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Pickerelweed (Pontederia cordata L.) is a diploid (2n=2x=16) perennial aquaphyte 

used in wetland mitigation and restoration and in ornamental aquascapes. There have 

been no reports of the inheritance of characters of pickerelweed so the primary goal of 

this work was to provide information regarding the genetic control of albinism, flower 

color, floral morph and scape pubescence in pickerelweed. 

Pickerelweed and other heterostylous species often exhibit some degree of 

self-incompatibility due to structural differences among the heteromorphic flowers. One 

factor thought to contribute to self-incompatibility in pickerelweed is differential pollen 

tube growth among the three types of pollen produced by this species. A study of in vitro 

pollen germination showed that pollen tubes from l-pollen and m-pollen were longer than 

those from s-pollen 240 min after germination. Pollen diameter measurements revealed 

that l-pollen was larger than m-pollen or s-pollen and that m-pollen was larger than 



xvii 

s-pollen. A significant positive regression between pollen grain diameter and pollen tube 

length 240 min after germination was identified as well. 

Only the M-morph of pickerelweed is self-fertile; therefore, novel pollination 

techniques (corolla removal and stylar surgery) were developed to circumvent 

self-incompatibility in S-morph and L-morph flowers, respectively. The effect of seed 

storage intervals, conditions and germination environments were studied; this experiment 

revealed that best germination occurred when seeds stored for less than 6 months were 

germinated under water. 

Albinism in pickerelweed was conditioned by three diallelic loci with expression 

influenced by epistasis. The P locus was epistatic, while the A and B loci were hypostatic 

and functioned as duplicate factors with dominant gene action at each locus. Flower color 

was usually controlled by a single diallelic locus (W), with blue flowers dominant and 

white flowers recessive, but a second locus influencing flower color was identified as 

well. Floral morph was conditioned by two diallelic loci (S and M), with dominant gene 

action; expression was influenced by epistasis. Scape pubescence was controlled by 

duplicate gene loci, with pubescence dominant to a glabrous condition. The W locus 

controlling flower color and the M locus involved in floral morph were linked by 16 m.u. 
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CHAPTER 1 
INTRODUCTION AND OVERVIEW 

Pickerelweed (Pontederia cordata L.) is a diploid (2n=2x=16) perennial native 

aquatic species that is frequently used in wetland mitigation and restoration and in 

ornamental aquascapes. There have been no reports describing the inheritance of 

morphological characters in pickerelweed, so the primary goal of this work was to 

provide information regarding the genetic control of albinism, flower color, floral morph 

and scape pubescence in pickerelweed. 

A review of the current literature is presented in Chapter 2. This describes the work 

that has been reported to date regarding the taxonomy, culture, propagation and 

reproductive biology of pickerelweed. Chapter 2 also includes a review of heterostyly 

and provides a body of knowledge to draw from throughout this dissertation.  

Heterostylous species often exhibit at least some degree of self-incompatibility due 

to anatomical, structural or physiological differences among the heteromorphic flowers; 

these differences encourage insect-mediated cross-pollinations between disparate 

members of the same species and also act as barriers against self-fertilization. One of the 

factors thought to contribute to self-incompatibility in pickerelweed is the different 

lengths of pollen tubes produced in vivo by the three types of pollen borne by this 

species. Chapter 3 examines the in vitro germination of pollen in an effort to determine 

whether differences in pollen tube growth are evident in an in vitro system as well. 

An objective of this work was to design a breeding program and develop a 

population of pickerelweed that would yield the information needed to conduct 
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inheritance studies. Most plant breeding and genetics experiments benefit greatly when 

self-produced progeny can be analyzed; however, only one of the three floral morphs of 

pickerelweed is self-fertile. Novel pollination techniques were developed to increase seed 

production after self-pollination; these techniques are described in Chapter 4 and can be 

used by future investigators to bypass or overcome self-incompatibility in pickerelweed. 

Population development requires the production not only of seeds, but also of seedlings; 

therefore, Chapter 5 examines the effect of various seed storage intervals, conditions and 

germination environments on the seeds of pickerelweed to determine optimum storage 

and germination conditions. 

Chapters 6 through 11 explore the inheritance of multiple morphological traits in 

pickerelweed. Albinism is a lethal trait and seedlings exhibiting this condition do not 

survive for more than 3 weeks after germination; the genetic control and inheritance of 

this deleterious trait is described in Chapter 6. The inheritance and genetic systems 

controlling flower color and floral morph are examined in Chapters 7 and 8, while the 

linkage relationship between these two traits is elucidated in Chapter 9. The genetic 

control of scape pubescence is described in Chapter 10 and the inheritance of non-allelic 

or complementary flower color is discussed in Chapter 11. 

This work is offered as a contribution to the body of scientific knowledge available 

for pickerelweed. It is by no means comprehensive, but I hope that other investigators 

will find this dissertation to be a useful resource for further studies. 
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CHAPTER 2 
A REVIEW OF THE LITERATURE 

Economic Importance 

Pickerelweed (Pontederia cordata L.) is an attractive shoreline aquatic species that 

is frequently used in wetland mitigation and restoration and in ornamental aquascapes. 

The showy purplish-blue or white inflorescences of this herbaceous perennial make 

pickerelweed a prime candidate for inclusion in water gardens and its status as a native 

plant provides many opportunities for use in projects where ecosystem fidelity is critical. 

Pickerelweed is classified as an obligate wetland species (Garbisch and McIninch 1992), 

but the species tolerates a wide range of moisture levels and may be useful in less 

saturated areas as well. 

Many nurseries that produce aquatic plants offer pickerelweed for use in 

ornamental water gardens and aquascapes. Pickerelweed may even be purchased at many 

of the “big box” retail stores (e.g., Wal-Mart, Lowe’s); in fact, Wal-Mart offers 

pickerelweed with either purplish-blue or white flowers for sale in a pre-packaged kit 

with two plants, fertilizer, a planting container and growing substrate for a very 

reasonable price (Figure 2.1). Plants are bare-root specimens packed in damp sphagnum 

and recover quickly after planting. 

When used in wetland mitigation or restoration, pickerelweed provides a refuge and 

habitat for many types of fauna. The flowers attract butterflies, skippers and 

hummingbirds (Larson 1995; Speichert and Speichert 2001). Florida apple snails 

(Pomacea paludosa) frequently lay their eggs on the sturdy emergent stems (Turner 
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1996), while dragonflies and damselflies use the upright stems as perches to shed their 

final larval stage before reaching adulthood (Speichert and Speichert 2001). The fruit of 

pickerelweed is an important food source for ducks and small animals (Tobe et al. 1998); 

Speichert and Speichert (2001) and Taylor (1992) also state that humans may safely eat 

fruits, leaves and stems. 

Classification, Origin and Distribution 

Pickerelweed was described by Linnaeus (1753) and named in honor of Italian 

botanist Giulio Pontedera (1688-1757), an Italian professor of botany at the University of 

Padua (Bailey 1949; Turner and Wasson 1998). The type specimen used by Linnaeus for 

the original description of the species was found in Virginia and was most likely supplied 

to him by Gronovius (Lowden 1973). The genus Pontederia is namesake for the 

monocotyledonous family Pontederiaceae, which encompasses ca. nine genera and thirty 

species (Zomlefer 1994). The Pontederiaceae is of New World origin and includes the 

invasive genus Eichhornia, whose member species E. crassipes (waterhyacinth) is 

infamous for its ability to dominate aquatic habitats and to render waterways impassible 

through prodigious production of floating vegetative mats. Other genera in the family 

include Heteranthera, Monochoria, Eurystemon, Hydrothrix, Scholleropsis, Reussia and 

Zosterella. 

Species in the genus Pontederia include P. cordata L., P. rotundifolia L., 

P. subovata (Seub.) Lowd., P. parviflora Alex. and P. sagittata Presl.; however, only 

P. cordata is commonly found in the eastern United States (Lowden 1973; Zomlefer 

1994). There also exists a form commonly referred to as “lance-leaf pickerelweed” that is 

classified as either P. cordata var. lanceolata or as P. lanceolata (Muhl.) Torrey. The 

primary characteristics used to distinguish between P. cordata and lance-leaf 
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pickerelweed are lance-shaped leaves and persistent pubescence in the mature floral tube. 

There is a great amount of natural variation in these characters and many taxonomists 

lack confidence in the classification of this type as a separate species (Godfrey and 

Wooten 1979). 

The taxonomic hierarchy for pickerelweed is Kingdom Plantae, Subkingdom 

Tracheobionta, Superdivision Spermatophyta, Division Magnoliophyta, Class Liliopsida, 

Subclass Liliidae, Order Liliales, Family Pontederiaceae, Genus Pontederia L., Species 

Pontederia cordata L. (USDA 20021). Multiple synonyms exist for P. cordata and 

include species of Narukila and Unisema; these genera no longer exist and all members 

previously placed in these genera have been reclassified as forms of P. cordata (USDA 

2002; Wunderlin and Hansen 2000). 

Pickerelweed is hardy in USDA Zones 4 through 11 and has a North American 

geographic range that extends from Prince Edward Island to the Florida Keys (Godfrey 

and Wooten 1979). The species is also found in Central America, Brazil, the West Indies 

and Argentina (Godfrey and Wooten 1979; Lowden 1973). The center of diversity for the 

family is thought to be lowland South America (Kohn et al. 1996). Emergent vegetation 

dies back in colder regions during the winter, but rhizomes maintained below the frozen 

epilimnion will overwinter and produce new shoots in spring. In Ontario and eastern 

Connecticut, new shoots begin to emerge from rhizomes in April and many 

well-developed leaves have formed by June. Flowering commences in June and peaks in 

July, with maximum fruit dispersal occurring in August. Shoots begin to die back by 

autumn and most aboveground biomass is dead by December (Heisey and Damman 
                                                 
1 Retrieved 12 July 2002 from the Integrated Taxonomic Information System online database 
(http://www.it is.usda.gov) 
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1982; Price and Barrett 1984). Plants in more hospitable climes like southern Florida 

remain green throughout the winter and will flower for up to 10 months of the year. 

Morphology 

Pickerelweed is a diploid (2n=2x=16), erect, emergent, herbaceous aquatic 

perennial and produces vegetative growth up to 1.5 m tall. The species is found in 

marshes, swamps, streams, ditches and the shallow water along the margins of lakes and 

ponds (Figure 2.2) (Bell and Taylor 1982; Godfrey and Wooten 1979; Tobe et al. 1998). 

Pickerelweed is most common along shorelines and in flooded areas that are fairly still 

and shallow (less than 30 cm in depth); seasonal fluctuations in water levels do not 

adversely impact growth of pickerelweed (Heisey and Damman 1982). Pickerelweed 

reproduces using both sexual and vegetative strategies. Single-seeded fruits are produced 

in large amounts and allow for dispersion of the species, while creeping rhizomes rooted 

in the substrate encourage the formation of large, extensive, clonal colonies. 

Leaves are glabrous, entire, basal, erect and borne individually on long petioles. 

Blade size and shape is highly variable and ranges from cordate to lanceolate. The 

racemose inflorescence is borne at the distal end of a stem and is subtended by a single 

leaf-like bract. Each inflorescence measures from 5 to 20 cm in length and bears up to 

250 individual flowers [although Ornduff (1966) noted more than 450 individual flowers 

on a single inflorescence] (Figure 2.3). Anthesis begins in the morning and flowers 

remain open for up to 12 h; an average of 20 individual flowers are open on any given 

day on a single inflorescence. The perianth is composed of six petaloid tepals arranged in 

two whorls of three; tepals range in color from violet-blue to lilac to rarely white, with 

yellow nectar guides (“eye spots”) marking the median upper tepal of the floral envelope 

(Figure 2.4). Each flower is zygomorphic, basally connate and perfect, bearing one style 
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and two sets of three stamens. Concentrated nectar with up to 55% sucrose equivalents is 

produced during anthesis. Fruits of pickerelweed are buoyant and surrounded by light 

aeriferous tissue and may float for up to 15 d (Schultz 1942). The fruit has been described 

as a nutlet (Richards and Barrett 1987) or utricle (Bailey 1949); the difference between 

the two classifications lies in the degree of attachment of the ovary wall to the seed. The 

wall of the fruit is formed from the floral tube and is ridged with a dentate crest 

(Figure 2.5). The seed contained within the fruit is filled with starchy endosperm and 

contains a linear embryo that traverses the entire length of the seed (Martin 1946). 

Garbisch and McIninch (1992) stated that 1 kg contained ca. 11,000 moist seeds (seeds 

were stored in water but all excess water was removed before weights were recorded). 

Pickerelweed produces flowers from mid-June to mid-August in the northern extremes of 

the species’ range, while flowering is almost continuous in southern Florida (Bell and 

Taylor 1982; Godfrey and Wooten 1979; Price and Barrett 1984; Tobe et al. 1998; Wolfe 

and Barrett 1989; Zomlefer 1994). 

Roots of pickerelweed are white, purplish or fuchsia when young and may turn 

rusty red due to accumulation of oxidized iron. Roots darken as they age and become 

brown or black as they decay and die (Heisey and Damman 1982). 

In addition to the species, another type of pickerelweed is available from large 

aquatic plant nurseries. This form is referred to as ‘Singapore Pink’; the original plant 

was reportedly found in Thailand and is propagated through clonal tissue culture or 

micropropagation techniques. Some sources list ‘Singapore Pink’ as a cultivar of 

P. cordata, while other sources list the clone as Pontederia sp.. Several characters 

suggest that ‘Singapore Pink’ may genetically distinct from the species. Flowers are pink 
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(as opposed to the wild-type blue-violet found in natural habitats) and lack the 

anthocyanins produced at the throat of both blue-violet and white flowers (Figure 2.6). 

Anecdotal reports suggest that ‘Singapore Pink’ is sterile and much less tolerant of 

temperature extremes (high or low) than the species; in addition, this form is often 

shorter, more compact and less vigorous than the species and produces uniformly hastate 

leaves. 

Culture 

Vegetative growth of pickerelweed is affected by substrate moisture level and 

nutritional status. Heisey and Damman (1982) stated that greatest biomass accumulation 

occurred at sites high in nutrients; maximum biomass was achieved 100 to 150 d after 

significant growth was first noted in spring. Gettys et al. (2001) found that plants being 

cultured in nursery containers grew most vigorously when the rooting substrate provided 

high water-holding capacity. Barbieri and Esteves (1991) found that 1.50, 2.49 and 

0.15% of total plant dry mass was attributable to N, K and P, respectively. Barbieri and 

Esteves (1991) also stated that Ca contributed 1.10% of total plant dry mass, while Mg, 

Na and C (ash) were responsible for 0.27, 0.12 and 10.7% of total plant dry mass, 

respectively. Growth of pickerelweed is also influenced by light availability during plant 

growth. Heisey and Damman (1982) showed that net photosynthetic efficiency during the 

growing period was 1.5% based on peak biomass values and 1.3% when seasonal net 

production was considered. Plants grown under full sun are usually more compact than 

plants produced under shade. 

Propagation and Dormancy 

The environmental conditions that mimic a drawdown (i.e., the reduction in water 

depth that occurs during the dry season) often induce germination in wetland plants. 
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These conditions include cold stratification in the light with an alternation of 

temperatures (i.e., 20°C / 30°C) (Shipley and Parent 1991). Cold stratification is a 

common requirement to ensure the perpetuation and survival of many seed-propagated 

temperate species. Seeds that germinate soon after being shed by the parent plant in late 

summer or early fall produce plantlets that will most likely be killed by winter conditions. 

Chilling requirements ensure that seeds remain dormant and will not germinate until 

freezing temperatures have passed. 

Galinato and van der Valk (1986) and Leck and Simpson (1993) noted that 

stratification was necessary for germination of seeds of most aquatic species. Shipley and 

Parent (1991) studied germination of stratified seeds (9 mo in moist sand at 4ºC) of 64 

wetland species; seeds from 10 of the species experienced poor germination (less than 

10%), while seeds from the remaining 54 species had adequate germination (60 to 80% 

on average). 

Muenscher (1936), Speichert and Speichert (2001) and Whigham and Simpson 

(1982) stated that seeds of pickerelweed required a cold, moist period of stratification 

before germination. Whigham and Simpson (1982) showed that less than 5% of freshly 

collected unstratified seeds of pickerelweed germinated 16 wks after being placed in Petri 

plates lined with moistened filter paper and that 8 wks of moist stratification at 4ºC was 

adequate to initiate germination. Whigham and Simpson (1982) found that best 

germination of stratified seeds of pickerelweed occurred when a minimum constant 

temperature of 20ºC to 30ºC was maintained or when a regime of alternating 

temperatures (>10ºC / >20ºC with 12 h thermoperiods) was used. Leck (1996) stated that 

freshly collected seeds of pickerelweed from Delaware or New Jersey stored in jars of 
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water at 5ºC for 7.5 mo germinated only when moved to an alternating temperature 

regime of 25ºC / 15ºC with 12 h thermoperiods. 

Salisbury (1970) and Grime et al. (1981) found that most mudflat and wetland 

species germinated better or faster in light than in dark; Galinato and van der Valk (1986) 

also noted better germination was realized in the presence of light than in dark, but 

further stated that dark germination was improved by stratification. Whigham and 

Simpson (1982) stated that presence or absence of light did not affect germination of 

seeds of pickerelweed. 

Several authors (Berjak et al. 1990; Leck 1996; Roberts and King 1980; Simpson 

1966) noted that seeds of aquatic species tend to be recalcitrant (i.e., desiccation 

sensitive); in fact, as little as 2 weeks of dry conditions can negatively impact 

germination in sensitive species (e.g., Zizania aquatica) (Simpson 1966). Muenscher 

(1936) found that germination of seeds of 40 aquatic species (seeds stored dried for 2 to 

7 mo at 1ºC to 3°C) was only 8%; germination of seeds of 45 aquatic species (seeds 

stored at room temperature) was only 13%. Grime et al. (1981) found that seeds from 37 

of 45 wetland species were capable of germination after being stored for 1 yr at 5°C. 

Whigham and Simpson (1982) suggested that seeds of pickerelweed lost viability within 

1 yr of being shed. Garbisch and McIninch (1992) found that seeds of pickerelweed 

collected in Maryland remained viable for more than 3 yrs and had no dormancy 

requirement; however, seeds were stored in water at 1.1ºC to 4.4ºC and should be 

considered stratified. 

Williges and Harris (1995) conducted greenhouse experiments under natural 

conditions and stated that germination was significantly higher in inundated treatments 
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than in non-flooded treatments. All material used by Williges and Harris (1995) was 

collected in the area around Lake Okeechobee as part of a seed-bank density sampling 

experiment and was refrigerated for an unspecified length of time before germination 

experiments commenced. Galinato and van der Valk (1986) found that seed burial 

reduced germination percentage, while Leck (1996) stated that seeds would not germinate 

in Petri plates. Barrett et al. (1983) reported that seeds germinated poorly in water at 30ºC 

to 40ºC; only 76 seedlings were produced from 15 inflorescences, which theoretically 

could have produced up to 3,000 seeds. 

Rhizomes and roots account for a large percentage of total plant biomass at all 

times. The ratio of new living below-ground biomass to new above-ground biomass 

ranges from 0 in spring to 1.71 in autumn as new rhizomes and roots develop. Energy is 

stored in rhizomes as compounds that can be metabolized to support new growth or as 

structural compounds that remain in the rhizome. Most rhizomes produced during the 

course of one growing season overwinter, then produce new shoots and rhizomes when 

growth commences in spring. Structural compounds remain in the original rhizome, 

which usually dies by autumn (Heisey and Damman 1982). 

Rhizomes narrow when growth slows in autumn and become wider when growth 

resumes in spring. These differing growth habits form a constriction and the rhizome is 

easily fragmented at the junction. Energy fixed during the previous year is stored in the 

rhizome and subsidizes new growth when active growth begins in spring. Heisey and 

Damman (1982) estimated that as much as 30% of the biomass present in live 

overwintered rhizomes and roots at the beginning of spring will be used to produce new 

tissue when active growth commences. Rhizomes and rootstocks of pickerelweed do not 
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require stratification to overcome dormancy, as plants begin to grow as soon as soil 

temperatures exceed freezing. Whigham and Simpson (1982) stated that rhizomes of 

dormant plants maintained in cold storage (2ºC to 4ºC) for 8 to 16 wks produced new 

growth within 15 d after being removed from cold storage and being placed in a 

greenhouse with a temperature of 20ºC to 30ºC. Large-scale production of pickerelweed 

is frequently accomplished using micropropagation and tissue-culture techniques (Kane 

and Philman 1992, 1997). 

General Heteromorphic Incompatibility 

Heteromorphic incompatibility is found in 24 angiosperm families and refers to a 

reproductive system where differences among floral morphs, or heterostyly, determine 

incompatibility types. Heterostylous species are considered simultaneous hermaphrodites, 

but unequal fitness of pollen and ovule contributions is common in many heteromorphic 

species, especially those that exhibit distyly (Wyatt 1983). Heterostyly promotes 

disassortative mating among floral morphs and encourages insect-mediated 

cross-pollination between different morphs (Crowe 1964; Darwin 1877; Ganders 1979; 

Vuillenmier 1967). Species with floral heteromorphisms are typically associated with a 

self-incompatibility system that operates under sporophytic control to regulate mating 

patterns in populations (Barrett 1977; Ganders 1979; Ordnuff 1966). Heteromorphic 

sporophytic incompatibility is not known in any monocotyledonous plant family other 

than the Pontederiaceae (Kohn et al. 1996). 

General Tristyly 

Tristyly is likely the most complex breeding system in plants; the system has an 

elaborate developmental basis and is rare, suggesting that evolution of the trait is difficult 

(Kohn et al. 1996; Richards and Barrett 1987). Tristyly is a type of heteromorphic 
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incompatibility and is only found in four angiosperm families: Amaryllidaceae, 

Lythraceae, Oxalidaceae and Pontederiaceae. Some tristylous species are self-compatible, 

while others have degrees of self-incompatibility (Barrett 1988, 1993; Barrett and 

Anderson 1985; Darwin 1877; Eckert and Barrett 1994; O’Neill 1994). Populations of 

species that employ tristylous incompatibility systems have three distinct floral morphs, 

each with a unique set of characters. Floral morph differences include length of stigmatic 

papillae, style coloration and pollen exine sculpturing (Barrett 1988), but the most 

obvious visible difference among the morphs is style length. There are three positions 

within each flower, with each position occupied by either a single style or one of two sets 

of stamens. Floral morph designation is determined by style length; flowers with long 

styles are L-morphs (Figure 2.7), while those with mid styles and short styles are 

classified as M-morphs (Figure 2.8) and S-morphs (Figure 2.9), respectively. Reciprocal 

positioning of anthers and stigmas occurs so that each plant produces flowers with 

anthers borne at the same level as the stigmas of the other morphs. This arrangement 

promotes insect-mediated cross-pollination between anthers and stigmas of equivalent 

height, resulting in seed set. Darwin (1877) referred to this as “legitimate pollination”, 

while “illegitimate pollination” between anthers and stigmas at different levels results in 

little or no seed production. Style color in some species may be an indicator of floral 

morph. For example, long styles of Eichhornia paniculata and E. crassipes are purple, 

while mid or short styles are lilac/lavender or white, respectively (Barrett 1985, 1988). 

Stigma and pollen polymorphisms can lead to correlations between the relative size or 

spacing of stigmatic papillae and the diameter of pollen grains; these structural 
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polymorphisms may function as a “lock and key” mechanism to encourage and facilitate 

legitimate pollination (Dulberger 1981). 

Self-pollinations with pollen from anthers positioned closer to the stigma may 

result in increased seed production, as the structural differences typically found in 

heteromorphic flowers (i.e., stigmatic papillae density, pollen heteromorphism) may be 

less pronounced in reproductive structures with reduced herkogamy. Pollen produced by 

anthers borne on mid-length filaments is classified as m-pollen, while pollen produced by 

anthers borne on long or short filaments is classified as l-pollen or s-pollen, respectively. 

Morph Inheritance in Tristylous Species 

Inheritance of style length in tristylous systems was controlled by two diallelic loci 

in the species studied thus far [e.g., species of Lythrum (Anderson and Ascher 1995), 

Eichhornia (Barrett 1988) and Oxalis suksdorfi (Ordnuff 1964)]. The L-morph (long 

style) phenotype was produced by the completely recessive genotype ssmm, while the 

M-morph (mid style) phenotype was due to a recessive condition at the S locus and the 

presence of at least one dominant allele at the M locus (genotype ssMM or ssMm). The 

dominant S allele was present only in plants with S-morph (short style) flowers, which 

have the genotype SSMM, SSMm, SSmm, SsMM, SsMm or Ssmm. The sporophytic 

incompatibility system present in these species drastically reduced successful 

self-pollination, so homozygosity of the S and M alleles was unlikely. The S locus was 

epistatic to the M locus and prevented expression of alleles at the M locus (Anderson and 

Ascher 1995; Barrett 1988; Charlesworth 1979). L-morph plants were true-breeding for 

floral morph so self-pollination produced only L-morph progeny. Segregation ratios of 

progeny resulting from the self-pollination of S-morph and M-morph plants would be 

dependent on the genotype of the parent plant. Populations of a tristylous species that 
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include plants bearing S-morph flowers could only produce this phenotype in one of three 

ways: the founder population had at least one S-morph plant, pollen from an S-morph 

plant in a nearby population was transported by pollinators, or a chance mutation arose to 

change an s to an S (Anderson and Ascher 1995). 

Population Structure of Tristylous Species 

If all three morphs are of equal fitness and if the genes controlling tristyly are 

independent from one another, the only possible condition in large tristylous populations 

is isoplethic equilibrium (1:1:1) (Barrett et al. 1983). Members of the species Eichhornia 

and Pontederia are exceptions and exhibit anisoplethic population structures. The gene 

pool of a population may be influenced by tristyly, as there is unequal representation of 

the alleles. The S-morph is most often present in low frequencies or may be lost 

altogether from populations; this may be attributable to the low frequency of the S allele, 

as the S allele is present only in the S-morph. Successful development of an isoplethic 

population would require the presence of all three floral morphs and the production of 

pollen and nectar rewards necessary to attract bees and other specialized long-tongued 

pollinators (Barrett 1988; Charlesworth 1979). Ordnuff (1964, 1966) suggested that 

populations of tristylous species may have anisoplethic structures with unequal 

representation of floral morphs due to low numbers of founders in colonizing 

populations, weak recruitment in later generations and intensive clonal propagation as a 

means to increase population size. 

Breakdown of Tristyly 

Self-pollinating populations of normally cross-pollinated species usually occur on 

the fringe of a species’ geographic range or at marginal sites within the species’ range. 

Self-compatible individuals often have a selective advantage in low-density situations 
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and may be favored in pioneer habitats or under conditions associated with the 

development of population bottlenecks. Self-compatibility is an important strategy if 

specialized pollinators typically required by the species are not present to facilitate 

cross-pollination (Arroyo 1974; Baker 1955, 1967; Barrett 1985; Moore and Lewis 1965; 

Stebbins 1957). 

The breakdown of tristyly and resulting development of predominantly 

self-pollinating populations with semi-homostylous forms has been documented in three 

species of Eichhornia (E. paniculata, E. azurea and E. crassipes). The S allele is lost, 

resulting in the disappearance of the S-morph, while the loss of the m allele causes 

production of the L-morph to cease. The loss of these alleles and morphs may be due to 

the lower frequency of the S allele, or may be due to a reduction or loss of long-tongued 

bees and other specialized pollinators that facilitate cross-pollination (Barrett 1988). 

Members of the Lythraceae and Oxalidaceae may form semi-homostylous populations in 

addition to stable distylous populations (Barrett 1988; Charlesworth 1979; Lewis and Rao 

1971; Mulcahy 1964; Ordnuff 1972; Weller 1976). Newly formed populations serviced 

by unspecialized generalist pollinators provide a selective advantage that favors 

semi-homostylous variants, as autonomous self-pollination and self-compatibility results 

in reproductive assurance (Barrett 1988). 

Pollen diameter overlap increases in monomorphous and dimorphous populations 

of species of Eichhornia. Pollen borne by same-level anthers may differ in diameter 

based on the presenting floral morph. In E. azurea, l-pollen produced by anthers borne on 

long filaments of M-morph flowers may be significantly larger than l-pollen produced by 

anthers borne on long filaments of S-morph flowers (Barrett 1978). This condition also 
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occurs in E. paniculata, but considerable pollen diameter overlap is evident in this 

species. This is most likely due to relaxed selection pressure and random accumulation of 

small mutations that influence pollen diameter (Barrett 1988). 

Other morphological differences have been noted in semi-homostylous populations 

of E. azurea. The size and prominence of yellow nectar guides and the degree of perianth 

limb extension is greatly reduced and all flowers in an inflorescence open and senesce 

within 1 or 2 days. In addition, the axes of inflorescences in semi-homostylous 

populations are shorter and produce more condensed inflorescences that are enclosed in a 

sheath. These modifications suggest a reduced need to attract pollinators, as pollen 

transfer from an individual with a different genotype is no longer necessary (Barrett 

1978). 

Members of monomorphous populations of E. paniculata in Jamaica uniformly 

bear mid-length styles and up to three sets of anthers (most commonly one or two sets) 

adjacent to the stigmas; in addition, plants are self-compatible and autogamous (Barrett 

1985). Brazilian monomorphous populations of E. paniculata have small flowers borne 

in reduced numbers on shorter plants than Brazilian tristylous populations (Barrett 1985). 

A host of floral abnormalities are associated with developmental instability of floral 

morph expression. In E. paniculata, these abnormalities include the formation of five 

tepals instead of the typical six, collapsed perianth limbs, twisted or asymmetric perianth 

parts, male sterility in pollen produced by anthers borne on long filaments, uniform pale 

flowers and weakly developed nectar guides (Barrett 1985). 

Cryptic Self-incompatibility 

Cryptic self-incompatibility (also called weak self-incompatibility) describes the 

production of primarily out-crossed progeny by a self-compatible species after pollination 
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with a mix of self-produced and externally-produced pollen. Pollen competition results in 

fewer self- and intramorph matings and an excess of intermorph matings when mixtures 

of all three pollen types (e.g., self, intramorph and intermorph) are deposited in amounts 

in excess of the number of receptive ovules available. Legitimate pollen grew faster and 

outcompeted illegitimate pollen in all three floral morphs of E. paniculata (Cruzan and 

Barrett 1993). This permits a flexible mating strategy that leads to the genesis of 

out-crossed progeny during pollinator abundance and the production of self-produced 

progeny during pollinator scarcity (Bateman 1956; Becerra and Lloyd 1992; Bowman 

1987; Cruzan and Barrett 1993). The system is referred to as “cryptic” since it is difficult 

to detect without the use of genetic markers. 

Case Study – Lythrum salicaria L. 

Lythrum salicaria L. (purple loosestrife) uses heteromorphic incompatibility in the 

form of tristyly to reduce the likelihood of self-produced progeny. Mal et al. (1999) found 

that legitimate pollination events resulted in greater fruit and seed set than illegitimate 

intermorph, intramorph and self-pollinations. In addition, seeds produced from legitimate 

pollinations had increased germination rates when compared to seeds produced from any 

illegitimate pollination (81.4 and 72.7%, respectively). Mal et al. (1999) also noted that 

the floral morphs differed in maternal fitness and in level of incompatibility. L-morph 

flowers of purple loosestrife produced more seeds after legitimate pollination than did 

S-morph flowers; incompatibility (as measured by seed set) was strongest in S-morph 

flowers and weakest in M-morph flowers. Mal et al. (1999) described differences in 

siring ability of pollen borne by different anther whorls within the same flower. 
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Self-pollinations of L-morph and M-morph flowers with l-pollen resulted in significantly 

more seed set than self-pollinations of these morphs with s-pollen (Mal et al. 1999). 

Hermann et al. (1999) found that the mean diameter of L-morph stigmas of 

L. salicaria was significantly larger than the mean diameters of stigmas of M-morph and 

S-morph flowers; in addition, the stigmatic papillae on L-morph stigmas were 

significantly larger and less dense than papillae on M-morph and S-morph stigmas. There 

was no difference in the number of papillae on stigmas of all three morphs. 

Studies by Eckert et al. (1996) provided the first evidence of frequency-dependent 

selection on morph ratios in natural populations of L. salicaria and found that morph 

evenness and the frequency of rare morphs increased significantly over a 5-year period. 

Eckert et al. (1996) suggested that their study was successful because the species’ 

self-incompatibility system resulted in disassortative matings among morphs, rare morphs 

were present in moderate (0.05 to 0.15) frequencies, high recruitment occurred and 

populations were large and resistant to the short-term effects of genetic drift. 

