
 

 

ABSTRACT 

 

PHILLIPS, WHITNEY D. Reproductive Biology, Tissue Culture, and Taxonomy of Selected 

Nursery Crops. (Under the direction of Dr. Thomas G. Ranney) 

 

Flowering pears (Pyrus spp.) are popular landscape plants due to a combination of 

desirable traits including broad adaptability, pest resistance, and attractive ornamental features.  

However, in some areas, flowering pears readily reseed and naturalize. Considering the value 

and utility of these trees, the development of infertile cultivars would be desirable.  Breeding of 

triploid plants is one approach that has been successfully used to develop seedless cultivars of 

many crops.  The objective of this study was to evaluate female fertility and reproductive 

pathways of triploid flowering pear hybrids.  Female fertility was characterized by evaluating 

fruit set, seeds per fruit, seed germination, seedlings per flower, and percent relative fertility 

[(seedlings per flower for triploid/seedlings per flower for diploid control) x 100].  Flow 

cytometry was used to determine relative genome sizes and ploidy levels of female parents, 

seedlings, and seeds (both embryo and endosperm) and to make inferences regarding 

reproductive pathways.  Relative female fertility was significantly reduced in triploids, but varied 

considerably among accessions and ranged from 0.0 to 33.6% compared to a diploid control.  Of 

the thirteen triploids used in this study, five accessions had a relative fertility of < 2%. 

Cytometric analysis of seeds and seedlings from triploid maternal parents showed that they were 

predominantly abnormal aneuploids which typically results in seedlings with reduced fitness and 

fertility.  The considerable reduction in female fertility of some triploid selections, coupled with 

the limited production of primarily aneuploid progeny, provides desirable options for new 

infertile flowering pears to prevent or reduce reseeding and naturalizing. 



 

 

‘Royal Burgundy’ flowering cherry (Prunus serrulata) arose as a somatic mutation 

(branch sport) from the popular cultivar ‘Kwanzan’ (‘Kanzan’). ‘Royal Burgundy’ has desirable 

reddish-purple foliage color, but appears to be a chimeral mutation and adventitious shoots 

frequently revert to green foliage. Regenerating plants from a limited number of cells through 

somatic embryogenesis (SE) has the potential to isolate this desirable mutation in a 

homogeneous condition. The objective of this study was to develop a somatic embryogenic 

protocol for ‘Royal Burgundy’ and to regenerate plants that are stable for purple foliage. 

Production of embryogenic callus and somatic embryos from leaf tissue was investigated using 

Murashige and Skoog (MS) medium supplemented with auxins 1-naphthaleneacetic acid (NAA), 

2-4-dichlorophenoxyacetic acid (2,4-D), indole-3-acetic acid (IAA), or picloram at 

concentrations of 1.25, 2.5, 5, 10, or 20 µM. The concentrations of 2.5 – 20 µM 2,4-D produced 

the greatest number of somatic embryos per plate (6.0 – 6.5 embryos per plate) with bipolar 

development. The effect of 2,4-D and the polyamine putrescine on embryogenic callus and 

embryo formation was also explored using a factorial combination of 2,4-D (1.25, 2.5, 5, and 10 

μM) and putrescine (0.125, 0.25, 0.5, and 1.0 µM). There was a significant interaction between 

2,4-D concentration and putrescine concentration where the combination of 2.5 µM 2,4-D and 

0.5 µM putrescine produced the greatest number of embryos per plate (10.88 embryos). 

Gibberellin type and concentration was investigated to improve conversion of somatic embryos 

to plantlets. The isomers GA3 and GA4/7 were used at concentrations of 0, 2.5, 5, and 10 μM. 

Gibberellin type had a significant effect on survival and shoot length. Shoot length was also 

affected by the interaction of gibberellin type and concentration. The treatment of 2.5 μM GA4/7 

had a high embryogenic callus survival rate (64%), number of shoots (1.63 ± 1.7), as well as 

shoots with the longest average length (4.2 ± 2.98). Somatic embryos were grown, elongated and 



 

 

rooted in vitro before being transferred to the greenhouse. Regenerated plants demonstrated 

consistent reddish-purple foliage color. 

Fothergilla (Hamamelidaceae) is a small genus of native, deciduous shrubs that most recently 

has been accepted to include two species, the tetraploid Fothergilla gardenii and the hexaploid 

Fothergilla major.  Until recently, no diploids were known in the genus. However, recent 

sampling identified diploid populations in Alabama, Florida, Georgia, and South Carolina.  The 

objective of this study was to reevaluate the taxonomic circumscription of Fothergilla based on 

morphological analyses and subsequent synthesis of biogeographic, cytogenetic, molecular, and 

morphological evidence. Material from 32 locations in the southeastern United States were 

sampled and evaluated.  All three cytotypes are geographically and reproductively isolated (there 

have been no triploids or pentaploids discovered as a result of interbreeding in the wild). 

Fothergilla major is morphologically distinct with larger foliage, among other characters, 

whereas the diploid and tetraploid taxa are more similar in appearance to one another. While 

most morphological characteristics overlap between the diploid and tetraploid cytotypes, guard 

cell size, stipule length, stipule width, and pubescence density on the lamina can be helpful to 

distinguish between these two cryptic species. Using these data in conjunction with recent 

molecular studies, which showed unique haplotypes to diploids from the tetraploids and a 

monophyletic clade corresponding to the hexaploids, we propose recognition of the following 

three taxa at the rank of species: Fothergilla gardenii Murr. (tetraploid), Fothergilla major Lodd. 

(hexaploid), and Fothergilla sp. 1 (diploid).  Recognition at the species level for these taxa is 

warranted under both application of the Biological Species Concept and the Phylogenetic 

Species Concept. Furthermore, we recognize two subclades of Fothergilla sp. 1, which were 



 

 

found to be largely geographically isolated and morphologically distinguishable by leaf shape, as 

subspecies. 
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Fertility and Reproductive Pathways of Triploid Flowering Pears (Pyrus sp.) 

 

Additional index words. Aneuploidy, invasive, ornamental trees, polyploidy, reproductive 

biology, sterility 

 

Abstract.  Flowering pears are popular landscape plants due to a combination of 

desirable traits including broad adaptability, pest resistance, and attractive ornamental 

features.  However, in some areas, flowering pears readily reseed and naturalize. 

Considering the value and utility of these trees, the development of infertile cultivars 

would be desirable.  Breeding of triploid plants is one approach that has been 

successfully used to develop seedless cultivars of many crops.  The objective of this 

study was to evaluate female fertility and reproductive pathways of triploid flowering 

pear hybrids.  Female fertility was characterized by evaluating fruit set, seeds per fruit, 

seed germination, seedlings per flower, and percent relative fertility [(seedlings per 

flower for triploid/seedlings per flower for diploid control) x 100].  Flow cytometry was 

used to determine relative genome sizes and ploidy levels of female parents, seedlings, 

and seeds (both embryo and endosperm) and to make inferences regarding 

reproductive pathways.  Mean holoploid genome sizes were confirmed for the diploid 

[1.25 ± 0.05 (SE) pg] and triploid [1.88 ± 0.12 (SE) pg] female parents.  Relative female 

fertility was significantly reduced in triploids, but varied considerably among 

accessions and ranged from 0.0 to 33.6%.  Of the thirteen triploids used in this study, 

five accessions had a relative fertility of < 2%. One accession had no measurable female 
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fertility.  Cytometric analysis of seeds and seedlings from triploid maternal parents 

showed that they were predominantly abnormal aneuploids which typically results in 

seedlings with reduced fitness and fertility.  Fertilization with unreduced gametes, 

apomixis, and pseudogamy were documented in triploid-derived embryos/offspring, but 

were relatively uncommon.  The considerable reduction in female fertility of some 

triploid selections, coupled with the limited production of primarily aneuploid progeny, 

provides desirable options for new infertile flowering pears to prevent or reduce 

reseeding and naturalizing. 

 

Pyrus L. contains approximately 22 species of trees originating from Asia, Northern 

Africa and Europe that have been cultivated extensively as both fruit and landscape plants 

(Challice, 1973). Pyrus calleryana was first introduced into cultivation by E.H. Wilson in 

1908 (Santamour and McArdle, 1983; Vincent, 2005). However, it was not until the cultivar 

‘Bradford’ was released in the 1960s by the United States Department of Agriculture that the 

species gained widespread popularity as a landscape tree (Bell et al., 2004). Many other 

cultivars of P. calleryana have been introduced since and are valued for their abundance of 

white flowers, showy fall color, broad pest resistance, attractive forms, and ability to thrive in 

the USDA plant hardiness zones 5 to 8(9). As a species, P. calleryana can be susceptible to 

fire blight as well as splitting and breakage of trunks and branches in older trees.  More 

recently concerns have been raised regarding weediness (Dirr, 1998). Pyrus calleryana is 

listed by the United States Fish and Wildlife Service as a plant invader of mid-Atlantic 

natural areas (Swearingen et al., 2010). Birds eat the fruits and disperse seeds into nearby 

areas where it commonly naturalizes in old fields and along highways.  
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Development of highly infertile cultivars of P. calleryana and related hybrids would 

be desirable as an alternative to the fertile cultivars currently available. One approach for 

producing seedless plants is through the development of triploids. Triploids typically have 

low fertility due to a reproductive barrier whereby three sets of chromosomes cannot be 

divided evenly during meiosis yielding unbalanced segregation of chromosomes. Seedless 

bananas (Musa sp.), watermelons (Citrullus lanatas), and some citrus (Citrus sp.) are notable 

examples of triploid plants that have been purposefully developed to minimize seeds 

(Rounsaville, 2011). This approach has also been utilized to develop highly infertile triploid 

cultivars of various species that are valuable nursery crops, but potentially weedy in some 

environments, including trumpet vine (Campsis ×tagliabuana) (Oates et al., 2014), tutsan 

(Hypericum androsaemum) (Trueblood et al., 2010), maiden grass (Miscanthus sinensis) 

(Rounsaville et al., 2011), and ruellia (Ruellia simplex) (Freyre and Moseley 2012). 

Triploids are typically highly infertile; however, limited fertility and seed production 

can result from the formation of apomictic embryos or through the union of aneuploidy or 

unreduced gametes (Ramsey and Schemske, 1998; Rounsaville et al., 2011).  Flow 

cytometric screening of seeds and/or seedlings can often elucidate these reproductive 

pathways (Eeckhaut et al., 2005; Matzk et al., 2000). Diploid plants, with standard sexual 

fertilization, form a 2Cx (diploid) embryo and 3Cx (triploid) endosperm, where 1Cx represents 

the monoploid genome size of one complete set of chromosomes. In gametophytic apomixis, 

the unreduced embryo sac and gametophyte develop autonomously, without fertilization also 

forming a 2Cx embryo.  However, the unreduced endosperm will have either a 4Cx cytotype 

(autonomous) or greater if fertilized (pseudogamous) (Barcaccia and Albertini, 2013; 

Koltunow et al., 2013).  For triploids that undergo gametophytic apomixis, the embryo will 
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be 3Cx while the endosperm will be 6Cx or greater.  Although gametophytic apomixis 

involves non-reduction of the embryo sac, male gametes may also be unreduced in triploids 

producing 2n pollen with a 3Cx cytotype (Ramsey and Schemske, 1998).  Alternatively, 

aneuploids are a product of unbalanced chromosome segregation in meiosis and have either 

missing or extra individual chromosomes (Brownfield and Kohler, 2011).  For triploids, 

these would result in gametes with ~1.5Cx cytotypes, but potential varying substantially.   

Pyrus sp., including Pyrus calleryana, have a base chromosome number of 17 and are 

primarily diploid (2n = 2x = 34) with occasional triploid and tetraploid variants (Zielinski 

and Thompson, 1967). Researchers at the North Carolina State University’s Mountain Crop 

Improvement Laboratory, Mills River, NC, developed a population of triploid Pyrus hybrids 

by crossing artificially induced tetraploids of Pyrus calleryana with various diploid Pyrus 

taxa. The objective of this study was to evaluate fertility and reproductive pathways in 

newly-developed triploid Pyrus hybrids for potential use as highly infertile alternatives to 

diploid cultivars. 

Materials and Methods 

Plant Material. A population of triploid Pyrus hybrids was established in the field at 

the Mountain Horticultural Crops Research and Extension Center (MHCREC) in Mills River, 

NC in 2009. Thirteen triploids (Table 1) were selected from the population based on 

desirable traits including heavy flowering, desirable forms, absence of fire blight, and 

attractive fall color. Accession numbers beginning with H2008-048 have a parentage of P. 

calleryana H2002-031-012 (induced tetraploid) × P. betulifolia ‘Southworth’. Parentage of 

accessions beginning with H2008-049 are hybrids of P. calleryana H2002-031-010 (induced 

tetraploid) × P. ‘Silverball’. H2008-047-008 has a parentage of P. calleryana H2002-031-
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001 (induced tetraploid) × P. pyrifolia ‘Ohara Beni’. Parental plants with H2002-031 

accession numbers are artificially induced tetraploids of open pollinated P. calleryana 

‘Bradford’. Three diploids plants were included in the field as controls and pollinators: 

H2001-008 (open pollinated seedling from [P. fauriei × (P. betuifolia × P. calleryana)]), 

H2001-043 (open pollinated seedling of [(P. calleryana x P. fauriei) × P. salicifolia]), and 

H2001-056 (open pollinated seedling of [P. faurei x P. dimorphylla]) (Table 1). Six 

additional confirmed diploid pollinators were also interspersed with the triploids.  Plants 

were completely randomized.   

Evaluating Female Fertility. At flowering, three branches, evenly distributed around 

the perimeter, were selected on each tree, and the number of flowers was counted on each 

branch in spring of 2014. Fruit were collected at maturity, counted, and seed were extracted. 

Seeds were stratified for 90 days at 4 °C then moved to a greenhouse at 18-21 °C for 90 days 

to determine the number of viable seedlings that germinated. 

Female fertility was determined based on fruit set (%), number of seeds per fruit, 

number of seed that germinated (%), number of seedlings per flower, and relative fertility.  

Relative fertility was determined by comparing the number of seedlings per flower of a 

triploid to the most fertile diploid control.  

Flow Cytometry. Flow cytometry was used to determine genome size (DNA content) 

and ploidy of parents, seedlings, and seeds to determine the reproductive pathways following 

the methods of Gillooly and Ranney (2015) and terminology of Greilhuber et al. (2005).  

Four seedlings and five seeds were sampled for each female parent, if available.   
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Plant tissue was placed in a 55 mm plastic Petri dish, along with 0.5 cm2 Pisum 

sativum L. ‘Ctirad’ leaf tissue, an internal standard known genome size of 2C = 9.09 pg. Four 

hundred μl of extraction buffer (CyStain UV Percise P Nuclei Extraction Buffer, Partec, 

Munster, Germany) was added to the Petri dish. Material was finely chopped for 30 to 60 s 

with a razor blade and incubated for approximately 30 s (no more than five minutes). The 

suspension was filtered through Partec 50 µm CellTrics disposable filters into a sample tube. 

Nuclei were stained with 1.6 mL of 4’, 6-diamindino-2-phenylindole (DAPI). Samples were 

again incubated for 30 to 60 s. Nuclei were analyzed using a flow cytometer (Partec PA II) 

with the blue florescence channel. Genome sizes of samples were calculated as: (mean 

florescence of unknown/mean florescence of known standard) * genome size of known 

standard.  

