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Abstract: Controlled inoculations with 10 bulk inocula of Cronartium quercuum (Berk) Miyabe ex Shirai f.sp. fusiforme
were carried out on open-pollinated progeny of 25 fast-growing Pinus taeda L. parents. The parents had a range of breed-
ing values for resistance to fusiform rust in progeny field trials. There were highly significant differences among the half-
sib families in response to inoculations, and these differences were very reproducible; the half-sib family-mean heritability
of resistance to controlled inoculation was 0.97. All of the families that were susceptible in the field were susceptible in
controlled inoculations, and most (12 of 17) of the field-resistant families were resistant in response to controlled inocula-
tions. Significant pathogenic variability was observed among the different bulk inocula, although this accounted for only
1.9% of the total variation. Genetic differences among families within field-resistant or field-susceptible groups accounted
for 13.7% of the total variation. The family by inocula interaction was highly significant, but a single field-resistant family
contributed 44% of the total family by inocula interaction variance, and two other field-resistant families also showed sig-
nificant interactions.

Résumé : Des tests d’inoculation contrôlée avec 10 sources d’inoculum de Cronartium quercuum (Berk) Miyabe ex Shirai
f. sp. fusiforme ont été effectués sur des descendances issues de pollinisation libre et provenant de 25 parents de Pinus
taeda L. à croissance rapide. Les parents représentaient une gamme de valeurs génétiques pour la résistance à la rouille fu-
siforme dans des tests de descendance sur le terrain. Il y avait des différences significatives parmi les descendances unipar-
entales en réaction aux inoculations et ces différences étaient très reproductibles; l’héritabilité moyenne des descendances
uniparentales pour la résistance aux inoculations contrôlées était de 0,97. Toutes les familles qui étaient sensibles sur le
terrain étaient également sensibles dans les essais d’inoculation contrôlée et la plupart (12 sur 17) de celles qui étaient ré-
sistantes sur le terrain étaient également résistantes dans les essais d’inoculation contrôlée. Une variation significative de
la pathogénicité a été observée parmi les sources d’inoculum bien que cela ne représentait que 1,9 % de la variation totale.
Les différences génétiques entre les familles parmi les groupes de familles résistantes ou sensibles sur le terrain représen-
taient 13,6 % de la variation totale. L’interaction famille � source d’inoculum était très significative mais une famille con-
tribuait à elle seule 44 % de la variation de l’interaction famille � source d’inoculum qui était également significative
chez deux autres familles résistantes sur le terrain.

[Traduit par la Rédaction]

Introduction

Fusiform rust disease, caused by Cronartium quercuum
(Berk) Miyabe ex Shirai f.sp. fusiforme (Cqf), is manifested
by swollen regions called galls on stems or branches of
pines, and is commonly recognized as the most economi-

cally important disease of loblolly pine (Pinus taeda L.)
and slash pine (Pinus elliottii Engelm.) in the southern
United States (Kinloch and Stonecypher 1969; Powers et al.
1981; Anderson et al. 1986; Kuhlman 1992). Annual losses
from this disease are estimated in the range of US$24 to
US$135 million (Cubbage et al. 2000).

Substantial genetic variation in expression of host resist-
ance to fusiform rust is present in both slash and loblolly
pine (Schmidt et al. 1981; Walkinshaw and Bey 1981;
Powers and Kraus 1986; Kuhlman and Powers 1988). Use
of resistant planting stock is the only feasible means of con-
troling fusiform rust disease in the forest environment (Kin-
loch and Walkinshaw 1991), particularly in pine plantations
in the southeastern United States. Identification and deploy-
ment of pine families with enhanced resistance to fusiform
rust across a broad range of sites are critical if the full bene-
fits of breeding programs are to be realized.

Traditionally, pine breeding programs have tested families
in field trials. Rust breeding values have been estimated
based on the progeny performance for fusiform rust disease
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using polygenic models that assume many genes, each with
small effects on disease resistance (Isik et al. 2005). Devel-
opment of fusiform rust disease in field trials is sporadic and
can vary greatly from one year to another or from one site to
another (McKeand et al. 1999; Li 2003), because the fre-
quency and density of inoculation, the genetic variability of
the pathogen population, and climatic conditions cannot be
controlled in these field trials. Under the field circumstances
described above, pine families with relatively low frequen-
cies of fusiform rust disease compared with susceptible
checks and other families have been defined as field resist-
ant, whereas families with relatively high frequencies of fusi-
form rust disease have been considered field-susceptible
families.

