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Threshold selection for rust resistance in hybrid poplar:
Population response to mass selection

By B. J. STANTON")

(Received 1%t February 2011)

Abstract

Eleven Populus X generosa populations were devel-
oped in the Pacific Northwest by annual controlled
hybridization of P.deltoides and P.trichocarpa between
1991 and 2001. Mass selection for Melampsora leaf rust
resistance was observed in the field as a threshold char-
acter in identifying seedling phenotypes for clonally
replicated evaluation. The effectiveness of the approach
was assessed for each annual population by comparing
the distribution of phenotypes in unselected seedling
populations with the distribution of selected genotypes
in the clonal field tests established in successive years
and evaluated at the approximate same level of disease
severity using two selection thresholds corresponding to
chlorotic and healthy tissue. Bi-directional selection was
used as an initial check on the efficacy of the procedure
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and resulted in a wide separation in liability between
the positive (0.06 threshold units (T.U.)) and negative
(-2.45 T. U.) selection groups when tested as clones. The
other 10 seedling populations that were subjected solely
to directional selection exhibited a mean increase in
incidence above the first selection threshold at the clon-
al stage (47 versus 81%) that was accompanied by an
improvement in population liability (-0.06 versus
0.50 T.U.) and a reduction in population standard devia-
tion (0.83 versus 0.54 T.U.). The change in liability was
strongly related by polynomial regression to selection
intensity and a grouping of populations based on infec-
tion-season precipitation (r?=0.98). The mean liability of
four of the 10 seedling populations observed during
years of high infection-season rainfall was six-fold lower
than the mean liability of those populations observed
during the other six years of lower infection-season rain-
fall (=0.12 T.U. versus —0.02 T. U,, respectively), indicat-
ing that populations undergoing evaluation during years
of heavy precipitation experienced more intense rust
exposure. Moreover, quadratic functions showed that
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populations undergoing rust evaluation during years of
high rainfall were more responsive to increases in selec-
tion intensity above the vertex of the function (i.e. 13.20
versus 3.43 T.U.). Realized heritability averaged 0.63 for
all ten populations subjected solely to directional selec-
tion.

Key words: Populus, genetic improvement, tree breeding,
Melampsora infection, leaf rust.

Introduction

Populus X generosa Henry (P.deltoides X P. trichocarpa
and reciprocal) is the principal inter-specific hybrid
taxon of poplar cultivation in the Pacific Northwest’s
lower Columbia River Valley of Oregon and Washington,
U. S. A. The first commercial varieties were bred from
black cottonwood (P. trichocarpa Torr. & Gray) from the
Pacific Northwest and eastern cottonwood (P. deltoides
Bartr. ex Marsh.) from the mid and lower Mississippi
River Valley during the early 1980s (STETTLER et al.,
1988). From the outset of plantation development in
1983, the taxon showed extremely high levels of resis-
tance to the native rust pathogen, Melampsora occiden-
talis H. Jacks. But in 1991, two pathogens, M. medusae
Thuem. from eastern North America and M. larici-pop-
ulina Kleb. from Eurasia, simultaneously became estab-
lished in the region with a concomitant change in host
resistance and the loss of several commercial varieties
(NEwcOMBE and CHASTAGNER, 1993a; NEWCOMBE and
CHASTAGNER, 1993b; NEWCOMBE et al., 1994). Industrial
P. X generosa hybridization programs responded by
emphasizing mass selection for rust resistance as the
sole criterion used to truncate inter-specific seedling
populations for clonally replicated field trials. This tactic
was based on reports of reasonably good correlations
between one-year-old nursery rust ratings and those
observed in rotation-age clonal field trials (CHIBA and
NacaTA, 1972; THEILGES et al., 1989; NEWCOMBE et al.
1994). Shortly thereafter, in 1995 M. X columbiana G.
Newec., the inter-specific hybrid of M. occidentalis and M.
medusae, appeared and again the distribution of poplar
resistance was altered (NEWCOMBE et al., 2000). By 1997,
M. X columbiana was the only taxon found in a survey of
the leaf rust population of the lower Columbia River
Valley.

Melampsora species are obligate biotrophic parasites
that cycle annually between their coniferous, aecial
hosts and their poplar, telial hosts. Aeciospores dissemi-
nated from conifer hosts in the spring germinate on
poplar leaves followed by infection. The resulting
uredinia on poplar leaves produce urediniospores that
germinate and generate infection, leading to multiple
cycles of disease during the summer. Severe disease
results in premature defoliation. The pathology litera-
ture describes two Populus reactions to Melampsora: (1)
an incompatible type involving hypersensitive necrosis
to contain the initial infection with no observable ure-
dinial-stage symptoms, and (2) a compatible type in
which the metrics of the uredinial stage — interval
between infection and appearance of uredinia (i.e. the
latent period), the size and density of uredinia on leaf
surfaces, and the rate of uredinia sporulation — are
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clearly discernible (HUBBES, 1979). While both reaction
types describe separate parts of the infection process,
the expression of their symptoms may not be controlled
by wholly different host genetic systems (LEFEVRE et al.,
1994); HEATHER and CHANDRASHEKAR (1982) observed
the hypersensitive response to be associated with
minute uredinia, as did NEWCOMBE et al. (2001) who rec-
ognized a size and distribution continuum of Melampso-
ra uredinia spanning incompatible and compatible reac-
tion classes. More recently, DOowKIw and BASTIEN (2007)
showed that incompatible and compatible reactions are
correlated in the first P. X generosa generation, though
this association went unobserved in a similar study of
the second generation (Woo and NEWCOMBE, 2003).

