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Abstract 

 

In breeding ornamental plants, selection for aesthetic qualities have predominated 

with less focus on improving certain physiological traits such as pH tolerance. Deciduous 

azaleas (Rhododendron sect. Pentanthera) are a prime example, where selections from 

the Woody Plant Breeding Program at the University of Minnesota have introduced 16 

cold-hardy, ornamental plants but lack tolerance to high pH and calcareous soils common 

in many parts of the United States. High pH stress typically manifests in deciduous azalea 

as iron deficiency chlorosis; a yellowing of plant leaves due to reduced photosynthetic 

capacity. Chlorosis results in diminished aesthetic appeal and ultimately can lead to plant 

death. We present research on the quantitative trait variation for pH adaptability in 

deciduous azaleas; focusing on wild and cultivated populations, as well as novel 

phenotyping approaches to get a better picture of the phenotypic and genetic variation for 

pH adaptability in each. 

The Woody Plant Breeding program initiated its azalea breeding program in 1954 

and has kept crossing records ever since.  Unfortunately, the location and habitat details 

for many of the parents of popular cultivars are unavailable.  We first categorize one 

North American species, Rhododendron viscosum (L.) Torr., which is commonly used as 

a parent in crosses for its white flowers, late season flowering and also for it’s potential to 

contribute stress adaptation. We developed 14 SSR loci from a sequenced transcriptome 

of a wild collected R. viscosum plant to help us estimate subpopulation differentiation and 

admixture throughout the southeastern U.S. range for the species for eventual comparison 

with trait additive variation.  Population level Rst values (0.49) indicated a strongly 
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differentiated population, and STRUCTURE analysis revealed limited admixture 

between subpopulations in the western part of the R. viscosum range.   

Next, we present the development of an in vitro phenotyping assay designed to 

expedite the Rhododendron breeding process and measure rhizosphere acidification, a 

candidate trait for pH adaptability. Increased iron solubility in soil and root tissue is 

critical to mitigating iron deficiency chlorosis, though iron solubility is limited in high pH 

and or calcareous soils. One way that plants make this iron reduction reaction more 

favorable is through rhizosphere acidification, resulting in lower soil pH near roots 

allowing newly soluble iron to be reduced and transported into root tissues.  New image 

analysis methods using the technical programming language MATLAB (MathWorks, 

Inc.) were developed to measure and quantify rhizosphere acidification in tissue-cultured 

Rhododendron seedlings.   Germination of immature Rhododendron seed in vitro was 

significantly enhanced by gibberellic acid (GA3) applications, resulting in progeny that 

were screenable for pH tolerance as early as 5 months after crossing as opposed to the 

usual 8 months. We were able to colorimetrically detect rhizosphere acidification for 

plants grown in tissue culture media, which correlated with root mass in the breeding 

populations tested.  However, using root mass as the sole predictor of the variation in 

rhizosphere acidification failed to replicate the observed phenotypic variation across 

these breeding populations. This indicated that other sources of variation, possibly 

genetic, could explain a significant portion of the phenotypic variation in rhizosphere 

acidification.  
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Finally, we employed our in vitro assay to phenotype progeny from two separate 

deciduous azalea mating designs: a factorial crossing scheme consisting of advanced 

selections from the UMN breeding program and half sib families from different R. 

viscosum subpopulations sampled throughout the southern United States.  We also 

developed another MATLAB script to quantify growth rates and leaf color in seedlings of 

the factorial crossing scheme to correlate with rhizosphere acidification data for each 

family. Rhizosphere acidification had a narrow-sense heritability of 0.38 in the factorial 

design and 0.83 in the half-sib design when measured over three calcium carbonate 

liming rates.  The additive variation for rhizosphere acidification was significant in the 

half sib design, though it was not so in the factorial design. The effect of an endophytic 

bacterium infection on rhizosphere acidification was found to be significant where 

present among half sib families derived from Arkansas and Texas subpopulations. 

Comparisons of trait to molecular variation within and among populations for 

rhizosphere acidification in R. viscosum revealed that rhizosphere acidification was not 

locally adapted, as the trait Qst value was 0.20, lower than our molecular differentiation 

estimate (Rst) of 0.49. Rhizosphere acidification quantified in vitro correlated positively 

with the growth rate of soil grown seedlings measured in the greenhouse (R2 = 0.49), 

with families possessing the highest rhizosphere acidification also having the highest 

growth rates.  We conclude that increased rhizosphere acidification in deciduous azalea 

improves adaptability to high pH soils, and can be screened relatively early to expedite 

the breeding process of these popular woody ornamental plants.  
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Rhododendron background 

 

The genus Rhododendron (Ericaceae) includes popular woody ornamental shrubs 

that are cultivated for their unique, colorful blooms. A widespread genus, Rhododendron 

species occur across the northern hemisphere from North America to Greenland, Europe, 

Asia, and Oceania.  The genus is typically divided based on morphological characteristics 

including leaf appearance, with the two major subdivisions known commonly as 

“rhododendrons” and “azaleas”.  Approximately 1,025 extant Rhododendron species 

occur worldwide, with the majority found in temperate areas in the northern hemisphere 

characterized by consistent moisture and acidic, organic soils (Cox et al., 1997). Major 

temperate areas where species occur include central and southeastern Asia, southeastern 

Europe, and eastern North America (Cox et al., 1997). Rhododendron species are 

typically absent in the wild from calcareous sites and plains or stepp environments, 

although exceptions have been noted (Hume, 1953; Cox et al., 1997).  While they are 

widely grown ornamentally in temperate parts of the southern hemisphere, only one 

species (Rhododendron lochiae F. Muell.) is native south of the equator in isolated cloud 

forests of the northeastern Australian state of Queensland (Brown et al., 2006).  

The earliest recorded cultivation of Rhododendron began in the 15th century in 

Japan and involved a cultivar group now known as the Satsuki azaleas, derived from the 

former Tsutsusi subgenus (Callaham, 2006). At the time, only the rich and privileged 

classes were allowed to grow and possess azaleas as they were deemed “too beautiful” 

for commoners (Callaham, 2006).   Early botanical explorers, such as Robert Fortune in 

Asia and John Tradescant in colonial North America first brought Rhododendron to 



     14 

 

prominence through their plant collecting activities in the 18th and 19th centuries (Cox et 

al., 1997).  They discovered diverse variation for flower color, leaf morphology and plant 

habit across the Rhododendron species they encountered. Soon after these plants 

appeared in European gardens, plantsmen began creating interspecific hybrids. The huge 

diversity in flower colors, fragrance, plant size, leaf shape, and leaf pubescence 

(indumentum) resulting from these efforts led to a greatly expanded horticultural interest 

in rhododendrons and azaleas in the early 20th Century (Hume, 1948).  Throughout the 

20th Century, hobbyists played a major role in the proliferation of new cultivars (Galle, 

1974).  With Rhododendron cultivation today spread across temperate regions of the 

world, there are over 28,000 named cultivars in existence (American Rhododendron 

Society, 2016).  

Five phylogenies have been proposed over the last century as new species were 

discovered and characterized (Goetsch et al., 2005). Phenotypic variation of leaves, buds, 

and flowers were the primary means of taxonomic classification within the genus prior to 

the advent of molecular phylogenies. Recently, molecular phylogenies have supported a 

genus with four subgenera as opposed to the eight proposed in previous non-molecular 

taxonomic keys (Goetsch et al., 2005). This new arrangement results from the finding of 

only four clades clustering distinctly in a phylogeny derived from variation in 

Rhododendron RPB2 gene sequences (Chamberlain et al., 1996; Goetsch et al., 2005). 

This has led to some simplification of Rhododendron taxonomy, although common 

names used within the horticultural industry often fail to reflect contemporary taxonomy 
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defined and accepted in scientific circles. 

 

Azaleas vs. Rhododendrons 

 

Horticulturalists and enthusiasts commonly refer to two broad groups within the 

genus Rhododendron as “rhododendrons” and “azaleas”. Rhododendrons are typically 

considered to be large, often evergreen shrubs with large, leathery leaves that are further 

differentiated into elepidote (without scales) or lepidote (with scales) types. 

Rhododendrons are also differentiated from azaleas by the presence of 10 or more 

stamens (Azalea Society of America, 2016). Azaleas, in contrast, are considered shrub-

like, with pubsecent leaves and five to six stamens (Azalea Society of America, 2016). 

The word azalea, from the Greek azaleos meaning “growing in dry soil”, was first used to 

describe azaleas around 1750 (Lee et al., 1953).  This name reflected the cliffside and 

mountain habitats of Rhododendron luteum (Sweet), a European azalea species (Lee et 

al., 1953).  However, this is a misleading name, as azaleas are generally intolerant of 

drought (Hume, 1948). Considered a distinct genus until the mid-20th century, azalea was 

moved into the genus Rhododendron after Sleumer’s taxonomy was published in 1949 

(Chamberlain et al., 1996). Subsequent molecular phylogenies supported no distinction 

between species commonly known as azaleas and rhododendrons (Goetsch et al., 2005). 

However, “azalea” and “rhododendron” remain important horticultural terms for 

marketing and identification purposes.   

Azaleas are broadly sub classified as evergreen or deciduous, with each subclass 

formerly assigned to its own subgenus (Tsutsusi and Pentanthera, respectively) 
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(Chamberlain et al., 1996). Modern phylogenies now place evergreen azaleas within the 

subgenus Azaleastrum and deciduous azaleas within the subgenus Hymenanthes, section 

Pentanthera (Goetsch et al., 2005).  Evergreen azaleas are primarily native to Asia, and 

have been cultivated for centuries (Callaham, 2006).  Deciduous azaleas in sect. 

Pentanthera are represented by one species in each of Europe, Asia, and western North 

America and 14 accepted species in eastern North America  (Towe, 2004; Zhou et al., 

2008).  Heretofore we will specifically refer to Rhododendron sect. Pentanthera species 

and hybrids as “deciduous azaleas”, and other members of the genus Rhododendron as 

“rhododendrons” unless specified.   

Deciduous azaleas constitute the largest group of Rhododendron species in North 

America.  The high number of North American species relative to other parts of the world 

leads some to consider the southeastern United States as a center of diversity for 

deciduous azaleas (Hume, 1953). The great amount of phenotypic variation for flower 

color, fragrance and cold hardiness among deciduous azaleas has long generated interest 

for using North American species in breeding. John Bannister, an English botanist, 

recorded the first deciduous azalea in North America, Rhododendron viscosum (L.) Torr, 

in Virginia in 1690 (Galle, 1974). Seeds from the newly discovered deciduous azalea 

species were sent back to Europe where plants were grown for observation.  It was not 

until 1825 that the first recorded and popular interspecific hybrids were produced using 

North American deciduous azaleas (Hume, 1953).  These became known as the Ghent 

hybrids and resulted from crosses between the European native azalea R. luteum (A) 

(Honeysuckle Azalea) and the North American species R. calendulaceum (Michx.) Torr. 
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(Flame Azalea), R. periclymenoides (Michx.) Shinners (Pinxterbloom Azalea), and R. 

flammeum (Michx.) Sarg (Oconee Azalea).   

North American deciduous azalea species range from diploid to tetraploid 

(2n=2x=26, 2n=4x=52) with high degrees of inter-fertility within each ploidy group (Moe 

and Pellett, 1986; Jones et al., 2007).  For deciduous azaleas, ploidy and genome size 

variation are frequently used as evidence for species differentiation (Chappell et al., 

2008; Jones et al., 2007).  Deciduous azalea species differ considerably in distribution, 

ranging from eleven counties in South Carolina for R. eastmanii to 24 states for R. 

viscosum (Horn, 2005; USDA-NRCS, 2016).  Widely distributed deciduous azaleas such 

as R. prinophyllum (Small) Millais and R. viscosum have been valued in breeding 

programs for their broad adaptability to common abiotic and biotic stressors including 

cold hardiness and powdery mildew resistance (Hokanson, 2010).  Rhododendron 

viscosum is also valued in breeding programs for its late summer bloom and white, 

fragrant flowers.  The species occurs over the most geographically and environmentally 

diverse habitats, including temperate to subtropical climates, moderate elevation (~1,500 

m), and even rocky limestone deposits in eastern Oklahoma, an uncommon environment 

for the typically acid loving genus Rhododendron (Hume, 1953; Roane and Henry, 

1983). 

 

Deciduous Azalea Abiotic Stresses 

 

 Among cultivated Rhododendron germplasm, cold hardiness and/or soil pH are 

the main factors limiting landscape and garden use.  Rhododendron species generally are 
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not native to continental climates, typified by extreme temperature variations throughout 

the year.  This is reflected in their cultivation history, as until recently, they were only 

commonly grown and propagated in the mild and humid climates areas of Japan, Europe, 

and the eastern and western coasts of the North America. Among deciduous azaleas and 

woody plants in general, cold hardiness is determined by the ability of new growth to 

‘harden’ before the end of the growing season, a process initiated by CBF/DREB 

transcription factors that govern the response of many genes that prevent rupturing due to 

ice formation within plant cells (Wisniewski et al., 2003 and Wisniewski et al., 2014).  

Cold hardiness can vary depending on the time of year:  an unexpected cold snap at the 

beginning or end of winter during acclimation or deacclimation to cold temperatures can 

lead to more severe cold damage (Jones et al., 2007).  In general, azalea species native to 

moderate climates are more susceptible to cold damage when grown in regions with 

extreme temperature variation (like the Midwestern United States).   

Fortunately, despite originating from milder climates, individual genotypes from 

many North American native azalea species have been identified that are exceptionally 

hardy under extreme temperature variation (Widrlechner, 1982). North American 

deciduous azalea germplasm has undergone relatively little systematic evaluation and had 

received little breeding focus until the 20th century, when diversified landscape needs led 

nursery growers to seek hardier Rhododendron germplasm (Hokanson, 2010). For 

example, suburbanization in the United States following World War II led to an increased 

need for landscaping plants to beautify new developments (Whitehand and Larkham, 

1992).  During the middle of the 20th century, few ornamental plants adapted to the upper 
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Midwestern United States existed (UMN Fruit Breeding Farm, 1954). Later, University 

Agricultural Experiment Stations in states like Minnesota began funding breeding 

programs for ornamental plants to develop and introduce promising cultivars for 

landscape use (Widrlechner, 1982).  Many ornamental shrubs were trialed, including 

several deciduous azalea species and interspecific hybrids developed previously in 

Europe.  Progeny from crosses made in 1957 between Asian hybrid deciduous azaleas (R. 

xkosterianum, Mollis azalea) and the American species R. prinophyllum proved to be 

hardy to at least -35°C (Johnson and Snyder, 1966).  The first of the progeny, the cultivar 

Northern Lights, was released in 1978 as part of the Northern Lights Series, the first 

flowering azaleas bred for Midwestern climates (Pellett and Vos, 1978). The University 

of Minnesota woody landscape plant-breeding program has maintained the longest 

standing systematic breeding program for deciduous azalea in North America, and 

continues to actively release cultivars under the Northern Lights Series (Widrlechner, 

1982; Hokanson, 2010, Hokanson et al., 2015).   

As with most members of the Ericaceae, poor growth in elevated pH, calcareous 

soils has long been documented among Rhododendron cultivars (Hume, 1948; Marrs and 

Bannister, 1978). High pH stress often manifests as iron deficiency chlorosis, a trait with 

quantitative variation that typically manifests as yellowing of plant leaves and results in 

reduced vigor (Froelich and Fehr, 1981).  Decreases in plant vigor are problematic in 

perennial genera such as Rhododendron, especially in the Midwestern United States 

where calcareous and high pH soils are common and other abiotic stresses (like cold) can 

be severe, resulting in frequent plant mortality (Galle, 1974). These primary and 
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secondary effects of high pH stress in Rhododendron also lead to diminished aesthetic 

quality in the landscape (Preil and Ebbinghaus, 1994). Consistent plant growth and vigor 

are largely dependent on the plant’s ability to acquire macronutrients and micronutrients 

from the soil.   Plants require micronutrients such as iron to facilitate cellular processes 

including photosynthesis and organelle function (Mengel, 1994).  With iron availability 

to plant root tissues governed significantly by pH, any variation in soil pH can have rapid 

and consequential effects on iron uptake by root tissues and, ultimately, plant cellular 

processes and growth (Brady & Weil, 2004).  At high pH, iron becomes insoluble in soil 

and thus unavailable for root uptake, resulting in high pH stress manifested commonly as 

iron deficiency chlorosis (Brady and Weil, 2004).  

Plants have evolved different strategies (dubbed I and II) to acquire iron when it is 

not readily available in soil (Curie and Briat, 2003).  Strategy II involves chelation of iron 

in the soil by compounds with high iron binding affinity (siderophores), which allows for 

reduction by root iron reductases and transport through the plasma membrane (Brady & 

Weil, 2004).  Strategy II acquisition also involves reduction of iron at the root level by 

iron reductases, with iron made soluble in the soil and root tissue via a lowering of the pH 

in the root cell apoplast and adjacent rhizosphere, thereby creating a favorable 

environment for reduction and transport. Strategy I iron acquisition is the main 

mechanism of dicots, with the acidification phenomenon exhibited by root cells known as 

rhizosphere acidification (Guerinot and Yi, 1994; Briat & Lobréaux, 1997; Mori, 1999; 

Santi and Schmidt, 2009).  Thus, discovery of deciduous azalea germplasm with an 

increased Strategy I rhizosphere acidification capacity could lead to the development of 
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cultivars with a greater tolerance for elevated pH soils.  

 

 

Rhododendron Breeding  

 

Many Rhododendron breeding efforts have employed phenotypic mass selection 

to address breeding objectives, wherein breeders select the most ornamental genotypes 

each year in the field and evaluate them as potential cultivars or for use as parents in 

subsequent crosses (Hokanson, 2010).  This process has worked well for early stages of 

germplasm enhancement and selection of simply inherited traits. However, this process 

provides little opportunity to understand the nature of and breed for quantitative traits 

such as pH adaptability. In Rhododendron, major quantitative trait loci (QTL) studies 

thus far have been limited to ornamental characteristics, namely flower pigmentation and 

leaf morphology in R. simsii (Planch) hybrids, a widely commercialized evergreen azalea 

for floral markets (DeKeyser et al., 2012).  Marker assisted breeding resources are most 

readily available for this group of commercially important hybrids, which have the most 

extensive genetic linkage map to date in Rhododendron (DeKeyser et al., 2010).  

Research on leaf color in pot azaleas (measured by pixel hue and saturation) based on 

image analysis has been successful in identifying major and minor QTL for leaf color, 

with the goal of breeding plants with dark green and glossy leaves for floral markets 

(DeKeyser et al., 2012).  

Although not as common as studies on the genetics of ornamental traits, breeding 

studies on abiotic stress tolerance in Rhododendron have focused on improving pH 
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adaptability in the genus (Preil & Ebbinghaus, 1994; Dunemann et al., 1999). Dunemann 

et al. (1999) associated several RAPD and RFLP markers with iron deficiency chlorosis 

on two separate linkage groups in progeny of a cross between cultivars Cunningham’s 

White and RH 16 (a hybrid between R. fortunei and Cunningham’s White with purported 

high pH tolerance), although with low mapping resolution.  Preil and Ebbinghaus (1994) 

tested both CaCl2 (calcium chloride) and CaCO3 (Calcium carbonate) tolerance in 11 

diverse Rhododendron crosses, identifying germplasm for use as future rootstocks to help 

mitigate iron deficiency chlorosis in traditional cultivars lacking pH tolerance on alkaline 

soils.  These initial investigations eventually resulted in the release of ‘Inkarho’ 

rootstocks, the only Rhododendron germplasm specifically developed for improving pH 

adaptability (Preil and Ebbinghaus, 2005; Preil, 2010). Beyond these studies, little is 

known about the variation for pH adaptability in the genus Rhododendron. 

