGFGGTIEAINGGECNGGNSGQVNSR
VNYYONFCSQLGVDPGTNISC

>Pt|gi|5044079|gb|AI725260.1| ClassIV
MHETGGLCSINEINPSSNYCKSSSTWPCASGKSYHGRGPIQLTWNYNYGAAGQODIGEFDGL
NNPEKVGODATISFKTAVWSG

>Pt|gi|34490169|gb|CF472797.1|ClassVII
MATHFTVRAVILWEVFALSALSICRGAVPDIATQDFFNGILSAATDGCAGKTEFYTYSDFI
NAANSFEFSSFGTTGTSDDNKREIAAFFANVAHETTNLCYVEEIVKSAYCDSTNTQYPCASG
QQYYGRGPLQLTGNANYGAAGAYLAVDLRNNPGLVAQDDLT SWKTALWFWNVNSNCHTAT
TSGQGFGATIQAINGAVECNGGNTAEVKDRVSRYTTYCTQLGVDPGSNLTC
>Pt|gi|66976772|gb|DR053205.1|ClassVII
MATHFTVRAVILWEVFALSALSICRGAVSDIATQDFFNGILSAAADGCAKKTFYTYSDFI
NAANSFSSFGTTGTSDDNKREIAAFFANVAHETTNLCYVEEIAKSAYCDSTNTQYPCASG
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QOQYYGRGPLOLTGNANYGAAGAYLALDLLNNPGLVAQDDLTSWKTALWFWNVNSNCHTATI
TSGOGFGATIQAINGAVE

>Pt|gi| 68255783 |gb|DR388185.1|ClassVII
LPFPLFHLPRSFPDIATONFFNGILSAATDGCAGKTEFYTYSDFINAANSEFSSEFGTTGTSD
DNKRETAAFFANVAHETTNLCYVEEIVKSAYCDSTNTQYPCASGQQYYGRGPLQLTGNAN
YGAAGAYLAVDLRNNPGLVAQDDLTSWKTALWFWNVNSNCHTAITSGQGFGATIQAINGA
VECNGGNTAEVNDRVRRYTTYCSQLGVDPGSNLTC
>Pt|gi|37568895|gb|CF671502.1|ClassVII
MATHLRVSAVILWFAFALSALSICRGAVSDIATQDFFNGILSAAADSCAGKTEFYAYSDFI
NAANSFSSFGTTGTSDDNKRETIAAFFANVAHETGNLCYVEEINKSDYCDSTNTQYPCAAG
KQYYGRGPLQLSWNYNYGAAGDYLGQDLLNNPDTVAQDDLTSWKTALWFWNVNSNCHTAT
TSGOGFGATIQAINGAIECNGGNTDQVNDRISYYTNYCSEFNVDPGSNLSC
>Pt|gi|34488690|gb|CF471318.1|ClassVII
MATHFTVRAVILWEVFALSALSICRGAVSDIATQDFFNGIISSAADSCAGKTEFYTHSDFEI
NAANSFSSFGTTGTSDDNKREIAAFFANVAHETTDLCYVEEVAKSAFCDSTNTQYPCASG
OQOYYGRGPLOLTGNANYGAGGAYLAVDLLNNPGLVAQDDLTSWKTALWFWNVNSNCHTAT
TSGOGFGATIQAINGAVECNGGNTDEVNDRVSHYTTYCSQLG

>Pt|gi| 34487991 |gb|CF470619.1|ClassVII
AVSDIATQODFEFNGILSAAADGCAGKTEYTYSDEFINAANSFSSEFGTTGTSDDNKREIAAFFE
ANVAHETTNLCYVEETIAKSAYCDSTNTQYPCASGQQYYGRGPLQLTGNANYGAAGAYLAV
DLLNNPGLVAQDDLTSWKTALWFWNVNSNCHTAITSGOQGFGATIQAINGAVECNGGNTDE
VNDRVSRYTTYCSQLGVDPGSNLTC
>gi]|74168161|gb|DT638089.1|ClassVII
MATHLRSVLILWLALALYVVSICRGDVGDIVTRDFFNGILSGAADSCAGKNFYTYDDFIT
AANAFSGFGTTGTSDDNKRELAAFFANVAHETGSLCYIEEINKSDYCDSTNTQYPCVAGK
QYYGRGPLOQLTWNYNYGAAGNYLGFDGLNNPDIVAQDDSISWKTAVWFWMLDSNCHSAIT
SGOGFGATIQAINSGECNGGNSAAVTDRVNYYNNYCGQFGVDPGSNVSC
>Pt|gi]|51495190|gb|CV032367.1|ClassVII
MATHLRSVLILWLALALYVVSICRGDVGDIVTQDEFEFNGILSGAADSCAGKNEYTYDDEIT
AANAFSGFGTTGTSDDNKRELAAFFANVAHETGSLCYIEEINKSDFCDSANTQYPCATGK
QYYGRGPLOQLTWNEFNYGPAGNYVGFDGLNNPDIVAQDDSISWKTAVWFWMLDSNCHSAIT
SGQGFGATIQAINSGECNGGNSPAVTDR
>Pt|gi|48943937|gb|C0171065.1|ClassVII
MRNYLRVMTLSATTILWLVLAFDLVSMCRGDVGDFATQDEFEFNGILSGASDSCTGKTEFYTYN
NEMDAATAFSGEFGTTGPDVDHKREIAAFFANVAHETSRLCYVEQIEKSDYCDSTNQKYQV
CGGKAVLWAWPLATHMEL

>Pt|gi| 67047413 |gb|DR069716.1|GH18
MFFSEIIDFISQTNATEVFDKETVSAYAYSSDMMWVGYDNKQSVAAKVSFAKNKHLLGYF
FWAISODSNWMLSAQASESWNQAR

>Pt|gi| 67960181 |gb|DR162791.1|GH18
MFFSEIIDFISQTNATEVFDKETVSAYAYSSDMMWVGYDNKQSVAAKVSEFAKNKHLLGYF
FWATSQDSNWMLSAQASESWNQAR

>Pt|gi]| 68252684 |gb|DR385086.1|GH18
MCYDYHGSWDISATGAHAALYDPTSNISTSFGIGSWLHSGVPPNKVAMGMPLYGRSWILK
SLDDTEIGAPAVAAGPKQTLSNEKGVMFEFSETIRELINQKNATEVEFDKETVSAYSYSSDLL
WVGYDNQESVATKVSFAKEMHLLGYFEFWAIGQODNNWMLSAQASDSWN

>Pt|gi| 67557727 |gb|DR098372.1|GH18
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MGMPLYGRSWILKSLDETGIGAPATIAAGPKQTLSSETGVMFEFSEIIDFISQKNATEVEDK
ETVSAYAYSSDMMWVGYDNKQSVAAKVSFAKNKHLLGYFEFWAISQDSNWMLSAQASESWN
QAR

>Pt|gi| 66746777 |gb|DR024407.1|ClassV
MASNTSYRKVEFINSTIALARKYGFHGLDLDWEFPODAAEMEYLGTLFDDWRHAIDLEATA
SGRPPLLLTAAVYFAQYFEFVWGEKRAYPVTSIARNLDWVNVMCYDYHGSWDISATGAHAA
LYDPTSNISTSFGIGSWLHSGVPPNKVAMGMPLYGRSW
>Pt|gi|58026595|gb|CX713336.1|ClassV
MAQAPKNLCIILFFITSSIIYSSSSSNNTTSNNGVKAAYWPSDSSLSPSSISTDLEFTHIL
YAFADLNDQTFQVQLPATADPAEFTSTLLOKNPSLKTLISIGGGGSNATAFALMASNTSY
RKVFINSTIALARKYGFHGLDLDWEFPODAAEMEYLGTLFDDWRHAIDLEATASGRPPLL
LTAAVYFAQYFFVWGEKRAYPVTSIARNLDWVNVMCYDYHGSWDISATGAHAALYDPTSN
ISTSFGIGSWLHSGVPPNKVAMGMPLYGRSWILKS
>gi]66983699|gb|DR0O60132.1|ClassV
GSGPKKLLLILLFITCSLIYSSSSPLVDSINNGGGVKAAYWPSHRVSYSPPSSINTDLFT
HIFYAFAHLNNQTFEVEVPSTDDPAEFTSTLLMKKPSLKTLLSIGGGGSSPTAFALMASN
ASDRKVFINSTIATARKYGFHGLDLDWEFPKNSVEMENLGALEFSEWRHAIDLEATASGRP
RILLTAAVYFAQYFFLSSEKRAYPATSIAQNLDWVNVMCYDYHGSWNISATGAHAALYDP
SSNISTSFGIGSWLHSGVSPNNIVMGMPLYGRSWILK
>Pt|gi|67559326|gb|DR0O99971.1|ClassV
GGVKAAYWPSYTISYSPPSSINAALFTHIFYAFANLNDOQTFQVELPATAKPAEFTLTLRK
KNPFLKTLISIGGGGSNSTAFALMASNALRRKVFINSAIALARKYGFHGLDLDWEFPKDA
TEMONLGSLFAEWRHATELEARAWPRRPRLLLTAAVYFAQYFLLAADKRAYPATSITONL
DWVNVMCFDYHGSWDTSATGAHAALYDPSSNISNSFGIGSWLHSGV
>Pt|gi|49008134|gb|C0196959.1|ClassV
MAQPOKYLLITILLSMATSLVYCSSSQPAYHRGHHPHKKHGGVNAAYWPSYTVSFEFSPPSST
NAALFTHIFYAFADLNDQTFKVELPATTDPAADPAEFTPTLRKKNPSIKTLISIGGGGSN
ATAFALMASNASHRKVEINSATAVARKYGFHGLDLDWEFPONVTEMKNLGILFAEWRHAT
ELEAKASRRPRLLLTAAVYFAEYFLLAADQKAYPATSIARNLDWVNAMCFDYHGSWDISA
TGAHAALYDPS