The hybridization program that developed in response
to the 1991 change in pathogen species was designed as
a non-recurrent, short-term improvement approach.
With it the first P. X generosa generation was annually
recreated over an 1l-year period (1991-2001) and
screened in one-year-old nurseries to identify putatively
resistant candidates for clonal testing. The yearly popu-
lations often numbered several thousand and a record-
ing of individual incompatible reactions in addition to
quantitative assessments of each component of the com-
patible reaction type proved impractical. Consequently,
the annual seedling populations were screened for gen-
eral field resistance using two selection thresholds in
place of standard categorical disease-scoring methods.
This paper is presented as an 11-year case study of the
effectiveness of the threshold selection methodology
operating across both reaction types. Realized heritabili-
ties resulting from the use of the selection thresholds
are reported and compared to published heritability val-
ues for Melampsora leaf rust resistance. The functional
relationship between selection intensity and changes in
population rust liability — the trait or trait complex that
determines quantitative variation in resistance — is
developed in light of differences in infection-season pre-
cipitation rates.

Methods

The annual P. X generosa populations were developed
by controlled hybridization of P. deltoides and P. tri-
chocarpa. P. trichocarpa parents were chosen as mature
phenotypes from natural alluvial and upland stands
located west of the Cascade Mountains between
42°56’N latitude (South Umpqua River, Douglas Coun-
ty, Oregon) and 48°56’N latitude (Nooksack River,
Whatcom County, Washington). The average age of the
P. trichocarpa parents was 37 years and ranged from 14
to 77 years. P. deltoides parents were mainly selected
from an extensive varietal collection at Fitler, Missis-
sippi, established in 1980 by the U. S. Forest Service
with genotypes from alluvial stands within the lower
Mississippi River Valley between Baton Rouge,
Louisiana, (30°36’N latitude) and Memphis, Tennessee,
(835°14’N latitude) (CooPER, 1980). The Fitler collection
also included a lesser number of P. deltoides representa-
tives from the Texas Forest Service’s sampling of the
Brazos and Trinity Rivers and Oklahoma State Univer-
sity’s sampling of the Red River between 30°03’N and
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35°57N. Rust resistance was not considered when
choosing parents in either species; resistance was diffi-
cult to gauge in the mature natural P. trichocarpa
stands, while rust pressure was typically too light in
the P. deltoides Fitler clone tests for meaningful evalua-
tions. Reciprocal crosses (i.e. P.deltoides X P. trichocarpa
and P trichocarpa X P.deltoides) were made yearly
between 1991-2001 within a glasshouse at Camas,
Washington, using the procedures described by STANTON
and VILLAR (1996). Seventy-two (72) hybrid crosses were
attempted in most years using two series of four discon-
nected, mostly 3 X 3 factorials, one for each reciprocal
cross type. Hybrid offspring were recovered from 164
P. deltoides and 194 P. trichocarpa parents over the 11
years and, although repeated parental samples were
taken in some years, each year’s population had a
unique set of full-sibs. Containerized seedlings were
propagated in the Camas glasshouse during the same
year of breeding.

Each of the 11 populations was screened in its second
year for rust resistance to identify a subset of seedling
phenotypes for replicated clonal field trialing conducted
during a third year. Both seedling and clonal evalua-
tions were conducted at Westport, Oregon, (46°08’N,
123°22’W) on the lower Columbia River floodplain. The
soil there is deep, moderately well drained with a loam-
silt loam surface overlaying a sandy loam to fine sand
horizon. Precipitation during the July through October
period of urediniospore dispersal averaged 217 mm from
1935-1995 as reported by a Clatskanie, Oregon, weath-
er station located approximately 14 km from Westport.
Maximum and minimum daily temperatures over the
July through October period averaged 20.7°C and 9.9°C,
respectively. Daily temperature and precipitation rates
during the four month infection season were recorded at
the Clatskanie station throughout the case study. Each
of the Westport seedling nurseries was established at a
0.6 X0.9 m spacing in unreplicated family row plots.
Each of the clonal trials was planted at a 1.8 X1.8 m
spacing using a completely randomized design of eight
ramets per genotype propagated as containerized leafy
rooted cuttings grown in the Camas glasshouse from
seven-to-10 cm long hardwood cuttings taken from
selected ortets in the Westport nursery. Survival result-
ing from this method of clonal propagation was uniform-
ly high, averaging 96 % for all 11 populations and rang-
ing between 91-99 %.