Data analysis was conducted using analysis of variance (Proc GLM, Statistical 

Analysis System, SAS 9.3). Means separations for ploidy and fertility classes were 

conducted using the Waller-Duncan K-ratio t-test.   

Results and Discussion 

Genome Sizes. Mean holoploid genome size of the diploid cytotypes was 1.25 ± 0.05 

(SE) pg while the mean for triploids was 1.88 ± 0.12 (SE) pg, approximately 50% greater, 

consistent with having three sets of chromosomes (Table 1).  The tetraploid parents had a 

mean genome size of 2.63 ± 0.06 (SE) pg.  These values are similar to those presented by 

Dickson et al. (1992) for P. calleryana with a 1Cx genome size of 0.63 pg.  

Female Fertility. Fruit set, seeds per fruit, germination, seedlings per flower, and 

relative fertility all varied considerably among individual triploid clones and diploid controls 
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(Table 1).  Many triploids had reduced fertility that resulted from a reduction in different 

components of female fertility.  For example, some triploid accessions had very low fruit set 

(e.g., H2008-047-008, 0.3%), low seeds per fruit (e.g., H2008-049-015, 0.33 seeds·fruit-1) 

and/or low germination (e.g., H2008-048-010, 2.04% germination).    

Relative female fertility represents the number of seedlings germinated per flower, 

relative to the most fertile diploid control, diploid 3. Relative fertility among the triploids 

ranged from 0.00 to 33.63%.  Of the thirteen triploids used in this study, five accessions had 

a relative fertility of < 2%. One accession, H2008-047-008 had no measurable female 

fertility.  

Although absolute sterility is difficult to achieve and/or document (i.e., difficulty in 

proving a negative), a common approach has been to set a limit for an acceptable level of 

fertility.  For example, the Oregon Department of Agriculture (2011) considers cultivars of 

Buddleia that produce less than 2% viable seeds (i.e., 98% reduction in female fertility 

relative to a standard fertile cultivar) to be sufficiently infertile for placement on an ODA 

approved list for propagation, transportation, and sale in Oregon.  Triploid pear hybrids in 

this study that met that criterion were categorized in group A (Table 1 and 2), while triploid 

hybrids that did not meet this criterion were categorized in group B.  Diploid controls were 

designated as group C.  Comparing these three groups (Table 2) showed no significant 

difference in percent fruit set. However, the number of seeds per fruit was significantly 

different between all three groups with Group A having the least number of seeds and Group 

C having the most. Groups A and B (all confirmed triploids) were significantly lower than 

Group C (diploid controls) for germination percent, number of seedlings per flower, and 
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relative fertility.  These results indicate that some triploids had very low fertility, due to low 

number of seeds per fruit and low germination, even though they produced some fruit.  

Reproductive Pathways.  The diploid maternal parents produced almost exclusively 

diploid progeny (Fig. 1). The progeny from maternal triploids was variable with holoploid 

genome sizes ranging from 1.35 to 3.11 pg, with a mean of 1.70 pg.  The majority of the 

triploid progeny had a genome size near a triploid level or between diploid and triploid levels 

which indicated that these parents are producing predominantly abnormal aneuploid gametes. 

Aneuploids typically have reduced fitness and fertility and can suffer from abnormal 

development (Ramsey and Schemske, 1998). However, a few progeny from maternal 

triploids had genome sizes near diploid levels indicating that a generational reversion to a 

diploid or near diploid cytotype may be possible in limited instances. A limited number of 

progeny had genome sizes greater than triploid, including near tetraploid and above. This 

result indicated fertilization from unreduced gametes from one or both parents.  

Flow cytometry of seeds from open pollinated parents demonstrated a range of 

reproductive pathways with both asexual and sexual modes (Tables 1 and 3, Fig. 1). Most 

seeds from diploid maternal parents demonstrated standard sexual fertilization of a reduced 

embryo sac (1Cx  egg and 2Cx polar nuclei) by reduced male gametes (1Cx) ( pathway 1, 

Table 3).  However, one seed from a diploid maternal parent had a 2Cx/6Cx 

embryo/endosperm cytotype, indicating an unreduced and unfertilized embryo and unreduced 

polar nuclei fertilized by an unreduced male gamete (pathway 2, Table 3), a form of 

apomixis/pseudogamy. 

Seeds from maternal triploid parents demonstrated multiple reproductive pathways. 

Most of the seeds from triploid females appeared to form by fertilization of a reduced 
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aneuploid embryo sac (≈1.5Cx egg and ≈3Cx polar nuclei) by reduced, aneuploid male 

gametes (≈1.5C) resulting in an ≈3Cx embryo and ≈4.5Cx endosperm (pathway 3, Table 3). In 

one instance, a triploid maternal parent produced a 3Cx/6Cx embryo/endosperm cytotype 

indicating an apomictic origin from an unreduced embryo sac without fertilization (pathway 

4, Table 3). There was also one instance of a 3Cx/≈7.5Cx embryo/endosperm cytotype 

indicating an unreduced embryo sac with fertilization of just the polar nuclei by a reduced, 

aneuploid male gamete (≈1.5Cx).  Although analysis of seeds did not show fertilization of 

unreduced eggs, analysis of seedlings did, as previously mentioned (pathway 6, Table 3). 

  Using triploids as a means to minimize fertility of weedy species has been successful 

in many species. The development of triploid Miscanthus sinensis, Hypericum 

androsaemum, and Campsis ‘Chastity’ showed reduction in relative fertility often exceeding 

98% (Oates et al., 2014; Rounsville et al., 2011; Trueblood et al., 2010). Similar to the 

present study, the limited seedlings that arose from triploid maternal Miscanthus sinensis 

were also mostly aneulploids (Rounsville et. al, 2011).  Ranney et al. (2004) researched 

reproductive pathways in diploid and triploid flowering crabapples (Malus spp.), also in 

Rosaceae, and documented pseudogamy, aneuploidy, unreduced gametes, and some 

apomictic embryos. 

 In conclusion, this study documented that many triploid flowering pear cytotypes 

displayed a substantial reduction in fertility (as much as 100%).  However, it is also 

important to consider the fitness and cytogenetics of any seedlings that are produced. Of the 

limited seedlings that were derived from triploid maternal parents, most were abnormal 

aneuploids with the infrequent production of some apparent isoploids/euploids (2x and 4x).  

Flow cytometry of seeds and seedlings from triploid maternal parents showed a low 
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frequency of multiple reproductive pathways including standard double fertilization with 

reduced aneuploid gametes, fertilization with unreduced gametes, apomixis, and 

pseudogamy.  These results indicate that selection of highly infertile triploid cultivars is a 

viable approach to reduce or eliminate the self-sowing of flowering pears in the landscape.  
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Table 1. Ploidy, relative holoploid genome size, female reproductive characteristics, and reproductive pathways for selected diploid 

and triploid flowering pears. 

Accession 
Ploidy 

(x) 

Relative  

Genome 

Size (pg) 

Fruit Set 

 (%) 

Seeds· 

Fruit-1 

Germination 

(%) 

Seedlings· 

Flower-1 

Relative 

Fertilityz 

(%) 

Apparent 

Reproductive 

Pathway(s)y 

 

Groupx 

H2008-047-008 3 1.75 ± 0.00w 0.30 ± 0.01 1.33 ± 4.53 0.00 ± 0.00 0.00 ± 0.00 0.00 n/a A 

H2008-048-010 3 1.95 ± 0.05 4.84 ± 0.14 1.36 ± 3.33 2.04 ± 0.11 <0.00 ± 0.01 0.38 n/a A 

H2008-049-015 3 1.81 ± 0.02 0.45 ± 0.01 0.33 ± 1.13 33.33 ± 1.13 <0.00 ± 0.15 0.56 n/a A 

H2008-049-135 3 1.83 ± 0.00 16.06 ± 0.25 2.18 ± 0.32 3.56 ± 0.08 0.02 ± 0.03 1.91 3 A 

H2008-049-145 3 1.93 ± 0.01 3.46 ± 0.07 2.05 ± 3.48 5.22 ± 0.11 0.01 ± 0.01 0.86 3 A 

H2008-048-019 3 1.83 ± 0.00 32.90 ± 0.10 2.61 ± 0.57 12.32 ± 0.14 0.10 ± 0.12 13.05 Uv B 

H2008-048-046 3 1.92 ± 0.01 21.63 ± 0.17 2.53 ± 1.27 18.79 ± 0.16 0.12 ± 0.22 14.94 3 B 

H2008-048-056 3 1.96 ± 0.02 33.94 ± 0.17 2.53 ± 1.27 19.89 ± 0.03 0.19 ± 0.08 23.21 3 B 

H2008-049-009 3 1.86 ± 0.11 13.90 ± 0.09 2.24 ± 0.10 18.03 ± 0.09 0.06 ± 0.05 6.97 3  B 

H2008-049-047 3 1.87 ± 0.04 14.08 ± 0.04 1.98 ± 0.56 18.53 ± 0.15 0.05 ± 0.02 6.13 3 B 

H2008-049-054 3 1.92 ± 0.04 11.74 ± 0.18 2.08 ± 2.59 10.48 ± 0.24 0.03 ± 0.09 4.22 U B 

H2008-049-066 3 1.84 ± 0.02 5.83 ± 0.05 2.95 ± 0.36 28.40 ± 0.13 0.05 ± 0.07 6.59 3,5 B 

H2008-049-076 3 1.93 ± 0.01 45.68 ± 0.22 3.07 ± 0.34 20.66 ± 0.17 0.27 ± 0.13 33.63 3 B 

Diploid 1 2 1.26 ± 0.02 9.80 ± 0.07 3.89 ± 2.93 38.61 ± 0.11 0.13 ± 0.08 16.73 1 C 

Diploid 2 2 1.22 ± 0.01 11.06 ± 0.11 3.24 ± 0.52 25.45 ± 0.49 0.13 ± 0.35 16.32 1, 2 C 

Diploid 3 2 1.23 ± 0.01 46.76 ± 0.22 3.16 ± 0.72 52.83 ± 0.15 0.80 ± 0.62 100.00 1 C 
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z Calculated as (seedlings/flower)/(0.80), where 0.80 is the number of seedlings per flower of the most fertile diploid control. 

y Reproductive pathways are described in Table 3. 

x Groups are based on Oregon’s Department of Agriculture (2011) criterion to approve cultivars where relative fertility must be below 

2% of controls; Group A includes triploid accessions with  relative fertility <2%, Group B includes triploid accessions with relative 

fertility  >2%, and Group C are the diploid controls. 

w Values are means, n=3-4, ± 1 SE. 

v Seeds with adequate embryo and endosperm tissue could not be found for analysis.
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Table 2. Female reproductive characteristics for select groups of diploid and triploid hybrids. 

z Group A includes triploid accessions with relative fertility < 2%, group B includes triploid 

accessions with relative fertility  ≥ 2%, and group C are diploid controls. 

y Means followed by the same letter within a column are not significantly different based on 

Waller-Duncan K-ratio t Test, P < 0.05. 

  

Groupz 

 

n 
Fruit 

Set (%) 

Seeds· 

Fruit-1 

Germination 

(%) 

Seedlings· 

Flower-1 

Relative 

Fertility 

(%) 

       

A 5 5.0 ay 1.5 a 8.8 a 0.006 a 0.74 a 

       

B 8 22.4 a 2.5 b 18.4 a 0.109 a 13.59 a 

       

C 3 22.5 a 3.4 c 398.0 b 0.353 b 44.35 b 

       

Analysis of Variance (P value) 

Group  0.0920 0.0005 0.0048 0.0372 0.0354 
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Table 3. Probable reproductive pathways from open pollinated seeds of diploid and triploid 

Pyrus hybrids. 

 

  

Pathway 
# 

Embryo 
Cx Value 

Endosperm 
Cx Value 

Probable Reproductive Pathway 

 
Diploid Maternal Parents 

 
1 2Cx 3Cx Reduced embryo sac, fertilization of egg and 

polar nuclei by 1Cx ♂ gametes 
 

2 2Cx 6Cx Unreduced embryo sac, fertilization of just the 
polar nuclei with a 2Cx ♂ gamete, 
pseudogamy 

    
Triploid Maternal Parents 

 
3 ≈3Cx ≈4.5x Reduced embryo sac (aneuploid), fertilization 

of egg and polar nuclei from ≈1.5Cx 
(aneuploid) ♂ gametes 
 

4 3Cx 6Cx Unreduced embryo sac, no fertilization, 
apomixis 
 

5 
 
 
 
6 

3Cx 

 

 

 

˃3Cx 

 

≈7.5Cx 

 

 

 

>6Cx 

Unreduced embryo sac, fertilization of only the 
polar nuclei with ≈1.5Cx ♂ gamete, 
pseudogamy 
 
Unreduced embryo sac, fertilization of both the 
egg and polar nuclei.  
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Figure 1. Frequency distribution of holoploid genome sizes of seedlings derived from open-

pollinated diploid and triploid Pyrus cytotypes. Gate width from columns was based on a 95% 

prediction interval for diploid, triploid, and tetraploid parents calculated as the mean ± 1.96 (SE). 
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Subject Category: Propagation and Tissue Culture 

 

Utilizing Somatic Embryogenesis to Isolate Tissue Color Chimeras in Prunus serrulata ‘Royal 

Burgundy’ 

 

Additional index words. Anthocyanin, crop improvement, flowering cherry, tissue culture    

 

Abstract. ‘Royal Burgundy’ flowering cherry (Prunus serrulata) arose as a somatic 

mutation (branch sport) from the popular cultivar ‘Kwanzan’ (Kanzan’). ‘Royal 

Burgundy’ has desirable reddish-purple foliage color, but appears to be a chimeral 

mutation and shoots frequently revert to green foliage. Regenerating plants from a limited 

number of cells through somatic embryogenesis (SE) has the potential to isolate this 

desirable mutation in a homogeneous/homohistic condition. The objective of this study was 

to develop a somatic embryogenic protocol for ‘Royal Burgundy’ and to regenerate plants 

that are stable for purple foliage. Production of embryogenic callus and somatic embryos 

from leaf tissue was investigated using Murashige and Skoog (MS) medium supplemented 

with auxins 1-naphthaleneacetic acid (NAA), 2-4-dichlorophenoxyacetic acid (2,4-D), 

indole-3-acetic acid (IAA), or picloram at concentrations of 1.25, 2.5, 5, 10, or 20 µM. 

Somatic embryogenesis was obtained from all auxin types with 2.5 – 20 µM 2,4-D 

producing the greatest number of somatic embryos per plate (6.0 – 6.5 embryos per plate) 

with bipolar development. In a second study, the effect of 2,4-D and the polyamine 

putrescine on embryogenic callus and embryo formation was explored. MS medium was 
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supplemented with a factorial combination of 2,4-D (1.25, 2.5, 5, and 10 μM) and 

putrescine (0.125, 0.25, 0.5, and 1.0 µM). There was a significant interaction between 2,4-D 

concentration and putrescine concentration where the combination of 2.5 µM 2,4-D and 0.5 

µM putrescine produced the highest number of embryos per plate (10.9 embryos). 

Gibberellin type and concentration was investigated to improve conversion of somatic 

embryos to plantlets. Quoirin and Lepoivre basal salt mixture (Q&L Salts) with MS 

vitamins was supplemented with GA3 or GA4/7 at concentrations of 0, 2.5, 5, and 10 μM. 

Gibberellin type had a significant effect on survival and shoot length. Shoot length was also 

affected by the interaction of gibberellin type and concentration. The treatment of 2.5 μM 

GA4/7 had a higher embryogenic callus survival rate (64%), higher number of shoots (1.6 ± 

1.7), and longer shoots (4.2 ± 2.98) than many other combinations. Somatic embryos were 

grown, elongated and rooted in vitro before being transferred to the greenhouse. 