 

Rhododendron Population Genetics  

In addition to identifying QTL for important breeding traits, applications of 

genetic studies in Rhododendron include those that estimate population relationships and 

natural histories of wild populations. Population genetics studies in Rhododendron have 

been used to estimate clonal diversity and selfing rates in alpine R. ferrugineum L, a 

species that shows a high degree of selfing in isolated, high altitude populations within 

the French Northwestern Alps (Escaravage et al., 1998). A similar study concerning 

disjunct R. ponticum populations found that small and isolated populations in southern 

Spain have diminished seedling survival than those in the species typical range around 
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the Black Sea (Mejias et al., 2002).  Charrier et al. (2014) showed that genetic 

differentiation in R. ferrugineum was pronounced between populations growing at 

different altitudes in the Pyrenees Mountains.  Among Rhododendron studies, common 

estimators for subpopulation genetic differentiation include the fixation index, or Fst.  

This statistic compares the proportion of molecular marker variance among 

subpopulations to the variance within the total population due to genetic drift, with higher 

values of Fst indicating greater differentiation and reduced gene flow between 

subpopulations (Weir & Cockerham, 1984).  An analogous statistic for microsatellite 

(SSR) loci, Rst, measures variation in allele size, providing a measure of subpopulation 

differentiation that is based on mutational differences between alleles as opposed to 

differences in allele frequency as in Fst measurements  (Slatkin, 1995).  Rst becomes an 

important measurement of subpopulation differentiation when using SSR loci, especially 

for loci with many rare alleles, as these data can result in deflated Fst estimates (Hardy et 

al., 2003). Patterns of genetic differentiation estimated using molecular markers (such as 

SSRs) in wild subpopulations are also useful for breeding purposes, as they provide a 

means to compare phenotypic variation to marker variation between subpopulations.  

This allows researchers to determine whether trait variation is more differentiated 

between subpopulations than the underlying genetic variation based on molecular 

markers through a method known as Qst-Fst analysis (Leinonen et al., 2013).   Such 

analyses have identified local adaptation for a range of quantitative traits from 

morphological features with implications for drought tolerance in Quercus (Ramírez-

Valiente et al., 2009) to flowering time and growth rate in Helianthus ( Kawakami et al., 
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2011).  In both of these studies, the majority of traits investigated revealed Qst values that 

were greater than population Fst values for both species, indicating frequent occurrence of 

local adaption for traits with implications for abiotic stress tolerance in non-model 

systems.  Qst-Fst analysis thus holds promise as a technique for identifying locally adapted 

quantitative trait variation in non-model systems such as deciduous azalea. In regards to 

pH adaptability in deciduous azalea, we would expect to observe greater Qst values for 

traits indicative of pH tolerance (ie rhizosphere acidification, iron deficiency chlorosis, 

plant vigor) than population Fst values to indicate local adaptation. 

Prior to the adoption of high throughput sequencing, development of SSR markers 

in non-model genera such as Rhododendron was slow and relatively expensive (Gardner 

et al., 2011). Thus, many Rhododendron SSR marker studies have employed markers 

derived from related species (Escaravage et al., 1997, 1998; Wolf et al., 2004; Chappell 

et al., 2008).  This approach risks introducing an ascertainment bias into the analysis, in 

which markers developed in one species systematically deviate in their measurements of 

genetic variation when applied to other species (Hutter et al., 1998). Now, high 

throughput sequencing and de novo sequence assembly has expedited the development of 

new markers, even in non-model organisms, reducing the risk of ascertainment bias 

(Gardner et al., 2011). Currently, numerous open source programs exist, implemented on 

either web interfaces or in a UNIX command line environment, are available to identify 

microsatellite repeats with suitable flanking SSR primer sites from assembled sequences 

(Martins et al., 2009; Castoe et al., 2012; Wang et al., 2013).  
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Novel Strategies for Improving pH Adaptability in Deciduous Azalea 

 

With pH adaptability becoming a major breeding objective for rhododendron 

hybridizers, systematic evaluation of genetic and phenotypic variation across germplasm 

is a necessary first step to make gains in selection.   Selection over time by breeders has 

produced rhododendron germplasm that appears to possess pH adaptability (Preil and 

Ebbinghaus, 1994), but no similar examples exist for deciduous azalea. Studies 

mentioned above represent the meager breadth of knowledge regarding pH adaptability 

as a quantitative trait in the genus Rhododendron as a whole. Nothing is currently known 

regarding the quantitative trait variation for pH adaptability in North American deciduous 

azalea germplasm. 

Rhizosphere acidification and iron deficiency chlorosis, which can serve as 

phenotypic proxies for pH adaptability or lack of respectively, are complex traits to 

measure as both environmental and physiological factors influence their expression. 

However, these traits should lend themselves well to quantitative breeding analysis 

within cultivated germplasm through the use of mating designs to estimate trait genetic 

variances as well as for Qst-Fst analysis in wild populations (Bernardo, 2010). Given the 

current speed and ease of marker development in non-model organisms, population 

genetic analyses enabling Qst-Fst comparisons are now more easily applied to elucidate 

locally adapted quantitative genetic variation in wild populations.   Quantitative traits 

such as rhizosphere acidification and iron deficiency chlorosis in cultivated and wild 

populations are therefore promising targets for the study of pH adaptability in deciduous 

azalea.  
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Research Objectives 

 

Estimating the variation for traits with implications for pH adaptability is a crucial 

starting point in a genus for which little is currently known.  Fortunately, quantitative 

breeding techniques (i.e. estimation of trait genetic variances) and ecological analyses 

(i.e. Qst-Fst comparisons) described above allow researchers to answer specific questions 

about complex traits like pH adaptability in non-model organisms. In theory, Strategy I 

plants such as deciduous azaleas with increased capacity for rhizosphere acidification 

will better acquire micronutrients and display fewer symptoms of pH stress (e.g., iron 

deficiency chlorosis and reduced vigor) while growing under high pH conditions.  In 

Rhododendron, in which selection for pH adaptability has been minimal, three objectives 

will be investigated to further understand pH adaptability in North American deciduous 

azalea germplasm: 1) Sampling populations of a wild deciduous azalea, R. viscosum, 

throughout the southern portion of its range in eastern North America to elucidate the 

genetic and environmental variation across this presumably adaptive azalea species; 2) 

Developing a high-throughput phenotyping protocol to expedite seedling germination and 

growth for detecting rhizosphere acidification in Rhododendron seedlings; and 3) 

Estimating phenotypic and genetic variation for rhizosphere acidification within 

cultivated (UMN advanced selections) and wild (R. viscosum) germplasm and relating 

rhizosphere acidification rates measured in vitro to seedling growth rates in soil for 

identifying germplasm with evidence of improved pH adaptability. 
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Introduction 

 

Species in the genus Rhododendron generally have distributions that are limited 

to environments with acidic soils, moderate climates, and high rainfall.  One species that 

often occurs at the fringe of traditional Rhododendron habitat is the deciduous azalea 

Rhododendron visosum (L.) Torr, commonly referred to as Swamp Azalea. This species 

is distributed across the largest range of any North American Rhododendron species, 

spanning numerous environmental clines from Maine to Florida and west to southeastern 

Oklahoma. To gain an understanding of why this deciduous azalea species occurs over 

such a comparatively wide range and in such diverse habitats, seven subpopulations of R. 

viscosum were identified in the southern range of R. viscosum distribution, from Arkansas 

to Florida, for further study. Within each subpopulation, leaves were collected from 

sexually mature plants for morphological and genetic analysis. Data on associated flora 

and soil samples were also collected at each site. Fourteen EST-SSR markers were 

developed from an R. viscosum vegetative bud transcriptome and subsequently used to 

estimate allelic diversity, genetic admixture, and subpopulation differentiation (Rst and 

Fst).  Six subpopulations were found to have significantly different leaf lengths and 

trichome densities while overall leaf dimensions (e.g., leaf width:height ratios) did not 

show significant differences.  Subpopulations along the gulf coast (MS and FL) displayed 

admixture with each other and had insignificant pairwise Fst and Rst values, suggesting 

minimal genetic differentiation between the gulf coast subpopulations. Subpopulations in 

Arkansas contained unique genetic assignments according to STRUCTURE results and 

were significantly differentiated from the other subpopulations.  Across the southern R. 
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viscosum range, population level Rst (0.49) was greater than Fst (0.13) at the loci 

analyzed, indicating a mutation rate significant relative to drift.  Within R. viscosum, it is 

likely that new genetic variation is created in subpopulations through a combination of 

mutation and interspecific hybridization events.  

 

In North America, there are 15 currently recognized deciduous azalea species, 

with 14 occurring in the southern and eastern United States (Kron et al., 1993; Towe, 

2004).  Previously classified as a separate subgenus Pentanthera within Rhododendron, 

this group of plants is now considered as a section within the enlarged subgenus 

Hymenanthes based on molecular phylogeny (Goetsch et al., 2005).  Members of 

Rhododendron sect. Pentanthera of the same ploidy are able to hybridize and produce 

fertile offspring despite being classified as distinct species (Kron et al., 1993).  The 

feasibility of hybridization within the genus has led to tremendous breeding interest, as 

extensive variation for flower color and other horticultural characteristics exists within 

the 15 North American species (Moe and Pellett, 1986).  Increasing interest by 

consumers for North American native plants has led to a proliferation of deciduous, hardy 

azalea cultivars for the Midwestern United States (Hokanson, 2010). Despite the 

desirability of using wild Rhododendron sect. Pentanthera germplasm in cultivar 

development, there is a general lack of understanding of genetic variation and the effect 

of environmental variation on native populations. 

Rhododendron viscosum (L.) Torr. has the largest range of any species within 

Rhododendron sect. Pentanthera in North America. Occurring in 24 states across the 
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southern and eastern United States (USDA Plants Database, 2016), the species holds  

particular interest for climatic and environmental adaptability. Rhododendron viscosum 

occurs in forested areas primarily at the edges of streams and wetlands, spanning a 

subtropical climate in the southern portion of its range, to a humid continental climate in 

the north.  The species was first described in 1691 by the early American colonial 

naturalist John Banister. Banister noted plants in Virginia that he called Azalea viscosa, 

later to be renamed R. viscosum (Davidian, 1995).  The species is distinguished by its 

pubescent stems and hirsute foliage, and flowers that are often sticky and fragrant (Galle, 

1974).  Previously defined only in the northeastern and mid-Atlantic United States, R. 

viscosum now also encompasses two previously distinct species, R. oblongifolia (Small) 

Millais and R. serrulatum (Small) Millais based on the similarities of 26 floral 

characteristics (Kron, 1993).  Rhododendron viscosum has been described as a summer 

flowering azalea, blooming in June through August depending on provenance 

(Fairweather, 1988). This contrasts with Rhododendron sect. Pentanthera species with 

smaller ranges such as R. eastmanii Kron & Kreel and R. colemonii R. Miller, sp. nov., 

two recently described species with narrow flowering times (early to mid May) (Horn, 

2005;  Zhou et al., 2008). Unlike R. viscosum, these species inhabit specific locales along 

rivers and streams that are associated with unique soil profiles and forest assemblages. 

Because R. viscosum is widely distributed and naturally occurs in locations with different 

weather patterns and soil types, it is a good species within the genus Rhododendron to 

ask questions about genetic differentiation and adaptation to abiotic stressors (e.g., soil 

http://plants.usda.gov/
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pH, cold) for breeding or conservation purposes (Kron et al., 1993; Leypoldt, 1993; Horn, 

2005; Zhou et al., 2008).   

The advent of new genotyping technologies has made it much easier to 

genetically characterize non-model organisms (Gardner et al., 2011). The use of 

microsatellite markers targeting simple sequence repeats (SSR) for genetic variation 

estimation is widespread. Importantly, high-throughput sequencing and computer 

applications designed to identify SSR motifs from sequence data (Castoe et al., 2012; 

Wang et al., 2013) have sped development of microsatellite markers. Identifying SSR 

loci within the study organism rather than applying markers developed from related 

species minimizes the underreporting of genetic variation in the target species due to 

ascertainment bias (Hutter et al., 1998; Gardner et al., 2011).  Allele data from SSR 

markers are useful for estimating measures of genetic differentiation in populations, 

including the fixation index, or Fst (the ratio of genetic variance between versus within 

the subpopulations, a measure of genetic divergence), and for detecting genetic admixture 

across a population (Weir and Cockerham, 1984; Pritchard et al., 2000).  Although 

reported less frequently for studies in Rhododendron, a more appropriate calculation of 

subpopulation genetic differentiation for SSRs under a stepwise mutation model is the 

analogous Rst, or sum of squared differences in allele size at a locus (Slatkin, 1995). For 

Rst estimates, it is not allele frequencies but rather size differences between alleles that 

are used to differentiate populations, mitigating the problem of rare variants at SSR loci 

that can lead to underestimations of Fst values.  Comparisons between Rst and Fst can also 

yield additional conclusions about the creation of new genetic variation through mutation 
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relative to genetic drift, or the random fluctuation in allele frequencies over time that can 

differentiate populations, thus offering evidence for changes in genetic variation arising 

locally (Hardy et al., 2003). 

In the research presented herein, we describe the collection and analysis of R. 

viscosum through the southern part of its range in the United States.  Our objectives were 

to 1) identify putative subpopulations of R. viscosum and characterize them based on 

morphological characters, and 2) to characterize the sites in regards to average annual 

temperature, precipitation, and soil composition; 3) develop EST-SSR loci from an R. 

viscosum vegetative bud transcriptome using high-throughput RNAseq; and 4) estimate 

genetic structuring and admixture across R. viscosum subpopulations utilizing the EST-

SSRs to ascertain subpopulation genetic differentiation. 

 

Materials and Methods 

 

Rhododendron viscosum subpopulation identification and sampling. We 

identified potential R. viscosum subpopulations through online herbaria at Louisiana State 

University (http://www.herbarium.lsu.edu/), the University of Florida 

(https://www.flmnh.ufl.edu/herbarium/), the USDA Plants Database (2016), and speaking 

with staff at U.S. Forest Service stations throughout the southern U.S.   At each collection 

site, groups of sexually mature (i.e., possessing floral buds) plants were identified. The 

location of each group of plants was recorded with a Garmin Oregon 600 global 

positioning system (GPS) unit (Garmin Inc., Olathe, KS).  Plant ‘groups’ constituted 

clusters of sexually mature R. viscosum individuals separated from the next group by at 

http://www.herbarium.lsu.edu/
https://www.flmnh.ufl.edu/herbarium/
http://plants.usda.gov/
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least 300 m.  We considered one or more groups of plants to be part of a ‘subpopulation’, 

labeled with the name of a local municipality (Table 1, Figure 1). Distances between 

designated subpopulations ranged from 30 to 485 km. All sample collection occurred 

within U.S. National or State Forest boundaries under the auspices of plant collection 

permits. Of the 139 reproductive-age R. viscosum individuals identified, 68 were 

genotyped (see below) for further population genetic analysis. 

Measurement of phenotypic characteristics. Leaf morphology measurements were 

collected from 10-20 mature leaves collected from each of 10 plants from each of six of 

the seven subpopulations. The DeRidder, LA subpopulation was omitted from 

morphological analyses due to its small size (N=2). Measurements included the ratio of 

leaf length to leaf width, the distance from leaf apex to the widest point across the leaf 

blade, and trichome density per cm2 (pubescence). Mean values for each of the 

measurements were reported (Table 2; Fig. 2). For pubescence measurements, a circular, 

1 cm2 metal disc was used to cut a portion of the leaf blade. Three leaves were sampled 

per subpopulation.  Trichomes were counted on each leaf sample under a dissecting 

microscope. Morphological data were fitted to linear models and analyzed using ANOVA 

and Tukey HSD tests implemented in RStudio v. 0.98.1091 (Boston, MA).   

Environmental data collection. We recorded other plant species occurring at each 

site, including dominant canopy trees and understory woody shrubs, associated with each 

R. viscosum subpopulation (Table 1).  Annual winter minimum temperatures (USDA-

ARS, 2012) and annual precipitation values (http://www.ncdc.noaa.gov/cdo-web/) (Table 

3) were obtained for each subpopulation location.    Soil samples were collected at six 
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subpopulation locations (Table 4). Sampling was conducted across an approximately 15m 

x 15m grid with nine soils samples collected at one group in each subpopulation. Samples 

were collected to a depth of 10 cm using a trowel, stored in screw top containers and 

shipped to the University of Minnesota where they were frozen at -80°C. Soil samples 

from each subpopulation site were bulked for analysis based on their presence within 

unique soil classifications as defined by a soil survey map (USDA-NRCS, 2013). Bulked 

samples were sent to International Ag Labs (Fairmont, MN) where they were analyzed 

for macro- and micro-nutrients, organic matter, conductivity, and pH (Table 4).  

Marker development and utilization. We developed expressed sequence tagged-

simple sequence repeat (EST-SSR) loci from the transcriptome of R. viscosum vegetative 

buds harvested from a wild R. viscosum plant growing in Stone County, MS.  RNA was 

extracted from bud tissue using a Qiagen RNeasy Plant Mini Kit (Qiagen, Valencia, CA), 

followed by paired-end library preparation using an Illumina TruSeq Stranded Total 

RNA Library Prep Kit and associated PCR protocols (Illumina, Inc. San Diego, CA). We 

then sequenced paired-end libraries (RNASeq) using an Illumina MiSeq (Illumina, Inc. 

San Diego, CA).  Two different assembly algorithms, Trinity (Grabherr et al., 2011) and 

CLC Genomics Workbench (CLC Bio, Waltham MA), were used for de novo assembly 

of the RNASeq reads to maximize the number of contig sequences generated for mining 

microsatellite loci.  GMATo, a program implemented on a UNIX operating system, was 

used to identify microsatellite loci on assembled contigs (Wang et al., 2013). Contig 

sequences with microsatellite loci present were next analyzed using WEBSAT to identify 

suitable EST-SSR primer sites (Martins et al., 2009; Wang et al., 2013).  Unmapped 
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reads, or those that did not map back to the Trinity or CLC Genomics assemblies, were 

also mined for suitable microsatellites and primer sites using PALFINDER (Castoe et al., 

2012).   

All DNA for marker validation and analysis was extracted from 1 cm x 1 cm 

pieces of frozen R. viscosum leaf tissue using QIA DNeasy Plant Mini Kit reagents and 

an automated extraction procedure on a QIAcube (Qiagen, Valencia, CA).  DNA was 

quantified using a NanoDrop Spectrophotometer (Nanodrop Technologies, Wilmington, 

DE). Primers were ordered from Integrated DNA Technologies (Coralville, IA) with the 

forward primer modified by attaching an M13 universal primer labeled with a 6FAM 

flourophore at the 5’ end.  Reverse primers were modified by adding a GTTT sequence at 

the 5’ end of the primer.  Amplification of the 14 SSR loci was performed using a 

modified 3-primer protocol as described (Waldbieser et al., 2003). Fluorescence-labeled 

PCR fragments were visualized by automated capillary gel electrophoresis on an 

ABI3730xl using a ROX-500 size standard (Applied Biosystems, Foster City, CA). 