>Nt gi|19861-1
MRLCKFTALSSLLFSLLLLSASAEQCGSQAGGARCPSGLCCSKEFGWCGNTNDYCGPGNCQ
SQCPGGPTPTPPTPPGGGDLGSIISSSMFDOMLKHRNDNACQGKGFYSYNAFINAARSFEP
GFGTSGDTTARKREIAAFFAQTSHETTGGWATAPDGPYAWGYCWLREQGSPGDYCTPSGQ
WPCAPGRKYFGRGPIQISHNYNYGPCGRAIGVDLLNNPDLVATDPVISFKSALWEWMTPQ
SPKPSCHDVIIGRWQPSAGDRAANRLPGFGVITNIINGGLECGRGTDSRVQDRIGEFYRRY
CSILGVSPGDNLDCGNQRSFGNGLLVDTM

>Pg GQ03904 PO1-I
FIEAQKRRRCKAKGEFYSYAAFTIAAADAFPGEFGTTGDLTAQKRELAAFFGQTSHETTGGWP
TAPDGPYAWGYCLKEEQGDPPGEYCQASSEWPCASGKKYYGRGPVQISWNYNYGPAGKAV
GFDGINNPDITIANDATVSFKTAVWEWMTEQSPKPSCHNVMAGGWGPSGSDTAAGRAAGYG
VVTNIINGGLECGKGSDSRQEDRIGFYKRYCDILGVSYGSNLDCNSQKPFGFAAQSQPRL
IKTVV

>Pg GQ0183 A06-T
LTSVREMKSIRFSAMATIALVTMGTMNLYFASAEQCGRQASGALCPGGLCCSKWGIWCGNTE
AHCGQDCQSQCGGSTPTPPSPTPGGQGVSSVITESTIFNDLLKHRNDAACKAKGEFYSYAAF
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IAAANAFPAFGTTGDLSTRKRELAAFFGQTSHETTGGWPAAPDGPYAWGYCEFKEEQGNPP
GEYCOASSQWPCASGKRYYGRGPVQISWNYNYGPAGRAIGEDGINNPDIVANDATVSEKT
AMWEWMTAQSPKPSCHDVMTGRWSPSGRDSAPGRAAGYGVVTNIFNGGLECGKGSDSRQV
DRIGFYKRYCDIFGVRYGSNLECNTQKPFGFAGQSQPHLIKTVV

>Pg GQ03902 BO1-IIT
RGTRICIGSLKMASATIGRMKSMRVLSVLAAVAMMGTLCCHVSAQQGVASITISEDVENQF
LKHRNDDACPAKGFYTYSAFIAAANSFPDEFGNNGDLETSKRELAAFFGQTSQETTGGWAT
APDGPYAWGYCFKEENSADRYHGRGPIQLTGDYNYKAAGDALGYDLINNPELVVTDATVS
FKTALWFWMTPQSPKPSCHDVILGRWSPSDTDTAAGRVPGYGMVTNIINGGLECGQGTSS
AAQQGRIGFYQTYCNKLGVDSGSNLDCNNQKPEFGS

>Pg_GQ03703 009-TT
MRVLLALTVVAMMNTFEFCYVSAQQGVAFIITEDVENRFLKHRNDGACAAKGEFYTYNSFILA
ANRFPSFGNVGNLETRKRELAAFFAQTSHETTGGWETAPDGPYAWGYCFKEEQDADPEEM
YYGRGPIQLTGKSNYEAAGKALGYDLLNNPGIVASNPTISFKTAVWEFWMTTQSPKPSPHT
VMIGKWSPSGSDTAAGRVPGYGVVTNIINGGVECGRGSDSNQEDRIGFYKAYCDILGASY
GSNVDCNTQRSFEGG

>Pg GQ0046 J03-II
METKQITGSVNRMLVVVGICLMISSWLCCIEPAAAADEDQAMKSKKIACIKGAECKNKTI
SELFTVDQFESLESHRNAPMAHAQGEFWDYHSFITAAAHFEPKGFGATGGDLVQKKELAAF
FAHVATETSCESLMAQSSTATTDSPTKWGLCYKEELSPDSTYCESSLVYPCAPGVSYHGR
GALPVYWNYNYGQLGQALKVDLLHHAEDLSQNATLAFQAAMWRWMNPIKVKQPSAHQVMV
GKWVPTKNDTNSLRHPGFGMTINILKGDAECGAGSDDKQMNKRIAHYLYFLDQLDVGRDN
AGDNLDCSDQKVLNPSSAST

>Pg GQ0207 E09-VII
TILANMAIHLRVMTASVFVLWLALALSICRGDVGDIATEDFFNGILSGAADTCAGKKEYT
YSDFITAANGFSGFGTTGTSDDEKREIAAFFANVAHETIGFCYIEETIQKDDYCDSNNTQY
PCAAGKQYYGRGPIQLSWNFNYGPAGSYLGVDLLNNPETVAQDALIAWKTALWYWNVNSD
CHSAITSGQGFGATIQAINGALECNGGNTDEVNDRVSYYTKYCSQFGVDPGSNLSC

>Pg_GQ03803 J20-TV
MAGSSGKFASPRGRVVVRMSLVLLLVVGVSVNVVNAQNCGCASGLCCSKWGYCGTTSAYC
GNGCQSGPCSGGGSPSGGGGNVGTIISONFFNSLASGAGSSCKGKGFYTYNAFIAAANAY
SGFGTTGSNEVOKRELAAFFANVMHETGGLCYINEISPSSNYCQSSSTWPCTSGKSYHGR
GPLOQISWNYNYGAAGQSIGFDGLNNPEKVGODATISFKTAVWFWMKNSNCHSAITSGQGF
GGTIKAINSGECNGGNSGQVNSRVTYYKKFCSQLGVDTGTNVSC

>Pg_GQ03206 D15-TV
MGSSSSNKSVMALVLVLLLVGVSVNAQNCGCASGVCCSQYGYCGTTSAYCGKGCKSGPCY
SSGGGSPSAGGGSVGGITISQOSEFENGLAGGAGSSCEGKGEYTYNAFIAAANAFSGEGTTGS
NDVKKRELAAFFANVMHETGGLCYINEINPKITIYCQSSSTWPCTSGKSYHGRGPLQLSWN
YNYGAAGKSIGFDGLNNPEKVGODSTISFKTAVWEFWMKNSNCHSAITSGQGFGGTIKAIN
NMECNGGNSGEVSSRVNYYKKICSQLGVDPGVNVSC
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>At gi|7288020-IV
MLTPTISKSISLVTILLVLOAFSNTTKAQNCGCSSELCCSQEFGEFCGNTSDYCGVGCQQGP
CFAPPPANGVSVAEIVTQEFFNGIISQAASSCAGNREFYSRGAFLEALDSYSREGRVGSTD
DSRREIAAFFAHVTHETGHFCYIEEIDGASKDYCDENATQYPCNPNKGYYGRGPIQLSWN
FNYGPAGTAIGFDGLNAPETVATDPVISFKTALWYWTNRVOPVISQGFGATIRAINGALE
CDGANTATVQARVRYYTDYCRQLGVDPGNNLTC

>At gi|2342435-I11
MTNMTLRKHVIYFLFFISCSLSKPSDASRGGIAIYWGONGNEGNLSATCATGRYAYVNVA
FLVKEGNGQTPELNLAGHCNPAANTCTHEFGSQVKDCQSRGIKVMLSLGGGIGNYSIGSRE
DAKVIADYLWNNFLGGKSSSRPLGDAVLDGIDENIELGSPOHWDDLARTLSKESHRGRKI
YLTGAPQCPFPDRLMGSALNTKREDYVWIQFYNNPPCSYSSGNTONLEFDSWNKWTTSIAA
OKFFLGLPAAPEAAGSGYIPPDVLTSQILPTLKKSRKYGGVMLWSKEWDDKNGYSSSILA
SV

