Geral I. McDonald’

“This potential independence between DNA and
epigenetic genotype for a gene even raises the
potential for intragenic epistasis whereby the DNA
and epigenetic genotypes for a gene interact to
determine the phenotypic outcome. The simplest
example would be where the DNA polymorphism
toggles between a functional and nonfunctional
allele and the epigenetic polymorphism toggles a
silent and expressed gene.” (p 483 Kliebenstein
2010)

On the 100" anniversary of the introduction of
Cronartium ribicola into western North America, it is
fitting to assess the philosophical foundation of plant
pathology and forest ecology. We should ask whether
this foundation provides sufficient understanding of
blister rust, other diseases of North American forests,
and general forest ecology to insure the application of
biologically appropriate and sustainable management
scenarios. Perhaps the most significant advances in
understanding how host-pest interactions fit into the
scope of biology have occurred in the last 10 years.
This review focuses on an introduction to four recent
developments that are fundamental to our
understanding of how life originated, evolves, and
functions. First, the almost universally accepted model
of life, the Modern Synthesis (Huxley 1942), has
provided biologists with a solid philosophical
foundation for 70 years. In particular, this model has
provided the theoretical basis for population genetics
(Stern and Orgogozo 2009). Knowledge gleaned from
complete genome (DNA) sequencing (see Mattick
2009) and the discovery of short, non-coding RNA
transcripts (see Siomi and Siomi 2009) has eroded
principal aspects of this venerable model and forced
significant restructuring, which is currently in progress
(Pigliucci 2010). Second, relevant new
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After 100 Years, Is Coevolution Relevant?

concepts (ecological immunity, plant immunity, and
ecological speciation) born under the framework of the
Modern Synthesis need updating. Integration of the
genomic revelation into these concepts stands ready
to revolutionize our understanding of forest ecology in
general and plant disease in particular. Finally, this
new lens will be focused on white pine blister rust in
an attempt to uncover some new understanding.

Expanding the Modern Synthesis

Essentially all biological investigations of white pine
blister rust were conducted from the philosophical
perspective of the Modern Synthesis. A recent
summary of the Modern Synthesis is quoted below to
emphasize how a new model will contribute essential
insight into forest biology.

“1. Heredity occurs through the transmission of
germ-line genes. Genes are discrete units that
consist of DNA and are located on chromosomes.

2. Hereditary variation is equated with variation in
DNA base sequence. Cases in which acquired
variations appear to be inherited can all be
explained in terms of variation in DNA.

3. Hereditary variation is the consequence of (i)
the many random combinations of pre-existing
alleles that are generated by the sexual
processes; and (ii) new variations (mutations) that
are the result of accidental changes in DNA.
Hereditary variation is not affected by the
developmental history of the individual. There is
no “soft inheritance” (in which heritable variations
are the result of environmental effects, use and
disuse, and other factors).

4. Selection occurs among individuals that are, at
almost all times, well-defined entities. The target
of selection is almost always the individual, which
may co-evolve with its symbionts and parasites.
Although some role for group selection has been
acknowledged, this form of selection is assumed
to be of marginal significance in evolution. The
community is rarely considered as a target of
selection.



5. Heritable variations have small effects, and
evolution is typically gradual. Through the
selection of individuals with phenotypes that make
them slightly more adapted to their environment
than other individuals are, some alleles become
more numerous in the population. Mutation
pressure is not an important factor in evolution.
With a few exceptions, macroevolution is
continuous with microevolution, and does not
require any extra molecular mechanisms beyond
those operating during microevolution.

6. Evolution occurs through modifications from a
common ancestor, and is based on vertical
descent. Horizontal gene transfer has minor
significance — it does not alter the basic branching
structure of phylogenetic divergence. The main
pattern of evolutionary divergence is therefore
tree-like, not web-like.” (pp 389-390 in Jablonka
and Lamb 2008)

Expansion of the Modern Synthesis Focuses on
the Following Challenges to its Dogma.

“1. Heredity involves more than DNA. There are
heritable variations that are independent of
variations in DNA sequence, and they have a
degree of autonomy from DNA variations. These
non-DNA variations can form an additional
substrate for evolutionary change and guide
genetic evolution.

2. Soft inheritance, the inheritance of
developmentally induced and regulated variations,
exists and is important. Soft inheritance includes
both non-DNA variations and developmentally
induced variations in DNA sequence.

3. Since many organisms (including humans)
contain symbionts and parasites that are
transferred from one generation to the next, it may
be necessary to consider such communities as
targets of selection.

4. Saltational changes leading to evolution beyond
the species level are common, and the
mechanisms underlying them are begging to be
understood. Macroevolution may be the result of
specific, stress-induced mechanisms that lead to
a re-patterning of the genome- to systemic
mutations.

5. The Tree Of Life pattern of divergence, which
was supposed to be universal, fails to explain all
the sources of similarities and differences
between taxa. Sharing whole genomes (through
hybridization, symbiosis, and parasitism) and
partial exchange of genomes (through various
types of horizontal gene transfer) lead to web-like
patterns of relations. These web-like patterns are
particularly evident in some taxa (e.g. plants,
bacteria) and for some periods of evolution (e.g.
the initial stages following genome sharing or
exchange).” (p 390 in Jablonka and Lamb 2008)

New challenges will continue to arise. In the
meantime, these known challenges require additional
discussion to examine why a reformulated Modern
Synthesis carries important consequences for forest
biologists.

Challenge Number 1— Genome and Epigenome

An accumulation of molecular and other data
demonstrate that cells contain two sources of
inheritance. The genome, home of DNA, and the
epigenome, a non-DNA cellular memory that can pass
through somatic cell lines, germ cell lines, and across
generations. This heritable information is carried by
two epigenetic signals (Bonasio et al. 2010). Cis
epigenetic signals are physically associated with
chromosomes (e.g. DNA and histone methylation
marks) and trans signals are composed of various
molecules partitioned by cytoplasm transfer. The cis
signals are collectively known as the methylome and
each cell type in an organism carries a unique signal
that guides development and physiological function
through gene regulation (see Rival et al. 2010). The
methylome features sufficient conserved
characteristics to permit construction of phylogenies
(Zemach et al. 2010).