Pathogenic variability among Cqf inocula can be a com-
plicating component in field evaluations for fusiform rust,
as the fungal source cannot be controlled in natural field in-
oculations (Snow et al. 1975; Powers et al. 1977; Kuhlman
1992). Since the mid 1970s, the USDA Forest Service has
been routinely screening pine seedlings at the Resistance
Screening Center (RSC) in Asheville, North Carolina, in an
effort to select rust-resistant families to deploy in disease-
hazard areas in the southern United States. If inoculations
are conducted in controlled greenhouse environments with a
constant inoculum load, as practiced at the RSC, genetic
variation in the pathogen can be controlled and estimated.
Controlled Cqf inoculations of pines can be carried out ei-
ther with solutions of fungal basidiospores derived from a
mixture of different fungal genotypes, or with basidiospores
prepared from an individual fungal strain or line, referred to
as a single genotype line. A single genotype line, previously
called a single aeciospore isolate (e.g., Powers 1980; Kuhl-
man and Matthews 1993), is an asexually multiplied line of
urediniospores, a single dikaryotic genotype that traces its
origin to a single dikaryotic aeciospore. Use of single geno-
type lines, or single aeciospore isolates, of the rust pathogen
greatly reduces genetic variability in the basidiospore popu-
lation used for pine inoculations and has allowed identifica-
tion of a single genetic locus, Fr1, that behaved as a single
gene having a major effect on host resistance to fusiform
rust disease (Wilcox et al. 1996). A dominant allele at the
Fr1 locus was shown to confer resistance against one single
genotype line of the rust pathogen (avirulent against Fr1 re-
sistance) and to lack effectiveness against another single
genotype line that was virulent against Fr1 resistance
(Wilcox et al. 1996). Later work with the same Fr1 allele
in an offspring of the 10-5 female pine parent used by Wil-
cox et al. (1996) reported that the resistance conferred by
this allele remained stable under increasing density of spore
inoculum, provided that inoculation used a single genotype
line of the pathogen against which the resistance allele is ef-
fective (Kuhlman et al. 1997).

Additional work with loblolly pine families from breeding
programs extended these findings to identify eight loci with
major effects on resistance of loblolly pine to fusiform rust
disease (Amerson et al. 2005). These results strongly suggest
that at least some of the resistance to fusiform rust disease
detected by pine breeding programs in progeny tests can be
explained by an oligogenic model of a few dominant alleles
with major effects, rather than the many alleles with small
additive effects assumed by the polygenic model. It is not

yet clear whether the oligogenic model can explain most or
all of the variation in rust resistance detected in progeny
tests carried out by loblolly pine breeding programs, or if
polygenic mechanisms contribute some portion of the dis-
ease resistance detected in field tests.

In a series of field trials across a range of disease levels
— in 28 tests from North Carolina to Louisiana, mean gall
occurrence of tests ranged from 17% to 74% — rust resist-
ance levels for the various families were generally consistent
across sites (Li and McKeand 1989; McKeand et al. 1999).
Further analysis of the same data set showed that resistance
to fusiform rust disease was unpredictable across sites for
the families deemed most resistant (McKeand et al. 2003),
but not for susceptible families. On average, any one fam-
ily’s level of disease (percentage of individuals with galls)
was reasonably predictable for any given infection level at
a given site; the mean coefficient of determination (r2) was
0.78 for the regression of family means versus site means
for rust disease. However, six of the families with the lowest
overall disease incidence had the lowest r2 values (mean
r2 = 0.58) (McKeand et al. 2003). Some of the observed var-
iation in resistance within families across sites may be due
to interactions of major-effect host resistance factors with
genetic variation in different pathogen populations at the dif-
ferent sites. A study of pine progeny test data that compared
the fit of a mixed-inheritance model that included both poly-
genic and oligogenic effects, with the fit of a model that in-
cluded only polygenic effects, concluded that the mixed
inheritance model with both oligogenic and polygenic ef-
fects better described host disease resistance (Li et al. 2006).

In the present study, we examined variation among patho-
gen inocula sources, disease incidence in field-resistant and
field-susceptible families, and the stability of rust resistance
in controlled greenhouse inoculations using selected candi-
date loblolly pine families and diverse inoculum sources.
The following questions were investigated: (1) What is the
relative contribution of host genetics (family differences) to
the total phenotypic variation? (2) How much of the varia-
tion in disease response can be explained by the geographic
sources of pathogen populations? (3) Do these highly pro-
ductive families show significant interactions with the dif-
ferent inocula or are they stable (not significantly
interactive) across inocula?

Materials and methods

Half-sib families
The North Carolina State University Cooperative Tree

Improvement Program (the Cooperative) manages loblolly
pine improvement programs in the southeastern United
States to increase wood yield and quality in pine plantations.
In its second cycle of progeny testing, the Cooperative
tested parents in several series of disconnected partial-diallel
tests. Families within each test series were replicated at four
locations within a limited geographic range (see McKeand et
al. (2008) for details). After six growing seasons in the field,
the progeny tests were measured and breeding values for
height, diameter, stem straightness, and fusiform rust disease
were predicted (Xiang and Li 2001).