Regenerated plants demonstrated consistent reddish-purple foliage color. 

 

Japanese flowering cherries (Prunus serrulata Lindl.) (Rosaceae) are valuable landscape 

trees grown for their showy spring flowers and utility as shade, street, or specimen trees. Prunus 

serrulata is a large tree that can grow between 15–23 m. Many cultivars, such as the popular 

‘Kwanzan’, only grows to be approximately 6–8 m. The new foliage of P. serrulata is typically 

reddish and turns to dark green when mature. The flowers range from single to doubles, white or 

pink, and 12–30 mm in diameter. Flowering occurs from mid-April to early May along the 

stems, either before or with the leaves (Dirr, 2009). Prunus serrulata ‘Royal Burgundy’ (PP 

6,520) is a branch sport of a ‘Kwanzan’ (Parks, 1989). In comparison to ‘Kwanzan’, ‘Royal 

Burgundy’ has darker, reddish-purple summer foliage and reddish-orange fall color. ‘Royal 
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Burgundy’ appears to have risen from a mutation, resulting from increased anthocyanin 

production in the foliage providing for an attractive red color that is particularly noticeable in the 

young leaves (Fig. 1). However, the cultivar appears to be a chimera in the L2 layer with shoots 

often reverting to typical green foliage. 

A chimera is an individual comprised of different cell genotypes that can be arranged in 

various patterns (McPheeters and Skirvin, 1989; Canli and Skirvin, 2008). ‘Royal Burgundy’ is 

believed to be a periclinal chimera with a mutation in the L2 histogenic layer, based on the 

concentration of red pigment in the mesophyll tissue, but apparently lacking in the petiole and 

veins (L3 histogenic layer) or epidermis (L1 histogenic layer) (Fig. 2). Tissue culture and 

somatic embryogenesis (SE) techniques have been used to stabilize chimeras. Regeneration from 

limited cells via SE may result in homogenous plants (Geier, 2012; Touchell et al., 2008). For 

example ‘Thornless Evergreen’ (TE) blackberry (Rubus laciniatus), is a thornless chimera which 

produced thorny adventitious root sprouts. Tissue culture was used to develop thornless 

blackberries whose root sprouts remain thornless by regenerating homogeneous, non-chimeral 

plants from the thornless sector (McPheeters and Skirvin, 1983). Stabilizing chimeras through 

tissue culture has also been used in various ornamental plant species. Rhododendron ‘Little John’ 

was observed to have an L1 mutation to produce red pigments. Homogeneous red and green leaf 

plants were generated from the same leaf through SE (Touchell et al., 2008). Hypericum 

calycinum ‘NCHC1’(PP 25,941) marketed as Golden Rule™ hypericum (Ranney and Touchell, 

2015) is a cultivar stabilized through tissue culture techniques and is known for its golden yellow 

foliage that does not revert back to green. 

Tissue culture and in vitro regeneration of Prunus species has focused on fruit producing 

species and cultivars with limited research on regeneration protocols for ornamental flowering 
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cherry taxa (Hokanson and Pooler, 2000). In vitro regeneration and SE of Prunus spp. has been 

achieved using seeds (Mante et al., 1989; Pooler and Scorza, 1995; Reidiboym-Talleux et al., 

1999; Hokanson and Pooler, 2000), vegetative tissues (Druart, 1990; Machado et al., 1995; 

Gutierrez-Pesce et al., 1998; Mandegaran et al., 1999; Gentile el al., 2002) and roots as explants 

(Cheong and Pooler, 2004). Previous studies, on SE of P. serrulata, resulted in callus formation 

but no shoot regeneration (Hokanson and Pooler, 2000). Currently, there has been no 

regeneration procedures developed specifically for P. serrulata from leaf explants.  

A precise balance of plant growth regulators (PGRs), particularly auxin and cytokinins, is 

important to induce SE due to their involvement in cell cycle regulation and cell division 

(Francis and Sorrell, 2001; Feher et al., 2003; Gaj, 2004; Jimenez, 2005). Auxins influence cell 

expansion, cell wall acidification, initiation of cell division, and organization of meristems which 

form either callus or defined organs (Gaspar et al., 1996). Indole-3-acetic acid (IAA) is an auxin 

that is found to be naturally occurring in plants, however, synthetic indole-3-butyric acid (IBA) 

is commonly used in plant tissue culture. Other common synthetic auxins used in tissue culture 

are 1-naphthaleneacetic acid (NAA) (organogenesis), 2-4-dichlorophenoxyacetic acid (2,4-D) 

(callus induction and suspension cultures), and picloram (inducing embryogenic tissue or 

maintaining suspension cultures) (Hagen et al., 1991; Gaspar et al., 1996). In previous studies on 

Prunus, SE was induced using 0.5 μM and 1.0 μM  2,4-D for mature seeds of P. serrulata 

(Hokanson and Pooler, 2000) and 10 μM when using roots of P. incisa (Cheong and Pooler, 

2004). Somatic embryos of P. incisa have also induced using 4 μM of picloram (Mahmoud et al., 

2013). The combination of NAA and IBA was found to be necessary to induce embryogenic 

callus from petioles of P. subhirtella ‘Autumnalis Rosea’ while 2,4-D did not produce effective 
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results (Machado et. al, 1995). Using mature cotyledons of P. persica, P. domestica, and P. 

cerasus shoots were regenerated using 2.5 μM IBA (Mante et al., 1989). 

The cytokinins kinetin, zeatin, 6-benzylamino purine (BA), and isopentenyladenine have 

been used to regenerate a low number of shoots in Prunus (Lane and Cossio, 1986; Mante et al., 

1989; Mehra and Mehra, 1974). The cytokinin, N-phenyl-N-1,2,3-thiadiazol-5-ylurea (TDZ), 

was effective for shoot organogenesis in P. persica, P. domestica, and P. cerasus (Mante et al., 

1989). Hokanson and Pooler (2000) found that the addition of TDZ produced a higher 

percentage of shoots than BA in various Prunus species, including P. serrulata. However, the 

addition of both TDZ and BA produced callus but inhibited SE in P. incisa (Cheong and Pooler, 

2004). 

In addition to auxins and cytokinins, studies have shown exogenous polyamines such as 

putrescine, spermidine, and spermine have increased the number of somatic embryos produced 

on embryogenic callus (Paul et al., 2009). Polyamines are ubiquitous polycationic compounds 

that mediate fundamental aspects of cell growth, differentiation, and cell death in eukaryotic and 

prokaryotic organisms. In plants, polyamines are found in a variety of growth and developmental 

processes including cell division, somatic embryogenesis, organogenesis, nodule development 

and floral development (Evans and Malmberg, 1989; Bagni et al., 1993; Bais and Ravishankar 

2002; Baron and Stasolla, 2008). Putrescine has been used to increase the number of somatic 

embryos in different species including Gossypium sp. (Sakhanokho et al., 2005), Momordica 

charantia (Paul et al., 2009), and Panax (Kevers et al., 2002). However, the addition of putrescine 

to 2,4-D medium was found to hinder the development of somatic embryos in Daucus carota 

(Bradley et al., 1984). To our knowledge, the effects of the addition of polyamines or putrescine 

on SE in Prunus sp. has not been studied. 
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Gibberellic acid (GA) is routinely used for breaking seed dormancy and shoot elongation. 

Several studies have used GA to promote regeneration and development (conversion) of somatic 

embryos. For example, GA improved regeneration of somatic embryos from Castanea sativa 

(Sezgin and Dumanogly, 2014). For Prunus avium × P. psuedocerasus shoots developed from 

75% of somatic embryos transferred to medium containing 2 μM BAP and 3 μM GA3 

(Mandegaran et al., 1999). For some species GA4/7 has also been shown to be highly effective for 

promoting shoot elongation (Vahdati et al, 2004); however, it has been relatively underutilized 

for in vitro systems. 

The objectives of this study were to develop an in vitro regeneration procedure for 

Prunus serrulata ‘Royal Burgundy’ and to isolate regenerants that are homogenous (non-

chimeral) for purple foliage. 

Materials and Methods 

Plant Material. In vitro cultures of Prunus serrulata ‘Royal Burgundy’ were initiated 

from apical and axillary bud explants. Actively growing buds were collected from a 15-year-old 

field-grown tree and rinsed under tap water for 4 h. Explants were surface-disinfested in 20% 

(v/v) bleach (6.15% NaOCl) solution containing 2-3 drops of Tween® 20 (Sigma-Aldrich 

Corporation, St Louis, MO) for 17 min with periodic mixing followed by three 5-min rinses in 

sterile distilled water. Explants were cultured on media containing Quoirin and Lepoivre basal 

salt mixture (Q&L Salts) (Quoirin and Lepoivre, 1977), with Murashige and Skoog (MS) 

vitamins (Murashige and Skoog, 1962), and supplemented with 5 µm 6-benzylamino purine 

(BA), 5µM gibberellic acid (GA3), 30 g·L-1 sucrose, 0.1 g·L-1 2-(N-morpholino) ethanesulfonic 

acid (MES), and 0.1 g·L-1 myo-inositol. The pH was adjusted to 5.75 and media was solidified 

with 6.5 g·L of agar (A296, Phytotech Laboratories, Shawnee Mission, KS). Gibberellic acid 
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was added to cooled, autoclaved media and 25 ml were dispensed into 180 ml sterile jars. Five 

micro-cuttings were placed into each jar and transferred to fresh media every 6 weeks and 

incubated under standard culture conditions [23 ± 2 °C and a 16 h photoperiod of 75 μmol·m‒2·s‒

1 provided by cool-white fluorescent lamps]. 

Experiment 1: Influence of auxin type and concentration on somatic embryogenesis. The 

effects of auxins, NAA, 2,4-D, IAA, and picloram at concentrations of 0, 1.25, 2.5, 5, 10, or 20 

µM on SE from leaves of P. serrulata ‘Royal Burgundy’ were examined. All media consisted of 

MS salts and vitamins, 0.1 g·L-1 MES, 0.1 g·L-1 myo-inositol, 30 g·L-1 of sucrose and specific 

auxin concentration. The pH was adjusted to 5.75, and solidified with 6.5 g·L-1 of agar. Twenty 

five ml of media was dispensed directly into polystyrene petri dishes (100mm x 15mm). Each 

treatment had 8 replications (plates) with 5 subsamples (explants). Leaves from in vitro 

maintained cultures that are approximately 5 mm2 in size were slightly wounded on the midrib 

and placed abaxial side down on the plate containing medium. Plates were incubated in the dark 

at 23°C and monitored weekly for callus. After 8 weeks, callus were transferred on to fresh 

media.  

After 16 weeks, data was collected on the percent of explants producing callus and the 

number of somatic embryos produced per explant. Data analysis was conducted using the general 

linear model (PROC GLM) in the Statistical Analysis System (SAS 9.3). 

Experiment 2: Influences of the polyamine putrescine on embryo development. To further 

improve somatic embryogenesis the effects of 2,4-D at 0, 1.25, 2.5, 5, or 10 μM in combination 

with the polyamine putrescine at 0, 0.125, 0.25, 0.5, or 1.0 µM were examined. All media 

consisted of MS salts and vitamins, 0.1 g·L-1 MES, 0.1 g·L-1 myo-inositol, 30 g·L-1 of sucrose 

and specific auxin concentration. The pH was adjusted to 5.75, and solidified with 6.5 g·L-1 of 
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agar. Twenty five ml of media was dispensed directly into petri dishes (100mm x 15mm 

polystyrene. Each treatment had 8 replications (plates) with 5 subsamples (explants) in a 

completely randomized design with a factorial arrangement of treatments. Leaves from in vitro 

maintained cultures that are approximately 5 mm2 in size were used as explants. Leaf explants 

were slightly wounded on the midrib and placed abaxial side down on the plate. Plates were 

incubated in the dark at 23 °C and monitored weekly for callus. Callus were transferred to fresh 

media after 8 weeks. 

After 16 weeks, data was collected on the percent of explants producing callus and the 

number of somatic embryos produced per explant. Data analysis was conducted using the general 

linear model (PROC GLM) in the Statistical Analysis System (SAS 9.3). 

Experiment 3: Influences of gibberellic acid on embryo conversion. To improve plant 

regeneration, conversion media containing 0, 2.5, 5, or 10 μM of either GA3 or GA4/7 were 

examined. Each treatment had 5 replications (jars) and each replication had 5 subsamples 

(somatic embryos) in a completely randomized design with a factorial arrangement of 

treatments. 

Medium contained Q&L salts (Quoirin and Lepoivre, 1977), MS vitamins (Murashige 

and Skoog, 1962), 5 µm benzylamino purine (BAP), 30 g·L-1 sucrose, 0.1 g·L-1 MES, and 0.1 

g·L-1 myo-inositol. The pH was adjusted to 5.75 and media solidified 6.5 g·L-1 of agar 

(Phytotech Lab A296). GA3 and GA4/7 was added to cooled autoclaved media and 20 ml 

dispensed into 180 ml jars. Plants were incubated under standard culture conditions [23 ± 2°C 

and a 16 h photoperiod of 75 μmol·m‒2·s‒1 provided by cool-white fluorescent lamps]. 
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Data was collected after 9 weeks of incubation. Data included whether the somatic 

embryo survived, the number of shoots, and the length of the longest shoot. Data analysis was 

conducted using the general linear model (PROC GLM) in the Statistical Analysis System (SAS 

9.3). 

Results and Discussion 

Experiment 1: Influence of auxin form and concentration on somatic embryogenesis. 

Embryogenic callus formation was effected by auxin type and concentration (P <0.05), but not 

their interaction (Table 1). Media containing 2,4-D produced a higher percentage of embryogenic 

callus that increased linearly with increasing concentration (P < 0.05) with 32.4% ± 0.12 with 20 

µM 2,4-D. Regression analysis showed a quadratic response to auxin concentration for the 

number of somatic embryos produced from embryogenic callus (P < 0.05) (Table 1). For the 2,4-

D treatments, the highest numbers of somatic embryos was obtained over the range of 2.5–20 

µM (6.0–6.5 embryos per plate). 

Picloram was one of the poorest performing auxins with few embryos produced. In 

contrast, a previous study used picloram to induce somatic embryos from leaflets of P. incisa 

(Mahmoud et. al 2013). While IAA produced numerous embryos per plate (0–18.3 embryos), the 

treatments produced little embryogenic callus and deformed embryos (personal observations). It 

was also noted that no somatic embryos from IAA treatments converted into plantlets. 

Treatments containing 2,4-D provided the highest percent of embryogenic callus and somatic 

embryos with desirable bipolar development. The treatment 2.5 µM 2,4-D was used for further 

experiments.  
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Embryo development demonstrated wide variability. Although, normal somatic embryos 

showing bipolar development were obtained (Fig 3A), a large portion of somatic embryos 

showed abnormal development (Fig. 3B) with overabundance of cotyledonary tissue. The lack of 

normal development may reflect the low number of plants recovered where only 8 of 293 

embryos regenerated into plantlets. Similarly, Kaouther et al. (2011) found abundance of 

abnormal embryos regenerated from leaf tissues of P. incisa. 

Experiment 2: Influences of the polyamine putrescine on embryo development. 