>At gi|3859599-1T
MEKQISLLLCLLLFIFSISSSLHETEARKHNKYKPAPIMSLVPRTLYDQIFIHKDNNACP
AKGFYPYEAFVEATRSFPKFGSVGNFWTRRREVAAFLAQISHETTGGWATAPDGPYAWGL
CFKEEVSPOSNYCDASNKDWPCVSGKSYKGRGPIQLSWNYNYGQAGRALGFDGLONPELV
ANNSVLAFKTALWEFWMTEQTPKPSCHNVMVNRYRPTKADRAANRTVGYGLVTNIINGGLE
CGIPGDGRVTDRVGYFQRYAQLFKVTTGPNLDCENQRPES

>At gi|12321966-T
MKTNLFLFLIFSLLLSLSSAEQCGRQAGGALCPNGLCCSEFGWCGNTEPYCKQPGCQSQC
TPGGTPPGPTGDLSGIISSSQFDDMLKHRNDAACPARGFYTYNAFITAAKSFPGEFGTTGD
TATRKKEVAAFFGOTSHETTGGWATAPDGPYSWGYCFKQEQNPASDYCEPSATWPCASGK
RYYGRGPMQLSWNYNYGLCGRAIGVDLLNNPDLVANDAVIAFKAAIWFWMTAQPPKPSCH
AVIAGOWQPSDADRAAGRLPGYGVITNIINGGLECGRGODGRVADRIGFYQRYCNIFGVN
PGGNLDCYNQRSEFVNGLLEAAT

>At_gi|3250684-V
MYTEVVKASYWEFPDGASSPTTGSVVPQSSAVLIDSTLFTHLFCAFADLDPQTNSVVVSGA
HEQEFSNFTKIVKKKNPHVQTLLSIGGRNADKSAFASMASNPTSRKSFIWSAISSARYYR
FDGLDLVWKYPKDDVEMRNFGQLLEQWREATEDDAERTERMPLLLTAAVYYSPVYDSVSY
PIREIKKKLDWVNLIAYDFYSSSTTIGPPAALFDPSNPKGPCGDYGLKEWIKAGLPAKKA
VLGFPYVGWTWSLGSGNDAATSRVATSAEGSINYDQIKRLIVDHKARPVFDSTVVGDYCFE
AGTSLIGYDDHQSVVAKVKYAKQKGLLGYEFSWHVGADDNFGLSRAGSSFCTYESLFFSLE
TFS

>PgeChia7-2AEF59004
MATHFRVNVIFLWLAFALSALSICRGAVSDIATQDFEFNGILSAATDGCAGKTEFYTYTDFI
NAATSEFSSFGTTGTSDDNKRETAAFFANVAHETTNLCYVEETIAKSDYCSSNTQYPCASGQ
QYYGRGPLOLTGNGNYGAAGDYLGVDLLNNPGLVAQDDLTSWKTALWEFWNVNSNCHTATIT
SGQGFGATIQAINGAIECNGGNTDQVNDRISRYTNYCSQFGVDPGSNLSC

>PgeChia7-1AEF59003
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MATHFRVNVIFLWLAFALSALSICRGAVSDIATQDFENGILSAATDGCAGKTEYTYTDEI
NAANSEFSSFGTTGTSDDNKREIAAFFANVAHETTNLCYVEEIDKSDYCDSSNTQYPCASG
QOYYGRGPLOLTGNANYGAAGTYLSADLLNNPGLVAQDDLTSWKTALWEWNVNSNCHTAT
TSGOGFGATIQAINGAIECNGGNPDEVNDRISHYTNYCSQFGVDPGSNLSC

>Pm gi|261889440-11I
MGRTGGEKWVMALVLVLLLVGVGVNAQNCGCASGLCCSKEFGYCGTTSAYCGTGCQSGPCS
SSGGGSPSGGGGSVGTIISESVENGLAGGAASSCEGKGEYTYNAFTAAASAYSGEGTTGS
SDVQKRELAAFFANVMHESGGLCYINEINPPITIYCQSSSTWPCTSGKSYHGRGPLQOLSWN
YNYGAAGQSIGEFDGLNNPEKVGODATISEFKTAVVEWMKNSNCHSAITGGOGEFGATIKAIN
SGECNGGNSGEVSSRVNYYKKICSQLGVDPGANVSC

>Pm gi[261889446-1IV
MGSSTAAENWVMSLVVALLLAGVSVNARKCGCASGLCCSQYGYCGTTSAYCGKGCQSGPC
TSSGGGSPSGGGGSVGTIISQSIFNGLAGGAASSCEGKGEFYTYTAFIKAASAYSGEGTTG
SNDVKKRELAAFFANVMHETGGLCYINERNPPITYCQSSSTWPCASGKSYHGRGPLOLSW
NYNYGAAGKNIGFDGLNNPEKVGQDATISFKTAVWEFWMNNSNCHSAITGGOQGFGATIKAI
NSGECNGGNSGEVSSRVNYYRKICSQLGVDPGANVSC

>Pa gi|33359621-1IV
MGSIIIDKSVMALVLVLLLVGVSVNAQNCGCATGVCCSQYGYCGTTSAYCGKGCKSGPCY
SSGGGSPSAGGGSVGGIISQOSFENGLAGGAASSCEGKGEYTYNAFTIAAANAYSGEGTTGS
NDVKKRELAAFFANVMHETGGLCYINEKNPPINYCQOSSSTWPCTSGKSYHGRGPLOLSWN
YNYGAAGKSIGEFDGLNNPEKVGODSTISFKTAVWEWMKNSNCHSAITSGOGEFGGTIKAIN
SMECNGGNSGEVSSRVNYYKKICSQLGVDPGANVSC
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6.3 Appendix

Table 6.2.1: Primer sequences used to amiplify chitinase (chial-1, chia2-1, chia4-1) genes for
Sanger sequencing. Primers FWD1 and REV1 PCR amplify and seqeunce outer gene sequences

and, primers FWD2 and REV2 use to PCR amplify and sequence inner sequences.

Primers chial-1 chia2-1 chia4-1
GAGGGATAATTTGGAAAC GCTGTGCCTACCCTTAGA AGACAGATTTAACACGA
FWDI1 GCTAAA TTT AACATTGG
GTCGTCATCTCCATGTTCG CAGCTTTATAGTTGTAGT CAGTAGTTCATTGGAGG
FWD 2 TAG CCCTATCA GTTTCT
ATAGAAACGACCGACCAT ACGGTAATGTAGCGTAG ATCTCTGTGAGTGGGAG
REV 1 GAC TCT TCTTA

CTCAGATTTATGAGAAGT TAGCTAGACGGTAGACT GAAGCAGGAGTCCTCAT
REV 1 GTTCAAACC CTGTG TGTTA
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6.4 Appendix

Chitinase nucleotide sequences representing the uptstream promoter and coding regions of
Pcchial-1, Pbchial-1, Pcchia2-1, Pbchia2-1, Pcchia4-1 and Pbchia4-1 genes cloned from
lodgepole (Pc) and jack pine (Pb) gDNA.