The extent of rust severity on the seedling and clonal
populations was assessed as a threshold character using
a modified version of SCHREINER’s (1959) technique, with
three categories based upon the amount of leaf area
bearing uredinia and the extent of leaf chlorosis and
necrosis throughout the crown. Assessments were based
on all leaves with the exception of newly formed ones
that are known to be inherently resistant (HEATHER et
al., 1980; JOHNSON and YONG, 2005). The three categories
were defined as follows:

High resistance — A few uredinia on leaves throughout
no more than 20% of the crown. No chlorosis.

Moderate resistance — 20 to 33% of the crown with
readily observable uredinia covering approximately 20
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to 30% of the surface of individual leaves with easily
observed chlorotic, but no necrotic, tissue.

Low resistance — More than 33% of crown exhibiting
extensive uredinia and chlorotic tissue covering individ-
ual leaves. Necrotic leaves often present with some defo-
liation.

Phenotyping of each annual population’s one-year-old
seedling nursery and one-year-old clonal field trial was
conducted in successive years, and scheduled to reason-
ably ensure that the two were phenotyped at approxi-
mately the same level of disease severity. All assess-
ments took place between September 27 and October 18
coinciding with the recommended opportune timing of
rust evaluations for the region (WANG and VAN DER
Kamp, 1992; NEWCOMBE et al., 1994). Seedling pheno-
types chosen for clonal trialing came solely from the
high and moderate resistance categories. Directional
mass selections were made from all families with
acceptable phenotypes; the tallest seedlings were select-
ed from those families in which an overabundance of
acceptable ones was found. The assignment of genotypes
to a resistance category at the clonal stage was based on
the mode of each genotype’s eight ramets; where a mode
was not identified, ramets were revisited to ascertain
the appropriate resistance category. As an initial check
on the efficacy of the threshold selection procedure, a
subset of seedlings from the low resistance category
from the first population (i.e. 1991) was advanced to
clonal testing as a control treatment along with their
counterparts from the moderate and high categories.
This will be referred to as the preliminary, bi-directional
selection test of the efficacy of the threshold procedure.

The case study utilized FALCONER’s (1981) procedure
for the selection of threshold characteristics in which
the moderate and high resistance categories defined two
selection thresholds, I and II, respectively. Threshold I
marked the transition between necrotic and chlorotic
tissue while threshold II marked the transition to a
chlorosis-free symptom though not necessarily implying
the transition from the compatible to the incompatible
reaction type. The incidence of the population exceeding
threshold I (i.e. the cumulative percentage of genotypes
in both the moderate and high resistance categories)
and the incidence of those exceeding threshold II (high
resistance) was recorded for each population’s seedling
nursery and clonal fields trials. A selection threshold
unit (T.U.) was then calculated for each nursery and
clone trial according to equation 1 (FALCONER, 1981):

1TU = x"-x)s [1]

where x” and x’ are incidences expressed in standard
deviations (s) from a truncated normal distribution cor-
responding to the percentages of genotypes associated
with selection thresholds II and I, respectively. The stan-
dard deviation of rust resistance (s) in the nurseries and
clonal trials in threshold units was then determined by
equation 2 (FALCONER, 1981):

s=[1/&*-x)]T.U. (2]

Finally, the mean liability (m), equivalent to the mean
expression of the underlying quantitative traits control-



ling variation in rust phenotypes, was estimated for
each of the annual populations at their seedling and
clonal stages in standard deviation units above or below
threshold I using equation 3 (FALCONER, 1981):

m=-x's [3]

The response to mass selection in the seedling nurs-
eries undergoing directional selection was then deter-
mined for each year’s population as the difference in
both the mean liability and the standard deviation of
rust resistance between the non-selected seedling and
the selected clonal stages. The preliminary assessment
of bi-directional selection in the 1991 population was
based on comparing selection responses of seedlings at
the clonal stage taken above threshold I (i.e. positive
selection) with those taken from below (i.e. negative
selection).

For the main portion of the study, the response to
directional mass selection across all 10 populations was
regressed on selection intensity and infection-season
precipitation using the following quadratic equation:

Y, =+ B @) +B; @) + B, @) + B, (ig) + B, (%g) [4]

where y is the change in liability or standard deviation
between the nursery and clonal field stages of the ntt
annual population, i is selection intensity (i.e. the mean
standard deviation of the proportion of the selected
nursery seedlings residing above threshold I in the
nursery), and g is the precipitation effect as represented
by two groups of nursery populations coded as “0” or “1”
for those grown during relatively dry and wet years,
respectively.

The ratio of the selection response in mean liability to
the intensity of selection was calculated for each popula-
tion as an expression of realized heritability. Lastly, a
chi-square test for independence between resistance cat-
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egory and test stage was conducted for each population
to determine if mass selection from the upper nursery
threshold led to a similarly superior expression of rust
resistance at the clonal stage.