 Regression analysis showed that embryogenic callus production had a quadratic response 

to auxin concentration (P < 0.05) (Table 2) with no effect from putrescine concentration or the 

interaction of auxin concentration and putrescine concentration. The number of somatic embryos 

had a significant quadratic response to both auxin concentration and putrescine concentration (P 

< 0.05) main effects, but not by their interaction. Generally, somatic embryo production 

increased with the addition of low auxin and putrescine concentrations before attenuating or 

declining at higher levels. The combination of 2.5 µM 2,4-D and 0.5 µM putrescine produced the 

second highest percent of embryogenic callus (35% ± 0.06) and the highest number of somatic 

embryos (10.88 ± 3.46) and was used for somatic embryo production in the final experiment. 

To our knowledge, this is the first report of polyamines being used to improve SE in the 

Roseaceae family and specifically, Prunus sp. In addition to increased embryogenic callus and 

the number of somatic embryos, putrescine appeared to increase the quality of somatic embryos. 

Over 15% of embryos derived from putrescine treatments were converted into plantlets 

compared with 2.7% for non-putrescine treatments. Paul et al. (2009) found the addition of 1 µM 

of putrescine increased the fresh weight of embryogenic callus and the number of somatic 
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embryos produced in the somatic embryogenesis of Momordica charantia. Putrescine at 5.6 µM 

also increase the number of somatic embryos in Gossypium hirsutum (Sakhanokho et. al 2005).  

Experiment 3: Influences of gibberellic acid on embryo conversion. 

 Gibberellin type had a significant effect on the percentage of somatic embryos that 

survived (P < 0.05) while gibberellin concentration had a quadratic influence (P < 0.05). There 

was no significant effect for the number of shoots produced in relation to gibberellin type, 

gibberellin concentration, or their interaction. Gibberellin type also had an effect on the length of 

the longest shoot (P < 0.05). While there was no significant effect on shoot length in relation to 

gibberellin concentration, the interaction of gibberellin type and concentration had a significant 

quadratic response. The treatment 2.5 μM GA4/7 produced the second longest shoot (4.2 mm ± 

2.98), an acceptable average number of shoots (1.63 ± 1.67) and a 64% survival rate.  

 This is the first report comparing the efficacy of GA3 and GA4/7 in Prunus.  Past studies 

on in vitro propagation of Prunus have routinely incorporated GA3 to improve growth and 

development (Epinosa et al, 2006; Soliman, 2012). However, while GA3 may improve shoot 

elongation it can interact with cytokinins to reduce shoot production (Gasper et al., 1996). In this 

study GA4/7 maintained shoot elongation without negatively impacting shoot formation. 

 Twenty one plants have been recovered and all exhibit purple foliage with no signs of 

green reversions.  This suggests that somatic embryos were regenerated from the L2 histogenic 

layer containing the mutation for overexpression of anthocyanins.  Ongoing assessment is 

required ensure stability.   

 Results from this study provides an effective protocol for SE and plant regeneration from 

leaves of P. serrulata.  A medium with MS salts and vitamins, 0.1 g·L-1 MES, 0.1 g·L-1 myo-
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inositol, 30 g·L-1 of sucrose and supplemented with 2.5 µM 2,4-D and 0.5 µM putrescine 

produced the highest number of embryos (10.9) per plate with normal development.  Subsequent 

transfer to a medium contained Q&L salts, MS vitamins, 5 µm benzylamino purine (BAP), 30 

g/L sucrose, 0.1 g/L MES, 0.1 g/L myo-inositol, and 2.5 μM GA4/7 enhanced survival and shoot 

length. These methods provide a platform for future development and improvement of 

ornamental Prunus sp. utilizing somatic embryogenesis.  
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Table 1. Percent of embryogenic callus and the number of somatic embryos per plate for four 

auxins at five concentrations. 

z Values represent means ± SE with n replications consisting of five subsamples each. 

y NS, * Nonsignificant or significant at P ≤  0.05. L, Q, Linear or quadratic trends. 

n/a, missing data. 

Auxin n 
Concentration 

(μM) 

Embryogenic callus 

(%)z 

Somatic embryos 

(number·plate-1) 

     

2,4-D 

 

8 0 0.00 ± 0.00 z   0.00 ± 0.00  

7 1.25 5.71 ± 0.06  0.71 ± 0.71  

8 2.5 20.00 ± 0.07  6.0 ± 4.08  

n/a n/a n/a n/a 

7 10 17.99 ± 0.07  5.22 ± 1.97  

7 20 32.37 ± 0.12  6.45 ± 2.44  

     

Picloram 

 

8 0 0.00 ± 0.00  0.00 ± 0.00  

8 1.25 0.00 ± 0.00  0.00 ± 0.00  

8 2.5 2.50 ± 0.02  0.50 ± 0.50  

7 5 0.00 ± 0.00  0.00 ± 0.00  

8 10 0.00 ± 0.00  0.00 ± 0.00  

8 20 0.00 ± 0.00  0.00 ± 0.00  

     

IAA 

 

8 0 0.00 ± 0.00  0.00 ± 0.00  

6 1.25 0.00 ± 0.00  0.00 ± 0.00  

8 2.5 5.00 ± 0.49  1.41 ± 0.50  

8 5 10.00 ± 0.07  18.3 ± 6.47  

8 10 5.00 ± 0.05  14.9 ± 5.25  

7 20 0.00 ±0.00  0.00 ± 0.00  

     

NAA 

 

8 0 0.00 ± 0.00  0.00 ± 0.00  

7 1.25 0.00 ± 0.00  0.00 ± 0.00  

8 2.5 10.00 ± 0.00   2.88 ± 1.69  

8 5 7.50 ± 0.05  1.63 ± 1.49  

5 10 8.00 ± 0.05  0.60 ± 0.40  

8 20 17.50 ± 0.13  1.63 ± 1.07  

     

Regression analysisy 

Auxin * NS 

Concentration  L* Q* 

Auxin × Concentration NS NS 
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Table 2. Percent of embryogenic callus and number of somatic embryos per plate for the 

interaction of 2,4-D and putrescine concentration. 

z Values represent means ± SE with n replications consisting of five subsamples each. 

y NS, * Nonsignificant or significant at P ≤  0.05, for Linear (L) or Quadratic (Q) trends. 

n/a, missing data. 

2,4-D 

concentration 

(μM) 

n 

Putrescine 

concentration 

(μM) 

Embryogenic callus 

(%)z 

Somatic embryos 

(number·plate-1) 

0.0 8 0.0z 0.00 ± 0.00  0.00 ± 0.00  

     

1.25 

7 0.0 2.50 ± 0.03  0.88 ± 0.62  

8 0.125 25.00 ± 0.06  5.50 ± 2.35  

7 0.25 25.71 ± 0.08  7.14 ± 1.92  

7 0.5 5.00 ± 0.03  0.50 ± 0.40  

8 1.0 0.00 ± 0.00  0.00 ± 0.00  

     

2.5 

8 0.0 25.00 ± 0.08  8.0 ± 2.442  

8 0.125 10.00 ± 0.10 2.00 ± 2.00 

7 0.25 25.71 ± 0.07  7.14 ± 2.45 

8 0.5 35.00 ± 0.06  10.88 ± 3.46  

7 1.0 22.86 ± 0.07  6.72 ± 2.32  

     

5.0 

8 0.0 15.00 ± 0.08  1.13 ± 0.48  

8 0.125 42.50 ± 0.07  8.25 ± 2.08  

8 0.25 30.00 ± 0.07  4.50 ± 1.88  

n/a n/a n/a n/a 

8 1.0 17.50 ± 0.06  2.0 ± 0.65  

     

10.0 

7 0.0 10.00 ± 0.04  2.57 ± 0.97  

8 0.125 10.00 ± 0.04  1.38 ± 0.57  

8 0.25 7.50 ± 0.04  3.50 ± 1.94  

8 0.5 10.00 ± 0.07  2.75 ± 1.84 

8 1.0 5.00 ± 0.04  0.88 ± 0.61  

     

Regression analysisy 

Auxin Concentration  Q* Q* 

Putrescine Concentration  NS Q* 

Auxin Concentration ×  

Putrescine Concentration 

NS NS 
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Table 3. Effect of gibberellin form and concentration on survival rate, number of shoots 

produced, and the length of the longest shoot. 

z Values represent means ± SE with n replications consisting of five subsamples each. 

y NS, * Nonsignificant or significant at P ≤  0.05, for Linear (L) or Quadratic (Q) trends. 

  

Gibberellin Concentration 

(μM) 

Survival 

 (%)  
Number of 

Shoots  
Length of 

Longest Shoot 

(mm) 

     

GA3 

0.0 74 ± 8.7   1.50 ± 1.31 z   2.17 ± 1.60  

2.5 48 ± 13.6  1.17 ± 1.03  1.33 ± 1.12  

5.0 88 ± 12.0  1.18 ± 1.44  2.92 ± 2.47  

10.0 76 ± 7.5  0.53 ± 0.77  4.71 ± 4.39  

     

GA4/7 

0.0 74  ± 8.7 1.40 ± 1.51   2.83 ± 0.98  

2.5 64 ± 17.2  1.63 ± 1.67  4.20 ± 2.98  

5.0 76 ± 11.7 1.53 ± 2.01  1.75 ± 1.48 

10.0 44 ± 17.2  1.64 ± 0.92  2.80 ± 1.40  

     

Regression analysis y 

Gibberellin * NS * 

Concentration Q* NS NS 

Gibberellin × Concentration NS NS Q* 
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Figure 1.  Foliage and flowers of Prunus serrulata ‘Kwanzan’ (left) and ‘Royal Burgundy’ 

(right). 
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Figure 2.  Cross section of a leaf showing red pigment in mesophyll cells (L2) and green vascular 

tissue in the central midrib (L3) and clear epidermal (L1) tissue. 
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Figure 3. Quality somatic embryo with two cotyledons and root (A), deformed somatic embryo 

(B), callus from somatic embryo and formation of plantlets (C), plantlets (D and E), and plantlet 

after 3 weeks on rooting media and 12 weeks in greenhouse (F). 
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Abstract. Fothergilla (Hamamelidaceae) is a small genus of native, deciduous shrubs that most 

recently has been accepted to include two species, the tetraploid Fothergilla gardenii and the 

hexaploid Fothergilla major.  Until recently, no diploids were known in the genus. However, 

recent sampling identified diploid populations in Alabama, Florida, Georgia, and South Carolina.  

The objective of this study was to reevaluate the taxonomic circumscription of Fothergilla based 

on morphological analyses and subsequent synthesis of biogeographic, cytogenetic, molecular, 

and morphological evidence. Material from 32 locations in the southeastern United States were 

sampled and evaluated.  All three cytotypes are geographically and reproductively isolated (there 

have been no triploids or pentaploids discovered as a result of interbreeding in the wild). 

Fothergilla major is morphologically distinct with larger foliage, among other characters, 

whereas the diploid and tetraploid cytotypes are more similar in appearance to one another. 

While most morphological characteristics overlap between the diploid and tetraploid cytotypes, 

guard cell size, stipule length, stipule width, and pubescence density on the lamina can help 

distinguish the two. Using these data in conjunction with recent molecular studies, which showed 

that (1) diploids exhibit unique haplotypes not shared with tetraploids and (2) hexaploids are 
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monophyletic, we propose recognition of the following three taxa at the rank of species: 

Fothergilla gardenii Murr. (tetraploid), Fothergilla major Lodd. (hexaploid), and Fothergilla sp. 

11 (diploid).  Recognition at the species level for these taxa is warranted under both application 

of the Biological Species Concept and the Phylogenetic Species Concept. Furthermore, we 

recognize two subclades of Fothergilla sp. 1, which were found to be largely geographically 

isolated and morphologically distinguishable by leaf shape, as individual subspecies. 

 

Fothergilla L. (Hamamelidaceae, Hamamelidoideae, Fothergilleae) is a small genus 

native to the southeastern United States, comprising two to four species of uncommon, 

deciduous shrubs, depending on the circumscription (Small 1903; Britton 1905; Small 1913; 

Harms 1930; Small 1933; Bailey 1949; Weaver 1969).  The genus was erected based on F. 

gardenii L., the latter based on material sent to Linnaeus by Dr. Alexander Garden of Charleston, 

South Carolina (LT: LINN.-693.1). In 1829, Loddiges segregated F. major (Type Unknown2) 

based on “having a spike of flowers, three inches or more in length; it is also later flowering, and 

the leaves are very broad, and much more toothed” (Weaver, 1969). Subsequently, two more 

names were validly published at the rank of species: F. monticola Ashe (1897) and F. parvifolia 

Kearney (1903; a segregate of F. gardenii). 

As circumscribed by most recent authors, Fothergilla gardenii is found in wet savannas 

and pocosins in the coastal plains of North Carolina, South Carolina, Georgia, Florida, and 

Alabama, whereas F. major occurs primarily in woodlands, bluffs, and riverbanks of the upper 

Piedmont and mountains of North Carolina, South Carolina, Georgia, Alabama, Tennessee, and 

                                                           
1 Name to be determined. 
2 Continuing to explore the typification of F. major, as a type specimen has not been found. 
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Arkansas (Weaver 1969; Meyer 1997; Weakley 2015). Recent authors generally distinguish F. 

gardenii from F. major by the smaller stature (3–10 dm vs. 10–80 dm in F. major), smaller 

leaves (<5.2 cm wide vs. > 5.2 cm wide in F. major), leaf dentations (tending towards the upper 

half of the leaf vs. extending below the middle in F. major), base symmetry (symmetric vs. 

asymmetric in F. major), hypanthium length (3–4.5 mm vs. 4–9.2 mm in F. major), number of 

stamens per flower (12–24 vs. 22–32 in F. major), and seed size (4.8–6.3 mm long vs. 6.2–7.8 

mm long in F. major) (Radford 1968; Weaver 1969; Weakley 2015).  Weaver (1969) recognized 

Fothergilla gardenii as a tetraploid with 2n = 4x = 48, and F. major as a hexaploid with 2n = 6x 

= 72.   

Ashe (1897) published the name Fothergilla monticola, under the mistaken impression 

that F. major Lodd. represented a robust form of coastal F. gardenii, rather than applied to the 

mountain populations of Fothergilla.  This circumscription was followed by Hesse (1909), 

Rehder (1910), Bailey (1949), Harms (1930), Anderson and Sax (1935), and Ernst (1963), but 

not Small (1903, 1913, 1933) or Radford et al. (1968), who recognized only F. major. In revising 

the genus, Weaver (1969) recognized F. monticola as a synonym of F. major, a treatment that 

has been followed ever since (Meyer 1997; Weakley 2015).   

Kearney (1903) segregated Fothergilla parvifolia from F. gardenii on the basis of leaf 

width (about as broad as long in F. parvifolia vs. longer than broad in F. gardenii), leaf base 

(cordate in F. parvifolia vs. cuneate to rounded in F. gardenii), and leaf margin (toothed from 

below the middle to the apex in F. parvifolia vs. toothed only near the apex in F. gardenii).  This 

circumscription was followed by Small (1903, 1913, 1933), Harms (1930), and Britton (1963), 

although more recent authors found these characters uninformative and treated F. parvifolia as a 

synonym of F. gardenii (Weaver 1969; Meyer 1997; Weakley 2015).   



49 
 

Although F. major and F. gardenii sensu Weaver (1969) have allopatric distributions, 

they have been grown together in cultivation, where they will freely hybridize. Ranney et al. 

(2007) concluded that the majority of cultivars represented in commerce was pentaploid with (2n 

= 5x = 60) and named the nothospecies F. ×intermedia Ranney & Fantz. No pentaploids have 

been identified in nature.  