Using the diallel mating design and field progeny test re-
sults, we identified 25 fast-growing parents with a wide
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range of rust resistance breeding values. The mean disease
incidence (gall formation) in the field trials where parents
had been tested ranged from 33% to 56%. The selected pa-
rents originated from the South Atlantic and Gulf Coastal
Plains of the United States. These parents are not related to
those used in previous studies (e.g., McKeand et al. 2003).
Among the parents selected for greenhouse inoculations, 17
were field resistant (rust breeding values averaged 5%) and
eight were field susceptible (rust breeding values averaged
64%). We consider the selected parents ‘‘field resistant’’ or
‘‘field susceptible’’ because the predicted breeding values
for rust disease were based on field tests (with inocula from
narrow geographic ranges), rather than on tests with geo-
graphically diverse sources of pathogen, as is routinely pos-
sible in controlled greenhouse inoculations. In addition to
25 fast-growing families used in the greenhouse screening,
we also included a standard check lot (No. 39, a bulk seed
collection from unimproved loblolly pine) in greenhouse in-
oculation experiments. This check lot is used routinely at the
RSC in Asheville, North Carolina, where it is considered a
susceptible check, and we used the RSC convention.

Pathogen
This study, following standard RSC protocols (Knighten

et al. 1988), used inocula from 10 different geographic
collection areas in the southern United States (Fig. 1).
Aeciospores were used to infect northern red oak
(Quercus rubra L., the alternate host for the fungus Cqf)
seedlings for the production of basidiospores that were used
to inoculate pine seedlings. The aeciospore inocula were
obtained from the RSC inventory of field collections. They
were collected between 1985 and 2004 as part of the RSC
inoculum collection program. Each of the inocula was a 30

gall mix, derived by blending 10 gall collections from three
different sites within a collection area (see Knighten et al.
(1988) for collection protocols). The distance between sites
within a collection area was variable over several kilo-
metres. The large number of galls per inoculum should
have enhanced the opportunity to capture much of the
pathogen diversity in a given region or pathogen population.

Experimental design and greenhouse inoculations
Stratified open-pollinated seeds (collected from multiple

seed orchards) of the 25 test parents were germinated in a
greenhouse in spring 2004. Seedlings were grown and main-
tained at the RSC until inoculation. The open-pollinated
progeny of 25 parents, plus a susceptible check lot (No. 39)
were rust challenged in a greenhouse environment at the
RSC using standard RSC procedures (Knighten et al. 1988).
For each parent, 60 progeny (seedlings) were to be chal-
lenged with 10 inocula (30-gall mixes from 10 different
RSC collection areas). The experimental design was a
randomized complete block with three blocks. Each open-
pollinated family was to be represented by 20 progeny in
each block (tray) for a total of 600 progeny, yielding, in
theory, 15 600 (experimental and check lot) study progeny.
However, as a result of lower germination rates and sur-
vival, a total of 14 875 seedlings were actually assessed for
fusiform rust disease. A standard spore density of 20 000
basidiospores/mL was used for all the inocula. Seedlings
were inoculated with Cqf basidiospores approximately
8 weeks after seed sowing and then grown for six months
before disease (gall) assessment. The occurrence of galls
was recorded as a binary trait: 1, gall (diseased); 0, no gall
(considered nondiseased).

Fig. 1. Geographic locations of collection sites in the southeastern United States for the 10 Cronartium quercuum fusiforme f.sp. inocula
(301–310) used in this study are highlighted in dark gray. The natural range of loblolly pine is denoted by the lighter gray areas of the map.
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Statistical analysis
Disease incidence was observed as a binary variable that

follows a Bernoulli distribution. For such a distribution, the
mean is E(X) = p and the variance is Var(X) = p (1 – p),
where X is the number of diseased trees. In this case we are
interested in the estimated pi, which is the sample mean
(b� = X/n), where n is the total number of trees. Fitting a
general linear model to a binary data distribution violates
the assumptions of the standard linear mixed model and
may produce estimates outside the range of permissible val-
ues. We therefore invoked the threshold concept to estimate
variance components for rust disease, which assumes an
underlying, nonobservable normal distribution for the dis-
crete phenotypic variable (Falconer and Mackay 1996). The
probability of disease (ymijkl) for a single tree was modeled
with the generalized linear mixed model using a logit (can-
onical) link function to estimate variance components. The
model fit across all data is given in eq. 1, and in eq. 2 in
matrix form.

½1� ymijkl ¼ log½�=ð1� �Þ�
¼ �þTmþ IiþBðIÞijþFkðTÞmþFIikðTÞmþEmijk

½2� y ¼ ZZZZZþ e ¼ X� þ Zuþ e

where ymijkl is the lth observation of the kth family of the
mth type (field-susceptible or field-resistant family) chal-
lenged with the ith inocula in the jth block; p is the propor-
tion of diseased trees; m is the conditional mean; y is the
vector of observations; h is a linear predictor (h = Xb +
Zu, expressed through an inverse link function); b is the
vector of fixed effects, which includes the conditional
mean, the mth family-type effect (Tm for the susceptible
and resistant families), and the jth block effect (Bj); X is
the design matrix relating fixed effects to the elements of y;
u is the vector of random effects, which includes the ith
inocula effect (Ii), the kth family effect (Fk), and the kth fa-
mily by ith inocula interaction (FIik) effect. The Fk and FIik
terms are nested within the type effect; Z is the design ma-
trix relating random effects to the elements of y; Emijkl is the
random residual associated with the lth observation; and e is
the vector of residuals.

