
  

ABSTRACT 

CONNER, SARAH MEGAN. Genetic Variation in Pinus taeda L. Populations for Fusiform 

Rust Disease Incidence from Artificial Inoculations and Correspondence to Field Trials. (Under 

the direction of Dr. Fikret Isik). 

 

Fusiform rust, caused by the fungus Cronartium quercuum f. sp. fusiforme, is the most 

damaging disease affecting the health and productivity of loblolly pine (Pinus taeda L.), the most 

commercially important pine in the United States. Planting genetically improved stock is the 

only efficient way to mitigate disease incidence. Artificial inoculation of seedlings using bulked 

spore inocula and progeny testing can be used to select genetically resistance germplasm in 

loblolly pine breeding populations in the Southeastern U.S.  Two studies were conducted in 

loblolly pine populations to assess genetic variation for resistance to fusiform rust disease.   

In the first study, 24 loblolly pine parents were mated to produce 76 full-sib crosses using 

a three disconnected eight-parent diallel mating design. Approximately 120 full-sib seedlings of 

each cross was challenged with 50,000 spores per milliliter of a broad-based inoculum from 

across the expected deployment region. The overall disease incidence from the artificial 

inoculation was 48%. The narrow-sense heritability of full-sib family means was 0.90, 

suggesting strong genetic control of the disease incidence on the family level. For further testing, 

all seedlings with fusiform rust galls and 25 entire crosses with high disease incidence were 

discarded. The remaining 2362 seedling progeny of the 51 crosses were clonally propagated via 

rooted cuttings. One genetically identical copy of each clone (ramet) was planted at eight test 

sites across the Southeastern U.S. The disease mean from the field tests was 5.3% while the non-

screened seedling checklot family had a mean of 23%. Narrow-sense clone mean heritability for 

disease incidence was 0.47 while broad-sense clone mean heritability was 0.69. The correlation 

between the disease incidence from the artificial inoculation and field trials was 0.44 for the full-



  

sib families, while correlation was 0.74 for half-sib families (not truncated during artificial 

inoculation or cloned for the disease when tested in the field trials).  

In the second study, 64 pollen mix and 7 open-pollinated families from the Northern 

breeding Population were tested for fusiform rust disease resistance using artificial inoculations 

at the USDA Forest Service Resistance Screening Center, in Asheville, NC. For each family, an 

average of 92 half-sib progeny were used. Six months post-inoculation, the presence and absence 

of disease incidence (gall) were recorded on approximately 9000 seedlings. A generalized linear 

mixed model was fit to data to partition the observed variation for disease incidence into genetic 

and environmental components. The overall disease incidence for families was 9%, and family 

means ranged from 4% to 16% of for disease incidence.  Family mean heritability was 0.87, 

suggesting a significant genetic effect on the disease outcome.   
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

 

Loblolly pine (Pinus taeda L.) is the most important commercial plantation species in the 

Southeastern U.S. (Burns 1983; Li et al. 1999; Cubbage et al. 2000).  In the 2020-2021 planting 

season, over 905 million loblolly pine seedlings were planted, constituting 79% of all seedlings 

planted in the South (Enebak and Sewell 2021). It is estimated that about three-fourths of the 

loblolly pine plantation area is with germplasm originating from the NC State University 

Cooperative Tree Improvement Program with an estimated present value of $1.7 billion to 

landowners due to the realized increased productivity and value (McKeand et al. 2021). 

Deployment of genetically improved loblolly pine germplasm has greatly increased 

productivity throughout the Southeastern U.S., with the majority of seedlings being derived from 

breeding programs (McKeand et al. 2003).  The North Carolina State University Cooperative 

Tree Improvement Program (NCSU CTIP) was established in 1956 with early focus on 

productivity and yield for loblolly pine.  Research related to forest genetics and breeding in later 

years expanded to include disease resistance, wood quality, SNP marker discovery, and genomic 

selection (Isik 2014; Wheeler et al. 2015; Isik and McKeand 2019; Cumbie et al. 2020).   

Fusiform rust disease is caused by the obligate fungus Cronartium quercuum (Berk.) 

Miyabe ex Shirai f. sp. fusiforme (herein referred to as Cqf) and is a driver of plantation yield in 

loblolly pine stands.  The disease is native to the Southeastern U.S. and endemic to oaks and 

pines.  Pines that are susceptible to the disease include loblolly pine, slash pine (Pinus elliottii), 

pitch pine (Pinus rigida), and pond pine (Pinus serotina) (Phelps and Czabator 1978).  Fusiform 

rust disease is widely recognized as the most economically important disease impacting loblolly 

pine and slash pine in the Southeastern U.S. (Kinloch and Stonecypher 1969; Powers et al. 1981; 

Anderson et al. 1986). Gall formation on infected trees negatively impacts wood quality and 
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yield, thus decreasing economic value (Cubbage et al. 2000). In loblolly and slash pine, losses up 

to $60 million annually are estimated due to decreased quantity and quality of timber caused by 

the disease (Anderson et al. 1986; Cubbage et al. 2000).  Identifying and deploying fusiform rust 

disease resistant germplasm is the only efficient and effective way to mitigate the disease and 

economic losses caused by the disease.   

Cfq is heteroecious, macrocyclic, and biotrophic with the geographic range of the disease 

extending from the east coast of the Southeastern U.S. to Arkansas and down the eastern coast 

from Maryland to Florida (Powers et al. 1981). Many factors, including climate, alternate oak 

host distribution, virulence of the pathogen, resistant genes in the hosts, and management 

practices may all determine the distribution of higher hazard areas throughout the Southeastern 

U.S. (Phelps and Czabator 1978). While hazard mapping for fusiform rust is well documented 

for the Coastal and Piedmont regions of the Southeastern U.S., mapping of families sourced from 

the Northern region of the Southeastern U.S. is lacking (Walker and McKeand 2017). 

Rust infection in pine incites the formation of galls, or cankers, on the branches and stem 

of pines within 6 months to a year of infection. Formation of cankers in infected trees disrupts 

water flow and weakens the stem of the tree, increasing susceptibility to damage due to natural 

hazards such as wind (Phelps and Czabator 1978; Anderson et al. 1986). Mortality from disease 

infection is seen in seedlings infected under age five (Campbell 1965; Powers et al. 1981; Lloyd 

1982).  Management techniques to harvest timber in infected trees can reduce losses and 

maximize wood product yield but is not the most efficient way to mitigate the disease.  

The life cycle of Cfq is macrocyclic, and therefore includes all five stages of the typical 

rust fungus life cycle. Spores travel via wind dispersal which infect oaks and pines, and the entire 

cycle takes at minimum two years to complete (Phelps and Czabator 1978).  In infected pines, 



  3 

 

the reproductive structures pycnia and pycniospores develop on galls in the fall following spring 

infection, and the reproductive structure aecia and aeciospores develop on the gall in the spring 

of the next year. Infected pine hosts release aeciospores during early spring infecting alternate 

oak hosts.  Infected oak trees produce the reproductive structure uredia releasing urediospores 

shortly after infection.  Urediospores can infect either the same oak leaf or other oak leaves with 

symptoms of infection seen as spotting on oak leaves.  The reproductive structure telia form in 

the old uredia of the infected oak trees, producing basidiospores shortly after the release of 

urediospores. Basidiospores infect pine hosts through young, succulent needles, bark, or 

cotyledons with early signs of infection seen as dark spots on the needles.  Infection of pine hosts 

occurs during late spring and early summer (Hedgcock and Siggers 1949; Phelps and Czabator 

1978; Powers et al. 1981). High humidity is required for sporulation and germination of the 

fungus (Czabator 1971). This environmental condition is typically found in higher hazard areas 

in lower latitude regions of the Southeastern U.S. 

Other Cronartium sp. diseases, such as white pine blister rust, have impacted pines 

species in the U.S. (Ostry et al. 2010).  Cronartium ribicola J.C. Fisch. In Rahb., or white pine 

blister rust, impacts eastern white pine (Pinus strobus L.).  Blister rust hazard is impacted by 

environmental condition, similar to fusiform rust.  However, white pine does not have genetic 

variation for blister rust disease incidence. Unlike fusiform rust disease in loblolly pine, 

silvicultural practices to manage the disease have proven to be the most successful mitigation 

strategy (Ostry et al. 2010). 