Results
Effectiveness of Bi-directional Selection: 1991 Population

Bi-directional selection within the 1991 population
provided an initial indication that mass selection for
rust resistance using the threshold approach could be
effective (Table 1). When observed in the 1992 seedling
nursery, 34 % of the population’s 774 genotypes exceeded
threshold I — of which eight percent also exceeded
threshold II — with the remainder, 66% falling below
threshold I. The mean nursery liability and its standard
deviation were —0.42 T.U. and 1.01 T. U, respectively.
Subsets of 253 seedlings that were categorized above
threshold I (i.e. the positive selection group) and 260
seedlings categorized below threshold I (i. e. the negative
selection group) were then tested as clones in the 1993
field trial. There, only 10% of the negative selection
group was found above threshold I and just four percent
above threshold II; the group’s mean liability and stan-
dard deviation were —2.45 T. U. and 1.94 T. U,, respective-
ly. In contrast, the 253 phenotypes of the positive selec-
tion group segregated with 53 % of the clonal genotypes
testing above threshold I and 12% above threshold II.
The mean liability was 0.06 T.U. and the standard devi-
ation was 0.80 T. U. In view of the wide separation in lia-
bility between the positive and negative selection
groups, bi-directional mass selection was judged to be
effective in sorting among seedling rust phenotypes for
the best subset for clonal evaluation. The effectiveness
of directional threshold selection was then examined for
the ensuing 10 nursery populations.

Table 1. — Change in liability and standard deviation of the 1991 P. X generosa population undergoing bi-directional mass selection

for Melampsora rust resistance.

Incidence
Above Above
Population Threshold 1 Threshold II
Census (%) (%)

Incidence

Selection
Group

Standard Normal
Deviate -
Threshold 1

Standard Normal
Deviate -
Threshold 11

Standard
Deviation

Mean

1T.U*  Liability

1992

Nursery:

Unselected

Group 774 34 8

0.41 1.41

0.99 -0.42 1.01

1993 Clonal
Field Trial:
Positive
Selection

Group 253 53 12

-0.08 1.17 1.25

0.06 0.80

1993 Clonal
Field Trial:
Negative
Selection

Group 260" 10 4

1.26

1.77 0.51 -2.45 1.94

1 The sum of the number of clones of the 1993 field trial from the negative (260) and positive groups (253) does not equal the total
of the nursery population (774) as not all nursery seedlings were cloned.
2T.U. is a threshold unit of population rust liability as determined by the absolute difference between thresholds I and II

expressed as standard deviations.
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Change in Population Structure Under Directional
Selection: 1992-2001 Populations

The number of seedling phenotypes evaluated at the
nursery stage averaged 1,403 per annual population,
varying between 651 (1992 population) and 2,392 (1999
population) (Table 2). These represented 50 full-sib fami-
lies on average, a quantity that varied from 31 (2000
population) to 61 families (1996 population). Yearly vari-
ation in nursery census and family number was princi-
pally a reflection of the programmatic emphasis placed
on developing other inter-specific taxa during any given
year, which necessitated a reduction in the mainline
P. X generosa hybridization effort. Sizable variation in
mean family size was consistently observed with stan-
dard deviations exceeding their means in nearly all
years (136 % mean coefficient of variation), the phenom-
enon typical of the pronounced variation in reproductive
success in the P. X generosa taxon (STANTON, 2005). Aver-
aged across the 10 nurseries, 13% of the seedling popu-
lations, or 183 out of 1,403 phenotypes, were advanced
to clonal testing (Table 2). The yearly range in the per-
centage of seedlings undergoing clonal testing was
8-28%. This was accompanied by a 36% reduction in
the number of families, 32 versus 50. Similarly, a reduc-
tion in both the mean (i.e. 5.7 sibs versus 27.9 sibs) and
the standard deviation in family size (i. e. 8.0 sibs versus
38.0 sibs) were caused by the selection of nursery pheno-
types for clonal testing.

Change in Rust Distribution Under Directional
Selection: 1992-2001 Populations

The mean incidence of phenotypes in the nurseries at
thresholds I and II was 47% and 11%, respectively
(Table 3). When averaged across the 10 populations,
threshold I was situated at 0.08 T.U. above the nursery
mean while threshold II was located at 1.33 T. U. (Table
3). Threshold I incidences varied from highs of 59-61%
(1993, 1997 and 1998 populations) to lows of 32-38%
(1992, 1994, 1996, and 1999 populations). Correspond-
ingly, threshold II incidences were highest in the 1993
and 1998 populations (26 and 16 %, respectively) and
lowest in the 1996 and 1999 populations (4 and 2%,
respectively).