The random terms are assumed to be uncorrelated with
means equal to zero and independent variances, expressed
as N(0, I�2

I ), N(0, I�2
FðTÞ), and N(0, I�2

FIðTÞ (Schall 1991),
where I is the identity matrix. The random effects are also
assumed to be uncorrelated with the residuals (e). The cova-
riance matrix of h is Cov(h) = ZGZT + R, where G = �2

uI
is the diagonal matrix of random effects u, and R = �2

eI is
the diagonal random errors variance (Schall 1991). G =
var(u) would be a function of several covariance compo-
nents, including the family effects (Tempelman 1998). The
generalized linear mixed model was run with the GLIMMIX
procedure of the SAS software (SAS Institute Inc. 1996).

The validity of the model and the additive genetic var-
iance estimates are closely related to the mean rust disease
incidence in the data. Data with a mean incidence of less
than 0.3 or greater than 0.7 are not considered informative
for the estimation of variance components for a binary trait,
because of nonlinearity in the model (see Lynch and Walsh

(1998), Chap. 25, and Gilmour et al. (1985)). Mean rust dis-
ease incidence for each inoculum in our study ranged from
0.35 to 0.57, suggesting that the mean incidences were
within acceptable boundaries. We assume that the open-pol-
linated families approximate half-sib families, and since the
covariances among the half-sibs are known, the half-sib
family component is assumed to be 1/4 of additive genetic
variance (�2

A) (Falconer and Mackay 1996). Using the ob-
served variance components from model [1], narrow-sense
individual-tree heritability (h2

i ) and the heritability of half-
sib family means (h2

hs) were calculated on the underlying
scale across inocula based on the variance among families
nested within type as follows:

½3� h2
i ¼

4�2
FðTÞ

�2
FðTÞ þ �2

FIðTÞ þ �2
e

½4� h2
hs ¼

�2
FðTÞ

�2
FðTÞ þ

�2
FIðTÞ
t
þ �2

e

tn

where t is the number of inocula, and n is the number of
progeny per family in an inoculation experiment; �2

FðTÞ is
the general combining ability variance, which is assumed to
be 1/4 of additive genetic variance, and �2

e is the fixed error
variance (�2

e = 3.29) (Gilmour et al. 1985). In the general-
ized mixed model, the underlying continuous variable is as-
sumed to be independent of the predictor variables with a
fixed variance (Goldstein et al. 2002; Browne et al. 2005).
The standard errors of heritabilities were estimated accord-
ing to the Delta method and using a SAS IML code (Isik et
al. 2008).

To investigate family by inoculum interaction, we fit a
linear fixed model to plot percentages of disease incidence.
The fixed model showed significant family by inocula inter-
action for disease incidence (Table 1). We also estimated the
Shukla’s stability variance (�2

i ) for each family. This statis-
tic is an unbiased estimate of the variance of a genotype
across environments (Shukla 1972). The Shukla’s stability
variance partitions the genotype by environment interaction
variance and assigns it to individual families. We used a
mixed-model approach to calculate Shukla’s stability var-
iance for each family as suggested by Kang and Magari
(1996) and implemented with the MIXED procedure of

Table 1. Results of the fixed model used to detect the effects of
pathogen populations (inocula) on the disease level, the overall re-
sponse of host families, and pathogen by pine family interactions.

Source df
Mean
squares F P >F

Inocula 9 0.271 20.1 <0.001
Block(inocula) 20 0.020 1.5 0.093
Typea 1 10.532 782.5 <0.001
Family(type) 23 0.786 58.4 <0.001
Type�inocula 18 0.035 2.6 0.006
Inocula�family(type) 207 0.026 1.9 <0.001
Error 476 0.013

Note: The check lot was excluded from analysis. The fixed linear model
was fit to plot percentages of pine families for disease incidence.

aResistant versus susceptible.
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SAS (SAS Institute Inc. 1996). In the model, the inocula,
block, and inocula by family interaction (GEI) effects were
considered random effects, while the family effects were
considered fixed effects. The GEI terms were assumed to
have heterogeneous variances by genotype. The restricted
maximum likelihood based variance component estimated
for each inoculum by family is the same statistic as the Shu-
kla’s stability variance (Kang and Magari 1996). The mixed
model with heterogeneous GEI allows a different GEI pre-
diction for each family (Saxton 2004). In such analyses, we
used plot percentages as the response variable (percent dis-
ease of up to 20 progeny per inoculum across 10 inocula).
Thus, each family was represented by three values in an ex-
periment and 30 observations across 10 inocula.

Results and discussions

Variation among pathogen inocula and families
The 10 mixed inocula of fusiform rust, each originating

from a different geographic area in the southern United
States (Fig. 1), differed significantly with regard to their
ability to incite rust disease on loblolly pine seedlings in
the greenhouse experiments. This is evident from both a sig-
nificant inocula (main) effect and the significant inocula by
family interaction (Table1). The North Coastal South Caro-
lina inoculum source, with a mean disease probability of
0.57, caused the most disease collectively across the fami-
lies, while the central Georgia population caused the least
disease, with a mean disease probability of 0.34 (Fig. 2).
There was no apparent geographic trend among the patho-
gen populations for predicted disease probability values.