Genetic variation of a population is expressed in terms of genetic parameters. Observed 

disease incidence in artificial inoculations or field testing is a traditional way to study genetic 

variation in a population.  Phenotypic variance is described as variation in the observed trait in 
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an experiment.  Genetic variance is the variation observed between different families that can be 

attributed to the fact that families have different genotypes for the observed trait.  The ratio of 

genetic variance to phenotypic variance is used to calculate heritability.  This ratio is a value 

between 0 and 1 which indicates the portion of the observed phenotypic variation that is under 

genetic control. Traits that have observed high heritability can be selected to pass on favorable 

alleles to their progeny.  High heritability has been observed in loblolly pine populations for 

fusiform rust disease resistance (Isik et al. 2005; Isik et al. 2008). 

Early in the history of tree improvement in the Southeastern U.S., it was recognized that 

considerable genetic variation in host resistance to fusiform rust disease is present in loblolly 

pine (Kinloch and Stonecypher 1969; Zobel et al. 1971; Kuhlman 1992; McKeand et al. 1999). 

In the late 1960s and early 1970s, organizations in the region began establishing fusiform rust 

disease resistant seed orchards comprising of parental selections conferring elevated levels of 

disease resistance (Zobel et al. 1971). When foresters established loblolly pine plantations in 

high hazard rust zones, they deployed seed orchard mixes or specific rust-resistant families 

(McKeand et al. 2003). In recent decades, the balance has shifted strongly toward family 

forestry, with the vast majority (~95%) of loblolly pine planting consisting of individual families 

to capture greater genetic gains (McKeand et al. 2015). In regions where fusiform rust disease 

resistance is critical, the deployment of the most rust resistant families has led to a significant 

improvement in stand value (Schmidt 2003). 

Genetic by environmental interaction, herein referred to as GxE, has been tested in 

loblolly pine populations to discover if either the environmental conditions of particular regions 

or pathotype specificity of the pathogen impacts incidence of fusiform rust disease.  Fusiform 

rust pathogen variation appears to be distributed relatively uniformly across the Southeastern 
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U.S. as correspondence of local and wide geographic field tests for fusiform rust disease is high 

(Spitzer et al. 2017).  In a greenhouse experiment, families that were challenged with different 

inocula from different regions across the Southeastern U.S. showed significant GxE interaction 

with host resistance following a polygenic model (Isik et al. 2012).  

Studies on loblolly pine populations concluded that the pathogen-host dynamic between 

Cfq and loblolly pine was dictated by gene-for-gene interaction (Kinloch and Walkinshaw 1991; 

Kuhlman et al. 1997; Nelson et al. 2010). Under studies using single-race isolates of fusiform 

rust, nine resistance quantitative trait loci (QTL) (Fr1 – Fr9) have been identified (Wilcox et al. 

1996; Amerson et al. 2015).  In a more recent study, three race non-specific broad spectrum 

resistant (RNS-BSR) QTL were discovered using two full-sib families that were created by 

crossing two fusiform rust resistant parents with two susceptible parents and inoculating with a 

bulk inoculum of 150 different single-gall isolates (Lauer and Isik 2021).  Discovery of the RNS-

BSR QTL is important as loblolly pine are exposed to several isolates of fusiform rust disease 

due to the lack of population structure in the pathogen over geographic regions. 

Field trials and artificial inoculations are methods of estimating genetic variance for 

resistance of fusiform rust disease for selection (Spitzer et al. 2017).  Artificial inoculations 

challenge germplasm using regionally-sourced inoculum to infect seedlings.  Inoculated 

seedlings are grown in greenhouses for 6 to 9 months and scored for the presence or absence of 

disease (galled or not galled) (Young et al. 2018, unpublished). Field trials test performance of 

progeny for disease resistance with the natural occurrence of the disease. Screening in artificial 

inoculations can reduce the length of the selection process for resistant germplasm as the process 

typically takes less time compared to progeny field trials. 
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Results of field and artificial inoculation screening results are well-correlated (Cowling 

and Young 2013).  Families that display disease resistance in artificial inoculation trials perform 

similarly when challenged in field trials (Wells and Dinus 1974). In a study by McKeand et al. 

(2003), families that displayed resistance in artificial inoculation trials at the RSC were all 

resistant in the field. However, separating environmental components from genetic components 

to explain variation of fusiform rust disease resistance in progeny is more challenging in field 

trials than artificial inoculation.  Families tested under field conditions can be described as either 

“field resistant” or “field susceptible” (Isik et al. 2008) as the isolate and density of the inoculum 

cannot be controlled.   

Research dedicated to fusiform rust disease incidence in loblolly pine has been underway 

for decades (Wells and Wakeley 1966; Foster and Anderson 1989; Wilcox et al. 1996; Isik et al. 

2012; Amerson et al. 2015; Lauer and Isik 2021). Moving forward, continued research on QTL 

discovery, marker-aided selection, and gene stacking will be highly effective to improve disease 

resistance. Additionally, identifying resistant germplasm in populations that historically have 

lower disease incidence will be important as the hazard of fusiform rust disease may shift 

geographically due to climate change. Incidence of pathogens may change in forest systems in 

the Southeastern U.S. due to environmental shifts from climate change (Hepting 1963; Dale et al. 

2001; Sniezko et al. 2014). These changes include physiological differences in hosts to favor 

earlier infection in the spring, greater spore densities, and longer infection time. The northern 

natural and breeding populations of loblolly pine may become susceptible as the climate 

becomes more favorable for the fusiform rust fungus. Deploying resistant germplasm is the only 

effective strategy to mitigate the disease impact in planted forests. While the genetic variation in 
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loblolly pine has been studied extensively, such studies do not exist for the most northern 

population of the species.  

Fusiform rust disease resistance remains one of the most important traits to select upon 

for loblolly pine.  Investing into disease resistance research has great economic benefits as the 

disease is found across the Southeastern U.S., a region that contributes a large portion of the 

world’s wood products. Conducting artificial inoculation experiments, field trials, QTL 

discovery, and GxE experiments all contribute to identifying resistant germplasm that can be 

deployed in the field to mitigate the disease. Future research should include modern breeding, 

testing and selection methods such as genomic selection, to expedite the process and improve 

disease resistance in host species. Such studies are underway by the North Carolina State 

University Cooperative Tree Improvement Program.  
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CHAPTER 2: CORRESPONDENCE BETWEEN ARTIFICIAL 

INOCULATIONS OF Pinus taeda L. FULL-SIB FAMILIES AND CLONAL 

FIELD TESTS FOR FUSIFORM RUST DISEASE RESISTANCE  

 

2.1. Introduction 

Fusiform rust is the most economically important disease of loblolly pine (Pinus taeda 

L.) in the Southeastern U.S. (Anderson et al. 1986; Powers et al. 1981). The disease is incited by 

the fungus Cronartium quercuum (Berk) Miyabe ex Shirai f. sp. fusiforme and manifests on 

stems and branch limbs as swollen fusoid or spindle-shaped galls (Hedgcock and Siggers 1949). 

Rust galls that form on seedlings and young trees can result in direct mortality, while stem galls 

on surviving trees can lead to a reduction in stem and wood quality, making the trees vulnerable 

to stem breakage from wind and ice storms. Plantations with significant fusiform rust disease 

incidence have substantially reduced timber yields and quality, costing land-owners millions of 

dollars (Cubbage et al. 2000; Geron and Hafley 1988). Planting resistant seedlings is the most 

effective means for reducing damage from fusiform rust disease (Kinloch and Walkinshaw 1991; 

Schmidt 2003; Bridgwater et al. 2005). 

Evaluation of fusiform rust disease resistance in loblolly pine breeding programs is 

traditionally performed in field tests. In progeny tests, the fusiform rust disease incidence can be 

sporadic and may vary greatly from one site to another or from one year to the next (McKeand et 

al. 1999; Li 2003). Germplasm of loblolly pine can also be tested for rust disease resistance 

through controlled inoculations. Miller and Powers (1983) tested seven half-sib families using an 

artificial inoculation system, followed by planting the same families in the field and found the 

family performance was essentially the same. In a different study, performance of susceptible 
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open-pollinated families in the field was highly correlated with artificial inoculations, but some 

resistant families in the field were not resistant in artificial inoculations (McKeand et al. 2003). 

The differences in performance between artificial inoculation and field testing could be attributed 

to differences in virulence/avirulence of the pathogen population (McKeand et al. 1999).   