Quantitative and molecular genetics investigations of
complex traits were based on the assumption of stable
transmission of causative alleles encoded in the DNA
genome (Johannes et al. 2008). This assumption was
recently falsified in an experiment designed to control
for DNA variation while maintaining variation in the
epigenome. Heritability, arising from the epigenome,
of 0.3 for height growth and 0.27 for flowering time
was demonstrated in Arabidopsis thaliana (Johannes
et al. 2009). The last few years have witnessed an
explosion of papers investigating epigenomes,
epigenomics, epialleles, and methylomes (see Baker
2010, Rival et al. 2010).
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Challenge Number 2 - the “Ghost of Lamarck”

It is clear that short (18 to 200 nucleotides long) non-
coding RNA transcripts, the genome, and the
epigenome (see Ghildiyal and Zamore 2009;
Lelandais-Briere et al. 2010), participate in sensing
and “recording” information gleaned from abiotic and
biotic environments to facilitate non-DNA inheritance
of “acquired” traits (Hollick 2008; Bonduriansky and
Day 2009). This phenomenon, also known as soft
inheritance (Jablonka and Lamb 2008), is not well
understood in plants. However, soft inheritance is
currently known to influence regulation of all life-cycle
phase transitions in plants, from seed germination to
seed production, floral development, shoot apical
meristem development, leaf development, vascular
development, root development, abiotic and biotic
(pests and competition) stress responses, and growth
hormone signaling (Jung et al. 2009). In most of these
cases, environmental induction is believed to be the
source of variable expression (see Angers et al.
2010). In addition to the above participation in soft
inheritance, small RNA transcripts travel throughout
plants in the sap stream (Dunoyer et al. 2010; Zhang
et al. 2009). Some specific examples of soft
inheritance are: (1) juvenile growth rate in springtails
(Orchesella cincta) (Ellers et al. 2008), (2) seed
production (Whittle et al. 2009), and (3) flower
production and height growth, as mentioned above, in
Arabidopsis thaliana. Other examples are: (2) timing
of bud phenology in Norway spruce (Yakovlev et al.
2010), (2) antibiotic resistance in bacteria is inherited
via an epigenetic pathway (Adam et al. 2008), and (3)
regulation of plant immunity responses to viral,
bacterial, insect, and fungal pests of plants
(Padmanabhan et al. 2009; Pandey and Somssich
2009). Finally, small RNA transcripts are upregulated
by Cronartium quercuum f. sp fusiforme infection in
Pinus taeda (Lu et al. 2007) but the epigenomic
connection has not been investigated in this couplet.
Symbiotic associations in plants also involve these
regulatory pathways and epigenetic/RNA connections
(Lelandais-Briere et al. 2010).

Challenge Number 3 - Transgenerational
Transmission of Symbionts and Parasites

It may be necessary to consider trangesnerational
communities as targets of selection. These situations
may be of particular interest to the study of resistance
as discussed below.
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Challenge Number 4 — Rapid Evolution

Ecological speciation, also known as divergence-with-
gene-flow, is currently a hot topic all its own (Via
2009). Studies illustrating detailed function of the
epigenetic/RNA system in ecological speciation were
not found. However, there is considerable support for
the idea that environmentally driven genome-
epigenome rearrangements could be responsible for
divergence-out-gene-flow (Angers et al. 2010; Turner
2009; Aubin-Horth et al. 2009). Dramatic changes in
the small non-coding RNA transcriptome are a known
feature of artificial wheat hybrids (Lui et al. 2009) but
details are lacking. An examination of the “long”
transcriptome  (transcripts  longer  than 100
nucleotides) of a species known to be expressing
ecological speciation, the apple maggot, revealed a
catalogue of potentially useful genes (Schwartz et al.
2009). Unfortunately these authors did not report on
the “short” transcriptome (transcripts 18 to 30
nucleotides long). Study of the short transcriptome
currently requires specific targeting through separation
from the total transcriptome before sequencing (Zhang
et al. 2010).

Challenge Number 5 - Web-of-Life or Tree-of-Life
Phylogenetic and phylogeographic theory will be
significantly impacted if the Tree-of-Life morphs into
the Web-of-Life, since these theories are built on the
assumption of a last universal common ancestor (see
Doolittle 2009; Koonin 2009).

Ecological Inmunology

A field of study that weds ecology and immunology
was initiated in the early 1990’s from attempts to
understand resistance to parasites and immune
responses in birds and other vertebrates (Sadd and
Schmid-Helmpel 2009). Recent realization that
ecological immunology applies to all life has codified
important concepts (Sadd and Schmid-Helmpel 2009)
and led to the application of these concepts to all of
biology (Schulenburg et al. 2009). Inclusion of plants
was accelerated by the realization that plants also
possess a fully functional immune system (Jones and
Dangl 2006).

Plant Inmunity

Upon attack, plants display an initial array of structural
barriers and preformed antimicrobial metabolites. How
these barriers work is not well understood, but it is
clear that many pathogens can routinely penetrate
these preformed defenses and activate systems of
systemic immunity. The following short sketch of how
plant immunity is currently understood to function is
based on a recent review (Pieterse et al. 2009). Small



molecules known as phytohormones are essential
signaling components that regulate plant growth,
development, reproduction and survival. The primary
defense phytohormones are salicylic acid (SA),
jasmonates (JA), and ethylene (ET). However,
abscisic acid (ABA), auxins, gibberellins, cytokinins
and brassinosteroids may also play a role. The
specific signal signature of the phytohormonal blend
produced by a particular combination of host, trigger
(i.e., pathogen, endophyte, symbiont, insect, parasitic
plant, or wound), and environment activates a specific
set of defense-related genes. Plant pathogens are
classified as biotrophs (derive nutrients from living
host tissue), necrotrophs (kill host tissue, then feed),
and hemibiotroph (function both ways at different life
cycle stages) and each triggers its own signal
signature.