Family types (e.g., field-resistant and field-susceptible
families) were highly different from each other in response
to the 10 different inocula (P < 0.001) (Table 1). On aver-

age, field-resistant families had significantly less disease
(0.39) than did field susceptible families (0.64). Family
within types (families nested within field-susceptible and
field-resistant groups) differed significantly from each other
(P < 0.001) in disease incidence (Table 1). The relative re-
sponses of families to different pathogen populations varied
from one pathogen population to another, as shown by the
significant inocula by family interaction (P < 0.001). This
is mainly due to the different levels of response within a sin-
gle field-resistant family, No. 19. A subset of the field-re-
sistant families (e.g., 30, 29, 22, 20, and 28) had greater
rates of disease (breeding value in Fig. 3) compared with
the other field-resistant families.

Variance components and heritability estimates
Variability among the 10 inocula explained 1.9% of the

total variation in disease incidence based on screening of
open-pollinated progeny of 25 parents (Table 2). Family
within type differences explained a considerably larger
amount (13.7%) of total variation, indicating significant ge-
netic differences among families in response to pathogen in-
oculations. The family variance component was estimated as
nested within types, i.e., adjusted for differences between
field-resistant and field-susceptible groups. The inocula by
family interaction term explained 2% of the total variation.
Moderately high narrow-sense individual-tree heritability
(0.56) was observed across inocula. However, family means
for disease incidence were highly repeatable, as suggested
by the high family-mean heritability (0.97). The relationship
between the ratio of heritability on the observed and under-
lying scale is closely related to the mean incidence of the
response variable in the data (see Falconer and Mackay
(1996), Chap. 18). That relationship is the highest (error is
the lowest) when the mean incidence is P = 0.5 and be-

Fig. 2. Probability of disease values for 10 pathogen populations (inocula) from the southeastern United States tested across study families.
The central Georgia population caused the least disease, whereas the North Coastal South Carolina population caused the most disease, with
a 0.57 disease level.
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comes larger when P increases or decreases (Lynch and
Walsh (1998), Chap. 25). We fit a generalized linear mixed
model to binary disease incidence using the canonical link
function to transform the disease scores to underlying con-
tinuous distribution. Thus, the additive genetic variance and
the heritability in our study were calculated as an underlying
scale (Gilmour et al. 1985, 1987), without a need to trans-
form from an observed scale to an underlying scale.

The block effect for each experiment explained about
0.1% of the variation, suggesting that the level of disease
from one round of inoculation to another was consistent.
Similarly, the plot-to-plot differences (family by block inter-
action within inocula) explained a small fraction of the total
variation (1.3%). A large proportion of the total phenotypic
variance (80.9%) was due to experimental error, such as ran-
dom tree-to-tree differences for disease.

The within family variance (residual or error variance) is
partly genetic and partly unexplained environmental effects
on disease development. In a given family of half-sib prog-
eny, only 50% of the genetic composition (that inherited
from the mother tree) would be shared. Excluding paternal
resistance inheritance, a population of offspring from a
mother tree heterozygous for resistance at a single genetic
locus should show about 50% disease incidence when inocu-
lated under controlled conditions with a pathogen spore pop-
ulation that does not contain spores with virulence against
the resistance allele present in the mother tree (Wilcox et
al. 1996). If the mother tree has more than one effective ma-
jor resistance or polygenic mechanisms of resistance, the
mode of inheritance becomes more complex, and more var-
iation would be expected among the half-sib progeny (Fal-
coner and Mackay 1996). This is particularly true for mixed
inocula such as those used in the experiments reported here,

where the pathogen population may contain a mixture of
virulence types, some portion of which can overcome the re-
sistance alleles present in the mother tree. The contribution
of major-gene resistance alleles from the pollen pool is
likely to be low, based on a previous report (Wilcox et al.
1996), but could vary between open-pollinated seed lots de-
pending on the genotypes of pollen parents in the orchards
where each seed lot was collected.

Breeding values of families from artificial inoculations
and comparisons with field trials

The predicted breeding values of families across the
greenhouse inoculations showed considerable variation, par-

Fig. 3. Predicted rust disease breeding values of loblolly pine families from field and greenhouse trials. The light gray bars are predicted
disease breeding values based on greenhouse inoculations; the solid black bars are disease breeding values for the same families based on
field progeny trials; and the broken bar between the two types of families is the susceptible check lot in greenhouse inoculations. Classifi-
cation as resistant or susceptible was based on prior field data.

Table 2. Variance components from the generalized linear
mixed model fit to overall data.