The objectives of this study were to i) determine the level of genetic variation in the 

Atlantic Coastal Elite breeding population from both artificial inoculations and clonal field tests, 

and ii) understand the correspondence between the artificial inoculations of seedlings and their 

genetically identical copies subsequently tested in the clonally replicated field tests. 
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2.2. Materials and Methods 

2.2.1. Host genetic material 

The Atlantic Coastal Elite (ACE) population of loblolly pine developed by the North 

Carolina State University Cooperative Tree Improvement Program was used to investigate 

genetic variation in fusiform rust disease incidence. The ACE population is a subset of the 

mainline Coastal breeding population that is being intensively managed for short-term genetic 

gain. A three-disconnected eight-parent diallel mating design was used to cross 24 trees and 

produce 76 full-sib crosses out of the 84 possible crosses. For each cross, 120 full-sib seedlings 

were grown in the greenhouse for fusiform rust disease resistance screening prior to field 

planting. In addition, 120 seedlings per family from seven half-sib families and approximately 45 

seedlings from resistant and susceptible checklots were also grown for fusiform rust disease 

resistance screening.  

 

2.2.2. Artificial inoculations 

A broad-based Cfq inoculum was prepared, representing the Coastal deployment range of 

loblolly pine by the USDA Forest Service Resistance Screening Center (RSC) in Asheville, 

North Carolina. The aeciospores of the pathogen were collected from across five regions in the 

Southeastern U.S. Three ten-gall mixes of aeciospores sourced from random trees were used to 

inoculate young oak seedlings grown at the RSC (Young et al. 2018, unpublished). 

Basidiospores were collected from infected oak trees and all three gall mixes from each of the 

five regions were mixed to form a single bulk mix. The single bulk mix basidiospore inoculum 

was sprayed at a density of 50,000 spores per milliliter using a controlled basidiospore 

inoculation system. Each cross was inoculated over three days, creating three replications per 
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cross. Each replication had two trays of 20 seedlings each. Inoculated seedlings were placed in a 

humid chamber ideal for fungal infection. After 24 hours, seedlings were then moved to RSC 

greenhouses (Young et al. 2018, unpublished). After nine months, the presence or absence of a 

rust gall was determined (no gall=0, gall=1) for each seedling.  

 

2.2.3. Cloning  

Following disease scoring a truncation selection was implemented. Out of the 76 crosses, 

25 crosses and three parents had very high disease incidence and were discarded. The remaining 

gall-free seedling progeny of 51 full-sib crosses were returned to Raleigh, NC and transplanted 

into three-gallon pots in June of 2008.  They were then managed as hedges with the goal of 

producing as many shoots as possible for vegetatively propagating clones.  In the spring of 2009, 

cuttings (shoots) were collected from roughly 2400 hedge pots with an average of 47 hedges per 

family.  Over 30,000 cuttings were collected, dipped in a rooting hormone, and then placed in a 

growing media under mist irrigation in a greenhouse at the NCSU Horticulture Field Labs to 

form roots.  After sufficient root development, cuttings were moved outdoors to be grown for the 

remainder of the summer and fall to reach an adequate height and root collar diameter for field 

planting in the fall of 2009.  An additional round of cuttings was collected in June of 2009, 

grown, and then planted in field tests in early 2010.   

 

2.2.4. Experimental design and cloned progeny tests  

A single ramet (genetically identical copy) of each clone was planted across eight 

different sites in North Carolina, South Carolina, Georgia and Alabama (Table 2.1, Figure 2.1). 

The test sites were managed by members of the NC State University Cooperative Tree 
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Improvement Program. Each clone was represented by up to eight ramets across all eight sites. 

The ramets were randomly assigned in row-column positions in a modified version of an 

incomplete block design known as an alpha-cyclic row-column design. Additionally, a seedling 

check which was not subjected to the artificial inoculation process was included in the field tests. 

The seedling check was planted to estimate gains in rust resistance in the experimental 

population. Seven half-sib families were also included in the field design. For each half-sib 

family, a harmonic mean number of 62 seedlings were planted. At age four and six years, the 

trees were assessed for the incidence (no=0 or yes=1) of fusiform rust disease.  

 

2.3. Statistical analysis 

2.3.1. Artificial inoculations 

Fusiform rust disease incidence was assessed as binary trait, either as no incidence of 

fusiform rust on a seedling (no gall=0) or incidence of fusiform rust on a seedling (galled=1). 

Disease incidence, or presence of a gall, had a Bernoulli distribution with an expected mean of π 

= y/n, where y is the number of infected trees and n is the total number of trees. The following 

generalized linear mixed model was fit to partition the observed variance into causal 

components, genetic and environmental for the greenhouse inoculation. 

 

𝑌𝑖𝑗𝑘𝑙𝑚 = 𝑙𝑜𝑔 (
𝜋

1−𝜋
) = 𝜇 + 𝐵𝑖 + 𝐵𝑇𝑖(𝑗) + 𝐺𝑘 + 𝐺𝑙 + 𝑆𝑘𝑙 + 𝐵𝑆𝑖(𝑘𝑙) + 𝜀𝑖𝑗𝑘𝑙𝑚        (1)

                        

where, 𝑌𝑖𝑗𝑘𝑙𝑚 is m-th observation of the kl-th cross, of the i-th replication, for the j-th 

tray; µ is the overall mean; 𝐵𝑖 is the fixed i-th replication effect; 𝐵𝑇𝑖(𝑗) is the fixed j-th tray effect 

nested within the i-th replication; 𝐺𝑘 is random general combining ability (GCA) effect for the k-
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th female with 𝐺𝑘 ~ 𝑁(0, 𝑨𝜎𝑔
2); 𝐺𝑙 is the random GCA effect from the l-th male 

with 𝐺𝑙 ~ 𝑁(0, 𝑨𝜎𝑔
2); 𝑆𝑘𝑙 is the random specific combining ability (SCA) of the cross between 

the k-th female and the l-th male with 𝑆𝑘𝑙 ~ 𝑁(0, 𝑰𝜎𝑠
2); 𝑅𝑆𝑖(𝑘𝑙) is the interaction of replication 

with the SCA effect also called plot effect with 𝐵𝑆𝑖(𝑘𝑙) ~ 𝑁(0, 𝑰𝜎𝑞
2); and 𝜀𝑖𝑗𝑘𝑙𝑚 is the error term 

associated with the m-th seeding of the l-th female GCA effect, of the k-th male GCA effect, 

from the j-th tray, of the i-th replication with 𝜀𝑖𝑗𝑘𝑙𝑚  ~ 𝑁(0, 𝑰𝜎𝑒
2). 𝑨 is the numerator relationship 

matrix derived from pedigree and 𝑰 is an identity matrix of proper dimensions. Other interaction 

terms were not significant and were excluded from Eq. 1.  

Using the variance components from the above model, narrow-sense half-sib family 

mean and broad-sense full-sib family mean heritabilities for rust incidence from the artificial 

inoculations were calculated according to (Isik et al. 2017). 

 

ℎ𝐻𝑆
2 =

𝜎𝑔
2

𝜎𝑔
2 + 

𝜎𝑠
2

𝑝−1
 + 

𝜎𝑞
2

𝑟(𝑝−1)
 + 

𝜎𝑒
2

𝑟𝑡𝑛ℎ(𝑝−1)

            (2)

          

ℎ𝐹𝑆
2 =

2𝜎𝑔
2

2𝜎𝑔
2 + 𝜎𝑠

2 + 
𝜎𝑞

2

𝑟
 + 

𝜎𝑒
2

𝑟𝑡𝑛ℎ

                         (3)   

 

where, ℎ𝐻𝑆
2  is the narrow-sense half-sib family mean and ℎ𝐹𝑆

2  is the narrow-sense full-sib family 

heritability from the artificial inoculations; 𝜎𝑔
2 is the GCA variance; 𝜎𝑠

2 is the SCA variance; 𝜎𝑞
2 

is the SCA by replication variance; 𝜎𝑒
2 is the error variance; 𝑝 is the number of parents of the 

diallel; 𝑟 is the number of replications; 𝑡 is the number of trays; and 𝑛ℎ is the harmonic mean 

number of seedlings per full-sib family per tray (𝑛ℎ  = 58). Following Gilmour et al. (1985), the 
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error variance term (𝜎𝑒
2) was set to 

𝜋2

3
 ≈ 3.29 as rust incidence follows a binomial distribution. 

Broad-sense full-sib family heritability was calculated by adding the SCA variance to the 

numerator of Eq. 3.  

 

2.3.2. Cloned progeny tests 

The incidence of fusiform rust disease from cloned progeny tests was modeled using the 

following generalized linear mixed model. 