Basal or Quantitative Resistance

After initial penetration by a biotroph, necrotroph, or
hemibiotroph, one of three types of recognition events
occurs. First, pathogen-associated molecular pattern
triggered immunity (PTI) initiates a cascade of basal
defense gene activity that typically leads to (1)
synthesis of callose and lignin to fortify the cell wall,
(2) production of secondary metabolites such as
phytoalexins, (3) accumulation of pathogenesis-
related proteins, some of which can degrade fungal
cell walls (Pieterse et al. 2009), and (4) stomata
closure (Hou et al. 2009). Various pest infections,
symbiotic associations, and wounding can prime basal
resistance thereby increasing its effectiveness
(Ahmad et al. 2010). Primed (Ahmad et al. 2010) and
unprimed (Chen et al. 2010) basal defense appears to
be the cellular mechanism leading to systemic
induction of well known broad spectrum, durable,
horizontal, or quantitative resistance mechanisms.
Evidence from microarray experiments is beginning to
show connections among basal resistance, priming
and the epigenetic/small RNA gene regulatory
network through regulation (positive and negative) of
genes known to be associated with PTIl in the
soybean/Phytophthora sojae (Wang et al. 2010) and
barley/Puccinia hordei (Chen et al. 2010) couplets.
These studies also show that large numbers of genes
(637 in soybean and 802 in barley) change state upon
inoculation in resistant and susceptible comparisons.
In general, plant hormones seem to be important in
disease and defense against all microbial attacks
(Bari and Jones 2009). In the barley/rust couplet,
infection induced significant changes in a transcription
factor (HVERF4) known to be active in defense

pathways relating to ethylene, jasmonic acid, and
abscisic acid (Chen et al. 2010). Finally, degree of
basal resistance expression is influenced by
temperature through the regulation of a defense-
related proteins and/or impacts on SA signaling (Zhu
et al. 2010). Expression of quantitative disease
resistance is often associated with various aspects of
growth and development such as flowering time,
stomata development, and ability to repel water
(Poland et al. 2008).

Major Gene or Qualitative Resistance

If a specific host-pathogen couplet has a
coevolutionary history, the pathogen may acquire
effector molecules that promote virulence to initiate
effector-triggered susceptibility (ETS). At some point
in their coevolutionary history, the host acquires
resistance proteins that sense the pathogen effector.
This action initiates a secondary response termed
effector-triggered immunity (ETI). ETI produces a
burst of reactive oxygen species that initiate the well-
known programmed hypersensitive cell death, a well
known indicator of major gene resistance.

Endophytes and Symbionts

Beneficial microbes also communicate with the host,
but trigger a phenotypically similar yet distinct kind of
systemic immunity called induced systemic resistance
(ISR). With ISR, signal molecules are JA and ET; the
induced condition primes for defense, not outright
activation of defense. Pathogens, insects, and
wounding can trigger a JA- and ET-mediated
response. However, crosstalk among the
phytohormones is common and many details are
lacking. The above model of host-pest interaction has
been developed through the use of Arabidopsis and a
few other model systems. Many aspects of the system
have been observed in various species of conifers and
angiosperm trees (Eyles et al. 2010).

Common Machinery

The epigenetic/small RNA gene regulatory network
appears to modulate ETI as well PTI (Padmanabhan
et al. 2009). The major players (microRNA and small
interfering RNA) also participate in epigenomic
interactions leading to soft inheritance. Multiple
specific miRNA transcripts all functioning in different
manners can be produced by a single micro RNA
gene (Zhang et al. 2010), and there may be
thousands of these micro RNA genes in the “junk”
DNA. Biogenesis of small interfering RNA (siRNA)
transcripts is even more complex. In this case, sense
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and antisense transcripts are derived from overlapping
regions between adjacent genes, pseudogenes, and
distant compatible genes (Ghildiyal and Zmore 2009;
Muro and Andrade-Navarro 2010; Rival et al. 2010).
Once PTl or ETl is activated at the site of infection, SA
often spreads systemically to produce systemic
acquired resistance (SAR). This long-lasting and
broad-spectrum disease resistance is generally
triggered by biotrophs. SAR initiated by necrotrophs
and wounding is most often triggered by JA or ET.

Tolerance

Tolerance (see Raberg et al. 2009) is part of the
ecological immunity paradigm with its own physiology
and genetics. This concept, which applies to plants
and animals, is difficult to understand because
quantification requires assessment of reaction norms
for host fithess across a range of pest burdens.
Degree of tolerance is indicated by differences in
slopes of the obtained reaction norms and equal
reaction norm slopes are a measure of host general
vigor. No examples of functioning epigenetic/small
RNA gene regulation networks were found for
tolerance reactions to include in this review.

Ecological Speciation

Conventional wisdom states that gene flow will
homogenize adjacent populations so strongly that
divergence in the absence of geographic separation
will not occur. But, the sheer number of examples of
phenotypic divergence between adjacent populations
(suture zones) raised the need for an explanation. The
following sketch is based on a recent review of
“divergence-with-gene-flow” (Via 2009). Current
understanding of speciation genetics is almost entirely
based on long-range retrospective studies conducted
from the viewpoint of “good species”. This so-called
spyglass model has culminated in the dominance of
the idea that reproductive isolation (no gene flow) is
essential for speciation to happen and that geographic
isolation is a necessary condition to stop gene flow. A
new approach, called the magnifying glass model, is
based on the study of how genetic x environment
interactions can lead to incipient reproductive isolation
among ecotypes or races in the absence of
geographic isolation. The obvious result of having two
evolutionary avenues is that ecological speciation can
happen rapidly with the development of “ecological
barriers” or classic speciation can happen slowly with
geographic isolation. Divergence-with-gene-flow can
occur only if reproductive barriers developed within
the genome are strong enough to maintain phenotypic
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differentiation. This condition means strong selection
and rapid divergence can happen when selection is
directed at multiple traits bearing on resource or
habitat use. In this case, selection is also strong
against migrants and hybrids. Studied examples
indicate that conditions suitable for development of
divergence-with-gene-flow are common in host-pest
interactions but are not limited to these interactions.
Additional important aspects not recognized by Via
(2008) are the roles gene expression and epigenetics
can play in ecological speciation. However, others
(Wolf et al. 2010) suggested that integration of gene
network thinking into speciation genetics may have an
impact similar to that of Mendelian genetics on
Darwin’s original framework.