Liability averaged —0.06 T.U. over all 10 nurseries
ranging from —0.41 T.U. (1994 population) to 0.28 T.U.
(1993 population) (Table 4). It was positive in the 1993,
1997, 1998, and 2000 populations; a negative threshold I
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for each suggested less rust exposure compared with the
other six populations (cf. Tables 3 and 4). The standard
deviation of nursery rust averaged 0.83 T.U. ranging
from a low of 0.63 T.U. (1999 population) to a high of
1.15 T.U. (1994 population). Liability and its standard
deviation were not associated (r=-0.04). Similarly, nei-
ther variation in nursery liability nor its standard devi-
ation was associated with any of the measures of popu-
lation structure (i.e. census, number of families, family
size, variation in family size). The lone associate of lia-
bility was the amount of precipitation experienced dur-
ing the July through October period of urediniospore
dispersal and infection that exhibited a marked and
substantial contrast between two groupings of popula-
tions. Relatively high rates of infection-season precipita-
tion were received during four consecutive years, 1993
through 1996, when mean and minimum respective pre-
cipitation levels of 298 mm and 217 mm were recorded
(data not shown). In contrast, there were six years of
lower precipitation, 1992 and 1997 through 2001, when
a mean of 120 mm and a maximum of 186 mm were
recorded. Neither the maximum nor the minimum daily
temperature during the infection season exhibited simi-
lar variation over the 10 years (e.g. coefficients of varia-
tion of 3.2 and 8.2%, respectively, compared with a 56 %
coefficient of variation for precipitation). The liability of
the nursery seedling populations observed during the
four consecutive years of highest rainfall was six fold
lower than the mean liability of those nurseries
observed during the other six drier years (—0.12 ver-
sus —0.02), an indication that increased precipitation
and, perhaps, higher humidity and prolonged leaf wet-
ness may have resulted in higher overall levels of rust
(KRzAN, 1980).

Selection intensity associated with the truncation of
the nursery populations at threshold I averaged 0.860,
ranging from a low of 0.629 (1998 population) to a high
of 1.118 (1999 population) (Table 4). Selection intensity,
as expected, was highly correlated with threshold I inci-
dence (r=-0.99). But since the proportion of the nursery
populations moved to the clonal testing stage was a non-
constant sampling of phenotypes from above threshold I,
a weak linear correlation was found between selection
intensity and the percentage of genotypes cloned for
field testing (r=0.29). The distribution of resistance cat-
egories was clearly changed at the clonal stage. There,
81% of the population on average was classified above

Table 2. — Change in structure of P. X generosa populations undergoing directional mass selection for Melampsora rust resistance.

Scedling Nursery Clonal Testing
Census of Number of Mean Standard Deviation | Census of Number of Mean Standard Deviation
Population Genotypes Families Family Size Family Size Genotypes Families Family Size Family Size
1992 651 59 11.0 11.2 136 38 4.1 5.5
1993 1,877 49 38.3 62.4 219 39 5.6 8.9
1994 2,145 52 41.3 61.4 204 28 7.3 12.7
1995 954 54 17.7 41.9 160 30 5.3 6.3
1996 981 61 16.1 20.1 158 38 4.2 33
1997 982 44 22.3 45.6 278 31 9.0 17.2
1998 2,293 55 41.7 47.9 185 32 5.8 6.6
1999 2,392 56 42.7 49.0 303 37 8.2 12.5
2000 758 31 245 18.8 63 15 42 33
2001 998 43 23.2 22.1 100 28 3.6 39
Mean 1,403 50 27.9 38.0 183 32 5.7 8.0
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Table 3. — Incidences and threshold levels for seedling nurseries and clonal trials of 10 P. X generosa populations under-
going directional selection for Melampsora leaf rust resistance.

Scedling Nursery Clonal Testing
Population Incidence Incidence Above | Threshold I Threshold 11 Incidence Incidence Threshold1 | Threshold IT
Above Threshold 1T (%) Above Above
Threshold 1 (T.U) (T.U) Threshold I Threshold II (T.U.) (T.U)
(%0) (%) (%o)
1992 38 8 0.31 1.41 72 13 -0.58 1.13
1993 60 26 -0.25 0.64 57 14 -0.18 1.08
1994 36 11 0.36 1.23 88 34 -1.17 0.41
1995 43 8 0.18 141 62 3 -0.31 1.88
1996 37 4 0.33 1.75 94 26 -1.55 0.64
1997 59 12 -0.23 117 89 22 -1.23 0.77
1998 61 16 -0.28 0.99 96 33 -1.75 0.44
1999 32 2 0.47 2.05 91 13 -1.34 1.13
2000 54 11 -0.09 1.20 81 19 -0.88 0.88
2001 49 7 0.02 1.49 82 16 -0.92 0.99
Mcan 47 11 0.08 1.33 81 19 -0.99 0.94

Table 4. — Changes in liability and standard deviation and realized heritability of 10 P. X generosa populations
undergoing directional selection for Melampsora leaf rust resistance.