Until recently, no diploid taxon of Fothergilla was known. However, recent sampling and 

cytometric analysis identified a number of diploid populations in Alabama, Florida, Georgia, and 

South Carolina (Ranney et al. 2012). This work was followed by molecular phylogenetic 

analyses (RAD-tag based GBS), examining the origins of F. gardenii and F. major and their 

relationship to the diploid populations (Qi et al. 2015). Most analyses supported a monophyletic 

clade corresponding to the hexaploids (i.e., F. major) and a grade including the tetraploid and 

diploid operational taxonomic units (OTUs) referable to F. gardenii in the sense of Weaver 

(1969), Meyer (1997), and Weakley (2015).  While within this grade, diploid OTUs typically 

emerged in a monophyletic subclade, the tetraploid OTUs did not.  Curiously, diploid OTUs 

further segregated into two monophyletic lineages, corresponding to largely allopatric 

populations.  Based on their results, Qi et al. (2015) hypothesized a complicated hybrid origin 

(namely that “…4x F. gardenii originated through hybridization between the Gulf coast 2x and 

an extinct (or undiscovered) 2x lineage, followed by backcrosses to the Atlantic coastal 2x 

before chromosome doubling, and the 6x F. major also originated from the ‘extinct’ 2x lineage”; 

see Fig. 10 in Qi et al. 2015).  Given the genetic evidence, the taxonomy of the complex requires 

re-evaluation. To fill this need, the objective of this study was to reevaluate the taxonomic 

circumscription of members of the Fothergilla complex based on morphological analyses and 

subsequent synthesis of biogeographic, cytogenetic, molecular, and morphological evidence.  
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Materials and Methods 

Plant Material.  

This study is based on herbarium voucher specimens obtained from the same living 

collections that served as the basis of the analyses of Qi et al. (2015).  The living collections 

were obtained from 32 localities in Alabama, Arkansas, Georgia, Florida, North Carolina, South 

Carolina, and Tennessee, propagated by stem cuttings, and established in a living collection at 

the Mountain Horticulture Crops Research and Extension Center, Mills River, NC. Genome sizes 

and ploidy levels were determined by flow cytometry using Pisum sativum ‘Ctirad’ as an internal 

standard and propidium iodide fluorochrome and was presented in a prior publication (Qi et al. 

2015).  Voucher specimens prepared from the living collections are deposited at NCSC (Table 

1). 

Morphological measurements.  

The following data were taken from the collections of Fothergilla referenced above: date 

of first flower, date of plant in full bloom (defined as when all >90% of all inflorescences have 

flowered), pubescence color, number of rays per stellate trichome (see below for detail), 

pubescence density on the stem, lamina shape, lamina length and width (cm), lamina pubescence 

(see below for detail), number of secondary veins, midvein pubescence (see below for detail), 

lamina base, lamina apex, laminar dentation distribution, laminar dentation type, number of 

dentations per lamina, presence of adaxial waxy bloom on lamina, stipule length and width 

(mm), peduncle height (mm), inflorescence height (mm), number of flowers per inflorescence, 

bract color, filament length and width (mm), anther length and width (mm), and presence of 

constriction between filament and anther.  
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Pubescence density of the stem was determined by calculating the number of trichomes 

on a one square millimeter section within the upper third, middle third, and lower third. Leaf and 

flower measurements were taken with a digital caliber. Leaf measurements were taken on the 

first three fully-expanded, mature leaves at the end of the twigs of each specimen. Pubescence 

density on the abaxial side of the leaf and midvein was determined by calculating the number of 

trichomes on a one square millimeter section within the upper third, middle third, and lower third 

of three fully expanded leaves per specimen. Stellate trichomes were separated into “large” and 

“small” size classes, the former consisting of trichomes with 6–10 rays and the latter of 

trichomes with 3–4 rays. Guard cell width and length was measured for five guard cells per leaf 

per specimen using a Leica DME microscope (standard objective 100X and 10x ocular 

objective). Qualitative data was scored binarily (Table 2). 

Quantitative and qualitative data were analyzed jointly and separately. Statistical analyses 

including ANOVAs and Tukey’s HSD were carried out in the statistics package R (Ihaka & 

Gentlemen 1996; R Foundation for Statistical Computing 2008) on non-transformed data. The 

relationship between the OTUs was analyzed using cluster analysis (complete linkage). 

Quantitative characters were log transformed and analyzed separately from qualitative characters 

using Principal Components Analysis (PCA)  

Distribution and environmental niche. 

Maxent maps (http://www.cs.princeton.edu/~schapire/maxent/) were produced to model 

present and predicted species distribution, and to evaluate range overlap. Point locality data for 

all accessions were imported into DIVA-GIS (DIVA-GIS 7.5; http://www.diva-gis.org), along 

with bioclimatic values (http://www.worldclim.org/bioclim). These values were subsequently 
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analyzed using PCA to explore if cytotypes were occupying differential niche space, at least with 

regard to the climatic parameters.    

Results 

Morphological measurements. ANOVAs and TukeyHSD revealed significant differences 

between the hexaploid (F. major) and diploid/tetraploid cytotypes in lamina length, lamina 

width, number of dentations per leaf, number of veins per leaf, pubescence density on the 

midvein, petiole length, number of stamens per bloom, filament lengths (Table 3). In addition to 

the differences between the hexaploid and diploid/tetraploids, the analyses showed significant 

differences between the tetraploid and diploid OTUs in stipule length, stipule width, pubescence 

density on the lamina, and guard cell length (Table 3). Figure 2 shows the distribution of non-

transformed quantitative measurements for characters that showed significant differences 

between the diploids and the tetraploids, including stipule length, stipule width, pubescence 

density on the lamina, and guard cell length. While the means for the characters are significantly 

different, the range of the values overlap. Within the diploids, there were found to be two distinct 

leaf apex types, acute or obtuse. Populations exhibiting each apex type segregated geographically 

and genetically (Figs. 1 and 7).  

Cluster analyses and PCA. In the cluster analyses, the accessions segregated into two main 

groups: (1) the hexaploids referable to F. major and (2) the diploid/tetraploid cytotypes. The 

diploid and tetraploid cytotypes did not further segregate into cytotypically homogeneous groups 

(Fig. 3).  Similar to the results of the cluster analysis, PCA ordination revealed two non-

overlapping groups, the hexaploids and the combined diploids/tetraploids.  There was no distinct 

segregation between diploids and tetraploids (Fig. 4). The first three components explained 56% 

of the variation (PC1 37.1%, PC2 15.5%, PC3 3.4%). The main factors contributing to the first 
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component were lamina length, lamina width, stipule length and stipule width (Table 4). The 

main factors contributing to the second component were inflorescence stalk height, anther length, 

and anther width. The main factors contributing to the third component were number of 

secondary veins, filament length, and number of stamens per flower. 

Ecological niches and climate. Similar to the morphological analyses, the PCA of bioclimatic 

variables resulted in only two non-overlapping groups, corresponding to the hexaploids and the 

combined diploids/tetraploids, suggesting that, at least with regard to the bioclimatic parameters 

investigated, the niche space occupied by the hexaploids differs from that of the 

diploids/tetraploids, but that niche space for the diploids and tetraploids overlaps significantly 

(Fig. 5).  The main bioclimatic variables contributing to PC1 accounted for 46.9% of the 

variation and included bio1 (annual mean temperature), bio5 (max temperature of warmest 

month), bio10 (mean temperature of warmest month), and bio11 (mean temperature of coldest 

month). PC2 accounted for 35.2% of the variation, the largest contributions coming from bio5 

(max temperature of warmest month) and bio7 (temperature annual range). Using the same 

bioclimatic variables, maxent modeled a sympatric range for diploid and tetraploid cytotypes in 

the southeastern United States and specifically along the East Coast, distinct from the range of 

the hexaploids, which occupy the mountain and Piedmont regions of the Southeast (Fig. 6). 

Discussion 

Species recognition. The treatment of morphologically similar, but cytotypically differentiated 

taxa has been the subject of on-going debate. Soltis et al. (2007) called for a re-evaluation of 

such cryptic taxa, noting that with regard to ploidy level and the role of sympatric speciation, the 

number of species may be considerably underestimated. Questions that should be addressed in 

evaluating the distinctness of cryptic species include: 1) Are cytotypes reproductively isolated? 
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2) Are they distinct evolutionary units? 3) Do they conform to any of the variously recognized 

species concepts? Soltis et al. (2007) proposed that if the answer to most of these questions is 

affirmative, then a distinct species should be recognized. 

 Soltis et al. (2007) evaluated five species (Chamerion angustifolium, Galax urceolata, 

Heuchera grossulariifolia, Tolmia menziesii, and Vaccinium corymbosum) and compared them 

to five of the most widely applied species concepts: Biological (BSC; Mayr 1942; Mayr 1963), 

Evolutionary (ESC; Wiley 1978), Phylogenetic-Apomorphy (PSC-Apomorphy; Donoghue 

1985), Phylogenetic-Diagnosability (PSC-Diagnosability; Nixon and Wheeler 1990), and 

Phenetic (Sokal and Crovello 1970). After evaluating the taxa reproductively, evolutionarily, 

geographically, molecularly, and morphologically, they found support to recognize diploid and 

tetraploid cytotypes as distinct species if the defining criteria of at least one or more of these 

species concepts was met. For example, Vaccinium corymbosum s.l. consists of diploids and 

tetraploids that are not always morphologically distinguishable. Vaccinium corymbosum s.l. was 

found to have a triploid block between cytotypes, diverging lineages, ecological separation, and 

different chromosome numbers. Based on their review, Soltis et al. (2007) suggested recognition 

of two separate species in the complex is warranted, as the criteria were met for a number of 

species concepts, including the BSC, ESC, and PSC-Diagnosability. Chamerion angustifolium is 

another example of a cryptic species complex. In this complex, Soltis et al. (2007) similarly 

found support to recognize morphologically similar cytotypes as two distinct species under 

application of the BSC, the ESC, and the PSC-Diagnosability, because of strong reproductive 

isolation, distinct lineages, distinct geographic ranges, ecological separation, and differing ploidy 

levels.  



55 
 

 Additional examples of recently recognized cryptic species include Phlox pattersonii 

Prather (Prather 1994), Navarretia saximontana S. C. Spencer and N.  willametensis S. C. 

Spencer (Spencer and Spencer 2003), Navarretia linearifolia and N. sinistra (Johnson and Heath, 

2010), and Collomia wilkenii L. A. Johnson and R. L. Johnson (Johnson and Johnson, 2006; 

Johnson and Heath, 2010). With little to no morphological distinction, taxa in each of the 

aforementioned cases proved to be either reproductively isolated or distinct evolutionary units, 

thus meeting the requirements of the BSC or ESC. 

In contrast, Spaniel et al. (2008) studied the cryptic species Centaurea stoebe, diploid and 

tetraploid cytotypes, and concluded that only one species should be recognized for both 

cytotypes. This conclusion was based upon lack of morphological distinction, sympatric 

distribution, and the occurrence of mixed-cytotype populations. Cytometric analysis was 

performed to obtain ploidy levels of plants and populations and Spaniel et al. found that no 

triploids were found in nature, nor had triploids been recorded in the literature. Spaniel et al. 

(2008) supported their argument for a single species based upon similar conclusions reached in 

the taxonomy of the related species Centaurea phrygia as well as in Andropogon gerardii 

(Keeler and Davis 1999), Cardamine pratensis, C. rephanifolia, and C. gallacecica (Lihova et al. 

2003; Perny et al. 2005) and Vaccinium microcarpum (Suda 1998; Suda and Lysak 2001). 

However, in contrast to Soltis et al. (2007), Spaniel et al. (2008) failed to address explicitly how 

their data met or did not meet criteria under various species concepts. Thus, an evaluation of 

their data in an explicit species concept framework sensu Soltis et al. (2007) can lead to 

contrasting decisions. For instance, comparing Spaniel et al. (2008) findings to the BSC there are 

grounds to consider the diploid and tetraploid cytotypes two distinct species. The cytotypes are 

reproductively isolated, as no triploids have been found in nature (a few aneuploids were found). 
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In addition, they are found in different environments, even though the cytotypes are not 

geographically isolated. The tetraploids were restricted to the lowlands or hills, where they 

occupy mostly ruderal habitats. In contrast, the diploids grew mostly in xerothermic steppe-like 

habitats. One could also consider these cytotypes two distinct species based upon the PSC-

Diagnosability. Not only did the genome sizes differ, but the cluster analysis consistently 

grouped the tetraploids together, and the principle components analysis for the morphological 

characteristics showed two non-overlapping groups.  

 In the case of Fothergilla, based on the Biological Species Concept sensu Mayr (1942, 

1963), which, as applied by Johnson and Heath (2010), holds that species are "morphologically 

similar or identical populations that are reproductively isolated” and will not produce viable and 

fertile offspring, we hold that the diploid and tetraploid cytotypes can also be recognized as two 

cryptic species. The two cytotypes are largely geographically isolated, as the diploids occupy the 

panhandle of Florida, southern Alabama, throughout Georgia and a population in Aiken County, 

South Carolina and the tetraploids inhabit eastern North and South Carolina, and near Effingham 

County, Georgia (Fig. 1). In addition, there have been no triploids of Fothergilla discovered in 

nature as a result of interbreeding. Similarly, Fothergilla major, the hexaploid, can be recognized 

as a distinct species from tetraploid Fothergilla gardenii under the BSC, as it is also 

geographically isolated to the mountainous and piedmont regions of the Southeast and as there 

have been no pentaploids discovered in nature Pentaploid hybrids in the horticultural trade 

produce little to no fruit. Thus, on the basis of the BSC alone, three distinct species can be 

recognized in the Fothergilla complex, each corresponding to the diploid, tetraploid, and 

hexaploid cytotype populations.  
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Application of the criteria of the PSC-Diagnosability sensu Nixon and Wheeler (1990) 

would likewise result in the recognition of three species of Fothergilla, corresponding to the 

three cytotypes.  Nixon and Wheeler's (1990) concept holds that a species is “the smallest 

aggregation of populations (sexual) or lineages (asexual) diagnosable by a unique combination of 

character states in comparable individuals” (Nixon and Wheeler 1990).  Evidence for species 

recognition in Fothergilla under this concept includes: (1) morphology (hexaploids differ from 

diploids/tetraploids in a number of characters, including leaf size and number of stamens per 

flower), (2) genome size and ploidy level (unique for each cytotype in Fothergilla), and (3) 

matk, rps16, and ETS haplotypes (diploids in Fothergilla exhibit unique haplotypes, not shared 

with tetraploids or hexaploids; Qi et al. 2015).  

 Considering the evidence, we here propose to recognize three species in Fothergilla.  The 

correct name corresponding to the hexaploids is Fothergilla major. The recognition of species 

corresponding respectively to the diploid and tetraploid cytotypes, requires resolving to which 

cytotype(s) the names F. gardenii and F. sp. 1 should be applied.  

Subspecies recognition. The results from Qi et al. (2015) showed strong support of two subclades 

of diploids, each with strong geographic cohesiveness (Figs. 1 & 7). Based on our present 

analyses, these two subclades are also differentiated morphologically, but only with regard to 

leaf blade shape. Leaf blades from diploid cytotypes from coastal Alabama, the panhandle of 

Florida, and Taylor County, Georgia are distinctly obovate, whereas those of diploids from 

Aiken, South Carolina and counties in Georgia including Emanuel, Long, and Tattnall, are ovate. 