Ecological Inmunology x Ecological Speciation
Finally, a brief examination will show how critically
important the environmental context of host-pest
interactions is for determining specific outcomes. This
brief synopsis is largely based on a recent review of
immunity in a variable world (Lazzaro and Little 2009).
Given that activation of immunity incurs physiological
costs, the whole organism is involved when a part is
attacked. Further, the strength and duration of the
immune response is heavily influenced by the overall
condition of the potential host. Important variables are
abiotic environment, genotype x environment
interactions of host and pest, host genotype x
pathogen or symbiont genotype interaction (biotic
environment), and pleiotropic constraints. The
potential importance of these interactions is illustrated
by the results from a study reported in Lazzaro and
Little (2009). A three way host genotype x pest
genotype x environment (presence or absence of
rhizobacteria) interaction showed that as much as 42
percent of the barley performance and 32 percent of
the aphid performance was explained by the 3-way
interaction.

To understand why outcomes of such associations are
so difficult to predict, consider a hypothetical host x
symbiont x pathogen expression of basal resistance
(all eukaryotes) in two environments given that each
of the living participants were cloned to ensure the
same interacting sets of DNA in both environments.
To examine how these interactions might function, we
need a little more background. We know from our
discussion above that about 600 host genes respond
to infection. Let us assume 200 additional host genes
respond to the symbiont, that 100 pathogen and 100
symbiont genes also respond. Thus, 1000 genes are



interacting. Not all these responders encode proteins.
So assume that 0.8 (800 genes) represent non-coding
elements associated with both genome and
epigenome which are differentially expressed by cell
type (Baker 2010). There are eight types of non-
coding elements (Alexander et al. 2010), of which
transcription factors, small interfering RNA, micro
RNA, and pseudogenes are the most well known. In
addition, expression varies by cell type and number of
cell types (ca. 4 for fungi and 20 for conifers) varies by
complexity of the organism (Alexander et al. 2010).
Alternative splicing of messengerBRNA from coding
genes leads to multiple expressions of single genes in
eukaryotes (Nilsen and Graveley 2010); therefore 200
(coding genes) is multiplied to about 600 expressed
states (assume 3 alternative forms per gene). Next,
consider that each organism has its own genotype x
environment, genotype x development, and genotype
x ontogeny interaction (Kliebenstein 2010). Also
individual microRNA genes can generate multiple
functional transcripts (Zang et al. 2010), and
pseudogenes can participate in the production of
natural antisense transcript gene regulators (Muro and
Andrade-Navarro 2010). Even with this simplified level
of complexity, it is evident that we are a long way from
understanding basal resistance in conifers!

Potential Blister Rust Answers and Pitfalls
Perspectives provided by an expanded Modern
Synthesis (i.e. evolution, development, and function
rise from gene regulatory networks that are formulated
via the interaction of genomes, epigenomes, and
environment) can further inform our understanding of
white pine blister rust (WPBR).

Why do Plantations Exhibit so Many Pest
Problems?

As discussed above, the realization is growing that
gene regulatory networks sense information from the
environment and store gene regulation profiles for the
current as well as future generations. We expect
profile construction to start at embryogenesis and
continue to develop until at least reproductive
maturity. In long-lived organisms, the gene regulation
profile may change year by year to ensure an
adequate response to accumulated lifelong stressors
— abiotic as well as biotic. Over a few generations,
these gene regulation profiles may become
incorporated into the genome so as to facilitate rapid
“adaptation” to environmental change (e.g., ecological
speciation). Populations of long-lived tree species may
be especially fine-tuned to specific populations of

endophytes, symbionts, pests, and competitors as
well as multiple factors in the abiotic environment (see
Bossdorf et al. 2008). We have already examined how
multiple levels of genetic and environmental
interaction can produce an incredible range of
outcomes. Artificial reforestation methods could cause
much greater problems than currently realized
because many sources of interaction are ignored
under current practice. Disruption of local gene
regulation profiles in natural hybrids could be the
driving force in ecological speciation (Wolf et al. 2010)
and artificial (breeding) and natural (offsite) hybrids
likely contribute to plantation problems in the same
fashion. Since forest trees have extended
development periods, it is also possible that many
aspects of nursery (e.g., growing seedlings in
mismatched biotic and abiotic environments) and
planting practice might impart negative influences for
the life of a plantation. Thus, one would expect
intermittent expression of significant pest and/or
environmental problems at a local scale for off-site
(i.e., planted) plantations. The application of the
expanded Modern Synthesis paradigm also leads to
two additional conclusions: (1) global climate change
would likely cause more disruption in plantations than
in natural stands, and (2) development and
interpretation of experimental plantations requires
much caution. Next up is a case in point.

Why did Blister Rust Resistance Fail at the Merry
Creek and Hold Firm at Gletty Creek?