Scedling Nursery Clonal Testing
Population Liability Std. Dev. Selection Liability Std. Dev. Change in Change in Realized
(m) (s) Tntensity (m) (s) Liability Sid. Dev. Heritability"

T.U. T.U. 0 T.U. T.U. (Am) (As)

T.U. T.U.
1992 -0.28 0.91 1.002 0.34 0.59 0.62 -0.32 0.62
1993 0.28 1.12 0.644 0.14 0.80 -0.14 -0.32 -0.22
1994 -0.41 L.15 1.039 0.74 0.63 1.15 -0.52 L.11
1995 -0.14 0.81 0.913 0.14 0.46 0.28 -0.36 0.31
1996 -0.23 0.70 1.020 0.71 0.45 0.94 -0.25 0.92
1997 0.16 0.71 0.659 0.61 0.50 0.45 -0.21 0.69
1998 0.22 0.79 0.629 0.80 0.46 0.58 -0.33 0.92
1999 -0.29 0.63 1.118 0.54 0.41 0.84 -0.23 0.75
2000 0.07 0.77 0.741 0.50 0.57 0.43 -0.21 0.58
2001 -0.01 0.68 0.814 0.48 0.52 0.49 -0.15 0.60
Mean -0.06 0.83 0.860 0.50 0.54 0.56 -0.29 0.63

1 Ratio of the change in liability to selection intensity.

threshold I relative to the comparable incidence in the
nursery (47%) (Table 3). In just one case (1993 popula-
tion) was the threshold I incidence at the clonal stage
less than that observed in the corresponding nursery.
Likewise, threshold II incidences increased nearly
twofold from 11% to 19% between the nursery and the
clonal stages. Because of these consistent changes in
incidences, concomitant changes in liability under selec-
tion were positive in all but the 1993 population: liabili-
ty increased over nine fold from —0.06 T.U. in the unse-
lected nursery populations to 0.50 T. U. in the clonal tri-
als of selected genotypes (Table 4). The selection effect
was also manifested by a consistent reduction in stan-
dard deviation in rust resistance observed in all popula-
tions between the seedling nursery (mean of 0.83 T.U.)
and the clonal (mean of 0.54 T. U.) stages (Table 4).

The Effect of Selection Intensity on Change in Liability

The change in liability was strongly related by polyno-
mial regression to selection intensity and the grouping
of populations based on infection-season precipitation
(Table 5). The adjusted coefficient of determination and
the regression standard error for the full model were
98.2% and 8.31%, respectively. Both linear and quadrat-
ic components of the selection intensity effect were sig-
nificant at probability levels of 0.023 and 0.016, respec-
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tively; the group precipitation effect was significant at a
probability level of 0.034 (Table 5). The linear-by-group
interaction was significant at the 0.013 probability level,
as was the quadratic-by-group interaction at a probabili-
ty level of 0.007.

The vertices of the respective polynomial functions
occurred at selection intensities of 0.75 (dry years) and
0.70 (wet years). The difference in the quadratic coeffi-
cient between the two population groups (13.20 versus
3.43 T.U.) indicated that the change in liability of popu-
lations undergoing rust evaluation during the wet years
was much more responsive to increases in selection
intensity above the vertex (Figure 1). Realized heritabil-
ity, the change in liability expressed as a ratio to the
selection intensity exercised in nursery selection, aver-
aged 0.63 over all 10 populations. It was negative in one
instance (1993) and exceeded unity in a second (1994),
but otherwise varied between 0.31 and 0.92 (Table 4). It
also tended to increase with heavier nursery rust expo-
sure as measured by mean liability (r=-0.52).

Difference in Selection Response Between Resistance
Categories

The overall chi-square test of independence of rust
categorization in nursery and clonal field trials was
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highly significant for populations in aggregate; individ-
ual chi-square tests were significant for all but two pop-
ulations (1995 and 2000) (Table 6). Averaged across pop-
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high resistance category in the nursery showed a prefer-
ential allocation of clonal genotypes in the high resis-
tance category compared to the clonal distribution from

ulations, the percentage of phenotypes selected from the the moderate category of nursery phenotypes. However,

Table 5. — Analysis of variance for polynomial regression of the change in liability (Am) on selec-
tion intensity and populations grouped by infection-season precipitation during P. X generosa
nursery evaluation for Melampsora leaf rust resistance.

Regression Model Term Degrees of Freedom T-Value P-Value
Selection intensity (7)
Linear -3.58 0.023
Quadratic 4.01 0.016
Population Group (g) 3.18 0.034
[ % g interaction
Linear 1 -4.31 0.013
Quadratic 1 5.20 0.007
Error 4

The full regression model is: Am = 2.54 + —5.34() + 3.43(1)% + 4.11(g) + —13.72(ig) + 9.81(i%g).

The regression equation for the populations when undergoing rust evaluation during the com-
paratively drier years (i.e. g = 0) is: Am = 2.54 + —5.34(i) + 3.43().

Conversely, the quadratic equation for the populations that underwent evaluation during the
years of higher rainfall (i.e. g = 1) is: Am = 6.55 + —19.1() + 13.20()%.

Regression Plot
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Figure 1. — Regression of the change in liability as a function of selection inten-
sity — Nurseries evaluated during dry years (upper graph) and during wet years
(lower graph).
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Table 6. — Chi-square test of independence of resistance categories at the seedling
nursery and clonal trial stages (in percent) of P. X generosa populations undergoing
directional selection for Melampsora leaf rust resistance.