Although populations appear largely allopatric (or peripatric), our limited sampling cannot 

confirm the degree of overlap and given the shared ploidy level, as well as overall morphological 

similarity (with the exception of leaf shape), we assume homogenizing gene flow is active, thus, 
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precluding recognition at the species level under the BSC.  Recognition at the rank of species is 

also precluded under the PSC-Diagnosability as only a single character differentiates the two 

diploid groups.  Thus, an infraspecific rank appears most appropriate for these populations.  

Unfortunately, the application of infraspecific ranks has been anything but uniform and remains 

controversial (see Stuessy 1990 for an overview). Snow (1997) recognized infraspecific taxa as 

"phenetic groupings that presumably reflect genetically-based variation but the patterns of which 

are non-fixed and non-hierarchical."  Following the general concept of Snow (1997), we 

provisionally recognize two subspecies among the diploid cytotypes of Fothergilla: (1) 

Fothergilla sp. 1 subsp. 1 (cytotype with an obovate leaf shape; from coastal Alabama, the 

panhandle of Florida, and Taylor Co., Georgia), and (2) Fothergilla sp. 1 subsp. 2 (ovate leaf 

shape; from Aiken Co., South Carolina, and Emanuel Co. and Long Co., Georgia). 

 

TAXONOMIC TREATMENT 

Fothergilla L., Syst. Veg. ed. 13. 418. 1774. Type—F. gardenii L., Syst. Veg. ed. 13. 418. 1774. 

Shrubs, clump-forming, proliferating by rhizomes, to 3 m (8 m) tall. Bark smooth, reddish-

brown. Vegetative buds naked. Leaves simple, alternate, deciduous, petiolate, blades ovate to 

oblong pale green or glaucous beneath, apices acute or obtuse, bases oblique, rounded, truncate 

or tapering, margins crenate or serrate-dentate, toothed from below or at the middle to the apex, 

or nearly entire; secondary veins pinnate, pairs 4–6 stipules lanceolate to ovate.  Inflorescence 

dense, erect, terminal, appearing with the leaves or before them; bracts dark brown, tan, or 

pinkish-white. Flowers mostly perfect; petals lacking; stamens 14–21, filaments white, anthers 

yellow; pistil 2-carpellate, carpels connate below but divergent near the apex of the ovary into 2 
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separate styles, semi-inferior. Fruit a capsule, grayish to brownish. Seeds 2, ellipsoid or slightly 

ovoid, coat very hard, smooth, shiny, reddish-brown.  

References: Small (1913, 1933) and Weaver (1969). 

 

Key to Fothergilla L. 

1. Shrub, erect, pyramidal, >1 m tall; leaf blades 7.8–12.8 x 5.3–10 cm, blade margins with (6.7) 

11–24 teeth (5–12 per side), secondary veins 8–12 (4–6 on each side of the midvein), abaxial 

surface with 0–1(2.4) trichomes/mm2, abaxial midvein with 0.5–10.8 trichomes/mm2, guard cells 

1.4–2.3 μm long, petioles 8–15.1(18.9) mm long, stipules 3.8–11.6 x 2–4 mm; stamens 14–24 

per flower, filaments (5.3)8.1–15.4 mm long; hypanthium persistent, 4–9.2 mm long; capsules 8–

15.2 mm long; seeds 6.2–7.8 mm long; genome size 5.21–5.25 pg, hexaploid (2n = 6x = 72); 

deciduous forests in the mountain and Piedmont regions of Alabama, and Arkansas, Georgia, 

North Carolina, and Tennessee. .......................................................................................2. F. major 

1'. Shrub low growing, <1 m tall; leaf blades 4.8–7.3 x 2.5–4.7 cm, blade margins with 3–10 

teeth (1–5 per side), secondary veins 8–11 (4–6 on each side of the midvein), abaxial surface 

with 0.1–16 trichomes/mm2, abaxial midvein with 2–17 trichomes/mm2, guard cells (1)1.3–2.2 

μm long, petioles 4.3–10 mm long, stipules 2.5–5.6(7.7) mm x 0.9–2.7(4.3) mm; stamens 10–21 

per flower, filaments 3.4–13.9 mm long; hypanthium persistent, 3–4.5 mm long; capsules 6.5–

10.5 mm long; seeds 4.8–6.3 mm long; genome size 1.74–3.65 pg, diploid (2n = 2x = 24) or 

tetraploid (2n = 4x = 48) ; wet, sandy soils of savannas and pocosins of coastal Alabama, Florida, 

Georgia, North Carolina, and South Carolina  ................................................................................2. 
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2 (1'.) Stipules 2.1–4.9 x 0.9–2.1 mm; guard cells 1.4–2.2 μm long; genome size 3.55–

3.65 pg, tetraploid (2n = 4x = 48); Georgia (Effingham Co.), North Carolina, and South 

Carolina ............................................................................................................1. F. gardenii 

2'. Stipules 4.2–5.9(7.7) x 1.7–2.7(4.3) mm; guard cells (1.0)1.3–1.7 μm long; genome 

size 1.74–1.76 pg, diploid (2n = 2x = 24); coastal Alabama, Georgia, Florida and South 

Carolina (Aiken Co.) ...........................................................................................................3. 

3. (2'.) Leaf blades obovate, bases narrowed or truncate, margins toothed above 

the middle; Alabama, Florida, and Georgia (Taylor Co.) ........... 3a. F. sp.1 subsp. 1 

3'. Leaf blades ovate, bases cordate, margins coarsely toothed mostly from the 

middle to the apex; Georgia (Emanuel Co. and Long Co.) and South Carolina 

(Aiken Co.) ............................................................................... 3b. F. sp. 1 subsp. 2 

 

1. Fothergilla gardenii L., Syst. Veg. ed. 13. 418. 1774 [as F. Gardeni] (Lectotype LINN-693.1, 

LINN!, designated by Reveal 1993) 

Fothergilla carolina (L.) Britton, Mem. Torrey Bot. Club 5: 180. 1894.  Type Unknown. 

Shrub, low growing, <1 m tall; aerial stems solitary or in clumps, simple to profusely branched 

in upper portions; leaf blades ovate or obovate, 4.8–7.3 cm x 2.5–4.7 cm, apices vary from 

obtuse to acute, bases asymmetrical (oblique) or symmetrical (tapered or rounded), margins with 

3–10 teeth (1–5 per side), crenate, dentate, or serrate, toothed above the middle of the leaf 

margin to the apex, secondary veins 8–11 (4–6 on each side of the midvein), stellate pubescence 

both above and beneath the lamina, occasionally glaucous, pubescence density of the abaxial 
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surface of the lamina 0.1–15 trichomes/mm2, pubescence density of the abaxial midvein 2–17 

trichomes/mm2, guard cells (1.0)1.3–2.2 μm long; petioles 4.3–10 mm, densely yellow-

pubescent; stipules ovate to lanceolate, 2.1–5.6(7.7) x 0.9–2.7(4.3) mm.; spikes appearing before 

the leaves unfold, (0.7)1.4–2.1(5.6) cm long, elongating as flowering progresses, sessile or short 

penduncle; stamens 10–21 per flower, filaments 3.4–13.9 x 0.4–0.6 mm, anther 0.7–1.0 x 0.6-0.9 

mm; stigma and styles 4.5–10.5 mm long total; ovary at anthesis 1–2 mm long; hypanthium 

persistent, 3–4.5 mm long; capsules 6.5–10.5 mm long; seeds 4.8–6.3 mm long; genome size 

3.55–3.65 pg, tetraploid (2n = 4x = 48).  

Phenology. Flowering begins in late March to early April, with plants being in full bloom from 

early to mid-April.  

Distribution and habitat. This species occurs primarily in eastern North and South Carolina with 

a few populations along the eastern South Carolina and Georgia border in wet, sandy soils of 

pocosins and savannas. Common plant associates include Acer rubrum, Cartrema americana, 

Clethra alnifolia, Cyrilla racemiflora, Gaylussacia dumosa, Ilex coriacea, Ilex glabra, Ilex 

vomitoria, Kalmia latifolia, Liquidambar styraciflua, Magnolia virginiana, Persea borbonia, 

Persea palustris, Pinus palustris, Pinus serotina, Pteridium aquilinum, Quercus laevis, Quercus 

virginiana, Rhododendron viscosum, Vaccinium crassifolium, and Vaccinium myrsinites.  

Notes. Tetraploid taxa appear well adapted to periodic fires and are shade intolerant. Populations 

found in recently burned sites seemed more abundant and healthy, while populations in sites that 

have not been burned were being outcompeted by other plants.   

Specimens examined. All exsiccatae were derived from living collections at the Mountain Crop 

Improvement Lab, but are listed here by the collection origin. Georgia: Effingham Co., 15 Apr 
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2014, Lynch 2012078.04152014.043 (NCSC); Effingham Co., 13 Jun 2014, Phillips 

2012078.06132014.049 (NCSC). North Carolina: Carteret Co., 26 Mar 2012, Lynch 

2011096.03262012.009 (NCSC); Carteret Co., 13 Jun 2014, Phillips 2011096.06132014.050 

(NCSC); Carteret Co., 21 Mar 2012, Lynch 2011103.03212012.003 (NCSC); Hoke Co., 21 Mar 

2012, Lynch 2011097.03212012.004 (NCSC); Hoke Co., 13 Jun 2014, Phillips 

2011097.06132014.054 (NCSC); Richmond Co., 11 Apr 2012, Lynch 2011123.04112012.013 

(NCSC); Richmond Co., 15 Jul 2015, Phillips 2011123.07152015.066 (NCSC); Richmond Co., 

21 Mar 2012, Lynch 2011085.03212012.005 (NCSC); Richmond Co., 13 Jun 2014, Phillips 

2011085.06132014.055 (NCSC). South Carolina: Charleston Co., 15 Apr 2014, Lynch 

2012075.04152014.042 (NCSC); Charleston Co., 13 Jun 2014, Phillips 2012076.06132014.048 

(NCSC); Charleston Co., 21 Aug 2012, Lynch 2012077.08212012.030 (NCSC); Charleston Co., 

15 Apr 2013, Lynch 2012077.06132014.053 (NCSC); Charleston Co., 13 Jun 2014, Phillips 

2012077.06132014.053 (NCSC); Horry Co., 15 Apr 2014, Lynch 201207604152014.041 

(NCSC); Horry Co., 13 Jun 2014, Phillips 2012076.06132014.051 (NCSC). 

 

2. Fothergilla major Lodd., Bot. Cab. 16: pl. 1520. 1829. Type: Unknown. 

F. monticola Ashe, Bot. Gaz. 24: 374. 1897. Type: W.W. Ashe 1509 (Holotype, MO-

247915! [online!]).  

Shrub, erect, pyramidal, >1 m tall; aerial stems in clumps of 3–9, sparingly branched in the upper 

portions; leaf blades ovate or obovate, 7.8–12.8 x 5.3–10.0 cm, apices vary from obtuse to acute, 

bases asymmetrical (oblique), margins with 11–24 teeth (5–12 per side), serrate or dentate, 

toothed from below the middle to the apex, secondary veins 8–12 (4–6 on each side of the 
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midvein), sparsely pubescent surfaces of the leaf except along the midvein, lamina sometime 

glabrous or glaucous, pubescence density of the abaxial surface of the lamina 0–1.0(2.4) 

trichomes/mm2, pubescence density of the abaxial midvein 0.5–10.8 trichomes/mm2, guard cells 

1.4–2.3 μm long; petioles 8–15.1(18.9) mm long, yellow-pubescent; stipules ovate to lanceolate, 

3.8–11.6 x 2–4 mm; spikes generally appearing with the leaves, (0.8)1.7–4.3 cm long, elongating 

as flower progresses, sessile or short peduncle; stamens 14–24 per flower; filaments (5.3)8.1–

15.4 x 0.4-0.6 mm; anthers 0.6–1.0 x 0.7–0.9 mm; stigma and styles 6.2–12.0 mm long total; 

ovary at anthesis 1.5–2.2 mm long; hypanthium persistent 4–9.2 mm long, capsules 8–15.2 mm 

long; seeds 6.2–7.8 mm long; genome size 5.21–5.25 pg, hexaploid (2n = 6x = 72).  

Phenology. Flowering begins in early April with plants being in full bloom by mid-April 

Distribution and habitat. This species occurs primarily in the mountain and Piedmont regions of 

Alabama, and Arkansas, Georgia, North Carolina, and Tennessee in deciduous forests. 

Fothergilla major varies considerably in habit and ecology ranging from colonial shrubs less 

than 2 m tall, typically found growing on sandy dampish sites in the southwestern part of the 

range and lower elevations (for example populations from Marshall Co., Alabama and Blount 

Co., Alabama) to larger tree forms growing to 6 or 7 m, with offsets but no rhizomes, typically 

found in more upland mountain dry forest sites with igneous geology found to the North and East 

with (for populations in Scott Co., Tennessee). 

Notes. Species often found in association include Acer rubrum, Amalanchier laevis, Calycanthus 

florida, Carpinus caroliniana, Cephalanthus occidentalis, Cornus florida, Fagus grandifolia, 

Hydrangea quercifolia, Hamamelis virginiana, Kalmia latifolia, Liquidambar styraciflua, 

Liriodendron tulipifera, Magnolia fraseri, Nyssa sylvatica, Pinus taeda, Pinus virginiana, 

Quercus alba, Quercus nigra, Quercus rubra, Rhododendron arborescens, Rhododendron 
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canescens, Rhododendron catawbiense, Ribes odorata, Stewartia ovata, Tsuga canadensis, 

Ulmus alata, Vaccinium arboreum, Vitis rotundifolia, Viburnum acerifolium, Viburnum 

dentatum, and Viburnum nudum.  Fothergilla major is considerably more shade tolerant than the 

other species of Fothergilla and is typically found growing in the understory. 

Specimens examined. All exsiccatae were derived from living collections at the Mountain Crop 

Improvement Lab, but are listed here by the collection origin. Alabama: Blount Co., 02 Jul 

2012, Lynch 2011093.07022012.021 (NCSC); Dekalb Co. 21 Mar 2012, Lynch 

2008009.03212012.007 (NCSC); Marshall Co., 02 Jul 2012, Lynch 2011092.07022012.017 

(NCSC); Marshall Co., 21 Aug 2012, Lynch 2011147.08212012.024 (NCSC). Arkansas: Searcy 

Co., 26 Mar 2012, Lynch 2011082.03262012.010 (NCSC).  Georgia: Lumpkin Co., 21 Aug 

2012, Lynch 2011164.08212012.027 (NCSC); Walker Co., 21 Aug 2012, Lynch 

201116.08212012.025(NCSC). North Carolina: Burke Co., 04 Apr 2013, Lynch 

2011105.04042013.036 (NCSC); Montgomery Co., 21 Aug 2012, Lynch 2011122.08212012.023 

(NCSC); Orange Co., 19 Apr 2012, Lynch 2011124.04192012.014 (NCSC); Orange Co., 24 Jun 

2014, Phillips 2011124.06242014.062 (NCSC); Rutherford Co., 21 Aug 2012, Lynch 

2011163.08212012.026 (NCSC); Rutherford Co., 15 Apr 2013, Lynch 2011163.04152013.036 

(NCSC); Rutherford Co., 24 Jun 2014, Phillips 2011163.06242014.064 (NCSC); Transylvania 

Co., 02 Jul 2012, Lynch 2011112.07022012.016 (NCSC); Transylvania Co., 24 Apr 2014, Lynch 

2011112.04242014.047 (NCSC); Transylvania Co., 24 Jun 2014, Phillips 

2011112.06242014.063 (NCSC); Transylvania Co., 21 Aug 2012, Lynch 2011131.08212012.022 

(NCSC); South Carolina: Oconee Co., 28 Mar 2012, Lynch 2011091.03282012.012 (NCSC); 

Tennessee: Scott Co., 21 Aug 2012, Lynch 2012065.08212012.029 (NCSC); Scott Co., 15 Apr 
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2014, Lynch 2012065.04152014.044 (NCSC); Scott Co., 15 Jul 2015, Phillips 

2012065.07152015.065 (NCSC). 