 

𝑌𝑖𝑗𝑘𝑙 = 𝑙𝑜𝑔 (
𝜋

1−𝜋
) = 𝜇 + 𝐸𝑖 + 𝑅𝑗(𝑖) + 𝐶𝑘(𝑖) +  𝐺𝑙 + 𝐺𝑚 +  𝜀𝑖𝑗𝑘𝑙                    (4)  

            

where, 𝑌𝑖𝑗𝑘𝑙 is the disease incidence for the l-th tree, in the k-th column, in the j-th row of the i-th 

site; 𝜇 is the overall mean; 𝐸𝑖 is the fixed site effect; 𝑅𝑗(𝑖) is the random row effect nested within 

site with 𝑅𝑗(𝑖) ~ 𝑁(0, 𝑰𝜎𝑟
2); 𝐶𝑘(𝑖) is the random column effect nested within site with 

𝐶𝑘(𝑖) ~ 𝑁(0, 𝑰𝜎𝑐
2); 𝐺𝑙 is the random clone effect associated with the numerator relationship 

matrix with  𝐺𝑙 ~ 𝑁(0, 𝑨𝜎𝑎
2); 𝐺𝑚 is the random residual genetic effect with 𝐺𝑚~ 𝑁(0, 𝑰𝜎𝑛𝑎

2 ); and 

𝜀𝑖𝑗𝑘𝑙 is the random residual term with 𝜀𝑖𝑗𝑘𝑙 ~ 𝑁(0, 𝜎𝜀
2). 

The variance component explained by the 𝑨𝜎𝑎
2 is the additive genetic variance. The 

observed variance explained by the residual genetic effects (𝜎𝑛𝑎
2 ) is the non-additive genetic 

variance. The additive genetic by site and residual genetic by site interactions were not sign-

ificant and were dropped from the Eq. 4. Narrow-sense and broad-sense clone mean heritability 

were estimated using the variance components from the above model and the equations from Isik 

et al. (2017). 
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ℎ𝑐𝑚
2 =

𝜎𝑎
2

 𝜎𝑎
2 + 𝜎𝑛𝑎

2  + 
𝜎𝜀

2

𝑛ℎ

           (5)         

 

𝐻𝑐𝑚
2 =

𝜎𝑎
2 + 𝜎𝑛𝑎

2

 𝜎𝑎
2 + 𝜎𝑛𝑎

2  + 
𝜎𝜀

2

𝑛ℎ

           (6)  

 

where, 𝜎𝑎
2 is the additive genetic variance; 𝜎𝑛𝑎

2  is the residual genetic variance, 𝜎𝜀
2 is the error 

variance; and 𝑛ℎ is the harmonic mean of the number of trees per clone (𝑛ℎ  = 1). In calculation 

of heritability, the binomial error variance 𝜎𝜀
2 =

𝜋2

3
 ≈ 3.29 was used (Gilmour et al. 1985). The 

Delta method was used to calculate the standard errors of linear combinations of variance 

components (Lynch and Walsh 1998). The best linear unbiased predication (BLUP) values from 

the model were on the logit scale (𝑢𝑙) and were converted to the probability scale (𝑢𝑝) using the 

following inverse link function. 

 

𝑢𝑝 =
𝑒(𝜇 + 𝑢𝑙)

1+ 𝑒(𝜇 + 𝑢𝑙)          (7)

     

where, 𝑝 is the probability, 𝜇 is the overall mean and 𝑢𝑙 is the best linear unbiased predictions for 

clone effect. A modified version of Eq. 4 was fit to obtain family means from field tests. In the 

model, the terms  𝐺𝑙 and  𝐺𝑚 were substituted with female, male, and cross effects. Adjusted 

family means from artificial inoculations and cloned progeny tests were correlated using Pearson 

product moment correlations. All statistical analyses were performed using ASReml release 4.2 

(Gilmour et al. 2015). 
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2.4. Results 

2.4.1. Genetic parameter estimates  

Variance components and family mean heritabilities for fusiform rust disease incidence 

from the artificial inoculations are listed in Table 2.2. The variance explained by the general 

combining ability (GCA) was considerably higher (0.33) compared to the variance (0.04) 

explained by specific combining ability (SCA). Both variance components were significantly 

different from zero, as suggested by the ratios of the estimates and their standard errors. High 

narrow-sense half-sib family mean heritability (0.99) and full-sib family mean heritability (0.90) 

suggested that the disease incidence is largely controlled by additive genetic effects. Additive 

genetic variance was almost nine times larger than dominance genetic variance. Broad-sense 

full-sib family mean heritability was slightly higher than narrow-sense heritabilities (0.95), 

reflecting low non-additive genetic effects on the disease outcome. Notably, heritability 

estimates for fusiform rust disease incidence under artificial inoculation were associated with 

small standard errors (Table 2.2).  

Variance components and their linear combinations from the cloned progeny tests are 

provided in Table 2.3. Similar to the artificial inoculation, additive genetic variance (0.93) 

explained a large fraction of the total genetic variance for fusiform rust incidence from field 

tests. Additive genetic variance was more than two times larger than non-additive genetic 

variance. Clone mean narrow-sense heritability was (0.47). Broad-sense heritability was 

considerably higher (0.69) than narrow-sense heritability, suggesting that the magnitude of non-

additive genetic variance from cloned genetic field tests is considerable. The clone mean 

heritability estimates were associated with larger standard errors (Table 2.3). 
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2.4.2. Comparison of disease incidence from artificial inoculations and field tests  

The mean fusiform rust incidence in the population was 48% nine months after artificial 

inoculation at RSC. There were substantial disease response differences among the 24 parents 

ranging from 18 to 67% (Figure 2.2). The susceptible check had 76% mean disease incidence 

while the resistant check had 36% (Figure 2.2). These two checks are routinely included in 

artificial inoculations for quality control by the USDA Forest Service Resistance Screening 

Center, although they were not included in the field tests. The fusiform rust disease incidence 

also greatly varied among the 76 full-sib families. The raw mean disease incidence ranged from 

8% to 84% among full-sib families. 

After culling three susceptible parents and their 15 full-sib crosses, clones of remaining 

51 full-sib and 7 half-sib families were included in the field tests. Test sites 2 and 7 in Colleton 

County, South Carolina had higher disease incidence than the rest of the sites for both the clones 

and the checklot. The overall mean fusiform rust disease incidence in clonal field tests was 5.3% 

for cloned genotypes and 22.9% for seedling progeny of the checklot parent (Table 2.1). The 

mean fusiform rust disease incidence for clones had a range of 1.1% to 14% across the eight 

sites, while the seedling checklot family had a range of 3.9% to 71.1%.  Lower mean fusiform 

rust disease incidence was observed for all clonal trees compared to their corresponding checklot 

trees. The range of disease incidence for half-sib families included in the artificial inoculation 

and field trials are given in Figure 2.3. 

The relationship between fusiform rust disease incidence of the 51 full-sib families and 7 

half-sib families from the artificial inoculations (x-axis) and from the field tests (y-axis) at six 

years is given in Figure 2.4. The linear fit within full-sib and half-sib data was significant but 

explained only 16% of the variation (coefficient of determination) when the artificial inoculation 
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scores were fit as predictors of the field test scores for full-sib families. The correlation between 

disease incidence from artificial inoculation and field evaluation for full sibs was 0.40 and for 

half-sibs was 0.86, indicating moderate correspondence between the two sources of information. 

 

2.5. Discussion 

High family mean heritabilities were observed in artificial inoculations (Table 2.2) and 

moderate family mean heritabilities in field trials, suggesting that selection on family means for 

fusiform rust disease resistance will be highly effective. These findings are consistent with 

previously published studies in loblolly pine reporting high within-half-sib family mean 

heritability estimates (0.67 for clones, 0.64 for seedlings) for fusiform rust disease incidence in 

field trials (Isik et al. 2004), high half-sib family mean heritability (0.97) for fusiform rust 

disease incidence in artificial inoculation (Isik et al. 2008), and high full-sib within-family clone-

mean heritability estimates (0.84-0.94) for fusiform rust disease incidence (Isik et al. 2005). In 

those studies, additive genetic effects explained a large proportion of the total genetic variance; 

whereas non-additive genetic effects explained a small fraction of the genetic variance that is 

consistent with the findings from our study. Despite a growing large number of studies on 

fusiform rust disease, literature on understanding of pathogen-host interactions in forest 

ecosystems is lacking (Lauer and Isik, 2021), as small populations were used to assess resistance 

inheritance. In the mainstream literature, the host-pathogen dynamic is treated as having gene-

for-gene interactions with pathotype-specificity (Kinloch and Walkinshaw 1991; Kuhlman et al. 

1997; Nelson et al. 2010; Amerson et al. 2015). A number of other studies also reported loci with 

large effects influencing fusiform rust disease incidence in progeny tests (Quesada et al. 2014; 

Cumbie et al. 2020; Shalizi et al. 2021). However, a recent study by Lauer and Isik (2021) 
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identified three major race non-specific broad spectrum resistant QTL from linkage mapping of 

bi-parental populations, suggesting a more complex inheritance. 