>Pbchial-1
GAGGGATAATTTGGAAACGCTAAAAGTGACACGTGATTTAAGTTTTAATAAGTGATTTAAGCAGA
GATTAGTTGTAATGTTATTTCTTATTGGGAAATTGGAAGGGCATTTATTTTTTTACCAATTTTTG
GCACATTATTCGAAATGAGATTTTTATGAAGACAAAATGATTTAAGTAGTGGTATTATCTAAATA
AACACAGTTAATACACATTTCGTTTAAAAATAAAAAATAAAGCCATTACATATTATGAAGTTAAA
CTAATAAACTACTATTCAAATATAAAATAAAATTAATAAACTATTATTTAAATATAATAACCTAG
AACTACTTCAAGCTCAAGGATCTATATAAAACAGTAATCAAATTTCCACTTTGAGAAAAAAGGGA
TGAATTTGAAATACCAGGCTTAGTTAGACTACGACTTTGGGGGCAAAGTCGTCCATGTGTCGGAT
GCGGACATCGAGGACCACATGGGCGACTGGACTGTCGTCATCTCCATGTAATCATTTTGGTCTGG
GCGGCGGCCTCATTAATGACAATTAAGAACATGTCATAATTATTTTAATTTCAACTTTATCCATG
AAAGGTCTTTATGGTGTTAAGAGATAAGTCTCTCATGATCACAAATAAAATATAACCTGGGTTTC
ATTGAATTGAAAATTTGGCCGTCAGAGTCAAGATGAGCGAACACGGAAGTGGATAATATTTCATA
TACCTTGAAGAGACGAGTGAACACGGAAGCGGATAATATTTCATATAGCTTCGACAGACGTGAAC
GTGAAGGAGACCGGAAATACGGCTATAAAAGACGGTCTGCGGTCTCCAAAATTTAACTGAAAGTT
GCAATTAATGCAGTGCTGATATAAGAAACGAGTGTCTGCAATATGAAATCGATGAAGTTTTCCGC
GATGGCGATCGCCTTGATTACAATGGCGACGATGAATTTGTATTTTGTATCTGCTGAGCAATGCG
GACAGCAAGCAGGCGGAGCTCTTTGTCCCGGTGGCTTGTGCTGCAGCAAATGGGGATGGTGCGGA
CGCCCATTGCGGGCAGGATTGCCAGAGCCAATGCGGAGGATCGACTCCCACGCCTCCTTCACCCA
CTCCCGGTGGACAGGGAGTTGCATCTATCATCACTGTAAGTATTTTCAATGAGTTATTGAAGCAT
AGAAACGACGCCGGCTGCAAGGCCAGCGGATTCTACACCTACTCTGCCTTCATTGCAGCTGCCAA
TGCTTTTCCTTCCTTCGGCACCACCGGCGATGTCGCTACTCGGAAAAGAGAGCTCGCTGCTTTCT
TTGGTCAAACCTCCCACGAAACCACAGGTCATATTTTCATCTCTATTACTTGTGATTTACCGCTG
TGATCTTACTTGGCTTTACATCTCATTGGGTAAGAAATATTGGTAAACAGGAGGATGGGCAACAG
CCCCAGACGGCGCGTACGCGTGGGGTTATTGTTTGAAAGAGGAGCAAGGCAATCCTGCCGCCGAG
TCCTGCCAGGCAACCTCCCAGTGGCCCTGTGCATCTGGAAAGAGATACTACGGACGAGGGCCCGT
TCAATTGTCATGGTCGGTCGTTTCTATATTTATGCAGTTTTAATTTCTTTACTTATTTTCTGCAC
AGACGCACCCAAAAAGAATATCTGAATGAAATTTAAGACTAATACGCCGTTTNNTCAATTTGCTT
TGGGTTTTTCAGGAATTACAACTATGGACCGGCCGGGAAGGCAATCGGATTCGATGGCATAAACA
ACCCCGACATTGTTGCTAGCGATGCCACGGTGTCTTTCAAGACCGCAATNTGGTTCTGGATGACC
GCCCAATCTCCGAAACCTTCTTGCCACGATGTCATGACCGGGAAATGGACTCCGTCCGGCAGCGA
CAGCGCCGCTGGGAGAGCTGCGGGATATGGAGCAGTTACCAACATCATCAACGGCGGGCTGGAGT
GCGGGAAAGGCAGTGACTCGAGGCAGCAGGATCGCATCGGCTTCTACAAAAGATACAGTGACATT
CTTGGGGTGAGCTACGGATCAAACNTGGATTGCAACAACCAGAGGCCTTTCGGCGCTGCAGTTCA
ATCTGAACCTCGTCTTATCAAAACCGTGGTTTGAACACTTCTCATAAATCTGAGA
>Pbchiaz-1
TGCTGTGCCTACCCTTAGATTTAAGGCGTATATTATCTAGCGATGGATTTAAGCTGTACATTATC
CAACGATAGATATATACTGCCCATCTTATTATTAATGGCTAGATAAACTTGTGAATATGCGTTGT
CCACCTAATTTATCAAATCATTGAGATATAATAGATGCGAGCCGCAAGCTCCACCATAAAGTTAC
CTTTAAATCTTTGCTACTTAGAATTGATCTTGGAGATATACCAGAACAATGAATAATGAAATATA
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CAGTGAGAGGTAAAGATTTACACCACTGTATCATCCCATTAAAGACAATGCAGGCTATCTATTTG
TTGCTTGACCGCATTGTGCCGCGACAATGAGCACCTCTTGCAACTTGAATGGAATGAACTTCCTC
TCCGTGTGTATGGTATCTTTACATAACCGTAATGTAGCGTAGTATGATATTCTTACATAACGGTA
ATGTAGCGTAGTCTAAACGTTTAAAAAGCCAGGAGTTTATTCCCCTAAAAACAATGAAGTTGCCC
TAAGTTTGAAAAGACCAGAATGGCCGTTAGAGGGGCGGACTCCTCAAACCGCTGAGTTGTTAAAA
TCATAGGATCTTAGTATACCCGACTTACAGGTGGTTAGATATACTCTTGATATTTTAGATCAAAT
ATGAGATTTGATCCACGGTCTCCTGGATTAAGCTTGATAGTTATGGTTTCACCATATAATTAAAA
AAAAAAAATTGCTTTCCAAAAAGATTANCTTCCATATTGTGGCATGTGTGGAAAGGCCAAAGCCA
AAGTCTGCCCTTCAAAGGAAGAGTGGAAAATACTCCACGCGAGGAAGAAGCGAAGAAAGATCTGA
AGTCAAGATTATGAAATACGGGAGAGAAGCGGCTATAGTCGCCACGGAAGTCGTTTTACTTTTAA
CCTTAACCCATCTTACACGGTATGTACCTGCTTTCGCAAAAATGGTGGCCGGGTTGCAGGTTGGA
CCATGAGAACACTATATCACCGTGAACGCCACGGAATGGTACAAAAGTTTCAACAAAGCGCCGCC
CCCCACCTCCCATGGCACTGTATCTGACTCTTGCGGAAATACTGCTATAAAAGGAGGGGCTTGCA
GCCTAGGATCATCACCAGAATTTGCTTTGGCAGTTTAAAGACAGCATATACGACTATGGCGAGAA
AGATGTCGATGAANTTGNTGTTGGCCCTCGCTGCAGTGGCCATAATGAGTACTTTGTGTTATGTT
TCTGGACAACAGGGAGTCGGCTCCATCATAACTGAAGATGTTTTCAATGAGTTTCTCAAGCACCG
AAATGACGCCGCATGCCAGGCGAGAGACTTCTACACCTACAGCGCCTTCATTGCGGCCACTAATA
GCTTCTCAGACTTCGGCAACAACGGCGATCTAGAGAGCCGCAAAAGAGAGCTCGCGGCTTTCTTT
GGTCAAACGTCGCAGGAAACCACAGGTATTATTAGTTTAGCCTCCTCTAACTCTTCTGTCTCTCT
GCTATTCCTTATTGTTATTAATGGCATTAAGTTAATTGAGTTTGTACAGGCGGGTGGGCCACGGC
CCCCAGACGGCCCCATATGCGTGGGGTTACTGCTTCAAAGAGGAAAATAGCACAGACAAATACCA
CGGACGGGGACCTATTCAGTTAACAGGGTAATATTTCTATATCTAAGTTTTGTTAATCCATTTCG
AATTAATTGTAGCAATAGATATGGANAAAATCGAATGAATTTCAAGCNTAATTCACTTACCGCTG
TTTGATTAGGGACTACAACTATAAAGCTGCGGGCGATGCCTTAGGGTACGATCTCATAAACAATC
CGGATCTCTTGGTAACTGACGCCACGGTCTCGTTTAAGACGGCGGTGTGGTTCTGGATGACCGCG
CAGGCTCCCAAGCCTTCGTGCCACGACGTGATATTGGGAAGATGGAGTCCATCAAACGACGATAC
TGCCGCCGGCAGAGTGCCGGGATNNNGATTGTTGACGAACATCATTAACGGCGGGAGGGAATGCG
GCACAGGCACAATAAGCGACCCTCAGAAGGGCCGAATCGGGTTCTACCAGAGATACTGCAGCTTG
CTGGGCGTGGACACTGGATCCAACCTCGACTGCCAAAACCAGAAGCATTTCTGAACTCAAATCTC
TACTGTAGCAAGAGGCCACCACATCGATTACTACTTCGAGTTGAATGTTATGGTCAGCACAGAGT
CTACCGTCTAGCTAA