Prevalence of Tristyly in Species of the Pontederiaceae 

Solms-Laubach (1883a) characterized the floral morphology of the Pontederiaceae 

and reported that Pontederia (with the exception of P. parviflora), Reussia and 

E. paniculata (Spreng.) Solms were trimorphic, while E. crassipes (Mart.) Solms was 

dimorphic (L-morph and M-morph only). Solms-Laubach (1883a, b) also stated that 

E. natans (P. Beauv.) Solms and Heteranthera were monomorphic. The species 

E. paradoxa (Mart.) Solms was described by Solms-Laubach (1883a) as possibly 

trimorphic and by Schwartz (1930) as homomorphic. The heteromorphic composition of 

E. azurea (Sw.) Kuntz has also been debated; East (1940) and Solms-Laubach (1883a) 
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referred to the species as trimorphic, while others (Johnson 1924; Müller 1883; Schultz 

1942) stated that E. azurea was dimorphic. 

Self-incompatibility in Species of the Pontederiaceae 

Workers have described moderate self-compatibility in the M-morphs of several 

species of Eichhornia similar to that found in Pontederia; however, species of 

Eichhornia lack the pollen trimorphism evident in Pontederia. Agharkar and Banerji 

(1930) and Francois (1964) found that the M-morph of E. crassipes was moderately 

self-compatible; Agharkar and Banerji (1930) also noted that pollen from the upper set of 

anthers was more productive in self-pollinations than pollen from the lower set of 

anthers. Johnson (1924) witnessed the same weak self-incompatibility in the M-morph in 

E. paniculata. Barrett (1985) found illegitimate pollinations of the S-morph of 

E. paniculata to be much less productive than illegitimate pollinations in the other 

morphs, as flowers with the S-morph produced little or no seeds when undisturbed; 

Barrett (1985) suggested that herkogamy might have been sufficient to prevent autogamy 

in the S-morph of the species. 

The M-morphs of both P. rotundifolia and P. sagittata were moderately 

self-compatible when pollinated with l-pollen, while S-morphs and L-morphs exhibited 

much stronger self-incompatibility (Barrett 1977, 1988; Barrett and Anderson 1985; 

Glover and Barrett 1983; Ordnuff 1966). 

Morph Inheritance in Species of the Pontederiaceae 

Francois (1964) analyzed progeny resulting from illegitimate pollinations of 

dimorphic E. crassipes and theorized that a single diallelic locus was responsible for 

inheritance of style length in the species, with the M-morph dominant and the L-morph 

recessive. The loss of the S-morph (and therefore the S allele) from the population would 
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result in a homozygous recessive state at the S-locus; therefore, the genotypes in the 

population under investigation were most likely ssmm (L-morph) and ssMm (M-morph) 

rather than mm (L-morph) and Mm (M-morph). If this is the case, the inheritance of style 

length in E. crassipes is probably similar to the system proposed for other tristylous 

species (e.g., Lythrum and Oxalis); segregation for all three morphs would occur if the 

S-morph and S allele were present. 

Morph Inheritance in Pickerelweed 

Barrett and Anderson (1985) assessed a small set of S1 progeny (20 seedlings) 

produced from controlled self-pollinations. Two of the 4 observed populations segregated 

for style length and self-pollination of S1 plants yielded self-compatibility rates similar to 

those of their parents. Barrett and Anderson (1985) thought these data suggested that 

self-incompatibility was associated with style length; however, the small population size 

precludes serious speculation about the inheritance of style length in pickerelweed. 

Pollen Diameter Trimorphism and Production in Pickerelweed 

Pollen production in pickerelweed varies based on the position of the anthers 

bearing the pollen. Anthers borne by long filaments produce small amounts of large 

pollen grains; anthers borne by short filaments produce large quantities of small pollen 

grains and anthers held by mid-length filaments produce an intermediate amount of 

medium pollen grains (Barrett 1985, 1988; Price and Barrett 1982, 1984). Two distinct 

classes of anthers have been identified. Large anthers measure 1.02 ± 0.06 mm and are 

borne by long filaments of M-morph and S-morph flowers and mid-length filaments of 

L-morph flowers. Small anthers measure 0.85 ± 0.05 mm and are borne by short 

filaments of M-morph and L-morph flowers and mid-length filaments of S-morph 

flowers (Price and Barrett 1982). Barrett et al. (1983) and Price and Barrett (1982) found 
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that anthers borne by mid-length filaments of the S-morph produce nearly twice as much 

m-pollen as anthers borne by mid-length filaments of the L-morph. 

Several workers have described differences in the diameters of pollen grains 

produced by the three sets of anthers. Three distinct pollen diameter classes are evident, 

with the largest pollen produced by anthers borne on long filaments and the smallest 

pollen produced by anthers borne on short filaments (Barrett and Glover 1985; Halsted 

1889; Hazen 1918; Leggett 1875a,b; Ordnuff 1966; Price and Barrett 1982, 1984). There 

is no overlap in pollen diameter so pollen origin may be identified without ambiguity 

(Price and Barrett 1982, 1984). Diameter classes are preserved regardless of whether 

pollen is fresh or acetolyzed (Barrett and Glover 1985; Price and Barrett 1984). 

Grains of l-pollen (produced by anthers borne on long filaments) are largest and 

measure 65.65 ± 3.22 μm in diameter when fresh and 43.82 ± 2.43 μm in diameter when 

acetolyzed. Pollen grains from anthers borne on short filaments are smallest; freshly 

collected grains of s-pollen are 34.52 ± 2.57 μm in diameter, while acetolyzed grains are 

25.59 ± 1.43 μm in diameter. Anthers borne on mid-length filaments generate m-pollen 

that is intermediate in size, with fresh pollen grains measuring 53.95 ± 3.60 μm in 

diameter and acetolyzed grains measuring 36.93 ± 1.78 μm in diameter (Barrett and 

Glover 1985). Harder and Barrett (1993) found no difference in pollen release times 

among the three morphs. 

Floral Structure and Reproductive Organ Arrangement in Pickerelweed 

Flowers of pickerelweed are trimerous with two series of three tepals, two series of 

three stamens and a tricarpellate ovary with a single ovule (Richards and Barrett 1987). 

The tepals are joined to form a perianth tube into which stamens are inserted. Individual 
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flowers are 12 to 16 mm long, zygomorphic and marked with a bright yellow nectar 

guide (“eyespot”) on the large upper (banner) tepal. There is a close relationship between 

stigma and anther height in organs with reciprocal positions (Price and Barrett 1982). 

Richards and Barrett (1987) theorized that the rate of development of reproductive 

organs could be affected by the diallelic system that is thought to control inheritance of 

floral morph. Richards and Barrett (1987) suggested, for example, that the presence of an 

M allele could alter reproductive growth rates to increase filament length and decrease 

style length. 

Differences in anther heights are attributable to the position of insertion of the 

filament on the floral tube and to differences in filament length. Filaments bearing long 

anthers grow quickly, while filaments bearing mid anthers elongate more slowly. Length 

differences between filaments bearing long and short anthers may be due primarily to 

growth rate. Filaments of short anthers experience rapid early growth but elongation is 

sharply reduced when floral bud length exceeds 3 mm; in addition, filaments of short 

anthers are inserted farther down in the floral tube than filaments bearing mid or long 

anthers (Richards and Barrett 1987). 

The filaments bearing the long anthers of both M-morph and S-morph flowers are 

inserted at the same point in the floral tube. The filaments bearing the short anthers of 

both L-morph and M-morph flowers are also inserted at the same point but further down 

the floral tube than filaments bearing the long anthers. Mid anthers of S-morph flowers 

constitute the lower anther set of the morph and filaments are inserted on the adaxial side 

of the perianth tube, while mid anthers of L-morph flowers are the upper anther set of the 
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morph and filaments are inserted on the abaxial side of the perianth tube (Barrett et al. 

1983; Price and Barrett 1982; Richards and Barrett 1987). 

Stamens of the same level within a flower are produced in different ways. Short 

anthers of L-morph and M-morph flowers and mid anthers of S-morph flowers are 

classified as upper shorter stamen level; within this level the central stamen is longest and 

is inserted on one of the inner tepal series, while the outer two stamens are shorter and are 

inserted on the outer tepal series. The long anthers of M-morph and S-morph and the mid 

anthers of L-morph flowers are classified as lower longer stamen levels; within this level 

the central stamen is shortest and is inserted on one of the outer tepal series, while the 

outer two stamens are longer and are inserted on the inner tepal series. As a result, each 

stamen level within a flower has members that represent both inner and outer tepal series 

(Richards and Barrett 1987). 

Stigmatic height variation is attributable to style length, as ovary length is similar 

in all three morphs. Styles of L-morphs, M-morphs and S-morphs measure 12.6 ± 0.7, 

7.6 ± 0.3 and 2.7 ± 0.1 mm, respectively (Richards and Barrett 1987). Price and Barrett 

(1982) recorded similar measurements. 

Price and Barrett (1982) found that styles of L-morph, M-morph and S-morph 

flowers of pickerelweed were purple, lilac and pink, respectively. Price and Barrett 

(1982) also noted differences in the density of stigmatic papillae among the morphs. 

Stigmas of L-morphs had low-density papillae and thus large interstitial spaces, while 

stigmas of S-morphs had very dense papillae and small interstitial spaces. Price and 

Barrett (1982) speculated that these differences corresponded to the pollen diameter 
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trimorphisms noted in pickerelweed and may present a physical barrier to exclude 

incompatible pollen. 

There are no significant differences among the morphs in regard to flower and 

inflorescence production, fecundity or ability to produce seed, fruit weight or germination 

(Barrett and Anderson 1985; Price and Barrett 1982). 

Pollen Physiology and Male Fitness in Pickerelweed 

The pollen of pickerelweed is binucleate (Brewbaker 1967). Ordnuff (1966) 

suggested that pollen grains produced by anthers occupying corresponding positions in 

different morphs (e.g., l-pollen from M-morphs and l-pollen from S-morphs) were 

physiologically equivalent when utilized in legitimate pollination events. However, later 

work by Barrett et al. (1983) and Price and Barrett (1982) found that anthers borne by 

mid-length filaments of the S-morph produced nearly twice as many grains of m-pollen 

as anthers borne by mid-length filaments of the L-morph. This difference in pollen 

production is attributable to the larger size and therefore volume of mid anthers produced 

in the S-morph as compared to the mid anthers of the L-morph. 

Barrett et al. (1983) proposed a “differential male fertility hypothesis”, which stated 

that this differential pollen production rendered m/S pollen (m-pollen from a S-morph) 

more fit than m/L pollen (m-pollen from a L-morph). Simulation models derived by 

Barrett et al. (1983) suggested that the anisoplethic population structures found in many 

populations of pickerelweed could be due to the two-fold difference in m-pollen 

production between the S-morphs and L-morphs. Barrett et al. (1983) examined a small 

number of flowering progeny (76 seedlings) collected from fifteen open-pollinated 

M-morph plants in a mixed S-morph-dominated population of pickerelweed and assessed 

segregation of S-morphs versus non-S-morphs; these ratios were identical to expected 
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values calculated using their hypothesis, but the small sample size precluded the level of 

confidence needed to ensure that results were not skewed. Field studies of natural 

populations by Barrett et al. (1983) provided limited support for their hypothesis. 

Self, Intramorph and Intermorph Compatibility in Pickerelweed 

The different floral morphs of pickerelweed exhibit varying levels of 

self-incompatibility, but all morphs produce more seeds after legitimate pollination than 

after illegitimate pollination (Barrett and Anderson 1985; Barrett and Glover 1985; 

Ordnuff 1966).  

Ordnuff (1966) found that “own-form” (e.g., M x l/M or M x s/M) and 

“other-form” (e.g., M x l/S or M x s/L) illegitimate pollinations were less successful than 

legitimate pollinations (e.g., M x m/S or M x m/L). Ordnuff (1966) also noted that 

illegitimate pollinations of L-morphs and S-morphs were most productive when 

self-produced m-pollen was used, while illegitimate pollinations of M-morphs had 

greatest seed yield when self-produced l-pollen was utilized. Ordnuff (1966) stated that 

differential self-incompatibility response among morphs may have been largely 

attributable to carpellary (sporophytic) factors and cited the following example: l-pollen 

from M-morph plants was highly productive when used in self-pollination (M x l/M) but 

poorly productive when applied to S-morph plants (S x l/M). 

Self-incompatibility is strongest in S-morphs. “Own-form” illegitimate pollinations 

resulted in an average of 2.8% (S x l/S) and 12.7% (S x m/S) seed set, while “other-form” 

illegitimate pollinations yielded 3.1% (S x l/M) and 2.7% (S x m/L) seed set. Legitimate 

pollinations of S-morphs (S x s/M and S x s/L) produced an average of 61.3% seed set 

(Ordnuff 1966). 
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Self-incompatibility is slightly weaker in L-morphs. “Own-form” illegitimate 

pollinations L-morphs resulted in an average of 7.1% (L x s/L) and 18.7% (L x m/L) seed 

set, while “other-form” illegitimate pollinations yielded 11.7% (L x m/S) and 7.0% 

(L x s/M) seed set. Legitimate pollinations of L-morphs (L x l/M and L x l/S) produced 

an average of 71.1% seed set (Ordnuff 1966). 

Self-incompatibility is very weak in M-morphs. “Own-form” illegitimate 

pollinations of M-morphs resulted in an average of 21.3% (M x s/M) and 53.9% 

(M x l/M) seed set, while “other-form” illegitimate pollinations yielded 39.8% (M x l/S) 

and 27.6% (M x s/L) seed set. Legitimate pollinations (M x m/S and M x m/L) of 

M-morphs produced an average of 82.7% seed set (Ordnuff 1966). 

Pollen Growth in vivo 

The growth rate of compatible and incompatible pollen grain tubes is of 

importance, as flowers of pickerelweed have an anthesis period of only 6 to 8 h. 

Anderson and Barrett (1986) found that both compatible and incompatible grains 

germinated readily on stigmas, which suggested that incompatibility in the species was 

not due to strong stigmatic inhibition. Incompatible pollen tubes that reached the base of 

the style enlarged, curled or lost direction, but frequently were able to enter the ovary.  

Compatible pollen grew more quickly in vivo than incompatible pollen. 

Pollinations by Anderson and Barrett (1986) showed that compatible pollen grains 

reached the base of the style more often than incompatible pollen grains; exceptions were 

noted in pollinations of the S-morph, where all grains of all three pollen types 

successfully reached the ovary. All compatible pollinations resulted in pollen tubes 

reaching the base of the ovary within 2 h after pollination, while incompatible 

pollinations took 4 h or longer to reach the base of the ovary. Pollinations of M-morphs 
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and L-morphs with s-pollen rarely resulted in pollen tubes reaching the ovary and growth 

of the pollen tubes from s-pollen ceased after 8 h (Anderson and Barrett 1986). 

Anderson and Barrett (1986) found a correlation between pollen grain diameter and 

pollen tube growth. Pollen tubes from s-pollen, m-pollen and l-pollen reached 4 to 7 mm, 

7 to 9 mm and 14 mm in length, respectively. These results suggested that storage 

reserves played a role in compatibility of some combinations, but Anderson and Barrett 

(1986) stated that some form of ovarian inhibition was most likely responsible for many 

incompatibility reactions as well. Reduced seed set in illegitimate pollinations in spite of 

ovule penetration suggests the presence of an ovarian inhibitory system to retard seed 

production after self-pollination (Anderson and Barrett 1986). 

Population Structure of Pickerelweed 

All three morphs are usually present in natural populations of pickerelweed (Barrett 

et al. 1983; Price and Barrett 1982, 1984), but S-morphs are often over-represented while 

L-morphs are frequently under-represented (Barrett et al. 1983; Morgan and Barrett 1988; 

Wolfe and Barrett 1989). Price and Barrett (1982) speculated that the abundance of 

S-morphs may be due to the increased production of m-pollen by S-morphs as compared 

to production of m-pollen by L-morphs. Morgan and Barrett (1988) stated that population 

structure was strongly influenced by the genotypic constitutions of the founders and that 

historical factors played an important role in determining population structure. 

Impact of Pollinator Behavior 

Price and Barrett (1984) studied four natural populations of pickerelweed and 

found that total stigmatic pollen loads decreased in conjunction with a decrease in 

inflorescence density and pollinator activity. Barrett and Glover (1985) found that 

stigmatic pollen loads were typically 13.6% l-pollen, 22% m-pollen and 64.4% s-pollen. 
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The proportion of legitimate pollen present in total stigmatic pollen loads on L-morphs 

and M-morphs remained constant throughout the season, but the legitimate pollen 

component increased as the season progressed. 

Legitimate pollination was inhibited and illegitimate geitonogamous pollination 

was favored by non-random foraging behavior of local pollinators and by non-random 

distribution of morphs attributable to the clonal nature of the species. Price and Barrett 

(1984) found that 75% of flights by Bombus spp. were among the five nearest neighbors; 

in addition, the probability that the three nearest neighbors possessed the same morph 

was greater than 70%. Legitimate pollination was found in spite of these constraints, 

which suggested substantial pollen carryover by pollinators. Legitimate pollination was 

highest in L-morph flowers and lowest in S-morph flowers, while legitimate pollination 

of M-morph flowers was intermediate. Price and Barrett (1984) suggested that this might 

have been due to partitioning of pollen on the bodies of pollinators. Northern populations 

of pickerelweed are serviced by non-specialized bumblebee pollinators (e.g., Bombus 

spp.) with broad foraging preferences that are not highly co-adapted for the floral 

arrangement found in P. cordata, while long-tongued solitary bees (Melissodes apicata) 

visit populations in southern regions. The zygomorphic flowers of pickerelweed present 

pollinators with a limited number of orientations for floral entry (Faegri and van der Pilj 

1979). Laberge (1956) suggested that species of Melissodes were specialized pollinators 

of Pontederia spp. and had hairs on their proboscis to allow collection of pollen 

concealed in the short anthers. The abdomens of the pollinators came into intimate 

contact with l-pollen and the stigmas of L-morphs, while the face and head (proboscis 
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base) contacted m-pollen and the stigmas of M-morphs. The proboscis tip was aligned 

with s-pollen and the stigmas of S-morphs (Laberge 1956). 

Wolfe and Barrett (1989) stated that pollinators (Bombus spp., Apis mellifera and 

Melissodes apicata) typically visited less than 10 flowers on a single inflorescence and 

removed 45% of total pollen production during single visits to previously unvisited 

flowers. Each anther level retained less than 40% of its original pollen complement 

within 90 min after dehiscence. The largest number of total pollen grains was removed 

from anthers borne by short filaments, while lesser amounts were removed from anthers 

borne by mid and long filaments. Rapid pollen depletion occurred, with 69% of l-pollen, 

50% of m-pollen and 38% of s-pollen removed in a single visit (Wolfe and Barrett 1989). 

Harder and Barrett (1993) found slightly different results, with pollinators removing 39% 

of l-pollen, 24% of m-pollen and 28% of s-pollen during a first visit. Pollen distribution 

on the bodies of pollinators was non-random; l-pollen and m-pollen was found at greatest 

concentrations where it was initially deposited (i.e., the abdomen and head), while most 

s-pollen was displaced to the exterior of the pollinator, probably due to grooming 

activity. M-morph flowers captured the greatest total pollen load (mean = 68 pollen 

grains per stigma) and S-morph flowers received the smallest total pollen load 

(mean = 18 pollen grains per stigma). The largest proportion of compatible pollen grains 

was found on stigmas of L-morphs (59% of total stigmatic load); stigmas of M-morphs 

and S-morphs had much smaller proportions of compatible pollen grains (22% and 25% 

of total stigmatic load, respectively). Many pollinator visits failed to deposit compatible 

pollen; 40% of visits to S-morphs, 21% of visits to M-morphs and 26% of visits to 

L-morphs did not result in deposition of compatible pollen on stigmatic surfaces (Wolfe 
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and Barrett 1989). Pollinators showed no preference for any of the three morphs (Price 

and Barrett 1982). 

Stigmatic Pollen Loads in Pickerelweed 

Stigmas of M-morphs received highest pollen loads and intact flowers captured 

more pollen grains than flowers that had been emasculated. Emasculation caused some 

contamination with self-produced pollen, but the mean number of self-produced pollen 

grains on unpollinated stigmas borne by emasculated flowers was only 4.14% of the total 

stigmatic pollen load found on intact flowers (Barrett and Glover 1985). The difference in 

the number of legitimate pollen grains captured by intact vs. emasculated flowers was 

insignificant, which provided evidence that stamens did not obstruct the transfer and 

receipt of legitimate out-crossed pollen (Barrett and Glover 1985). Barrett and Glover 

(1985) also found that even large amounts of illegitimate pollen did not cause stigmatic 

clogging and did not interfere with growth of legitimate pollen tubes. Pollinator visitation 

was unaffected by emasculation (Barrett and Glover 1985). 

Stigmas of S-morphs and L-morphs received only small amounts of illegitimate 

pollen, with 13% (S-morph) and 14.4% (L-morph) of stigmatic pollen attributable to 

self-produced or geitonogamous pollen. The amount of illegitimate pollen on stigmas of 

M-morphs was considerably higher, as self-produced or geitonogamous pollen accounted 

for 64.3% of total stigmatic pollen load (Barrett and Glover 1985). L-morphs received the 

largest amount of legitimate pollen, while pollen deposition on stigmatic surfaces of 

M-morphs and S-morphs was characteristic of random pollination (Glover and Barrett 

1986). Flowers of pickerelweed have only one functional ovule and typical pollen loads 

have copious amounts of compatible pollen grains; as a result, seed set in the species in 

rarely pollen-limited (Barrett and Glover 1985; Glover and Barrett 1986). 
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Greenhouse Production vs. Natural Populations of Pickerelweed 

Ordnuff (1966) noted that seed production in a greenhouse environment was 

reduced (especially in L-morphs and S-morphs) when compared to natural populations. 

Legitimate pollinations of S-morphs in greenhouse populations and field populations 

produced an average of 61.3 and 88.9% seed set, respectively. Legitimate pollinations of 

L-morphs in greenhouse populations and field populations produced an average of 

71.7 and 94.2% seed set, respectively. Legitimate pollinations of M-morphs in 

greenhouse populations and field populations produced an average of 82.7% and 89.0% 

seed set, respectively (Ordnuff 1966). Ordnuff (1966) speculated that differential seed 

production among the morphs in the greenhouse was eliminated under field conditions, 

where all three morphs were equally capable of seed production. 
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Figure 2.1. Pre-packaged water garden kit with bare-root pickerelweed plants, damp 
sphagnum moss, soilless planting substrate, fertilizer tablets and planting 
basket. A kit with blue-flowered plants is shown, but a kit with white-
flowered plants is also available. 
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Figure 2.2. Pickerelweed growing along the margin of Robert’s Pond in Bainbridge, New 
York. 
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Figure 2.3. Inflorescence of white-flowered pickerelweed. 
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Figure 2.4. Yellow nectar guides (“eyespots”) on banner tepal of pickerelweed flower. 
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Figure 2.5. Fresh fruit, seed and dried fruit of pickerelweed. 
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Figure 2.6. Flowers of ‘Singapore Pink’ pickerelweed. Note pale floral throat due to lack 
of anthocyanins. 
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Figure 2.7. L-morph flowers of pickerelweed. Note the single style in the long position, 
three anthers in the mid position and the barely-visible three anthers in the 
short position. 
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Figure 2.8. M-morph flowers of pickerelweed. Note the three anthers visible in the long 
position and the single style in the mid position; anthers in the short position 
are barely visible in the lowest flower of this inflorescence. 



41 

 

 

Figure 2.9. S-morph flowers of pickerelweed. Note the three anthers in the long position 
and the three anthers in the mid position; the single style in the short position 
is obscured by the throat of the flower and is not visible. 
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CHAPTER 3 
POLLEN GRAIN DIAMETER, IN VITRO POLLEN GERMINATION AND 

REGRESSION BETWEEN GRAIN DIAMETER AND IN VITRO GERMINATION 

Introduction 

Pickerelweed (Pontederia cordata L.) is a naturally outcrossed tristylous species 

that relies on heteromorphic incompatibility to reduce or prevent self-pollination. Some 

tristylous species are self-compatible, while others have degrees of self-incompatibility 

(Barrett 1988, 1993; Barrett and Anderson 1985; Darwin 1877; Eckert and Barrett 1994; 

O’Neill 1994). Three distinct floral morphs are produced by tristylous species, but each 

plant always produces flowers of the same morph. Floral morphs may differ from one 

another in characters including length or density of stigmatic papillae, style coloration 

and pollen exine sculpturing (Barrett 1988), but the most obvious visible difference 

among the floral morphs is style length. Stigmatic height variation is attributable to style 

length, as ovary length is similar in all three floral morphs (Richards and Barrett 1987).  

There are three positions within each flower, with each position occupied by either 

a single style or one of two sets of stamens. Floral morph designation is determined by 

style length; flowers with long styles are L-morphs, while those with mid styles and short 

styles are classified as M-morphs and S-morphs, respectively. Reciprocal positioning of 

anthers and stigmas occurs so that each plant produces flowers with anthers borne at the 

same level as the stigmas of the other morphs. This arrangement promotes 

insect-mediated cross-pollination between anthers and stigmas of equivalent height, 

resulting in seed set. Darwin (1877) referred to this as “legitimate pollination”, while 
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“illegitimate pollinations” between anthers and stigmas at different levels result in little 

or no seed production. 

Several workers have described differences in the diameter of pollen grains 

produced by the three sets of anthers in pickerelweed. Three distinct pollen diameter 

classes are evident; anthers in the long position (borne by long filaments) produce the 

largest pollen and anthers in the short position (borne by short filaments) produce the 

smallest pollen, while anthers in the mid position (borne by mid-length filaments) 

produce pollen that is intermediate in diameter (Barrett and Glover 1985; Halsted 1889; 

Hazen 1918; Leggett 1875a,b; Ordnuff 1966; Price and Barrett 1982, 1984). Pollen 

produced by anthers borne on mid-length filaments is classified as m-pollen, while pollen 

produced by anthers borne on long or short filaments is classified as l-pollen or s-pollen, 

respectively. Pollen is further identified as s/M or s/L (s-pollen originating from 

M-morph plants or L-morph plants, respectively), m/S or m/L (m-pollen derived from 

S-morph plants or L-morph plants, respectively) and l/S or l/M (l-pollen from produced 

by S-morph plants or M-morph plants, respectively). 

There is no overlap in pollen diameter so pollen origin (i.e., anther level) may be 

identified without ambiguity (Price and Barrett 1982, 1984). Diameter classes are 

preserved regardless of whether pollen is fresh or acetolyzed (Barrett and Glover 1985; 

Price and Barrett 1984). Barrett and Glover (1985) reported that fresh grains of l-pollen 

measured 65.65 ± 3.22 μm in diameter, while fresh grains of s-pollen and m-pollen were 

34.52 ± 2.57 μm and 53.95 ± 3.60 μm in diameter, respectively. 

There are no differences among the floral morphs in regard to flower and 

inflorescence production, fecundity or ability to produce seed after cross-pollination, fruit 
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weight or seed germination (Barrett and Anderson 1985; Price and Barrett 1982). The 

different floral morphs of pickerelweed exhibit varying levels of self-incompatibility but 

all morphs produce more seeds after legitimate pollination than after illegitimate 

pollination (Barrett and Anderson 1985; Barrett and Glover 1985; Ordnuff 1966). 

Ordnuff (1966) found that illegitimate pollinations (e.g., L x m or s, M x l or s, 

S x l or m) were less successful than legitimate pollinations (e.g., L x l, M x m, S x s). 

Ordnuff (1966) also noted that illegitimate pollinations of L-morphs and S-morphs were 

most productive when self-produced m-pollen was used, while illegitimate pollinations of 

M-morphs had greatest seed yield when self-produced l-pollen was utilized. 

Self-incompatibility was strongest in S-morphs. Illegitimate pollinations resulted in an 

average of 2.7 to 12.7% seed set, while legitimate pollinations produced an average of 

61.3% seed set. Self-incompatibility was slightly weaker in L-morphs. Illegitimate 

pollinations produced from 7.0 to 18.7% seed set, while legitimate pollinations averaged 

71.1% seed set. Self-incompatibility was very weak in M-morphs. Illegitimate 

pollinations resulted in an average of 21.3 to 53.9% seed set, while legitimate pollinations 

produced an average of 82.7% seed set (Ordnuff 1966). 

Anderson and Barrett (1986) found that both compatible and incompatible pollen 

grains germinated readily on stigmas, which suggested that incompatibility in 

pickerelweed was not sporophytic (i.e., due to strong stigmatic inhibition). Incompatible 

pollen tubes that reached the base of the style enlarged, curled or lost direction, but 

frequently were able to enter the ovary. Anderson and Barrett (1986) showed that 

compatible pollen grains grew more quickly and reached the base of the style more often 

than incompatible pollen grains; exceptions were noted in pollinations of the S-morph, 
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where all grains successfully reached the ovary. Compatible pollination of all floral 

morphs resulted in pollen tubes that reached the base of the ovary within 2 h after 

pollination, while incompatible pollinations took 4 h or longer to reach the base of the 

ovary. Pollinations of M-morphs and L-morphs with s-pollen rarely resulted in pollen 

tubes reaching the ovary and growth of the pollen tubes ceased after 8 h (Anderson and 

Barrett 1986). 

Anderson and Barrett (1986) noted a correlation between pollen grain diameter and 

in vivo pollen tube growth. Pollen tubes from s-pollen, m-pollen and l-pollen reached 4 to 

7 mm, 7 to 9 mm and 14 mm, respectively. Richards and Barrett (1987) found that 

stigmatic heights of S-morphs, M-morphs and L-morphs measured 2.7 ± 0.1 mm, 

7.6 ± 0.3 mm and 12.6 ± 0.7 mm, respectively, with similar measurements recorded by 

Price and Barrett (1982). These results suggested that pollen storage reserves played a 

role in compatibility of some combinations, but Anderson and Barrett (1986) stated 

reduced seed set in illegitimate pollinations in spite of ovule penetration suggested the 

presence of an ovarian inhibitory system that may have retarded seed production after 

self-pollination. 

The objectives of this experiment were threefold. The first objective was to 

compare pollen grain diameter of same-level pollen produced by different floral morphs 

(s/M vs. s/L, m/S vs. m/L and l/S vs. l/M) and to identify differences in grain diameter 

among pollen produced by the three different anther levels (s-pollen vs. m-pollen vs. 

l-pollen). The second objective was to compare in vitro pollen tube growth of same-level 

pollen produced by different floral morphs (s/M vs. s/L, m/S vs. m/L and l/S vs. l/M) and 

to determine whether the differences in pollen tube growth in vivo described by 
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Anderson and Barrett (1986) also exist in an in vitro system. The final objective of this 

experiment was to define the relationship between pollen grain diameter and in vitro 

pollen tube length 240 min after germination. 

Materials and Methods 

Pollen grains from both anther levels of twelve plants were examined in this 

experiment; these comprised four each of L-morph plants (BL2, HWL, PBL and WL1), 

M-morph plants (BM2, PBM, PWM and WM1) and S-morph plants (BS1, BS2, BS5 and 

PWS). Plants were grown in a greenhouse in 1-L nursery containers filled with 

Metro-Mix® 5001, a commercially available growing substrate that contains 40 to 50% 

composted pine bark, 20 to 35% horticultural grade vermiculite and 12 to 22% Canadian 

sphagnum peat moss by volume with a nutrient charge and pH adjustment (Scotts-Sierra, 

Marysville OH). Nutrition was supplied by the incorporation of 10 g of Osmocote Plus 

15-9-12 (Scotts-Sierra, Marysville OH) per container. Plants were sub-irrigated and kept 

in a pollinator-free glasshouse with air temperature maintained at 27°C (day) and 16°C 

(night). During earlier experiments, we observed that some genotypes were more 

floriferous when grown under long days; therefore, supplemental lighting was employed 

to artificially extend daylength to 16 h for the duration of this study. 

Grains of s-pollen from 8 plants were studied; 4 of these plants (BM2, PBM, PWM 

and WM1) were M-morphs and the remaining 4 plants (BL2, HWL, PBL and WL1) were 

L-morphs. Grains of m-pollen from 8 plants were studied; 4 of these plants (BL2, HWL, 

PBL and WL1) were L-morphs and the remaining 4 plants (BS1, BS2, BS5 and PWS) 

                                                 
1 Mention of a trademark or a proprietary product does not constitute a guarantee or warranty of the product 
by the Florida Agricultural Experiment Station and does not imply its approval to the exclusion of other 
products that may be suitable. 
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were S-morphs. Grains of l-pollen from 8 plants were studied; 4 of these plants (BS1, 

BS2, BS5 and PWS) were S-morphs and the remaining 4 plants (BM2, PBM, P0WM and 

WM1) were M-morphs. 