Large bulk-seed lots of northern Rocky Mountain
western white pine (WWP) representing: (1) open-
pollinated controls, (2) full-sib, 1% generation crosses
(phenotypically resistant parents), 2 generation full-
sibs (1st generation crosses), and full-sib back
crosses (1St generation x original parents) were
divided into two groups and planted at two sites
(Merry Creek 1970, Gletty Creek 1972) (Bingham et
al. 1973). After 26 years of exposure, all sources
planted at Gletty Creek were still below expected
infection threshold; whereas, all sources planted at
Merry Creek dramatically exceeded expected infection
thresholds (McDonald and Decker —Robertson 1998;
McDonald et al. 2004). Was this failure attributable to
a resistance gene collapse or some other cause? A
major gene for resistance to WPBR is known to be
present in some WWP subpopulations (Kinloch et al.
2003), but neither the host resistance gene nor the
pathogen virulent gene are known to exist within the
range of the WWP subpopulation used in these
plantations (Kinloch et al. 2003; Kinloch et al. 2004).
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Several lines of evidence indicate that the population
tested at Merry Creek and Gletty Creek is expressing
quantitative (basal) resistance (McDonald and Decker
—Robertson 1998; McDonald et al. 2004).

Basal Resistance in WWP:

Investigation of quantitative resistance expression in
WPBR has deposited several clues about its nature.
The updated Modern Synthesis implies that
understanding the failure at Merry Creek requires
consideration of host developmental stages, cell
types, influence of the physical environment, and
associated symbionts. Since stomata are the infection
court and white pines produce 3 kinds of needles or
organs (i.e., cotyledons, primary needles, and
secondary needles), which each supports at least 4
cell types, as many as 12 methylomes could be
involved, in addition to host and rust genetics.
Cotyledons (i.e., embryonic leafs) have been used to
assess qualitative resistance to WPBR (Kinloch et al.
2004), but not basal resistance.

We will compare results from inoculation tests at
Moscow, ID in 1964, 1966 and 1967, 1968, and 1970.
Primary needles (i.e., first-year growth) were
inoculated and inspected in several tests due to the
tendency for delayed germination. Most often,
seedlings were inoculated after bud set in their 2"
year when only secondary needles were present.
Some combinations of years, sites, and/or families led
to a second flush of leader growth that also supported
primary needles; however, these are customarily
removed before inoculation. Resistance observed in
the Merry Creek families and other sources of WWP
(McDonald and Hoff 1970b, 1971; Hoff and McDonald
1971; McDonald et al. 2004; Hoff et al. 1980) are likely
basal. The six resistance phenotypes defined in these
studies, listed in order of occurrence along the plant-
development/cell-type pathway, are: (1) needle-spots-
only in primary needles (NOSP), (2) rust-free
secondary needles (RF), (3) reduced-needle-lesion-
frequency in secondary needles (RNLF), (4) needle-
spots-only in secondary needles (NSOS) composed of
premature-needle-shed of secondary needles (PNS)
and fungicidal-short-shoot (FSS), and (5) partial-girdle
resistance (PG) expressed in stems and branches.

Needle-Spots-Only Primary (NSOP) vs. Secondary
Needles (NSOS)

Influence of foliar type at infection on canker presence
3 years after inoculation was assessed in the 1966
test (data on file Moscow FSL) and the 1970 test (Hoff
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et al. 1980). In the 1970 test (6 years in greenhouse
and lath house), 23 percent of 35 F1 seedlings
supporting needle spots on primary foliage were clean
(no rust) after 3 years and 36 percent of 1,108
seedlings with needle spots on secondary needles
(mixture of 2- and 3-year-old plants) were clean (Hoff
et al. 1980). In the 1966 inoculation (outside Moscow
ID), susceptible (open-pollinated infected parents) and
resistant (F; and F,) seedlings were compared
(Moscow FSL data on file). About 60 seedlings in
each primary and secondary class for each seed lot
(i.e., Fo-primary-full sib family) supported needle
infections at 12 months. Percent clean in each class
was determined 3 years after inoculation. Results, in
percent clean for the three stocks (about 250
seedlings/cell), were control (7 percent), F; (10
percent), and F, (18 percent) for first year seedlings,
and 22, 34, and 65 percent, respectively, for second
year seedlings. Individual F; and F, families, 60
individuals per cell, exhibited dramatic differences in
the primary vs. secondary comparison. Family 242 x
224 (F1) showed no difference (15 percent vs. 13
percent); 129 x 224 showed a large difference (0
percent vs. 38 percent); and 208 x 241 showed
another large difference (8 percent vs. 39 percent).
Family 58x25-9 X 18x17-9 (F2) changed from 7
percent to 83 percent, while 58 x 25-9 X 22x1-4
changed from 24 percent to 28 percent. Relatively
small differences between the tests for F; stock
(NSOP 23 percent vs. 10 percent and NSOS 36
percent vs. 34 percent) may be noteworthy because of
the dramatic difference in growth regimes. The 1970
test was conducted under controlled conditions for the
entire 6-year duration, in which the first 3 years
alternated between greenhouse and lath house and
the last 3 years were entirely in the lath house. In the
1966 test, seedlings were outside for the entire
duration of the test. Does this indicate some
development x environment interaction for NSOP and
none for NSOS? On the other hand, the individual
family results indicate a highly significant genetic
(genome and epigenome?) x development interaction.

Reduced Needle
Resistance

This mechanism was reported for 80 full-sib F;
families inoculated in their 2" growing season in 1966
(Hoff and McDonald 1971) and 120 different F;
families inoculated in 1970 (McDonald et al. 1991).
Both tests were conducted on seedlings grown
outside at Moscow, ID. The average spots/meter of
needle length in the 4 lowest and 4 highest families for