3. Fothergilla sp. 1 

Low growing shrub <1 m tall, spreading by underground stems; leaf blades ovate or obovate, 

5.2–6.4 x 2.9–3.9 cm, apices vary from obtuse to acute, bases asymmetrical (oblique) or 

symmetrical (tapered or rounded), margins with 6–8 teeth (3–4) per side, serrate, crenate or 

dentate, toothed either from below the middle to the apex or above the middle to the apex, 

secondary veins 8–9 (4–5 on each side of the midvein), stellate pubescence both above and 

beneath the lamina, pubescence density on the abaxial surface of the lamina 5.5–9 

trichomes/mm2, pubescence density on the abaxial surface midvein 7–12 trichomes/mm2, guard 

cells 3.0–6.2 μm long; petioles 6–9 mm long; stipules ovate to lanceolate, 4.8–6.2 mm x 2.3–3.0 

mm; spikes generally appearing before the leaves, 1.1–2.7u cm long stamen 14–18 per flower, 

filaments 5.5–9.5 mm, anther 0.5–0.7; hypanthium persistent, 3–4.5 mm long; capsules 6.5–10.5 

mm long; seeds 4.8–6.3 mm long; genome size 1.74–1.76 pg, diploid (2n = 2x = 24). 

Phenology. Flowering begins in late March to early April, with plants being in full bloom from 

early to mid-April. 

Distribution and habitat. Located primarily in Baldwin Co., Alabama, the panhandle of Florida, 

Taylor County, Georgia, and Aiken Co., South Carolina. Populations are found in along or close 

by streams or in other wet areas with sandy soils. Common plant associates include Acer rubrum, 

Cartrema americana, Clethra alnifolia, Cyrilla racemiflora, Gaylussacia dumosa, Ilex glabra, 

Ilex vomitoria, Kalmia hirsuta, Magnolia grandiflora, Magnolia virginiana, Nyssa sylvatica, 
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Persea borbonia, Pinus palustris, Pinus taeda, Quercus laevis, Quercus virginiana, 

Rhododendron viscosum, Vaccinium corymbosum, Vaccinium elliottii, and Vaccinium myrsinites. 

Notes. Plants appear to be well adapted to periodic fires and are shade intolerant. Populations 

found in recently burned sites seemed more abundant and healthy, while populations in sites that 

have not been burned were being outcompeted by other plants. 

 

3a. Fothergilla sp. 1 subsp. 1 

Leaf blades obovate, apices obtuse, bases asymmetrical (oblique) or symmetrical (rounded).  

Distribution and habitat. Located primarily in wet and sandy soils in the panhandle of Florida, 

Baldwin County, Alabama, and Taylor County, Georgia. Common plant associates include Acer 

rubrum, Cartrema americana, Clethra alnifolia, Cyrilla racemiflora, Gaylussacia dumosa, Ilex 

glabra, Ilex vomitoria, Kalmia hirsuta, Magnolia grandiflora, Magnolia virginiana, Nyssa 

sylvatica, Persea borbonia, Pinus palustris, Pinus taeda, Quercus laevis, Quercus virginiana, 

Rhododendron viscosum, Vaccinium corymbosum, Vaccinium elliottii, and Vaccinium myrsinites. 

Specimens examined. All exsiccatae were derived from living collections at the Mountain Crop 

Improvement Lab, but are listed here by the collection origin. Alabama: Baldwin Co., 21 Mar 

2012, Lynch 2011087.03212012.001; Baldwin Co., 13 Jun 2014, Phillips 

2011087.06132014.058. Georgia: Taylor Co., 26 Mar 2012, Lynch 2011178.03262012.008 

(NCSC); Florida: Okaloosa Co., 21 Mar 2012, Lynch 2011083.03212012.002 (NCSC); 

Okaloosa Co., 13 Jun 2014, Phillips 2011083.06132014.054 (NCSC); Walton Co., 28 Mar 2012, 

Lynch 2011088.03282012 (NCSC); Walton Co., 02 Jul 2012, Lynch 2012060.07022012.015 
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(NCSC); Walton Co., 15 Apr 2014, Walton Co., 13 Jun 2014, Phillips 2012060.06132014.059 

(NCSC); Walton Co., 19 Mar 2013, Lynch 2012060.03192013.034 (NCSC). 

3b. Fothergilla sp. 1 subsp. 2 

Leaf blades ovate, apices acute, bases asymmetrical (oblique) or symmetrical (rounded). 

Distribution and habitat. Located primarily in wet and sandy soils in Emanuel Co. and Long Co. 

Georgia and Aiken Co., South Carolina. Common plant associates include Acer rubrum, 

Cartrema americana, Clethra alnifolia, Cyrilla racemiflora, Gaylussacia dumosa, Ilex glabra, 

Ilex vomitoria, Kalmia hirsuta, Magnolia grandiflora, Magnolia virginiana, Nyssa sylvatica, 

Persea borbonia, Pinus palustris, Pinus taeda, Quercus laevis, Quercus virginiana, 

Rhododendron viscosum, Vaccinium corymbosum, Vaccinium elliottii, and Vaccinium myrsinites. 

Specimens examined. All exsiccatae were derived from living collections at the Mountain Crop 

Improvement Lab, but are listed here by the collection origin. Georgia: Emanuel Co., 2 Jul 

2012, Lynch 2011170.07022012.019 (NCSC); Emanuel Co., 15 Mar 2013, Lynch 

2011170.03152013.033 (NCSC); Emanuel Co., 14 Jun 2014, Phillips 2011170.06132014.060 

(NCSC); Long Co., 2 Jul 2012, Lynch 2011171.07022012.020 (NCSC); Long Co., 14 Mar 2013, 

Lynch 2011171.03142013.032 (NCSC); Long Co., 13 Jun 2014, Phillips 2011171.06132014.061 

(NCSC). South Carolina: Aiken Co., 15 Apr 2014, Lynch 2012084.04152014.040 (NCSC); 

Aiken Co., 13 Jun 2014, Phillips 2012084.06132014.056 (NCSC). 

 

 



68 
 

Acknowledgements. Extensive field collections were completed by Ron Miller and Rick 

Lewandowski with additional assistance from Tom Patrick, Scott Walker, Kelly Oates, Ray 

Head, Jon Lindstrom, Fred Spicer, Ewin Jenkins, Clarence Towe, Andy Whipple, and Amira 

Ranney. Funding was provided by the North Carolina Agricultural Research Service, Mt. Cuba 

Center, USDA-ARS Woody Landscape Germplasm Repository, and the Birmingham 

Botanical Gardens.  

 

Literature Cited 

Anderson, E., & K. Sax. 1935. Chromosome numbers in the Hamamelidaceae and their 

phylogenetic significance. J. Arnold Arboretum, 16:210–215. 

Ashe, W. 1897. Notes on the woody plants of the south Atlantic states. Bot.Gaz, 24(5):373–377. 

Bailey, L. H. 1949. Hamamelidaceae. Manual of Cultivated Plants. 489–491. New York: 

Macmillan Co. 

Britton, N. L. 1905. Hamamelidaceae. North Amer. Flora, 22:185–187. 

Davis, J. I. and K. C. Nixon. 1992. Populations, genetic variation, and the delimination of 

phylogenetic species. Syst. Biol. 41(4):421–435. 

de Queiroz, K. 2007. Species concepts and species delimitation. Syst. Biol. 56(6):879–886. 

Ernst, W. R. 1963. The genera of Hamamelidaceae and Platanaceae in southeastern United 

States. J. Arnold Arboretum. 44:193–210. 



69 
 

Flora of North America Editorial Committee.. 193+. Flora of North America North of Mexico, 

Vol. 3, Magnoliophyta: Magnoliidae and Hamamelidae. Oxford Univ. Press, New York. 

Harms, H. 1930. Hamamelidaceae. Natl. pflanzenfam. ed, 2. pp. 303–345. 

Hesse, H.A. Einige neue und seltene Gehoelze. Mitt. Veutsch. Dendr. Ges. 1909. 295. 

Johnson, L.A., and H. Cairns-Heath. 2010. Decrypting cryptic species: Morphological and 

molecular evidence for recognizing Navarretia linearifolia as distinct from N. sinistra 

(Polemoniaceae). Systematic Bot. 35(3):618–628. 

Johnson, L.A. and R.L. Johnson. 2006. Morphological delimitation and molecular evidence for 

allopolploidy in Collomia wilkenii (Polemoniaceae), a new species from northern Nevada. 

Systematic Bot. 31:349–360. 

Kadereit, G., M. Piirainen, J. Lambinon, and A. Vanderpoorten. 2012. Cryptic taxa should have 

names: Refleections in the glasswort genus Salincornia (Amaranthaceae). Taxon 

61(6):1227–1239. 

Kleinman, K. 2013. Systematics and the origin of species from the viewpoint of a botanist: Edgar 

Anderson prepares the 1941 Jesup Lectures with Ernst Mayr. J. of the History of Biol. 

46:73–101. 

Mayr, E. 1942. Systematics and the origin of species from the viewpoint of a zoologists. New 

York: Columbia University Press. 



70 
 

Mayr, E. 1963. Animal species and evolution. Cambridge, Massachusetts: Harvard University 

Press. 

Nixon, K.C. and Q.D. Wheeler. 1990. An amplification of the phylogenetic species concept. 

Cladistics. 6:211–223. 

Qi, Z, Y. Yu, X. Liu, A. Pais, T. Ranney, R. Whetten, and Q. Xiang. 2015. Phylogenomics of 

polyploid Fothergilla (Hamamelidaceae) by RAD-tag based GBS – insights into species 

origin and effects of software pipelines. J. Sys. Evol. 53(5):432–447. 

Prather, L.A. 1994. A new speies of Phlox (polemoniaceae) from northern Mexico with an 

expanded circumscription of subsection Divaricatae. Plant Syst. Evol.. 192:61–66. 

Radford, A.E., H.E. Ahles, and C.R. Bell. 1964. Hamamelidaceae. Guide to vascular flora of the 

Carolinas. pp. 179. The Book Exchange, University of North Carolina, Chapel Hill.  

Ranney, T. G., N. P. Lynch, P. R. Fantz,, & P. Cappiello, 2007. Clarifying taxonomy and 

nomenclature of Fothergilla (Hamamelidaceae) cultivars and hybrids. HortScience, 42(3), 

470–473. 

Ranney, T. G., Miller, R., Lewandowski, R., & Xiang, J. 2012. Discovery of a new diploid 

cytotype of Fothergilla. HortScience, 47(9):S367. 

Rehder, A. 1910. Fothergilla monticola. Mitt. Deutsch. Dendr. Ges. 1910. 250. 

Small, J. K. 1903. Hamamelidaceae. Flora of the southeastern U.S. pp. 508–509. Lancaster, PA: 

Published by the author. 



71 
 

Small, J. K. 1913. Hamamelidaceae. Flora of the southeastern U.S. pp. 508–509. Lancaster, PA: 

Published by the author. 

Small, J. K. 1933. Hamamelidaceae. Flora of the southeastern U.S. pp. 600–601. University of 

North Carolina Press, Chapel Hill. 

Snow, N. 1997. Application of the phylogenetic species concept: A botanical monographic 

perspective. Austrobaileya 5(1): 1–8. 

Sokal, R. R. and T. J. Crovello. 1970. The biological species concept: a critical evaluation. Amer. 

Naturalist 104(936):127–153. 

Soltis, D. E., C. J. Visger, and P. S. Soltis. 2014. The polyploidy revolution then…and now: 

Stebbins revisited. Amer. J. Bot. 101(7): 1057–1078. 

Soltis, D.E., P.S. Soltis, D.W. Schemske, J.F. Hancock, J.N Thompson, B.C. Husband, and W.S. 

Judd. 2007. Autopolyploidy in angiosperms: Have we grossly underestimated the number of 

species? Taxon. 56(1): 13–30. 

Spaniel, S., K. Marhold, I. Hodalova, and J. Lihova. 2008. Diploid and tetraploid cytotypes of 

Centaurea stoebe (Asteraceae) in central Europe: Morphological differentiation and 

cytotype distribution patterns. Folia Geobotanica 43(2): 131–158. 

Spencer S.C. and A.E. Spencer. 2003. Navarretia willamettensis and Navarretia saximontana 

(Polemoniaceae), a new species from ephemeral wetlands of western North America. 

Madrono 50:196–199. 



72 
 

Stuessy, T.F. 1990. Plant taxonomy. Columbia University Press, New York. 

Weakley, A.S. 2015. Flora of the Carolinas, Virginia, and Georgia, and Surrounding Areas UNC 

Herarium, N.C. Botanical Garden, Unvi. Of N.C., Chapel Hill. 

Weaver, R. E., Jr. 1969. Studies in the North American genus Fothergilla (Hamamelidaceae). J. 

Arnold Arboretum, 50(4): 599–619. 

Weaver, R. E. 1971. The Fothergillas. Arnoldia. 31(3):89–97. 

Wiley, E. O. 1978. The evolutionary species concept reconsidered. Sys. ZoologySys. Zoology 

27(1): 17–26.



73 
 

Table 1. Native locations, ploidy levels, and genome sizes for accessions used in this study. 