GeneMapper version 4.0 was used to recognize and bin peaks from 68 individuals across 

six subpopulations (ABI, Foster City, CA).  

 

Population genetics analyses.  Based on the presence of size polymorphisms in 

amplification products generated from a subsample comprising six R. viscosum 

individuals from across the subpopulations, 14 EST-SSR primers were selected for 

analysis of population genetics and amplified using the protocols described in the section 

above (Table 5). Locus statistics, including the number of alleles and expected 
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heterozygosity, were calculated using ARLEQUIN v. 3.5, following data formatting in 

CONVERT to create files with the .arl input format from the data input format used by 

STRUCTURE (Glaubitz, 2004; Excoffier and Lischer, 2010).  We calculated Rst and Fst 

as measures of genetic differentiation based on allele size differences (Rst) or allele 

frequencies (Fst) across subpopulations using an AMOVA (Weir and Cockerham, 1984; 

Slatkin, 1995).  ARLEQUIN calculations were performed on loci with less than 5 percent 

total missing genotypic data to avoid inaccurate estimates of genetic differentiation due to 

incomplete data at a locus. The Rst and Fst statistics were estimated separately to give 

respective estimates of subpopulation differentiation based on the sum of square 

differences in allele size and allele frequencies. Pairwise Rst and Fst significance was 

determined using 1,000 permutations and an alpha value of 0.05 (Nei, 1987; Slatkin, 

1995). The DeRidder, LA subpopulation was omitted from pairwise analysis due to its 

small size (N=2). We also report the Garza-Williamson index, or ratio of the number of 

alleles to the allelic range, as a measure of the degree of genetic bottlenecking at a locus 

to detect recent population contraction (Garza and Williamson, 2001).   

STRUCTURE (Pritchard et al., 2000) was used to visually represent genetic 

admixture across all seven R. viscosum subpopulations.  Parameters for the 

STRUCTURE analysis included genotypic information from 68 individuals across 14 

loci, a burn-in length of 5,000 replications and 50,000 Markov Chain Monte Carlo 

(MCMC) runs.  These settings were iterated 10 times and the results used to estimate the 

number of genetic assignments (K) using the Evanno Delta-K method implemented in 

STRUCTURE HARVESTER (Earl and von Holdt, 2012).  Results using the CLUMPP 
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files from STRUCTURE HARVESTER were graphed using the program DISTRUCT 

based on the optimal value of K (Rosenberg, 2004).  

 

Results 

 

R. viscosum subpopulation identification, sampling.  R. viscosum subpopulations 

occurred at elevations ranging between 7 and 550 m above sea level across the southern 

U.S. (Fig. 1).  Each subpopulation was isolated from the next by distances ranging from 

30 km to 450km. Subpopulations were composed of 1-3 groups with 2-25 mature plants 

per group (Table 1). The R. viscosum subpopulations sampled in the southern U.S. all 

occur in warm temperate to subtropical locations with average annual rainfall above 

1,250 mm (Fig. 1; Table 3).  While average annual temperatures varied by approximately 

6°C across the entire R. viscosum population, mean winter minimum temperatures rose 

by approximately 10°C across subpopulations from Arkansas to Florida (Fig. 1; Table 3). 

Associated canopy species varied by region, from predominantly hardwood forests in 

Arkansas to coniferous forests in Texas and the Florida panhandle (Table 1).  In all 

subpopulations except the Florida panhandle (Tallahassee, FL), R. viscosum was found 

growing at the edge of or within 10 m from water.  The Tallahassee subpopulation 

consisted of groups of R. viscosum individuals scattered across open coniferous 

woodlands, which were not situated near any perennial surface water source.  Clonal 

layering and suckering was prominent in the Arkansas and Texas subpopulations. 

Washed up debris and flattened plants suggested frequent flash floods occur in both 

Arkansas subpopulations, while burned stumps and tree trunks suggested periodic 
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burning that instigated suckering in Boykin Spring, TX.  Soils in all subpopulations were 

acidic (pH 5.0-6.0) to strongly acidic (pH<5.0), with low fertility and high micronutrient 

availability (Table 4). Flowering onset varied by subpopulation, ranging from 

approximately May 15-20th  (AR) (with some plants already in flower upon arrival to the 

site) to June 1-6th  (TX, MS) to June 20th and later (FL). Subpopulations in Florida were 

visited before the majority of the plants flowered, such that only a small number of plants 

had expanding floral buds when the subpopulations were identified and vegetative 

cuttings were collected.  Flowers were white except for the Eagleton, AR subpopulation, 

which had varying shades of pink flowers with wider corollas and more exerted stamens 

than observed in other R. viscosum subpopulations (Fig. 3). Trichome counts per square 

cm (F5,15 = 12.10, P<0.001) and leaf length (F5,52 = 4.04, P=0.003) varied significantly 

across subpopulations (Fig. 4). Leaf morphology was consistent across subpopulations, 

with mature leaves being primarily obovate and the ratios between leaf width and length 

and length to widest point remaining consistent across subpopulations (Table 2). Leaf 

morphology dimension differences were not significantly different (Table 2). For future 

identification purposes, we have included representative leaf morphologies of each 

subpopulation (Fig. 5).   

Transcriptome-based SSR marker development and diversity. We obtained 

approximately 35 million paired end sequence reads from RNA derived from R. viscosum 

vegetative bud tissue.  Both the CLC genomics and Trinity assembly methods produced a 

small number of contigs (561 and 880, respectively) that contained the majority (>95%) 

of assembled reads. This occurrence is likely an artifact of overexpression or bias during 
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PCR amplification in our RNA library preparation for Illumina sequencing (Hansen et al., 

2010). The respective N50 values (the smallest contig size in which greater than 50% of 

the assembly was contained) were 410 and 376 base pairs for the CLC genomics and 

Trinity assemblies, respectively.  The two assembly algorithms resulted in a different 

number of total assembled base pairs, and thus differed in the number of microsatellite 

loci discovered.  Between the 32 microsatellite loci identified in the CLC assembly and 

the 44 loci identified in the Trinity assembly with suitable primer sites, nine total loci 

were identical between both assembly methods with the same repeat length and forward, 

reverse primer sites.  Ten microsatellite loci were also identified from RNASeq reads that 

did not map to our de novo assembly using PALFINDER, with two of these loci 

employed in subsequent genetic analyses (Table 5). Three additional microsatellite loci 

were chosen randomly from the Trinity assembly results based on primer pair 

amplification success on the ABI3730xl instrument. 

Population genetics analyses. The number of genetic assignments (K) was 

estimated to be 6 based on STRUCTURE output after employing the Evanno Delta K 

method (Earl and von Holdt, 2012).  The Evanno Delta K value for k=6 was 8.5.  

STRUCTURE results showed admixture within the eastern populations (TX, MS, FL), 

but minimal admixture within the western populations (AR) (Fig. 6).  The Eagleton, AR 

subpopulation contained a high proportion of individuals with unique genetic 

assignments and relatively no admixture with the rest of the subpopulations (Fig. 6). The 

Y-City, AR subpopulation also contained many individuals with unique genetic 

assignments, though individuals here were notably more admixed than in the Eagleton, 
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AR subpopulation.  The remaining subpopulations were relatively more admixed, with 

individuals across the gulf coast of the U.S. sharing common genetic assignments (Fig. 

6).  

Subpopulation differentiation was pronounced in R. viscosum, with separate 

AMOVAs (df = 5, 130) used to calculate an overall Rst value of 0.49 and an overall Fst 

value of 0.13 (Tables 6,7). Pairwise Rst values were significantly different between each 

of the western (Eagleton AR, Y-City AR, Boykin TX) subpopulations and between the 

western and eastern (Hattiesburg MS, Tallahassee FL, and Interlachen FL) 

subpopulations (Table 8).  Pairwise Rst values were low and not significant between 

Eastern populations (Table 8).  A similar pattern was observed for Pairwise Fst values, 

with significant differences between all western and eastern populations except for 

Boykin Spring, although less differentiated than for pairwise Rst (Table 9).  Across the 14 

EST-SSR loci, the average Garza-Williamson index (ranging from 0 to 1, with values 

near 0 indicating a prior genetic bottleneck) was 0.68 (Table 10).  Additionally, we 

calculated no significant differences using a student’s T-test (T27 = 0.08 P= 0.94) between 

mean observed and expected heterozygosity levels across the 14 EST-SSR loci in the six 

R. viscosum subpopulations (Table 10).  

 

Discussion 

 

Rhododendron viscosum was observed in similar climatic zones throughout the 

southern part of its range, with all subpopulations falling within the warm humid 

subtropical climate (Cfa) Koppen climate classification (Fig. 1; Table 3).  Soils ranged 
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from acidic (pH 5.0-6.0) to very acidic (pH <5.0), and overall had high availability of the 

micronutrient iron (Table 4).  This contrasted with historical reports, especially for the 

Arkansas subpopulations, which indicated this species grew in the presence of limestone 

on elevated pH soil (Hume, 1953; Roane and Henry, 1983). Overall, the six R. viscosum 

subpopulations occurred in very nutrient poor environments.  Total nitrogen was 

particularly low, with all but the Hattiesburg subpopulations growing in levels of 2.4 

kg/ha (Table 4). These observations are consistent with previous reports that associated 

Rhododendron across its global distribution range with nutrient poor and acidic to very 

acidic soils (Cox and Cox, 1997; Ranjitkar et al., 2012). Variation for temperature, 

especially average winter minimum temperatures across the R. viscosum population 

studied, was more pronounced. Subpopulations in Arkansas, on average, experience 

winter minimum temperatures lower than -14°C, while those in central Florida 

experience an annual winter minimum above -5°C; however, average annual 

temperatures were less variable than average winter minimum temperatures (Table 3). 

Greater variability in winter temperatures could act unequally as a selection pressure 

across this population, possibly acting as a driver for genetic differentiation in the 

species. Associated vegetation, specifically members of the genera Quercus, Pinus, 

Liquidambar, and Ilex in sampled R. viscosum subpopulations matched habitat 

descriptions for many other Rhododendron sect. Pentanthera species, typically recorded 

in shaded, mesic forest sites (Kron et al., 1993; Horn, 2005; Zhou et al., 2008) (Table 1). 

However, we also identified R. viscosum growing in the Florida panhandle (Tallahassee, 

FL subpopulation) in association with saw palmetto Serenoa repens (Bartram) Small, in 
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sunny, open scrubland habitat. Notable in the Tallahassee, FL subpopulation was the 

presence of significantly greater trichome density (pubescence) and reduced leaf size 

(Fig. 4, Table 2).  These observations could indicate an adaptive advantage conferred by 

pubescence, as increased pubescence is commonly described as a locally adapted trait 

implicated in reducing direct UV exposure (Linhart and Grant, 1996; Holmes and Keiller, 

2002).   

We observed significant genetic differentiation between subpopulations based on 

EST-SSR marker analysis. The population Rst value estimated from an AMOVA across 

the southern R. viscosum range was high (0.49), indicating that nearly half of the 

observed variation in allele size occurred between subpopulations. The calculated Fst, 

based on variation in allele frequencies, was much lower (0.13).  Our estimated Rst value 

is also much higher than a previously reported Fst value for R. viscosum (0.18) as well as 

the average Fst (0.16) reported across seven Rhododendron sect. Pentanthera species 

(Chappell et al., 2008).  In perennial woody species, characteristic patterns of 

subpopulation differentiation estimates are observed for different demographic scenarios.  

For species that have recently undergone distribution expansion from presumed glacial 

refugia, estimates of genetic differentiation are low.  This is exhibited in Canadian 

Populus tremuloides (Fst = 0.03, Rst = 0.04) populations and Japanese Cryptomeria 

japonica (Fst = 0.02, Rst = 0.03) populations (Wyman et al., 2003; Takahashi et al., 2005).  

Hamrick and Godt (1989) reported meta-analysis of average measures of Nei’s Gst, a 

common metric of population genetic differentiation for allozyme loci.  Values were low 

for both boreal-temperate (0.04) and outcrossing-wind (0.10) woody species, including 
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species in the genera Populus and Cryptomeria. In contrast, endemic or rare woody 

species had much greater population differentiation (Hamrick and Godt, 1989). This is 

exemplified in Australian Eucalyptus curtisii (Fst = 0.30, Rst = 0.22) and Chinese 

Berchemiella wilsonii (Fst = 0.25, Rst = 0.27) populations, in which population expansion 

is limited or nonexistent (Smith et al., 2003; Kang et al., 2007). For these classifications, 

average genetic differentiation based on a meta-analysis of Nei’s Gst at allozyme loci in 

populations of endemic (0.25) or mixed selfing-animal pollinated (0.22) woody species, 

like R. viscosum, is much greater than recently expanded or outcrossing woody species 

(Hamrick and Godt, 1989).  Rhododendron viscosum displays population genetic 

differentiation that is inconsistent with recent distribution expansion.  Pairwise Rst 

differentiation is prominent between the Arkansas (Eagleton, Y-City), Texas (Boykin 

Spring), and gulf coast (Hattiesburg MS, Tallahassee, FL, and Interlachen, FL) 

subpopulations.  This is indicative of minimal genetic differentiation between 

subpopulations of the gulf coast and those further west; a trend further corroborated 

through observed admixture patterns (Fig. 6).   

Our high estimate of subpopulation genetic differentiation measured by Rst 

relative to Fst is due to the calculation method, which measures the sum of squared 

differences in allele size at a locus as opposed to allele frequency measured in a 

traditional Fst estimate (Slatkin, 1995).  Loci with greater differences in allele size are 

thus more diverged assuming a stepwise model of mutation for Rst estimation, in which 

base pairs of microsatellite motifs are added or subtracted sequentially (Kimura and Ohta, 

1978). Fst, estimated using allele frequencies, does not explicitly differentiate populations 
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on a stepwise mutation pattern for microsatellites (Weir and Cockerham, 1984).  A high 

number of rare variants per SSR locus also decreases estimated Fst values and under 

estimates subpopulation differentiation (Leinonen et al., 2013; Tiffin and Ross-Ibarra, 

2014).  When Rst is higher than Fst, it is hypothesized that stepwise mutations contribute 

more to genetic variation than does genetic drift, implying locally arising genetic 

variation (Hardy et al., 2003).  Additionally, the effect of the stepwise mutations on 

subpopulation genetic differentiation is greater relative to the effect of genetic drift 

(Hardy et al., 2003). In R. viscosum, our population wide Rst estimate implies that 

differences in allele size are common to certain subpopulations and not shared among 

others, with pairwise estimates further indicating strong subpopulation divergence based 

on a stepwise mutation model at the EST-SSR loci tested (Table 8). The values of the 

Garza-Williamson index at each locus also support the maintenance of increased genetic 

variation, and offer no strong evidence for a prior genetic bottleneck at these loci or 

within the species as a whole (Table 10) (Garza and Williamson, 2001).  The loci tested 

across all six subpopulations did not display any deviations from the expected 

heterozygosity on average, further indicating a retention of heterozygosity within 

subpopulations. Observed heterozygosity within R. viscosum (0.67) is similar to that 

calculated in other Rhododendron species using SSR or other variable length 

polymorphisms, although we noted increased genetic differentiation between 

subpopulations than in other investigations (Kameyama et al., 2001; Mejias et al., 2002; 

Chappell et al., 2008).  
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We detected 6 unique genetic assignments (K = 6) as well as varying admixture 

patterns across R. viscosum as a whole. Notably, individuals from the Eagleton, AR 

subpopulation contained a high proportion of unique genetic assignments with little 

admixture between other subpopulations, while subpopulations occurring on the gulf 

coast were highly admixed (Fig. 6).  This pattern is reflected in pairwise Fst and Rst data, 

which significantly differentiate the Arkansas subpopulations from those on the gulf 

coast. Additionally, subpopulations on the gulf coast (Hattiesburg, MS; Tallahassee, FL; 

Interlachen, FL) were substantially admixed.  The lack of admixture between the gulf 

coast and Arkansas subpopulations may have resulted from different flowering times, as 

plants in the Arkansas subpopulations were observed to flower in mid-May while those 

on the gulf coast flowered in mid-June or later.  Overall, non-overlapping flowering times 

are major contributors to reproductive isolation in plant species. In a study of 19 

herbaceous perennial taxa, asynchronous flowering was shown to reduce gene flow and 

to increase subpopulation genetic differentiation (Lowry et al., 2008). The significant 

genetic differentiation and minimal admixture between the Eagleton, AR and Y-City, AR 

subpopulations poses a more interesting question, given that these subpopulations are 

located relatively close to each other (30 km apart) and are phenotypically similar except 

for flower color (Fig. 3).   Differences in flower color are not typically a limitation to 

gene flow across populations, as observed through frequent admixture between 

individuals of varying flower colors in the genera Antirrhinum and Phlox (Jones and 

Reithel, 2001; Hopkins et al., 2012). While our findings of reduced admixture between 

the pink-flowered Eagleton, AR subpopulation and other white-flowered subpopulations 
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could support subpopulation differentiation based on flower color in this species, further 

study is needed to understand the nature of plant/pollinator interactions in R. viscosum.  

While the Rst-Fst comparison suggests the possibility of stepwise mutations within 

the subpopulations at the loci studied, other possibilities for new genetic variation in 

Rhododendron sect. Pentanthera exist. Particularly likely are previous hybridizations 

with other Rhododendron species (namely R. alabamense Rehder, R. canescens (Michx.) 

Sweet, and R. colemanii R. Miller) which co-occur across the southern R. viscosum 

range.  Local interspecific hybridization has been observed in Rhododendron, especially 

within interfertile ploidy groups.  For example, hybridization between R. canescens and 

R. flammeum (Michx.) Sarg. has been documented when environmental conditions 

induce these species to flower at the same time (Kron et al., 1993). This hypothesis 

suggests a species with a complex population dynamic, with novel variation arising 

uniquely in subpopulations potentially influenced by previous interspecific 

hybridizations.  Such events could serve to increase subpopulation genetic differentiation 

within R. viscosum across its range of distribution.  Additional genotypic data from 

overlapping Rhododendron species could help determine the degree to which related, 

nearby species have contributed alleles to R. viscosum. Generally speaking, high pairwise 

subpopulation genetic differentiation, heterozygosity across loci, and the lack of evidence 

for genetic bottlenecking at these loci combined are indicative of a species in which 

genetic variation likely arises locally and is maintained within specific subpopulations.  

In summary, we identified six R. viscosum subpopulations occurring across the 

southern portion of the species range. These occurred in environments varying in average 
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temperature and precipitation, although soil nutrient levels and pH were similar 

throughout the range.  Subtle differences in morphology distinguish subpopulations from 

each other and may arise in response to local environmental conditions.  R. viscosum 

possesses a number of unique genetic assignments and limited admixture in certain parts 

of the distribution, especially between subpopulations at the western extent of its native 

range in Arkansas.  This pattern of limited admixture is also reflected in pairwise Rst and 

Fst estimates, with higher Rst than Fst values for the population indicating that the effect of 

new mutations is significant relative to that of drift in current R. viscosum genetic 

differentiation.  Whether new variation in R. viscosum arises from mutation or previous 

hybridization with nearby species is presently unknown. However, the current genetic 

and phenotypic diversity implies a species that is useful as both a breeding and ecological 

resource for genetic variation in Rhododendron. 
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Tables 

 

Table 1. Rhododenron viscosum subpopulation locations and descriptions. 

  
Subpopulation Dates 

Visited 

Group 

Designation 

Latitude Longitud

e 

Forest 

Name 

N 

(maternal 

parents)  

Dominant canopy 

species 

Associated 

understory species 

Y-City, AR 5/18/14 

to 

5/21/14 

W. Arkansas 

1.A 

34°44'34.