Lesion Frequency (RNLF)



the 1966 inoculation (spores cast not reported) was
1.75 and 14.25, respectively, or an 8.1x difference and
a mean of 7.5. The same data for the 1970 inoculation
(2,500 spores/cm®) was 2.15 and 18.4 or 8.6x
differences and a mean of 8.4. The species difference
reported for secondary needles in the 1970
greenhouse growth and inoculation test (4,900
spores/cm®) was 0.1 (P. peuce) and 28.0 (P.
ayachuite) or a 280x difference. The mean spotting
frequency of WWP (F) in the greenhouse test was 5
spots/meter of needle. In another experiment
conducted in the greenhouse/lath house at Moscow,
11 two—year-old WWP and P. lambertiana families
obtained from the Dorena Program located in Oregon
were quantitatively inoculated in large settling towers
featuring rotating basidiospore delivery beds
(McDonald et al. 1991). Inoculation efficiency was
calculated on the basis of stomatal area exposed to
spore cast as determined by multiple spore traps in a
small area. Spores were delivered, by design, at 8
levels varying from 600 to 18,000 spores/cmz. Yet,
infection efficiency was relatively stable and the
families varied from 0.1 to 1 relative to the highest
spotting family, again a 10x difference. Others
demonstrated that stomatal area and contact angle of
water drops formed on secondary needles differed
significantly in comparison of susceptible and resistant
materials (Woo et al. 2001). Another study reported
that stomata/row, stomatal shape, stomatal density,
mean stomatal area, wax degradation, water-contact
angle with wax and contact angle without wax all vary
significantly in the same F, seed lot grown at three
different nurseries (Woo et al. 2002). The surface
water vs. basal resistance connection has been made
by others (Poland et al. 2009). In summary, RNLF
would seem to be a relatively stable trait that could
influence amount of rust infection in various WWP
families and perhaps in differing white pine species.
However, the needle-trait studies and the large
differences in level of rust-free seedlings in F; WWP
grown and inoculated under varying conditions raise
significant cautionary flags.

Needle Spots Only (NSO) and Partial Girdle (PG)
Resistance

Tests inoculated in 1964, 1968, and 1970 also
investigated a resistance mechanism termed needle-
spots-only, hypothesized to be a composite of two
mechanisms called (1) premature-needle-shed (PNS),
where infected needles were shed before the rust
penetrated the short shoot (McDonald and Hoff 1971),
and (2) fungicidal-short-shoot (FSS) where infection

failed to penetrate the short shoot (Hoff and McDonald
1971). In the 1964 test, 99.5 percent of the seedlings
exhibited needle infections and only the composite
mechanism was delineated on F; and susceptible
stocks 2 years post infection. Of 2,878 F1 seedlings,
19 percent expressed resistance, and of 345 open-
pollinated control seedlings, 10 percent were
classified resistant. Results for the 1968 inoculation
were based on 546 open-pollinated controls, 2,876
F1s, and 3,061 Fys. Two new categories were added,
rust-free (RF), seedlings without symptoms, and a
bark-reaction labeled partial girdle (PG) wherein the
cankers appeared to be cleared from stems and/or
branches. Rust-Free seedlings were removed from
the totals to calculate the remaining percentages in
both tests. PNS equaled 15 percent (control), 20 (F4),
and 48 percent (F,); FSS equaled 2 percent (control),
5 percent (F4), and 12 percent (F»); and PG equaled 2
percent (control), 8 percent (F,), and 7 percent (F)
(Hoff et al. 1973). The 1970 test (Hoff et al. 1980)
included 18 species of white pine, but only F; WWP
stock is included in this discussion. Results were 21
percent (PNS), 4 percent (FSS), and 11 percent (PG).
In regard to PNS, FSS, and PG in the F, families, the
three tests compare very favorably. We conclude that
NSO was stable under the range of abiotic (and
maybe biotic) conditions experienced under
experimental conditions up to about 6 years of age,
and that infection in F; stock should plateau at 65
percent (e.g. 1-PNS (20 percent) + FSS (5 percent) +
PG (10 percent) = 65 percent). From these results,
open-pollinated controls should plateau at about 80
percent and F, at 35 percent. Predictions (1968 test)
were control = 81 percent, F; = 67 percent, and F, =
34 percent infection (Hoff et al. 1973).

Rust-Free Resistance (RF)

Occasionally rust-free seedlings, which showed up in
the large-scale inoculation tests, were treated as
escapes at Moscow. On the other hand, given the
possibility that induced stomatal closure can enhance
basal resistance (Hou et al. 2009), the issue should be
revisited. No information was found in the materials
supporting this review pertaining to RF primary
needles. In the 1968 test, RF equaled 4 percent
(control), 1 percent (F4), and 13 percent (F»). In the
1970 test, RF equaled (24 percent) for F; stocks.
Thus, RF in Fy families increased dramatically (i.e., 1
percent to 24 percent), when the inoculation was
conducted within the bounds of a greenhouse and lath
house, while expression of other mechanisms
changed little (see above).
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NSO in the Real World

Stocks developed from the northern Rocky Mountain
WWP breeding program were placed in test
plantations in addition to Merry Creek and Gletty
Creek. Early stock representing F; full-sib families
from phenotypically resistant parents were planted
with open-pollinated controls at Priest River and
Deception Creek Experimental Forests in north Idaho
(McDonald et al. 2004). After about 45 years of
repeated assessments, disease progress curves
showed that infection in F; families reached a plateau
of 40 percent at 25 years and remained stable for
another 17 years at both sites. This performance was
better than expected. The controls planted at the
Experimental Forests also presented surprises. At 45
years, disease progress curves for both were still
trending upward, but the expected infection plateaus
(estimated by curve fitting) hint at a rapid increase in
resistance phenotypes in the susceptible population.
Open-pollinated seed was collected from the same
cankered trees in 1953 and 1955 and used as control
stock for the 1957 and 1959 plantings. Estimates of
infection plateaus generated by curve fitting were 72
percent and 83 percent at Priest River and 77 percent
and 89 percent at Deception Creek for the two
collection years respectively. Both sites indicate a 10
percent gain in resistance from susceptible parents in
two years and both plantings fit with nursery test
expectations. Was this gain caused by changes in
gene frequency (Modern Synthesis) or soft
inheritance? After 26 years, at Gletty Creek (sister
planting of Merry Creek), control, Fy, and F, stocks,
supported 94, 46, and 20 percent infection,
respectively (Moscow FSL data on file). Since these
trends appear to be following those at Priest River and
Deception Creek, | conclude that Gletty Creek is
meeting or exceeding expectation of resistance.