>Pbchiad-1
TAAAATGGAAAAAGAAATGAAAAAGAAAAGAAGAAGCAGGAGTCCTCATTGTTAAACAATTACGC
ATGTTAAATACACATTTCTGCTACGAAAGTCATGGTATCCAAGTGGCATTTTTATCTCGTGACTT
CTCACAACCACTAAATCAATGAAAGTCGGTGAAACATTATCTTTATCGTGGAACACTGGTATGGT
GCAGCTCTGTGCAAATGGGTGCGTTCAACCATCCTCAGTGTTCCGCCGCGTGTTAAGCTTTTAGC
AATTAATCGAAATCTATTCTAGGGATGGTATACGAGCGTGGAAGACCGGATGGAGCAGGTAAGTC
GAAGGCGGCGCACTATCAAATAAAACTCGTTACGTTCAACGATCCGGACCGCAGCCGCCGCGETAT
TCAGCGGATGCAATTGTTCCTAAAAATCAAAGTCTATAATAGTCTTGCCGACCCAAAGAAGAAAA
TGAGGAGCAGAGTGGGTCGGGGTTTCTATATAAATAGAGAACGAACTTGAATCAACAAATCAAAT
AATCTCTGTGAGTGGGAGTCTTAAGGAATTATTCGCAATGGGGGGTAGTAGCGGTAAGTCGGTAA
TGGTGCTGGTGATGGTGCTAGTCCTGCTACTGGCGGGTGTCAGTGTTAATGCTCAAAACTGTGGC
TGTGCCAGCGGACTGTGTTGCAGCAAGTATGGATACTGCGGGAGCACCCCGGCTTACTGCGGCCG
TGGCTGCAGGAGCGGTCCTTGTAGCAGTTCAGGAGGAGGATCTCCAAGTGGCGGAGGTGGAAGCG
GTGGGTACCATAATTTCCCAGAGTTTCTTCAATGGCCTCGCGGGCGGAGCTGCCAGCTCCTGCGA
GGCCAAGGGATTCTACACTTACGATGCTTTCATCGCAGCGGCCAATGCGTATTATGGATTTGGCA
CCACGGGATCCGCAGACGTCACAAAGAGAGAACTCGCGGCCTTCTTGGCTAATGTTATGCACGAA

213



ACTGGAGGTCTATATTCTGCTCTATCATAATTATTTACCTAGTAATCCTTTTTCTTTATGAGAAA
AAGCTTTAATTGCCATTTACCTTCCAATCGATCTCTAATTTGGTTTCAATTTTTTCACTGATAAT
TGATTAATTTCTGTGTCATGTCAGGAATGTGCTACATCAATGAGAGAAACCCTCCAATGAACTAC
TGTATGAGTTCAGCCACGTGGCCGTGTGCGAGTGGTAAGAGCTACCATGGTCGTGGCCCTCTCCA
GTTGAGCTGGTATGTATGCGAAAACTCTACACCCACTAATCACATCTCATCTCCTCTGTAATGAT
AAAATAGATTGAGACTAACAATTAGATTGTTACAGGAATTACAATTATGGAGCGGCTGGGAAGAG
CATTGGGTTCGACGGGGTGAACAACCCAGAGAAGGTGGGGCAAGACCCCACCATTTCGTTCAAGA
CGGCTGTCTGGTTCTGGATGAAGAACAGCAACTGTCACTCCGCCATAACGTCAGGGCAGGGCTTC
GGTGGCACAATCAAAGCCATCAACAGCCAGGAATGCAACGGTGGAAACAGTGGGGAGGTGAATAG
CAGAGTGAAGTACTACAAGAATATCTGTAGCCAGTTGGGTGTGGATCCTGGAGCCAATGTTTCGT
GTTAAATCTGTC

>Pcchial-1
GAGGGATAATTTGGAAACGCTAAAAGTGACACGTGATTTAAGTTTTAATAAGTGATTTAAGCAGA
GATTAGTTGTAATGTTATTTCTTATTGGTAAATTGGAAGGGCATTTATTTTTTTACTAGTTTTTG
GCACATTATTCGAAGATTTTTATGAAGACAAAATGATTTAAGTAGTGATATTATCTGAATAAACA
CAGTTAATACACATTTCATTTAAAAATAAAAAATAAAGTCATTCCATATTATGAAGTTAAACCAA
TAAACTATTATTCAAATATAAAATAAAATTAATGAACTATTATTTAAATATAATAACCTAGACTA
CTTCAAGCTCAAGGATCTATATAAAACAGTAATCAAATTTCCACTTTGAGAAAAAAGGGATGAAT
TTGAAACTCCNGGCTTCGTTTACAGTTAGACTACGACTTTGGGGCCAAAGTCGTCCATGTGTCGG
ATGCGGACATCGAGGACCACATGGGACTGGACTGTCGTCATCTCCATGTTCGTAGAAATCATTTT
GGTCTGGGCGGCGGCCTCATTAATGACAATTAAGAACATGTCATAATTATTTTAATTTCAACTTT
ATCCATTAAAGGTCTTTATGGTGTTAAGTGATAAGTCTCTCATGATCACAAATAAAATATAACCT
GGGTTTCATTGAATTGAAAATTTGGCCGTCAGAGTCAAGATGAGCGAACACGGAAGTGGATAATA
TTTCATATAGGTTGAAGAGACGAGTGAACACGGAAGCGGATAATATTTCATATAGCTTCAAGAGA
CGTGAACGTGAAGGACACCAGAAATATGGCTATAAAAGACGACCTACGGTCTCCAAAATTTAACT
GAAAGTTGCAATTAATGCAGTGCTGATATAGAAACGAGTGTCTGCAATATGAAATCGATGAAGTT
CTCCGCGATGGCGATCGCCTTGCTTACAATGGCGACGATGAATTTGTATTTTGTATCTGCTGAGC
AATGCGGACAGCAAGCAGGCGGAGCTCTTTGTCCCGGTGGGTTGTGCTGCAGCAAATGGGGATGG
TGTGGCAACACGGACGCCCATTGCGGGCAGGATTGCCAGAGCCAATGCAGCGGATCGACTCCCAC
TCCCGGTGGACAGGGAGTTGCATCTATCATCAGTGAAAGCATTTTCAATGAGTTATTGAAGCACA
GAAACGACGCCGGTTGCAAGGCCAGCGGATTCTACACCTACTCTGCCTTCATTGCAGCTGCCAAT
GCTTTTCCCTCCTTCGGCACCACCGGCGATGTCGCTACTCGGAAAAGAGAGCTCGCTGCTTTCTT
TGGCCAAACCTCCCACGAAACCACAGGTCATATTTTCATCTCTATTACTTGTGATTTACCTCTGT
GATCTTACTTGGATTTACATCTCATTGCGTAAGAAATATTGGTAAACAGGCGGATGGGCGACAGC
CCCAGACGGCGCGTACGCGTGGGGTTATTGTTTCAAAGAGGAGCAAGGCAATCCTCCCGCCGAGT
ACTGCCAGGCAACCTCCCAANGGCCCTGTGCATCTGGAAAGAGATACTACGNNNNAGGGCCCGTT
CAATTGTCATGNTNGGTCGTTTCTATATTTTTGCAGTTTTAATTTCTTTAATTATATTCTGCACA
GACGCACCCAAAAAGAATATCTGAATGAAATTTAAGACTAATACGCCGTTTGCTCAATTTGCTTT
GGGTTTTTCAGGAATTACAACTATGGACCGGCCGGGAAGGCAATCGGATTCGATGGCATAAACAA
CCCCGACATTGTTGCTAGCGATGCCACGGTCTCTTTCAAGACCGCAATCTGGTTCTGGATGACCG
CCCAATCTCCGAAACCTTCTTGCCACGATGTCATGACCGGGAAATGGACTCCGTCCGGCAGCGAC
AGCGCCGCTGGGAGAGCTGCGGGATATGGAGCAGTTACCAACATCATCAACGGCGGGCTGGAGTG
CGGGAAAGGCAGTGACCCGAGGCAGCAGGATCGCATCGGCTTCTACAAAAGATACAGTGACATTC
TTGGGGTGAGCTACGGATCAAACCTGGATCGCAACAACCAGAGGCCTTTCGGCGCTGCAGTTCAA
TCTGAACCTCGTCTTATCAAAACCGTGGTTTGAACACTTCTCATAAATCTGAGA
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>Pcchia2-1
TGCTGTGCCTACCCTTAGATTTAAGGCGTATATTATCTAGCGATGGATTTAAGCTGTACATTATC
CAACGATAGATATATACTGCCCATCTTATTATTAATGGCTAGATAAACTTGTGAATATGCGTTGT
CCACCTAATTTATCAAATCATTGAGATATAATAGATGCGAGCCGCAAGCTCCACCATAAAGTTAC
CTTTAAATCTTTGCTACTTAGAATTGATCTTGGAGATATACCAGAACAATGAATAATGAAATATA
CAGTGAGAGGTAAAGATTTACACCACTGTATCATCCCATTAAAGACAATGCAGGCTATCTATTTG
TTGCTTGACCGCATTGTGCCGCGACAATGAGCACCTCTTGCAACTTGAATGGAATGAACTTCCTC
TCCGTGTGTATGGTATCTTTACATAACCGTAATGTAGCGTAGTATGATATTCTTACATAACGGTA
ATGTAGCGTAGTCTAAACGTTTAAAAAGCCAGGAGTTTATTCCCCTAAAAACAATGAAGTTGCCC
TAAGTTTGAAAAGACCAGAATGGCCGTTAGAGGGGCGGACTCCTCAAACCGCTGAGTTGTTAAAA
TCATAGGATCTTAGTATACCCGACTTACAGGTGGTTAGATATACTCTTGATATTTTAGATCAAAT
ATGAGATTTGATCCACGGTCTCCTGGATTAAGCTTGATAGTTATGGTTTCACCATATAATTAAAA
AAAAAAAATTGCTTTCCAAAAAGATTANCTTCCATATTGTGGCATGTGTGGAAAGGCCAAAGCCA
AAGTCTGCCCTTCAAAGGAAGAGTGGAAAATACTCCACGCGAGGAAGAAGCGAAGAAAGATCTGA
AGTCAAGATTATGAAATACGGGAGAGAAGCGGCTATAGTCGCCACGGAAGTCGTTTTACTTTTAA
CCTTAACCCATCTTACACGGTATGTACCTGCTTTCGCAAAAATGGTGGCCGGGTTGCAGGTTGGA
CCATGAGAACACTATATCACCGTGAACGCCACGGAATGGTACAAAAGTTTCAACAAAGCGCCGCC
CCCCACCTCCCATGGCACTGTATCTGACTCTTGCGGAAATACTGCTATAAAAGGAGGGGCTTGCA
GCCTAGGATCATCACCAGAATTTGCTTTGGCAGTTTAAAGACAGCATACACGACTATGGCGAGAA
AGATGTCGATGAAGTTGTTGTTGGCCCTCGCTGCAGTGGCCATAATGAGTACTTTGTGTTATGTT
TCTGGACAACAGGGAGTCGGCTCCATCATAACTGAAGATGTTTTCAATGAGTTTCTCAAGCACCG
AAATGACGCCGCATGCCAGGCGAGAGACTTCTACACCTACAGCGCCTTCATTGCGGCCACTAATA
GTTTCTCAGACTTCGGCAACAACGGCGATCTAGAGAGCCGCAAAAGAGAGCTCGCAGCTTTCTTT
GGTCAAACGTCGCAGGAAACCACAGGTATTATTAGTTTAGCCTCCTCTAACTCTTCTGTCTCTCT
GCTATTCCTTATTGTTATTAATGGCATTAAGCTAATTGAGTTTGTACAGGCGGGTGGGCCACGGC
CCCAGACGGTCCATATGCGTGGGGTTACTGCTTCAAAGAGGAGAATAGCGGAGACAAATACCACG
GACGAGGACCTATTCAGCTAACAGGGTAATATTTCTATATCTAAGTTTTGTTAATCCACTTCGAA
TTAATTGTAGCAATAGATATGGAAAAAATTGAATGAATTTCAAGCCTAATACACTTACCGCTGCT
GTTTGATAGGGACTACAACTATAAAGCTGCGGGGGATGCCTTANGGTACGATCTCATAAACAATC
CGGATCTCTTGGTGACTGACGCCACGGTCTCGTTTAAGACGGCGGTGTGGTTCTGGATGANCGCG
CAGGCTCCCAAGCCTTCGTGCCACGACGTGATATTGGGAAGATGGAGTCCATCAAACGACGATAC
TGCCGCCGGCAGANTGCCGGGATATGGATTGTTGACGAACATCATTAACGGCGGGGAGGAATGCG
GCACAGGCACATAAGCGACCGTCAGCAGGGCCGAATCGGGTTCTACCAAAGATACTGCAGCTTGC
TGGGCGTGGACACTGGATCCAACCTCGACTGCCAAAACCAGAAGCATTTCTGAACTCAAATCTCT
ACTGTAGCAAGAGGCCACCACATCGATTACTACTTCGAGTTGAATGTTATGGTCAGCACAGAGTC
TACCGTCTAGCTAA