57"N 

94° 

6'28.87"

W 

Ouachita 

NF 

12 Pinus echinata, 

Quercus alba, Quercus 

rubra, Liquidambar 

styraciflua, Acer 

rubrum 

Ilex opaca, 

Hammamelis 

virginiana, 

Callicarpa 

americana, 

Vaccinium 

arboreum 

 

 

 

 

 

W. Arkansas 

1.B 

34°44'37.

22"N 

94° 

6'35.90"

W 

Ouachita 

NF 

8 

 

 

W. Arkansas 

1.C 

34°45'1.1

5"N 

94° 

7'0.38"W 

Ouachita 

NF 

15 

Eagleton, AR 5/22/14 

to 

5/25/14 

W. Arkansas 2 34°41'6.2

7"N 

94°19'5.3

8"W 

Ouachita 

NF 

25 Pinus echinata, 

Quercus alba, Quercus 

rubra, Liquidambar 

styraciflua, Acer 

rubrum 

Hammamelis 

virginiana, Smilax 

rotundifolia, 

Boykin Spring, 

TX 

5/27/14 

to 

6/1/14 

E. Texas 1.A 31° 

4'33.51"N 

94°16'32.

65"W 

Angelina 

NF 

9 Pinus palustris, Pinus 

taeda Magnolia 

grandiflora, Persea 

borbonia 

Magnolia 

virginiana, Ilex 

opaca, Callicarpa 

americana, 

Rhododendron 

canescens 

 

 

 

 

E. Texas 1.B 31° 

3'27.37"N 

94°16'30.

78"W 

Angelina 

NF 

10 

DeRidder, LA 6/4/14 W. Louisiana 1 30°49'47.

79"N 

93°12'29.

09"W 

Kisatchie 

NF 

2 Pinus palustris, Pinus 

taeda Magnolia 

grandiflora, Persea 

borbonia 

Magnolia 

virginiana, Ilex 

opaca, callicarpa 

americana, 

Rhododendron 

canescens 

 

 

Note: We report the Group Designation as groups of sexually mature (possessing floral 

buds) plants occurring in isolation that comprise each regional subpopulation for our 

analyses, as well as associated species.  
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Table 1(cont.) Rhododendron viscosum subpopulation locations and descriptions.  

  
Subpopulation Dates 

Visited 

Group 

Designation 

Latitude Longitud

e 

Forest 

Name 

# 

maternal 

parents  

Dominant canopy 

species 

Associated 

understory species 

Hattiesburg, 

MS 

6/8/14 E. Louisiana 1 30°53'2.0

4"N 

89°59'15.

56"W 

Lee 

Memorial 

Forest 

4 Taxodium distichum, 

Nyssa sylvatica, Pinus 

Taeda, Quercus 

virginiana 

Rhododendron 

canescens, Ilex 

opaca, Ilex 

vomitoria, 

Cephalanthus 

occidentalis, 

Cyrilla racemiflora 

 

 

 

 

S. Mississippi 

1 

31° 

8'42.37"N 

89°14'11.

49"W 

DeSoto 

NF 

2 

Tallahassee, 

FL 

6/18/14 

to 

6/21/14 

Florida 

Panhandle 1.A 

30°25'10.

22"N 

84°27'42.

22"W 

Apalachic

ola NF 

12 Pinus taeda, Quercus 

virginiana, Magnolia 

grandiflora 

Serenoa repens, 

Vaccinium sp., 

Cyrilla 

racemiflora, Sabal 

minor 

 

 

 

 

 

 

 

Florida 

Panhandle 1.B 

30°24'18.

12"N 

84°27'0.7

8"W 

Apalachic

ola NF 

5 

 

 

Florida 

Panhandle 1.D 

30°25'18.

81"N 

84°27'43.

21"W 

Apalachic

ola NF 

4 

 

 

Florida 

Panhandle 1.E 

30°24'21.

10"N 

84°25'34.

77"W 

Apalachic

ola NF 

7 

 

 

Florida 

Panhandle 2 

30° 

3'55.62"N 

84°33'43.

83"W 

Apalachic

ola NF 

11 

Interlachen, FL 6/26/14 

to 

6/27/14 

C. Florida 29°33'55.

89"N 

81°52'17.

51"W 

Ocala NF 13 Quercus virginiana, 

Chamaecyparis 

thyoides, Sabal 

palmetto, Magnolia 

grandiflora 

Serenoa repens, 

Ilex vomitoria, 

Sabal minor 

 

Note: We report the Group Designation as groups of sexually mature (possessing floral 

buds) plants occurring in isolation that comprise each regional subpopulation for our 

analyses, as well as associated species.
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Table 2. Rhododendron viscosum leaf morphological traits by subpopulation.   

 

Subopulation Mean 

Leaf 

Length 

(cm) 

Mean Leaf 

Width:Length  
Mean Distance 

to Widest 

Point:Total 

Leaf Length 

Pubescence 

(Trichomes/cm2) 

Eagleton, AR 5.5A 0.47A 0.44A 23.6A 
Y-city, AR 5.3A 0.41A 0.44A 42.1A 
Boykin 

Spring, TX 
4.8A 0.41A 0.39A 28.2A 

Hattiesburg, 

MS 
5.2A 0.39A 0.42A 30.7A 

Tallahassee, 

FL 
3.9B 0.43A 0.39A 65.8B 

Interlachen, 

FL 
4.5AB 0.46A 0.46A 35.7A 

 

Note: Significant differences were determined using a Tukey HSD test.  Unique letters 

represent significant differences in mean values at alpha = 0.05.   
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Table 3. Annual temperature and precipitation values for the Rhododendron viscosum 

subpopulation locations.   

Subpopulation Average 

Min. Winter 

Temp. ( °C) 

Average 

Annual 

Temp. (°C) 

Average 

Annual Precip. 

(mm/year) 
Y-City, AR -14.4 15.3 1288 
Eagleton, AR -14.8 16.7 1346 
Boykin 

Spring, TX 
-8.2 19.2 1331 

DeRidder, LA -7.4 20 1427 
Hattiesburg, 

MS 
-8.8 18.9 1504 

Tallahassee, 

FL 
-7.5 19.8 1504 

Interlachen, 

FL 
-4.8 21.6 1341 
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Table 4.  Soil macronutrient, micronutrient, and other properties within each 

Rhododendron viscosum subpopulation.   

 
Property/Unit of 

Measure 

Subpopulation (Soil Classification) Z 

YC, AR 

(Rexor 

Loam) 

EA, AR 

(Kenn-Ceda 

complex) 

BS, TX 

(Rayburn-

Kisatchie 

association) 

HA, MS  

(Ouachita, 

Bibb, and 

Jena soils) 

TA, FL 

(Mandarin 

fine sand) 

IN, FL 

(Samsula 

muck) 

HUMUS (%)Y  3 7 7 20 15 40 

NITRATES 

(kg/ha) 

2.2 2.2 2.2 6.7 2.2 2.2 

AMMONIA 

(kg/ha) 

4.5 4.5 4.5 13.5 4.5 4.5 

PHOSPHORUS 

(kg/ha) 

9.0 1.1 1.1 1.1 12.3 29.1 

POTASSIUM 

(kg/ha) 

121 128 76 131 63 120 

CALCIUM 

(kg/ha) 

1195 1011 1123 1051 1177 1497 

MAGNESIUM 

(kg/ha) 

177 67 56 57 41 130 

SODIUM (kg/ha) 2 4 4 8 6 8 

Energy Released 

per Gram of Soil 

(ERGS) mS / 

Centimeter 

46 52 36 82 59 85 

Oxidation-

Reduction 

Potential (ORP) 

29.6 29.4 29.3 29.2 28.9 29.2 

pH 5.3 4.8 4.5 4.2 4.0 4.2 

COPPER (PPM) 0.32 0.3 0.08 0.16 0.08 0.06 

IRON  (PPM) 95 105 67 169 43 36 

ZINC  (PPM) 1.7 46 0.4 1.0 0.6 1.1 

MANGANESE  

(PPM) 

21.3 7.6 9.1 21 0.8 1.9 

 

YSoil classifications according to the USDA-NRCS, 2013  

ZMeasured as the percent humus in the soil 
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Table 5.  Characterization of the 14 EST-SSR primer pairs derived from the 

Rhododendron viscosum vegetative bud transcriptome.   

 

 
Locus 

ID 
Locus 

ID with 

SSR 

Motif 
CLC 

Predicted 

Product 

Size 

Forward Primer TM 

°C 
Reverse Primer TM 

°C 
Top Contig BLASTn hit E-value NCBI 

Accession 

RVIS_CO

NTIG_53 CLC (AG)7 156 AGAAGTCCACCAA

AGTCACCAT 59.9 GATCTGGGTCCTTT

CCTCATC 59.9 Sesuvium portulacastrum 

metallothionein (MET) mRNA, 

complete cds 
5.00E-09 gb|JN185440.1| 

RVIS_CO

NTIG_72 CLC (GAT)6 232 GAATCCAGAAACC

AAGCAGAAC 60.1 CGTGTTTTATTTTCC

CAAGGAG 59.9 Glycine max uncharacterized 

LOC100786549 (LOC100786549), 

mRNA 
0.001 ref|XM_00354442

2.2| 
RVIS_CO

NTIG_174 CLC (CT)9 142 GTGTCGGCGTATAG

CTCCAT 60.1 CAACTTCTTACTGT

GCATCTCTGTG 60.4 Eucalyptus grandis peptidyl-prolyl 

cis-trans isomerase 

(LOC104453409), mRNA 
3.00E-106 ref|XM_01006795

4.1| 
RVIS_CO

NTIG_185 CLC (GT)9 268 GTCTGTTTCGCTTT

CTGGGTA 59.4 CTCTCTGCTACTCG

TGGTGATG 60.1 Weigela coraeensis DNA, 

microsatellite Wc3 1.00E-09 dbj|AB300727.1| 

RVIS_CO

NTIG_201 CLC (AG)9 175 CTTAGGAGTGGAGT

TTTGGTGG 60 TGATCTCTGTTTGG

AACTGGAA 59.7 Eucalyptus grandis probable receptor-

like protein kinase At5g47070 

(LOC104425076), mRNA 
3.00E-04 ref|XM_01003766

0.1| 
RVIS_CO

NTIG_227 CLC (TC)7 243 ACGGTGATGTAGA

GGAAGAGGA 60.1 CACATTCCCATAGA

AAGAGAGAGAG 59.8 Eucalyptus grandis uncharacterized 

LOC104418957 (LOC104418957), 

mRNA 
9.00E-54 ref|XM_01003043

9.1| 
RVIS_CO

NTIG_280 CLC, Trinity (AG)8 237 GAGCCAAAGGAGT

GAAGAAATG 60.2 CAGTAGTGCGCCTC

ATCGT 60 Eucalyptus grandis universal stress 

protein A-like protein 

(LOC104426756), mRNA 
2.00E-11 ref|XM_01003990

5.1| 
RVIS_CO

NTIG_390 CLC (AAACA)4 212 CAAACCACTGAAA

CCCCTAGAC 59.9 GACCTCGAAGACC

GTGAAGAT 60.6 Camellia sinensis clone U10BcDNA 

2876 2.00E-05 gb|HM003317.1| 

RVIS_CO

NTIG_431 CLC, Trinity (AC)6 189 CCAACACACCATAA

ACCATCAC 60 CTCAACGATTGGGA

GAAGAAGT 59.8 Eucalyptus grandis probable steroid-

binding protein 3 (LOC104438408), 

mRNA 
2.00E-21 ref|XM_01005155

5.1| 
RVIS_CO

NTIG_467 CLC (AGT)5 274 TCAAAACCCTCAAT

CAACTCCT 60 TCTTACCAAAATCA

ACAGCCCT 60 Triticum aestivum chromosome 3B, 

genomic scaffold, cultivar Chinese 

Spring 
3.00E-10 emb|HG670306.1| 

RVIS_CO

NTIG_496 CLC, Trinity (CA)6 209 CTCACCTTCATAGC

ACCATCAG 59.8 GCTTGATTTCCCTT

CTGTTCTT 58.9 Morus notabilis hypothetical protein 

partial mRNA 7.50E-02 ref|XM_01009489

9.1| 
RVIS_CO

NTIG_543 CLC, Trinity (TCT)4 281 GAAACCATCAACA

CATCAAGGA 59.8 TTTGCAGAGGAAG

AGAGCTAAGA 59.9 Vitis vinifera 40S ribosomal protein 

S6-like (LOC100257541), mRNA 5.00E-37 ref|XM_00228571

6.1| 
RVIS_UN

MAPPED_

1 
palfinder (ACC)12 N/A CATCAACGGTTTTG

TACCCG 54.2 TGTATTGAACGCGG

TTCTGG 55.4 N/A N/A N/A 

RVIS_UN

MAPPED_

2 
palfinder (ATT)12 N/A CCGTTCAAGATTAT

TTCGCC 51.8 TTGCCTTCAACCAG

AAGAGC 55.5 N/A N/A N/A 

 

Note: Loci are named by their contig number from the CLC genomics assembly  
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Table 6. AMOVA using the Slatkin (1995) Rst calculation method for subpopulation 

differentiation.  Measured across six R. viscosum subpopulations sampled.   

Source of 

Variation 

df Sum of Squares Variance 

Components 

Percentage of 

Variation 

Among 

Populations 

5 1716.79 14.98  49.43 

Within 

Populations 

130 1992.59 15.33  50.57 

Total 135 3709.38 30.31 

 

 

Slatkin’s Rst: 0.49 
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Table 7. AMOVA using the Weir and Cockerham (1984) Fst calculation method for 

subpopulation differentiation.  Measured across 6 R. viscosum subpopulations sampled.   

Source of 

Variation 

df Sum of Squares Variance 

Components 

Percentage of 

Variation 

Among 

Populations 

5 35.85 0.25  12.74 

Within 

Populations 

130 222.16 1.70  87.26 

Total 135 258.01 1.96 

 

 

Fixation Index (Fst): 0.13 
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Table 8. Pairwise, sum of squared size difference distance measurement for 

Rhododendron viscosum subpopulations using Slatkin’s Rst. 

 

 Y-City, 

AR 

Eagleton, 

AR 
Boykin 

Spring, TX 
Hattiesburg, 

MS 
Tallahassee, 

FL 

Interlachen, 

FL 
Y-City, AR 0      

Eagleton, 

AR 
0.620* 0     

Boykin 

Spring, TX 
0.152* 0.529* 0    

Hattiesburg, 

MS 
0.452* 0.480* 0.155* 0   

Tallahassee, 

FL 

0.671* 0.566* 0.460* 0.100 0  

Interlachen, 

FL 

0.598* 0.496* 0.361* -0.009 -0.054 0 

 

Note: * indicates Rst significance at alpha = 0.05 
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Table 9. Pairwise Weir and Cockerham Fst estimates for Rhododendron viscosum 

subpopulations. 

 

 Y-City, 

AR 

Eagleton, 

AR 
Boykin 

Spring, TX 
Hattiesburg, 

MS 
Tallahassee, 

FL 

Interlachen, 

FL 
Y-City, AR 0      

Eagleton, AR 0.198* 0     

Boykin 

Spring, TX 
0.039* 0.228* 0    

Hattiesburg, 

MS 
0.142* 0.276* 0.059 0   

Tallahassee, 

FL 

0.110* 0.268* 0.048* 0.050 0  

Interlachen, 

FL 
0.095* 0.246* 0.023 0.098 -0.023 0 

 

Note: * indicates Fst significant at alpha = 0.05 
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Table 10. SSR diversity indices for the 14 EST-SSR loci across the subpopulations 

genotyped 

 
Locus Name Num.of 

alleles 
Obs. 

Heterozygosiy 
Exp. 

Heterozygosiy 
Allelic size 
range (Max-

Min Number 
of Repeats) 

Garza -

Williamson 
Index 

RVIS_CONTIG_53 14 0.82 0.77 11 0.58 
RVIS_CONTIG_72 11 0.41 0.63 8.5 0.69 
RVIS_CONTIG_174 15 0.92 0.86 14 0.53 
RVIS_CONTIG_185 19 0.87 0.87 14 0.55 

RVIS_CONTIG_201 7 0.65 0.69 4 0.94 
RVIS_CONTIG_227 20 0.50 0.86 20 0.36 
RVIS_CONTIG_280 15 0.62 0.69 11 0.58 

RVIS_CONTIG_390 4 0.55 0.62 2 1 

RVIS_CONTIG_431 5 0.69 0.56 3 0.79 

RVIS_CONTIG_467 7 0.82 0.72 5 0.84 
RVIS_CONTIG_496 3 0.43 0.51 2 0.89 
RVIS_CONTIG_543 6 0.94 0.56 3 0.68 

RVIS_UNMAPPED_

1 
5 0.49 0.35 4 0.65 

RVIS_UNMAPPED_

2 
15 0.67 0.61 9 0.53 

Mean 10.4 0.67 0.67 7.9 0.68 
s.d. 5.8 0.18 0.18 6.4 0.25 

 

 

Note: bolded locus names indicate loci with less than 5 percent missing data that were 

used in further Arlequin analyses.   
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Figures 

 

Figure 1. Map showing the approximate location of Rhododendron viscosum 

subpopulations collected and characterized across the southern United States. 
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Figure 2. Rhododendron viscosum leaf dimension measurements.  (A) Total leaf length 

was measured from leaf apex to the leaf blade base, (B) leaf width was measured from 

edge to edge of the leaf blade at the widest point, and (C) the distance along the midrib 

from the leaf apex to the widest point of the leaf. 
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Figure 3. Representative floral phenotypes in four of the six R. viscosum subpopulations: 

(A) Boykin Spring, TX photographed May 27th, 2014, (B) Y-City, AR photographed 

May 18th, 2014, (C) DeRidder, LA photographed June 4th, 2014, and (D) Eagleton, AR 

photographed May 22nd, 2014. Distinct pink hues in corolla and style tissue were 

observed only in the Eagleton, AR individuals. 
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Figure 4. Comparison of pubescence on new growth of Rhododendron viscosum 

individuals, (A) of the Y-City, AR subpopulation and (B) the Tallahassee, FL 

subpopulation.  The Tallahassee, FL subpopulation had significantly greater trichome 

densities than the rest of the subpopulations (Table 2). 
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Figure 5. Representative Rhododendron viscosum leaves from the major subpopulations. 

A) Y-City, AR B) Eagleton, AR C) Boykin Spring, TX D) Hattiesburg, MS E) 

Tallahassee, FL F) Interlachen, FL. 
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Figure 6. STRUCTURE output subdivided by each subpopulation designation.  

Admixture between the two Arkansas populations was limited with the rest of the range, 

with individuals in Eagleton AR containing the majority of unique genetic assignments. 

Note the high proportion of pink color in individuals from the Eagleton, AR 

subpopulation, which is not seen in individuals from other subpopulations. 
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Chapter 3: 

 

 

An In vitro, colorimetric assay for high throughput phenotyping applications to detect 

rhizosphere acidification in Rhododendron. 