F# 1 Accession Ploidy 
Taxa sensu Weaver 

(1969) 

Voucher Preparer and Associated 

Collection Number 
Location (Co., State) 

2C Genomic 

Size (pg) 2 

       

F01 NCSU 2011-083 2x Fothergilla gardenii 
Lynch 2011083.03212012.002; 

Phillips 2011083.0613204.054 
Okaloosa Co., FL 1.70 ± 0.03 

F02 NCSU 2011-087 2x Fothergilla gardenii 
Lynch 2011087.03212012.001; 

Phillips 2011087.06132014.058 
Baldwin Co., AL 1.78 ± 0.02 

F03 NCSU 2011-088 2x Fothergilla gardenii Lynch 2011088.03282012.011 Walton, Co., FL 1.74 ± 0.00 

F05 NCSU 2011-170 2x Fothergilla gardenii 

Lynch 2011170.07022012.019; 

Lynch 2011170.03152013.033; 

Phillips 2011170.06132014.060 

Emanuel Co., GA 1.75 ± 0.10 

F06 NCSU 2011-171 2x Fothergilla gardenii 

Lynch 2011171.07022012.020;  

Lynch 2011171.03142013.032; 

Phillips 2011171.06132014.061 

Long Co., GA 1.73 ± 0.02 

F07 NCSU 2011-178 2x Fothergilla gardenii 
Lynch 2011178.03262012.008; 

 
Taylor Co., GA 1.74 ± 0.02 

F08 NCSU 2012-060 2x Fothergilla gardenii 

Lynch 2012060.07022012.015; 

Lynch 2012060.03192013.034; 

Phillips 2012060.06132014.059 

Walton Co., FL 1.76 ± 0.01 

F09 NCSU 2012-084 2x Fothergilla gardenii 
Lynch 2012084.04152014.040; 

Phillips 2012084.06132014.056 
Aiken Co., SC 1.82 ± 0.04 
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F11 NCSU 2011-085 4x Fothergilla gardenii 
Lynch 2011085.03212012.005; 

Phillips 2011085.06132014.055 
Richmond Co., NC 3.69 ± 0.02 

F12 NCSU 2011-096 4x Fothergilla gardenii 
Lynch 2011096.03262012.009; 

Phillips 2011096.06132014.050 
Carteret Co., NC 3.64 ± 0.08 

F13 NCSU 2011-097 4x Fothergilla gardenii 
Lynch 2011097.03212012.004; 

Phllips 201109706132014.054 
Hoke Co., NC 3.57 ± 0.00 

F14 NCSU 2011-103  4x Fothergilla gardenii Lynch 2011103.03212012.003 Carteret Co., NC 3.69 ± 0.00 

F15 NCSU 2011-123 4x Fothergilla gardenii 
Lynch 2011123.04112012.013 

Phillips 2011123.07152015.066 
Richmond Co., NC 3.68 ± 0.04 

F16 NCSU 2012-075 4x Fothergilla gardenii 
Lynch 2012075.4152014.042; 

Phillips 2012075.06132014.048 
Charleston Co, SC 3.40 ± 0.01 

F17 NCSU 2012-076 4x Fothergilla gardenii 
Lynch 2012076.04152014.041; 

Phillips 2012076.06132014.051 
Horry Co, SC. 3.33 ± 0.16 

F18 NCSU 2012-077 4x Fothergilla gardenii 

Lynch 2012077.08212012.030; 

Lynch 2012077.04152013.037; 

Phillips 2012077.06132014.053 

Charleston Co, SC 3.76 ± 0.05 

F19 NCSU 2012-078 4x Fothergilla gardenii 
Lynch 2012078.04152014.043; 

Phillips 2012078.06132014.049 
Effingham Co, GA 3.61 ± 0.02 
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F20 NCSU 2008-009 6x Fothergilla major Lynch 2008009.03212012.007 Dekalb Co., AL 5.27 ± 0.02 

F21 NCSU 2011-082 6x Fothergilla major  Lynch 2011082.03262012.010 Searcy Co, AR 5.22 ± 0.12 

F22 NCSU 2011-091 6x Fothergilla major Lynch 2011091.03282012.012 Oconee Co., SC 5.40 ± 0.04 

F23 NCSU 2011-092 6x Fothergilla major Lynch 2011092.07022012.017 Marshall Co., AL 5.23 ± 0.11 

F24 NCSU 2011-093 6x Fothergilla major Lynch 2011093.07022012.021 Blount Co., AL 5.29 ± 0.03 

F25 NCSU 2011-105  6x Fothergilla major Lynch 2011105.04042013.036 Burke Co., NC 5.09 ± 0.05 

F26 NCSU 2011-112 6x Fothergilla major 

Lynch 2011112.07022012.016; 

Lynch 2011112.04242014.047; 

Phillips 2011112.06242014.063 

Transylvania Co., NC 5.12 ± 0.02 

F28 NCSU 2011-122  6x Fothergilla major Lynch 2011122.08212012.023 Montgomery Co., NC 5.27 ± 0.06 

F29 NCSU 2011-124  6x Fothergilla major 
Lynch 2011124.04192012.014; 

Phillips 2011124.06242014.062 
Orange Co., NC 5.15 ± 0.10 

F30 NCSU 2011-131 6x Fothergilla major Lynch 2011131.08212012.022 Transylvania Co., NC 5.13 ± 0.05 
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1 F# used by Qi et al. (2015). 

2 Genome size as reported by Qi et al. (2015) 

  

F31 NCSU 2011-146 6x Fothergilla major Lynch 2011146.08212012.025 Walker Co., GA 5.36 ± 0.02 

F32 NCSU 2011-147 6x Fothergilla major Lynch 2011147.08212012.024 Marshall Co., AL 5.17 ± 005 

F33 NCSU 2011-163  6x Fothergilla major 

Lynch 2011163.08212012.026; 

Lynch 2011163.04152013.039; 

Phillips 2011163.06242014.064 

Rutherford Co., NC 5.27 ± 0.01 

F34 NCSU 2011-164  6x Fothergilla major Lynch 2011164.08212012.027 Lumpkin Co., GA 5.31 ± 0.01 

F36 NCSU 2012-065 6x Fothergilla major 

Lynch 2012065.08212012.029; 

Lynch 2012065.04152014.044; 

Phillips 2012065.07152015.065 

Scott Co., TN 5.24 ± 0.28 
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Table 2. Morphological characteristics a) Qualitative characteristics binary scoring codes b) Quantitative characteristics and 

description. 

a.  

 

 

 

 

 

 

 

 

 

 

 

 

b. 

Characteristic Description 

Lamina Length millimeters, first three fully expanded leaves 

Lamina Width millimeters, first three fully expanded leaves 

Number of 

Dentations/Leaf 

average, first three fully expanded leaves 

Character Character State 

Leaf Shape (0) Obovate (1) Ovate 

Leaf Base (0) Rounded (1) Oblique 

Leaf Apex (0) Acute (1) Obtuse 

Leaf Dentation (0) Tends Towards Top (1) Tends Towards Bottom 

Leaf Dentation Type (0) Crenate (1) Dentate/Serrate 

Adaxial Waxy Bloom 

of Lamina 

(0) Glaucous (1) Non-Glaucous 

Pubescence Color-

Lamina 

(0) White/Grey (1) Brown 

Pubescence Color-

Midvein 

(0) White/Grey (1) Brown 

Pubescence Color- 

Stem 

(0) White/Grey (1) Brown 

Constriction Between 

Filament and Anther 

(0) Present (1) Absent 

Floral Bract Color (0) Tan/White/Pink (1) Dark Brown 
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Number of Secondary 

Veins/Leaf 

average, first three fully expanded leaves 

Petiole Length millimeters, first three fully expanded leaves 

Stipule Length millimeters, first three fully expanded leaves 

Stipule Width millimeters, first three fully expanded leaves 

Pubescence Density-

Lamina 

number of trichomes/1 mm2 of upper, middle and lower sections of 

first three fully expanded leaves 

Pubescence Density-

Midvein 

number of trichomes/1 mm2 of upper, middle and lower sections of 

first three fully expanded leaves 

Pubescence Density-

Stem 

number of trichomes/1 mm2 of upper, middle and lower sections of 

stem 

# Rays/Lg. Trichome average, number of rays per five stellate trichomes 

Guard Cell Length average, micrometers, five guard cells per sample 

Guard Cell Width average, micrometers, five guard cells per sample 

Inflorescence Height millimeters, all available inflorescences 

Flowers/Inflorescence number of flowers on one rehydrated inflorescence 

Inflorescence Stalk 

Height 

Millimeters 

# Stamen/Bloom number of stamens for three flowers on a rehydrated infloresence 

Anther Length millimeters, three stamen on three flowers on rehydrated inflorescence 

Anther Width  millimeters, three stamen on three flowers on rehydrated inflorescence 

Filament Width millimeters, three stamen on three flowers on rehydrated inflorescence 

Filament Length millimeters, three stamen on three flowers on rehydrated inflorescence 

Date of First Flower Julian calendar dates 

Date of Full Bloom Julian calendar dates 
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Table 3. Non-transformed means, standard errors, and P-values of statistically significant 

characteristics among the three Fothergilla cytotypes (format: MEAN ± SE). Within a row  

means with different superscripts differ significantly when analyzed using TukeyHSD. 

 F. gardenii sensu Weaver (1969)   

  (2x)  (4x) F. major (6x) P-value 

     

Genome Size 1.75 ± 0.01a 3.60 ± 0.05b 5.23 ± 0.02c < 0.001 

Lamina Length (cm) 6.08 ± 3.12a 5.66  ± 3.85a 97.0 ± 3.85b < 0.001 

Lamina Width (cm) 3.67 ± 2.11a 3.09 ± 1.36a 72.6 ± 2.78b < 0.001 

Number Dentations 

per Leaf 

7.31 ± 0.68a 6.25 ± 0.51a 18.1 ± 2.09b < 0.001 

Number Veins per 

Leaf 

8.96 ± 0.33a 8.63 ± 0.34a 10.4 ± 0.31b < 0.01 

Pubescence Density-

Lamina (Large ) 

(trichomes/ mm2) 

7.32 ± 1.58a 3.27 ± 1.15b 0.39 ± 0.18b < 0.001 

Pubescence Density-

Lamina (Small) 

(trichomes/mm2) 

1.54 ± 0.42a 0.57 ± 0.22ab 0.34 ± 0.18b < 0.01 

Pubescence Density-

Midvein 

(trichomes/mm2) 

8.99 ± 1.32a 9.31 ± 2.11a 4.57 ± 0.79b  <0.05 

Stipule Length (mm) 5.51 ± 0.69a  3.34 ± 0.33b 7.01 ± 0.53a <0.001 

Stipule Width (mm) 2.66 ± 0.32a 1.51 ± 0.16b 2.75 ± 0.17a < 0.001 

Guard Cell Length 

(μm) 

1.40 ± 0.06a 1.83 ± 0.07b 1.96 ± 0.07b < 0.001 

Number Stamens per 

Bloom 

15.8 ± 1.09a 16.5 ± 1.29ab 20.2 ± 1.03b  < 0.05 

Filament Length (mm) 6.27 ± 0.63a 8.18 ± 1.16ab 10.5 ± 0.85b   < 0.01 
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Table 4. Morphological character loadings for the first four principle components in the PCA for 

all OTUs. 

 PC1 PC2 PC3 PC4 

Lamina Width -0.3674055 0.13967081  -0.098336631 -0.17973496 

Lamina Length -0.3511801 0.10338821  -0.120519078 -0.16100661 

Stipule Length -0.3420055 0.07571835  -0.235474282   0.26571444 

# Dentations/Leaf -0.3203380 0.07379502 -0.162328575 -0.20977619 

Stipule Width -0.3141101 -0.06081442  -0.289913754   0.23523620 

Petiole Length -0.2681995 0.33680216   0.209742431 -0.14735284 

Filament Length -0.2510591 -0.07016838   0.323561956 -0.39195655 

# Stamens/Flower -0.2374212 -0.01198746   0.349295421 -0.22014021 

Inflorescence Height -0.2177836 -0.18732135   0.280802649   0.32241115 

Filament Width -0.2125435 -0.12534518   0.230908504   0.11272275 

Inflorescence Stalk Height -0.1986555 -0.48948549  -0.005081331 -0.15952318 

Flowers per Inflorescence -0.1886250 -0.21504765   0.105482539   0.49980863 

# Secondary Veins/Leaf -0.1569571 -0.04109805  -0.568022834 -0.05730310 

# Rays/Trichome 0.1481810 -0.39007088  -0.104526156 -0.30781859 

Anther Width 0.1251141 0.42489434  -0.128866735 -0.09046836 

Anther Length -0.0470244 0.40669497   0.213918931   0.22335913 
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Table 5. Bioclimate character loadings for first four principle components in the PCA for all 

OTUs. 

 PC1 PC2 PC3 PC4 

Bio10 0.3505296051  -0.01274762   0.15477814 -0.017317445 

Bio1  0.3489158506  -0.09162107   0.09851629 -0.139933483 

Bio11 0.3327217782  -0.13718665   0.06087757 -0.206585701 

Bio5  0.3243737379   0.10101125   0.20385823 -0.167004636 

Altitude -0.3180637181   0.06947406   0.11016628 -0.508299759 

Bio8 0.2809369662  0.10030729 -0.43290761 -0.102260792 

Bio14 -0.2770331445    -0.21514780 -0.26000002 0.232212900 

Bio17 -0.2681773221  -0.25714871 -0.19169854 -0.074891759 

Bio41 -0.2412454199   0.26124194   0.13062640   0.408546166 

Bio7 -0.2255308887   0.30989695   0.12350579   0.113431328 

Bio19 -0.2025267256  -0.29376475   0.29670366 -0.311276694 

Bio12 -0.1779272467  -0.36064687 -0.02204073 -0.044801826 

Bio18 0.1570899074 -0.31169247 -0.37314841   0.007100113 

Bio9 0.0514936763  -0.22033131   0.59037732 -0.039607936 

Bio16 0.0404947041  -0.39749776   0.05014264   0.366466223 

Bio13 -0.0008377568  -0.38828788   0.07774876   0.408165766 
 

1 Bioclimatic factors described from http://www.worldclim.org/bioclim. Bio1= annual mean 

temperature; Bio4= temperature seasonality (standard deviation * 100); Bio5= max temperature 

of warmest month; Bio7=temperature annual range (Bio5-Bio6); Bio8=Mean temperature of 

wettest quarter; Bio9=mean temperature of driest quarter; Bio10=mean temperature of  

warmest quarter; Bio11=mean temperature of coldest quarter; Bio12=annual precipitation; 

Bio13=precipitation of warmest month; Bio14 precipitation of driest month; Bio16=precipitation 

of wettest quarter; Bio17=Precipitation of driest quarter; Bio18=precipitation of warmest quarter; 

Bio19=precipitation of coldest quarter. A quarter is a period of 3 months.  

http://www.worldclim.org/bioclim
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Fothergilla major (6x) 

Fothergilla gardenii (4x) 

▲  Fothergilla sp. 1 (2x) 
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Figure 1. Geographic distribution of 32 Fothergilla accessions sampled in this study. Triangles represent diploid accessions, circles 

tetraploid accessions, and squares hexaploid accessions.  Following Weaver (1969), diploid and tetraploid populations are referable to 

F. gardenii and hexaploid populations to F. major. The base map was obtained from the DIVA-GIS website (http://www.diva-

gis.org/gdata) and visualized with DIVA-GIS 7.5 (Hijmans et al. 2012).  

http://www.diva-gis.org/gdata
http://www.diva-gis.org/gdata
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Figure 2. Boxplots of quantitative morphological characters in which diploid and tetraploid 

accessions of Fothergilla were significantly different using TukeyHSD (non-shared subscripts 

indicate significant differences).   Pubescence density on the lamina were separated into “large” 

and “small” size classes. Pubescence density lamina-Large refers to large trichomes with 6–10 

rays.
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Figure 3. Phenogram based on cluster analysis of 23 quantitative and 12 qualitative characters. 

Yellow circles represent hexaploid accessions (referable to Fothergilla major), blue circles 

represent tetraploid accessions, and pink circles represent diploid accessions.  
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Figure 4.  Results for Principle Components Analysis for 17 quantitative, morphological characteristics (see text) for diploid, 



87 
 

tetraploid, and hexaploid Fothergilla. 



88 
 

Figure 5. Results for Principle Components Analysis for 16 bioclimatic factors (see text) for 

diploid, tetraploid, and hexaploid Fothergilla.  
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 (c) 

Figure 6. Maxent maps of the potential distribution of three cytotypes of Fothergilla [(a) diploid 

(b) tetraploid and (c) hexaploid (referable to Fothergilla major)] based on 16 bioclimatic 

variables (see text) associated with known collection localities (Table 1). Bioclimatic data were 
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collected from http://www.worldclim.org/bioclim. Maxent maps were produced using software 

from https://www.cs.princeton.edu/~schapire/maxent/..

http://www.worldclim.org/bioclim
https://www.cs.princeton.edu/~schapire/maxent/
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Figure 7. Phylogenetic networks generated by NeighborNet method using SplitTree 4 from Qi et 

al. 2015 onto which are mapped leaf shapes of the diploid populations of Fothergilla.  