The seedlings used in the artificial inoculations were adequately challenged by a bulked 

inoculum at a high density, inciting a large range in fusiform rust disease incidence. The low 

overall mean fusiform rust disease incidence (5.3%) in the clonal trials for the cloned progeny 

that displayed higher resistance at RSC suggests that artificial inoculation screening using bulked 

inocula is an efficient strategy for predicting field performance of loblolly pine families to 

fusiform rust disease incidence. Similar results have been reported by Isik et al. (2008) where 

susceptible loblolly pine families in artificial inoculations were also susceptible in field tests, 

while most (12 of 17) resistant families in artificial inoculations were also resistant in field tests.  

In this study, a moderate correlation (r = 0.44) between artificial inoculation and cloned 

progeny was observed because all susceptible families and their parents were excluded from 

further field evaluation, thus lowering the field trial disease incidence. Correlation is reduced 

when the range of data on either axis is restricted (Wilcox 2012). In our study, the majority of the 

family means for disease incidence from field trials were clustered near 0. Additionally, lower 

susceptibility of rooted cuttings to fusiform rust disease may have also contributed to low disease 

incidence in cloned progeny tests, a phenomenon widely reported in previously published 

research (McRae et al. 1993; Frampton et al. 2000). One study reported a high correspondence 

(correlation) between seedlings of full-sib families and their corresponding cuttings in field trials 

for fusiform rust incidence (Frampton et al. 2000). The authors also reported that the cuttings on 

average appeared to be more resistant to disease than the seedlings. Vegetatively propagated 

clones are physiologically more mature than seedlings and the maturity may help the rooted 

cuttings to be less susceptible to disease incidence than seedlings. When monitoring 
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morphological differences in rooted cuttings compared to seedlings in a planted stand, rooted 

cuttings at age two displayed more maturation compared to the seedlings (Amerson et al. 1988 

and citations therein).  However, those maturation differences in morphological traits were 

negligible at age four and six. Fusiform rust fungus incites disease in the presence of younger 

tissue, so maturation observed on cuttings may reduce the presence of young, susceptible tissue 

and lead to lower disease incidence compared to seedlings. A different study observing fusiform 

rust incidence in rooted cuttings and seedlings from the same half-sib family at age four in 

various field trial locations found that disease incidence was lower at every site for the rooted 

cuttings compared to seedlings (Frampton 1986).  Two out of the five locations and the overall 

mean difference between the rooted cuttings and seedlings were statistically significant.  

Therefore, it is hypothesized that physiological differences between rooted cuttings and seedlings 

can explain the variation of disease incidence (McKeand 1985; Amerson et al. 1988).   

In this study, the effects of using rooted cuttings and selection on the families tested in 

the field trials is confounded and therefore the effects of deploying vegetatively propagated 

cuttings versus seedlings cannot be separated.  Similarly, a previous study identified 

correspondence between artificial inoculations of seedlings and field trials of their respective 

rooted cuttings (Foster and Anderson 1989) and found that the rooted cuttings had lower 

fusiform rust incidence, but the cuttings that were selected for the field trial had been screened in 

the artificial inoculation as resistant.  Therefore, no susceptible seedlings from the inoculation 

were selected to be tested under field conditions and a lower disease incidence would be 

expected (Frampton et al. 2000). Physiological age of planting material could have a significant 

effect on the occurrence of disease incidence in loblolly pine. The advantage of clonal testing is 



  21 

 

that genetically identical copies of genotypes can be tested in multi environments to better 

evaluate the virulence of the pathogen  (Isik et al. 2005). 

Artificial inoculation screening can be utilized as an early selection strategy to test 

genotypes prior to field testing and to predict field performance to fusiform rust disease 

incidence. The artificial inoculation screening process is significantly shorter than field testing as 

seedlings are typically scored 6 to 9 months post-inoculation and field trials are at the earliest 

scored at four years after planting. However, artificial inoculation screening if adopted adds cost 

and time to the genetic evaluation, because progeny testing is the standard to evaluate the 

genotypes for multiple traits, such as growth and wood quality.  Discovery of disease resistance 

QTL (Lauer and Isik 2021), gene stacking by back crossing and sib mating are currently 

considered for marker aided selection by the NC State Cooperative Tree Improvement Program. 

Development of genomic selection strategies by the Cooperative Tree Improvement Program has 

been underway (Isik 2014) for simultaneous selection of multiple traits, including for disease 

resistance in P. taeda breeding program (Isik and McKeand 2019).  

 

2.6. Conclusions 

This study indicated that fusiform rust disease is under strong additive genetic control at 

the family level, confirming previous results in published literature. Low overall mean incidence 

in the field trials was observed for rooted cuttings and seedlings that were resistant from the 

artificial inoculations were also resistant to fusiform rust disease in the field trials, though the 

correlation was moderate. Thus, artificial inoculation is an efficient way to improve loblolly pine 

for fusiform rust disease incidence.  
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CHAPTER 3: PROACTIVE GREENHOUSE SCREENING FOR 

FUSIFORM RUST RESISTANCE IN A COLD-TOLERANT BREEDING 

POPULATION OF Pinus taeda L. 

 

3.1. Introduction 

Fusiform rust disease is the most economically damaging disease in loblolly pine (Pinus 

taeda L.) plantations in the Southeastern U.S. (Kinloch and Stonecypher 1969; Powers et al. 

1981; Anderson et al. 1986). The disease is incited by the obligate fungus Cronartium quercuum 

(Berk.) Miyabe ex Shirai f. sp. fusiforme (herein referred to as Cfq), causing swollen galls on the 

stems and branches of trees that are typically infected at age five years or younger. These galls 

cause defects that reduce product value and mortality in trees (Phelps and Czabator 1978). 

Genetic variation has been recognized in loblolly pine for resistance against the disease, and the 

only practical way to mitigate the disease is to identify and deploy disease resistant genotypes 

(Schmidt 2003). Field testing of progeny throughout the Southeastern U.S. has identified wide 

genetic variation in disease resistance among families, and resulted in publicly published scores 

for deployable families (McKeand et al. 1999; McKeand 2019). Throughout most of the 

deployment area, the deployed varieties have some level of genetic resistance for rust disease.   

Field testing has not resulted in even genetic gain across the landscape due to naturally 

occurring variation in rust hazard (Walker and McKeand 2017). More cold-tolerant sources, 

particularly from Virginia and the Piedmont region of North Carolina have historically 

experienced lower rates of infection in progeny tests planted in those regions, hindering efforts to 

select for resistance. Fusiform rust hazard in the Northern breeding zone (Virginia and the 

Piedmont region of North Carolina) is lower compared to the Coastal and other Piedmont regions 
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due to environmental conditions that do not favor infection, such as lower temperatures and 

lower humidity in higher latitudes. Low incidence of the disease is not ideal for selection due to 

lack of family separation. This has resulted in smaller genetic gains for the Northern breeding 

populations compared to more southern and Coastal populations (Farjat et al. 2017; Walker and 

McKeand 2017). 

As climate change shifts environmental conditions in the long term, the conditions of the 

Northern Atlantic region may alter to favor higher infection of diseases (Sniezko et al. 2014). 

Increasing temperatures, rising humidity, longer growing seasons, and the presence of young 

tissue for extended periods of time could potentially increase the incidence of fusiform rust 

disease in pine and oak populations. Earlier fruiting of the aecial reproductive structure or earlier 

pine tissue growth and oak budbreak are physiological examples of how changes in 

environmental conditions can alter the host or pathogen life cycles to increase disease incidence, 

particularly in spring conditions (Hepting 1963). 