Pollen grain diameter. Dehisced anthers were removed from open flowers with 

fine forceps and placed in ca. 2 mL of pollen killing and fixing solution in 6-well culture 

plates (BD Falcon™ Multiwell Cell Culture Plates #353046, BD Biosciences, Bedford 

MA; well volume 15 mL, well surface area 9.6 cm2). The pollen killing and fixing 

solution consisted of 5 parts formaldehyde, 3 parts glacial acetic acid, 20 parts glycerin 

and 72 parts deionized water and allowed hydration of the pollen grains but prevented 

germination. Three anthers bearing the same type of pollen from an individual plant were 

placed in each well. Each plate contained 6 wells, so an individual plate contained pollen 

from both anther levels of 3 different plants. Each plate assembly included a fitted cover, 

which was labeled with the source of the pollen in each well (donor identity and anther 

level). 

Grain diameter was measured for 50 pollen grains from each plant/anther level 

combination. Grains were magnified and visualized using a Bausch and Lomb 

microprojector (Leica Microsystems, Wetzlar, Germany). Diameters of magnified pollen 

grains were recorded in millimeters then converted to actual size in microns with a 

multiplier appropriate for the magnification used to visualize the sample. Means of 

converted values were calculated for each plant/anther level combination and these 

values were subjected to standard analysis of variance procedures. The model was 

constructed to identify differences among same-level pollen produced by plants with 

different floral morphs (s/M pollen vs. s/L pollen, m/S pollen vs. m/L pollen, l/S pollen 
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vs. l/M pollen). The model also tested for differences among diameters of pollen grains 

produced by the three anther levels (s-pollen vs. m-pollen vs. l-pollen). Morph was nested 

within anther level, as each anther level was present in only two of the three morphs 

(s-pollen from M-morphs and L-morphs, m-pollen from S-morphs and L-morphs, 

l-pollen from S-morphs and M-morphs). Means were separated using t-tests to detect 

least significant differences. 

In vitro pollen germination. This experiment utilized an agarose germination 

medium consisting of 10% sucrose, 0.6% agar, 0.02% Ca3NO4 and 0.01% boric acid 

dissolved in deionized water. This mixture was boiled for 5 min then allowed to cool 

slightly before being transferred to the 6-well culture plates. Prepared culture plates were 

cooled to room temperature then stored at 4˚C for up to 72 h before pollen collection. 

Pollen was collected from dehisced anthers at ca. 10:00 am. Fine forceps were used 

to remove anthers from open flowers and pollen was transferred to the surface of the 

germination medium by gently dragging the anthers across the surface of the medium. 

Each well was dusted with pollen from three anthers collected from the same level of an 

individual plant. Each plate contained 6 wells, so each plate contained pollen from both 

anther levels of three different plants. Each plate assembly included a fitted cover, which 

was labeled with the source of the pollen in each well (donor identity and anther level) 

and with the collection time. Plates were placed in a germination chamber maintained at 

ca. 30˚C and treated with killing and fixing solution (components described in the 

previous section) at specified time intervals. Pollen grains from each anther level of each 

plant were killed at one of four time intervals: 30, 60, 120 and 240 min. All pollen 
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samples in a single plate were killed at the same time interval by adding ca. 2 mL of 

killing and fixing solution to each well. 

Pollen tube length was measured for 200 germinated pollen grains of each 

plant/anther level/interval combination. Pollen tubes were magnified and visualized using 

the Bausch and Lomb microprojector described above and tube length data were obtained 

by utilizing digital calipers to measure pollen tubes from the point of emergence from the 

pollen grain to the distal end of the pollen tube. These data for magnified pollen tubes 

were recorded in millimeters then converted to actual size in microns using a multiplier 

appropriate for the magnification used to visualize the sample. Means of converted values 

were calculated for each plant/anther level/interval combination and these values were 

subjected to standard analysis of variance procedures. The model was constructed to 

identify differences in lengths of pollen tubes from same-level pollen produced by plants 

with different floral morphs (s/M pollen vs. s/L pollen, m/S pollen vs. m/L pollen, 

l/S pollen vs. l/M pollen) at all four intervals. The model also tested for differences 

among lengths of pollen tubes from pollen produced by the three anther levels (s-pollen 

vs. m-pollen vs. l-pollen) at all four intervals. Morph was nested within anther level, as 

each anther level was present in only two of the three morphs (s-pollen from M-morphs 

and L-morphs, m-pollen from S-morphs and L-morphs, l-pollen from S-morphs and 

M-morphs). Means were separated using t-tests to detect least significant differences. 

Relationship between pollen grain diameter and tube length. The relationship 

between pollen grain diameter and tube length 240 min after germination was examined 

by computing a regression coefficient between the two variables. The Pearson 

product-moment correlation formula was used for this analysis. 
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Results and Discussion 

Pollen grain diameter. There was no difference in same-level pollen grain 

diameter produced by the different floral morphs (Table 3.1), so further discussion of 

grain diameter will refer to pollen only by the anther level producing the pollen (i.e., 

s-pollen instead of s/M and s/L, m-pollen instead of m/S and m/L, l-pollen instead of l/S 

and l/M). Significant differences were evident among grain diameters of s-pollen, 

m-pollen and l-pollen (Table 3.1). Grains of l-pollen averaged 44.97 ± 0.30 μm in 

diameter, while grains of m-pollen and s-pollen were 35.04 ± 0.49 μm and 20.46 ± 

0.34 μm in diameter, respectively (Figure 3.1). 

In vitro pollen germination. There was no difference in the lengths of pollen 

tubes generated by same-level pollen produced by the different floral morphs 30, 60, 120 

or 240 min after germination (Table 3.2), so data for all pollen produced by the same 

anther level were pooled prior to comparisons among the three anther levels. Since floral 

morph did not have a significant impact on pollen tube length, further discussion of grain 

size will refer to pollen only by the anther level producing the pollen (i.e., s-pollen, 

m-pollen and l-pollen). Significant differences in pollen tube lengths were evident during 

in vitro germination of s-pollen, m-pollen and l-pollen (Table 3.2). Pollen tubes from 

l-pollen and m-pollen were longer than tubes from s-pollen at all time intervals under 

investigation (Figure 3.2). 

Tubes from l-pollen and m-pollen were longer than tubes from s-pollen 30 min 

after germination, but there was no difference between tubes from l-pollen and tubes 

from m-pollen during the same time interval. Pollen tubes from s-pollen averaged 

80.49 μm in length 30 min after germination, while pollen tubes from m-pollen and 
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l-pollen reached average lengths of 106.26 μm and 118.16 μm, respectively, 30 min after 

germination (least significant difference 15.41 μm) (Figure 3.2). 

Pollen tubes from l-pollen and m-pollen were longer than tubes from s-pollen 

60 min after germination; in addition, pollen tubes from l-pollen were longer than pollen 

tubes from m-pollen during the same time interval. Pollen tubes from s-pollen reached an 

average length of 137.27 μm 60 min after germination; pollen tubes from m-pollen grew 

to 175.18 μm in length and pollen tubes from l-pollen reached an average length of 

195.07 μm 60 min after germination (least significant difference 17.34 μm) (Figure 3.2). 

Pollen tubes from l-pollen and m-pollen were longer than pollen tubes from 

s-pollen 120 min after germination, but there was no difference between pollen tubes 

from l-pollen and pollen tubes from m-pollen during the same time interval. Pollen tubes 

from s-pollen averaged 187.77 μm in length 120 min after germination, while pollen 

tubes from m-pollen and l-pollen reached average lengths of 306.34 μm and 313.74 μm, 

respectively, 120 min after germination (least significant difference 63.62 μm) 

(Figure 3.2). 

Pollen tubes from l-pollen and m-pollen were longer than pollen tubes from 

s-pollen 240 min after germination, but there was no difference between pollen tubes 

from l-pollen and pollen tubes from m-pollen during the same time interval. Pollen tubes 

from s-pollen reached an average length of 265.57 μm 240 min after germination; pollen 

tubes from m-pollen grew to 431.14 μm in length and pollen tubes from l-pollen reached 

an average length of 486.43 μm 240 min after germination (least significant difference 

64.27 μm) (Figure 3.2). 
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Relationship between pollen grain diameter and pollen tube length. There was 

a highly significant regression between pollen grain diameter and pollen tube length 

240 min after germination (Figure 3.3). The result of this regression was an increase of 

ca. 9.13 μm in in vitro pollen tube length for each micron increase in pollen grain 

diameter 240 min after germination, with similar trends noted at the three other intervals 

as well. These results suggested that pollen grain diameter had a significant positive 

impact on pollen tube growth in an in vitro system. 

Conclusions 

This experiment confirmed the results of Barrett and Glover (1985) and Price and 

Barrett (1982, 1984) and showed that diameters of pollen grains produced by the three 

anther levels of pickerelweed were significantly different from one another with no 

overlap in grain diameter among the classes. Measurements of pollen in this experiment 

differed from those reported by Barrett and Glover (1985) and Price and Barrett 

(1982, 1984); however, this was most likely a function of the disparate methods used to 

collect data as opposed to a true difference in grain diameter. 

In vitro pollen germination did not produce the same results as those reported in 

vivo by Anderson and Barrett (1986). Pollen tubes germinated in vitro did not generate 

the impressive growth reported in vivo, but this is not unexpected since pollen 

germination in vitro is often less vigorous than pollen germination in vivo. The 

relationships among pollen tubes from the three pollen grain diameter classes differed 

from those described by Anderson and Barrett (1986) as well; these workers reported 

significant differences among all three classes but this experiment showed no significant 

difference between pollen tubes produced by l-pollen and those produced by m-pollen. 

The reason for these conflicting results is unknown but it is possible that factors such as 
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stylar interaction (e.g., the presence of inhibitory or stimulatory substances) with the 

germinating pollen grain influence in vivo germination. 

This experiment also detected a highly significant regression between pollen grain 

diameter and in vitro pollen tube length; these results were similar to those described by 

Anderson and Barrett (1986) for in vivo pollen germination and suggested that pollen 

diameter had a positive impact on the growth of pollen tubes produced as a result of in 

vitro germination. These results provided an explanation for Ordnuff’s (1966) findings 

that self-pollinations of M-morphs and L-morphs were most fruitful when pollen from 

upper-level anthers was used; as grain diameter conditions pollen tube length, larger 

pollen is more likely to produce a pollen tube long enough to travel down the length of 

the style and reach the ovary. These results also supported Anderson and Barrett’s (1986) 

hypothesis that storage reserves played a role in compatibility of some combinations; 

however, Anderson and Barrett (1986) also pointed out that reduced seed set in 

illegitimate pollinations in spite of ovule penetration suggested the presence of an ovarian 

inhibitory system (i.e., somatoplastic incompatibility) that may have retarded seed 

production after self-pollination. 
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Table 3.1. Analysis of variance of pollen grain diameter in microns of s-pollen, m-pollen 
and l-pollen of pickerelweed. Data analyzed were the means of 50 pollen 
grains from both anther levels of 12 plants. 

Source   DF†      MS‡  F-value  Pr > F     
Anther§    2 1215.68 7902.82 <.0001 
Morph(anther)¶   3       0.25       1.63 0.2185 
Error   18       0.15 
Total   23          
† DF: Degrees of freedom 
‡ MS: Mean square 
§ Anther: Anther level (s-pollen, m-pollen, l-pollen) 
¶ Morph(anther): Anther level nested within morph (s/M vs. s/L, m/S vs. m/L, l/S vs. 
l/M) 
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Table 3.2. Analysis of variance of pollen tube length in microns produced in vitro by 
s-pollen, m-pollen and l-pollen of pickerelweed. Data analyzed were the 
means of 200 pollen tubes from each pollen diameter class of 12 plants at 
4 intervals. 

Source    DF†          MS‡ F-value  Pr > F    
Pollen§     2 103457.94   43.06  <.0001 
Morph(pollen) ¶    3     2070.26     0.86  0.4650 
Time#      3 359125.88 149.49  <.0001 
Pollen*time††     6   16675.24     6.94  <.0001 
Morph(pollen)*time‡‡   9     2352.19     0.98  0.4646 
Error    72     2587.88 
Total    95         
† DF: Degrees of freedom 
‡ MS: Mean square 
§ Pollen: Pollen diameter class (s-pollen, m-pollen, l-pollen) 
¶ Morph(pollen): Morph nested within pollen diameter class (s/M vs. s/L, m/S vs. m/L, 
l/S vs. l/M) 
# Time: In vitro germination interval (30 min, 60 min, 120 min, 240 min) 
†† Pollen*time: Interaction between pollen grain diameter and in vitro germination 
interval 
‡‡ Morph(pollen)*Time: Interaction between morph nested within pollen grain diameter 
and in vitro germination interval 
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Figure 3.1. Grain diameter in microns of s-pollen, m-pollen and l-pollen of pickerelweed. 
Bars represent the mean diameter of 400 grains per pollen class. Means were 
separated using a t-test to detect least significant differences. Grain diameters 
coded with different letters are significantly different at p=0.05. 
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Figure 3.2. Mean length of pollen tubes in microns produced in vitro by s-pollen, 
m-pollen and l-pollen of pickerelweed 30, 60, 120 and 240 min after 
germination. Symbols represent the mean length of 2,000 pollen tubes for 
each anther level/interval combination. 
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Figure 3.3. Regression between pollen grain diameter and in vitro tube length 30, 60, 120 
and 240 min after germination. Regressions computed using 24 XY pairs with 
the mean diameter of 50 pollen grains (X) and the mean length of 200 pollen 
tubes (Y) for each plant/anther level/interval combination. 
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CHAPTER 4 
DEVELOPMENT OF NOVEL POLLINATION TECHNIQUES TO REDUCE 

SELF-INCOMPATIBILITY RESULTING FROM HERKOGAMY 

Introduction 

Genetic studies designed to investigate the type of gene action and mode of 

inheritance of a given trait often examine several generations of the organism of interest, 

including progeny derived from self-pollination. Pickerelweed (Pontederia cordata L.) is 

a naturally out-crossed tristylous species that relies on herkogamy (spatial separation of 

reproductive organs) and heteromorphic incompatibility to reduce or prevent 

self-pollination. Some tristylous species are self-compatible, while others have degrees of 

self-incompatibility (Barrett 1988, 1993; Barrett and Anderson 1985; Darwin 1877; 

Eckert and Barrett 1994; O’Neill 1994). 

Three distinct floral morphs are produced by tristylous species, but each plant 

always produces flowers of the same morph. Floral morphs may differ from one another 

in characters including length or density of stigmatic papillae, style coloration and pollen 

exine sculpturing (Barrett 1988), but the most obvious visible difference among the floral 

morphs is style length. Stigmatic height variation is attributable to style length, as ovary 

length is similar in all three morphs (Richards and Barrett 1987). There are three 

positions within each flower, with each position occupied by either a single style or one 

of two sets of stamens. Floral morph designation is determined by style length; flowers 

with long styles are L-morphs, while those with mid styles and short styles are classified 

as M-morphs and S-morphs, respectively. Reciprocal positioning of anthers and stigmas 



60 

 

occurs so that each plant produces flowers with anthers borne at the same level as the 

styles of the other morphs. This arrangement promotes insect-mediated cross-pollination 

between anthers and stigmas of equivalent height, resulting in seed set. Darwin (1877) 

referred to this as “legitimate pollination”, while “illegitimate pollination” between 

anthers and stigmas at different levels results in little or no seed production. 

Several workers have described differences in the diameter of pollen grains 

produced among the three lengths of filaments in pickerelweed. Three distinct pollen 

diameter classes are evident, with the largest diameter pollen produced by anthers borne 

on long filaments and the smallest diameter pollen produced by anthers borne on short 

filaments (Barrett and Glover 1985; Halsted 1889; Hazen 1918; Leggett 1875a,b; Ordnuff 

1966; Price and Barrett 1982, 1984). Pollen grains produced by anthers with mid-length 

filaments are classified as m-pollen, while pollen grains produced by anthers borne on 

long or short filaments are classified as l-pollen or s-pollen, respectively. There is no 

overlap in pollen diameter so pollen origin (i.e., anther level or filament length) may be 

identified without ambiguity (Price and Barrett 1982, 1984). Diameter classes are 

preserved regardless of whether pollen is fresh or acetolyzed (Barrett and Glover 1985; 

Price and Barrett 1984). Fresh grains of l-pollen measured 65.65 ± 3.22 μm in diameter, 

while the diameters of fresh grains of s-pollen and m-pollen averaged 34.52 ± 2.57 μm 

and 53.95 ± 3.60 μm, respectively (Barrett and Glover 1985). 

There are no significant differences among the morphs in regard to flower and 

inflorescence production, fecundity or ability to produce seed after cross-pollination, fruit 

weight or seed germination (Barrett and Anderson 1985; Price and Barrett 1982). The 

different floral morphs of pickerelweed exhibit varying levels of self-incompatibility but 
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all morphs produce more seeds after legitimate pollination than after illegitimate 

pollination (Barrett and Anderson 1985; Barrett and Glover 1985; Ordnuff 1966). 

Ordnuff (1966) found that illegitimate pollinations (e.g., L x m or s, M x l or s, 

S x l or m) were less successful than legitimate pollinations (e.g., L x l, M x m, S x s). 

Ordnuff (1966) also noted that illegitimate pollinations of L-morphs and S-morphs were 

most productive when self-produced m-pollen was used, while illegitimate pollinations of 

M-morphs had greatest seed yields when self-produced l-pollen was utilized. 

Self-incompatibility was strongest in S-morphs. Illegitimate pollinations resulted in an 

average of 2.7 to 12.7% seed set, while legitimate pollinations produced an average of 

61.3% seed set. Self-incompatibility was slightly weaker in L-morphs. Illegitimate 

pollinations produced from 7.0 to 18.7% seed set, while legitimate pollinations averaged 

71.1% seed set. Self-incompatibility was very weak in M-morphs. Illegitimate 

pollinations resulted in an average of 21.3 to 53.9% seed set, while legitimate pollinations 

produced an average of 82.7% seed set (Ordnuff 1966). 

Anderson and Barrett (1986) found that both compatible and incompatible pollen 

grains germinated readily on stigmas in vivo, which suggested that incompatibility in 

pickerelweed was not sporophytic (i.e., due to strong stigmatic inhibition). Incompatible 

pollen tubes that reached the base of the style enlarged, curled or lost direction, but 

frequently were able to enter the ovary. Anderson and Barrett (1986) showed that 

compatible pollen grains grew more quickly and reached the base of the style more often 

than incompatible pollen grains; exceptions were noted in pollinations of S-morphs, 

where all grains successfully reached the ovary. Compatible pollination of all morphs 

resulted in pollen tubes that reached the base of the ovary within 120 min after 
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pollination, while incompatible pollinations took 240 min or longer to reach the base of 

the ovary. Pollinations of M-morphs and L-morphs with s-pollen rarely resulted in pollen 

tubes reaching the ovary and growth of the pollen tubes ceased after 480 min (Anderson 

and Barrett 1986). 

Anderson and Barrett (1986) hypothesized that a correlation existed between pollen 

grain diameter and in vivo pollen tube growth. Pollen tubes from s-pollen, m-pollen and 

l-pollen reached 4 to 7 mm, 7 to 9 mm and 14 mm in length, respectively. Richards and 

Barrett (1987) found that stigmatic heights of S-morphs, M-morphs and L-morphs 

measured 2.7 ± 0.1, 7.6 ± 0.3 and 12.6 ± 0.7 mm, respectively, with similar 

measurements recorded by Price and Barrett (1982). These results suggested that pollen 

storage reserves may have played a role in compatibility of some combinations; however, 

Anderson and Barrett (1986) also stated that reduced seed set after illegitimate 

pollinations in spite of ovule penetration suggested the presence of somatoplastic 

incompatibility or an ovarian inhibitory system that may have retarded seed production 

after self-pollination. 

The objectives of this experiment were twofold. The first objective was to assess 

the level of self-incompatibility among members of a greenhouse population of 

pickerelweed and to assign a designation of self-compatible or self-incompatible to each 

member of the population. The second objective was to develop methods to overcome or 

avoid self-incompatibility mechanisms and to improve seed set after self-pollination in 

members of the population classified as self-incompatible. 

Materials and Methods 

Plants used in this experiment were from experimental F1 greenhouse populations 

of pickerelweed created and maintained at the University of Florida in Gainesville. Plants 
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were grown in 1-L nursery containers filled with Metro-Mix® 5001, a commercially 

available growing substrate that contains 40 to 50% composted pine bark, 20 to 35% 

horticultural grade vermiculite and 12 to 22% Canadian sphagnum peat moss by volume 

with a nutrient charge and pH adjustment (Scotts-Sierra, Marysville OH). Nutrition was 

supplied by the incorporation of 10 g of Osmocote Plus 15-9-12 (Scotts-Sierra, 

Marysville OH) per container. Plants were sub-irrigated and kept in a pollinator-free 

glasshouse with air temperature maintained at 27°C (day) and 16°C (night). During 

earlier experiments, we observed that some genotypes were more floriferous when grown 

under long days; therefore, supplemental lighting was employed to artificially extend 

daylength to 16 h for the duration of this study. 

All plants were pollinated using self-produced pollen from anthers borne on 

filament lengths described by Ordnuff (1966) as being most productive (i.e., L-morphs 

were pollinated with m/L pollen, M-morphs with l/M pollen and S-morphs with 

m/S pollen). Anthers were removed from flowers with fine forceps and pollen transfer 

was accomplished by brushing the stigma with an anther (L- and M-morph flowers) or by 

depositing a whole anther deep in the throat of the flower (S-morph flowers). Magnifying 

headgear was worn during all pollinations to allow visual confirmation of successful 

transfer and adhesion of pollen grains to the stigma. Forceps were flame-sterilized 

between pollinations of different plants to prevent contamination with foreign pollen. 

Pollinations commenced with the opening of the first flowers of an inflorescence and 

continued until all flowers on the inflorescence had been pollinated (ca. 7 to 12 d). All 

                                                 
1 Mention of a trademark or a proprietary product does not constitute a guarantee or warranty of the product 
by the Florida Agricultural Experiment Station and does not imply its approval to the exclusion of other 
products that may be suitable. 
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pollinations were performed between 10 am and 2 pm daily and all flowers in each 

inflorescence were pollinated using the same method. Daily pollination data were 

recorded on jewelry tags placed on each inflorescence. Each completed inflorescence was 

enclosed in a small mesh bag and secured with a plastic-covered twist-tie until fruits were 

ripe. Fruits were considered ripe when the bearing infructescence shattered (usually 23 to 

30 d after completion of pollinations). 

Fruits were collected in their mesh bag and air-dried for ca. 7 d, then fruits were 

de-husked using a rubber-covered rub board. The use of the rub board allowed removal 

of the outer husk of the fruit without scarification of the enclosed seed. Percent seed set 

was calculated by dividing the total number of seeds by the total number of flowers 

pollinated on each inflorescence. Genotypes that produced less than 10% seed set using 

the methods described above were classified as self-incompatible and were subjected to 

one of two novel pollination techniques. 

L-morph genotypes deemed self-incompatible were treated with stylar surgery. A 

thumbnail was placed under the style of the flower; the style was then shortened with a 

surgical blade held between the thumb and forefinger of the other hand. The style was cut 

so that the tip of the style was at ca. the same level as the mid anthers, then m-pollen 

from the same flower was immediately transferred to the cut tip of the style (Figure 4.1). 

All flowers on each inflorescence were pollinated using stylar surgery and completed 

inflorescences were treated as described above. 

The floral envelope was completely removed from self-incompatible S-morph 

genotypes to increase access to the stigma. Removal of the floral envelope was 

accomplished by firmly grasping the center of the open flower with forceps and gently 
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pulling to remove the corolla. This protocol effectively exposed the stigma in most cases; 

however, some plants required further manipulation to remove tepal tissue obstructing 

access to the stigma. Removal of the floral envelope resulted in emasculation of the 

flower, so m-pollen was taken from the removed portion of the flower and transferred to 

the exposed stigma (Figure 4.2). All flowers on each inflorescence were pollinated in this 

manner and completed inflorescences were treated as described above. The seeds 

produced during the course of this experiment were used for inheritance studies 

(presented in later chapters of this dissertation). Multiple inflorescences were pollinated 

on most plants to ensure production of sufficient quantities of seeds. 

Most statistical tests require that the samples under investigation meet three basic 

conditions in order for the analyses to be valid. Data for each group to be studied must be 

drawn at random from a normally distributed population and sampled populations must 

have homogeneity of variances; in addition, any factor or treatment effect must be 

additive (or linear) in nature (Zar 1996). The use of percentage or proportion data such as 

those utilized in this experiment violates the requirement of population normality, as 

percentages form a binomial distribution; however, the deviation from normality 

presented by these data can be corrected by transformation of the percentage data 

(Snedecor 1946; Steel et al. 1997; Zar 1996). 

Several types of transformation may be employed; however, the most appropriate 

for percentage or proportion data is arcsine transformation (also referred to as angular or 

inverse sine transformation). Arcsine transformation is very useful for the modification of 

percentage data where all data points fall between 1.0 (100%) and 0.0 (0%), as the 

mathematical manipulation of the original binomially distributed dataset results in the 
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creation of a transformed dataset that is normally distributed. The equation for arcsine 

transformation is 

pp arcsin'=  

where p′ represents the transformed percentage and p symbolizes the original percentage 

data (Snedecor 1946; Steel et al. 1997; Zar 1996). While this equation is useful in most 

circumstances, it is less accurate when data fall at the extreme ends of the range (between 

0 to 30% and 70 to 100%). Zar (1996) suggested that more accurate results could be 

obtained if actual proportions were used in the modified equation 
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where x/n symbolizes the actual proportion data. Proportion data were recorded for this 

experiment, so statistical analyses were conducted on data transformed using the latter, 

more accurate equation. These transformed data were then subjected to standard analysis 

of variance procedures, with means of control and treatment pollinations separated using 

t-tests to detect least significant differences. 

Results and Discussion 

M-morph plants. A total of 14,425 flowers were self-pollinated on 53 M-morph 

plants. Seed set ranged from 37.3 to 98.8%, with 10,979 seeds produced. All M-morph 

genotypes studied in this experiment were classified as self-compatible, so further data 

regarding this group of plants will not be presented. This high level of seed production 

after self-pollination corresponded well with previous reports (i.e., Barrett and Anderson 

1985; Barrett and Glover 1985; Ordnuff 1966) that self-incompatibility was weakest in 

M-morph flowers of pickerelweed. 
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L-morph plants. There were 51 L-morph plants self-pollinated in this experiment; 

28 of these plants were classified as self-compatible. Self-pollination of 13,412 flowers in 

the self-compatible group produced a total of 4,429 seeds. Seed set ranged from 

15.3 to 66.3%. Stylar surgery was not performed on these self-compatible plants and 

further data regarding this group will not be presented. 

The 23 remaining L-morph plants were classified as self-incompatible. Control 

(normal) self-pollination of 9,237 flowers in this group resulted in the production of only 

262 seeds, with seed set ranging from 0 to 9.8%. Stylar surgery and subsequent 

self-pollination of 11,049 flowers in the self-incompatible group resulted in the 

production of 3,248 seeds, with seed set ranging from 14.7 to 61.6% (Table 4.1). 

Data from L-morph plants subjected to control and stylar surgery pollinations were 

transformed using the arcsine transformation procedure described above. Analysis of 

variance revealed that mean seed set in self-incompatible L-morph plants subjected to 

stylar surgery differed from mean seed set in the same plants after control pollinations 

(Table 4.2). Mean seed set of all self-incompatible L-morph plants after stylar surgery 

was 29.93% (arcsine transformed mean 33.17), while mean seed set of the same plants 

after control pollinations was 1.97% (arcsine transformed mean 8.06). T-tests showed 

that mean seed set in self-incompatible L-morph plants subjected to stylar surgery was 

significantly greater than mean seed set in the same plants after control pollinations (least 

significant difference between arcsine transformed means 3.57). These results suggested 

that stylar surgery effectively improved seed set in L-morph plants that had been 

classified as self-incompatible when pollinated using control techniques. 
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S-morph plants. There were 72 S-morph plants self-pollinated in this study. A 

total of 32 plants were pollinated using only one of the methods (i.e., either control or 

corolla removal). A group of 12 S-morph plants flowered early in the experiment and had 

already produced sufficient quantities of seeds before the corolla removal technique was 

fully developed; as a result, these plants received only the control treatment. A total of 

1,741 seeds were produced from control pollination of 5,730 flowers and seed set ranged 

from 22.6 to 41.2%. Corolla removal was a reasonably simple manipulation and early 

results showed that seed set was greatly increased following removal of the corolla; 

therefore, all S-morph plants pollinated during the last few months of this experiment 

were subjected to this protocol. A group of 20 plants were pollinated using only the 

corolla removal treatment. A total of 3,380 seeds were produced after corolla removal 

pollination of 7,627 flowers and seed set ranged from 13.6 to 78.1%. Since the plants 

described above were subjected to only one of the two pollination techniques, further data 

obtained from these groups will not be presented. 

The 40 remaining S-morph plants were pollinated using both control and corolla 

removal techniques. Control self-pollination of 11,144 flowers in this group resulted in 

the production of 2,199 seeds, with seed set ranging from 4.6 to 42.9%. Corolla removal 

and subsequent self-pollination of 11,644 flowers of the same plants produced 5,012 

seeds, with seed set ranging from 18.0 to 86.0% (Table 4.3). 

Data from S-morph plants subjected to control and corolla removal pollinations 

were transformed using the arcsine transformation procedure described above. Analysis 

of variance revealed that mean seed set in S-morph plants subjected to corolla removal 

differed from mean seed set in the same plants after control pollinations (Table 4.4). 
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Mean seed set of all S-morph plants after corolla removal was 45.53% (arcsine 

transformed mean 42.44), while mean seed set of the same plants after control 

pollinations was 19.76% (arcsine transformed mean 26.39). T-tests showed that mean 

seed set in S-morph plants subjected to corolla removal was significantly greater than 

mean seed set in the same plants after control pollinations (least significant difference 

between arcsine transformed means 3.90). These results suggested that corolla removal 

effectively improved seed set in S-morph plants when compared to seed set after control 

techniques. 

Conclusions 

Self-incompatibility and the resultant poor seed set of some floral morphs of 

pickerelweed may be overcome with the use of the novel pollination techniques 

developed, tested and described in this experiment. Some workers (e.g., Anderson and 

Barrett 1986) have stated that poor seed set after self-pollination may be due to the 

presence of somatoplastic incompatibility or an ovarian inhibitory system that retards 

seed production after self-pollination. This study suggested that physical constraints 

(e.g., style length in L-morphs and stigma access in S-morphs) played an important role 

in the prevention of self-pollination in pickerelweed and could be bypassed to effect 

adequate production of seeds after self-pollination. 

It is likely that the pollen tube growth limitations described by Anderson and 

Barrett (1986) are at least partly responsible for self-incompatibility and poor seed 

production after normal self-pollination of the L-morph of pickerelweed. The largest 

diameter pollen grain produced by the L-morph is m-pollen; Anderson and Barrett (1986) 

found that m-pollen formed a pollen tube that was 7 to 9 mm in length, but Price and 

Barrett (1982) and Richards and Barrett (1987) stated that styles of L-morphs measured 
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12.6 ± 0.7 mm in length. The stylar surgery technique employed in this experiment 

artificially shortened the style and lowered the pollen reception surface, which reduced 

the travel distance required for a pollen tube to reach the ovule and effect fertilization. 

Roggen and van Dijk (1972) used a steel brush to simultaneously mutilate and 

pollinate the stigma of Brassica oleracea L. in order to increase seed set, but this species 

is self-incompatible due to sporophytic factors (i.e., the stigma is the site of inhibition), so 

the goal of their experiment was to eliminate the stigmatic barriers responsible for 

incompatibility. Stylar surgery is more similar to the stump pollination technique 

employed by Davies (1957) to facilitate seed set in interspecific crosses between 

members of the genus Lathyrus. The two species investigated by Davies, L. odoratus and 

L. hirsutus, produced styles of different lengths; the length of the style of L. odoratus was 

10 mm, while the length of the style of L. hirsutus was 4 mm. The interspecific 

cross-pollination of L. hirsutus x L. odoratus resulted in fertilization, but the reciprocal 

event normally failed to produce seeds. Davies (1957) removed the stigma and part of the 

style of L. odoratus and applied pollen from L. hirsutus to the cut end of the style; this 

resulted in fertilization as the pollen had to travel a shorter distance to reach the ovary. 

It is likely that reduced access to the stigma is at least partly responsible for 

self-incompatibility and poor seed production after normal self-pollination of the 

S-morph of pickerelweed. Price and Barrett (1982) and Richards and Barrett (1987) 

stated that styles of S-morph flowers measured only 2.7 ± 0.1 mm in length; also, gross 

visual observation revealed that the reproductive structure was ensconced deep within the 

throat of the flower. Barrett and Anderson (1985) used forceps to split the floral perianth 

of S-morph flowers to increase access to the stigma, but stated that it was still difficult to 
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conduct pollinations using S-morph flowers as seed parents. We found that removal of 

the corolla to allow increased access to the stigma was a reasonably simple manipulation 

if done properly and the increased seed production resulting from utilization of the 

technique was well worth the small effort required. 