>Pcchiad-1
TAGACAGATTTAACACGAAACATTGGCTCCAGGAATTAACAGCGTTGAATTCTATCCGCAAGAAT
CAATATTTTACCCAGATATTTAAAATTAAATTATTTATGGATAAATGATAATCAGGGAATGACTA
TCAAGACACCATAATGTATATTTCAATTTTCAAATATCGAATATAAAGATTTTTCTCATAAACAC
AATTATTTTTCAAATAAACCAGATAAATCATTATGATAGAGCAGAATAGAGACCTCCAGTTTCGT
GCATAACATTAGCGAAGAAGGCGGCGAGTTCTCTCTTTCTGACGTCGGCAGATCCGGTGGTGCCA
AATCCAGAATATGCATTGGCCGCTGCGATGAAAGCATTGTAAGTGTAGAATCCCTTGCCCTCGCA
GGAGCTGGCAGCTCCGCCCGCGAGGCCATTGAAGAAACTCTGGGAAATTATGGTACCCACGCTTC
CACCTCCGCCACTTGGAGATCCTCCCCCTGAACTGGAACATGGACCGCTCTTGCAGCCGGCGCCG
CAGTAAGCAGAGCTGGTTCCACAGTATCCATACTTGCTGCAACACAGTCCGCTGGCACAGCCACA
GTTTTGAGCATTAACACTGACGCTCACCAGTAGCAGGACTAGCACCGCCATTACCGAGTTACCGC
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TACTACTCCCCATTGCCAACAGTTTCTTAGGACTCTCCACTCACAGATATTATTTGATTTGTTGA
TTCAAGTTCGTTCTCTATTTATACAGAAACCCCGACCCACTCTGCTCCTCATTTTCTTCTTTGGG
TCGGCAAGACCATTATAGATTTTAATTTTTAGAAACAATTGCAGCCAGCCAATACGCGGCGGCTG
CGGTCCGGTCTTCCACGCTCTTATCCTATCCCTAGAATAGACTTCGATTTTATGAGAGAATTGCA
AAAAGCTGAACACGCGGCGGAACGCTCAGGATGGTTGAACGCACCCATTTTCACAGAGCTTCTCC
ATGCCAATGTTCCACGATAAAGATAATGTTTCCAAATAAAAAAAACTCACACGTGAATTCCCACA
AGCGACGTCCAGTATCAACGTCCAGTGTCAACATTGTGAACGTGCATGGGCATTTGAACAATCAT
AACACGGCACCAATTACAGTATCCCAATGGGCTAAAAAGTCCTCAGATTTTAACGAGAAATTACA
ACATATCAATACGCGGCCGGACGCGGTTCGCTCCGGATCGTTGAGCAGACCCATTTTTGGTTTGT
AGTGCGCCACCTTGCGCCAATGTCGAACAATAATAATAGTTTATTCATTTATTTAGCGGTTGTGA
GAAGTCACGAGATAACATCAGTGGCTTGGAGATAAGATCCGAAGATGGGTATATTACAAGTGGTC
GTATTTTCATGTGTTAGGGTATGACATTAAAGGGGAGGANATTGTTTTCTTGATGGCAAAGAAAT
ACTTCCTACTTTGTTTGTACTCATTAATATCTATATTTGTAGTTTCNATTTTGTTTGTACTCATT
AATATCTATATTTGTAGTTTCTATTTTGTTTGTACTCATTAATATCTATATTTGTAGAAAAAAGT
TATTGTCCTGGCTGAAAGCAGTTAGCGTATAACGTACTTAAGTTGGGGTTATTTTCAATTAATGA
AATGTTATTAAAATTTTTAGAAAATATATAAAGTGGGCATTAGAACTTATAAATAAATAATTTAT
GGTTAGGGTATAATATACTCAAAAATATGTTGACCAACC
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6.5 Appendix

Alignment of Chial-1 consensus sequence to the coding region (cds).