Rather than relying on field tests which have not been effective for assessing disease 

incidence in Virginia and northern North Carolina, we can proactively evaluate the Northern 

population using artificial inoculation in greenhouse conditions. A protocol for artificial 

inoculation of loblolly pine with Cfq has been well-developed by the USDA Forest Service 

Resistance Screening Center (RSC) (Cowling and Young 2013), where fusiform rust disease is 

incited in pine seedlings under controlled greenhouse conditions. This results in repeatable and 

reliable levels of disease incidence that are high enough to appropriately estimate genetic 

variation and rank genotypes for their genetic merit (Isik et al. 2008; Isik et al. 2012; Spitzer et 

al. 2017). 
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While previous studies have demonstrated a lack of disease incidence for the Northern 

breeding population using field trials (Farjat et al. 2017; Walker and McKeand 2017), the level 

of naturally occurring resistance in non-selected populations is unknown. Theory indicates the 

low rust hazard in the Northern region could contribute to higher susceptibility to rust disease 

compared to non-selected populations from more southern and coastal provenances. It is 

hypothesized that a lack of historical exposure to the pathogen would prevent natural selection in 

pine and produce less resistance in the host population. Cfq is endemic to the region and is not 

expected to have a large effect on fitness of pine, as some trees can live to cone-bearing age 

despite infection (Snow 1985). However, there are several examples where provenances of 

loblolly pine from regions of low historical rust hazard have displayed similar or even better 

resistance to fusiform rust. For example, western gulf sources of loblolly pine have been 

identified as having less susceptibility to fusiform rust, even though the disease incidence, and 

presumably natural selection pressure, is lower in that region (Schmidtling 2001). Research on 

these populations would assist in explaining resistance from areas with lower disease incidence 

and lower selection pressure. The fast-growing and rust resistant Livingston Parish provenance 

was widely planted in the early days of plantations before the first seed orchards (with tested 

parents) reached adequate production. A similar phenomenon was observed for loblolly pine 

from an Eastern Shore provenance, collected from Maryland at the northeastern most part of the 

native range. The Eastern Shore provenance had the best rust resistance compared to other 

provenances when tested throughout the Southeastern U.S. although the growth rate was 

unacceptably poor (McKeand et al. 1989). The authors presumed that asynchrony between the 

late bud break of the cold-tolerant Eastern Shore provenance and the period of sporulation of the 

disease contributed to the observed low incidence. A comparison of rust susceptibility among 
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non-improved wild seed from different provenances may provide insights into the historical 

evolution of rust resistance in the Northern provenance. 

The goal of this study was to determine the level of genetic variation for fusiform rust 

disease in the Northern breeding population of loblolly pine managed by the North Carolina 

State University Cooperative Tree Improvement Program. Well-tested samples of families from 

the Coastal and Piedmont breeding populations were included in the study for comparisons. 

Seedlots from non-improved wild material from diverse provenances were also included in the 

study as the baseline (non-improved). The specific objectives were i) estimate the genetic 

variation and heritability of rust disease incidence in the Northern breeding population and ii) 

determine if the lack of natural pathogen pressure in the Northern region has resulted in less 

resistance of the Northern population compared to other provenances in the Southeastern U.S.  
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3.2. Materials and Methods 

3.2.1. Plant material 

Host genetic material consisted of 90 seedlots. There were 64 pollen-mix families 

(presumed to be half-sibling families) corresponding to 64 female parents in the 3rd-cycle 

Northern breeding population (NPMX). The pollen-mix consisted of 20 different pollen parents 

that was bulked and used in controlled pollination. The pollen parents were 2nd-Cycle parents 

that were chosen to be average for growth and originating from the Northern region. Details of 

the 3rd-Cycle breeding strategy can be found in McKeand and Bridgwater (1998). Additionally, 

there were seven open-pollinated (OP) families, presumed to be half-sibling, collected from a 

production seed orchard in New Kent, Virginia. These were considered to be from the same 

population as the NPMX families during the analysis. The remaining seedlots described below 

are referred to as “checklots” throughout the study. 

There were nine non-improved, wild seedlots representing different provenances across 

the Southeastern U.S. Eight of the nine non-improved wild seedlots were checklots used in the 

2nd-Cycle testing program, named CC1 through CC8, that correspond to physiographic regions in 

the Southeastern U.S. (Appendix A1) (more information can be found in Anonymous 1984, p. 

19). The ninth non-improved, wild seedlot was a bulked collection of seed from Livingston 

Parish, Louisiana the same seedlot found in McKeand et al. (1989).  

An additional eight pollen-mix seedlots from the 3rd-Cycle breeding population were 

included in the experiment: four from the Coastal breeding zone (CPMX) and four from the 

Piedmont breeding zone (PPMX). Similar to the NPMX, these were pollen-mix families created 

using females from the breeding population and a pollen mix of males (20 per region) that were 

chosen to be average for volume growth in the 2nd-Cycle testing program. These four families 
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were extensively tested in field trials in the 3rd-Cycle testing program and were selected as they 

had rust breeding values with high accuracy (small standard error). The motivation for including 

these polymix families was to compare the NPMX families to their Coastal and Piedmont 

contemporaries. 

Finally, there were two standard seedlots that are included by protocol of the RSC. These 

two seedlots are open-pollinated families from a known resistant and a known susceptible female 

parent. The purpose of these seedlots was to gauge the success of the controlled inoculations. For 

simplicity, hereafter all wild seedlots (9), RSC checklots (2), 4 Coastal polymix (CPMX) and 4 

Piedmont polymix (PPMX), and the genetic group effect of the Northern population are denoted 

as check-source (20 levels).  

 

3.2.2. Nursery and experimental design 

Seeds were sown into flats approximately two months after stratification. Four weeks 

after sowing, seedlings were transplanted into individual plastic tubes containing a mix of peat 

moss, perlite and vermiculite. The containers were organized into trays using a balanced 

incomplete block experimental design. Each tray represented an incomplete block with 20 

seedlings per tray and a total of 450 trays. Every five trays represented a complete block totaling 

90 replications. Non-improved seedlings appeared twice per complete block to increase 

replication. Seedlots with low germination had their tray position assignments replaced with 

seedlings from seedlots with additional germinates. Damaged and dead seedlings were discarded 

from data collection. On average, 92 seedlings per half-sibling family (range of 32 to 126) and 

144 seedlings per non-improved checklot (range of 82 to 169) were assessed after artificial 
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inoculation. A total of 8789 seedlings were analyzed for fusiform rust disease incidence in the 

study. 

 

3.2.3. Artificial inoculation and disease scoring 

Seedlings were inoculated with bulked inoculum basidiospores approximately nine weeks 

after sowing and about five weeks after transplanting. The basidiospores were produced on oak 

leaves at the RSC prior to the artificial inoculation. The RSC oak trees were inoculated with 

aeciospores collected from across the Southeastern U.S. as per RSC standard practice (Young et 

al. 2018, unpublished). Inoculation took place over three days, with approximately one-third of 

the total seedlings inoculated each day (30 reps per day). One day prior to the inoculation, 

seedlings were transitioned from high-light environment to a low light environment within the 

greenhouse. At each day of inoculation, the inoculation chamber was first calibrated to a 

temperature of 20 to 21 oC.  Seedlings were inoculated with a spore density of 20,000 

basidiospores per milliliter at the rate of 15 milliliter of water per 30 seconds in low sunlight 

conditions by shading the windows surrounding the inoculation rig. Two Power Spray Tool 

“Power Pak” sprayer nozzles were manually adjusted to uniformly distribute the fungal inoculum 

over the trays. The conveyor belt of the inoculation rig was calibrated at a rate of 0.3 meters per 

10 seconds, and the air pressure gauge was set at 86,184.5 Pascal.  

After inoculation, seedlings were placed in the humidity chamber for 24 hours to promote 

infection. Two petri dishes with 2% solution of water agar were sprayed with the inoculum 

solution and placed in two different conditions, with one dish being placed in a room temperature 

in the lab and the other placed in the humidity chamber to observe basidiospore germination rate. 

Once the seedlings were removed from the humidity chamber, they were placed in a dark room 
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for an additional 24 hours to allow water droplets to dry on the needles. This process was 

repeated for each day of inoculation. Seedlings were grown at the RSC greenhouse for an 

additional six months. Presence of aphids and pine needle scale were noted, and controlled 

measures were taken to ensure no impact on the development of galls. After six month of growth 

post-inoculation, seedlings were scored for the presence (1) and absence (0) of galls.  