This information will be helpful for plant breeders and geneticists interested in 

studying this and other tristylous species. Genetic studies designed to investigate the 

inheritance and genetic control of a given trait often examine several generations of the 

organism of interest, including progeny derived from self-pollination; therefore, 

geneticists can use this information to improve seed set after self-pollination. Plant 

breeders may employ these techniques to develop inbred lines of tristylous species, 

barring the presence of severe inbreeding depression in the species of interest. 
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Table 4.1. Seed set after self-pollination of L-morph plants of pickerelweed subjected to 
control and stylar surgery pollination treatments. 

Plant† Control‡ CPCT§ Treatment¶ TPCT#  Diff††    
L1   0/150  0.00  146/482 30.29  30.29 
L2   1/272  0.37  117/479 24.43  24.06 
L3   3/280  1.07  111/604 18.38  17.31 
L4 32/522  6.13    85/369 23.04  16.91 
L5   6/500  1.20    98/457 21.44  20.24 
L6   1/313  0.32  124/565 21.95  21.63 
L7     0/47  0.00    76/518 14.67  14.67 
L8 19/437  4.35    69/364 18.96  14.61 
L9   3/476  0.63  354/875 40.46  39.83 
L10 26/372  6.99  156/412 37.86  30.87 
L11 30/958  3.13  176/527 33.40  30.27 
L12   0/385  0.00  137/512 26.76  26.76 
L13   0/501  0.00  189/713 26.51  26.51 
L14   8/408  1.96  129/488 26.43  24.47 
L15 17/230  7.39  149/242 61.57  54.18 
L16 22/421  5.23  148/446 33.18  27.95 
L17   2/238  0.84  131/409 32.03  31.19 
L18   2/489  0.41  101/452 22.35  21.94 
L19   1/537  0.19  119/465 25.59  25.40 
L20 50/512  9.77  201/471 42.68  32.91 
L21 19/319  5.96  111/226 49.12  43.16 
L22   1/360  0.28  148/439 33.71  33.43 
L23 19/510  3.73  173/534 32.40  28.67    
† Plant: Identification code of plant subjected to control and stylar surgery pollinations 
‡ Control: Number of seeds produced using control method / number of flowers 
pollinated 
§ CPCT: Percent seed set after control pollination 
¶ TS/P: Number of seeds produced using stylar surgery / number of flowers pollinated 
# TPCT: Percent seed set after stylar surgery 
†† Diff: Difference in percent seed set; TPCT – CPCT 
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Table 4.2. Analysis of variance of arcsine transformed percent seed set in control and 
stylar surgery pollinations of L-morph plants of pickerelweed. 

Source    DF†      MS‡  F-value  Pr > F    
Treatment§     1 7246.32   201.37 <.0001 
Error    44     35.99 
Total    45         
† DF: Degrees of freedom 
‡ MS: Mean square 
§ Treatment: Pollination type (control, stylar surgery) 
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Table 4.3. Seed set after self-pollination of S-morph plants of pickerelweed subjected to 
control and corolla removal pollination treatments. 

Plant† CS/P‡  CPCT§ TS/P¶  TPCT#  Diff††    
S1   24/111 21.62  110/325 33.85  12.23 
S2   40/264 15.15  252/485 51.96  36.81 
S3     10/53 18.87  161/444 36.26  17.39 
S4   18/138 13.04    81/451 17.96    4.92 
S5   36/220 16.36  113/467 24.20    7.84 
S6   75/428 17.52    61/230 26.52    9.00 
S7   59/384 15.36  116/250 46.40  31.04 
S8   35/130 26.92  148/262 56.49  29.57 
S9 106/286 37.06    54/118 45.76    8.70 
S10   77/315 24.44  102/147 69.39  44.95 
S11     19/96 19.79  117/332 35.24  15.45 
S12   70/186 37.63  161/228 70.61  32.98 
S13   67/185 36.22    47/100 47.00  10.78 
S14 157/366 42.90    99/160 61.88  18.98 
S15   61/418 14.59  131/353 37.11  22.52 
S16   30/333   9.01    92/192 47.92  38.91 
S17   78/374 20.86  173/270 64.07  43.21 
S18   19/183 10.38  197/426 46.24  35.86 
S19   71/558 12.72    86/188 45.74  33.02 
S20 100/572 17.48    65/224 29.02  11.54 
S21   66/169 39.05    56/109 51.38  12.33 
S22 117/625 18.72    64/211 30.33  11.61 
S23   48/189 25.40  334/473 70.61  45.21 
S24   36/372   9.68    92/512 18.97    9.29 
S25   63/329 19.15  127/272 46.69  27.54 
S26     11/99 11.11  134/247 54.25  43.14 
S27   35/325 10.77    65/287 22.65  11.88 
S28   13/124 10.48  160/326 49.08  38.60 
S29   43/308 13.96  114/396 28.79  14.83 
S30   34/168 20.24  173/417 41.49  21.25 
S31       5/85   5.88  143/417 34.29  28.41 
S32   19/149 12.75  243/551 44.10  31.35 
S33   83/408 20.34  117/263 44.49  24.15 
S34   17/371   4.58  131/451 29.05  24.47 
S35   84/385 21.82    92/155 59.35  37.53 
S36   74/412 17.96    66/133 49.62  31.66 
S37   96/322 29.81    87/149 58.39  28.58 
S38   80/356 22.47    96/200 48.00  25.53 
S39   42/117 35.90  260/316 82.28  46.38 
S40   81/201 40.30    92/107 85.98  45.68    
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Table 4.3. Continued 
 
† Plant: Identification code of plant subjected to control and corolla removal pollinations 
‡ Control: Number of seeds produced using control method / number of flowers 
pollinated 
§ CPCT: Percent seed set after control pollination 
¶ TS/P: Number of seeds produced using corolla removal / number of flowers pollinated 
# TPCT: Percent seed set after corolla removal 
†† Diff: Difference in percent seed set; TPCT – CPCT 
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Table 4.4. Analysis of variance of arcsine transformed percent seed set in control and 
corolla removal pollinations of S-morph plants of pickerelweed. 

Source    DF†       MS‡ F-value  Pr > F    
Treatment§     1 5149.33   67.06  <.0001 
Error    78     76.79 
Total    79         
† DF: Degrees of freedom 
‡ MS: Mean square 
§ Treatment: Pollination type (control, corolla removal) 
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Figure 4.1. Stylar surgery of an L-morph flower of pickerelweed. Note pollen on cut 
surface of surgically shortened style. 
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Figure 4.2. Pollination of an S-morph flower of pickerelweed after corolla removal. A) 
Exposed stigma. B) Pollen on the exposed stigma.  

B 

A 
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CHAPTER 5 
OPTIMUM SEED STORAGE AND GERMINATION CONDITIONS 

Introduction 

Pickerelweed (Pontederia cordata L.) is an attractive shoreline aquatic species that 

is frequently used in wetland mitigation and restoration and in ornamental aquascapes. 

Pickerelweed reproduces utilizing both sexual and vegetative strategies, but dispersion of 

the species is accomplished primarily through the production of copious amounts of 

single-seeded fruits. The fruit has been described as a nutlet (Richards and Barrett 1987) 

or utricle (Bailey 1949); the difference between the two classifications lies in the degree 

of attachment of the ovary wall to the seed. The wall of the fruit is formed from the floral 

tube and is ridged with a dentate crest. Fruits of pickerelweed are buoyant, surrounded by 

light aeriferous tissue and may float for up to 15 d (Barrett 1978; Schultz 1942). Garbisch 

and McIninch (1992) stated that 1 kg contained ca. 11,000 moist seeds; seeds were stored 

in water but all excess water was removed before weights were recorded. The seed 

contained within the fruit is filled with starchy endosperm and contains a linear embryo 

that traverses the entire length of the seed (Martin 1946). 

Several authors (Berjak et al. 1990; Leck 1996; Roberts and King 1980; Simpson 

1966) noted that seeds of aquatic species were recalcitrant (i.e., desiccation sensitive); in 

fact, as little as 2 wks of dry conditions negatively impacted germination in sensitive 

species (e.g., Zizania aquatica) (Simpson 1966). Muenscher (1936) found that 

germination occurred in only 8% of seeds of 40 aquatic species stored dried for 2 to 7 mo 

at 1 to 3°C and 13% of seeds of 45 species stored at room temperature, but Grime et al. 
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(1981) found that seeds from 37 of 45 wetland species were capable of germinating after 

being stored for 1 yr at 5°C. 

Whigham and Simpson (1982) stated that presence or absence of light did not 

affect germination of seeds of pickerelweed, but Salisbury (1970) and Grime et al. (1981) 

found that most mudflat and wetland species germinated better or faster in light than in 

dark. Galinato and van der Valk (1986) also noted better germination was realized in the 

presence of light than in dark, but further stated that dark germination was improved by 

stratification. 

Muenscher (1936), Speichert and Speichert (2001) and Whigham and Simpson 

(1982) stated that seeds of pickerelweed required a cold, moist period of stratification 

prior to germination. Whigham and Simpson (1982) showed that less than 5% of freshly 

collected unstratified seeds germinated 16 wks after being placed in Petri plates lined 

with moistened filter paper and that 8 wks of moist stratification at 4ºC was adequate to 

initiate germination; however, Leck (1996) stated that seeds would not germinate in Petri 

plates. Whigham and Simpson (1982) found that best germination of stratified seeds 

occurred when a minimum constant temperature of 20 to 30ºC was maintained or when a 

regime of alternating temperatures (>10ºC / >20ºC; 12 h thermoperiods) was utilized. 

Leck (1996) stated that freshly collected seeds from Delaware or New Jersey stored in 

jars of water at 5ºC for 7.5 mo germinated only when moved to an alternating 

temperature regime of 25ºC / 15ºC (12 h thermoperiods). 

Garbisch and McIninch (1992) found that seeds of pickerelweed collected in 

Maryland remained viable for more than 3 yrs and had no dormancy requirement; 

however, seeds were stored in water at 1.1ºC to 4.4ºC and should be considered stratified. 
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Whigham and Simpson (1982) suggested that seeds of pickerelweed lost viability within 

1 yr of being shed. Williges and Harris (1995) conducted greenhouse germination 

experiments and stated that germination of pickerelweed was significantly higher in 

inundated treatments than in non-flooded treatments. All material utilized by Williges 

and Harris (1995) was collected in the area around Lake Okeechobee as part of a 

seed-bank density sampling experiment and was refrigerated for an unspecified length of 

time before germination experiments commenced. Galinato and van der Valk (1986) 

found that seed burial reduced germination percentage. Barrett et al. (1983) found seeds 

germinated poorly in water at 30ºC to 40ºC; only 76 seedlings were produced from 

15 inflorescences, which theoretically could have produced up to 3,000 seeds. 

The fulfillment of conditions required for germination determines the success of 

long-distance dispersal of pickerelweed but also plays a critical role in inheritance 

experiments. Genetic studies require the evaluation of sexually derived progeny to 

determine the mode of transmission of the trait of interest from parents to offspring, so 

the ability to efficiently produce seed-borne progeny is of great importance. Several 

workers have studied storage and germination of seeds of pickerelweed; however, as 

shown above, the literature is conflicting and does not conclusively define optimum 

storage and germination conditions for the species. The objective of this experiment was 

to determine the storage and germination conditions that induced optimum germination in 

seeds of this population of pickerelweed. 

Materials and Methods 

Open-pollinated fruits were collected in December 2003 from a heterozygous and 

heterogenous population of plants being grown outdoors at the University of Florida Fort 

Lauderdale Research and Education Center and were air-dried for ca. 7 d. Dried fruits 
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were counted into lots of 100 fruits; each lot was placed in a small zip-lock bag and 

sealed. Some fruits were used immediately after the 7 d drying period to assess the effect 

of germination conditions in fresh fruits and seeds, while others were stored at either RT 

(room temperature – ca. 25˚C) or at 4˚C for 3 or 6 mo before being moved to a 

germination environment. 

Two pre-germination treatments were studied in this experiment. Before placement 

in a germination environment, some dried fruits were cleaned to remove the “husk” 

surrounding the seed; this was accomplished using a rubber-covered rub board. 

De-husked fruits were classified as seeds, while intact fruits were classified as fruits.  

Three germination environments were examined: under water, on the soil surface 

and 0.5 cm below the soil surface. Fruits and seeds to be germinated under water were 

placed in glass half-pint (250 mL) bottles and covered with ca. 5 cm of water 

(Figure 5.1); additional water was added as needed throughout the course of the 

experiment to maintain a constant depth. Fruits and seeds to be germinated on or below 

the soil surface were placed in propagation flats filled with Metro-Mix® 5001 

(Scotts-Sierra, Marysville, OH) and maintained under a mist irrigation system (duration 

5 sec, interval 10 min, 24 h / d) (Figure 5.2). 

This experiment studied three storage periods (fresh, 3 mo and 6 mo), two storage 

temperature regimes (RT and 4˚C), two pre-germination treatments (fruits and seeds) and 

three germination environments (under water, on the soil surface and 0.5 cm below the 

soil surface). Fresh fruits and seeds were planted immediately after the 7 d drying period; 

                                                 
1 Note: Mention of a trademark or a proprietary product does not constitute a guarantee or warranty of the 
product by the Florida Agricultural Experiment Station and does not imply its approval to the exclusion of 
other products that may be suitable. 
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therefore, no storage temperature regime was applied to fresh fruits and seeds. Each 

storage period/storage temperature regime/pre-germination treatment/germination 

environment combination was replicated four times, with 100 fruits or seeds per replicate. 

The first part of this experiment utilized fresh fruits and seeds and was started on 

12 January 2004; fruits being stored for 3 or 6 mo were moved to the appropriate storage 

temperature regime on this date as well. The second part of this experiment commenced 

on 14 April 2004 and utilized fruits and seeds that had been stored for 3 mo, while the 

final part of this experiment began on 12 July 2004 and used fruits and seeds that had 

been stored for 6 mo. All treatments were monitored on a weekly basis for 12 wks after 

being moved to the appropriate germination environments. Radicle emergence was 

considered evidence of germination and germinated fruits and seeds were removed from 

the experiment after data were recorded to eliminate redundant data collection. 

Most statistical tests require that the samples under investigation meet three basic 

conditions in order for the analyses to be valid. Data for each group to be studied must be 

drawn at random from a normally distributed population, and sampled populations must 

have homogeneity of variances. In addition, any factor or treatment effect must be 

additive (or linear) in nature (Zar 1996). The use of percentage or proportion data such as 

those utilized in this experiment violates the requirement of population normality, as 

percentages form a binomial distribution; however, the deviation from normality 

presented by these data can be corrected by transformation of the percentage data 

(Snedecor 1946; Steel et al. 1997; Zar 1996). While several types of transformation may 

be employed, the most appropriate for percentage or proportion data is arcsine 

transformation (also referred to as angular or inverse sine transformation). Arcsine 
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transformation is very useful for the modification of percentage data where all data points 

fall between 1.0 (100%) and 0.0 (0%), as the mathematical manipulation of the original 

binomially distributed dataset results in the creation of a transformed dataset that is 

normally distributed. The equation for arcsine transformation is 

pp arcsin'=  

where p′ represents the transformed percentage and p symbolizes the original percentage 

data (Snedecor 1946; Steel et al. 1997; Zar 1996). All data collected during the course of 

this experiment were transformed prior to statistical analysis. These transformed data 

were then subjected to standard analysis of variance procedures, with treatment means 

separated using t-tests to detect least significant differences. 

These data can be analyzed in several different ways. It is possible to consider 

storage period as a factor and to treat this study as one experiment with a 5 x 2 x 3 

factorial arrangement with five storage treatments (fresh, 3 mo at 4˚C or RT and 6 mo at 

4˚C or RT), two pre-germination treatments (fruits and seeds) and three germination 

environments (under water, on the soil surface and 0.5 cm below the soil surface). 

Another method would be to consider each storage period as a separate experiment (fresh 

fruits and seeds, fruits and seeds stored for 3 mo and fruits and seeds stored for 6 mo); 

this would result in three separate experiments. The first experiment would be limited to 

fresh fruits and seeds and would have a 2 x 3 factorial arrangement (fruits and seeds = 

two pre-germination treatments; under water, on the soil surface and 0.5 cm below the 

soil surface = three germination environments). The remaining two experiments – one 

using fruits and seeds stored for 3 mo and one using fruits and seeds stored for 6 mo – 

would each have a 2 x 2 x 3 factorial arrangement (fruits and seeds = two 
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pre-germination treatments; RT and 4°C = two storage temperature regimes; under water, 

on the soil surface and 0.5 cm below the soil surface = three germination environments). 

This latter method seems a more reasonable way to approach this study; as noted in this 

chapter’s introduction, many seeds of aquatic plants are recalcitrant and lose viability 

quickly when kept in dry conditions, so this analysis would test the effect of the 

germination condition factors on fruits and seeds of the same age. 

As related in the introduction of this chapter, the information regarding the effect of 

age on viability of seeds of pickerelweed is conflicting. A secondary analysis will be 

performed to determine the effect of seed age across storage periods. 

Results and Discussion 

Data for each storage time will be discussed separately. Germination of fresh fruits 

and seeds are presented in Experiment 1, while germination of fruits and seeds stored for 

3 and 6 mo will be presented in Experiments 2 and 3, respectively. As previously stated, 

data were collected weekly for twelve weeks after seeding; however, in the interest of 

brevity only data recorded during weeks 4, 8 and 12 will be discussed. 

Experiment 1 (fresh fruits and seeds). Pre-germination treatment (fruits or seeds) 

had a highly significant impact on germination (Table 5.1). The average number of seeds 

per replicate germinated 4 wks after seeding was 23.30, while average fruit germination 

during the same period was 3.44% (Figure 5.3). An average of 46.40 and 55.18 seeds per 

replicate had germinated 8 and 12 wks after seeding, respectively; during the same 

periods, average fruit germination was 23.38% and 42.92%. Germination of seeds was 

significantly greater than germination of fruits at 4, 8 and 12 wks after seeding. 
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Germination environment (under water, on the soil surface or 0.5 cm below the soil 

surface) also had a highly significant impact on germination (Table 5.1). The average 

number of fruits or seeds per replicate that had germinated 4 wks after seeding under 

water was 49.84, while average germination on the soil surface and below the soil during 

the same period was 2.34% and 0.96%, respectively (Figure 5.3). Germination under 

water 8 wks after seeding averaged 87.70%; during the same period, an average of 15.83 

and 6.58 fruits or seeds per replicate germinated on the soil surface and under the soil, 

respectively. An average of 89.96 fruits or seeds per replicate had germinated under 

water 12 wks after seeding, while average germination on the soil surface and below the 

soil during the same period was 27.09% and 25.70%, respectively. Germination of fruits 

or seeds under water was significantly greater than germination on the soil surface or 

below the soil 4, 8 and 12 wks after seeding. Germination on the soil surface was greater 

than germination below the soil 4 and 8 wks after seeding, but this difference was no 

longer evident 12 wks after seeding. 

A significant interaction between pre-germination treatment and germination 

environment was evident in fresh fruits and seeds of pickerelweed 4 wks after 

germination (Table 5.1). Seeds under water germinated at a significantly higher rate than 

any other pre-germination treatment/germination environment combination during this 

time period; however, the interaction between pre-germination treatment and germination 

environment was no longer evident 8 and 12 wks after seeding. 

Experiment 2 (fruits and seeds stored for 3 mo). Storage temperature regime did 

not have a significant impact on germination of fruits and seeds stored for 3 mo 

(Table 5.2). 
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Pre-germination treatment (fruits or seeds) had a highly significant impact on 

germination of fruits or seeds stored for 3 mo (Table 5.2). The average number of seeds 

per replicate germinated 4 wks after seeding was 34.94, while average fruit germination 

during the same period was 19.43% (Figure 5.4). An average of 46.64 and 51.99 seeds 

per replicate had germinated 8 and 12 wks after seeding, respectively; during the same 

periods, average fruit germination was 35.39% and 38.95%, respectively. Germination of 

seeds was significantly greater than germination of fruits at 4, 8 and 12 wks after seeding. 

Germination environment (under water, on the soil surface or 0.5 cm below the soil 

surface) also had a highly significant impact on germination of fruits or seeds stored for 

3 mo (Table 5.2). The average number of fruits or seeds per replicate that had germinated 

4 wks after seeding under water was 78.85, while average fruit or seed germination on 

the soil surface and below the soil during the same period was 20.67% and 0.46%, 

respectively (Figure 5.4). Germination of fruits or seeds under water 8 wks after seeding 

averaged 84.55%; during the same period, an average of 36.66 and 6.91 fruits or seeds 

per replicate germinated on the soil surface and under the soil, respectively. An average 

of 85.00 fruits or seeds per replicate had germinated under water 12 wks after seeding, 

while average fruit or seed germination on the soil surface and below the soil during the 

same period was 43.05% and 10.51%, respectively. Germination of fruits or seeds under 

water was significantly greater than germination of fruits or seeds on the soil surface or 

below the soil at 4, 8 and 12 wks after seeding. In addition, germination of fruits or seeds 

on the soil surface was greater than germination of fruits or seeds below the soil 4, 8 and 

12 wks after seeding. 
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A significant interaction between pre-germination treatment and germination 

environment was evident in fruits and seeds of pickerelweed stored for 3 mo (Table 5.2). 

Seeds under water germinated at a significantly higher rate than any other 

pre-germination treatment/germination environment combination. A significant 

interaction among all three factors in this experiment was also noted at 4, 8 and 12 wks 

after seeding. Highest germination percentages occurred in seeds stored at RT and 

germinated under water. No other significant interactions were detected. 

Experiment 3 (fruits and seeds stored for 6 mo). Storage temperature regime 

(RT or 4˚C) had a highly significant impact on the germination of fruits or seeds of 

pickerelweed stored for 6 mo (Table 5.3). Average germination of fruits or seeds stored at 

RT was 31.37% 4 wks after seeding, while average germination of fruits or seeds stored 

at 4˚C during the same period was 19.70% (Figure 5.5). An average of 35.91 and 37.10 

fruits or seeds stored at RT per replicate had germinated 8 and 12 wks after seeding, 

respectively; during the same periods, average germination of fruits or seeds stored at 4˚C 

was 24.68% and 25.32%. Germination of fruits or seeds stored at RT was significantly 

greater than germination of fruits or seeds stored at 4˚C at 4, 8 and 12 wks after seeding. 

Pre-germination treatment (fruits or seeds) also had a highly significant impact on 

germination of fruits or seeds stored for 6 mo (Table 5.3). The average number of seeds 

per replicate germinated 4 wks after seeding was 28.79, while average fruit germination 

during the same period was 21.98% (Figure 5.5). An average of 33.13 and 34.25 seeds 

per replicate had germinated 8 and 12 wks after seeding, respectively; during the same 

periods, average fruit germination was 27.25% and 27.94%. Germination of seeds was 

significantly greater than germination of fruits at 4, 8 and 12 wks after seeding. 
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Germination environment (under water, on the soil surface or 0.5 cm below the soil 

surface) had a highly significant impact on germination of fruits or seeds of pickerelweed 

stored for 6 mo (Table 5.3). The average number of fruits or seeds per replicate that had 

germinated 4 wks after seeding under water was 52.15, while average fruit or seed 

germination on the soil surface and below the soil during the same period was 38.87% 

and 1.03%, respectively (Figure 5.5). Germination of fruits or seeds under water 8 wks 

after seeding averaged 52.46%; during the same period, an average of 45.56 and 3.67 

fruits or seeds per replicate germinated on the soil surface and under the soil, 

respectively. An average of 52.46 fruits or seeds per replicate had germinated under 

water 12 wks after seeding, while average fruit or seed germination on the soil surface 

and below the soil during the same period was 47.40% and 4.10%, respectively. 

Germination of fruits or seeds under water was significantly greater than germination on 

the soil surface 4 and 8 wks after seeding and germination below the soil at 4, 8 and 

12 wks after seeding. In addition, germination on the soil surface was greater than 

germination below the soil 4, 8 and 12 wks after seeding. There was no difference in 

germination of fruits or seeds under water and on the soil surface 12 wks after seeding. 

All interactions in this experiment were significant (Table 5.3). A significant 

interaction between storage temperature regime and pre-germination treatment was 

revealed when seeds stored at RT germinated at a significantly higher rate than any other 

storage temperature regime/pre-germination treatment combination. A significant 

interaction between storage temperature regime and germination environment was also 

evident, as fruits or seeds stored at RT and germinated under water germinated at a 

significantly higher rate than any other storage temperature regime/germination 
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environment combination. A significant interaction between pre-germination treatment 

and germination environment resulted in higher germination percentage in seeds under 

water than in any other pre-germination treatment/germination environment combination. 

Lastly, an interaction among all three factors was evident; seeds stored at RT and 

germinated under water achieved the highest germination percentage of any storage 

temperature regime/pre-germination treatment/germination environment combination. 

Effect of seed age on viability. Seeds germinated under water resulted in the 

highest percent germination in all three storage periods tested; therefore, this secondary 

analysis will be limited to examine the effect of storage period or seed age on viability of 

seeds germinated under water. Germination rate of seeds under water was influenced by 

seed age (fresh, stored for 3 mo or stored for 6 mo) (Table 5.4). Seed age did not have a 

significant effect on viability 4 wks after seeding, but had a significant impact on 

viability 8 and 12 wks after seeding. The average number of fresh seeds per replicate that 

had germinated 8 wks after seeding was 93.81 and no additional germination occurred by 

week 12 (Figure 5.6). Average germination of seeds stored for 3 mo was 87.66% after 

8 wks and 88.03% after 12 wks. Average germination of seeds stored for 6 mo was 

65.15% after 8 wks and no additional germination occurred by week 12. There was no 

difference between fresh seeds and seeds stored for 3 mo at either 8 or 12 wks after 

seeding, but both of these classes produced significantly higher germination than seeds 

stored for 6 mo. 

Conclusions 

This study showed that best germination occurred when seeds were germinated 

under water. These results supported the work of Williges and Harris (1995), who stated 

that germination of pickerelweed was significantly higher in inundated treatments than in 
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non-flooded treatments, and the work of Galinato and van der Valk (1986), who found 

that seed burial reduced germination percentage. 

Germination percentage decreased with seed age, but deleterious effects were not 

detected in seeds stored for 3 mo. This supported the work of Whigham and Simpson 

(1982), who suggested that seeds of pickerelweed lost viability within 1 yr of being shed. 

These data contradicted the findings of Garbisch and McIninch (1992), who stated that 

seeds of pickerelweed collected in Maryland remained viable for more than 3 yrs; 

however, seeds used in their study were stored in water at 1.1ºC to 4.4ºC, while seeds in 

this experiment were stored in a dried condition. 

The effects of stratification were not examined in this experiment; however, the 

reasonably high germination rates achieved in this study without stratification suggested 

that stratification was not necessary to induce germination of seeds of pickerelweed. 

Seeds of pickerelweed experienced reduced viability when stored for more than 

3 mo; therefore, fresh seeds should be produced for breeding and genetic studies and for 

seed propagation of the species. Seeds should also be germinated under water, as this 

environment resulted in higher germination rates than seeds germinated on or below the 

soil surface. The information reported in this study can be useful to plant breeders and 

seed producers to efficiently and effectively store and germinate seeds of pickerelweed. 
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Table 5.1. Analysis of variance of arcsine-transformed data for germination of fresh fruits 
and seeds of pickerelweed. Separate analyses were performed for data 
collected 4, 8 and 12 wks after germination. 

4 wks Source    DF†      MS‡ F-value Pr > F    
PT§     1 1981.38 276.88  <.0001 
GE¶     2 3809.49 532.35  <.0001 
PT*GE#    2   203.21   28.40  <.0001 
Error   18       7.16 

 Total   23         
 
8 wks Source   DF        MS F-value Pr > F    

PT     1 1179.68   42.01  <.0001 
GE     2 6898.22 245.63  <.0001 
PT*GE    2       4.74     0.17  0.8459 
Error   18     28.08 

 Total   23         
 
12 wks Source   DF        MS F-value Pr > F    

PT     1   297.36   15.59  0.0009 
GE     2 4400.71 230.68  <.0001 
PT*GE    2     62.81     3.29  0.0605 
Error   18     19.08 

 Total   23         
† DF: Degrees of freedom 
‡ MS: Mean square 
§ PT: Pre-germination treatment (fruits, seeds) 
¶ GE: Germination environment (under water, on the soil surface, below the soil) 
# PT*GE: Interaction between pre-germination treatment and germination environment 
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Table 5.2. Analysis of variance of arcsine-transformed data for germination of fruits and 
seeds of pickerelweed stored for 3 mo. Separate analyses were performed for 
data collected 4, 8 and 12 wks after germination. 

4 wks Source   DF†        MS‡ F-value Pr > F    
SR§     1       11.28     0.28  0.6008 
PT¶     1   1219.49   30.12  <.0001 
GE#     2 13993.20 345.64  <.0001 
SR*PT††    1       61.38     1.52  0.2262 
SR*GE‡‡    2       63.40     1.57  0.2228 
PT*GE§§    2     402.30     9.94  0.0004 
SR*PT*GE¶¶    2     169.87     4.20  0.0230 
Error   36       40.48 

 Total   47         
 
8 wks Source   DF          MS F-value Pr > F    

SR     1         0.14     0.00  0.9615 
PT     1     517.90     8.76  0.0054 
GE     2 10732.36 181.43  <.0001 
SR*PT     1       50.49     0.85  0.3617 
SR*GE    2       58.24     0.98  0.3835 
PT*GE    2     355.59     6.01  0.0056 
SR*PT*GE    2     281.49     4.76  0.0147 
Error   36       59.15 

 Total   47         
 
12 wks Source   DF         MS F-value Pr > F    

SR     1        0.13     0.00  0.9612 
PT     1   678.66   12.81  0.0010 
GE     2 9352.98 176.58  <.0001 
SR*PT     1     84.05     1.59  0.2159 
SR*GE    2     47.31     0.89  0.4182 
PT*GE    2   434.89     8.21  0.0012 
SR*PT*GE    2   236.45     4.46  0.0185 
Error   36     52.97 

 Total   47         
† DF: Degrees of freedom 
‡ MS: Mean square 
§ SR: Storage temperature regime (room temperature, 4°C) 
¶ PT: Pre-germination treatment (fruits, seeds) 
# GE: Germination environment (under water, on the soil surface, below the soil) 
†† SR*PT: Interaction between storage temperature regime and pre-germination 
treatment  
‡‡ SR*GE: Interaction between storage temperature regime and germination 
environment 
§§ PT*GE: Interaction between pre-germination treatment and germination environment 
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Table 5.2. Continued 
 
¶¶ SR*PT*GE: Interaction among storage temperature regime, pre-germination treatment 
and germination environment 
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Table 5.3. Analysis of variance of arcsine-transformed data for germination of fruits and 
seeds of pickerelweed stored for 6 mo. Separate analyses were performed for 
data collected 4, 8 and 12 wks after germination. 

4 wks Source   DF†       MS‡ F-value Pr > F    
SR§     1   713.25   30.04  <.0001 
PT¶     1   242.70   10.22  0.0029 
GE#     2 7374.25 310.56  <.0001 
SR*PT††    1   278.96   11.75  0.0015 
SR*GE‡‡    2   192.32     8.10  0.0012 
PT*GE§§    2   319.57   13.46  <.0001 
SR*PT*GE¶¶    2   269.89   11.37  0.0001 
Error   36     23.74 

 Total   47         
 
8 wks Source   DF        MS F-value Pr > F    

SR     1   592.32   25.36  <.0001 
PT     1   161.66     6.92  0.0125 
GE     2 6006.78 257.17  <.0001 
SR*PT     1   306.02   13.10  0.0009 
SR*GE    2   221.96     9.50  0.0005 
PT*GE    2   373.73   16.00  <.0001 
SR*PT*GE    2   433.06   18.54  <.0001 
Error   36     23.36 

 Total   47         
 
12 wks Source   DF        MS F-value Pr > F    

SR     1   641.50   24.48  <.0001 
PT     1   183.43     7.00  0.0120 
GE     2 5941.51 226.69  <.0001 
SR*PT     1   377.33   14.40  0.0005 
SR*GE    2   201.90     7.70  0.0016 
PT*GE    2   358.76   13.69  <.0001 
SR*PT*GE    2   406.22   15.50  <.0001 
Error   36     26.21 

 Total   47         
† DF: Degrees of freedom 
‡ MS: Mean square 
§ SR: Storage temperature regime (room temperature, 4°C) 
¶ PT: Pre-germination treatment (fruits, seeds) 
# GE: Germination environment (under water, on the soil surface, below the soil) 
†† SR*PT: Interaction between storage temperature regime and pre-germination 
treatment  
‡‡ SR*GE: Interaction between storage temperature regime and germination 
environment 
§§ PT*GE: Interaction between pre-germination treatment and germination environment 
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Table 5.3. Continued 
 
¶¶ SR*PT*GE: Interaction among storage temperature regime, pre-germination treatment 
and germination environment 
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Table 5.4. Analysis of variance of arcsine-transformed data for germination of seeds of 
pickerelweed germinated under water. Seeds were fresh, stored for 3 mo or 
stored for 6 mo. Separate analyses were performed for data collected 4, 8 and 
12 wks after germination. 