Chial-lcds

Chial-1Refere

Chial-lcds

Chial-1Refere

Chial-lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

1 ATGAAATCGATGAAGTTCTCCGCGATGGCGATCGCCTTGCTTACAATGGC
FEEEEEErrr et e e e e e et b

888 ATGAAATCGATGAAGTTTTCCGCGATGGCGATCGCCTTGATTACAATGGC

51 GACGATGAATTTGTATTTTGTATCTGCTGAGCAATGCGGACAGCAAGCAG

938 GACGATGAATTTGTATTTTGTATCTGCTGAGCAATGCGGACAGCAAGCAG

101 GCGGAGCTCTTTGTCCCGGTGGCTTGTGCTGCAGCAAATGGGGATGGTGT

988 GCGGAGCTCTTTGTCCCGGTGGCTTGTGCTGCAGCAAATGGGGATGGTGT

151 GGCAACACGGACGCCCATTGCGGGCAGGATTGCCAGAGCCAATGCGGAGG

1037 GGCAACACGGACGCCCATTGCGGGCAGGATTGCCAGAGCCAATGCGGAGG

201 ATCGACTCCCACGCCTCCTTCACCCACTCCCGGTGGACAGGGAGTTGCAT

1080 ATCGACTCCCACGCCTCCTTCACCCACTCCCGGTGGACAGGGAGTTGCAT

251 CTATCATCACTGAAAGCATTTTCAATGAGTTATTGAAGCACAGAAACGAC

1130 CTATCATCACTGTAAGTATTTTCAATGAGTTATTGAAGCATAGAAACGAC

301 GCCGGTTGCAAGGCCAGCGGATTCTACACCTACTCTGCCTTCATTGCAGC

1180 GCCGGCTGCAAGGCCAGCGGATTCTACACCTACTCTGCCTTCATTGCAGC

351 TGCCAATGCTTTTCCCTCCTTCGGCACCACCGGCGATGTCGCTACTCGGA

1230 TGCCAATGCTTTTCCCTCCTTCGGCACCACCGGCGATGTCGCTACTCGGA

401 AAAGAGAGCTCGCTGCTTTCTTTGGCCAAACCTCCCACGAAACC--—-——

1280 AAAGAGAGCTCGCTGCTTTCTTTGGTCAAACCTCCCACGAAACCACAGGT

445 e

1330 CATATTTTCATCTCTATTACTTGTGATTTACCGCTGTGATCTTACTTGGC

445 —mmm oo ACAGGAGGATGGGCGACA

1380 TTTACATCTCATTGGGTAAGAAATATTGGTAAACAGGAGGATGGGCAACA

463 GCCCCAGACGGCGCGTACGCGTGGGGTTATTGTTTCAAAGAGGAGCAAGG

1430 GCCCCAGACGGCGCGTACGCGTGGGGTTATTGTTTGAAAGAGGAGCAAGG

513 CAATCCTCCCGCCGAGTACTGCCAGGCAACCTCCCAGTGGCCCTGTGCAT

1480 CAATCCTGCCGCCGAGTCCTGCCAGGCAACCTCCCAGTGGCCCTGTGCAT

563 CTGGAAAGAGATACTACGGACGAGGGCCCGTTCAATTGTCAT-—-——-——-——

50

150

1036

200

1079

250

1129

300

1179

350

1229

400

1279

444

1329

444

1379

462

1429

512

1479

562

1529
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Chial-1Refere

Chial-lcds

Chial-1Refere

Chial-lcds

Chial-1Refere

Chial-lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-lcds

Chial-1Refere

Chial-lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Chial-1lcds

Chial-1Refere

Alignment of Chia2-1 consensus sequence to the coding region (cds) and deduced amino acid

sequence.

Chia2-1cds
Chia2-1RefRC

Chia2-1lcds

1530 CTGGAAAGAGATACTACGGACGAGGGCCCGTTCAATTGTCATGGTCGGTC

1630 GCACCCAAAAAGAATATCTGAATGAAATTTAAGACTAATACGCCGTTTNN

605 ———————————— GGAATTACAACTATGGACCGGCCGGGAA

FEEEEEEErr e el
1680 TCAATTTGCTTTGGGTTTTTCAGGAATTACAACTATGGACCGGCCGGGAA

633 GGCAATCGGATTCGATGGCATAAACAACCCCGACATTGTTGCTAGCGATG

FEEEErrrrr e e e e e e e e e e e e
1730 GGCAATCGGATTCGATGGCATAAACAACCCCGACATTGTTGCTAGCGATG

683 CCACCGTCTCTTTCAAGACCGCAATCTGGTTCTGGATGACCGCCCAATCT

R N R R R R R R R R AR R R R R R
1780 CCACGGTGTCTTTCAAGACCGCAATNTGGTTCTGGATGACCGCCCAATCT

733 CCGAAACCTTCTTGCCACGATGTCATGACCGGGAAATGGACTCCGTCCGG

CEEEEEErrr e e e e e e e e e et e it
1830 CCGAAACCTTCTTGCCACGATGTCATGACCGGGAAATGGACTCCGTCCGG

783 CAGCGACAGCGCCGCTGGGAGAGCTGCGGGATATGGAGCAGTTACCAACA

FEEEEEEEE e e e e e e e e e e e e e e et
1880 CAGCGACAGCGCCGCTGGGAGAGCTGCGGGATATGGAGCAGTTACCAACA

833 TCATCAACGGCGGGCTGGAGTGCGGGAAAGGCAGTGACTCGAGGCAGCAG

FEEEEEEr et e e e e e e e e e e e e e
1930 TCATCAACGGCGGGCTGGAGTGCGGGAAAGGCAGTGACTCGAGGCAGCAG

883 GATCGCATCGGCTTCTACAAAAGATACAGTGACATTCTTGGGGTGAGCTA

FEEEEEE e e e e e e e e e e e e e e
1980 GATCGCATCGGCTTCTACAAAAGATACAGTGACATTCTTGGGGTGAGCTA

933 CGGATCAAACCTGGATTGCAACAACCAGAGGCCTTTCGGCGCTGCAGTTC

FEEEEEE R e e e e e e e e e e e e e e
2030 CGGATCAAACNTGGATTGCAACAACCAGAGGCCTTTCGGCGCTGCAGTTC

983 AATCTGAACCTCGTCTTATCAAAACCGTGGTTTGAACACTTCTCATAAAT

FEEEEEE et r e e e e e e e e e e e e e e
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Appendix 6.6

Table 6.6.1: Allelic richness based on four variant loci in jack and lodgepole pine class I chitinase, chial-1, sequenced from gDNA of

seedlings from 12 provenances collected across Canada.

Mino il Bdeewood MR London  NREY O Ridse  Mowmain Ml Lake Ovenl

BC SK ON AB AB AB AB NB
SNV170 200 2.00 2.00 1.95 2.00 1.93 2.00 2.00 2.00 200 200  2.00
Indell 200 3.00 2.00 2.95 2.00 2.00 2.00 2.00 2.00 1.93 297 235
SNV324 200 2.0 2.00 2.00 2.00 2.00 2.00 2.00 2.00 1.93 197 2.00
SNV357 200 2.00 2.00 2.00 2.00 1.95 2.00 2.00 2.00 200 200  2.14

Table 6.6.2: Matrix of pairwise Fst values estimated on the basis of four variant loci found in chial-1 among gDNA of seedlings from

12 provenances collected across Canada.

Minto Baldy Edgewood Hudson London Weagamow Nose. Blue Stone}{ Cypress Despres
YK Hughes BC Bay ON Lake Mountain Ridge Mountain Hills Lake
BC SK ON AB AB AB AB NB
Minto, YK 0.000 0.101 0.134 0211 0.185 0.370 0.048 0.143 0.258 0.082 0.343
Baldy Hughes, BC  0.101 0.000 0.000 0.088 0.025 0.146 0.000 0.000 0.020 0.379 0.125
Edgewood, BC 0.134 0.000 0.000 0.054 0.000 0.140 0.013 0.000 0.004 0.422 0.079
Hudson Bay, SK  0.211 0.088 0.054 0.000 0.000 0.070 0.151 0.024 0.006 0.526 0.000
London, ON 0.185 0.025 0.000 0.000 0.000 0.082 0.099 0.000 0.000 0.494 0.000
Weagarg‘l’\lw Lake, 379 0.146 0.140 0.070 0.082 0.000 0.207 0.039 0.000 0.668 0.048
Nose hﬁ%“mam’ 0.048 0.000 0.013 0.151 0.099 0.207 0.000 0.000 0.097 0.279 0.226
Blue Ridge, AB 0.143 0.000 0.000 0.024 0.000 0.039 0.000 0.000 0.000 0.441 0.057
St"“eyig)“mam’ 0.258 0.020 0.004 0.006 0.000 0.000 0.097 0.000 0.000 0.563 0.000
Cypress Hills, AB  0.082 0.379 0.422 0.526 0.494 0.668 0.279 0.441 0.563 0.000 0.650
Despres Lake, NB  0.343 0.125 0.079 0.000 0.000 0.048 0.226 0.057 0.000 0.650 0.000
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Table 6.6.3: Allelic richness based on four variant loci in jack and lodgepole pine class II chitinase, chia2-1, sequenced from gDNA of

seedlings from 12 provenances collected across Canada.

im0 e e Lo Vo Ko T S Toms e
BC SK ON AB AB AB AB NB
SNV -284 2.00 2.00 2.00 1.96 1.99 1.76 2.00 2.00 1.79 2.00 1.98 2.00
SNV -141 1.00 1.00 2.00 2.00 2.00 2.00 1.88 2.00 1.79 1.00 2.00 2.00
InDel 6 1.98 2.00 2.00 2.00 2.00 2.00 1.88 1.97 1.95 1.00 2.00 1.99
SNV -413 1.99 2.00 2.00 2.00 2.00 2.00 1.82 2.00 1.99 2.00 2.00 2.00

Table 6.6.4: Matrix of pairwise Fst values estimated on the basis of four variant loci found in chia2-1 among gDNA of seedlings from

12 provenances collected across Canada.