 

3.3. Statistical analysis 

The incidence of fusiform rust disease is a binary trait that follows a Bernoulli 

distribution with an expected mean of 𝐸(𝑦𝑖) = 𝜇𝑖 = 𝜋𝑖, where 𝑦𝑖 is the actual value (e.g., 0) of a 

random variable 𝑌𝑖 that can take 1 or 0. The variance of the random variable is 𝑉𝑎𝑟(𝑌𝑖) =

𝜋𝑖(1 − 𝜋𝑖). Thus, the following generalized linear mixed model was fit to test the fixed effect of 

check-source and partition observed variance into genetic and environmental components:   

 

𝜂𝑖𝑗𝑘𝑙𝑚 = 𝑙𝑜𝑔 (
𝜋

1−𝜋
) =  𝜇 + 𝐷𝑖 + 𝑅(𝐷)𝑖𝑗 + 𝐶𝑘 + 𝐹𝑙 + 𝜀𝑖𝑗𝑘𝑙𝑚   (1) 

 

where, 𝜂𝑖𝑗𝑘𝑙𝑚 is the link function 𝑔(𝜇) of the 𝑚𝑡ℎ observation (disease or no disease) in 

𝑘𝑡ℎ check-source, 𝑙𝑡ℎ family, 𝑗𝑡ℎ rep, and 𝑖𝑡ℎ day; 𝜋 is the probability of fusiform rust disease, 

𝑙𝑜𝑔(𝜋/(1 − 𝜋)) is the log odds of the fusiform rust disease incidence; 𝜇 is the conditional mean; 

𝐷𝑖 is the fixed day effect, 𝑖 = 1,2,3; 𝑅(𝐷)𝑖𝑗 is the random replicate nested within day effect with 

𝑅(𝐷)𝑖𝑗~𝑁(0, 𝜎𝑅(𝐷)
2 ), 𝑗 = 1, 2, 3, … , 90; 𝐶𝑘 is the fixed check-source effect, 𝑘 = 1, 2,3, … ,20 ; 

𝐹𝑙 is the random family (only Northern families) nested within day effect with 𝐹𝑙~𝑁(0, 𝜎𝐹
2), 𝑙 =

1,2,3, … ,71; and 𝜀𝑖𝑗𝑘𝑙𝑚 is the residual error with 𝜀𝑖𝑗𝑘𝑙𝑚~𝑁(0, 𝜎𝜀
2).  
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The fixed check-source refers to the 19 checklots (non-improved, CPMX, PPMX, and 

RSC resistant/susceptible lots) and the genetic group effect of the Northern families combined. 

Hence, there are 20 levels for the fixed check-source effect. The family nested within day effect 

(𝐹𝑙) represents the variance among NPMX families. The structure of 𝑮 was fit using 

heterogeneous (CORUH) variance-covariance, which provided the best fit among several 

structures evaluated (independent and identically distributed (IID), compound symmetry, factor 

analytic). The mathematical form of heterogeneous 𝑮 variance-covariance structure is:  

 

𝑮 = [

𝜎𝐹1
2 𝜌 𝜌

𝜌 𝜎𝐹2
2 𝜌

𝜌 𝜌 𝜎𝐹3
2

 ] ⊗ 𝐴𝑚    (2)      

    

where the diagonal elements are among-family (NPMX) variance nested at each day, and 

off-diagonal elements are the correlations between pairs of days and 𝐴𝑚 is the numerator 

relationship matrix. Three unique 𝑮 variances were estimated by the CORUH structure, each 

corresponding to a day. A uniform correlation across all days was estimated as a measure of 

genotype-by-environment (GxE) interaction. 

Narrow-sense family mean heritability for rust incidence in the NPMX families was 

calculated using the variance components from the generalized linear mixed model according to 

Isik et al. (2017): 

 

ℎ𝐹
2 =

𝑟𝐺�̅�𝐹
2

�̅�𝐹
2

𝑑
 + 

𝑟𝐺�̅�𝐹
2 (𝑑−1)

𝑑
 + 

𝜎𝜀
2

𝑑𝑛

      (3) 
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where, 𝜎𝐹
2 is the mean family variance, 𝜎𝜀

2 is the residual variance, 𝑟𝐺 is the uniform 

genetic correlation between day pairs, 𝑑 is the number of days, and 𝑛 is the harmonic mean 

number of trees per family per day (n = 26.5). The error variance term (𝜎𝜀
2) was set to 3.29 

because the logit link functions assume that the underlying logistic residuals has a normal 

distribution with error variance 
𝜋2

3
 as rust incidence follows a binomial distribution (Gilmour et 

al. 1985). The model was run using ASReml v4.2 statistical software (Gilmour et al. 2021). The 

significance of fixed check-source effect was tested with conditional Wald F-statistics in the 

linear mixed model (Nelder 1994). In the model, the fixed effects terms were conditionally tested 

on all other terms by dropping the term from the full model. Probability of disease incidence for 

the check-source and the NPMX families were predicted using linear combinations of fixed and 

random effects using the predict statement in ASReml software. The standard error of variance 

components and their linear combinations were obtained by the Delta method (Isik et al. 2017). 

 

3.4. Results 

3.4.1. Overall disease incidence 

Fusiform rust disease incidence from the artificial inoculations was 12%, much lower 

than similar studies published previously. The incidence level significantly varied by day (P < 

0.001, Table 3.1). There were significant differences in disease incidence rates between 

inoculation days, with estimates of 15%, 3%, and 2% disease incidence for seedlings inoculated 

on day 1, day 2, and day 3, respectively (Figure 3.1). The RSC resistant and susceptible 

checklots had disease incidence probabilities of <0.01 and 0.05, respectively. The disease 

incidence level for the susceptible checklot was much lower than expected. 

 



  32 

 

3.4.2. Disease incidence in the Northern population 

The Northern breeding population had significantly higher disease incidence (9%) than 

both the RSC resistant and susceptible checks, all four of the CPMX checks, two of the PPMX 

checks, and the non-improved wild seedlots CC1 and CC2 (Figure 3.2). The mean probability of 

disease incidence from the Northern breeding population was significantly lower than the 

Livingston Parish non-improved. The individual NPMX families performance varied 

substantially. 

 

3.4.3. Comparison of disease incidence from artificial inoculation and field testing 

The checklot families, such as CC1, CC2 and CC8 included in artificial inoculation in 

this study, have been tested in the field trials by the Cooperative Tree Improvement Program 

with highly reliable breeding values for fusiform rust disease incidence. The estimated 

probability of disease incidence for checklot families was moderately correlated with the rust 

breeding values estimated from field testing published by the NCSU Cooperative Tree 

Improvement Program Performance Rating System (Figure 3.4). The correlation between 

breeding values of checklots tested in the Piedmont and Northern regions and artificial 

inoculations in this study was r = 0.69.  The correlations between checklots tested in the Coastal 

region and the artificial inoculations was (r = 0.60) . 

 

3.4.4. Genetic parameter estimates 

Variance components and their linear combinations for fusiform rust disease incidence 

are presented in Table 3.2. In estimation of variance components, parents pollinated with mixed 

pollen (PMX) were included in the analysis and they were assumed half-sibs. All the checklots 
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were excluded from data analysis because their pedigree (genetic relationships) is not known. 

Even though disease incidence rates among NPMX families was highest (15%) in the first day of 

inoculation and decreased each successive day (Figure 3.1), genetic variation explained by 

family effect was lowest for the first day (Table 3.2). Additive genetic correlation among days 

was 0.72, suggesting a moderate day by family interactions (Table 3.2). We observed a high 

narrow-sense half-sib family mean heritability (0.87) associated with a small standard error. The 

predicted probability of disease incidence in the NPMX families ranged from 0.05 to 0.16 

(Figure 3.3). 

 

3.5. Discussion 

The low disease incidence in this study diminished the power of the study, specifically 

for comparing individual treatments (such as ranking NPMX families and comparing check-

source families). Disease incidence levels between 30-70% are ideal for hypothesis testing 

(Gilmour et al. 1985). The motivation of the study was to proactively screen for rust resistance 

where field testing incidence has historically been less than 10% to do so, therefore replication of 

this study would be necessary to make selection in this population. The low disease incidence 

rate observed in this artificial inoculation was inconsistent with and significantly lower than 

previous experiments conducted by our group (Isik et al. 2008; Lauer and Isik 2021). In this 

study, the RSC susceptible checklot had an abnormally low mean incidence of fusiform rust 

disease incidence (0.05), whereas the same susceptible RSC checklot had a much higher mean 

disease incidence probability in a previous study conducted at the RSC (0.68)  (Isik et al. 2008). 

Additionally, germination rates for the inoculum in different conditions unusually varied across 

inoculation days. Germination of inoculum before inoculation was 68%, 81%, and 35% for day 
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1, day 2, and day 3, respectively. Germination of inoculum in a petri dish placed in the humidity 

chamber after inoculation was 33%, 20%, and 6% respectively. Germination of inoculum in a 

petri dish placed in a room temperature lab was 35%, 32%, and 18% respectively. The general 

trend of lower basidiospore germination rates and lower disease incidence rates across 

inoculation days indicates that there was an issue with the inoculum used in the experiment. This 

suggests that the overall low incidence of fusiform rust disease in the experiment was likely due 

to poor inoculum germination. 

Despite the low incidence, we observed a high narrow-sense half-sib family mean 

heritability (0.87), suggesting strong genetic variation among families in the Northern breeding 

population for fusiform rust incidence. This suggests that there is potential for artificial selection 

to improve the population. High half-sib family mean heritability was observed in other rust 

resistance experiments in loblolly pine (Isik et al. 2008), and in recent unpublished data (2022) 

having narrow-sense half-sib family mean heritability of 0.99. The estimated probability values 

of disease are breeding values that could be used to rank selections in the Northern breeding 

population for disease resistance, but the low incidence in the study resulted in low certainty in 

the ranking, especially for contrasting families that are near the average. 