4 wks Source   DF†     MS‡  F-value Pr > F    
SA§     2 344.96      3.35  0.0594 
Error   17 103.04 

 Total   19         
 
8 wks Source   DF      MS  F-value Pr > F    

SA     2 800.25      6.83  0.0066 
Error   17 117.15 

 Total   19         
 
12 wks Source   DF      MS  F-value Pr > F    

SA    2 813.57      6.95  0.0062 
Error   17 117.05 
Total   19         

† DF: Degrees of freedom 
‡ MS: Mean square 
§ SA: Seed age (fresh, stored for 3 mo, stored for 6 mo) 
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Figure 5.1. Fruits and seeds of pickerelweed germinated under water in half-pint (250 
mL) bottles. 
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Figure 5.2. Fruits and seeds of pickerelweed germinated on or 0.5 cm below the soil 
surface under mist irrigation. 
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Figure 5.3. Percent germination of fresh fruits and seeds of pickerelweed. Bars represent 
the mean of 4 replicates (100 fruits or seeds per replicate) for each treatment. 
Means were separated using a t-test to detect least significant differences. 
Treatments coded with the same letter are not significantly different at p=0.05 
from other treatments evaluated at the same time (i.e., separate analyses were 
performed for data recorded 4, 8 and 12 wks after seeding). a. 4 weeks. b. 8 
weeks. c. 12 weeks. 
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Figure 5.4. Percent germination of fruits and seeds of pickerelweed stored for 3 months. 
Bars represent the mean of 4 replicates (100 fruits or seeds per replicate) for 
each treatment. Means were separated using a t-test to detect least significant 
differences. Treatments coded with the same letter are not significantly 
different at p=0.05 from other treatments evaluated at the same time (i.e., 
separate analyses were performed for data recorded 4, 8 and 12 wks after 
seeding). a. 4 weeks. b. 8 weeks. c. 12 weeks. 



102 

 

P
er

ce
nt

 g
er

m
in

at
io

n

0

20

40

60

80

100

a

bc
bcd

bc

d

bb

cd

ee e e

cdcd

fg

cd

e

f

de

bc

f

a

b

g

cde
cd

fg

cde

e

fg

de

bc

f

a

b

g

a. 4 weeks

Stored at 4C Stored at RT

b. 8 weeks

Stored at 4C Stored at RT

c. 12 weeks

Stored at 4C Stored at RT

Fruits germinated under water
Fruits germinated on soil surface
Fruits germinated below soil
Seeds germinated under water
Seeds germinated on soil surface
Seeds germinated below soil

 

Figure 5.5. Percent germination of fruits and seeds of pickerelweed stored for 6 months. 
Bars represent the mean of 4 replicates (100 fruits or seeds per replicate) for 
each treatment. Means were separated using a t-test to detect least significant 
differences. Treatments coded with the same letter are not significantly 
different at p=0.05 from other treatments evaluated at the same time (i.e., 
separate analyses were performed for data recorded 4, 8 and 12 wks after 
seeding). a. 4 weeks. b. 8 weeks. c. 12 weeks. 
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Figure 5.6. Percent germination of seeds of pickerelweed germinated under water. Bars 
represent the mean of 4 replicates (100 seeds per replicate) for each treatment. 
Means were separated using a t-test to detect least significant differences. 
Treatments coded with the same letter are not significantly different at p=0.05 
from other treatments evaluated at the same time (i.e., separate analyses were 
performed for data recorded 4, 8 and 12 wks after seeding). a. 4 weeks. b. 8 
weeks. c. 12 weeks. 

 



104 

CHAPTER 6 
INHERITANCE AND GENETIC CONTROL OF ALBINISM 

Introduction 

Photosynthesis occurs in green plants when chlorophyll-bearing chloroplasts 

capture light energy by fixing and converting atmospheric carbon dioxide into 

carbohydrates (Hopkins 1995). Plants that lack chlorophyll are described as being 

non-photosynthetic or albino and are unable to generate the energy required to sustain 

life; as a result, albinism is a lethal trait in non-parasitic plant species. Albinism is 

uncommon but the genetic control of the trait has been described in a handful of species. 

Shull (1915) described two types of albinism in maize – one producing pure white 

seedlings and the other resulting in yellowish-white (“chlorina”) seedlings. Both types of 

albinism were recessive, simply inherited and controlled by a single diallelic locus. Ortiz 

and Vuylsteke (1994) studied albinism in plantain-banana hybrids and found that 

albinism in Musa spp. was controlled by at least two independent recessive loci with 

complementary gene action. Coffelt and Hammons (1971, 1973) reported that albinism in 

peanut was conditioned by three diallelic loci whose expression was influenced by 

epistasis. 

Preliminary studies of pickerelweed (Pontederia cordata L.) revealed that albino 

seedlings were regularly produced by a group of plants maintained for breeding and 

inheritance studies. The objective of this experiment was to determine the type of gene 

action and number of loci controlling albinism in this population of pickerelweed. 
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Materials and Methods 

The population utilized in this experiment was developed using the strategy 

described in Appendix A of this dissertation, with seeds germinated under ca. 5 cm of 

water in glass half-pint (250 mL) bottles. Data were recorded several times each week 

and germination conditions were maintained for a minimum of 8 wks. Identification of 

seedlings expressing albinism was possible 2 or 3 d after radicle emergence, as albino 

seedlings were pure white with no traces of green (Figure 6.1); affected seedlings were 

monitored for an additional 7 to 10 d after germination to ensure that the classification of 

albinism was accurate. Data from F1 and S1 populations were used to develop a working 

model to explain the type of gene action and number of loci controlling albinism in this 

population of pickerelweed. Development of this model allowed the assignment of 

genotypes to parents; the model was then verified by analyses of F2 populations. All data 

were analyzed using goodness-of-fit (chi-square or χ2) tests with Yates’ correction for 

continuity. 

Results and Discussion 

Eight F1 families and five S1 families were examined in this experiment. No 

maternal effects were noted; therefore, data presented for each F1 family are pooled 

within each cross/reciprocal set. Three F1 families and three S1 families segregated for 

albinism, while five F1 families and two S1 families produced only green progeny 

(Table 6.1). Three of the five parents used in population development (WS, WM and BL) 

played a role in the creation of the segregating F1 and S1 families. Numerous models were 

developed and tested in an effort to identify a system that explained the progeny ratios in 

the segregating and non-segregating F1 and S1 families. The simplest model that yielded 

the progeny types produced in all F1 and S1 families was one with three diallelic loci 
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(P, A and B) that interact in an epistatic manner. Two alleles (P1 and P2) were identified 

for the epistatic locus P. Gene action at the two hypostatic loci (A and B) is dominant; in 

addition, the hypostatic loci function as duplicate factors. Production of a green 

(non-albino) seedling requires either two P1 alleles at the epistatic locus or one P1 allele 

at the epistatic locus and at least one dominant allele at either hypostatic locus. Parents 

that participated in the creation of segregating F1 and S1 families were assigned 

genotypes based on the model and on segregation of progeny. The parent WS was 

assigned the genotype P1P2aaBb, while the parents WM and BL were assigned the 

genotypes P1P2AaBb and P1P2AaBB, respectively. 

The genotypic identities of the two other parents (BS and BM) used in this 

experiment were unclear; however, these parents yielded no albino F1 or S1 progeny so it 

is likely that BS and BM are homozygous at all three loci (P1P1AABB, P1P1AAbb, 

P1P1aaBB or P1P1aabb). Punnett squares associated with the expected segregation ratios 

for F1, F2 and S1 families are shown in Figures 6.2 through 6.14. Goodness-of-fit values 

and their associated probabilities are presented in Tables 6.2 through 6.9 and indicated 

that the model provided a good fit to the data and supported the proposed genotype 

assignments. 

Seven of the eight F1 families under investigation were advanced to the 

F2 generation for further study. Analysis of these populations was less straightforward; as 

seen in Figures 6.2 through 6.9, most F1 populations were heterozygous and 

heterogeneous, so segregation ratios of F2 progeny differed among members of the same 

family. The Punnett squares in Figures 6.2 through 6.9 depict the frequency of each 

F1 genotype and the expected segregation ratio of F2 progeny created from 
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self-pollination of each F1 genotype. Goodness-of-fit tests were utilized to assess 

segregation ratios for each F2 family; these data are presented in Tables 6.3 through 6.9 

and are sorted by family. Summaries of the analyses for each family are presented below. 

WMWS and WSWM. This F1 family was created by cross- and reciprocal 

pollinations between the parents WM and WS; each F2 family was developed through 

self-pollination of an individual F1 plant. The Punnett square in Figure 6.2 provides a 

depiction of the expected segregation ratios of F1 and F2 progeny in this cross/reciprocal 

set. Parents WM and WS were assigned the genotypes P1P2AaBb and P1P2aaBb, 

respectively. The observed F1 progeny segregated in a manner that was not different from 

the expected 22:10 (green:albino) ratio. It was not possible to evaluate the segregation of 

F2 progeny in this cross/reciprocal set, as all F2 seeds from this family were contaminated 

with fungi and failed to germinate. The F1 data from this cross/reciprocal set provided 

evidence that supported the proposed model and genotypic assignments. 

WMBL and BLWM. This F1 family was created by cross- and reciprocal 

pollinations between the parents WM and BL; each F2 family was developed through 

self-pollination of an individual F1 plant. The Punnett square in Figure 6.3 provides a 

depiction of the expected segregation ratios of F1 and F2 progeny in this cross/reciprocal 

set. Parents WM and BL were assigned the genotypes P1P2AaBb and P1P2AaBB, 

respectively. The observed F1 progeny segregated in a manner that was not different from 

the expected 3:1 (green:albino) ratio. Four segregation ratios (46:18, 3:1, 10:6 and all 

green) were expected in the F2 generation. A total of 24 F2 families (derived from 

self-pollination of 24 F1 plants) were analyzed (Table 6.3). Seven F2 families did not 

segregate and only produced green seedlings. Seven families produced progeny that 
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segregated in ratios that were not different from 46:18 and 3:1, while ten families 

produced progeny that segregated in ratios that were not different from 10:6, 46:18 and 

3:1. These data provided evidence that supported the proposed model and genotypic 

assignments. 

WSBL and BLWS. This F1 family was created by cross- and reciprocal 

pollinations between the parents WS and BL; each F2 family was developed through 

self-pollination of an individual F1 plant. The Punnett square in Figure 6.4 provides a 

depiction of the expected segregation ratios of F1 and F2 progeny in this cross/reciprocal 

set. Parents WS and BL were assigned the genotypes P1P2aaBb and P1P2AaBB, 

respectively. The observed F1 progeny segregated in a manner that was not different from 

the expected 3:1 (green:albino) ratio. Four segregation ratios (10:6, 46:18, 3:1 and all 

green) were expected in the F2 generation. A total of 25 F2 families (derived from 

self-pollination of 25 F1 plants) were analyzed (Table 6.4). Three F2 families did not 

segregate and only produced green seedlings, while ten families produced progeny that 

segregated in ratios that were not different from 46:18 and 3:1. Eleven families produced 

progeny that segregated in ratios that were not different from 10:6, 46:18 and 3:1, while 

one family produced progeny that segregated in a ratio that was not different from 10:6 

and 46:18. More segregating families were produced than would be expected based on 

the proposed model and genotypic assignments; however, only 25 F2 families (from 

25 F1 plants) were examined in this experiment, so it is probable that sampling error was 

responsible for the production of more segregating families than expected. With the 

exception of this discrepancy, these data provided evidence that supported the proposed 

model and genotypic assignments. 
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WSBM and BMWS. This F1 family was created by cross- and reciprocal 

pollinations between the parents WS and BM; each F2 family was developed through 

self-pollination of an individual F1 plant. The Punnett square in Figure 6.5 provides a 

depiction of the expected segregation ratios of F1 and F2 progeny in this cross/reciprocal 

set. Parent WS was assigned the genotype P1P2aaBb. The genotype of BM is unclear but 

BM is most likely homozygous at all three loci, so all four possible homozygous 

genotypes (P1P1AABB, P1P1aaBB, P1P1AAbb and P1P1aabb) were tested in this 

experiment. All F1 progeny were green with no albino seedlings produced; based on these 

results, it is possible to eliminate P1P1aabb as a possible genotype for BM, as albino 

F1 progeny would have been produced had the genotype of BM been P1P1aabb. Different 

sets of segregation ratios were expected in the F2 generation based on the proposed 

genotype of BM. If the genotype of BM were P1P1AABB, then three segregation ratios 

(46:18, 3:1 and all green) would be expected in the F2 generation. If BM were assigned 

the genotype P1P1aaBB, three segregation ratios (10:6, 3:1 and all green) would be 

produced in the F2 generation, while if the genotype of BM were P1P1AAbb, then three 

different segregation ratios (10:6, 46:18 and all green) should be recovered in the 

F2 generation. A total of 23 F2 families (derived from self-pollination of 23 F1 plants) 

were analyzed (Table 6.5). Eleven F2 families did not segregate and only produced green 

seedlings, while two F2 families produced progeny that segregated in a 10:6 ratio. Two 

families produced progeny that segregated in ratios that were not different from 46:18 

and 3:1, while one family produced progeny that segregated in a ratio that was not 

different from 10:6 and 46:18 and seven families produced progeny that segregated in 

ratios that were not different from 10:6, 46:18 and 3:1. These data revealed that it was 
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possible to eliminate P1P1AABB as a potential genotype for BM, since no F2 families 

generated in this cross/reciprocal set would have been expected to produce progeny 

segregating in a 10:6 ratio if the genotype of BM were P1P1AABB. Based on these data, it 

is probable that the genotype of BM is P1P1AAbb or P1P1aaBB. The data from this 

cross/reciprocal set provided additional evidence in support of the proposed model and 

genotype assignments. 

WMBS and BSWM. This F1 family was created by cross- and reciprocal 

pollinations between the parents WM and BS; each F2 family was developed through 

self-pollination of an individual F1 plant. The Punnett square in Figure 6.6 provides a 

depiction of the expected segregation ratios of F1 and F2 progeny in this cross/reciprocal 

set. Parent WM was assigned the genotype P1P2AaBb. The genotype of BS is unclear but 

BS is most likely homozygous at all three loci, so all four possible homozygous 

genotypes (P1P1AABB, P1P1aaBB, P1P1AAbb and P1P1aabb) were tested in this 

experiment. All F1 progeny were green with no albino seedlings produced; based on these 

results, it was possible to eliminate P1P1aabb as a possible genotype for BS, as albino 

F1 progeny would have been produced had the genotype of BS been P1P1aabb. Different 

sets of segregation ratios were expected in the F2 generation based on the proposed 

genotype of BS. If the genotype of BS were P1P2AABB, then three segregation ratios 

(46:18, 3:1 and all green) would be expected in the F2 generation; however, if the 

genotype of BS was P1P1aaBB or P1P1AAbb, then four segregation ratios (10:6, 46:18, 

3:1 and all green) should be recovered in the F2 generation. A total of 15 F2 families 

(derived from self-pollination of 15 F1 plants) were analyzed (Table 6.6). Six F2 families 

did not segregate and only produced green seedlings, while one F2 family produced 
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progeny that segregated in a 3:1 ratio. Five families produced progeny that segregated in 

ratios that were not different from 46:18 and 3:1, while three families produced progeny 

that segregated in ratios that were not different from 10:6, 46:18 and 3:1. These data 

supported the proposed model and genotype assignment of WM, but did not provide any 

additional information regarding the assignment of a genotype to BS other than the 

elimination of P1P1aabb as a possible genotype. 

BSBM and BMBS. This F1 family was created by cross- and reciprocal 

pollinations between the parents BS and BM; each F2 family was developed through 

self-pollination of an individual F1 plant. The Punnett square in Figure 6.7 provides a 

depiction of the expected segregation ratios of F1 and F2 progeny in this cross/reciprocal 

set. The genotypes of both parents used to create this family are unknown but both lines 

are most likely homozygous at all three loci; therefore, all combinations of the four 

possible homozygous genotypes (P1P1AABB, P1P1aaBB, P1P1AAbb and P1P1aabb) were 

tested in this experiment. All F1 progeny were green with no albino seedlings produced; 

this was expected based on the proposed model. A total of 12 F2 families (derived from 

self-pollination of 12 F1 plants) were analyzed. None of the F2 families segregated for 

albinism and all families only produced green seedlings (data not shown). These data 

supported the proposed model but did not provide any additional information regarding 

the assignment of genotypes to BS and BM. 

BSBL and BLBS. This F1 family was created by cross- and reciprocal pollinations 

between the parents BS and BL; each F2 family was developed through self-pollination of 

an individual F1 plant. The Punnett square in Figure 6.8 provides a depiction of the 

expected segregation ratios of F1 and F2 progeny in this cross/reciprocal set. Parent BL 
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was assigned the genotype P1P2AaBB. The genotype of BS is unclear but BS is most 

likely homozygous at all three loci, so all four possible homozygous genotypes 

(P1P1aaBB, P1P1AAbb, P1P1AABB and P1P1aabb) were assessed in this experiment. All 

F1 progeny were green with no albino seedlings produced; this was expected based on the 

proposed model. Different sets of segregation ratios were expected in the F2 generation 

based on the proposed genotype of BS. If the genotype of BS were either P1P1AABB or 

P1P1aaBB, then two segregation ratios (3:1 and all green) would be expected in the 

F2 generation; however, if the genotype of BS was P1P1AAbb, then three segregation 

ratios (46:18, 3:1 and all green) should be recovered in the F2 generation. If the genotype 

of BS were P1P1aabb, then three segregation ratios (10:6, 46:18 and all green) would 

occur in the F2 generation. A total of 12 F2 families (derived from self-pollination of 

12 F1 plants) were analyzed (Table 6.7). Seven F2 families did not segregate and only 

produced green seedlings, while one F2 family produced progeny that segregated in a 

3:1 ratio and four families produced progeny that segregated in ratios that were not 

different from 46:18 and 3:1. These data revealed that it was possible to eliminate 

P1P1aabb as a potential genotype for BS, since no F2 families generated in this 

cross/reciprocal set produced progeny that segregated in a 10:6 ratio. Based on these data, 

it is probable that the genotype of BS is P1P1AAbb, P1P1aaBB or P1P1AABB. These data 

supported the proposed model, the genotypic assignment of BL and the elimination of 

P1P1aabb as a possible genotype for BS, but did not provide any additional information 

regarding the assignment of a genotype to BS. 

BMBL and BLBM. This F1 family was created by cross- and reciprocal 

pollinations between the parents BM and BL; each F2 family was developed through 
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self-pollination of an individual F1 plant. The Punnett square in Figure 6.9 provides a 

depiction of the expected segregation ratios of F1 and F2 progeny in this cross/reciprocal 

set. Parent BL was assigned the genotype P1P2AaBB. The genotype of BM is unclear but 

BM is most likely homozygous at all three loci, so all four possible homozygous 

genotypes (P1P1aaBB, P1P1AAbb, P1P1AABB and P1P1aabb) were assessed in this 

experiment. All F1 progeny were green with no albino seedlings produced; this was 

expected based on the proposed model. Different sets of segregation ratios were expected 

in the F2 generation based on the proposed genotype of BM. If the genotype of BM were 

either P1P1AABB or P1P1aaBB, then two segregation ratios (3:1 and all green) would be 

expected in the F2 generation; however, if the genotype of BM were P1P1AAbb, then 

three segregation ratios (46:18, 3:1 and all green) should be seen in the F2 generation. If 

the genotype of BM were P1P1aabb, then three different segregation ratios (10:6, 46:18 

and all green) would be recovered in the F2 generation. A total of 20 F2 families (derived 

from self-pollination of 20 F1 plants) were analyzed (Table 6.8). Nine F2 families did not 

segregate and only produced green seedlings, while one F2 family produced progeny that 

segregated in a 3:1 ratio and ten families produced progeny that segregated in ratios that 

were not different from 46:18 and 3:1. These data revealed that it was possible to 

eliminate P1P1aabb as a potential genotype for BM, since no F2 families generated in this 

cross/reciprocal set produced progeny that segregated in a 10:6 ratio. Based on these data, 

it is probable that the genotype of BM is P1P1AAbb, P1P1aaBB or P1P1AABB. These data 

supported the proposed model, the genotypic assignment of BL and the elimination of 

P1P1aabb as a possible genotype for BM, but did not provide any additional information 

regarding the assignment of a genotype to BM. 



114 

 

WS ⊗. This S1 family was created by self-pollination of the parent WS. The 

Punnett square in Figure 6.10 provides a depiction of the expected segregation ratio of 

S1 progeny derived from self-pollination of WS with the assigned genotype P1P2aaBb. 

The observed S1 progeny segregated in a manner that was not different from the expected 

10:6 (green:albino) ratio (Table 6.2). These data supported the proposed model and the 

assignment of the genotype P1P2aaBb to WS. 

WM ⊗. This S1 family was created by self-pollination of the parent WM. The 

Punnett square in Figure 6.11 provides a depiction of the expected segregation ratio of 

S1 progeny derived from self-pollination of WM with the assigned genotype P1P2AaBb. 

The observed S1 progeny segregated in a manner that was not different from the expected 

46:18 (green:albino) ratio (Table 6.2). These data supported the proposed model and the 

assignment of the genotype P1P2AaBb to WM. 

BS ⊗. This S1 family was created by self-pollination of the parent BS. The Punnett 

square in Figure 6.12 provides a depiction of the expected segregation ratio of S1 progeny 

derived from self-pollination of BS with the assigned genotype P1P1AABB, P1P1AAbb, 

P1P1aaBB or P1P1aabb. All observed S1 progeny were green and no albino S1 progeny 

were produced (Table 6.1). These data supported the proposed model but did not provide 

any additional information regarding the assignment of a genotype to BS. 

BM ⊗. This S1 family was created by self-pollination of the parent BM. The 

Punnett square in Fig. 6.13 provides a depiction of the expected segregation ratio of 

S1 progeny derived from self-pollination of BM with the assigned genotype P1P1AABB, 

P1P1AAbb, P1P1aaBB or P1P1aabb. All observed S1 progeny were green and no albino 
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S1 progeny were produced (Table 6.1). These data supported the proposed model but did 

not provide any additional information regarding the assignment of a genotype to BM. 

BL ⊗. This S1 family was created by self-pollination of the parents BL. The 

Punnett square in Figure 6.14 provides a depiction of the expected segregation ratio of 

S1 progeny derived from self-pollination of BL with the assigned genotype P1P2AaBB. 

The observed S1 progeny segregated in a manner that was not different from the expected 

3:1 (green:albino) ratio (Table 6.2). These data supported the proposed model and the 

assignment of the genotype P1P2AaBB to BL. 

Conclusions 

This experiment showed that albinism in this population of pickerelweed was 

controlled by three diallelic loci (P, A and B) that interacted in an epistatic manner. Two 

alleles (P1 and P2) were identified for the epistatic locus P. Gene action at the two 

hypostatic loci (A and B) was dominant; in addition, the hypostatic loci functioned as 

duplicate factors. Production of a green (non-albino) seedling required either two 

P1 alleles at the epistatic locus, or one P1 allele at the epistatic locus and at least one 

dominant allele at either hypostatic locus. Based on these data, it was possible to assign 

genotypes to three of the five individuals used as parental lines in this study. The 

genotypic identities of the other two parents were unclear; however, these parents yielded 

no albino progeny when used in cross-pollinations so it is likely that both were 

homozygous at all three loci, with two P1 alleles at the epistatic locus and two dominant 

alleles at one or both of the hypostatic loci (P1P1AABB, P1P1AAbb or P1P1aaBB). 

This model requires the presence of at least one P1 allele at the epistatic P locus in 

order for chlorophyll production to occur. It is unusual to encounter a single locus that 
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controls a trait as devastating as albinism, which is lethal in this and other photosynthetic 

plant species. Fitness is reduced by 25% in individuals heterozygous at this epistatic 

locus, as they will produce a large number of albino progeny when self-pollinated or 

when mated with other individuals heterozygous at the same locus. 

This model employs two hypostatic diallelic loci that act as duplicate factors. The 

genetic control of albinism in peanut also had two hypostatic diallelic loci (Coffelt and 

Hammons 1971, 1973); gene action at the epistatic locus in peanut differs from the gene 

action of the epistatic locus controlling albinism in this population of pickerelweed, but 

the mechanism allowing the hypostatic loci to act as duplicate factors was similar in both 

systems. The presence of duplicate factors in these and other systems is not an 

unexpected occurrence, as biologically critical functions such as chlorophyll production 

typically have several loci that may play the same role in creating an end product. This 

duplication allows a reasonable expectation that a single mutation will not result in a 

lethal condition. 
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Table 6.1. Number of green and albino seedlings from F1 and S1 families of 
pickerelweed. 

Family†       Generation‡ Seeds§  Green¶  Albino#  
WSWM and WMWS  F1  156  106  50  
WMBL and BLWM  F1    93    65  28  
WSBL and BLWS  F1    92    70  22  
WSBM and BMWS  F1  149  149    0  
WMBS and BSWM  F1  125  125    0  
BSBM and BMBS  F1  141  141    0  
BSBL and BLBS  F1    84    84    0  
BMBL and BLBM  F1  109  109    0  
WS ⊗    S1    66    44  22  
WM ⊗    S1    71    50  21  
BS ⊗    S1    10    10    0  
BM ⊗    S1    14    14    0  
BL ⊗    S1  104    77  27   
† Family: F1 or S1 family under investigation; F1 families were created through cross- and 
reciprocal pollinations between two parents and F1 codes identify the parents (e.g., the 
F1 family WSWM was derived from cross-pollination between the parents WS and WM) 
‡ Generation: Generation of the family under investigation 
§ Seeds: Number of germinated seeds examined 
¶ Green: Number of green seedlings 
# Albino: Number of albino seedlings 
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Table 6.2. Goodness-of-fit tests for F1 and S1 families of pickerelweed segregating for 
albinism. Progeny were tested against a model with three diallelic loci 
(epistatic locus P with alleles P1 and P2, hypostatic duplicate loci A and B 
with dominant gene action). Green seedlings have the genotype P1P1_ _ _ _, 
P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result in albinism. 

Family† Expected1‡ Expected2§  Observed¶ χ2#  P††  
WMWS       22:10 107.25:48.75  106:50  0.0168  0.8968  
WMBL 24:8 (3:1)   69.75:23.25    65:28  1.0358  0.3088  
WSBL  12:4 (3:1)   69.00:23.00    70:22  0.0145  0.9041  
WS ⊗          10:6   41.25:24.75    44:22  0.3273  0.5672  
WM ⊗        46:18   51.03:19.97    50:21  0.0197  0.8883  
BL ⊗            3:1   78.00:26.00    77:27  0.0128  0.9098  
† Family: F1 or S1 family under investigation; F1 families were created through cross- and 
reciprocal pollinations between two parents and F1 codes identify the parents (e.g., the 
F1 family WSWM was derived from cross-pollination between the parents WS and WM); 
not shown: non-segregating families WSBM, WMBS, BSBM, BSBL, BMBL, BS ⊗ and 
BM ⊗ 
‡ Expected1: Expected ratio of green progeny to albino progeny 
§ Expected2: Expected number of green progeny and albino progeny 
¶ Observed: Number of green progeny and albino progeny observed 
# χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
†† P: Probability associated with calculated χ 2 value 
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Table 6.3. Goodness-of-fit tests for F2 families of pickerelweed segregating for albinism 
and derived from the initial cross/reciprocal set WMBL (genotypes P1P2AaBb 
x P1P2AaBB). Progeny were tested against a model with three diallelic loci 
(epistatic locus P with alleles P1 and P2, hypostatic duplicate loci A and B 
with dominant gene action). Green seedlings have the genotype P1P1_ _ _ _, 
P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result in albinism. 

F2†  F1 Parent‡ Exp1§  Exp2¶   Obs#  χ 2††  P‡‡  
F2 families WMBL     2:1               16:8    17:7  0.0001  0.9920 
WM1  WMBL3   10:6           105:63 122:46  6.9143  0.0085 

46:18 120.75:47.25 122:46  0.0166  0.8974 
        3:1           126:42 122:46  0.3889  0.5328 
WM3  WMBL31   10:6   54.38:32.63   70:17  11.219  0.0008 
    46:18   62.53:24.47   70:17  2.9221  0.0873 
        3:1   65.25:21.75   70:17  1.1073  0.2926 
WM4  WMBL48   10:6   39.38:23.63   46:17  2.5407  0.1109 
    46:18   45.28:17.72   46:17  0.0038  0.9508 
        3:1   47.25:15.75   46:17  0.0476  0.8272 
WM6  BLWM8   10:6   70.63:42.38   89:24  12.064  0.0005 
    46:18   81.22:31.78   89:24  2.3209  0.1276 
        3:1   84.75:28.25   89:24  0.6637  0.4152 
WL2  WMBL28   10:6     10.63:6.38     10:7  0.0042  0.9483 
    46:18     12.22:4.78     10:7  0.8596  0.3538 
        3:1     12.75:4.25     10:7  1.5882  0.2075 
WL3  WMBL35   10:6   51.88:31.13   56:27  0.6755  0.4111 
    46:18   59.66:23.34   56:27  0.5937  0.4409 
        3:1   62.25:21.75   56:27  2.1245  0.1449 
WL5  WMBL45   10:6     10.63:6.38     13:4  0.8824  0.3475 
    46:18     12.22:4.78     13:4  0.0230  0.8794 
        3:1     12.75:4.25     13:4  0.0000  0.9999 
BM1  WMBL4   10:6   76.25:45.75   92:30  8.1333  0.0043 
    46:18   87.69:34.31   92:30  0.5894  0.4426 
        3:1       91.5:30.5   92:30  0.0000  0.9999 
BM3  WMBL22   10:6   86.25:51.75   99:39  4.6396  0.0312 
    46:18   99.19:38.81   99:39  0.0000  0.9999 
        3:1     103.5:34.5   99:39  0.6184  0.4316 
BM4  BLWM3   10:6 118.75:71.25 148:42  18.561  0.0000 
    46:18 136.56:53.44 148:42  3.1147  0.0775 
        3:1     142.5:47.5 148:42  0.7018  0.4021 
BM5  BLWM6   10:6   53.13:31.88   57:28  0.5718  0.4495 
    46:18   61.09:23.91   57:28  0.7516  0.3859 
        3:1   63.75:21.25   57:28  2.4510  0.1174 
BM6  BLWM9   10:6   36.88:22.13   46:13  5.3797  0.0203 
    46:18   42.41:16.59   46:13  0.8025  0.3703 
        3:1   44.25:14.75   46:13  0.1412  0.7070 
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Table 6.3. Continued 
 
F2  F1 Parent Exp1  Exp2 Obs  χ 2  P  
BL1  WMBL5   10:6 37.50:22.50 40:20  0.2844  0.5938 
    46:18 43.13:16.88 40:20  0.5681  0.4510 
        3:1           45:15 40:20  1.8000  0.1797 
BL2  WMBL6   10:6 42.50:25.50 50:18  3.0745  0.0795 
    46:18 48.88:19.13 50:18  0.0284  0.8661 
        3:1           51:17 50:18  0.0196  0.8886 
BL3  WMBL7   10:6 21.25:12.75   27:7  3.4588  0.0629 
    46:18   24.44:9.56   27:7  0.6189  0.4314 
        3:1       25.5:8.5   27:7  0.1569  0.6920 
BL4  WMBL8   10:6 34.38:20.63 40:15  2.0376  0.1534 
    46:18 39.53:15.47 40:15  0.0000  0.9999 
        3:1 41.25:13.75 40:15  0.0546  0.8153 
BL5  BLWM1   10:6 32.50:19.50 38:14  2.0513  0.1520 
    46:18 37.38:10.51 38:14  0.0015  0.9691 
        3:1           39:13 38:14  0.0256  0.8727 
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WM2, WM5, 
WL1, WL4, WL6, BM2 and BL6 
‡ F1 Parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WM and BL 
§ Exp1: Expected ratio of green:albino seedlings; bold type indicates that the data are not 
significantly different from the ratio (p > 0.05) 
¶ Exp2: Expected number of green:albino seedlings 
# Obs: Observed number of green:albino seedlings 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 6.4. Goodness-of-fit tests for F2 families of pickerelweed segregating for albinism 
and derived from the initial cross/reciprocal set WSBL (genotypes P1P2aaBb 
x P1P2AaBB). Progeny were tested against a model with three diallelic loci 
(epistatic locus P with alleles P1 and P2, hypostatic duplicate loci A and B 
with dominant gene action). Green seedlings have the genotype P1P1_ _ _ _, 
P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result in albinism. 