 

 

Alexander Q. Susko1, Timothy A. Rinehart2, James M. Bradeen3, and Stan C. Hokanson1 

 

1University of Minnesota Dept. of Horticultural Science, 1970 Folwell Ave. St. Paul MN 

55108                                                        

2USDA-ARS Thad Cochran Southern Horticultural Research Laboratory, PO Box 287, 

Poplarville MS 

3University of Minnesota Dept. of Plant Pathology and The Stakman-Borlaug Center for 

Sustainable Plant Health, 1991 Upper Buford Cir, St. Paul MN 55108 
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Introduction 

 

For dicot plant species with poor tolerance to high pH soils, physiological 

mechanisms including rhizosphere acidification can increase solubility of micronutrients 

such as iron for reduction and acquisition by plant roots. The genus Rhododendron is 

highly susceptible to iron deficiency chlorosis on high pH and calcareous soils, which 

limits the vigor and the cultivable range of the genus.  Tissue culture provides the 

opportunity to study root traits, specifically those important to micronutrient uptake, in a 

controlled environment for research and breeding purposes.  Here we report the 

development of an in vitro assay to study rhizosphere acidification among Rhododendron 

progeny. First, we developed a method to measure rhizosphere acidification in 

Rhododendron by quantifying the color change of the pH indicator phenol red 

incorporated into tissue culture media. A MATLAB script was written to quantify color 

change in the culture media (a proxy for rhizosphere acidification) from images of the 

media over time in seedlings from two different Rhododendron crosses.  Next, we 

investigated the germination and rooting hormonal requirements for speeding the 

production of in vitro Rhododendron seedlings suitable for rhizosphere 

screenings.  Gibberellins (GA) and seed age significantly affected germination 

percentages, while indole-3 acetic acid (IAA) application significantly increased average 

rooting percentages. However, we conclude that GA and IAA applications should be 

forgone for in vitro Rhododendron seedling production in this circumstance, as these 

treatments induce more experimental variability that could confound sensitive 

measurements of rhizosphere acidification. Finally, we correlated root mass with 
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rhizosphere acidification for two Rhododendron families.  Given the amount of variation 

in observed rhizosphere acidification, we postulate that rhizosphere acidification is a 

quantifiable genetic trait that influences pH adaptability in Rhododendron seedlings.   

 

Elevated pH induced stress, manifesting commonly as iron deficiency chlorosis, 

reduces overall plant vigor and minimizes plant quality and productivity in a variety of 

crops (Froechlich and Fehr, 1981; Erskine et al., 1993; Guerinot, 2001).  Some plants, 

including many grasses, are able to withstand high pH conditions through active 

sequestration of soil micronutrients such as iron using root exudates known as 

siderophores (Brady and Weil, 2004).  However, other plants, including genera and 

species in the Ericaceae, lack active iron sequestration mechanisms and have long been 

documented to grow poorly on neutral and elevated pH soils (Marrs and Bannister, 

1978). Cultivation of these species, including the commercially important crops 

blueberry, cranberry (Vaccinium sp.) and the important landscape shrubs in the genus 

Rhododendron, is therefore limited by soil pH.   Little is currently understood about the 

variation for pH adaptability in Ericaceous plants, in part because quantitative variation 

in pH adaptability is difficult to phenotype on a large scale and in a timely fashion for 

this group of woody species.  

Root related traits are important for understanding how plants acquire essential 

micronutrients under high pH induced stress.  Micronutrient acquisition from the soil is 

well understood from chemical and physiological perspectives, especially in model 

species such as arabidopsis and rice (Guerinot and Yi, 1994; Briat and Lobréaux, 1997; 
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Curie and Briat, 2003).  Particular attention has been paid to iron as this micronutrient 

limits growth of many species on high pH, calcareous soils (Guerinot and Yi, 1994). Iron, 

along with many other micronutrients, is often in the form of insoluble hydroxides within 

the soil (Briat and Lobréaux, 1997).  In dicots, micronutrients are solubilized by lowering 

the pH of the root apoplast and surrounding intercellular space, known as Strategy I iron 

acquisition (Brady and Weil 2004). Iron is then reduced from Fe3+ to Fe2+ by root iron 

reductases and transported into the root tissue for translocation throughout the plant 

(Guerinot and Yi, 1994).  When iron fails to be translocated through the roots, iron 

deficiency chlorosis results, decreasing photosynthetic capacity necessary for plant 

growth and development (Froechlich and Fehr, 1981). Understanding mechanisms 

important to iron uptake could help breeders improve plants by reducing detrimental 

symptoms, such as iron deficiency chlorosis, that limit plant growth on high pH soils.   

The Ericaceous genus Rhododendron is a large, cosmopolitan genus comprised of 

over 1,000 species with a well documented intolerance of high pH and calcareous soils 

(Cox et al., 1997). Breeding within the genus Rhododendron has long focused on 

ornamental appearance.  While these efforts have led to the development of over 28,000 

named cultivars, only a handful of breeding programs have focused on abiotic stress 

tolerance such as high pH adaptability (American Rhododendron Society, 2015).  With 

increasing consumer interest in growing Rhododendron in less than ideal soil conditions, 

some contemporary breeders have developed rootstocks that are reportedly less 

susceptible to iron deficiency chlorosis and more tolerant of calcareous soils (Preil and 

Ebbinghaus, 1994).  These rootstocks are now sold under the name Inkarho®, on which 
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popular cultivars are commonly grafted (Preil and Ebbinghaus, 2005).  Rhododendron 

breeding efforts are hampered by the long time frames needed to mature seed (5-6 

months) and produce a flowering plant large enough to screen for horticultural traits, 

biotic and abiotic stress tolerances (3-4 years) ( Moe and Pellett, 1986; Preil and 

Ebbinghaus, 1994; Dunemann et al., 1999; Hokanson, 2010).    

Focusing on measuring specific traits with implications for pH adaptability, such 

as the Strategy I iron acquisition mechanism, could decrease the amount of time to 

phenotype and increase the accuracy of breeding for pH adaptability in Rhododendron.  

Little is known about the variation present in wild Rhododendron populations for pH 

adaptability, although one species (Rhododendron viscosum L. Torr.), has reportedly 

been observed on calcareous sites (Hume, 1948). Understanding the degree of variation 

in Strategy I iron acquisition mechanisms such as rhizosphere acidification is a starting 

point to identify traits important to Rhododendron pH adaptability that can be targeted 

through concerted breeding efforts.  While pH adaptability and iron deficiency chlorosis 

are known to be quantitative in nature (citation(s), evaluations of ornamentals such as 

Rhododendron, are typically assessed using discrete scales, i.e. 1 to 5 (Dunemann et al., 

1999). This is often due to technological and time constraints associated with 

phenotyping continuous trait variation occurring for iron deficiency chlorosis.  These 

phenotyping methods for iron deficiency chlorosis likely represent a dramatic 

simplification of the phenotypic variation for whole plants, which often take at least three 

seasons to grow to a screenable size for field or container evaluation (Moe and Pellet, 

1986). In addition, the lack of robust, easy to use molecular markers for most ornamental 
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crops including Rhododendron leads to a limited ability to detect quantitative trait loci for 

traits with continuous variation like iron deficiency chlorosis in younger plants 

(Froechlich and Fehr, 1981; Dunemann et al., 1999). This inability to select reliably on 

molecular markers at an early stage in seedling development further hinders selection for 

pH adaptability efforts in Rhododendron breeding programs.    

In plant breeding, the ability to measure phenotypes quickly through image 

analysis or other mechanization has allowed the breeding potential for quantitative traits 

such as pH adaptability to be better understood (Berger et al., 2010).  The use of 

computational tools allow for the coding of repeatable processes, such as colorimetric 

measurements of image data, further improving the capacity for understanding complex 

traits such as those occurring in the root zone (Yazdanbakhsh and Fisahn, 2009; Clark et 

al., 2013; Shi et al., 2013). Colorimetric measurements are especially suited to high 

throughput phenotyping due to the ease of data collection using digital cameras, 

opportunity for multiple measurements over time, and customizable analysis using code 

implemented in various programming environments, i.e., ImageJ (National Institute of 

Health, Bethesda, MD) or MATLAB (Mathworks, Inc, Natick, MA).  Utilizing in vitro 

grown plants provides an opportunity to measure sensitive traits including rhizosphere 

acidification in a controlled environment free from variation introduced by external water 

sources and complex soil properties that may confound measurements of sensitive pH 

changes such as those in the rhizosphere. Fortunately, the use of colorimetric pH 

indicators to observe the rhizosphere acidification response on high pH, iron limited 

media has shown promise for the detection of the phenomenon (Yi and Guerinot, 1996). 
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Colorometric methods to detect sensitive pH changes in the rhizosphere also benefit from 

being less cumbersome than traditional electrodes, enabling repeated measurements over 

time and the possibility for use in high throughput applications.  

In this study, we sought to develop an in vitro assay to quantitatively measure 

acidification of the rhizosphere of Rhododendron subg. Hymenanthes seedlings. We first 

investigated the degree to which embryo age and media gibberellin (GA3) and auxin 

(IAA) concentrations affect seedling growth, with the goal of expediting seedling 

maturity, leading to a quicker, higher throughput in vitro rhizosphere acidification assay. 

The assay was used to detect rhizosphere modification in two different Rhododendron 

populations with the objective being to determine whether genetic variability exists for 

rhizosphere acidification in this taxa and explore implications for pH adaptability 

breeding in the genus.   

 

Materials and Methods 

 

Rhododendron crosses, seed harvest, and seed sterilization. Rhododendron full sib 

progeny from the cross ‘Haaga’ x ‘Rhodunter 149’ (denoted HxI) and half-sib progeny 

from an open pollinated Rhododendron catawabiense plant (denoted Rcat) at the 

Minnesota Landscape Arboretum were utilized in these experiments.   We performed 

germination tests on both immature seed (exised before capsules dehised) and mature 

seed (recovered after capsules dehised).  Immature seeds were removed from the HxI 

five-valved capsules at 12 and 16 weeks after crossing. Immature seeds were sterilized 

for 1 minute in 70% ethanol, soaked in a 15% Clorox® solution for 30 min, and rinsed 
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three times in autoclaved, deionized water.  Immature seeds were then plated on Woody 

Plant Medium (McCown and Lloyd, 1981) in non-vented petri dishes (10x1.5 cm, Fisher 

Scientific, Pittsburgh, PA).  Mature HxI seed capsules were harvested at 24 and 40 weeks 

after pollination, dried and stored at approximately 21°C and 30% relative humidity 

(stratified) for approximately one month in preparation for germination treatments. Seed 

was removed from the capsules and sterilized by soaking 30 minute in a 2.5% Plant 

Preservative Mixture (PPM™; Plant Cell Technology, Washington, DC) solution with a 

magnetic stirrer to assure even sterilization. The seed was next rinsed 3 times with 

autoclaved deionized water before plating as described above.  Seed from open pollinated 

Rcat mature capsules were collected, sterilized, and plated at approximately 24 weeks 

after pollination.  All treatments were subjected to a 24-hour photoperiod under 

fluorescent lighting (Sylvania 34W E3e4 bulbs, Osram Sylvania Inc., Mississauga, CA) 

for germination tests.   

 

Rhododendron tissue culture: germination and rooting. Half-concentration Woody Plant 

Medium (McCown and Lloyd, 1981) was used for germination, rooting, and rhizosphere 

acidification screening.  Medium pH was adjusted to 5.7 and agarose was added at a rate 

of 7g/L. The mixture was autoclaved at 121°C and 14 PSI for 30 minutes before use. A 

stock solution of gibberellic acid (GA3) potassium salt (Sigma-Aldrich, St. Louis, MO), 

prepared using autoclaved, deionized water, was incorporated into the medium following 

autoclaving to achieve final GA3 concentrations of 0, 50, 100, and 200 µM for 

germination treatments.  Ten µL of the sterilant PPM™ was added to 10 ml of medium 

containing the GA3 before pouring into non-vented petri dishes (10x1.5 cm, Fisher 
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Scientific, Pittsburgh, PA).  Each GA3 treatment was replicated three times using 20-35 

immature or mature seeds per replication.  Counts to determine germination percentages 

were taken 10 days after the initial plating.  We recorded the percentage of 

embryos/seeds germinated, which were defined as those with the radicle extending 

beyond the seed coat, for plates within each replication.   

 For rooting treatments, a stock indole-3 acetic acid (IAA) solution (Sigma-

Aldrich, St. Louis, MO) was prepared using autoclaved, deionized water with 4-5 drops 

of 95% ethanol added to increase IAA solubility in solution. This IAA stock solution was 

added to the tissue culture medium following autoclaving to achieve final concentrations 

of 0, 15 and 75 µM of IAA in the medium.  Plants germinated from 12-week immature 

embryos were subcultured from the germination medium onto the rooting medium one-

month after germination with 15 individuals per treatment under a 16-hour 

photoperiod.  Only seedlings germinated on medium containing 100 µM GA3 were used 

in the rooting experiment to minimize any confounding effects of varying GA3 

treatments on rooting.  Adventitious root counts were taken 4 weeks after culturing with 

adventitious roots defined as those roots emerging from the hypocotyl.   

 

Rhizosphere acidification: In vitro screening conditions. Seedlings were subcultured 

from germination medium and screened for rhizosphere acidification on half-strength 

Woody Plant Medium adjusted to pH 7.8 and modified to include the pH indicator phenol 

red (phenolsulfonphthalein) at a concentration of 90 µM.  Phenol red changes from red to 

yellow as the medium solution becomes more acidic between pH 7.5 and 5.5.  To relate 

the hue measurements to approximate pH, we created a scale using tissue culture medium 
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of known pH containing the phenol red indicator. The modified tissue culture media was 

photographed and characterized using the image analysis methods described below.  We 

randomly selected seedlings from each of the rooting treatments from the two families 

(HxI and Rcat) to assess rhizosphere acidification differences between the two sets of 

progeny and to measure any correlation with root mass.  After autoclaving the media, 10 

ml was poured into a 100 ml glass Pyrex tissue culture tube and left to solidify before 

subculturing the seedling.  The tubes were then sealed with a clear plastic cap wrapped 

with parafilm and placed under fluorescent lights (Sylvania 34W E3e4 bulbs, Osram 

Sylvania Inc., Mississauga, CA) with a 16-hour photoperiod for two weeks. Root systems 

on in vitro seedlings were harvested from the first lateral root following the screening 

period. Roots were then dabbed with a paper towel to remove excess moisture and 

massed on an electronic balance.   

 

Rhizosphere acidification: Image analysis. Pyrex tubes containing Rhododendron 

progeny were photographed in a windowless room under fluorescent lighting (GE T8 

Ultramax Eco XL  28W bulbs, General Electric, Fairfield, CT) using a Canon PowerShot 

G16, with a 6.1-30.5mm lens (Canon Inc., Melville, NY) mounted on a tripod.  Camera 

settings included an exposure time of 1/8 second, an ISO speed of 80, a focal length of 6 

mm, and a maximum aperture of 1.6875.  Culture tubes were photographed for analysis 

when the seedling was first subcultured and two weeks later, with the images saved in 

JPEG format (Fig. 1).  To assess changes in medium pH, the images were processed 

using an ImageJ macro 

(https://github.com/Hortus/ImageJ_scripts/blob/master/Rhizosphere__Crop.txt) to isolate 
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and crop the tissue culture media to a 2cm x 2cm square image in the center of the 

tube.  A custom MATLAB (MathWorks Inc, Natick, MA) script 

(https://github.com/Hortus/MATLAB_Scripts/blob/master/RhizosphereAcidification.m) 

was used to quantify changes in color of the phenol red pH indicator over the two-week 

screening period.  Our script calculated the average hue, saturation and value 

measurements for all pixels in the image. All hue, saturation, and value measurements 

were reported as decimals from 0 to 1, indicating percentage of degrees around the color 

wheel for hue, percentage of light for saturation, and percentage of darkness for value 

(Fig. 1).  We present hue results in the context of the color wheel with a hue value of 0 

representing pure red (ph value > 7.5), and positive changes as increases in hue towards 

orange (ph value 7.5-6.0) and yellow (ph value < 6.0).  The change in hue represented 

change in pH, with an increase in hue indicating acidification. This measured change in 

hue over the screening period will henceforth be referred to as rhizosphere acidification. 

The script outputted the measurements to a comma separated value (.csv) file for further 

analysis.  

 

Statistical analyses. Analysis of variance (ANOVA) was performed to determine 

statistically significant differences for GA3 treatments and age of seed.  Specific p-values 

that accounted for multiple comparisons were calculated using Tukey’s Honest 

Significant Differences (TukeyHSD) test.  In addition to the ANOVA performed on the 

sample data for adventitious rooting, bootstrap distributions (i=1000) for each treatment 

were constructed to draw more informed conclusions given the small sample sizes. Mean 

rooting values were calculated from 10 randomly selected plants from each 
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treatment.  Normal Q-Q plots were generated from these distributions to assess the 

normality of response to IAA concentration within each treatment.  Student's T-tests were 

used to assess significance between means of the HxI and Rcat progeny rhizosphere 

acidification means.  All statistical analysis were accomplished in R v. 0.98.1091 

(Boston, MA) with Normal Q-Q plots generated using the R package Companion to 

Applied Regression (Fox & Weisberg, 2011). 

 

 

 

Results 

 

Rhizosphere acidification screening protocol. Measurable changes in rhizosphere 

acidification were detected in vitro by measuring the change in hue using the output from 

the MATLAB script.  The average initial hue upon subculturing on 7.8 pH medium was 

0.98 (SE = 0.004), equivalent to a hue position on the color wheel of 352° (SE = 1.4°) at 

the onset of the screening period. Initial average image saturation was 0.88 (SE = 0.003), 

and the average image value was 0.73 (SE = 0.007) across the two families tested.  Post-

screening, the average image saturation measured 0.89 (SE = 0.01) and the average image 

value was 0.79 (SE = 0.01). Hue differences in all seedlings on high pH medium between 

initial measurements and post-screening were positive, indicating acidification within the 

medium (Fig. 2). The change in hue of 0.1 (or 36° increase in hue) was approximately 

equal to a change in pH from 7.8 to 6.4 based on the control scale we described above 

(Fig. 2). These saturation and value measurements calculated from the MATLAB script 
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remained consistent both within and between screenings, indicating nearly exact lighting 

conditions that allowed for accurate measurements of hue change over the screening 

period.     

 

Effects of hormone treatments and age on in vitro germination and rooting. Using the 

cultivars ‘Haaga’ and ‘Inkarho’ as parents and GA3 treatments, it was possible to begin 

Rhododendron germination as early 12 weeks after crossing in vitro.   Overall, increased 

GA3 concentration led to an increase in 12-week immature embryo germination (p-value 

= 0.001) (Table 1; Fig. 3).  However, only the 100 and 200 µM treatments differed 

significantly (p<0.05) from the 0 µM treatment for immature 12-week embryos when 

GA3 was applied (Table 2, Fig. 3). The combined effect of seed maturity and GA3 was 

significant overall (p<0.001) (Table 3). Immature 12-week, HxI seed was generally more 

responsive to medium GA3 concentration than were mature seeds when compared across 

seed maturity classes (Fig. 4).  In this investigation, the highest germination percentages 

occurred among 12- and 16-week immature embryos treated with 200 µM GA3 (Fig. 

4). For 16-week immature seed, neither the 0 nor 200 µM GA3 treatments produced 

significantly different mean germination percentages (Fig. 4). The 12- and 16-week 

immature seed on media containing 200 µM GA3 had significantly greater germination 

rates than 24- and 40-week mature seed growing on media without GA3 (Table 4, Fig. 4). 