The northern Rockies stocks were also planted in
California and British Columbia (BC). At the Happy
Camp site in northern California, control, F;, and F»
families were planted in the early 1970s and inspected
periodically (Kinloch et al. 2008). Since none of these
WWP materials express the major gene, this aspect of
WPBR at Happy Camp will be ignored in this
discussion. First, we must address the matter of
expected resistance. As discussed above, individual
control lots, F4 full-sib families, and F, full-sib families
can vary widely in expected levels of resistance as
judged from inoculation tests of seedlings supporting
only secondary needles. Ranges of variation in
expected percent infected (i.e., percent infected = 1-
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tested percent clean) observed in a limited data set
from the 1966 test are: control (14 to 34 percent), F,
(5 to 49 percent), and F, (58 to 83 percent) (Moscow
FSL data on file). Since the Happy Camp data are
presented as simple scatter plots with uneven time
intervals, comparison to disease progress curves is
complex. Thus, | will focus on the apparent infection
asymptote demonstrated in the published scatter plots
(Kinloch et al. 2008 p72). Control-lot asymptotes of
100 percent and 90 percent meet nursery expectation.
Three F; families show 70, 60, and 90 percent
asymptotes and the expected range is 51 to 95
percent. Thus, the F; families meet the nursery test
expectation. Two F, families reached asymptotes of
35 percent and 40 percent, which is within the
expected range of 17 to 42 percent.

Idaho F, stock and local controls were planted at 2
coastal British Columbia sites, one low elevation and
one high elevation (Hunt and Meagher 1989). After 12
to 13 years exposure to WPBR, infection levels were,
low-elevation control 52 percent, low-elevation F, 75
percent, high-elevation control 21 percent, and high-
elevation F, 10 percent. After 20 years of exposure at
an interior BC site, F, stock was 35 percent infected
while controls were 100 percent infected (Hunt 2005).
Test plantings of F; and F, stock in California (1 site),
Idaho (3 sites), interior BC (1 site), and high elevation
coastal BC (1 site) have performed to expectation or
better. Two sites, low-elevation coastal BC and north
Idaho, failed to meet expectation. Some production
plantations of F2 stock have also exhibited higher than
expected levels of infection (Schwandt and Ferguson
2003). In light of the expanded Modern Synthesis we
can hypothesize these failures are triggered by the
environment. Also, Hunt (2004) discusses the effects
of environment on expression of blister rust resistance
and, although numbers are small, indicates that
environmental factors may be implicated of the failure
of Fo NSO resistance. Hunt (2005) compared WWP
seedlings and grafts and low and high elevation
coastal sites and concluded that genetic x
environment interactions influenced expression of
resistance.

Direct influence of environment on RNLF expression
comes from a couple of “accidental experiments”
reported by Woo et al. (2004). Two seed lots grown at
two different nurseries inoculated in a common
inoculation facility and then returned for 3 years of
development to their original nurseries. One lot was
expected to express a relatively high level of



resistance and the other a low level. Mortality in the
resistant stock was 48 percent 3 years post infection,
while the susceptible stock exhibited 30 percent
mortality. This prompted an experiment designed to
control for genetics and environment. Bulk F;
seedlings were grown at two different nurseries prior
to infection and were scheduled to be inoculated in
September of 1999 at a common facility. Seedlings
from one nursery were placed in cold storage in
December of 1998. However, due to an oversight, the
seedlings were not removed from cold storage until
early August of 1999. Meanwhile, the other lot was
subjected to a normal cycle. At 5 months post
infection, seedlings exposed to extended cold storage,
(immature secondary needles) exhibited 100x the
infection efficiency of the mature needles — a level
indicating low RNLF in F, stocks. The overall
conclusion is that the failure of resistance at Merry
Creek was probably due to an environmentally
triggered collapse of basal resistance. It seems WPBR
basal resistance is a classic example of a “plastic
immunity response” as described for the concept of
ecological immunity (Sadd and Schmid-Hempel 2008).

White Pine Blister Rust Phytohormone Interaction
Materials from the 1966 progeny test were also used
to investigate the interaction of WPBR infection,
rooting medium, and hormone application on rooting
of WWP (McDonald and Hoff 1970a). Single-needle
fascicles were harvested from each of 12 individual
outdoor-grown seedlings from each of 104 WPBR-
resistant families in early March at 5 months post
inoculation. Needle infections were not visible at
harvest; however, 99.5 percent of the seedlings
exhibited needle spots by early June, indicating that
the uninfected needles were most likely derived from
infected seedlings. WPBR infection depressed rooting
by 40 percent in half-sib family 17. Tester 17 was later
shown to segregate in selfed families (McDonald and
Hoff 1971) as a trait controlled by two recessive
genes. Meanwhile, the remaining half-sib families (19,
22, and 58) exhibited depressed rooting by 11, 9, and
19 percent, respectively. When selfed, these families
segregated in a single recessive pattern. From the
perspective of an expanded Modern Synthesis, these
results probably indicate a connection between WPBR
infection and hormone metabolism. On the other
hand, this genetic hypothesis has been questioned
(Kinloch et al. 2008; Hunt 2004). In fact, given current
understanding of transcriptome behavior associated
with basal resistance, | also question this genetic
hypothesis. Further, it must be said that disproving a

genetic hypothesis about a trait does not negate the
reality of the phenotype. So, what does depression of
rooting by WPBR needle lesions tell us about how
ecological immunology functions in WPBR? Since the
rooting depression seems not to be expressed in
healthy needles obtained from plants supporting a
needle infection, systemic signaling may not occur
until penetration of cell types located in the stem. But,
how would this observation fit with the possibility of
needle endophytes priming basal resistance as
discussed above. Significant interactions among the
WPBR fungus and naturally occurring endophytes
appears to be an important aspect of blister rust
biology (Ganley et al. 2008). Many root zone and stem
pathogens and symbionts could also be present and
functioning with the aid of a systemic signaling
system.