Minto Baldy Edgewood Hudson London Weagamow Nose. Blue Stone}{ Cypress Despres
YK Hughes BC Bay ON Lake Mountain Ridge Mountain Hills Lake
BC SK ON AB AB AB AB NB
Minto, YK 0.00 0.00 0.00 0.39 0.42 0.47 0.00 0.00 0.60 0.00 0.37
Baldy Hughes, BC 0.00 0.00 0.00 0.33 0.33 0.39 0.05 0.00 0.57 0.00 0.30
Edgewood, BC 0.00 0.00 0.00 0.23 0.26 0.31 0.01 0.00 0.45 0.01 0.22
Hudson Bay, SK 0.39 0.33 0.23 0.00 0.02 0.00 0.43 0.31 0.04 0.46 0.00
London, ON 0.42 0.33 0.26 0.02 0.00 0.00 0.47 0.34 0.21 0.48 0.00
Weagamow Lake,
ON 0.47 0.39 0.31 0.00 0.00 0.00 0.51 0.39 0.13 0.53 0.00
Nose Mountain,
AB 0.00 0.05 0.01 0.43 0.47 0.51 0.00 0.00 0.62 0.00 0.42
Blue Ridge, AB 0.00 0.00 0.00 0.31 0.34 0.39 0.00 0.00 0.50 0.00 0.30
Stoney Mountain,
AB 0.60 0.57 0.45 0.04 0.21 0.13 0.62 0.50 0.00 0.65 0.19
Cypress Hills, AB 0.00 0.00 0.01 0.46 0.48 0.53 0.00 0.00 0.65 0.00 0.46
Despres Lake, NB 0.37 0.30 0.22 0.00 0.00 0.00 0.42 0.30 0.19 0.46 0.00
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Table 6.6.5: Allelic richness based on eight variant loci in jack and lodgepole pine class IV chitinase, chia4-1, sequenced from gDNA

of seedlings from 12 provenances collected across Canada.

im0 et e Lo Vo Ko T S Toms e
BC SK ON AB AB AB AB NB
SNV1 -167 2.00 2.00 2.82 1.79 1.00 1.00 2.00 2.00 2.00 2.00 1.82 2.10
SNV2 -119 1.82 2.00 1.82 1.00 1.00 1.95 2.00 1.98 1.95 1.79 1.82 1.81
SNV -45 2.00 2.00 2.70 1.96 1.00 1.76 2.00 1.98 2.00 2.00 1.82 2.07
Indel 36 2.00 2.00 1.99 1.00 1.00 1.00 1.85 1.00 1.73 1.76 1.00 1.77
SNV 56 2.00 2.00 2.00 1.79 1.00 1.76 2.00 2.00 2.00 2.00 1.79 2.00
SNV 737 2.82 2.00 2.00 1.79 1.76 1.00 2.88 2.00 2.00 2.96 1.97 2.41
SNV 793 1.97 2.00 2.00 1.00 1.00 1.00 2.00 2.00 2.76 2.00 2.00 2.10
SNV 867 2.82 2.00 1.97 1.00 1.00 1.00 1.99 1.82 1.96 1.99 1.00 2.01
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Table 6.6.6: Matrix of pairwise Fst values estimated on the basis of four variant loci found in chia4-1 among gDNA of seedlings from

12 provenances collected across Canada.

Minto Baldy Edgewood Hudson London Weagamow Nose . Blue Stoney Cypress Despres
YK Hughes BC Bay ON Lake Mountain Ridge Mountain Hills Lake
BC SK ON AB AB AB AB NB
Minto, YK 0.00 0.03 0.09 0.53 0.60 0.57 0.00 0.14 0.26 0.08 0.44
Baldy Hughes, BC 0.03 0.00 0.01 0.46 0.55 0.50 0.01 0.06 0.18 0.07 0.37
Edgewood, BC 0.09 0.01 0.00 0.30 0.37 0.34 0.02 0.00 0.06 0.01 0.19
Hudson Bay, SK 0.53 0.46 0.30 0.00 0.01 0.00 0.48 0.28 0.07 0.32 0.01
London, ON 0.60 0.55 0.37 0.01 0.00 0.02 0.55 0.37 0.14 0.39 0.04
Weagamow Lake,
ON 0.57 0.50 0.34 0.00 0.02 0.00 0.51 0.32 0.10 0.37 0.02
Nose Mountain,
AB 0.00 0.01 0.02 0.48 0.55 0.51 0.00 0.07 0.19 0.00 0.37
Blue Ridge, AB 0.14 0.06 0.00 0.28 0.37 0.32 0.07 0.00 0.04 0.06 0.16
Stoney Mountain,
AB 0.26 0.18 0.06 0.07 0.14 0.10 0.19 0.04 0.00 0.08 0.01
Cypress Hills, AB 0.08 0.07 0.01 0.32 0.39 0.37 0.00 0.06 0.08 0.00 0.23
Despres Lake, NB 0.44 0.37 0.19 0.01 0.04 0.02 0.37 0.16 0.01 0.23 0.00
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6.7 Appendix

Script.sh: script used to quality trim Sanger generated sequences using fastq trimmer, convert
trimed sequences to fasta files, align sequences using MAFFT (gap opening penalty of -3.0), and
format alingments onto a single line to be assembled by hand into contigs. Sequences genereated
for each individual were organized into sub directories. Main.go: Go script which runs script.sh
in all sub-directories.

Script.sh

#!/bin/sh

# Merge the files.

cat M038* > merged.fastqg

# Trim the merged file.
fastg quality trimmer -t 28 -Q33 -1 merged.fastqg -o

merged.trimmed. fastqg

# Convert merged/trimmed file to fasta.

fastg to fasta —-n -1 merged.trimmed.fastqg -o trimmed.fasta -Q33

# Align the fasta file.

mafft --reorder --op 5.0 --auto trimmed.fasta >

trimmed.fasta.aligned
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# Format alignment to one line.

fasta formatter -i trimmed.fasta.aligned -o final.fasta -w 0

# Clean up.

rm -rf merged.fastqg merged.trimmed.fastg trimmed.fasta

trimmed. fasta.aligned

Main.go

package main

import (
"io/ioutil"
"log"
nogm

"os/exec"

func main () {

dirs := getDirectories|()
for i, dir := range dirs {
log.Printf ("Running %v of %v", i, len(dirs))

run (dir.Name ())

func run(dir string) {

log.Println ("running script.sh in", dir)
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cmd := exec.Command("../script.sh")
cmd.Dir = dir
out, err := cmd.CombinedOutput ()
if err != nil {
log.Fatal (err, out)
}

log.Println ("finished script.sh in", dir)

func getDirectories() []Jos.FileInfo {
files, err := ioutil.ReadDir (".")
if err != nil {

log.Fatal (err)

var directories []Jos.FilelInfo

for , file := range files {

if file.IsDir() {

directories = append(directories, file)

}

return directories
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6.8 Appendix
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Figure 6.8.1: Relative transcript abundance of highly induced chitinase genes in lodgepole (Pc)

and jack (Pb) pine seedlings in response to inoculation by MPB fungal associate G. clavigera

during 1, 7, 14 and 28 dpi under either well watered (black) or water deficit (grey) conditions.
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Figure 6.8.2: Relative transcript abundance of constitutively expressed chitinase genes in
lodgepole (Pc) and jack (Pb) pine seedlings in response to inoculation by MPB fungal associate
G. clavigera during 1, 7, 14 and 28 dpi under either well watered (black) or water deficit (grey)

conditions.
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Appendix 6.9
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Figure 6.9.1: SignalP predicition of signal peptide in deduced amino acid sequences of chia2-1
allelic varients. Left: variant carries a deletion of a cysteine residue in the signal peptide. Right:
variant contains an insertion of a cysteine residue in the signal peptide. C-score: raw cleavage site
score. S-score: raw signal peptide score. Y-score: combined C-score and S-score which better

predicts cleavage site.
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Figure 6.9.2: SignalP predicition of signal peptide in deduced amino acid sequences of chia2-1
allelic varients. Left: variant carries a deletion of two valine residues in the signal peptide. Right:
variant contains an insertion of two valine residues in the signal peptide. C-score: raw cleavage
site score. S-score: raw signal peptide score. Y-score: combined C-score and S-score which better

predicts cleavage site.
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