F2†  F1 Parent‡ Exp1§         Exp2¶ Obs#  χ 2††  P‡‡  
F2 families WSBL      2:1   16.67:8.33   22:3  4.2036  0.0403 
WS1  WSBL1   10:6 42.50:25.50 54:14  7.5922  0.0058 
    46:18 48.88:19.13 54:14  1.5561  0.2122 
        3:1           51:17 54:14  0.4902  0.4838 
WS2  WSBL3   10:6 54.38:32.63 63:24  3.2375  0.0719 
    46:18 62.53:24.47 63:24  0.0000  0.9999 
        3:1 65.25:21.75 63:24  0.1877  0.6648 
WS3  WSBL5   10:6 34.38:20.63 40:15  2.0376  0.1534 
    46:18 39.53:15.47 40:15  0.0000  0.9999 
        3:1 41.25:13.75 40:15  0.0546  0.8153 
WS4  BLWS34   10:6 26.88:16.13 30:13  0.6837  0.4083 
    46:18 30.91:12.09 30:13  0.0190  0.8903 
        3:1 32.25:10.75 30:13  0.3798  0.5376 
WS6  BLWS54   10:6 17.50:10.50   19:9  0.1524  0.6962 
    46:18   20.13:7.88   19:9  0.0690  0.7927 
        3:1             21:7   19:9  0.4286  0.5126 
WL1  WSBL4   10:6 43.13:25.88 51:18  3.3633  0.0666 
    46:18 49.59:19.41 51:18  0.0589  0.8082 
        3:1 51.75:17.25 51:18  0.0048  0.9445 
WL2  WSBL7   10:6 23.75:14.25 27:11  0.8491  0.3568 
    46:18 27.31:10.69 27:11  0.0000  0.9999 
        3:1       28.5:9.5 27:11  0.1404  0.7079 
WL4  BLWS24   10:6 53.75:32.25 60:26  1.6403  0.2002 
    46:18 61.81:24.19 60:26  0.0991  0.7529 
        3:1     64.5:21.5 60:26  0.9923  0.3191 
WL5  BLWS57   10:6 45.00:27.00 57:15  7.8370  0.0051 
    46:18 51.75:20.25 57:15  1.5502  0.2131 
        3:1           54:18 57:15  0.4630  0.4962 
WL6  BLWS59   10:6 43.13:25.88 52:17  4.3372  0.0372 
    46:18 49.59:19.41 52:17  0.2605  0.6097 
        3:1 51.75:17.25 52:17  0.0000  0.9999 
BS1  WSBL6   10:6 65.63:39.38 76:29  3.9625  0.0465 
    46:18 75.47:29.53 76:29  0.0001  0.9920 
        3:1 78.75:26.25 76:29  0.2571  0.6120 
BS2  WSBL3   10:6 48.75:29.25 63:15  10.342  0.0013 
    46:18 56.06:21.94 63:15  2.6283  0.1049 
        3:1     58.5:19.5 63:15  1.0940  0.2955 
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Table 6.4. Continued 
 
F2  F1 Parent Exp1  Exp2 Obs  χ 2  P  
BS3  BLWS12   10:6 64.38:38.63 72:31  2.1029  0.1470 
    46:18 74.03:28.97 72:31  0.1126  0.7372 
        3:1 77.25:25.75 72:31  1.1683  0.2797 
BS4  WSBL5   10:6     6.88:4.13     8:3  0.1515  0.6971 
    46:18     7.91:3.09     8:3  0.0000  0.9999 
        3:1     8.25:2.75     8:3  0.0000  0.9999 
BS5  BLWS34   10:6 31.88:19.13 39:12  3.6719  0.0553 
    46:18 36.66:14.34 39:12  0.3297  0.5658 
        3:1 38.25:12.75 39:12  0.0065  0.9355 
BS6  BLWS54   10:6 35.63:21.38 47:10  8.8526  0.0029 
    46:18 40.97:16.03 47:10  2.6552  0.1032 
        3:1 42.75:14.25 47:10  1.3158  0.2513 
BS7  BLWS55   10:6 39.38:23.63 52:11  9.9566  0.0016 
    46:18 45.28:17.72 52:11  3.0367  0.0814 
        3:1 47.25:15.75 52:11  1.5291  0.2162 
BL1  BLWS22   10:6 57.50:34.50 67:25  3.7565  0.0526 
    46:18 66.13:25.88 67:25  0.0076  0.9305 
        3:1 69.00:23.00 67:25  0.1304  0.7179 
BL2  BLWS37   10:6 56.88:34.13 74:17  12.959  0.0003 
    46:18 65.41:25.59 74:17  3.5611  0.0591 
        3:1 68.25:22.75 74:17  1.6154  0.2037 
BL3  BLWS39   10:6 63.75:38.25 80:22  10.377  0.0012 
    46:18 73.31:28.69 80:22  1.8568  0.1729 
        3:1     76.5:25.5 80:22  0.4706  0.4927 
BL4  BLWS43   10:6 70.63:42.38 72:41  0.0289  0.8650 
    46:18 81.22:31.78 72:41  2.3919  0.1219 
        3:1 84.75:28.25 72:41  7.0826  0.0077 
BL5  BLWS49   10:6 51.88:31.13 62:21  4.7622  0.0290 
    46:18 59.66:23.34 62:21  0.2026  0.6526 
        3:1 62.25:20.75 62:21  0.0000  0.9999 
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WS5, WL3, 
BL6 
‡ F1 Parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WS and BL  
§ Exp1: Expected ratio of green:albino seedlings; bold type indicates that the data are not 
significantly different from the ratio (p > 0.05) 
¶ Exp2: Expected number of green:albino seedlings 
# Obs: Observed number of green:albino seedlings 
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Table 6.4. Continued 
 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 6.5. Goodness-of-fit tests for F2 families of pickerelweed segregating for albinism 
and derived from the initial cross/reciprocal set WSBM (genotypes P1P2aaBb 
x P1P1aaBB or P1P1AAbb or P1P1AABB). Progeny were tested against a model 
with three diallelic loci (epistatic locus P with alleles P1 and P2, hypostatic 
duplicate loci A and B with dominant gene action). Green seedlings have the 
genotype P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result in 
albinism. 

F2†  F1 Parent‡ Exp1§           Exp2¶ Obs#  χ 2††  P‡‡  
F2 families WSBM     1:1       11.5:11.5 12:11  0.0000  0.9999 
WS3  BMWS37   10:6       35.0:21.0 38:18  0.4762  0.4901 
    46:18   40.25:15.75 38:18  0.2705  0.6029 
        3:1             42:14 38:18  1.1667  0.2800 
WS5  WSBM44   10:6   48.13:28.88 45:32  0.3818  0.5366 
    46:18   55.34:21.66 45:32  6.2253  0.0125 
        3:1   57.75:19.25 45:32  10.394  0.0012 
WS6  WSBM51   10:6   56.25:33.75 65:25  3.2267  0.0724 
    46:18   64.69:25.31 65:25  0.0000  0.9999 
        3:1       67.5:22.5 65:25  0.2370  0.6263 
WM1  WSBM13   10:6       6.25:3.75     6:4  0.0000  0.9999 
    46:18       7.19:2.81     6:4  0.2338  0.6287 
        3:1           7.5:2.5     6:4  0.5333  0.4652 
WM2  WSBM26   10:6   37.50:22.50 41:19  0.6400  0.4237 
    46:18   43.13:16.88 41:19  0.2177  0.6407 
        3:1             45:15 41:19  1.0889  0.2967 
WM3  BMWS85   10:6   21.25:12.75 22:12  0.0078  0.9296 
    46:18     24.44:9.56 22:12  0.5462  0.4598 
        3:1         25.5:8.5 22:12  1.4118  0.2347 
WL2  BMWS41   10:6       9.38:5.63   11:4  0.3600  0.5485 
    46:18     10.78:4.22   11:4  0.0000  0.9999 
        3:1     11.25:3.75   11:4  0.0000  0.9999 
BS5  WSBM21   10:6     13.13:7.88 10:11  1.4000  0.2367 
    46:18     15.09:5.91 10:11  4.9710  0.0257 
        3:1     15.75:5.25 10:11  7.0000  0.0081 
BS6  WSBM41   10:6   63.75:38.25 75:27  4.8340  0.0279 

   46:18   73.31:28.69 75:27  0.0684  0.7936 
        3:1       76.5:25.5 75:27  0.0523  0.8191 
BM2  WSBM45   10:6   90.63:54.38 96:49  0.6993  0.4030 
    46:18   27.31:10.69 96:49  2.0326  0.1539 
        3:1 108.75:36.25 96:49  5.5195  0.0188 
BL1  BMWS33   10:6   23.75:14.25 26:12  0.3439  0.5575 
    46:18   27.31:10.69 26:12  0.0859  0.7694 
        3:1         28.5:9.5 26:12  0.5614  0.4536 
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Table 6.5. Continued 
 
F2  F1 Parent Exp1  Exp2 Obs  χ 2  P  
BL2  WSBM32   10:6           25:15 33:7  6.0000  0.0143 
    46:18 28.75:11.25 33:7  1.7391  0.1872 
      3:1           30:10 33:7  0.8333  0.3613 
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WS1, WS2, 
WS4, WS7, WL1, WL3, BS1, BS2, BS3, BS4, BM1 
‡ F1 Parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WS and BM  
§ Exp1: Expected ratio of green:albino seedlings; bold type indicates that the data are not 
significantly different from the ratio (p > 0.05) 
¶ Exp2: Expected number of green:albino seedlings 
# Obs: Observed number of green:albino seedlings 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 6.6. Goodness-of-fit tests for F2 families of pickerelweed segregating for albinism 
and derived from the initial cross/reciprocal set WMBS (genotypes P1P2AaBb 
x P1P1aaBB or P1P1AAbb or P1P1AABB). Progeny were tested against a model 
with three diallelic loci (epistatic locus P with alleles P1 and P2, hypostatic 
duplicate loci A and B with dominant gene action). Green seedlings have the 
genotype P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result in 
albinism. 

F2†  F1 Parent‡ Exp1§            Exp2¶   Obs#  χ 2††  P‡‡  
F2 families WMBS     1:1           7.5:7.5       9:6  0.2667  0.6055 
BS1  WMBS13   10:6   83.13:49.88 101:32  9.6847  0.0018 
    46:18   95.59:37.41 101:32  0.8953  0.3440 
        3:1   99.75:33.25 101:32  0.0226  0.8806 
BS3  BSWM3   10:6   23.13:13.88     31:6  6.2721  0.0122 
    46:18   26.59:10.41     31:6  2.0401  0.1531 
        3:1     27.75:9.25     31:6  1.0901  0.2964 
BS6  WMBS47   10:6     13.13:7.88     18:3  3.8889  0.0486 
    46:18     15.09:5.91     18:3  1.3639  0.2428 
        3:1     15.75:5.25     18:3  0.7778  0.3778 
BS7  BSWM23   10:6   48.13:28.88   57:20  3.8866  0.0486 
    46:18   55.34:21.66   57:20  0.0859  0.7694 
        3:1   57.75:19.25   57:20  0.0043  0.9475 
BM1  WMBS28   10:6   88.13:52.88 115:26  21.050  0.0000 
    46:18 101.34:39.66 115:26  6.0726  0.0137 
        3:1 105.75:35.25 115:26  2.8960  0.0888 
BM3  BSWM16   10:6   31.88:19.13   38:13  2.6471  0.1037 
    46:18   36.66:14.34   38:13  0.0691  0.7926 
        3:1   38.25:12.75   38:13  0.0000  0.9999 
BM4  BSWM19   10:6   88.75:53.25 107:35  9.4667  0.0020 
    46:18 102.06:39.94 107:35  0.6860  0.4075 
        3:1     106.5:35.5 107:35  0.0000  0.9999 
BM6  WMBS24   10:6   27.50:16.50   32:12  1.5515  0.2129 
    46:18   31.63:12.38   32:12  0.0000  0.9999 
        3:1  33:11   32:12  0.0303  0.8618 
BM8  WMBS82   10:6   28.75:17.25   34:12  2.0928  0.1479 
    46:18   33.06:12.94   34:12  0.0206  0.8858 
        3:1       34.5:11.5   34:12  0.0000  0.9999 
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families BS2, BS4, 
BS5, BM2, BM5, BM7 
‡ F1 Parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WM and BS 
§ Exp1: Expected ratio of green:albino seedlings; bold type indicates that the data are not 
significantly different from the ratio (p > 0.05) 
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Table 6.6. Continued 
 
# Obs: Observed number of green:albino seedlings 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 6.7. Goodness-of-fit tests for F2 families of pickerelweed segregating for albinism 
and derived from the initial cross/reciprocal set BSBL (genotypes P1P1aaBB 
or P1P1AAbb or P1P1AABB x P1P2AaBB). Progeny were tested against a 
model with three diallelic loci (epistatic locus P with alleles P1 and P2, 
hypostatic duplicate loci A and B with dominant gene action). Green seedlings 
have the genotype P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes 
result in albinism. 

F2†  F1 Parent‡ Exp1§   Exp2¶       Obs# χ 2††  P‡‡  
F2 families BSBL      1:1        6:6           5:7 0.0833  0.7728 
UVS2  BLBS33 46:18   107.81:42.19     103:47 0.6133  0.4335 
        3:1       112.5:37.5     103:47 2.8800  0.0896 
BS1  BLBS15 46:18    92:36     100:28 2.1739  0.1403 
        3:1    96:32     100:28 0.5104  0.4749 
BS2  BLBS32 46:18     95.59:37.41     103:30 1.7740  0.1828 
        3:1     99.75:33.25     103:30 0.3033  0.5818 
UVM2  BLBS19 46:18   110.69:43.31     121:33 3.0929  0.0786 
        3:1       115.5:38.5     121:33 0.8658  0.3521 
BM2  BLBS11 46:18       103.5:40.5     115:29 4.1567  0.0414 
        3:1  108:36     115:29 1.5648  0.2109 
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families VarBS, 
UVS3, BS3, UVM1, UVM3, BM1, BM3 
‡ F1 Parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents BS and BL 
§ Exp1: Expected ratio of green:albino seedlings; bold type indicates that the data are not 
significantly different from the ratio (p > 0.05) 
¶ Exp2: Expected number of green:albino seedlings 
# Obs: Observed number of green:albino seedlings 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 6.8. Goodness-of-fit tests for F2 families of pickerelweed segregating for albinism 
and derived from the initial cross/reciprocal set BMBL (genotypes P1P1aaBB 
or P1P1AAbb or P1P1AABB x P1P2AaBB). Progeny were tested against a 
model with three diallelic loci (epistatic locus P with alleles P1 and P2, 
hypostatic duplicate loci A and B with dominant gene action). Green seedlings 
have the genotype P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes 
result in albinism. 

F2†  F1 Parent‡ Exp1§  Exp2¶   Obs#  χ 2††  P‡‡  
F2 families BMBL      1:1  10:10     11:9  0.0500  0.8230 
WL1  BMBL34 46:18   29.47:11.53   26:15  1.0634  0.3024 
        3:1   30.75:10.25   26:15  2.3496  0.1253 
WL4  BLBM13 46:18   38.81:15.19   37:17  0.1578  0.6911 
        3:1   40.50:13.50   37:17  0.8889  0.3457 
BM1  BMBL43 46:18 122.91:48.09 117:54  0.8455  0.3578 
        3:1 128.25:42.75 117:54  3.6043  0.0576 
BM2  BMBL56 46:18   56.78:22.22   58:21  0.0323  0.8573 
        3:1   59.25:19.75   58:21  0.0380  0.8455 
BM5  BLBM4 46:18   82.66:32.34   87:28  0.6355  0.4253 
        3:1   86.25:28.75   87:28  0.0029  0.9570 
BM6  BLBM18 46:18   63.97:25.03   75:14  6.1645  0.0130 
        3:1   66.75:22.25   75:14  3.5993  0.0578 
BL2  BMBL49 46:18   64.69:25.31   64:26  0.0019  0.9652 
        3:1       67.5:22.5   64:26  0.5333  0.4652 
BL4  BLBM1 46:18 37.338:14.63   39:13  0.1204  0.7286 
        3:1  39:13   39:13  0.0000  0.9999 
BL5  BLBM5 46:18     22.28:8.72     24:7  0.2370  0.6263 
        3:1     23.25:7.75     24:7  0.0108  0.9174 
BL6  BLBM7 46:18     22.28:8.72     22:9  0.0000  0.9999 
        3:1     23.25:7.75     22:9  0.0968  0.7557 
BL8  BLBM11 46:18   44.56:17.44   49:13  1.2370  0.2660 
        3:1       46.5:15.5   49:13  0.3441  0.5574 
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WM1, WL2, 
WL3, BM3, BM4, BL1, BL3, BL7, BL9 
‡ F1 Parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents BM and BL 
§ Exp1: Expected ratio of green:albino seedlings; bold type indicates that the data are not 
significantly different from the ratio (p > 0.05) 
¶ Exp2: Expected number of green:albino seedlings 
# Obs: Observed number of green:albino seedlings 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Figure 6.1. Albino seedling of pickerelweed. 
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WM x WS P1aB P1ab P2aB P2ab 

P1AB P1P1AaBB 
(F2 = NS) 

P1P1AaBb 
(F2 = NS) 

P1P2AaBB 
(F2 = 3:1) 

P1P2AaBb 
(F2 = 46:18) 

P1Ab P1P1AaBb 
(F2 = NS) 

P1P1Aabb 
(F2 = NS) 

P1P2AaBb 
(F2 = 46:18) 

P1P2Aabb 
(F2 = 10:6) 

P1aB P1P1aaBB 
(F2 = NS) 

P1P1aaBb 
(F2 = NS) 

P1P2aaBB 
(F2 = 3:1) 

P1P2aaBb 
(F2 = 10:6) 

P1ab P1P1aaBb 
(F2 = NS) 

P1P1aabb 
(F2 = NS) 

P1P2aaBb 
(F2 = 10:6) 

P1P2aabb 

P2AB P1P2AaBB 
(F2 = 3:1) 

P1P2AaBb 
(F2 = 46:18) 

P2P2AaBB P2P2AaBb 

P2Ab P1P2AaBb 
(F2 = 46:18) 

P1P2Aabb 
(F2 = 10:6) 

P2P2AaBb P2P2Aabb 

P2aB P1P2aaBB 
(F2 = 3:1) 

P1P2aaBb 
(F2 = 10:6) 

P2P2aaBB P2P2aaBb 

P2ab P1P2aaBb 
(F2 = 10:6) 

P1P2aabb P2P2aaBb P2P2aabb 

 

Figure 6.2. Punnett square of expected albinism genotypes of F1 populations of 
pickerelweed derived from the initial cross/reciprocal set WMWS (genotypes 
P1P2AaBb and P1P2aaBb) and expected segregation of F2 progeny for 
albinism. No maternal effects were evident; therefore, only the Punnett square 
for the cross is shown. Expected segregation ratios based a model with three 
diallelic loci (epistatic locus P with alleles P1 and P2, hypostatic duplicate loci 
A and B with dominant gene action). Green seedlings have the genotype 
P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result in albinism. 
Expected segregation ratio of F1 progeny is 22:10. Parental gametes are 
represented in the extreme upper and left cells, while genotypes of F1 progeny 
comprise the body of the Punnett square. Expected segregation ratios for 
F2 generations derived from F1 progeny are given under the genotype of the 
F1 individual producing the F2 generation. Shaded cells within the Punnett 
square identify albino F1 progeny. NS = no segregation (all green). 
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WM x BL P1AB P1aB P2AB P2aB 

P1AB P1P1AABB 
(F2 = NS) 

P1P1AaBB 
(F2 = NS) 

P1P2AABB 
(F2 = 3:1) 

P1P2AaBB 
(F2 = 3:1) 

P1Ab P1P1AABb 
(F2 = NS) 

P1P1AaBb 
(F2 = NS) 

P1P2AABb 
(F2 = 3:1) 

P1P2AaBb 
(F2 = 46:18) 

P1aB P1P1AaBB 
(F2 = NS) 

P1P1aaBB 
(F2 = NS) 

P1P2AaBB 
(F2 = 3:1) 

P1P2aaBB 
(F2 = 3:1) 

P1ab P1P1AaBb 
(F2 = NS) 

P1P1aaBb 
(F2 = NS) 

P1P2AaBb 
(F2 = 46:18) 

P1P2aaBb 
(F2 = 10:6) 

P2AB P1P2AABB 
(F2 = 3:1) 

P1P2AaBB 
(F2 = 3:1) 

P2P2AABB P2P2AaBB 

P2Ab P1P2AABb 
(F2 = 3:1) 

P1P2AaBb 
(F2 = 46:18) 

P2P2AABb P2P2AaBb 

P2aB P1P2AaBB 
(F2 = 3:1) 

P1P2aaBB 
(F2 = 3:1) 

P2P2AaBB P2P2aaBB 

P2ab P1P2AaBb 
(F2 = 46:18) 

P1P2aaBb 
(F2 = 10:6) 

P2P2AaBb P2P2aaBb 

 

Figure 6.3. Punnett square of expected albinism genotypes of F1 populations of 
pickerelweed derived from the initial cross/reciprocal set WMBL (genotypes 
P1P2AaBb and P1P2AaBB) and expected segregation of F2 progeny for 
albinism. No maternal effects were evident; therefore, only the Punnett square 
for the cross is shown. Expected segregation ratios based a model with three 
diallelic loci (epistatic locus P with alleles P1 and P2, hypostatic duplicate loci 
A and B with dominant gene action). Green seedlings have the genotype 
P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result in albinism. 
Expected segregation ratio of F1 progeny is 24:8 (3:1). Parental gametes are 
represented in the extreme upper and left cells, while genotypes of F1 progeny 
comprise the body of the Punnett square. Expected segregation ratios for 
F2 generations derived from F1 progeny are given under the genotype of the 
F1 individual producing the F2 generation. Shaded cells within the Punnett 
square identify albino F1 progeny. NS = no segregation (all green). 
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WS x BL P1AB P1aB P2AB P2aB 

P1aB P1P1AaBB 
(F2 = NS) 

P1P1aaBB 
(F2 = NS) 

P1P2AaBB 
(F2 = 3:1) 

P1P2aaBB 
(F2 = 3:1) 

P1ab P1P1AaBb 
(F2 = NS) 

P1P1aaBb 
(F2 = NS) 

P1P2AaBb 
(F2 = 46:18) 

P1P2aaBb 
(F2 = 10:6) 

P2aB P1P2AaBB 
(F2 = 3:1) 

P1P2aaBB 
(F2 = 3:1) 

P2P2AaBB P2P2aaBB 

P2ab P1P2AaBb 
(F2 = 46:18) 

P1P2aaBb 
(F2 = 10:6) 

P2P2AaBb P2P2aaBb 

 

Figure 6.4. Punnett square of expected albinism genotypes of F1 populations of 
pickerelweed derived from the initial cross/reciprocal set WSBL (genotypes 
P1P2aaBb and P1P2AaBB) and expected segregation of F2 progeny for 
albinism. No maternal effects were evident; therefore, only the Punnett square 
for the cross is shown. Expected segregation ratios based a model with three 
diallelic loci (epistatic locus P with alleles P1 and P2, hypostatic duplicate loci 
A and B with dominant gene action). Green seedlings have the genotype 
P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result in albinism. 
Expected segregation ratio of F1 progeny is 12:4 (3:1). Parental gametes are 
represented in the extreme upper and left cells, while genotypes of F1 progeny 
comprise the body of the Punnett square. Expected segregation ratios for 
F2 generations derived from F1 progeny are given under the genotype of the 
F1 individual producing the F2 generation. Shaded cells within the Punnett 
square identify albino F1 progeny. NS = no segregation (all green). 
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WS x BM P1aB or… P1Ab or… P1AB or… P1ab 

P1aB P1P1aaBB 
(F2 = NS) 

 P1P1AaBb 
(F2 = NS) 

 P1P1AaBB 
(F2 = NS) 

 P1P1aaBb 
(F2 = NS) 

P1ab P1P1aaBb 
(F2 = NS) 

 P1P1Aabb 
(F2 = NS) 

 P1P1AaBb 
(F2 = NS) 

 P1P1aabb 
(F2 = NS) 

P2aB P1P2aaBB 
(F2 = 3:1) 

 P1P2AaBb 
(F2 = 46:18)

 P1P2AaBB 
(F2 = 3:1) 

 P1P2aaBb 
(F2 = 10:6)

P2ab P1P2aaBb 
(F2 = 10:6) 

 P1P2Aabb 
(F2 = 10:6) 

 P1P2AaBb 
(F2 = 46:18)

 P1P2aabb 

 

Figure 6.5. Punnett square of expected albinism genotypes of F1 populations of 
pickerelweed derived from the initial cross/reciprocal set WSBM (genotypes 
P1P2aaBb and P1P1aaBB or P1P1AAbb or P1P1AABB or P1P1aabb) and 
expected segregation of F2 progeny for albinism. No maternal effects were 
evident; therefore, only the Punnett square for the cross is shown. Expected 
segregation ratios based a model with three diallelic loci (epistatic locus P 
with alleles P1 and P2, hypostatic duplicate loci A and B with dominant gene 
action). Green seedlings have the genotype P1P1_ _ _ _, P1P2A_ _ _ or 
P1P2_ _ B_; all other genotypes result in albinism. Expected segregation ratios 
of F1 progeny differ and are dependent on the genotype of BM. Parental 
gametes are represented in the extreme upper and left cells, while genotypes 
of F1 progeny comprise the body of the Punnett square. Expected segregation 
ratios for F2 generations derived from F1 progeny are given under the 
genotype of the F1 individual producing the F2 generation. Shaded cells within 
the Punnett square identify albino F1 progeny. NS = no segregation (all 
green). 
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WM x BS P1aB or… P1Ab or… P1AB or… P1ab 

P1AB P1P1AaBB 
(F2 = NS) 

 P1P1AABb 
(F2 = NS) 

 P1P1AABB 
(F2 = NS) 

 P1P1AaBb 
(F2 = NS) 

P1Ab P1P1AaBb 
(F2 = NS) 

 P1P1AAbb 
(F2 = NS) 

 P1P1AABb 
(F2 = NS) 

 P1P1Aabb 
(F2 = NS) 

P1aB P1P1aaBB 
(F2 = NS) 

 P1P1AaBb 
(F2 = NS) 

 P1P1AaBB 
(F2 = NS) 

 P1P1aaBb 
(F2 = NS) 

P1ab P1P1aaBb 
(F2 = NS) 

 P1P1Aabb 
(F2 = NS) 

 P1P1AaBb 
(F2 = NS) 

 P1P1aabb 
(F2 = NS) 

P2AB P1P2AaBB 
(F2 = 3:1) 

 P1P2AABb 
(F2 = 3:1) 

 P1P2AABB 
(F2 = 3:1) 

 P1P2AaBb 
(F2 = 46:18)

P2Ab P1P2AaBb 
(F2 = 46:18) 

 P1P2AAbb 
(F2 = 3:1) 

 P1P2AABb 
(F2 = 3:1) 

 P1P2Aabb 
(F2 = 10:6) 

P2aB P1P2aaBB 
(F2 = 3:1) 

 P1P2AaBb 
(F2 = 46:18)

 P1P2AaBB 
(F2 = 3:1) 

 P1P2aaBb 
(F2 = 10:6) 

P2ab P1P2aaBb 
(F2 = 10:6) 

 P1P2Aabb 
(F2 = 10:6) 

 P1P2AaBb 
(F2 = 46:18) 

 P1P2aabb 

 

Figure 6.6. Punnett square of expected albinism genotypes of F1 populations of 
pickerelweed derived from the initial cross/reciprocal set WMBS (genotypes 
P1P2AaBb and P1P1aaBB or P1P1AAbb or P1P1AABB or P1P1aabb) and 
expected segregation of F2 progeny for albinism. No maternal effects were 
evident; therefore, only the Punnett square for the cross is shown. Expected 
segregation ratios based a model with three diallelic loci (epistatic locus P 
with alleles P1 and P2, hypostatic duplicate loci A and B with dominant gene 
action). Green seedlings have the genotype P1P1_ _ _ _, P1P2A_ _ _ or 
P1P2_ _ B_; all other genotypes result in albinism. Expected segregation ratios 
of F1 progeny differ and are dependent on the genotype of BS. Parental 
gametes are represented in the extreme upper and left cells, while genotypes 
of F1 progeny comprise the body of the Punnett square. Expected segregation 
ratios for F2 generations derived from F1 progeny are given under the 
genotype of the F1 individual producing the F2 generation. Shaded cells within 
the Punnett square identify albino F1 progeny. NS = no segregation (all 
green). 
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BS x BM P1aB or… P1Ab or… P1AB or… P1ab 

P1aB P1P1aaBB 
(F2 = NS) 

 P1P1AaBb 
(F2 = NS) 

 P1P1AaBB 
(F2 = NS) 

 P1P1aaBb 
(F2 = NS) 

or…        

P1Ab P1P1AaBb 
(F2 = NS) 

 P1P1AAbb 
(F2 = NS) 

 P1P1AABb 
(F2 = NS) 

 P1P1Aabb 
(F2 = NS) 

or…        

P1AB P1P1AaBB 
(F2 = NS) 

 P1P1AABb
(F2 = NS) 

 P1P1AABB
(F2 = NS) 

 P1P1AaBb
(F2 = NS) 

or…        

P1ab P1P1aaBb 
(F2 = NS) 

 P1P1Aabb 
(F2 = NS) 

 P1P1AaBb 
(F2 = NS) 

 P1P1aabb 
(F2 = NS) 

 

Figure 6.7. Punnett square of expected albinism genotypes of F1 populations of 
pickerelweed derived from the initial cross/reciprocal set BSBM (genotypes 
P1P1aaBB or P1P1AAbb or P1P1AABB or P1P1aabb and P1P1aaBB or 
P1P1AAbb or P1P1AABB or P1P1aabb) and expected segregation of F2 progeny 
for albinism. No maternal effects were evident; therefore, only the Punnett 
square for the cross is shown. Expected segregation ratios based a model with 
three diallelic loci (epistatic locus P with alleles P1 and P2, hypostatic 
duplicate loci A and B with dominant gene action). Green seedlings have the 
genotype P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result in 
albinism. No segregation of F1 progeny is expected. Parental gametes are 
represented in the extreme upper and left cells, while genotypes of F1 progeny 
comprise the body of the Punnett square. Expected segregation ratios for 
F2 generations derived from F1 progeny are given under the genotype of the 
F1 individual producing the F2 generation. Shaded cells within the Punnett 
square identify albino F1 progeny. NS = no segregation (all green). 
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BS x BL P1AB P1aB P2AB P2aB 

P1aB P1P1AaBB 
(F2 = NS) 

P1P1aaBB 
(F2 = NS) 

P1P2AaBB 
(F2 = 3:1) 

P1P2aaBB 
(F2 = 3:1) 

or…     

P1Ab P1P1AABb 
(F2 = NS) 

P1P1AaBb 
(F2 = NS) 

P1P2AABb 
(F2 = 3:1) 

P1P2AaBb 
(F2= 46:18) 

or…     

P1AB P1P1AABB 
(F2 = NS) 

P1P1AaBB 
(F2 = NS) 

P1P2AABB 
(F2 = 3:1) 

P1P2AaBB 
(F2 = 3:1) 

or…     

P1ab P1P1AaBb 
(F2 = NS) 

P1P1aaBb 
(F2 = NS) 

P1P2AaBb 
(F2 = 46:18) 

P1P2aaBb 
(F2 = 10:6) 

 

Figure 6.8. Punnett square of expected albinism genotypes of F1 populations of 
pickerelweed derived from the initial cross/reciprocal set BSBL (genotypes 
P1P1aaBB or P1P1AAbb or P1P1AABB or P1P1aabb and P1P2AaBB) and 
expected segregation of F2 progeny for albinism. No maternal effects were 
evident; therefore, only the Punnett square for the cross is shown. Expected 
segregation ratios based a model with three diallelic loci (epistatic locus P 
with alleles P1 and P2, hypostatic duplicate loci A and B with dominant gene 
action). Green seedlings have the genotype P1P1_ _ _ _, P1P2A_ _ _ or 
P1P2_ _ B_; all other genotypes result in albinism. No segregation of 
F1 progeny is expected. Parental gametes are represented in the extreme upper 
and left cells, while genotypes of F1 progeny comprise the body of the Punnett 
square. Expected segregation ratios for F2 generations derived from 
F1 progeny are given under the genotype of the F1 individual producing the 
F2 generation. Shaded cells within the Punnett square identify albino 
F1 progeny. NS = no segregation (all green). 
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BM x BL P1AB P1aB P2AB P2aB 