GA3 increased germination percentages in 24- and 40-week mature seed, although not 

significantly (Fig. 4).  Overall, GA3 applications on immature Rhododendron seeds 

improved germination and reduce the amount of time needed to obtain seedlings for in 

vitro screening assays. 
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Increased IAA concentration in tissue culture medium resulted in greater 

adventitious root production in seedlings germinated from 12-week immature embryos 

(p<0.01) (Table 5), though the difference in mean number of roots between the 0 and 15 

µM IAA treatments was not significant (p = 0.24) (Table 6). Boxplots of the rooting data 

revealed a wider inter-quartile range and an outlier for the highest (75 µM) treatment vs. 

other IAA concentrations (Fig. 5A). The adventitious root number data from the 75 µM 

IAA treatment were distributed non-normally, indicating a non-uniform response to high 

IAA concentration for immature embryos (Fig. 5D). 

 

Rhizosphere acidification measurements. Mean rhizosphere acidification was 

significantly different (p<0.001) between the two families.  Both hue values and root 

masses for the two families required logarithmic transformation due to unequal variation 

in hue change, with hue change varying more in seedlings with larger root masses than 

those with smaller root masses.  Root mass correlated positively with rhizosphere 

acidification in both families (Fig. 6).  Regression analysis with root mass as the sole 

component of variation for hue change differed between the two families (R2=0.72 and 

0.37 for Rcat and HxI, respectively).  Using the regression coefficient from the HxI 

family on the root mass data from the Rcat family, we significantly underpredicted the 

mean rhizosphere acidification for the Rcat family compared to the observed rhizosphere 

acidification (p=0.002).  Conversely, using the regression coefficient from the Rcat 

family on the root mass data from the HxI family resulted in a significant overprediction 

of rhizosphere acidification for the HxI family (p=0.04).   
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Discussion 

 

Seedlings with root systems suitable for trait measurement can be reliably 

produced in vitro from immature Rhododendron seeds using GA3.  The use of GA3 has 

the potential to speed plant production for breeding studies, especially from genera with 

relatively long seed maturity times like Rhododendron. Eeckhaut et al. (2007) 

demonstrated that the application of GA3 was useful in rescuing immature 

Rhododendron embryos from aborting following wide crosses. While the Haaga and 

Inkarho cultivars are both within the highly interfertile subgenus Hymenanthes, greater 

GA3 concentration increased immature seed germination, yielding screenable plants as 

soon as 5 months after crossing.  In contrast, maturation of seed generally takes 6 months 

after crossing in many Rhododendron species (Escaravage et al., 1997; Hay et al., 2006).  

In addition, conventionally grown Rhododendron seedlings would require a two-month 

germination and initial growth period. These conventionally grown seedlings would not 

be ready to screen using our method until at least 8 months after crossing. The use of 

GA3 on immature seeds thus can save breeders approximately 3 months, allowing for 

quicker measurement of root related traits in this slow growing woody genus.  The use of 

GA3 in tissue culture media did not significantly increase germination percentages for 

mature Rhododendron seed (> 24 weeks), and was not found to be necessary to obtain 

adequate numbers of progeny for the study of quantitative traits such as rhizosphere 

acidification. While requiring additional effort, it is possible to more quickly and reliably 

germinate and grow Rhododendron progeny from immature seeds for expedited, in vitro 

phenotyping efforts. 
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In vitro rooting was successful for both HxI and Rcat progeny without the 

addition of IAA.  However, increasing concentrations of IAA in the medium increased 

both mean adventitious root numbers and rooting variability (Table 6; Fig. 5).  Increased 

IAA concentrations have been observed to cause more variable in vitro rooting responses, 

and it has been suggested that variable osmotic potentials between plant tissue and 

culture medium affect root imbibition of auxins (Welander, 1976; Sharma et al., 1996). 

The application of IAA at higher concentrations resulted in a non-normal distribution of 

root areas, with seedlings in the 75 µM IAA treatments developing either many or few 

roots. This observation was supported by the bootstrap analysis, which revealed 

deviations from normality in rooting response using a 95% confidence interval threshold 

(Fig. 5D). Other rooting treatments, including the 0 µM IAA treatment, displayed a 

normal distribution for mean root number following bootstrap analysis.  For 

Rhododendron seedlings obtained from immature embryos, high IAA concentrations do 

not induce uniform rooting and IAA application could confound estimates of genetic 

variances for breeding purposes regarding root related traits. 

Screening seedlings under highly controlled in-vitro conditions allowed for the 

detection of changes in rhizosphere pH using a colorimetric assay.  This non-destructive 

method opens the possibility for high throughput application and repeated rhizosphere pH 

measures on cultured plants to better measure parameters of a quantitative trait like pH 

adaptability (Bernardo, 2010).   In terms of iron solubility, we observed rhizosphere 

acidification from pH 7.8 to approximately 6.4 that would favor a redox potential that is 

more favorable to iron solubility in the soil (Brady and Weil 2004). In most soils, the 
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greatest increase in the rate of iron reduction to Fe2+ occurs between pH 7.5 and 6.5 

(Schwab and Lindsay, 1983). The subsequent increase of Fe2+ within acidified soils is 

therefore more available to root tissue, allowing for uptake by plant roots in greater 

amounts (Schwab and Lindsay, 1983). Based on our measurements of Rhododendron 

progeny, rhizosphere acidification can lower pH to levels that better favor iron reduction 

and availability.   

Significant differences in rhizosphere acidification were also observed between 

the HxI and Rcat family means, indicating potential genotypic variation for rhizosphere 

acidification. With varied degrees of root acidification responses observed in a given 

amount of root tissue in Arabidopsis (Yi and Guerinot, 1996), we set out to determine the 

nature of the relationship between the size of the root system (measured by mass) with 

the amount of observed rhizosphere acidification.  The relationship between root mass 

and rhizosphere acidification varied between progeny. However, linear models using root 

mass as the sole predictor for rhizosphere acidification failed to predict the observed 

change in rhizosphere acidification when tested in the opposite family.  Given that 

rhizosphere acidification is shown to be under genetic control in other dicots such as 

Arabidopsis, the total number of roots is not expected to be the sole factor explaining 

quantitative variation in rhizosphere acidification, but rather the degree of acidification 

response of the root tissue to high pH stress (Guerinot and Yi, 1994; Yi and Guerinot, 

1996). Experiments involving a greater number of Rhododendron families arising from 

structured mating designs is warranted to quantify the parameters of rhizosphere 

acidification as a quantitative trait. Indeed, rhizosphere acidification possesses 



     97 

 

measurable narrow-sense heritabilities in both wild (0.83) and cultivated (0.38) 

germplasm when measured across three different liming treatments (Susko, 2016, see ch. 

4).   

 

 In conclusion, rhizosphere acidification can be detected colorimetrically in tissue 

culture with potential applications for high throughput analysis. This application of a 

colorimetric, in vitro method thus has promise to reveal the variation of specific 

phenotypes at the root level, with implications for improving tolerance to high pH and/or 

calcareous soils.  The application of gibberellins in tissue culture media improves 

germination for immature embryos and enables phenotyping for rhizosphere acidification 

at an early age. However, the application of IAA is undesirable, as it induces non-

uniformity in root related phenotypes.  Non-uniformity in root phenotype could lead to 

less accurate estimates of the quantitative genetic components of pH adaptability traits, 

including rhizosphere acidification.  Overall, the relatively quick nature of the 

colorimetric method presented for detecting rhizosphere acidification has the potential to 

detect quantitative variation in a promising trait for enhancing pH adaptability in 

Rhododendron. 
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Tables 

 

Table 1. ANOVA for the 12 week old HxI immature seeds subjected to 0, 50, 100, and 

200 µM GA3 treatments.   

 

Source of 

Variation 

df Mean Squares F value P value 

GA3 

Concentration 

3 0.10 7.91 0.008 

Residuals 8 0.01   
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Table 2. Percent increases in mean germination rates for 12 week old HxI immature 

embryo in 0, 50, 100, and 200 µM GA3 treatments.  Based on TukeyHSD comparisons 

between treatments for 12-week excised HxI embryos. 

 

GA3 Immature Embryo Treatment Combinations TukeyHSD p-value 

50 µM 0 µM 0.3958 

100 µM 0 µM *0.0269 

200 µM 0 µM **0.0097 

100 µM 50 µM 0.2731 

200 µM 50 µM 0.0966 

200  µM 100 µM 0.8694 

 

Note: *, **, and *** indicate significance at alpha values of 0.05, 0.01, and 0.001, 

respectively 
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Table 3.  ANOVA for the seedling maturity group and GA3 treatment effect on in vitro 

germination rate.  GA3 treatment and maturity were not treated as independent effects in 

this ANOVA so that Tukey HSD comparisons could be made between combinations.   

 

Source of 

Variation 

df Mean Squares F value P value 

Maturity 

group 

7 0.74 12.83 <0.001 

Residuals 14 0.01   
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Table 4. Significant effects of seed maturity (Immature: 12-,16-week embryos, Mature: 

24-, 40-week seeds) and GA3 concentration (0, 200 µM) on Germination.  Only 

significant combinations are shown, with treatments in the furthest left column having 

significantly greater (p < 0.05) mean germination rates in vitro than the treatments in the 

middle column.  

 

Maturity, GA3 Treatment Combinations Tukey HSD 

p-value 

Immature 12-wk (200µM GA3)  Mature 24-WK (0 GA3)     **0.0026 

Immature 12-wk (200µM GA3) Mature 24-WK (200µM GA3)   **0.0098 

Immature 12-wk (200µM GA3)  Mature 40-WK (0 GA3)      ***0.0010 

Immature 12-wk (200µM GA3)  Immature 12-WK (0 GA3)      ***0.0002 

Immature 16-WK (0 GA3)  Immature 12-WK (0GA3)        **0.0079 

Immature 16-WK (0 GA3) Mature 40-WK (0 GA3) *0.0225 

Immature 16-WK (200µM GA3) Immature 12-WK (0 GA3)     **0.0002 

Immature 16-WK (200µM GA3)  Mature 24-WK (200µM GA3)   **0.0100 

Immature 16-WK (200µM GA3)  Mature 24-WK (0 GA3)      **0.0027 

Immature 16-WK (200µM GA3) Mature 40-WK (0 GA3)     **0.0010 

 

Note: *, **, and *** indicate significance at alpha values of 0.05, 0.01, and 0.001, 

respectively 
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Table 5.  ANOVA for IAA rooting treatment effect on the total number of adventitious 

roots for HxI seedlings grown in vitro.   

 

Source of 

Variation 

df Mean Squares F value P value 

IAA 

Concentration 

2 10014 11.56 0.001 

Residuals 43 866   
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Table 6. Comparisons of mean HxI root number between IAA treatments.  P-values 

based on Tukey HSD comparisons. 

 

IAA Treatment Combinations TukeyHSD 

p-value 

15 µM 0 µM 0.2369 

75  µM 0 µM ***0.0001 

75 µM 15 µM **0.0045 

 

Note: *, **, and *** indicate significance at alpha values of 0.05, 0.01, and 0.001, 

respectively 
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Figures 

 

Figure 1. Colorimetric assay workflow for detecting rhizosphere acidification. 1A. 

Original images were taken in a photography room under consistent lighting, followed by 

1B. Image cropping using ImageJ to highlight the tissue gel, with 1C. Subsequent color 

calculations and data export in MATLAB, 1D. Final data were expressed as H=hue, 

S=saturation and V=value. 
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Figure 2. Rhizosphere acidification over time. (A) Cropped images of HxI tissue culture 

medium throughout a two-week experiment for the 20 seedlings used. (B) A pH scale 

using the indicator phenol red is provided on the right hand side of the figure for 

comparison.  Each rectangle represents the rhizosphere from one individual seedling.  

Note the change in hue from red to orange over the two-week screening period, 

indicating a lowering of medium pH from the initial starting pH of 7.8 to an estimated pH 

6.5. 
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Figure 3. Germination percentages for 12-week HxI immature embryos for each GA3 

treatment, averaged across three in vitro replicates with  ±2 SE bars.  Increased GA3 

concentration above 100 µM significantly increased germination percentages for 

immature embryos relative to the 0 µM treatment. Unique letters indicate significantly 

different treatment means (p < 0.05). 
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Figure  4. HxI seed germination as a factor of embryo age (weeks) and GA3 treatment (0, 

200 µM).    Data from open pollinated seed collected from Rcat at approximately 24 

weeks after pollination are shown for comparison. ±2 SE bars for each treatment are 

shown. Unique letters indicate significantly different treatment means (p < 0.05). 
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Figure 5. Rooting in response to IAA treatments. A. The boxplot for the 75 µM IAA 

treatments shows a wider span between minimum and maximum values than for the 0 or 

15 µM treatments . B-D. Each circle represents a sample mean from each calculation 

from the bootstrap distribution for each treatment, with the solid red line on the Normal 

Q-Q plots indicating the theoretical distribution and the dashed lines representing a 95% 

confidence interval around the theoretical distribution. D. Additionally, bootstrapped 

values fall outside of the 95% confidence interval for a normal distribution in the 75 µM 

IAA treatment unlike in the B. 0 and C. 15 µM IAA treamtents.   
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Figure 6. Relationship between root mass and hue change (rhizosphere acidification). 

Scatterplot of log transformed hue and root mass values of 20 seedlings from each 

breeding population, HxI and Rcat. Using the linear model derived from the HxI seedling 

data significantly underpredicted mean hue change in the Rcat seedlings (p-value 

0.002).  Conversely, the linear model derived from the Rcat seedling data overpredicted 

the mean hue among HXI seedlings (p-value 0.04).  The relationship between root mass 

and rhizosphere acidification, while positive, is different between the HxI and Rcat 

progeny.   
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Introduction 

 

Most dicot plants modify the pH of the root apoplast and intercellular space, a 

process called rhizosphere acidification, to make micronutrients such as iron soluble for 

reduction and uptake into plant tissue.  In Rhododendron, a genus severely impacted by 

elevated soil pH-induced iron deficiency chlorosis, increased rhizosphere acidification 

could improve iron uptake on high pH or calcareous soils. Previously we developed an in 

vitro assay for rhizosphere acidification based on the colorimetric pH indicator phenol 

red.  Using this assay, we measured rhizosphere acidification across three calcium 

carbonate (CaCO3) treatments for Rhododendron progeny generated using two different 

mating designs: a factorial design consisting of Rhododendron sect. Pentanthera 

advanced breeding selections and a half-sib design consisting of R. viscosum (L.) Torr. 

maternal parents originating from six wild subpopulations.  We also measured the effect 

on rhizosphere acidification of two incidental in vitro microbial contaminants on seed 

derived from wild populations: the fungus Exobasidium rhododendri and an unidentified 

bacterium likely belonging to the genus Curtobacterium. Rhizosphere acidification had 

measureable narrow sense heritabilities in both mating designs.  We detected significant 

additive variance in the R. viscosum half-sib design and a significant maternal genotype 

effect in the cultivated factorial design. Rhizosphere acidification measured in vitro for 

the cultivated factorial design was positively correlated with seedling growth measured 

on plants growing in conventional media in the greenhouse, indicating rhizosphere 

acidification is a candidate trait for pH adaptability in Rhododendron. 
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Rhododendron is a large genus of more than 1,000 species, many of which are 

popular as ornamental landscape plants (Goetsch et al., 2005).  Selection for ornamental 

qualities has been the primary breeding focus over centuries of cultivation, with abiotic 

stress tolerance becoming a breeding interest only in recent Rhododendron cultivation 

history (Moe and Pellett, 1986).  Contemporary Rhododendron breeders, have an interest 

in introducing cultivars with greater abiotic stress tolerance, including cold hardiness and 

adaptability to high pH soils (Preil and Ebbinghaus, 1994; Hokanson, 2010).  Variation 

for adaptability to high pH soils is poorly characterized in Rhododendron. Systematic 

studies on pH adaptability have not been undertaken because quick, accurate screening 

(high-throughput phenotyping) protocols for soil pH tolerance have not been 

developed.  Soil pH adaptability is a complex trait involving many factors related to root 

physiology, architecture, genetics, soil properties, climate, and potential interactions with 

microbes. These factors can alter the availability of a host of micronutrients, such as iron, 

that are critical in maintaining plant vigor (Brady and Weil, 2004).  

Iron, though abundant in most soils worldwide, is limited for plant uptake in soils 

of high pH and/or from soils containing calcium carbonate (CaCO3) (Briat and Lobréaux, 

1997). Soils containing bicorbonate ions such as those with high amounts of calcium 

carbonate are more buffered, and thus are slower to acidify than high pH soils that don’t 

contain calcium carbonate (Brady and Weil, 2004).   Buffering due to bicarbonate ions 

minimizes the effect of acidification responses of plant roots on calcareous soil, and thus 

limit iron uptake and exacerbate high pH stress (Mengel, 1994).  Under these conditions, 

iron exists in an oxidized state (ferric) and is insoluble in soil for uptake by plant root 
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tissue (Guerinot and Yi, 1994). This results in a lack of iron reduction, which is critical 

for uptake by root cells and translocation within the plant. The lack of successful iron 

acquisition by plants decreases chlorophyll production and results in iron deficiency 

chlorosis, a yellowing of plant leaves which is indicative of a lack of  photosynthetic 

capacity, plant vigor and growth (Yi and Guerinot, 1996). Rhizosphere acidification is 

the primary mechanism of iron acquisition by dicot plants under iron-limited conditions 

(Brady and Weil, 2004).   Specifically, rhizosphere acidification increases iron solubility 

and changes the redox potential of soil and root intercellular spaces, allowing for greater 

iron reduction and acquisition by root tissues (Briat and Lobréaux, 1997).  

To mitigate the effects of high pH stress and iron deficiency chlorosis, a plant 

response to high pH soils is expected to occur when iron is limited in the environment 

(Guerinot and Yi, 1994).  In Rhododendron, phenotypic variation for rhizosphere 

acidification is quantitative with a range of acidification observed in seedlings and 

significant phenotypic differences between families (See Ch. 3). Estimates of quantitative 

trait parameters, such as heritability and selectable variation for rhizosphere acidification, 

can be obtained through the study of appropriate population structures and mating 

designs. Such analyses improve understanding of variation of traits for breeding 

purposes. Factorial and half-sib mating designs allow for the estimation of genetic 

variances, which can then be used to estimate the heritability for a quantitative trait and 

the significance of genetic variance within a breeding population (Bernardo, 2010). 

Genetic variance estimates are critical for quantitative traits such as rhizosphere 

acidification to ascertain whether utilization of a particular genotype might impart a 
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significant effect on the phenotype of progeny (Bernardo, 2010).  Significance of trait 

genetic variation within a breeding population is also important for future selection 

gains. In wild populations, comparisons of the additive genetic variance (trait variation) 

between subpopulations, a statistic known as Qst, can yield inferences on whether 

subpopulations are locally adapted for a trait (Leinonen et al., 2013). This is done by 

comparing trait Qst values with the genetic differentiation of subpopulations using 

molecular marker data through Fst, Rst, or related statistics to infer local adaptation for 

quantitative traits (Leinonen et al., 2013).  

We present results from an experiment designed to understand the quantitative 

trait variation for rhizosphere acidification in two Rhododendron breeding populations of 

cultivated and wild origin. We address the following objectives: 1) determine the effect 

of liming rate on rhizosphere acidification, 2) determine the effect of maternal and 

paternal genotypes on rhizosphere acidification, 3) determine the range of variation for 

rhizosphere acidification in wild subpopulations of R. viscosum, and 4) relate in-vitro 

rhizosphere acidification estimates to the growth rate of seedlings grown in soil under 

calcareous conditions.  