Clonc Test
Population Nursery High [ Moderate | Low Chi-Square

1992 High 27 70 3

Moderate 10 57 33 14.1°
1993 High 2 35 43

Moderate 4 52 44 15.8"
1994 High 56 40 4

Moderate 19 63 18 32.4°
1995 High 9 32 39

Moderate 2 61 38 5.1
1996 High 64 36 0

Moderate 20 74 7 19.3°
1997 High 49 51 0

Moderate 12 73 15 50.9"
1998 High 70 30 0

Moderate 23 72 6 32.1°
1999 High 48 48 4

Moderate 10 79 10 26.1"
2000 High 29 61 11

Moderate 11 63 26 4.3
2001 High 48 52 0

Moderate 8 70 23 22.1°
Mean High 42 48 10

Moderate 12 66 22 25.04"

* Chi-Square significant at the 0.001 level

dom.

the significant association between resistance categories
at the two stages notwithstanding, both of the resistance
categories at the nursery stage typically were tied to
considerable segregation at the clonal stage.

Discussion

With the sole exception of the 1993 population, consis-
tent improvements in mean rust liability coupled with
decreases in standard deviation were indicative of the
success of mass selection for rust resistance using a
threshold approach in P Xgenerosa seedling popula-
tions. However, this conclusion should be considered in
light of two potentially confounding environmental
effects: (1) the more closely-spaced nursery plantings
with localized humidity and leaf surface moisture may
have promoted rust infection compared with the more
widely-spaced clonal trials and (2) non-selected and
selected representatives of each population were evalu-
ated in successive years under different weather condi-
tions despite best efforts to evaluate each at approxi-
mately the same stage of disease development. Yet when
conducted during the same year and in the same plot,
bi-directional selection of the 1991 population showed
that changes in liability (but not standard deviation)
were as expected for positive and negative selection.
This supported the findings of directional selection and
substantiated published reports of the effectiveness of
mass selection for rust resistance in one-year-old nurs-
eries (RAJORA et al., 1994).

The thresholds employed in this study were unconven-

tional, because they were not defined by phenotypes
that only appear when an underlying quantitative
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of probability with two degrees of free-

trait — uredinia size and density, latent period, sporula-
tion frequency — penetrates to a recognizable phenotype
at a set level of gene expression. Instead, selection was
based on an integrated trait, whole-tree photosynthetic
area, using thresholds set to identifiable points in a con-
tinuum of phenotypes corresponding to the appearance
of reasonably healthy, chlorotic, and necrotic tissue. But
as variation in the quantitative components of the com-
patible reaction type in laboratory assays has been asso-
ciated with field resistance in a number of studies
(HAMELIN et al., 1994; LEGIONNET et al., 1999), the
method used in the case study should work well with
P. X generosa improvement programs. This is important,
because threshold selection on the basis of the quantita-
tive components of resistance would be unworkable if
attempted on a scale as large as the populations
observed in this study over successive years. Moreover,
recent research indicates that selection for individual
components of quantitative resistance (e.g. uredinium
size) in the P. X generosa-Melampsora pathosystem may
not protect against a range of rust isolates that is nor-
mally expected of host genotypes exhibiting rate-reduc-
ing responses (DOwKIw et al., 2010). Selection based on
integrated rust phenotypes may lead to more durable
resistance since it combines all components of the quan-
titative resistance mechanism into a composite resis-
tance trait that is more challenging to evolving
pathogen variation.

The goal of the Pacific Northwest industrial P. X gen-
erosa improvement program has always been the selec-
tion and deployment of rust-tolerant genotypes that are
temporally and spatially buffered against epidemics
arising from the pool of pathogen variation in the lower
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Columbia River Valley (NEWCOMBE et al., 2001). Implicit
in how thresholds were established and used is the
assumption of a single mechanism of rust resistance or
one of highly integrated quantitative-qualitative mecha-
nisms. Although both oligogenic and polygenic resis-
tance systems operate in the Populus-Melampsora
patho-system (PicHOT and TEISSIER DU CRrOS, 1993a;
PicHOT and TEISSIER DU CROS, 1993b), the two appear to
act interdependently in the response of the P. X generosa
taxon to major Melampsora taxa. NEWCOMBE et al.
(1996) and NEwcOMBE (1998) have shown that the
hypersensitive response to M. medusae in P. X generosa
is governed by a single dominant gene (Mmd1) that is
linked with the expression of uredinial diameter and
density as components of the same infection type. Simi-
larly, the major genes that determine resistance to
M. X columbiana in P. X generosa (M X cI and M X c2) are
also associated with quantitative traits of uredinial den-
sity and latent period (NEWCOMBE et al., 2001). Finally
in M. larici-populina, the expression of major gene resis-
tance in P. X generosa is interactive with the components
of quantitative resistance (DOWKIW and BASTIEN, 2004;
Dowktw and BASTIEN, 2007); the phenomenon may
result from the close linkage of major genes and quanti-
tative gene systems (JORGE et al., 2005). Similar evi-
dence for an integrated resistance mechanism has been
found in the related Populus inter-specific taxon,
P. X canadensis, where the expression of a single domi-
nant gene (MER) conferring resistance to M. larici-pop-
ulina is modified by a set of closely linked genes mani-
festing quantitative variation in resistance (CERVERA et
al., 1996). The assignment of P. deltoides genotypes to
either resistant or susceptible M. medusae rust infection
classes is influenced by modifying genes controlling
latent periods and sporulation rates (PRAKASH and
HEATHER, 1986). Furthermore, BOYLE et al. (2010) have
shown that defensive chemical responses at the molecu-
lar level are common to the qualitative and quantitative
resistance mechanisms. Thus, it does not seem unrea-
sonable to use selection thresholds that encompass the
entire range of resistance phenotypes from the hyper-
sensitive response of the incompatible reaction type to
the rate-reducing features of the compatible reaction
type.