P1aB P1P1AaBB 
(F2 = NS) 

P1P1aaBB 
(F2 = NS) 

P1P2AaBB 
(F2 = 3:1) 

P1P2aaBB 
(F2 = 3:1) 

or…     

P1Ab P1P1AABb 
(F2 = NS) 

P1P1AaBb 
(F2 = NS) 

P1P2AABb 
(F2 = 3:1) 

P1P2AaBb 
(F2= 46:18) 

or…     

P1AB P1P1AABB 
(F2 = NS) 

P1P1AaBB 
(F2 = NS) 

P1P2AABB 
(F2 = 3:1) 

P1P2AaBB 
(F2 = 3:1) 

or…     

P1ab P1P1AaBb 
(F2 = NS) 

P1P1aaBb 
(F2 = NS) 

P1P2AaBb 
(F2 = 46:18) 

P1P2aaBb 
(F2 = 10:6) 

 

Figure 6.9. Punnett square of expected albinism genotypes of F1 populations of 
pickerelweed derived from the initial cross/reciprocal set BMBL (genotypes 
P1P1aaBB or P1P1AAbb or P1P1AABB or P1P1aabb and P1P2AaBB) and 
expected segregation of F2 progeny for albinism. No maternal effects were 
evident; therefore, only the Punnett square for the cross is shown. Expected 
segregation ratios based a model with three diallelic loci (epistatic locus P 
with alleles P1 and P2, hypostatic duplicate loci A and B with dominant gene 
action). Green seedlings have the genotype P1P1_ _ _ _, P1P2A_ _ _ or 
P1P2_ _ B_; all other genotypes result in albinism. No segregation of 
F1 progeny is expected. Parental gametes are represented in the extreme upper 
and left cells, while genotypes of F1 progeny comprise the body of the Punnett 
square. Expected segregation ratios for F2 generations derived from 
F1 progeny are given under the genotype of the F1 individual producing the 
F2 generation. Shaded cells within the Punnett square identify albino 
F1 progeny. NS = no segregation (all green). 
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WS  ⊗ P1aB P1ab P2aB P2ab 

P1aB P1P1aaBB P1P1aaBb P1P2aaBB P1P2aaBb 

P1ab P1P1aaBb P1P1aabb P1P2aaBb P1P2aabb 

P2aB P1P2aaBB P1P2aaBb P2P2aaBB P2P2aaBb 

P2ab P1P2aaBb P1P2aabb P2P2aaBb P2P2aabb 

 

Figure 6.10. Punnett square of expected albinism genotypes of S1 progeny of 
pickerelweed from the parent WS (genotype P1P2aaBb). Expected 
segregation ratios based a model with three diallelic loci (epistatic locus P 
with alleles P1 and P2, hypostatic duplicate loci A and B with dominant gene 
action). Green seedlings have the genotype P1P1_ _ _ _, P1P2A_ _ _ or 
P1P2_ _ B_; all other genotypes result in albinism. Expected segregation 
ratio of S1 progeny is 10:6. Parental gametes are represented in the extreme 
upper and left cells, while genotypes of S1 progeny comprise the body of the 
Punnett square. Shaded cells within the Punnett square identify albino 
progeny. 
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WM ⊗ P1AB P1Ab P1aB P1ab P2AB P2Ab P2aB P2ab 

P1AB P1P1AABB P1P1AABb P1P1AaBB P1P1AaBb P1P2AABB P1P2AABb P1P2AaBB P1P2AaBb

P1Ab P1P1AABb P1P1AAbb P1P1AaBb P1P1Aabb P1P2AABb P1P2AAbb P1P2AaBb P1P2Aabb

P1aB P1P1AaBB P1P1AaBb P1P1aaBB P1P1aaBb P1P2AaBB P1P2AaBb P1P2aaBB P1P2aaBb

P1ab P1P1AaBb P1P1Aabb P1P1aaBb P1P1aabb P1P2AaBb P1P2Aabb P1P2aaBb P1P2aabb

P2AB P1P2AABB P1P2AABb P1P2AaBB P1P2AaBb P2P2AABB P2P2AABb P2P2AaBB P2P2AaBb

P2Ab P1P2AABb P1P2AAbb P1P2AaBb P1P2Aabb P2P2AABb P2P2AAbb P2P2AaBb P2P2Aabb

P2aB P1P2AaBB P1P2AaBb P1P2aaBB P1P2aaBb P2P2AaBB P2P2AaBb P2P2aaBB P2P2aaBb

P2ab P1P2AaBb P1P2Aabb P1P2aaBb P1P2aabb P2P2AaBb P2P2Aabb P2P2aaBb P2P2aabb

 

Figure 6.11. Punnett square of expected albinism genotypes of S1 progeny of 
pickerelweed from the parent WM (genotype P1P2AaBb). Expected 
segregation ratios based a model with three diallelic loci (epistatic locus P 
with alleles P1 and P2, hypostatic duplicate loci A and B with dominant gene 
action). Green seedlings have the genotype P1P1_ _ _ _, P1P2A_ _ _ or 
P1P2_ _ B_; all other genotypes result in albinism. Expected segregation 
ratio of S1 progeny is 46:18. Parental gametes are represented in the extreme 
upper and left cells, while genotypes of S1 progeny comprise the body of the 
Punnett square. Shaded cells within the Punnett square identify albino 
progeny. 
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BS ⊗ P1aB or… P1Ab or… P1AB or… P1ab 

P1aB P1P1aaBB       

or…        

P1Ab   P1P1AAbb     

or…        

P1AB     P1P1AABB   

or…        

P1ab       P1P1aabb 

 

Figure 6.12. Punnett square of expected albinism genotypes of S1 progeny of 
pickerelweed from the parent BS (genotype P1P1aaBB, P1P1AAbb, 
P1P1AABB or P1P1aabb). Expected segregation ratios based a model with 
three diallelic loci (epistatic locus P with alleles P1 and P2, hypostatic 
duplicate loci A and B with dominant gene action). Green seedlings have the 
genotype P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result 
in albinism. No segregation of S1 progeny is expected. Parental gametes are 
represented in the extreme upper and left cells, while genotypes of 
S1 progeny comprise the body of the Punnett square. 
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BM ⊗ P1aB or… P1Ab or… P1AB or… P1ab 

P1aB P1P1aaBB       

or…        

P1Ab   P1P1AAbb     

or…        

P1AB     P1P1AABB   

or…        

P1ab       P1P1aabb 

 

Figure 6.13. Punnett square of expected albinism genotypes of S1 progeny of 
pickerelweed from the parent BM (genotype P1P1aaBB, P1P1AAbb, 
P1P1AABB or P1P1aabb). Expected segregation ratios based a model with 
three diallelic loci (epistatic locus P with alleles P1 and P2, hypostatic 
duplicate loci A and B with dominant gene action). Green seedlings have the 
genotype P1P1_ _ _ _, P1P2A_ _ _ or P1P2_ _ B_; all other genotypes result 
in albinism. No segregation of S1 progeny is expected. Parental gametes are 
represented in the extreme upper and left cells, while genotypes of 
S1 progeny comprise the body of the Punnett square. 
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CHAPTER 7 
INHERITANCE AND GENETIC CONTROL OF FLOWER COLOR 

Introduction 

Pickerelweed (Pontederia cordata L.) is an attractive diploid (2n=2x=16) shoreline 

aquatic species that is frequently used in ornamental aquascapes. Wild-type plants of 

pickerelweed produce blue or violet flowers, but plants with white flowers are sometimes 

seen in nature (Figure 7.1) (Godfrey and Wooten 1979). While rare in nature, 

white-flowered specimens of pickerelweed are much easier to locate in a retail 

environment; a simple search of the World Wide Web reveals that white-flowered 

specimens of pickerelweed are readily available from the many nurseries that sell aquatic 

plants, including The Water Garden1, Arizona Aquatic Gardens2 and The Water Garden 

Shop3. 

Durbin et al. (2003) stated that variations in flower color are often transmitted in a 

simple Mendelian manner. Control of flower color by a single diallelic locus has been 

described in several species, including stokes aster (Gaus et al. 2003), morning-glory 

(Zufall and Rausher 2003), crimson clover (Mosjidis 2000), and guayule (Estilai 1984). 

Genetic control of flower color is more complicated in other species; for example, 

                                                 
1 http://store.watergardenweb.com/whitpicrus.html 

Note: Mention of a trademark or a proprietary product does not constitute a guarantee or warranty of the 
product by the Florida Agricultural Experiment Station and does not imply its approval to the exclusion of 
other products that may be suitable. 

2 http://www.azgardens.com/winter_hardy_bog_plants.php 

3 http://www.thewatergardenshop.com/poncoralwhit.html 



144 

 

Brewbaker (1962) reported that red flower color in white clover resulted from the 

presence of recessive alleles at two loci. Griesbach (1996) found that flower color in the 

common petunia was influenced by two loci that were responsible for the production of 

anthocyanins and by two additional loci that controlled vacuole pH. 

Intraspecific differences in flower color are often associated with a change in the 

regulation of gene expression as opposed to mutations in structural genes (Durbin et al. 

2003). Zufall and Rausher (2003) found that the recessive (pink) flower color in 

morning-glory resulted from an insertion in the gene encoding the anthocyanin 

biosynthetic gene responsible for expression of the dominant (purple) flower color; this 

insertion caused the production of a transcript that was shorter than normal and generated 

a non-functional enzyme. 

There is no published information describing the inheritance and genetic control of 

flower color in pickerelweed. The objective of this experiment was to determine the type 

of gene action and number of loci controlling flower color in this population of 

pickerelweed. 

Materials and Methods 

The population utilized in this experiment was developed using the strategy 

described in Appendix A of this dissertation. Eight F1 families and five S1 families were 

examined in this experiment. Each F1 or S1 plant was grown to reproductive maturity and 

evaluated for flower color. No maternal effects were noted; therefore, data presented for 

each F1 family were pooled within each cross/reciprocal set. Data from F1 and 

S1 populations were used to develop a working model to explain the type of gene action 

and number of loci controlling flower color in this population of pickerelweed. 

Development of this model allowed the assignment of genotypes to parents; the model 
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was then verified by analyses of F2 populations. All data were analyzed using 

goodness-of-fit (chi-square or χ2) tests with Yates’ correction for continuity. 

Results and Discussion 

Four F1 families and two S1 families segregated for flower color. One F1 family and 

two S1 families produced only white-flowered progeny, while three F1 families and one 

S1 family had only blue-flowered progeny (Table 7.1). The F1 family that yielded only 

white-flowered progeny was developed using both white-flowered parents (WS and 

WM); each S1 family from these parents comprised only white-flowered progeny as well. 

The S1 family from the parent BS had only blue flowers; this parent also played a role in 

the development of all three F1 families with only blue-flowered progeny. The simplest 

model that yielded the progeny types produced in all F1 and S1 families was a model with 

one diallelic locus (W) with completely dominant gene action so that individuals with 

heterozygous or homozygous dominant genotypic constitutions produced blue flowers 

and homozygous recessive plants yielded white flowers. Genotypes were assigned to all 

five parents based on the proposed model and segregation of F1 progeny. Based on these 

data, the white-flowered parents WS and WM were homozygous recessive (ww), the 

blue-flowered parent BS was homozygous dominant (WW), and BM and BL were 

heterozygous (Ww). 

Goodness-of-fit values and their associated probabilities for F1 and S1 populations 

are presented in Table 7.2 and indicated that the model provided a good fit to the data and 

supported the proposed genotype assignments. Seven of the eight F1 families under 

investigation were advanced to the F2 generation for further study. Goodness-of-fit values 

and their associated probabilities for F2 families are presented in Tables 7.3 through 7.9 

and are sorted by family. Summaries of the analyses for each family are presented below. 
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WMWS and WSWM. Parents WM and WS were assigned the genotypes ww and 

ww, respectively. All F1 progeny produced white flowers (Table 7.1). F1 progeny were 

not advanced to the F2 generation as all F1 progeny were homozygous recessive (ww) and 

generation advancement would not have yielded additional information. The F1 data from 

this cross/reciprocal set provided evidence that supported the proposed model and 

genotypic assignments. 

WMBL and BLWM. Parents WM and BL were assigned the genotypes ww and 

Ww, respectively. The observed F1 progeny segregated in a manner that was not different 

from the expected 1:1 (blue:white) ratio (Table 7.2). One of two segregation ratios was 

expected in the F2 generation based on the phenotype of the F1 plant used to create an 

F2 family. Blue-flowered F1 plants were expected to produce F2 progeny that segregated 

in a 3:1 (blue:white) ratio, while white-flowered F1 progeny were expected to produce all 

white-flowered F2 progeny. A total of 24 F2 families (derived from self-pollination of 

12 white-flowered F1 plants and 12 blue-flowered F1 plants) were analyzed. All 

F2 families from white-flowered F1 plants produced only white-flowered progeny, while 

all F2 families from blue-flowered F1 plants produced progeny that segregated in ratios 

that were not different from 3:1 (Table 7.3). These data provided evidence that supported 

the proposed model and genotypic assignments. 

WSBL and BLWS. Parents WS and BL were assigned the genotypes ww and Ww, 

respectively. The observed F1 progeny segregated in a manner that was not different from 

the expected 1:1 (blue:white) ratio (Table 7.2). One of two segregation ratios was 

expected in the F2 generation based on the phenotype of the F1 plant used to create an 

F2 family. Blue-flowered F1 plants were expected to produce F2 progeny that segregated 
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in a 3:1 (blue:white) ratio, while white-flowered F1 progeny were expected to produce all 

white-flowered F2 progeny. A total of 17 F2 families (derived from self-pollination of 

8 white-flowered F1 plants and 9 blue-flowered F1 plants) were analyzed. All F2 families 

from white-flowered F1 plants produced only white-flowered progeny. Seven of the nine 

F2 families from blue-flowered F1 plants produced progeny that segregated in ratios that 

were not different from 3:1, while two of the F2 families (BL3 and BL4) from 

blue-flowered F1 plants segregated in ratios that differed from 3:1 (Table 7.4). As many 

as 1 in 33 populations of pickerelweed would be expected to show as much variation for 

flower color as BL3 and as many as 1 in 60 would be expected show as much variation 

for flower color as BL4; therefore, it is likely that sampling error was responsible for 

production of these families that did not segregate as expected. With the exception of 

these discrepancies, these data provided evidence that supported the proposed model and 

genotypic assignments. 

WSBM and BMWS. Parents WS and BM were assigned the genotypes ww and 

Ww, respectively. The observed F1 progeny segregated in a manner that was not different 

from the expected 1:1 (blue:white) ratio (Table 7.2). One of two segregation ratios was 

expected in the F2 generation based on the phenotype of the F1 plant used to create an 

F2 family. Blue-flowered F1 plants were expected to produce F2 progeny that segregated 

in a 3:1 (blue:white) ratio, while white-flowered F1 progeny were expected to produce all 

white-flowered F2 progeny. A total of 23 F2 families (derived from self-pollination of 

13 white-flowered F1 plants and 10 blue-flowered F1 plants) were analyzed. All F2 

families from white-flowered F1 plants produced only white-flowered progeny. Nine of 

the ten F2 families from blue-flowered F1 plants produced progeny that segregated in 
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ratios that were not different from 3:1, while one F2 family from a blue-flowered F1 plant 

segregated in a ratio that was different from 3:1 (Table 7.5). As many as 1 in 250 families 

would be expected to show as much variation for flower color as this family, so it is 

possible that sampling error was responsible for production of this family that did not 

segregate as expected. With the exception of this discrepancy, these data provided 

evidence that supported the proposed model and genotypic assignments. 

WMBS and BSWM. Parents WM and BS were assigned the genotypes ww and 

WW, respectively. All F1 progeny produced blue flowers (Table 7.1) and all F1 plants 

were expected to produce F2 progeny that segregated in a 3:1 (blue:white) ratio. A total of 

15 F2 families (derived from self-pollination of 15 F1 plants) were analyzed; all 

F2 families produced progeny that segregated in ratios that were not different from 3:1 

(Table 7.6). These data provided evidence that supported the proposed model and 

genotypic assignments. 

BSBM and BMBS. Parents BS and BM were assigned the genotypes WW and Ww, 

respectively. All F1 progeny produced blue flowers (Table 7.1) and F1 plants were 

expected to produce F2 progeny that either bore only blue flowers or segregated in a 3:1 

(blue:white) ratio . A total of 12 F2 families (derived from self-pollination of 12 F1 plants) 

were analyzed. Four F2 families produced only blue flowers, while seven F2 families 

produced progeny that segregated in ratios that were not different from 3:1 and one 

F2 family produced progeny that segregated in a ratio that was different from 3:1 

(Table 7.7). Only 3 in 1000 populations of pickerelweed would be expected to show as 

much variation for flower color as this family but it is possible that sampling error was 

responsible for the failure of this family to segregate as expected. With the exception of 
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this discrepancy, these data provided evidence that supported the proposed model and 

genotypic assignments. 

BSBL and BLBS. Parents BS and BL were assigned the genotypes WW and Ww, 

respectively. All F1 progeny produced blue flowers (Table 7.1) and F1 plants were 

expected to produce F2 progeny that either bore only blue flowers or segregated in a 3:1 

(blue:white) ratio . A total of 12 F2 families (derived from self-pollination of 12 F1 plants) 

were analyzed. Eight F2 families produced only blue flowers and four F2 families 

produced progeny that segregated in ratios that were not different from 3:1 (Table 7.8). 

These data provided evidence that supported the proposed model and genotypic 

assignments. 

BMBL and BLBM. Parents BM and BL were assigned the genotypes Ww and Ww, 

respectively. The observed F1 progeny segregated in a manner that was not different from 

the expected 3:1 (blue:white) ratio (Table 7.2). One of three segregation ratios was 

expected in the F2 generation based on the phenotype and genotype of the F1 plant 

self-pollinated to create an F2 family. Blue-flowered F1 plants were expected to produce 

F2 progeny that either bore only blue flowers or that segregated in a 3:1 (blue:white) 

ratio, while white-flowered F1 progeny were expected to produce all white-flowered 

F2 progeny. A total of 20 F2 families (derived from self-pollination of 5 white-flowered 

F1 plants and 15 blue-flowered F1 plants) were analyzed. All F2 families from 

white-flowered F1 plants produced only white-flowered progeny and seven of the fifteen 

F2 families from blue-flowered F1 plants produced only blue-flowered progeny. Seven of 

the remaining eight F2 families segregated in ratios that were not different from 3:1, 

while one F2 family segregated in a ratio that was different from 3:1 (Table 7.9). The 
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populations examined in this experiment were relatively small, so it is probable that 

sampling error was responsible for production of this family that did not segregate as 

expected. With the exception of this discrepancy, these data provided evidence that 

supported the proposed model and genotypic assignments. 

WS. The parent WS was assigned the genotype ww and all S1 progeny produced 

white flowers (Table 7.1); therefore, these S1 data provided evidence that supported the 

proposed model and assignment of the genotype ww to WS. 

WM. The parent WM was assigned the genotype ww and all S1 progeny produced 

white flowers (Table 7.1); therefore, these S1 data provided evidence that supported the 

proposed model and assignment of the genotype ww to WM. 

BS. The parent BS was assigned the genotype WW and all S1 progeny produced 

blue flowers (Table 7.1); therefore, these S1 data provided evidence that supported the 

proposed model and assignment of the genotype WW to BS. 

BM. The parent BM was assigned the genotype Ww and S1 progeny segregated in a 

ratio that was not different from 3:1 (Table 7.2); therefore, these S1 data provided 

evidence that supported the proposed model and assignment of the genotype Ww to BM. 

BL. The parent BL was assigned the genotype Ww and S1 progeny segregated in a 

ratio that was not different from 3:1 (Table 7.2); therefore, these S1 data provided 

evidence that supported the proposed model and assignment of the genotype Ww to BL. 

Conclusions 

The results of this experiment suggested that flower color in this population of 

pickerelweed was controlled by two alleles (W and w) at one locus (W); gene action was 

dominant and white flower color was recessive. This assessment was supported by the 

work of Durbin et al. (2003), which revealed that variations in flower color were often 
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transmitted in a simple Mendelian manner. All eight F1 families and all five S1 families 

investigated in this experiment segregated as expected under this model; in addition, 119 

of 124 F2 families also segregated as expected. Only five F2 families failed to conform to 

expected segregation patterns, but these discrepancies were most likely due to sampling 

error since the vast majority of the data supported the single diallelic locus model. 

It is possible that flower color in pickerelweed is influenced by an insertion or 

deletion in the gene responsible for the production of anthocyanins; this type of system 

has been described in other species (Zufall and Rausher 2003). It is also possible that 

flower color in pickerelweed is actually controlled by a more complicated system with 

multiple loci similar to that found in petunia (Griesbach 1996); however, this experiment 

failed to reveal the presence of more than one locus controlling flower color in this 

population of pickerelweed. 
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Table 7.1. Number of blue-flowered and white-flowered F1 and S1 progeny of 
pickerelweed. 

Family†       Generation‡ Plants§  Blue¶  White#   
WSWM and WMWS  F1    98      0  98  
WMBL and BLWM  F1    57    28  29  
WSBL and BLWS  F1    67    36  31  
WSBM and BMWS  F1  144    74  70  
WMBS and BSWM  F1  103  103    0  
BSBM and BMBS  F1  132  132    0  
BSBL and BLBS  F1    49    49    0  
BMBL and BLBM  F1    91    71  17  
WS ⊗    S1    21      0  21  
WM ⊗    S1    44      0  44  
BS ⊗    S1      9      9    0  
BM ⊗    S1    21    12    9  
BL ⊗    S1    56    38  18   
† Family: F1 or S1 family under investigation; F1 families were created through cross- and 
reciprocal pollinations between two parents and F1 codes identify the parents (e.g., the 
F1 family WSWM was derived from cross-pollination between the parents WS and WM) 
‡ Generation: Generation of the family under investigation 
§ Plants: Number of plants examined 
¶ Blue: Number of plants with blue flowers 
# White: Number of plants with white flowers 



153 

 

Table 7.2. Goodness-of-fit tests for F1 and S1 families of pickerelweed segregating for 
blue and white flower color. Progeny were tested against a model with two 
alleles (W and w) at one locus (W); gene action is dominant and white flower 
color is recessive. 

Family† Parents‡ Exp1§          Exp2¶ Observed# χ2††  P‡‡  
WMBL ww x Ww 1:1     28.5:28.5         28:29 0.0000  0.9999  
WSBL  ww x Ww 1:1     33.5:33.5         36:31 0.2388  0.6250  
WSBM ww x Ww 1:1           72:72         74:70 0.0625  0.8025  
BMBL  Ww x Ww 3:1 68.25:22.75         74:17 1.6154  0.2037  
BM ⊗  Ww ⊗  3:1   15.75:5.25           12:9 2.6825  0.1014  
BL ⊗  Ww ⊗  3:1           42:14         38:18 1.1667  0.2800  
† Family: F1 or S1 family under investigation; F1 families were created through cross- and 
reciprocal pollinations between two parents and F1 codes identify the parents (e.g., the 
F1 family WSWM was derived from cross-pollination between the parents WS and WM); 
not shown: non-segregating families WMWS, WMBS, BSBM, BSBL, WS ⊗, WM ⊗, 
BS ⊗ 
‡ Exp1: Expected ratio of blue-flowered progeny to white-flowered progeny 
§ Exp2: Expected number of blue-flowered progeny and white-flowered progeny 
¶ Observed: Number of blue-flowered progeny and white-flowered progeny observed 
# χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
†† P: Probability associated with calculated χ 2 value 
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Table 7.3. Goodness-of-fit tests for F2 populations of pickerelweed segregating for blue 
and white flower color and derived from the initial cross/reciprocal set 
WMBL (genotypes ww x Ww). Progeny were tested against a model with two 
alleles (W and w) at one locus (W); gene action is dominant and white flower 
color is recessive. 

F2†  F1 parent‡ Exp1§         Exp2¶ Obs#  χ2††  P‡‡  
BM1  WMBL4 3:1           57:19 53:23  0.8596  0.3538  
BM2  WMBL13 3:1 62.25:20.75 68:15  1.7711  0.1832  
BM3  WMBL22 3:1 44.25:14.75 48:11  0.9548  0.3285  
BM4  BLWM3 3:1     88.5:29.5 91:27  0.1808  0.6706  
BM5  BLWM6 3:1           30:10 26:14  1.6333  0.2012  
BM6  BLWM9 3:1       22.5:7.5   27:3  2.8444  0.0916 
BL1  WMBL5 3:1             24:8   25:7  0.0417  0.8382  
BL2  WMBL6 3:1       25.5:8.5   26:8  0.0000  0.9999  
BL3  WMBL7 3:1   18.75:6.25   20:5  0.1200  0.7290  
BL4  WMBL8 3:1             24:8   25:7  0.0417  0.8382 
BL5  BLWM1 3:1   17.25:5.75   17:6  0.0000  0.9999  
BL6  BLWM7 3:1       19.5:6.5   23:3  1.8462  0.1742  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WM1, WM2, 
WM3, WM4, WM5, WM6, WL1, WL2, WL3, WL4, WL5, WL6 (white flowers only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WM and BL 
§ Exp1: Expected ratio of blue-flowered and white-flowered progeny 
¶ Exp2: Expected number of blue-flowered and white-flowered progeny 
# Obs: Observed number of blue-flowered and white-flowered progeny 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 



155 

 

Table 7.4. Goodness-of-fit tests for F2 populations of pickerelweed segregating for blue 
and white flower color and derived from the initial cross/reciprocal set WSBL 
(genotypes ww x Ww). Progeny were tested against a model with two alleles 
(W and w) at one locus (W); gene action is dominant and white flower color is 
recessive. 

F2†  F1 parent‡ Exp1§         Exp2¶ Obs#  χ2††  P‡‡  
BS1  WSBL6 3:1     34.5:11.5 33:13  0.1159  0.7335  
BS3  BLWS12 3:1           42:14 41:15  0.0238  0.8773  
BS7  BLWS55 3:1   23.25:7.75   26:5  0.8710  0.3506  
BL1  BLWS22 3:1           33:11   39:5  3.6667  0.0555  
BL2  BLWS37 3:1 32.25:10.75 28:15  1.7442  0.1866  
BL3  BLWS39 3:1 51.75:17.25   60:9  4.6425  0.0311  
BL4  BLWS43 3:1     34.5:11.5   42:4  5.6812  0.0171  
BL5  BLWS49 3:1           33:11   36:8  0.7576  0.3840  
BL6  BLWS50 3:1     34.5:11.5   37:9  0.4638  0.4958  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WS1, WS5, 
WL1, WL2, WL3, WL4, WL5, WL6 (white flowers only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WS and BL 
§ Exp1: Expected ratio of blue-flowered and white-flowered progeny 
¶ Exp2: Expected number of blue-flowered and white-flowered progeny 
# Obs: Observed number of blue-flowered and white-flowered progeny 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 7.5. Goodness-of-fit tests for F2 populations of pickerelweed segregating for blue 
and white flower color and derived from the initial cross/reciprocal set 
WSBM (genotypes ww x Ww). Progeny were tested against a model with two 
alleles (W and w) at one locus (W); gene action is dominant and white flower 
color is recessive. 

F2†  F1 parent‡ Exp1§         Exp2¶ Obs#  χ2††  P‡‡  
BS1  BMWS5 3:1               3:1     2:2  0.5000  0.4795  
BS2  BMWS21 3:1 63.75:21.25 59:26  1.1333  0.2870  
BS3  BMWS54 3:1       16.5:5.5   18:4  0.2424  0.6224  
BS4  WSBM5 3:1           66:22 63:25  0.3788  0.5382  
BS5  WSBM21 3:1     2.25:0.75     2:1  0.0000  0.9999  
BS6  WSBM41 3:1 38.25:12.75 37:14  0.0588  0.8084  
BM1  BMWS36 3:1   24.75:8.25 21:12  1.7071  0.1913  
BM2  WSBM45 3:1 65.25:21.75 53:34  8.4636  0.0036  
BL1  BMWS33 3:1       13.5:4.5   15:3  0.2963  0.5862  
BL2  WSBM32 3:1  15:5   17:3  0.5806  0.4385  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WS1, WS2, 
WS3, WS4, WS5, WS6, WS7, WM1, WM2, WM3, WL1, WL2, WL3 (white flowers 
only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WS and BM 
§ Exp1: Expected ratio of blue-flowered and white-flowered progeny 
¶ Exp2: Expected number of blue-flowered and white-flowered progeny 
# Obs: Observed number of blue-flowered and white-flowered progeny 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 7.6. Goodness-of-fit tests for F2 populations of pickerelweed segregating for blue 
and white flower color and derived from the initial cross/reciprocal set 
WMBS (genotypes ww x WW). Progeny were tested against a model with two 
alleles (W and w) at one locus (W); gene action is dominant and white flower 
color is recessive. 

F2†  F1 parent‡ Exp1§           Exp2¶   Obs#  χ2††  P‡‡  
BS1  WMBS13 3:1   69.75:23.25   69:24  0.0036  0.9522  
BS2  WMBS73 3:1       85.5:28.5   91:23  1.1696  0.2794  
BS3  BSWM3 3:1     12.75:4.25     11:6  0.4902  0.4838  
BS4  BSWM30 3:1       46.5:15.5   51:11  1.3763  0.2407  
BS5  WMBS39 3:1 114.75:38.25 119:34  0.4902  0.4838  
BS6  WMBS47 3:1    12:4     11:5  0.0833  0.7728  
BS7  BSWM23 3:1   36.75:12.25   36:13  0.0068  0.9342  
BM1  WMBS28 3:1   78.75:26.25   79:26  0.0000  0.9999  
BM2  WMBS33 3:1  72:24   74:22  0.1250  0.7236  
BM3  BSWM16 3:1     20.25:6.75     21:6  0.0123  0.9116  
BM4  BSWM19 3:1   74.25:24.75   75:24  0.0034  0.9537  
BM5  WMBS19 3:1   62.25:20.75   61:22  0.0361  0.8493  
BM6  WMBS24 3:1    21:7     20:8  0.0476  0.8272  
BM7  WMBS60 3:1     109.5:36.5 113:33  0.3288  0.5663  
BM8  WMBS82 3:1         22.5:7.5     24:6  0.1778  0.6732  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WM and BS 
§ Exp1: Expected ratio of blue-flowered and white-flowered progeny 
¶ Exp2: Expected number of blue-flowered and white-flowered progeny 
# Obs: Observed number of blue-flowered and white-flowered progeny 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 7.7. Goodness-of-fit tests for F2 populations of pickerelweed segregating for blue 
and white flower color and derived from the initial cross/reciprocal set BSBM 
(genotypes WW x Ww). Progeny were tested against a model with two alleles 
(W and w) at one locus (W); gene action is dominant and white flower color is 
recessive. 

F2†  F1 parent‡ Exp1§           Exp2¶   Obs#  χ2††  P‡‡  
BS2  BMBS94 3:1       82.5:27.5   90:20  2.3758  0.1232  
PBS1  BMBS88 3:1  42:14   32:24  8.5952  0.0033  
PBS3  BMBS96 3:1    15:5     18:2  1.6667  0.1967  
PBS4  BMBS104 3:1  30:10     31:9  0.0333  0.5838  
BM3  BSBM2 3:1     26.25:8.75   25:10  0.0857  0.7697  
PBM1  BMBS16 3:1 111.75:37.25 120:29  2.1499  0.1425  
PBM2  BMBS71 3:1  81:27   81:27  0.0000  0.9999  
PBM3  BSBM24 3:1       82.5:27.5   79:31  0.4364  0.5088  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families BS1, BS4, 
BM1, BM2 (blue flowers only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents BS and BM 
§ Exp1: Expected ratio of blue-flowered and white-flowered progeny 
¶ Exp2: Expected number of blue-flowered and white-flowered progeny 
# Obs: Observed number of blue-flowered and white-flowered progeny 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 7.8. Goodness-of-fit tests for F2 populations of pickerelweed segregating for blue 
and white flower color and derived from the initial cross/reciprocal set BSBL 
(genotypes WW x Ww). Progeny were tested against a model with two alleles 
(W and w) at one locus (W); gene action is dominant and white flower color is 
recessive. 