 

Materials and Methods 

Plant material and mating designs.  We estimated phenotypic and genetic 

variance estimates for rhizosphere acidification using two crossing schemes, a factorial 

mating design and a half-sib mating design.  The factorial design comprised seven full-

sib families derived from four maternal and two paternal parents (Table 1). All of the 
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parents used to develop the factorial design families were advanced, numbered selections 

within the University of Minnesota deciduous azalea breeding program (Hokanson, 

2010). Based on pedigree records, the parents were not related through kinship.  The 

maternal half-sib design consisted of seedlings derived from 19 maternal parents growing 

wild in six subpopulations across the southern part of the natural range of occurrence for 

R. viscosum (Swamp azalea) (Table 1). We chose subpopulations from five geographic 

regions across the southern U.S. from Arkansas to Florida that partially captured the soil 

variation where R. viscosum occurs (See Ch. 2). The two designs will hereafter be 

referred to as the “cultivated factorial” and “wild half-sib”, respectively.   

We utilized 14 EST-SSR primer pairs derived from an R. viscosum vegetative bud 

transcriptome to estimate genetic differentiation in R. viscosum for Qst comparisons in the 

wild half design. The SSR development and population genetic analysis for the R. 

viscosum populations is presented (See Ch. 2).  Briefly, RNA was extracted from 

vegetative bud tissue using a Qiagen RNeasy Plant Mini Kit (Qiagen, Valencia, CA), 

followed by paired-end library preparation using an Illumina TruSeq Stranded Total 

RNA Library Prep Kit (Illumina, Inc. San Diego, CA), with sequencing done using an 

Illumina MiSeq (Illumina, Inc. San Diego, CA).   The CLC Genomics Workbench (CLC 

Bio, Waltham MA) was used to de novo assemble RNAseq paired end reads into contigs 

for further EST-SSR identification.  The Unix program GMATo was used to identify 

EST-SSR loci on assembled contigs, with suitable flanking primer sites determined using 

Websat (Martins et al., 2009; Wang et al., 2013). Identified EST-SSR primer 

combinations were ordered from Integrated DNA Technologies (Coralville, IA), with 
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amplification of the 14 primer combinations performed using a modified 3-primer 

protocol as described (Waldbieser et al., 2003). Fluorescence-labeled PCR fragments 

were visualized by automated capillary gel electrophoresis on an ABI3730xl using ROX-

500 size standard (Applied Biosystems, Foster City, CA). GeneMapper version 4.0 was 

used to recognize and size peaks from 68 individuals across six subpopulations (ABI, 

Foster City, CA). Arlequin v 3.5 was used to calculate a Slatkin’s Rst value of 0.49 as a 

measure of subpopulation genetic differentiation against which to compare phenotypic 

data (Slatkin, 1995).    

Tissue culture and screening methods. Progeny from the two mating designs were 

germinated in vitro on half strength Woody Plant Medium without gibberellins (McCown 

and Lloyd, 1981) (Sigma Aldrich, Natick MA).  For the cultivated factorial design, we 

harvested mature seed capsules approximately five months after crossing and 

subsequently stored them in a seed cooler at 4° C for six months.  For the wild half-sib 

design, we flagged flowering plants in the wild between May and June, 2014 and 

returned at the end of October 2014 to collect mature capsules.  Following capsule 

storage and dehiscence, all seed was surface sterilized in a 2.5%  PPMTM (Plant 

Preservative Mixture, Plant Cell Technology Inc. Washington, DC) solution using a 

magnetic stirrer for 30 minutes. After rinsing seeds in distilled water, seeds were plated 

on petri dishes (35 per plate) containing 20 ml of half-strength Woody Plant Medium (pH 

5.7) and 10 uL of PPMTM sterilant.  Germination occurred under fluorescent lighting with 

a 24-hour photoperiod.  Following germination, petri dishes were moved under 

fluorescent lighting with a 16-hour photoperiod for 2 months as seedlings developed root 
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systems and mature leaves. Screening for rhizosphere acidification occurred 

approximately 8-9 weeks following initial germination.  Screening medium (half-strength 

Woody Plant Medium) pH was adjusted to 7.8 and supplemented with 0, 310, or 610 g of 

CaCO3 per liter of medium to create three liming treatments.  Phenolsulfonphthalein 

(phenol red) was incorporated into the tissue culture medium at a final concentration of 

90 µM prior to autoclaving. Individual plants were subcultured into 100 ml glass Pyrex 

tubes containing 10 ml of the medium.  The tubes were sealed with plastic caps and 

parafilm during screening.   

Images of tissue culture gel medium were taken using a digital camera (Canon 

G16 PowerShot, Melville, NY) immediately upon subculturing and 3 weeks later, in 

order to measure the change in acidification colorimetrically based on the hue change of 

the phenol red indicator.  Changes in hue were quantified using a MATLAB script (See 

Ch. 3).  Hues are reported in their position on the color wheel, as a percentage of 360 

degrees. We report the positive or negative difference in hue over the 3-week screening 

period.  

Experimental design. Depending on the total number of seeds germinated, 36 to 

63 seedlings from each family were screened for in vitro rhizosphere acidification. Each 

of three CaCO3 treatments was replicated three times per family in vitro.  For greenhouse 

phenotyping, between 45 and 135 seedlings from each family were screened for growth 

rate and leaf color on three CaCO3 soil media treatments (see Greenhouse phenotyping 

below).   Each of the three CaCO3 treatments was replicated 3 times per family in the 
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greenhouse.  A completely random design was employed for both in vitro and greenhouse 

phenotyping experiments.      

Root area measurements. We estimated the effect of root area on rhizosphere 

acidification in the cultivated factorial design. We harvested the root system from the root 

apex to the point where the secondary root most proximal to the stem tissue 

emerged.  Roots were then imaged against a white poster paper background using a 

NIKON D2X digital camera (Nikon Inc., Los Angeles, CA) mounted on a custom built 

light box that maintained consistent lighting for uniform camera exposures. The light box 

was illuminated with 4 compact fluorescent bulbs (26 Watt, General Electric, Fairfield 

CT).   Manual camera settings (f-stop of f/4, exposure time of 1/200 seconds, an ISO 

speed of 200, focal length of 35 mm, and a maximum aperture of 1.6) were maintained 

for all pictures.  A MATLAB script was written to detect contrasts in value between 

darker root tissue and white background.  The exact root area was then calculated by 

scaling the resolution of the image against a known distance, resulting in the root area for 

each seedling estimated in centimeters squared.  

Microbial contaminant identification. We encountered two distinct contaminants 

in our cultured seedlings in state the number of the subpopulations tested. One, 

apparently a fungus, initially appeared to promote growth, but eventually killed the plants 

after the screenng period concluded. The other, apparently a bacterium, enhanced growth 

in culture. Cultures in which seedlings were killed by contaminants in vitro during the 3-

week screening period were not included in rhizosphere acidification analyses.  However, 

contamination that enabled or did not affect the growth of seedlings and was limited to 
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the rhizosphere was recorded as present or absent, and the hue data included for 

rhizosphere acidification analyses.  For infected cultures, DNA was extracted from 

contaminated roots and subjected to PCR using fungal ITS primers (Beier, 2013).  

Resulting amplicons were sequenced using a Sanger sequencing approach (ABI 3730xl, 

University of Minnesota Genomics Center, St. Paul, MN).  To identify the bacterial 

contamination, swabs from infected in vitro roots in the Y-City and Eagleton AR 

subpopulations were plated on full strength LB agar (Fisher Scientific, Pittsburgh, PA) in 

the dark at 25°C.  Bacterial DNA was extracted from resulting colonies using a Quick-

DNATM Universal Kit (Zymo Research, Irvine, CA). We amplified the V1-V3 region of 

the bacterial 16s ribosomal DNA using the forward primer 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAGTTTGATCMTGGCTCAG and the reverse 

primer GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATTACCGCGGCTGCTGG. DNA was 

prepared for sequencing at the University of Minnesota Genomics Center (St. Paul, MN) 

using a MiSeq 600 Cycle v3 kit and sequenced using an Illumina MiSeq v3 machine 

(Illumina Inc., San Diego, CA) to generate 300bp, paired end reads.  Reads from the V1-

V3 16s region were assembled into contigs using the program ABySS, which were 

compared using a nucleotide BLAST search against the nucleotide collection at the 

National Center for Bioinformatics.  The two longest contigs from each isolate assembly 

were used to identify the bacterium present based on a lowest E-value approach (NCBI, 

2016).  

Greenhouse treatments. Seeds from families in the cultivated factorial design 

were sown on sphagnum moss in 5”x5” plastic flats under fluorescent lighting with an 
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18-hour photoperiod and daily misting.  Once the seedlings developed mature leaves, 

they were fertilized once with a 200 ppm Peters Excel 21N-2.2P-16.4K (21-5-20) 

fertilizer solution (Grace-Sierra CO., Milipitas, CA).  The seedlings grew in the fertilized 

sphagnum media for 10 weeks, after which they were transferred to azalea growing 

medium (60% finely seived pine bark and 40% peat) amended with 0, 10, or 20% 

powdered CaCO3 by dry weight. The growing media was saturated with the Peters Excel 

solution mentioned above upon transplanting the seedlings. The pH of the greenhouse 

media treatments (5.7, 7.0, and 7.5 respectively) was determined using a Mettler Toledo 

Seven-Multi pH meter through a 1:1 media to water ratio, followed by a 15 minute 

stirring and equilibration period at the University of Minnesota Soil Testing Laboratory 

(St. Paul, MN).   

Greenhouse phenotyping. Images of seedling flats were taken using a NIKON 

D2X camera mounted on a lightbox, using the camera settings described in the Root area 

measurements section above. Photos were taken after transplanting and 4 weeks later to 

assess effects of the liming treatments on plant growth.  Images were cropped using 

ImageJ macros to first reveal the seedling flat and then to divide each flat into 25 

separate, uniformly sized sections so that the growth of individual seedlings could be 

assessed.  Seedlings were distinguished from the medium by contrasting values and hues 

detected using a MATLAB script (Fig. 1).  Specifically, only pixels with a value 

measurement between 0.36 to 1 and a hue measurement between 0.1 and 0.9 (which 

represented leaf surface) were kept for analysis, with all other pixels filtered out of the 

image because they constituted greenhouse media. The sectioned images were then 
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analyzed in MATLAB to compute the area of the seedlings by scaling the resolution of 

the image against a known distance.  We then computed the rates of change in seedling 

area and color by comparing initial and 4-week images.  

Statistical analysis. All variance estimates were calculated in Rstudio (V. 

0.98.1091), using a weighted linear model and ANOVA to account for unbalanced 

representation by families with different numbers of seedlings within the mating 

designs.  Graphs were generated using the R package ggplot2.  The effect of root mass 

was measured within the cultivated factorial design and the effect of microbial 

contamination was measured within the wild half-sib design.  Each effect on the 

phenotype (root mass, fungal and bacterial contamination) was incorporated into a linear 

model that included family and liming treatment to determine the significance in the 

respective mating designs.   Phenotypic means were averaged by family (cultivated 

factorial) or subpopulation (wild half-sib) across the three liming treatments with 

significance determined using a least significant difference test implemented using the R 

package Aricolae (De Mendiburu, 2014).  We performed regression analysis between 

liming treatments on seedlings grown in vitro and in the greenhouse by taking the 

average phenotypic value for each treatment across three replicates within both 

experiments.  This was done to visualize the relationship between in vitro rhizosphere 

acidification phenotyping and seedling growth rate in limed soil and to measure the 

variation in seedling growth rate accounted for by rhizosphere acidification. 

Genetic variance estimates. We estimated the narrow sense heritability for 

rhizosphere acidification within mating designs as the proportion of progeny variance 
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over the total genetic variance across the three liming treatments.  The progeny variance 

represented the sole contributor to additive genetic variance in each mating design, with 

significance of the variance in each mating design determined using an F-test (Bernardo, 

2010).  We also estimated the significance of the maternal and paternal effect on the 

phenotype using a linear model with maternal and paternal genotype factors for hue 

change (rhizosphere acidification).  All genetic variance estimations were made using the 

mean squares (MS) generated from ANOVA on linear models with the formulas detailed 

below (Bernardo 2010).  Additionally, all parents in the cultivated factorial and wild half-

sib designs were assumed to not be inbred, based on the lack of shared ancestry through 

kinship.  For the wild half-sib design, we calculated the Qst, or ratio of the genetic 

variation between populations to the total population additive variance for rhizosphere 

acidification, according to Eq 4 (see below) as an estimate of rhizosphere acidification 

trait differentiation across R. viscosum subpopulations (Leinonen et al., 2013).  

 

Full-sib progeny variance as a component of additive genetic variance in the cultivated 

factorial design was calculated as follows; (Eq. 1). 

 

𝑉𝐴 = 2𝑉𝑝𝑟𝑜𝑔𝑒𝑛𝑦 =  2 (
(𝑀𝑆𝐹𝑒𝑚𝑎𝑙𝑒𝑠 − 𝑀𝑆𝐹𝑒𝑚𝑎𝑙𝑒𝑠𝑥𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

𝑛𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
) 

 

Half-sib progeny variance as a component of additive genetic variance in the cultivated 

factorial design was calculated as follows; (Eq. 2). 
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𝑉𝐴 = 4𝑉𝑝𝑟𝑜𝑔𝑒𝑛𝑦 =  4 (
(𝑀𝑆𝐹𝑎𝑚𝑖𝑙𝑦 − 𝑀𝑆𝐹𝑎𝑚𝑖𝑙𝑦𝑥𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

𝑛𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
) 

 

Narrow sense heritability, was calculated using the Vprogeny estimates from both mating 

designs (Eq. 3).  

 

ℎ2 =  (
𝑉𝑝𝑟𝑜𝑔𝑒𝑛𝑦

𝑉𝑝𝑟𝑜𝑔𝑒𝑛𝑦 +  
𝑀𝑆𝐹𝑎𝑚𝑖𝑙𝑦𝑥𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑛𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

) 

 

Trait Qst, with VA(between) indicating the additive variance between subpopulations and 

VA(total) indicating the total additive variance within the population was calculated after  

(Leinonen et al., 2013) (Eq. 4). 

 

𝑄𝑠𝑡 =
𝑉𝐴(𝑏𝑒𝑡𝑤𝑒𝑒𝑛)

𝑉𝐴(𝑡𝑜𝑡𝑎𝑙)
=  (

2𝑅𝑠𝑡𝑉𝐴(𝑏𝑒𝑡𝑤𝑒𝑒𝑛)

(1 + 𝑅𝑠𝑡)𝑉𝐴(𝑡𝑜𝑡𝑎𝑙)
) 

 

Results 

 

Effect of liming treatment, root area. Calcium carbonate liming treatments had a 

significant effect on rhizosphere acidification only in the cultivated factorial design. 

Increased CaCO3 concentrations in vitro resulted in reduced rhizosphere acidification as 

measured by medium color change within the cultivated factorial design when compared 

to the control (0 g/L CaCO3) treatment (Fig. 2). In the cultivated factorial design, 
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rhizosphere acidification in the 305 g/L CaCO3 as well as the 610 g/L treatment was 

significantly lower than the 0 g/L CaCO3 treatment (p = 0.002 and 0.048 respectively). By 

contrast, liming treatments in the wild half-sib design had no significant effect on the 

observed rhizosphere acidification (p=0.16) (Table 2) (Fig.3).  While root area was 

significantly different between families of the cultivated factorial design (p<0.001), root 

area was not a significant component of hue change (p=0.49) in a linear model containing 

family and root area as factors for hue change. 

Effect of maternal, paternal parents in cultivated germplasm. We calculated a 

narrow-sense heritability (h2 = 0.38) for rhizosphere acidification in the cultivated 

factorial design (Eq. 3).  In estimating the variances of the progeny we were unable to 

measure the effect of the paternal parent with any significance, likely because only two 

paternal genotypes were successfully recovered from the factorial crossing 

scheme.  Thus, the dominance variance was 0 in this design and was not included in the 

Vprogeny calculations. We did not observe significant differences in rhizosphere acidification 

phenotypic means between the seven full-sib families (p=0.11) (Table 3). However, 

maternal genotype was significant in a linear model containing maternal and paternal 

genotypes as factors (p=0.02) and was the primary source of genetic variation for 

rhizosphere acidification in the experiment (Table 4).  Maternal genotype was also a 

significant contributor to the observed phenotypic variance averaged across the three 

liming treatments, with UMN AZ 493 progeny possessing the greatest rhizosphere 

acidification on average (Table 5).  However, the additive variance in progeny among 
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full-sib families, according to an F test with 6 and 18 degrees of freedom, was not 

significant (p=0.22) (Eq. 1). 

Variation in rhizosphere acidification among R. viscosum wild subpopulations. 

We calculated a higher narrow-sense heritability for rhizosphere acidification in the wild 

maternal half-sib design, h2 = 0.83 (Eq. 3).  The effect of individual half-sib families was 

highly significant (p<0.001), as was subpopulation (p<0.001) when individuals were 

grouped together based on their geographic origin (Fig.3) (Tables 2, 6).  Phenotypic 

differences were also significant between subpopulations (Table 5).  The variance in 

progeny among half-sib families, according to an F test with 18 and 36 degrees of 

freedom was highly significant (p<0.001) (Eq. 2). However, the Qst value for rhizosphere 

acidification in the wild half-sib design was 0.20 (Eq. 4), lower than the Rst value of 0.49 

among the subpopulations we sampled, indicating less subpopulation differentiation for 

rhizosphere acidification than would be expected given the EST-SSR loci used (Leinonen 

et al., 2013).  

Effect of microbial contamination in wild germplasm. Incidental microbial 

contamination in seedlings from five of the six subpopulations in the wild half-sib design 

was identified based on the presence of fungal hyphae or bacterial colonies occurring 

near root tissue of in vitro seedlings.  No microbial contamination was observed in 

seedlings of the cultivated factorial design.  Contamination was noted after approximately 

one week in culture on the liming treatment medium and did not appear to hinder 

seedling growth and development during the duration of the one-month screening 

period.  ITS sequencing revealed the fungal contaminant to be Exobasidium rhododendri 
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(Fuckel) C.E. Cramer, a known Rhododendron pathogen.  Exobasidium rhododendri was 

only observed on roots of seedlings originating from the Hattiesburg, MS and 

Tallahassee, FL subpopulations.  Following the 3-week liming treatments, we observed 

seedlings from these two subpopulations contaminated with E. rhododendri declining in 

vigor and eventually succumbing (seedling growth data not available).  The bacterial 

contamination was observed in seedlings from three subpopulations: Y-City AR, 

Eagleton AR, and Boykin Spring TX (Fig.4).  Bacterial contamination, with colonies 

likely belonging to the genus Curtobacterium (Microbacteriaceae), had a significant 

effect on rhizosphere acidification (p<0.001) and was observed to increase growth of 

seedlings on high pH, calcareous medium without any negative observed effects on 

seedling growth in vitro, even after the liming treatments had concluded (Table 6).  

Seedling growth rates (greenhouse). Seedlings from families in the cultivated 

factorial design displayed significantly different growth rates for both treatment and 

family means. The pH of the greenhouse treatment medium after the 4-week screening 

period was 5.7 for the 0% CaCO3 treatment, 7.1 for the 10% CaCO3 treatment, and 7.5 for 

the 20% CaCO3 treatment.  Liming treatment had a significant effect (p<0.001) on 

seedling growth, with seedlings growing in the 10 and 20% CaCO3 treatments having 

significantly lower growth rates (Fig. 5).  Differences in mean growth rates for each full-

sib family were also significant across all liming treatments (p=0.01).  Within the 20% 

CaCO3 treatment, family UMN AZ 493x223 (C) had a growth rate that was higher 

compared to the other families, though not significant according to a Tukey HSD test 

(p=0.09). 
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Relationship between rhizosphere acidification and seedling growth rate. 