Source and parameters
Variance
component

% total variance
explained

Inocula 0.079±0.042 1.9
Block(inocula) 0.005±0.005 0.1
Family(type) 0.557±0.170 13.7
Inocula�family(type) 0.081±0.018 2.0
Family�block(inocula) 0.053±0.019 1.3
Error 3.29 (fixed) 80.9
h2

i
0.56±0.147

h2
hs

0.97±0.009
Mean±SE 0.496±0.007

Note: The table provides values of observed variance compo-
nents (estimate ± approximate standard error), percentage of total
variance explained by factors in the model, and narrow-sense indi-
vidual-tree (hi

2) and family-mean (hhs
2 ) heritabilities for rust dis-

ease. The check lot was excluded from the analysis.

2692 Can. J. For. Res. Vol. 38, 2008

# 2008 NRC Canada



ticularly among the field-resistant families (Fig. 3). For
greenhouse inoculations, the best linear unbiased predicted
disease incidence breeding values of families ranged from
0.12 to 0.73 for the field-resistant families, whereas the
range of breeding values among the field-susceptible fami-
lies was smaller, i.e., from 0.53 to 0.77. The check lot had
a mean disease incidence probability of 0.68.

The probabilities of disease incidence (breeding values)
for the field-susceptible families were very similar in the
field and in the greenhouse — if a family was susceptible
in the field, it was susceptible in the greenhouse. Families
in the field-resistant group showed considerably more dis-
ease in the greenhouse than in the field (Fig. 3). The results
suggest that many pathogen sources, even at presumed low
field inoculum densities, will cause disease in the suscepti-
ble families, whereas the resistant families apparently are
protected, at least to some extent, from disease at the pre-
sumed low levels of inoculum in most field trials. In the
greenhouse inoculations, the mixture of spores from 30 galls
in each of the inocula may have included many different
pathogen types, some able to overcome the resistance
present in the host plants, thereby leading to higher disease
incidence in response to controlled inoculations. Previous
work has shown that major-gene (Fr1) resistance to fusiform
rust in loblolly pine was not overcome by high inoculum

load, unless the inoculum contained spores with specific vir-
ulence against the Fr1 resistance allele present in the host
(Kuhlman et al. 1997). This suggests that the higher levels
of disease incidence among field-resistant families in the
greenhouse experiments is not due solely to the higher inoc-
ulum load, but also is likely to be related to the amount of
variation in the 30-gall inoculum mix (e.g., increased proba-
bility of having a pathogen type that can overcome resist-
ance) used in the greenhouse studies.

Consistent with the findings of previous reports on the
correlation between greenhouse inoculation trials and field-
resistance data (Powers and Kuhlman 1987; Powers and
Kraus 1983), the high family repeatability values (h2

hs) sug-
gest that screening families in greenhouse inoculations and
deploying selected resistant families would be very effec-
tive. Mass selection of individual trees or selection of indi-
vidual seedlings within families after screening in
greenhouse trials may also provide considerable genetic
gains, but may not be as reliable as family selection because
of smaller narrow-sense individual-tree heritabilities.

Host family by pathogen bulked population interactions
Shukla’s stability statistics were estimated to partition the

host pine family by fusiform rust inocula interaction (GEI)
variance and assign it to individual families (Table 3). The

Table 3. Shukla stability variance for each family (�i
2), probability (P) of Z value testing the

significance level of �i
2, percentage of the stability variance (% of �i

2), least-squares means
(LS means) for families across inocula, and family groups based on LS differences.

Family type
from field trials

Family
No. �2

i P % of �2
i LS means (SE)

Family
groupinga

Resistant 23 0 — 0.0 0.12 (0.029) K
Resistant 16 0 — 0.0 0.17 (0.029) JK
Resistant 24 0.0019 0.265 1.7 0.22 (0.032) IJ
Resistant 13 0 — 0.0 0.22 (0.030) IJ
Resistant 19 0.0501 0.026 43.8 0.24 (0.076) GHIJK
Resistant 6 0 — 0.0 0.29 (0.029) H
Resistant 21 0.0096 0.076 8.4 0.30 (0.042) GHI
Resistant 14 0.0040 0.160 3.5 0.33 (0.035) FGH
Resistant 17 0.0047 0.143 4.1 0.36 (0.036) FGH
Resistant 10 0.0009 0.363 0.8 0.36 (0.030) FG
Resistant 27 0.0065 0.107 5.7 0.38 (0.039) FG
Resistant 15 0.0027 0.221 2.3 0.40 (0.033) F
Susceptible 18 0.0049 0.137 4.3 0.53 (0.036) E
Resistant 30 0.0021 0.251 1.9 0.59 (0.032) DE
Susceptible 12 0.0026 0.225 2.2 0.60 (0.033) DE
Susceptible 4 0 — 0.0 0.60 (0.029) DE
Resistant 29 0.0111 0.067 9.7 0.62 (0.044) BCDE
Susceptible 2 0.0052 0.130 4.6 0.62 (0.037) CD
Resistant 22 0.0008 0.379 0.7 0.63 (0.030) CD
Susceptible 11 0.0017 0.287 1.5 0.65 (0.032) BCD
Checklot 39 0 — 0.0 0.68 (0.029) BC
Resistant 20 0.0018 0.280 1.5 0.69 (0.032) BC
Susceptible 25 0.0028 0.215 2.4 0.70 (0.033) BC
Resistant 28 0 — 0.0 0.70 (0.029) B
Susceptible 5 0 — 0.0 0.71 (0.029) AB
Susceptible 3 0.0009 0.366 0.8 0.77 (0.030) A

Note: For the 25 experimental families, type represents the original assessment of resistance level
based on prior field data. The check lot is not a single family but for ease of presentation in the table no
distinction has been made. �i

2 is considered significant at P £ 0.10; significant values are in bold.
aFamilies sharing one or more letters are not significantly different for rust disease incidence.