Some Additional Questions

The demonstrated existence and importance of the
epigenome allows us to re-examine persistent
questions that are associated with WPBR studies.
These questions include the following: Is the common
occurrence of overdispersion (maximum infection
incidence often fails to reach unity) in WPBR
epidemics (McDonald et al. 2005) related to the
abiotic environment, induced immunity, endophytes,
soil conditions, or some combination of these factors?
Why did a high-severity burn during site-preparation at
Merry Creek result in equal infection rate increases in
control, Fy, and F; test populations relative to a lower
severity burn (McDonald and Decker-Robertson
1998)? Can burn treatments influence host resistance
in a manner similar to biochar, which has been shown
to induce resistance to both biotrophic and
necrotrophic pathogens on both tomato and peppers
(Elad et al. 2010)? In a general sense, is an
appropriate local natural control population required to
insure reliable results from any forest management
experiment? Given our current understanding of plant
immunity, does the existence of major-gene
resistance in the pine host imply a significant
coevolutionary history between white pines and
Cronartium ribicola? Would a reexamination of historic
data from a new perspective reveal new awareness
about WPBR interactions? Regarding ongoing
screening and breeding programs of white pines, how
confident can we be that subpopulation structures of
pine have not “evolved” rapidly enough by way of
ecological speciation to ultimately cause significant
host genotype x pathogen genotype x environment
interactions? Does awareness of many new alternate
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hosts (Mulvey and Hansen 2011, Kattera and Hiltunen
2010) indicate pine genotype x Ribes genotype x
Pedicularis genotype x Castilleja genotype x rust
genotype interactions should be expected? Do such
complex host-pathogen-environment interactions
reflect a mature pathosystem? Do implications arising
from soft inheritance indicate that more emphasis
should be placed on natural regeneration of conifer
forests? Are there serious negative consequences to
developing resistant host populations through creation
of artificial hybrids screened for resistance under
artificial conditions that do not reflect the conditions
where the resulting populations are deployed? Results
from an initial range-wide study of AFLP molecular
markers in WWP (Kim et al. 2011) and analysis of
host growth and blister rust expression in a common
garden experiment (McDonald ms in progress)
together illustrate a potentially complex and interactive
WWP population substructure.

Summary - A Management Dilemma

The expanded Modern Synthesis poses management
dilemmas, such as (1) selection and deployment of
natural quantitative or forced qualitative resistance, (2)
deployment of potentially disruptive stock from a
geographically broad breeding program vs. prudent
local management of natural populations, and (3)
utilization of large economically efficient screening
facilities vs. sophisticated screening designed to yield
stock that fits subpopulation boundaries. Basal
resistance, while sometimes subject to
environmentally triggered breakdown, might still be
the best choice as indicated by its major role in
dampening pest activity in natural forests. This
observation fits with “optimal immune defense”, an
important concept of ecological immunity. Qualitative
resistance, notoriously susceptible to virulence
variation, may be a poor option for forest trees judging
from its relatively minor role in forest systems and,
according to the “usage costs of defense” principle of
ecological immunity, this option would likely incur
higher fithess costs than basal resistance. Increasing
knowledge about ecological speciation and the
complexities of genome x epigenome x environment
interactions indicate local management of local
populations may result in more stable forest
ecosystems. Further, the biological paradigm
encompassed in a new Synthesis argues that large
screening facilities will most likely produce
maladapted populations due to the sheer complexity
of controlling all the important sources of variation.
Approaches discussed will also apply to
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understanding and managing the heightened pest
problems expected with climate change (Grulke
2011).

Will the new Synthesis apply to our target
populations? A good foundation for molecular
investigations has been developed and was recently
reviewed (Richardson et al. 2010) from the
perspective of classic Modern Synthesis. Some
important factors associated with the new paradigm
that have been observed are: microRNAs in lodgepole
pine (Morin et al. 2008); small RNAs in Norway
spruce, white spruce, eastern white pine, and
Douglas- fir (Dolgosheina et al. 2008); and microRNAs
and epigenetic inheritance were associated with
climate adaptation of Norway spruce (Yakovlev et al.
(2010). As already mentioned, microRNAs were
shown to be regulated by fusiform rust infection in
loblolly pine (Lu et al. 2007). The CC-NBS-LRR
subfamily of proteins, known to be associated with
plant immunity, was shown to be active in WWP with
possible links to qualitative resistance (Liu and
Ekramoddoullah 2007). Eighty-three members of the
WRKY family of transcription factors, associated with
plant immunity, were found in WWP and one member
was linked to a major resistance gene (Liu and
Ekramoddoullah 2009). Another examination of
signaling and pathogenesis-related proteins in WWP
revealed that levels of a pathogen-related protein
were increased by WPBR infection, wounding, and
methyl jasmonate application (Ekramoddoullah et al.
20086).

Limitations imposed by the gene-centric Modern
Synthesis have significantly constrained depth of
analysis of WPBR evolution and ecology in particular
and forest biology in general. A major weakness is
lack of awareness regarding the impact of interaction
between genotype, development, and soft inheritance.
A theory incorporating epigenomes, gene regulatory
networks, soft inheritance, ecological immunity, and
ecological speciation should be embraced. As
suggested above, an expanded Modern Synthesis can
reveal management implications of large effect. |
propose using the new paradigm to: (1) conduct a
thorough review of current breeding and forest
management programs (e.g., Schoettle and Sniezko
2007; King et al. 2010); (2) review existing literature
using a brighter light; (3) re-evaluate remaining data
archives to achieve improved insight; (4) develop new
study designs; and then (5) initiate pilot studies in
conifers, while awaiting sequencing of a conifer



genome, directed at transcriptome discovery and
function using 3" generation single-strand sequencing
(see Morozova et al. 2009; Mamanova et al. 2010). In
conclusion, new theory, a 100-year legacy of
experimentation and observation, powerful new tools,
and a substantial need for new knowledge all argue
for rapid advance toward a more comprehensive
understanding of WPBR coevolution. The goal, of
course, is sustainable management of conifer
ecosystems worldwide.
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