Almost all of the Northern families had higher probability of disease estimates than the 

four Coastal breeding population checklots, but the majority of the Northern families were in 

between the estimates of the four Piedmont population checklots. Unexpectedly, the non-

improved wild seedlots from the Northern region had lower estimated disease incidence rates 

than most of the Northern breeding population. 

No provenance effects were found when comparing wild non-improved seedlots from the 

Southeastern U.S with the Northern seed source. This did not support the hypothesis that low 
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level pathogen and host interactions in the Northern population has made the host pine 

population susceptible to fusiform rust disease. There is no other literature known to the authors 

to compare this result. Unexpectedly, the Livingston Parish wild non-improved seedlot had the 

highest observed disease incidence rate, which was in contrast to previous studies (Schmidtling 

2001). It should be noted that the low disease incidence in the experiment reduces our power in 

making these inferences, as well as differences in many checklots were not statistically 

significant.   

The possible explanation for the low incidence and variation across inoculation days in 

this experiment may be low germination of the basidiospores used in the inoculation. Cfq spores 

can lose their germination ability quickly as they are sensitive to conditions that do not favor 

germination, such as too low humidity or temperatures (Phelps and Czabator 1978). Seedlings 

may have been sprayed with an inoculum solution made with non-germinated basidiospores at 

the time of inoculation, which would not incite infection. Additionally, inoculum density may be 

excluded as a possible explanation. Inoculum density in artificial inoculation is important in 

determining field performance of progeny (Wells and Dinus 1974) and the standard inoculum 

density used for experiments at the RSC is 20,000 basidiospores/mL (Young et al. 2018, 

unpublished). Lower spore densities can lead to greater escapes or seedlings that are susceptible 

but do not develop galls. The optimum density to reduce the number of escapes was found to be 

100,000 basidiospores/mL (Kuhlman et al. 1997), and the RSC can increase the inoculum 

density on request. However, the standard 20,000 basidiospores/mL spore density has been used 

for several fusiform rust artificial inoculation studies conducted by our group. 
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3.6. Conclusion 

Artificial inoculation revealed considerable genetic variation between families of the 

Northern breeding Population as suggested by high family mean heritability despite low disease 

incidence. Future research into identifying fusiform rust resistant germplasm from this region 

should be conducted if selection for disease resistance in this population is desired. 
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Table 2.1. Mean (± standard error) fusiform rust disease incidence (ratio of galled trees) at eight 

field tests assessed at six years of age. Summary statistics are provided for cloned progeny of 

full-sib families and the checklot. The checklot trees had a higher mean fusiform rust disease 

incidence than the mean of the cloned trees at each site.  

Site County, State 
# of cloned  

trees 

Disease incidence  

in clones (%) 

# of checklot 

trees 

Disease incidence  

in checklot (%) 

1 Wayne, GA 2358 1.9 ± 0.03 44 11.4 ± 1.64 

2 Colleton, SC 2186 10.1± 0.20 34 47.5 ± 7.43 

3 Greene, AL 2170 3.8 ± 0.07 23 5.3 ± 0.77 

4 Pulaski, GA 1205 1.6 ± 0.03 23 3.9 ± 0.65 

5 Pierce, GA 2187 3.7 ± 0.66 165 23.1 ± 1.62 

6 Beaufort, NC 2218 1.1 ± 0.01 52 8.2 ± 1.09 

7 Colleton, SC 1586 14.0 ± 0.33 45 71.1  ± 10.53 

8 Wayne, NC 933 6.5 ± 0.16 33 12.8 ± 1.97 

  Overall 14843 5.3 419 22.9 
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Table 2.2. Observed and causal variance components and family mean heritabilities for fusiform 

rust disease incidence from the artificial inoculation of P. taeda seedlings at the USDA 

Resistance Screening Center. Estimates are followed by their standard errors. The results suggest 

significant additive genetic effects on the disease outcome.  

Parameter Estimate ±SE Estimate / SE 

General combining ability (𝜎𝑔
2) 0.33 ± 0.104 3.17 

Specific combining ability (𝜎𝑠
2) 0.04 ± 0.018 2.17 

Additive genetic variance (𝜎𝑎
2) 1.34 ± 0.416 3.22 

Dominance genetic variance (𝜎𝑑
2) 0.15 ± 0.072 2.08 

Narrow-sense half-sib family mean heritability (ℎ𝐻𝑆
2 ) 0.99 ± 0.004  

Narrow-sense full-sib family mean heritability (ℎ𝐹𝑆
2 ) 0.90 ± 0.036  

Broad-sense full-sib family mean heritability (𝐻𝐹𝑆
2 ) 0.95 ± 0.016  
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Table 2.3. Variance components and clone mean heritability estimates from P. taeda cloned 

progeny tests replicated at eight field sites. The estimates are followed by their standard errors. 

Non-additive genetic effects explained about 32% of the total genetic variance. 

Parameter Estimate ±SE Estimate/SE 

Additive genetic variance (𝜎𝑎
2) 0.93 ± 0.350 2.66 

Non-additive genetic variance (𝜎𝑛
2) 0.44 ± 0.207 1.43 

Narrow-sense clone mean heritability (ℎ𝑐𝑚
2 ) 0.47 ± 0.137  

Broad-sense clone mean heritability (𝐻𝑐𝑚
2 ) 0.69 ± 0.032  
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Table 3.1. Conditional Wald F-statistics results for the fixed day and check source effects on 

fusiform rust disease incidence in the Northern breeding population. 

Source of variation Numerator DF Denominator DF F-Conditional P-Value 

Day 2 103.1 199.4 <0.001 

Check source 19 8767 1.57 0.053 
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Table 3.2. Genetic parameter estimates for fusiform rust disease incidence in the Northern 

breeding population of loblolly pine in the Southeastern U.S.  

Parameter Estimate +SE 

Family variance averaged over days (𝜎𝐹
2) 0.18 ±0.060 

Family variance day 1 (𝜎𝐹1
2 ) 0.08 ±0.041 

Family variance day 2 (𝜎𝐹2
2 ) 0.40 ±0.155 

Family variance day 3 (𝜎𝐹3
2 ) 0.28 ±0.179 

Family by day correlation (𝑟𝐺) 0.72 ±0.218 

Family-mean heritability (ℎ𝐹
2) 0.87 ±0.007 
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Figure 2.1. Cloned progeny test locations across the southeastern United States. The shaded area 

indicates the natural range of P. taeda L. 
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Figure 2.2. Mean fusiform rust disease incidence (percent galled) for the Atlantic Coastal Elite 

population parents used in artificial inoculations at the Resistance Screening Center in Asheville, 

NC. Disease incidence for the resistant checklot (green bar) and the susceptible checklots 

(orange bar) are included.  
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Figure 2.3. The mean and the distribution of fusiform rust breeding values for the half-sib 

families from artificial inoculations (screening) and their cloned progeny from field tests (field). 

Using truncation selection after inoculation and planting rooted cuttings of gall-free progeny are 

the major reasons for low disease incidence in the field trials.  
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Figure 2.4. Relationship between artificial inoculations and cloned progeny field tests of the 

same 51 full-sib families (cloned for field testing) and the half-sib checklots (not cloned). In the 

legend, R-squared is the coefficient of determination and Pr is the probability of significance of 

the model (regressing the means from artificial inoculation on the means from the field trials).  
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Figure 3.1. Mean probability of fusiform rust disease incidence by day. Disease incidence 

dropped over the course of the three inoculation days. The overall incidence was lower than 

desired and lower than previous artificial inoculations experiments conducted at the Resistance 

Screening Center. 
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Figure 3.2. Predicted probability of fusiform rust disease for the check-source families and the 

Northern population. Vertical lines on top of bars represent standard error of the estimate. The 

CC1, CC2, and CC8 checklots are non-improved wild seedlots from the Northern region. The 

estimated probability of disease in the RSC resistant family was zero but was slightly adjusted to 

appear on the figure. 
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Figure 3.3. Predicted probability of fusiform rust disease in the Northern and the check-source 

families from artificial inoculation. 
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Figure 3.4. Predicted fusiform rust disease incidence from the artificial inoculation compared to 

the predicted disease incidence from field testing in the Piedmont and Northern region (left) and 

Coastal region (right) for the check-source families used in this study. The correlation between 

the two estimates is provided on the top left of each figure. 

 

 



  55 

 

APPENDICES 
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Appendix A 

 

A1. Map of the check-sources included in the artificial inoculation provided by NCSU CTIP. 
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