Increased in vitro rhizosphere acidification was positively correlated with growth rate in 

container grown seedlings of the cultivated factorial design.   Rhizosphere acidification in 

the cultivated factorial design explained approximately half of the variation in growth 

rate (R2 = 0.45), with liming rate both in vitro and in the greenhouse decreasing both 

rhizosphere acidification and seedling growth (Fig. 6).  Family UMN AZ 493 x 223 fell 

above the 95% confidence interval for the regression on the liming treatments, indicating 

rhizosphere acidification explained more than 45% of the variation for growth rate in this 

family.  This family also was observed to have the highest mean rhizosphere acidification 

in vitro (Table 2). 

Discussion 

 

Calcium carbonate liming treatments decreased rhizosphere acidification in vitro 

and reduced growth rates in the progeny of full-sib families from the cultivated factorial 

design. This was expected, as CaCO3 acts as a buffer in both soils and other solutions, 

with bicarbonate ions dissociating and subsequently binding with protons or other acidic 

root exudates in the rhizosphere (Mengel, 1994; Brady and Weil, 2004).  Calcium 

carbonate has been long identified as a major contributor to reduced plant growth and 

iron deficiency chlorosis in soils around the world (Boxma, 1972; Sanz et al., 1992; 

Franzen & Richardson, 2000). While the relationships between CaCO3 and high pH stress 

in plants has been well documented, the effect of calcareous medium on rhizosphere 

acidification has not been investigated previously.  In the cultivated factorial design, 

significant effects of the maternal genotype on rhizosphere acidification across the three 
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liming treatments indicate both phenotypic and genetic variation within cultivated azalea 

germplasm from the University of Minnesota breeding program.  We did not find a 

significant paternal genotypic effect in the cultivated factorial design, likely owing to the 

fact that we only included two paternal parents in the experiments. Our detection of 

genotype specific variation for rhizosphere acidification in these experiments suggests 

this screening protocol may prove useful for identifying genotypes with the capacity to 

adapt to higher pH soils and/or calcareous soils. 

Root area was not a significant contributor to the variance in rhizosphere 

acidification in the cultivated factorial design, despite root area means being significantly 

different between full-sib families.  The ability of plant roots to induce a rhizosphere 

acidification response under iron-limited conditions has previously been described as a 

genetic effect in arabidopsis (Guerinot and Yi, 1994; Yi and Guerinot, 1996).  A similar 

mechanism of rhizosphere acidification with a genetic component is presumed here in 

Rhododendron, where it is the response of root cells to limited micronutrient availability 

such as iron and not the amount of tissue alone that results in successful micronutrient 

acquisition.  

In the wild half-sib design, the effect of the liming treatment was not 

significant.  Most of the variation in the linear model was due to individual genotypes (or 

subpopulations) and the presence of a bacterial contaminant, likely Curtobacterium, in 

the rhizosphere.  Rhizosphere-inhabiting bacteria are known to be drawn to the nutrient 

rich environment of the rhizosphere, with plants often secreting additional root exudates 

to maintain or grow beneficial bacterial communities (Bais et al., 2006). Currently, none 
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of these relationships are currently described within Rhododendron.  Increased root 

exudates in response to this bacterium are a possible explanation for the high amount of 

rhizosphere acidification observed in individuals infected with the bacterium.   

Nonetheless, hue value means were significantly different when individuals were 

grouped into the six main subpopulations as only three subpopulations were infected 

(Table 5).  This indicates a large degree of phenotypic variation in rhizosphere 

acidification capacity between wild R. viscosum subpopulations, although the variation 

for rhizosphere acidification in this species does not appear locally adapted (see below). 

We observed two microbial contaminants in vitro, Curtobacterium sp. and 

Exobasidium rhododendri, a known Rhododendron fungal pathogen causing cankerous 

growth (Graafland, 1952).  Restricted to certain subpopulations and never observed in 

cultivated material in our experiments, we postulate the microbial contaminants 

originated in wild populations and escaped seed sterilization procedures on the seedcoat 

or are possibly endophytic in nature.  Exobasidium rhododendri had no significant effect 

on rhizosphere acidification and eventually led to a decline and death of in vitro seedlings 

after one month in culture following the screening period.  However, Cutrobacterium sp. 

continued to enable vigorous in vitro growth and rhizosphere acidification long after the 

screening period.  With species in the genus Curtobacterium being known endophytes in 

citrus, it is likely that this gram-positive organism is commonly found within or 

associated with other woody species (Araujo et al., 2002).  Rhizosphere-inhabiting 

bacteria are known to stimulate plant growth through complex signaling pathways (Gray 

and Smith, 2005). Additionally, the inoculation of plant roots with bacterial genera such 



     134 

 

as Azospirillum, Enterobacter, and Microbacterium (Microbacteriaceae) have been 

shown to increase rhizosphere acidification and alter micronutrient availability in a 

variety of plants (Marschner et al., 1987; Whiting et al., 2001; Carrillo et al., 2002). 

Based on growth observations in vitro, we hypothesize that Curtobacterium sp. and R. 

viscosum are natively associated in the wild.  Regardless of whether this bacterium has 

any adaptive advantage in the wild for lowering rhizosphere pH, it does appear to serve 

such function in vitro under CaCO3 treatments, significantly decreasing rhizosphere pH 

on highly calcareous media. Inoculation studies will be undertaken to further investigate 

the effect of this bacterium on rhizosphere pH and Rhododendron growth in soilless 

container growing conditions. 

We also identified significant genetic variation for rhizosphere acidification aside 

from the significant effect of Curtobacterium sp. on infected seedlings.  The heritability 

estimate in the maternal half-sib design (0.83) is higher due to the more significant effect 

of individual half-sib families and a lower treatment by family interaction component in 

the linear models used, irrespective of the presence of the bacterial contaminant.  We also 

examined the significance of the additive variance in each population to determine if 

selectable variation was present in either mating design.  In breeding, researchers are 

concerned with the additive variance, as it is the component of genetic variation on which 

selection is effective (Bernardo, 2010).  In the cultivated factorial design, the additive 

variance was not a significant component of the total genetic variance, while it was 

highly significant in the wild design.  This difference can be attributed in part to having 

more families in the wild half-sib design in comparison to the cultivated factorial design, 
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resulting in increased degrees of freedom. However, the difference could also result from 

greater rhizosphere acidification trait variation present in the wild half-sib design (Table 

2). While additive variance was not significant in the cultivated factorial design, 

phenotypic means across full-sib families were significantly different (Table 2).  Notably, 

the selection UMN AZ 493 represents a promising genotype for rhizosphere acidification 

among elite, ornamental germplasm and a potential parent for improving pH adaptability 

within germplasm selected at the University of Minnesota. Interestingly, this selection 

was recently released as a new deciduous azalea cultivar from the University of 

Minnesota’s Woody Landscape Plant Breeding program (Hokanson et al., 2015)  

Wild R. viscosum populations also represent promising sources of genetic 

variation for rhizosphere acidification in Rhododendron.  Although additive variance 

across the wild maternal half-sib design was significant, the subpopulations 

differentiation of additive variance (Qst) was less than the subpopulation differentiation 

based on EST-SSR estimates (Rst).  A Qst value less than the Rst value is indicative of 

uniform selection across a population, resulting in shared phenotypes across 

environments (Leinonen et al., 2013).  Traits displaying lower Qst than Fst or Rst have been 

identified in diverse genera such as Pinus, Arabidopsis, and Medicago (Bonnin et al., 

1996; Yang et al., 1996; Kuittinen et al., 1997). However, Qst meta-analyses have 

identified more instances in which Qst is higher than Fst, indicating that the majority of 

traits in Qst studies are locally rather than uniformly adapted (Merilä and Crnokrak, 2001; 

Leinonen et al., 2008). Soil samples were collected at each of the R. viscosum 

subpopulations sites (See Ch. 2). Results of the soil sample analysis supported a uniform 
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selection pressure for pH adaptability across the sampled locations, as pH values 

narrowly ranged between 5.3 and 4.0, at values where micronutrients such as iron are 

freely available for plant uptake (Brady and Weil, 2004). This was something of a 

surprise as previous reports indicated the occurrence of R. viscosum on calcareous soils 

(Hume, 1953). It is important to distinguish the difference between the lack of evidence 

for local adaptation of a trait and implications for breeding.  In our circumstance, 

significant additive variance occurs across the wild maternal half-sib families 

tested.  However, only 20% of the trait variation occurs between subpopulations with the 

remaining variation occurring within subpopulations composed of half-sib families, 

which was less than the Qst threshold established by our estimate of genetic 

differentiation from SSR loci tested (Rst) (Chapter 2).  When considered independent of 

their subpopulation, these R. viscosum families from the wild half-sib design contain 

significant additive variation that could be utilized for further rhizosphere acidification 

trait improvement in breeding efforts. 

Rhododendron seedling growth was significantly inhibited by increased CaCO3 in 

greenhouse soilless growing medium.  Rhododendron species and cultivar intolerance to 

CaCO3 have long been known to result in chlorotic and stunted plants (Hume, 1953; Preil 

and Ebbinghaus, 1994). Seedling screening in the cultivated factorial design allowed us 

to assess the effect of CaCO3 stress on plant material that was at a consistent growth stage 

and not confounded by the variation that might be encountered in the study of older 

plants.  Although increased liming rates decreased seedling growth overall, differences in 

average growth rates within the cultivated factorial design were distinguishable across all 
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liming treatments.  While the results between full-sib families in the cultivated factorial 

design were not statistically significant based on growth rate measurements, we still note 

that the family UMNAZ 493x223 had visibly improved growth rates relative to the other 

families tested in the cultivated factorial design (Fig. 1). These improved seedling growth 

rates under CaCO3 treatments are also notable given azalea seedlings’ general intolerance 

to lime (Galle, 1974). The lack of seedling death and the presence of new leaf flushes 

point to a more favorable growth response on the high CaCO3 treatment for UMN AZ 493 

x 223 relative to other families tested.   

The relationship between rhizosphere acidification and growth rate was 

pronounced in the cultivated factorial design.  The observed trend indicates that in vitro 

rhizosphere acidification correlates positively with increased growth rates in greenhouse 

grown seedlings.  The family UMN AZ 493x223 with the highest mean in vitro 

rhizosphere acidification also had the greatest growth on the liming treatments.  Increased 

Rhododendron growth and rhizosphere acidification in this design were positively 

related, with increased rhizosphere acidification likely creating a favorable environment 

for nutrient uptake critical to seedling growth under calcareous, high pH conditions. 

In summary, the genetic variation observed for rhizosphere acidification in the 

cultivated and wild Rhododendron populations in this study point to a trait with likely 

implications for pH adaptability.  At the root level, in both cultivated germplasm in the 

University of Minnesota breeding program and within wild R. viscosum, significant 

differences exist in phenotypic and additive variance for rhizosphere acidification, a 

mechanism that solubilizes iron for uptake in Strategy II dicot plants.  While rhizosphere 
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acidification does not appear to be a locally adapted trait in R. viscosum, significant 

additive variation present in wild and cultivated populations offers the potential for 

genetic gains through selection. In vitro Rhizosphere acidification was positively 

correlated with growth rates in greenhouse liming treatments, with families possessing 

the highest mean rhizosphere acidification also having the most vigorous seedling 

growth.  Given ample genetic variation and the positive relationship with seedling growth 

under lime stress, in vitro phenotyping for rhizosphere acidification is a promising 

approach for improving Rhododendron growth on high pH, calcareous soils. 
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Tables 

 

Table 1. Parent and population information for the cultivated factorial and wild half-sib 

mating designs. Family designations correspond to those presented on graphs for the 

cultivated factorial design.  Cultivar names are presented for named UMN selections.   

Cultivated Factorial Design 

Maternal parent Paternal Parent Family 

Designation 

Cultivar Names 

UMN AZ 180 UMN AZ 223 A NA 

“ UMN AZ 376 B NA 

UMN AZ 181 UMN AZ 223 C NA 

“ UMN AZ 376 D NA 

UMN AZ 493 UMN AZ 223 E 'UMNAZ 493' 

PPAF Electric 

LightsTM 

Double Pink (M) 

UMN AZ 546 UMN AZ 223 F NA 

“ UMN AZ 376 G NA 

Wild Half-sib Design 

Subopulation 

designation 

Latitude Longitude Number of 

families tested 

Y-city, AR 34°44'34.57"N 94° 6'28.87"W 5 

Eagleton, AR 34°41'6.27"N 94°19'5.38"W 4 

Boykin Springs, 

TX 

31° 4'33.51"N 94°16'32.65"W 4 

Hattiesburg, MS 31° 8'42.37"N 89°14'11.49"W 3 

Tallahassee, FL 30°25'10.22"N 84°27'42.22"W 3 

Interlachen, FL 29°33'55.89"N 81°52'17.51"W 4 

 

 

 

 

 

 

 



     145 

 

 

Table 2. ANOVA results showing the effect of individual half sib families, liming 

treatment, and non-lethal microbial contamination on rhizosphere acidification detected 

in vitro.  The Mean Squares estimates from this ANOVA were used to calculate the 

additive genetic variance components for the maternal genotypes (Eq. 2) for estimating 

the narrow sense heritability for rhizosphere acidification in the wild half-sib design (Eq. 

3).   

Source of 

Variation 

df Mean Squares F value P value 

Half sib 

family (F) 

18 0.00325 12.323 <0.001 

Liming 

Treatment (T) 

2 0.00048 1.823 0.163 

Microbial 

Contamination 

(C) 

1 0.01735 65.783 <0.001 

F x T 36 0.00053 2.017 <0.001 

F x C 15 0.00076 2.893 <0.001 

T x C 2 0.00032 1.201 0.302 

F x T x C 17 0.00050 1.861 0.020 

Residuals 405 0.00026   
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Table 3. ANOVA results showing the effects of the seven separate full sib families from 

the cultivated factorial design and the liming treatments on rhizosphere acidification 

detected in vitro.   

Source of 

Variation 

df Mean Squares F value P value 

Family (F) 6 0.00234 1.756 0.111 

Liming 

Treatment (T) 

2 0.01712 12.862 <0.001 

F x T 12 0.00224 1.680 0.074 

Residuals 178 0.00133   
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Table 4.  ANOVA results showing the paternal, maternal, and treatment effects on 

rhizosphere acidification detected in vitro.  Mean Square values fron this ANOVA were 

used to calculate the additive genetic variance components of the maternal and progeny 

effects (Eq. 1) for estimating the narrow sense heritability for rhizosphere acidification in 

the cultivated factorial design (Eq. 3). 

Source of 

Variation 

df Mean Squares F value P value 

Maternal (M) 3 0.00444 3.340 0.021 

Paternal (P) 1 0.00001 0.006 0.938 

Liming 

Treatment (T) 

2 0.01741 13.087 <0.001 

M x P 2 0.00004 0.031 0.969 

M x T 6 0.00275 2.070 0.059 

P x T 2 0.00123 0.921 0.400 

M x P x T 4 0.00197 1.477 0.211 

Residuals 178 0.00133   
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Table 5. Average hue change values for each family and population, with approximate pH 

based on colorimetric assay (in parentheses). Initial culture pH was 7.8.  Values were 

averaged across the three liming treatments, with unique letters indicating a significant 

difference in hue change at alpha = 0.05.                                                               

Cultivated Factorial Design 

Maternal Parent Paternal Parent 

UMN AZ 223 UMN AZ 376 

UMN AZ 180 0.0282b (7.0) 0.0228b (7.0) 

UMN AZ 181 0.0217b (7.0) 0.0239b (7.0) 

UMN AZ 493 0.0486a (6.6) NA 

UMN AZ 546 0.0254b (7.0) 0.0291ab (7.0) 

Wild Half-sib Design 

Subpopulation Average Hue Change  

Y-City, AR 0.0079 c (7.6)  

Eagleton, AR 0.0240a (7.0)  

Boykin Springs, TX 0.0248a (7.0)  

Hattiesburg, MS 0.0084bc (7.6)  

Tallahassee, FL 0.0141b (7.4)  

Interlachen, FL 0.0246a (7.0)  
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Table 6.  ANOVA results showing the effect of subpopulations, liming treatment, E. 

rhododendri, and Bacterium on rhizosphere acidification detected in vitro.   

Source of 

Variation 

df Mean Squares F value P value 

Subpopulation 

(S) 

5 0.005815 19.0094 <0.001 

Liming 

Treatment (T) 

1 0.000010 0.0339 0.854 

Curtobacterium 

(B) 

1 0.039568 129.3522 <0.001 

E.rhododendri 

(E) 

1 0.000086 0.2820 0.596 

S x T 5 0.000711 2.3245 0.042 

S x B 3 0.001454 4.7538 0.003 

T x B 1 0.000930 3.0388 0.082 

T x E 1 0.000015 0.0492 0.825 

S x T x B 3 0.000117 0.3815 0.766 

Residuals 475 0.000306   
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Figures 

 

Figure 1. Phenotyping of greenhouse grown seedlings from the cultivated factorial 

design.  Liming treatment designations are displayed across the top, while cross and week 

designations are displayed along the left side.  A grid is superimposed over one seedling 

flat to illustrate the ImageJ cropping step. An inset image (lower left, noted with arrow) 

illustrates the MATLAB script used to mask out the greenhouse medium, top square 

unmasked, bottom masked. 
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Figure 2. Boxplot analysis of differences in hue resulting from CaCO3 in the cultivated 

factorial design.  While there were significant differences between the control and the 

CaCO3 treatments (p<0.05), the difference in mean hue (rhizosphere acidification) 

between the two CaCO3 treatments was not significant.   
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Figure 3. Boxplot depicting differences in hue in the wild half-sib subpopulations, in 

three CaCO3 treatments .  Rhizosphere acidification means were significantly different 

across populations (p<0.001) but not across treatments.  
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Figure 4. Effect of bacterial contamination on rhizosphere acidification (Hue difference) 

in each R. viscosum subpopulation.  The Curtobacterium sp. in the Eagleton, Y-city, and 

Boykin Spring subpopulations had a highly significant effect on the rhizosphere pH 

(P<0.001).  The effect of E. rhododendri in the Hattiesburg, MS and Tallahassee, FL 

subpopulations on rhizosphere acidification was not significant.   
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Figure 5. Change in leaf area (cm3) of seedlings growing in the greenhouse over four 

weeks for families in the cultivated factorial design growing in three CaCO3 treatments, 

measured through MATLAB image analysis. Change in seedling leaf area decreased 

significantly on both the 10 and 20% lime treatments (p<0.001), while differences 

between families on the 20% liming treatment were not significant (p=0.09).   
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Figure 6. Relationship between rhizosphere acidification and seedling leaf area for 

greenhouse grown full-sib cultivated families.  The dark shading around the regression 

line (R2=0.45) denotes a 95% confidence interval. Individual dots represent a treatment 

average for each family (A-G), with treatments coded by color. The family UMNAZ 

493x223 seedlings in the 10 and 20% CaCO3 treatments, where rhizosphere acidification 

explained significantly more than 45% of the variation in growth rate on calcareous 

greenhouse media, are highlighted in boxes.  
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