Isik et al. 2693

# 2008 NRC Canada



higher the stability statistic, the more interactive or unstable
the pine genotype is considered to be. ‘‘Stable’’ or ‘‘un-
stable’’ terms used for pine families in this study refer to the
stability variances for families estimated from partitioning of
GEI variance. The field-resistant family 19 was exception-
ally interactive with the pathogen populations and explained
about 44% of the total GEI variance. This family was also
one of the most resistant, with an overall disease probability
of 0.24 in the greenhouse study. Two other field-resistant
families (29 and 21) also showed significant Shukla’s stabil-
ity statistics. Each contributed less than 10% to the total GEI
interaction variance, although family 29 showed significantly
higher disease incidence than family 21. Family 2 was the
most interactive (but still nonsignificant) field-susceptible
family, explaining about 4.6% of the GEI variance. We did
not observe a relationship between the greenhouse disease
level of pine families and their stability values. For example,
the three most resistant families (23, 16, and 13) were also
very stable across the 10 inocula; this finding is similar to
what was observed for the highly diseased field-susceptible
families. The check lot, as suggested by very small stability
statistics (�2

i ), was very stable, developing a high disease in-
cidence across all inocula.

The mixed model fit to estimate Shukla’s stability statis-
tics allows comparison of families according to the Shukla’s
stability variance (Table 3). We observed two distinct
groups according to disease incidence levels. The first group
(with letters F to K in Table 3) contains families that were
originally classified as field resistant, and the second group
(with letters A to E in Table 3) is a mixture of five field-re-
sistant and of all the field-susceptible families, as well as the
check lot. This separation into resistant and susceptible fam-
ilies based on analysis of variance of the results of green-
house inoculations agrees completely with the criterion used
by Kuhlman (1992), which is that resistant families have
less than 70% of the disease incidence of the susceptible
check lot.

A highly interactive family (such as 19) is difficult to ex-
plain within the traditional infinitesimal polygenic model of
disease resistance, which is generally considered stable.
However, within the previously proposed framework of ma-
jor-gene resistance to fusiform rust in loblolly pine (Wilcox
et al. 1996; Amerson et al. 2005), this instability could be
due to the existence of one or more resistance genes in that
family, which confer resistance to many sources of the
pathogen, but can be routinely overcome if the inoculum
contains a high proportion of pathogen spores with virulence
against those resistance alleles.

Mother trees with low disease breeding values (even one
with progeny that were highly interactive) can be generally
useful in breeding for rust resistance because they already
contain resistance to many sources of the pathogen. Specific
crosses can be made to combine complementary resistance
patterns, such as parent 6 � parent 19 to combine resistance
to inocula 301 and 302 (from parent 6) with resistance to in-
ocula 309 and 310 (from parent 19) (see Appendix A, Table
A1 for details). Families 23, 16, 24, 13, and 6 are the most
resistant genotypes with good stability and are the most
likely families to have low disease incidence across a wide
geographic range in the southeastern United States. Families
recognized as resistant in this study could also be useful for

discovering new major-gene rust resistance alleles, and such
experiments using single genotype line inocula are underway.

Conclusions
There were highly significant differences among families

in response to inoculations. Genetic differences among fam-
ilies explained 13.7% of the total variation. Significant
pathogenic variability was observed among the inoculum
sources, although inocula accounted for only 1.9% of the
variance overall. The mean disease incidence across all 25
pine families and the check lot caused by each of the inoc-
ula ranged from 0.34 to 0.57, but a single inoculum could
have a range of disease incidences of 0.83 on different fam-
ilies (Appendix A, Table A1). The greater fraction of varia-
tion explained by host family than by pathogen inoculum is
probably due to the presence of a greater genetic diversity
both within and between the mixed inocula (e.g., each inoc-
ulum mix was prepared from 30 wild field-collected galls).
Each pine family represents primarily the genetic variation
in a single mother tree, because rust resistance (at least ma-
jor gene resistance) seems to be relatively rare in the pollen
pool (Wilcox et al. 1996). Because resistance to fusiform
rust is a highly heritable trait, as shown by high family-
mean heritability (Table 2), a family and within-family in-
dex selection for resistance to fusiform rust disease based
on results of greenhouse inoculations would be highly effi-
cient. Overall, family by pathogen inocula interaction was
significant. However, one field-resistant family contributed
about 44% of the total family by pathogen interaction var-
iance. The majority of families were stable, i.e., showed no
significant interaction with different inocula.