The lack of a selection response in population liability
or standard deviation to the proportion of the nursery
populations selected from clonal tests does not discount
the validity of the approach but does speak to the impre-
cision of threshold-based phenotyping: all selected indi-
viduals within resistance categories were considered as
uniformly resistant because finer levels of resistance
were not discernable (FALCONER, 1981). Increasing the
ratio of selections from the high resistance category
would be, nonetheless, expected to improve liability as
shown by the chi-square analysis. However, the magni-
tude of genotypes that did not register as clones within
the same resistance category as their seedling ortets
indicates the strength of environmental influences on
the expression of rust phenotypes. Within this context,
the quadratic interaction between selection intensity
and population grouping suggests at least one variable —
precipitation — that could be manipulated to improve the
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selection response. For example, disease pressure could
be increased through the interplanting of highly suscep-
tible genotypes to increase inoculum — as is the routine
in wheat breeding (M. DIETERS, personal communica-
tion) — combined with periodic application of overhead
irrigation to provide conditions conducive to infection.
This could increase selection intensity well above
0.70-0.75 standard deviations and lead to more reliable
phenotypic selections. Indeed, realized heritability
increased with higher infection levels at the nursery
stage; the same observation has been reported for mass
selection in rust infection of slash pine (P. elliottii
Engelm. (HODGE et al., 1990). Increasing the incidence of
disease has been associated with improved selection effi-
ciency for fusiform rust resistance using the threshold
approach in slash pine (DIETERS et al., 1996).

Realized heritability across the 10 populations (0.63)
is lower than most published estimates of broad sense
heritability for Melampsora field resistance, which have
approached 0.90 (JOKELA, 1966; THEILGES and ADAMS,
1975). Heritabilities from the literature are, however,
frequently based on the variance analysis of categorical
data treated as a continuously variable trait, whereas
the case study is based on the analysis of a discrete vari-
able. Indeed, the difference in the way categorical data
are analyzed — qualitative versus quantitative meth-
ods — may affect heritability estimates. YANG et al.
(1998) reported that heritability estimates should be
less when treated as a threshold trait, compared with
assessment based on a continuously varying trait. Yet,
GALLO at al. (1985) and GULLBERG and RYTTMAN (1993)
argued that the analysis of categorical data describing
Melampsora resistance using the analysis of variance
technique is appropriate with a moderately large num-
ber of resistance classes and transformation of the data
to meet the assumption of normality.

Conclusion

Clonal populations formed by the truncation of
seedling populations using selection thresholds based on
whole-tree phenotypes of Melampsora leaf rust infection
will lead to heightened levels of rust resistance and
more uniform distributions, thereby facilitating selec-
tion for additional traits during clonally replicated test-
ing. However, realized heritabilities were, on average,
moderate in size and varied across populations; this
finding, combined with the sizable segregation of geno-
types from the high and moderate resistance categories,
implies that the suitability of mass selection in sub-set-
ting populations cannot substitute for the identification
of individual clonal varieties for commercial use. Thus
the case study focuses on the initial evaluation and
truncation of seedling populations in forming subsets of
phenotypes for continued testing as clonal replicates.
Since realized heritabilities were not affected by the size
and structure of the nursery population, non-recurrent
F, P. X generosa hybridization programs can rely on find-
ing sufficient numbers of genotypes for clonal testing if
using populations roughly comparable to the ones that
characterized the case study (i.e. 50 families composed
of a mean of 25 siblings each). By exploiting factors con-



ducive to infection and subsequent disease development
it is possible to improve response in the seedling popula-
tions. Following clonal evaluation, individual varietal
selections should be field tested across multiple sites to
increase exposure to a range of pathogen genotypes and
environmental conditions to identify those of inherent
durable resistance.
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Abstract

A total of 1226 increment cores were sampled from
two provenance trials of Pinus radiata D. Don planted in
New Zealand (Kaingaroa) and Australia (Kangaroovale),
to study variation and inheritance of wood density in
selections from three mainland California natural popu-
lations: Afio Nuevo, Monterey and Cambria. The study
represents a back-to-back comparison of the same prove-
nance and family material on contrasting sites between
New Zealand and Australia. Monterey was significantly
different to Ano Nuevo and Cambria at Kaingaroa
(p<0.05), and had slightly higher density, whereas all
provenances were almost identical and not significantly
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