Although the three most interactive (unstable) families
were classified as field resistant, an analysis of the green-
house inoculations using Shukla’s stability variance does not
support the hypothesis that field-resistant families, on aver-
age, are more interactive (unstable) than field-susceptible
families. This hypothesis was formulated on the analysis
reported by McKeand et al. (2003) for field test results.
The use of mixed inocula, with each inoculum composed
of spores derived from 30 field-collected galls, in the
greenhouse tests reported here may affect the ability to de-
tect interactions, because the effects of genetic variation in
the pathogen population are averaged across the mixture of
pathogen genotypes.
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Appendix A

Table A1. Response of pine families and check lot (probability of disease) when challenged with different Cronartium quercuum f.sp. fusiforme bulked inocula populations.

Inoculum (name and code)

Type (based on
field trials)

Family
No. % of �2

i

East TX,
301

Cent. LA,
302

S East LA,
303

South. AL,
304

N East FL,
305

Cent. GA,
306

Coast GA
SC, 307

Pied. SC,
308

Pied. GA,
309

N Coast SC,
310

Family
means

Resistant 23 0.0 0.09 0.10 0.12 0.12 0.12 0.10 0.12 0.07 0.16 0.25 0.12
Resistant 16 0.0 0.04 0.10 0.25 0.12 0.22 0.07 0.20 0.17 0.18 0.33 0.17
Resistant 13 0.0 0.26 0.18 0.21 0.00 0.27 0.16 0.22 0.22 0.31 0.33 0.22
Resistant 24 1.7 0.12 0.17 0.17 0.18 0.17 0.09 0.33 0.33 0.25 0.40 0.22
Resistant 19 43.8* 0.63 0.63 0.07 0.19 0.26 0.09 0.29 0.12 0.09 0.05 0.24
Resistant 6 0.0 0.19 0.28 0.22 0.25 0.34 0.13 0.33 0.27 0.45 0.43 0.29
Resistant 21 8.4** 0.25 0.47 0.43 0.20 0.17 0.17 0.17 0.29 0.40 0.48 0.30
Resistant 14 3.5 0.47 0.18 0.26 0.26 0.36 0.15 0.43 0.37 0.47 0.32 0.33
Resistant 17 4.1 0.35 0.33 0.44 0.50 0.30 0.25 0.35 0.27 0.43 0.33 0.36
Resistant 10 0.8 0.40 0.44 0.28 0.26 0.35 0.15 0.30 0.40 0.46 0.55 0.36
Resistant 27 5.7 0.40 0.34 0.53 0.41 0.35 0.18 0.55 0.30 0.33 0.40 0.38
Resistant 15 2.3 0.50 0.37 0.50 0.41 0.40 0.27 0.33 0.42 0.40 0.37 0.40
Susceptible 18 4.3 0.62 0.38 0.61 0.42 0.60 0.32 0.58 0.52 0.50 0.77 0.53
Resistant 30 1.9 0.55 0.60 0.42 0.45 0.73 0.48 0.72 0.58 0.70 0.68 0.59
Susceptible 12 2.2 0.54 0.67 0.65 0.47 0.67 0.40 0.67 0.45 0.73 0.75 0.60
Susceptible 4 0.0 0.63 0.63 0.46 0.59 0.60 0.41 0.59 0.63 0.72 0.75 0.60
Resistant 29 9.7** 0.75 0.55 0.75 0.78 0.59 0.51 0.61 0.45 0.56 0.67 0.62
Susceptible 2 4.6 0.49 0.54 0.42 0.63 0.74 0.55 0.65 0.75 0.72 0.73 0.62
Resistant 22 0.7 0.60 0.62 0.52 0.67 0.80 0.42 0.68 0.55 0.73 0.74 0.63
Susceptible 11 1.5 0.52 0.70 0.70 0.57 0.78 0.57 0.57 0.68 0.72 0.68 0.65
Checklot 39 0.0 0.68 0.68 0.60 0.62 0.78 0.52 0.62 0.77 0.73 0.75 0.68
Resistant 20 1.5 0.78 0.78 0.63 0.59 0.65 0.57 0.73 0.70 0.62 0.80 0.69
Susceptible 25 2.4 0.77 0.67 0.47 0.62 0.80 0.57 0.71 0.65 0.82 0.88 0.70
Resistant 28 0.0 0.66 0.74 0.76 0.62 0.81 0.52 0.78 0.65 0.75 0.73 0.70
Susceptible 5 0.0 0.75 0.55 0.68 0.70 0.77 0.57 0.68 0.70 0.78 0.87 0.71
Susceptible 3 0.8 0.76 0.77 0.73 0.83 0.87 0.72 0.72 0.70 0.83 0.73 0.77
Inoculum means 0.49 0.48 0.46 0.44 0.52 0.34 0.50 0.46 0.53 0.57 0.48

Note: Families and the check lot are sorted based on overall means across all inocula in the greenhouse screening trials. *, percentage of Shukla’s variance (�i
2) is significant at a probability level of 0.05;

**, % of �i
2 is significant at a probability level of 0.10.
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