F2†  F1 parent‡ Exp1§         Exp2¶ Obs#  χ2††  P‡‡  
UVM2  BLBS19 3:1 66.75:22.25 65:24  0.0936  0.7596  
BM1  BLBS5 3:1     52.5:17.5 49:21  0.6857  0.4076  
BM2  BLBS11 3:1     73.5:24.5 69:29  0.8707  0.3507  
BM3  BSBL13 3:1           66:22 74:14  3.4091  0.0648  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families VarBS, 
UVS2, UVS3, BS1, BS2, BS3, UVM1, UVM3 (blue flowers only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents BS and BL 
§ Exp1: Expected ratio of blue-flowered and white-flowered progeny 
¶ Exp2: Expected number of blue-flowered and white-flowered progeny 
# Obs: Observed number of blue-flowered and white-flowered progeny 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Table 7.9. Goodness-of-fit tests for F2 populations of pickerelweed segregating for blue 
and white flower color and derived from the initial cross/reciprocal set BMBL 
(genotypes Ww x Ww). Progeny were tested against a model with two alleles 
(W and w) at one locus (W); gene action is dominant and white flower color is 
recessive. 

F2†  F1 parent‡ Exp1§          Exp2¶ Obs#  χ2††  P‡‡  
BM1  BMBL43 3:1 38.25:12.75 37:14  0.0588  0.8084  
BM2  BMBL56 3:1       28.5:9.5 19:19  11.368  0.0007  
BM6  BLBM18 3:1 32.25:10.75 27:16  2.7984  0.0943  
BL2  BMBL49 3:1  24:8   28:4  2.0417  0.1530  
BL3  BMBL63 3:1       13.5:4.5   13:5  0.0000  0.9999  
BL4  BLBM1 3:1       10.5:3.5   11:3  0.0000  0.9999  
BL6  BLBM7 3:1     8.25:2.75   10:1  0.7576  0.3840  
BL8  BLBM11 3:1   21.75:7.25   21:8  0.0115  0.9146  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WM1, WL1, 
WL2, WL3, WL4 (white flowers only) and BM3, BM4, BM5, BL1, BL5, BL7, BL9 
(blue flowers only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents BM and BL 
§ Exp1: Expected ratio of blue-flowered and white-flowered progeny 
¶ Exp2: Expected number of blue-flowered and white-flowered progeny 
# Obs: Observed number of blue-flowered and white-flowered progeny 
†† χ2: Chi-square value calculated from goodness-of-fit test; computed using Yates’ 
correction for continuity 
‡‡ P: Probability associated with χ 2 value 
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Figure 7.1. Flowers of pickerelweed. A) Wild-type blue flowers. B) White flowers. 
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CHAPTER 8 
INHERITANCE AND GENETIC CONTROL OF FLORAL MORPH 

Introduction 

Pickerelweed is a diploid (2n=2x=16) erect, emergent, herbaceous aquatic 

perennial that reproduces by both sexual and vegetative means. Sexual reproduction in 

pickerelweed is influenced by tristyly, a type of heteromorphic incompatibility that 

promotes disassortative mating among floral morphs and encourages insect-mediated 

cross-pollination among different morphs (Crowe 1964; Darwin 1877; Ganders 1979; 

Vuillenmier 1967). 

Tristyly is thought to be the most complex breeding system in plants; the system 

has an elaborate developmental basis and is rare, suggesting evolution of the trait is 

difficult (Kohn et al. 1996; Richards and Barrett 1987). Populations of species that utilize 

tristylous incompatibility systems have three distinct floral morphs, each with a unique 

set of characters. Floral morph differences include length of stigmatic papillae, style 

coloration and pollen exine sculpturing (Barrett 1988), but the most obvious visible 

difference among the morphs is style length. There are three positions within each flower, 

with each position occupied by either a single style or one of two sets of stamens. Floral 

morph designation is determined by style length. Flowers with long styles are L-morphs, 

while those with styles in the mid or short positions are classified as M-morphs or 

S-morphs, respectively (Figure 8.1). Reciprocal positioning of anthers and stigmas occurs 

so that each plant produces flowers with anthers borne at the same level as the stigma of 

the other morphs. This arrangement promotes insect-mediated cross-pollinations between 
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anthers and stigmas of equivalent height, resulting in seed set. Darwin (1877) referred to 

this as “legitimate pollination”, while “illegitimate pollinations” between anthers and 

stigmas at different levels result in little or no seed production. 

Inheritance of style length in tristylous systems was controlled by two diallelic loci 

in the species studied thus far [e.g., species of Lythrum (Anderson and Ascher 1995), 

Eichhornia (Barrett 1988) and Oxalis suksdorfi (Ordnuff 1964)]. The L-morph (long 

style) phenotype was produced by the completely recessive genotype ssmm, while the 

M-morph (mid style) phenotype was due to a recessive condition at the S locus and the 

presence of at least one dominant allele at the M locus (genotype ssMM or ssMm). The 

dominant S allele was present only in plants with S-morph (short style) flowers, which 

had the genotype SSMM, SSMm, SSmm, SsMM, SsMm or Ssmm. The S locus was epistatic 

to the M locus and prevented expression of alleles at the M locus (Anderson and Ascher 

1995; Barrett 1988; Charlesworth 1979). L-morph plants were true-breeding for morph 

and self-pollination produced only L-morph progeny. Segregation of progeny resulting 

from self-pollination of S-morph and M-morph plants would be dependent upon the 

genotype of the parent plant. 

There is no conclusive published information describing the inheritance and genetic 

control of floral morph in pickerelweed. Barrett and Anderson (1985) assessed a small set 

of S1 progeny (20 seedlings) produced from controlled self-pollinations and found that 

two of the four populations under investigation segregated for style length; however, the 

small population size precluded speculation about the inheritance of style length in 

pickerelweed. The objective of this experiment was to determine the type of gene action 

and number of loci controlling floral morph in this population of pickerelweed. 
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Materials and Methods 

The populations utilized in this experiment were developed using the strategy 

described in Appendix A of this dissertation. Each F1 and S1 plant was grown to 

reproductive maturity and evaluated for floral morph. Data from F1 and S1 populations 

were used to develop a working model to explain the type of gene action and number of 

loci controlling floral morph in pickerelweed. Development of this model allowed the 

assignment of genotypes to parents; the model was then verified by analyses of 

F2 populations. All data were analyzed using goodness-of-fit (chi-square or χ2) tests with 

Yates’ correction for continuity when appropriate. 

Results and Discussion 

No maternal effects were noted in the eight F1 families examined in this 

experiment; therefore, data presented for each F1 family were pooled within each 

cross/reciprocal set. All eight F1 families segregated for floral morph, as did S1 progeny 

from self-pollination of S-morph and M-morph parents (Table 8.1). The only family that 

did not segregate was derived from self-pollination of the L-morph parent BL. These data 

were compared to the two-locus diallelic model responsible for the control of floral 

morph in other tristylous species. Genotypes were assigned to all five parents based on 

the proposed model and segregation of F1 progeny. Based on these data, the L-morph 

parent BL was homozygous recessive at both loci (ssmm), while the M-morph parents 

WM and BM were homozygous recessive at the epistatic locus and heterozygous at the 

hypostatic locus (ssMm). The two S-morph parents examined in this experiment had 

different genotypes; the parent BS was heterozygous at the epistatic locus and 

homozygous dominant at the hypostatic locus (SsMM), while the parent WS was 
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heterozygous at the epistatic locus and homozygous recessive at the hypostatic locus 

(Ssmm). 

Goodness-of-fit values and their associated probabilities for F1 and S1 populations 

are presented in Table 8.2; these values indicated that the model provided a good fit to 

most of the data and supported the proposed genotype assignments. Seven of the eight 

F1 families under investigation were advanced to the F2 generation for further study. 

Goodness-of-fit values and their associated probabilities for F2 families are presented in 

Tables 8.3 through 8.9 and are sorted by family. Summaries of the analyses for each 

family are presented below. 

WS. The parent WS was assigned the genotype Ssmm and S1 progeny segregated in 

a ratio that was not different from the expected 3:1 (short:long) (Table 8.2); therefore, 

these S1 data provided evidence that supported the proposed model and assignment of the 

genotype Ssmm to WS. 

WM. The parent WM was assigned the genotype ssMm and S1 progeny segregated 

in a ratio that was not different from the expected 3:1 (mid:long) (Table 8.2); therefore, 

these S1 data provided evidence that supported the proposed model and assignment of the 

genotype ssMm to WM. 

BS. The parent BS was assigned the genotype SsMM and S1 progeny segregated in 

a ratio that was not different from the expected 3:1 (short:mid) (Table 8.2); therefore, 

these S1 data provided evidence that supported the proposed model and assignment of the 

genotype SsMM to BS. 

BM. The parent BM was assigned the genotype ssMm and S1 progeny segregated 

in a ratio that was not different from the expected 3:1 (mid:long) (Table 8.2); therefore, 
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these S1 data provided evidence that supported the proposed model and assignment of the 

genotype ssMm to BM. 

BL. The parent BL was assigned the genotype ssmm and all S1 progeny had 

L-morph flowers (Table 8.1); therefore, these S1 data provided evidence that supported 

the proposed model and assignment of the genotype ssmm to BL. 

WMWS and WSWM. Parents WM and WS were assigned the genotypes ssMm 

and Ssmm, respectively. The observed F1 progeny segregated in a manner that was not 

different from the expected 2:1:1 (short:mid:long) ratio (Table 8.2). It was not possible to 

evaluate the segregation of F2 progeny from this cross/reciprocal set, as all F2 seeds from 

this family were contaminated with fungi and failed to germinate. The F1 data from this 

cross/reciprocal set provided evidence that supported the proposed model and genotypic 

assignments. 

WMBL and BLWM. Parents WM and BL were assigned the genotypes ssMm and 

ssmm, respectively. The observed F1 progeny segregated in a manner that was not 

different from the expected 1:1 (mid:long) ratio (Table 8.2). One of two segregation 

ratios was expected in the F2 generation based on the phenotype of the F1 plant 

self-pollinated to create an F2 family. L-morph F1 plants were expected to produce all 

L-morph F2 progeny, while M-morph F1 plants were expected to produce F2 progeny that 

segregated in a 3:1 (mid:long) ratio. A total of 24 F2 families (derived from 

self-pollination of 12 L-morph F1 plants and 12 M-morph F1 plants) were analyzed 

(Table 8.3). All F2 families from L-morph F1 plants produced only L-morph progeny. 

Eleven of the twelve F2 families from M-morph F1 plants segregated in ratios that were 

not different from the expected 3:1 ratio, while the F2 family WM6 segregated in a 
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manner that differed from the expected 3:1 ratio. Around 1 in 50 populations of 

pickerelweed with the proposed genotypes would be expected to exhibit as much 

variation for floral morph as WM6, so it is probable that sampling error was responsible 

for the recovery of this single family that did not segregate as expected. With the 

exception of the F2 progeny from WM6, these data provided evidence that supported the 

proposed model and genotypic assignments. 

WSBL and BLWS. Parents WS and BL were assigned the genotypes Ssmm and 

ssmm, respectively. The observed F1 progeny segregated in a manner that was not 

different from the expected 1:1 (short:long) ratio (Table 8.2). One of two segregation 

ratios was expected in the F2 generation based on the phenotype of the F1 plant 

self-pollinated to create an F2 family. L-morph F1 plants were expected to produce all 

L-morph F2 progeny, while S-morph F1 plants were expected to produce F2 progeny that 

segregated in a 3:1 (short:long) ratio. A total of 16 F2 families (derived from 

self-pollination of 12 L-morph F1 plants and 4 S-morph F1 plants) were analyzed (Table 

8.4). All F2 families from L-morph F1 plants produced only L-morph progeny. Three of 

the four F2 families from S-morph F1 plants produced progeny that segregated in ratios 

that were not different from the expected 3:1 ratio, while the F2 family BS7 segregated in 

a manner that differed from the expected 3:1 ratio. Around 1 in 100 populations of 

pickerelweed with the proposed genotypes would be expected to exhibit as much 

variation for floral morph as BS7, so it is probable that sampling error was responsible 

for the recovery of this single family that did not segregate as expected. With the 

exception of the F2 progeny from BS7, these data provided evidence that supported the 

proposed model and genotypic assignments. 
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WSBM and BMWS. Parents WS and BM were assigned the genotypes Ssmm and 

ssMm, respectively. The observed F1 progeny segregated in a manner that differed from 

the expected 2:1:1 (short:mid:long) ratio (Table 8.2). Around 1 in 250 populations of 

pickerelweed with the proposed genotypes would show as much variation for floral 

morph as the F1 progeny in this family, so the probability of recovering a progeny set that 

segregated in this manner was small (p=0.0035) but still possible. One of four 

segregation ratios was expected in the F2 generation based on the phenotype and 

genotype of the F1 plant self-pollinated to create an F2 family. L-morph F1 plants were 

expected to produce only L-morph F2 progeny, while M-morph F1 plants were expected 

to produce F2 progeny that segregated in a 3:1 (mid:long) ratio and S-morph F1 plants 

were expected to produce F2 progeny that segregated either in a 12:3:1 (short:mid:long) 

ratio or a 3:1 (short:long) ratio. A total of 20 F2 families (derived from self-pollination of 

5 L-morph F1 plants, 4 M-morph F1 plants and 11 S-morph F1 plants) were analyzed 

(Table 8.5). All F2 families from L-morph F1 plants only produced L-morph progeny. 

Three of the four F2 families from M-morph F1 plants produced progeny that segregated 

in ratios that were not different from 3:1, while the F2 family from the M-morph F1 plant 

BM2 segregated in a manner that differed from the expected 3:1 ratio. The probability of 

recovering a population of pickerelweed with the proposed genotypes that showed as 

much variation for floral morph as BM2 is remote, but still possible. Seven of the eleven 

F2 families from S-morph F1 plants segregated in ratios that were not different from 

12:3:1; of the remaining four F2 families from S-morph plants, three segregated in ratios 

that were not different from 3:1. The F2 family from the S-morph plant WS5 produced 

only S-morph and L-morph progeny, but segregated in a manner that was different from 



169 

 

the expected 3:1 ratio; however, around 1 in 20 populations of pickerelweed with the 

proposed genotypes would be expected to exhibit as much variation for floral morph as 

WS5, so it is probable that sampling error was responsible for the recovery of this single 

family that did not segregate as expected. With the exception of the F2 progeny from 

BM2 and WS5, these data provided evidence that supported the proposed model and 

genotypic assignments. 

WMBS and BSWM. Parents WM and BS were assigned the genotypes ssMm and 

SsMM, respectively. The observed F1 progeny segregated in a manner that was not 

different from the expected 1:1 (short:mid) ratio (Table 8.2). One of four segregation 

ratios was expected in the F2 generation based on the phenotype and genotype of the 

F1 plant self-pollinated to create an F2 family. M-morph F1 plants were expected to 

produce F2 progeny that either segregated in a 3:1 (mid:long) ratio or were all M-morph. 

S-morph F1 plants were expected to produce F2 progeny that segregated either in a 12:3:1 

(short:mid:long) ratio or a 3:1 (short:long) ratio. A total of 15 F2 families (derived from 

self-pollination of 8 M-morph F1 plants and 7 S-morph F1 plants) were analyzed 

(Table 8.6). Four of the eight F2 families from M-morph F1 plants produced progeny that 

segregated in ratios that were not different from 3:1, while the remaining four F2 families 

from M-morph F1 plants produced only M-morph progeny. Four of the seven F2 families 

from S-morph F1 plants segregated in ratios that were not different from 12:3:1; of the 

remaining three F2 families from S-morph plants, two segregated in ratios that were not 

different from 3:1. The F2 family from the S-morph plant BS5 produced only S-morph 

and L-morph progeny, but segregated in a manner that was different from the expected 

3:1 ratio; however, around 1 in 25 populations of pickerelweed with the proposed 
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genotypes would be expected to exhibit as much variation for floral morph as BS5, so it 

is probable that sampling error was responsible for the recovery of this single family that 

did not segregate as expected. With the exception of the F2 progeny from BS5, these data 

provided evidence that supported the proposed model and genotypic assignments. 

BSBM and BMBS. Parents BS and BM were assigned the genotypes SsMM and 

ssMm, respectively. The observed F1 progeny segregated in a manner that was not 

different from the expected 1:1 (short:mid) ratio (Table 8.2). One of four segregation 

ratios was expected in the F2 generation based on the phenotype and genotype of the 

F1 plant self-pollinated to create an F2 family. M-morph F1 plants were expected to 

produce F2 progeny that either segregated in a 3:1 (mid:long) ratio or were all M-morph. 

S-morph F1 plants were expected to produce F2 progeny that segregated either in a 12:3:1 

(short:mid:long) ratio or a 3:1 (short:long) ratio. A total of 12 F2 families (derived from 

self-pollination of 6 M-morph F1 plants and 6 S-morph F1 plants) were analyzed 

(Table 8.7). Three of the six F2 families from M-morph F1 plants produced progeny that 

segregated in ratios that were not different from 3:1, while the remaining three 

F2 families from M-morph F1 plants produced only M-morph progeny. Three of the six 

F2 families from S-morph F1 plants segregated in ratios that were not different from 

12:3:1; of the remaining three F2 families from S-morph plants, one segregated in a ratio 

that was not different from the expected 3:1. The F2 families from the S-morph plants 

BS1 and BS2 produced only S-morph and L-morph progeny, but each segregated in a 

manner that differed from the expected 3:1 ratio. Around 1 in 125 populations of 

pickerelweed with the proposed genotypes would show as much variation for floral 

morph as BS1, so it is probable that sampling error was responsible for the recovery of 
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this family that did not segregate as expected. The likelihood of recovering a progeny set 

that segregated in the same manner as BS2 was more remote, but still possible. With the 

exception of the F2 progeny from BS1 and BS2, these data provided evidence that 

supported the proposed model and genotypic assignments. 

BSBL and BLBS. Parents BS and BL were assigned the genotypes SsMM and 

ssmm, respectively. The observed F1 progeny segregated in a manner that was not 

different from the expected 1:1 (short:mid) ratio (Table 8.2). One of two segregation 

ratios was expected in the F2 generation based on the phenotype of the F1 plant 

self-pollinated to create an F2 family. M-morph F1 plants were expected to produce 

F2 progeny that segregated in a 3:1 (mid:long) ratio, while S-morph F1 plants were 

expected to produce F2 progeny that segregated in a 12:3:1 (short:mid:long) ratio. A total 

of 12 F2 families (derived from self-pollination of 6 M-morph F1 plants and 6 S-morph 

F1 plants) were analyzed (Table 8.8). Five of the six F2 families from M-morph F1 plants 

produced progeny that segregated in ratios that were not different from the expected 3:1, 

while the F2 family from the M-morph F1 plant UVM2 segregated in a manner that 

differed from the expected 3:1 ratio. Around 1 in 100 populations of pickerelweed with 

the proposed genotypes would show as much variation for floral morph as UVM2, so it is 

probable that sampling error was responsible for the recovery of this family that did not 

segregate as expected. Four of the six F2 families from S-morph F1 plants segregated in 

ratios that were not different from 12:3:1, but the F2 families VarBS and UVS2 

segregated in ratios that differed from the expected 12:3:1. Around 1 in 25 populations of 

pickerelweed with the proposed genotypes would show as much variation for floral 

morph as VarBS and as many as 1 in 30 would show as much variation for floral morph 
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as UVS2, so it is probable that sampling error was responsible for the recovery of these 

families that did not segregate as expected. With the exception of the F2 progeny from 

UVM2, VarBS and UVS2, these data provided evidence that supported the proposed 

model and genotypic assignments. 

BMBL and BLBM. Parents BM and BL were assigned the genotypes ssMm and 

ssmm, respectively. The observed F1 progeny segregated in a manner that was not 

different from the expected 1:1 (mid:long) ratio (Table 8.2). One of two segregation 

ratios was expected in the F2 generation based on the phenotype of the F1 plant 

self-pollinated to create an F2 family. L-morph F1 plants were expected to produce only 

L-morph F2 progeny, while M-morph F1 plants were expected to produce F2 progeny that 

segregated in a 3:1 (mid:long) ratio. A total of 20 F2 families (derived from 

self-pollination of 13 L-morph F1 plants and 7 M-morph F1 plants) were analyzed 

(Table 8.9). All F2 families from L-morph F1 plants produced only L-morph progeny. Six 

of the seven F2 families from M-morph F1 plants segregated in ratios that were not 

different from the expected 3:1 ratio, while the F2 family BM5 segregated in a manner 

that differed from the expected 3:1 ratio. Around 1 in 250 populations of pickerelweed 

with the proposed genotypes would show as much variation for floral morph as BM5, so 

it is possible that sampling error was responsible for the recovery of this family that did 

not segregate as expected. With the exception of the F2 progeny from BM5, these data 

provided evidence that supported the proposed model and genotypic assignments. 

Conclusions 

The results of this experiment suggested that floral morph in this population of 

pickerelweed was controlled in a manner similar to that described by Anderson and 

Ascher (1995), Barrett (1988) and Ordnuff (1964) for other tristylous species. These data 
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were provided the best fit by a model with two diallelic loci; gene action was dominant 

and expression was influenced by epistasis. The L-morph phenotype was produced by the 

completely recessive genotype (ssmm), while the M-morph phenotype was due to a 

recessive condition at the S locus and at least one dominant allele at the M locus (ssM_). 

The presence of a dominant allele at the S locus was required to produce the S-morph 

phenotype (S _ _ _); the S locus was epistatic to the M locus so that the presence of the 

dominant S allele prevented expression of alleles at the M locus. 

This experiment examined the segregation patterns of five S1 families, eight 

F1 families and 119 F2 families of pickerelweed. All S1 families and seven of the eight 

F1 families segregated as expected. A total of 42 F2 families from L-morph F1 plants, 

43 F2 families from M-morph F1 plants and 34 F2 families from S-morph F1 plants were 

studied in this experiment. All 42 F2 families from L-morph F1 plants segregated as 

expected (i.e., all F2 progeny from L-morph F1 plants were L-morph). Thirty-nine of the 

43 F2 families from M-morph F1 plants segregated as expected, while the remaining four 

F2 families did not segregate as expected. It is interesting to note that all four F2 families 

from M-morph F1 plants that deviated significantly from the expected ratios produced an 

excess of L-morph F2 progeny and a deficit of M-morph F2 progeny. The reason for this 

excess of L-morph offspring is unknown; however, it is possible that dominant alleles at 

the M locus were linked to an unidentified locus that coded for a deleterious or lethal 

trait, which would have resulted in the production of non-viable progeny. Twenty-seven 

of the 34 F2 families from S-morph F1 plants segregated as expected, while the remaining 

seven F2 families did not segregate as expected. There was no evidence that suggested 
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any one morph was consistently produced in excess as compared to the other morphs in 

F2 families derived from S-morph F1 plants. 

The vast majority of the data generated in this experiment supported the proposed 

model. All five S1 progeny sets, seven of eight F1 progeny sets and 108 of 119 F2 progeny 

sets segregated as expected. The failure of one F1 family and eleven F2 families to 

conform to expected segregation patterns was most likely due to sampling error, as all 

other data supported the proposed model. It is possible that inheritance of tristyly is 

influenced by epigenetic factors or by additional loci not included in the model; however, 

this experiment failed to reveal the existence of other factors that contributed to the 

genetic control of tristyly in this population of pickerelweed. 
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Table 8.1. Number of S-morph, M-morph and L-morph progeny in F1 and S1 families of 
pickerelweed. 

Family†  Generation‡ Plants§  S¶  M#  L†† 
WSWM and WMWS  F1   98  53  23  22  
WMBL and BLWM  F1   57    0  29  28  
WSBL and BLWS  F1   67  28    0  39  
WSBM and BMWS  F1 144  87  19  38  
WMBS and BSWM  F1 103  52  51    0  
BSBM and BMBS  F1 132  77  55    0  
BSBL and BLBS  F1   49  21  28    0  
BMBL and BLBM  F1   91    0  46  45  
WS  ⊗    S1   21  16    0    5  
WM ⊗    S1   44    0  32  12  
BS ⊗    S1     9    7    2    0  
BM ⊗    S1   11    0    6    5  
BL ⊗    S1   56    0    0  56  
† Family: F1 or S1 family under investigation; F1 families were created through cross- and 
reciprocal pollinations between two parents and F1 codes identify the parents (e.g., the 
F1 family WSWM was derived from cross-pollination between the parents WS and WM) 
‡ Generation: Generation of the family under investigation 
§ Plants: Number of plants examined 
¶ S: Number of plants with S-morph flowers 
# M: Number of plants with M-morph flowers 
†† L: Number of plants with L-morph flowers 
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Table 8.2. Goodness-of-fit tests for F1 and S1 families of pickerelweed segregating for 
short, mid and long floral morphs. Progeny were tested against a model with 
two diallelic loci (S and M) with epistasis; gene action at each locus is 
dominant and the S locus is epistatic to the M locus. S-morphs result from the 
genotypes S _ _ _, M-morphs from the genotypes ssM_ and L-morphs by the 
genotype ssmm. 

Family† Parents‡  Expected§ Observed¶ χ2#  P††  
WMWS ssMm x Ssmm  2:1:1  53:23:22 0.6734  0.7141  
WMBL ssMm x ssmm  0:1:1    0:29:28 0.0000  0.9999  
WSBL  Ssmm x ssmm  1:0:1    28:0:39 1.2821  0.2575  
WSBM Ssmm x ssMm  2:1:1  87:19:38 11.264  0.0035  
WMBS ssMm x SsMM  1:1:0    52:51:0 0.0000  0.9999  
BSBM  SsMM x ssMm  1:1:0    77:55:0 3.3409  0.0675  
BSBL  SsMM x ssmm  1:1:0    21:28:0 0.7347  0.3913  
BMBL  ssMm x ssmm  0:1:1    0:46:45 0.0000  0.9999  
WS ⊗  Ssmm ⊗  3:0:1      16:0:5 0.0000  0.9999  
WM ⊗  ssMm ⊗  0:3:1    0:32:12 0.0303  0.8618  
BS ⊗  SsMM ⊗  3:1:0        7:2:0 0.0000  0.9999  
BM ⊗  ssMm ⊗  0:3:1        0:6:5 1.1136  0.2913  
† Family: F1 or S1 family under investigation; F1 families were created through cross- and 
reciprocal pollinations between two parents and F1 codes identify the parents (e.g., the 
F1 family WSWM was derived from cross-pollination between the parents WS and WM); 
not shown: non-segregating family BL ⊗ (L-morph progeny only) 
‡ Parents: Genotypes of parents used to create family 
§ Expected: Expected ratio of S-morph to M-morph to L-morph progeny 
¶ Observed: Number of S-morph, M-morph and L-morph progeny observed 
# χ2: Chi-square value calculated from goodness-of-fit test; values computed using Yates’ 
correction for continuity except for the families WMWS and WSBM 
†† P: Probability associated with calculated χ 2 value 
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Table 8.3. Goodness-of-fit tests for F2 families of pickerelweed segregating for floral 
morph and derived from the initial cross/reciprocal set WMBL (genotypes 
ssMm x ssmm). Progeny were tested against a model with two diallelic loci 
(S and M) with epistasis; gene action at each locus is dominant and the S locus 
is epistatic to the M locus. S-morphs result from the genotypes S _ _ _, 
M-morphs from the genotypes ssM_ and L-morphs by the genotype ssmm. 

F2† F1 parent‡ Expected§ Observed¶ χ2#  P††  
WM1 WMBL3 0:3:1  0:45:15 0.0000  0.9999  
WM2 WMBL25 0:3:1    0:11:5 0.0625  0.7728  
WM3 WMBL31 0:3:1  0:44:11 0.4909  0.4835  
WM4 WMBL48 0:3:1    0:32:9 0.0732  0.7867  
WM5 BLWM5 0:3:1  0:25:11 0.3333  0.5637  
WM6 BLWM8 0:3:1  0:44:27 5.7512  0.0164  
BM1 WMBL4 0:3:1  0:53:23 0.8596  0.3538  
BM2 WMBL13 0:3:1  0:64:19 0.1004  0.7513  
BM3 WMBL22 0:3:1  0:49:10 1.6328  0.2013  
BM4 BLWM3 0:3:1  0:96:22 2.2147  0.1367  
BM5 BLWM6 0:3:1    0:31:9 0.0333  0.8552  
BM6 BLWM9 0:3:1    0:23:7 0.0000  0.9999  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WL1, WL2, 
WL3, WL4, WL5, WL6, BL1, BL2, BL3, BL4, BL5, BL6 (L-morph progeny only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WM and BL 
§ Expected: Expected ratio of S-morph to M-morph to L-morph progeny 
¶ Observed: Observed number of S-morph, M-morph and L-morph progeny 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity 
†† P: Probability associated with χ 2 value 
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Table 8.4. Goodness-of-fit tests for F2 families of pickerelweed segregating for floral 
morph and derived from the initial cross/reciprocal set WSBL (genotypes 
Ssmm x ssmm). Progeny were tested against a model with two diallelic loci 
(S and M) with epistasis; gene action at each locus is dominant and the S locus 
is epistatic to the M locus. S-morphs result from the genotypes S _ _ _, 
M-morphs from the genotypes ssM_ and L-morphs by the genotype ssmm. 

F2† F1 parent‡ Expected§ Observed¶ χ2#  P††  
WS1 WSBL1 3:0:1  29:0:12 0.2033  0.6520  
BS1 WSBL6 3:0:1    40:0:6 2.8986  0.0886  
BS3 BLWS12 3:0:1  38:0:18 1.1667  0.2800  
BS7 BLWS55 3:0:1    30:0:1 6.7204  0.0095  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WL1, WL2, 
WL3, WL4, WL5, WL6, BL1, BL2, BL3, BL4, BL5, BL6 (L-morph progeny only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WS and BL 
§ Expected: Expected ratio of S-morph to M-morph to L-morph progeny 
¶ Observed: Observed number of S-morph, M-morph and L-morph progeny 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity 
†† P: Probability associated with χ 2 value 
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Table 8.5. Goodness-of-fit tests for F2 families of pickerelweed segregating for floral 
morph and derived from the initial cross/reciprocal set WSBM (genotypes 
Ssmm x ssMm). Progeny were tested against a model with two diallelic loci 
(S and M) with epistasis; gene action at each locus is dominant and the S locus 
is epistatic to the M locus. S-morphs result from the genotypes S _ _ _, 
M-morphs from the genotypes ssM_ and L-morphs by the genotype ssmm. 

F2† F1 parent‡ Expected§ Observed¶ χ2#  P††  
WM1 WSBM13   0:3:1      0:2:1 0.0000  0.9999  
WM2 WSBM26   0:3:1  0:19:10 0.9310  0.3346  
BM1 BMWS36   0:3:1  0:21:12 1.7071  0.1913  
BM2 WSBM45   0:3:1  0:48:39 17.199  0.0000  
WS1 BMWS8 12:3:1  38:13:5 0.9583  0.6193  
WS2 BMWS30 12:3:1  37:10:1 1.0347  0.6457  
WS3 BMWS37   3:0:1    22:0:8 0.0000  0.9999  
WS4 WSBM43   3:0:1    23:0:8 0.0000  0.9999  
WS5 WSBM44   3:0:1  18:0:13 3.8817  0.0488  
WS6 WSBM51 12:3:1    31:9:1 0.5264  0.7685  
WS7 WSBM24   3:0:1    10:0:3 0.0000  0.9999  
BS2 BMWS21 12:3:1  58:20:7 1.4941  0.3516  
BS3 BMWS54 12:3:1    17:1:4 4.9545  0.0839  
BS4 WSBM5 12:3:1  70:14:4 1.0303  0.5974  
BS6 WSBM41 12:3:1    39:8:4 0.1503  0.9276  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WL1, WL2, 
WL3, BL1, BL2 (L-morph progeny only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WS and BM 
§ Expected: Expected ratio of S-morph to M-morph to L-morph progeny 
¶ Observed: Observed number of S-morph, M-morph and L-morph progeny 
# χ2: Chi-square value computed from goodness-of-fit test; values calculated using Yates’ 
correction for continuity except for families BS2 and BS4 
†† P: Probability associated with χ 2 value 
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Table 8.6. Goodness-of-fit tests for F2 families of pickerelweed segregating for floral 
morph and derived from the initial cross/reciprocal set WMBS (genotypes 
ssMm x SsMM). Progeny were tested against a model with two diallelic loci 
(S and M) with epistasis; gene action at each locus is dominant and the S locus 
is epistatic to the M locus. S-morphs result from the genotypes S _ _ _, 
M-morphs from the genotypes ssM_ and L-morphs by the genotype ssmm. 

F2† F1 parent‡ Expected§ Observed¶ χ2#  P††  
BM1 WMBS28   0:3:1    0:82:23 0.3841  0.5354  
BM2 WMBS33   0:3:1    0:74:22 0.1250  0.7236  
BM3 BSWM16   0:3:1      0:19:8 0.1111  0.7388  
BM6 WMBS24   0:3:1      0:19:9 0.4286  0.5126  
BS1 WMBS13 12:3:1    68:20:5 0.5332  0.7656  
BS2 WMBS73   3:1:0    83:31:0 0.1871  0.6653  
BS3 BSWM3 12:3:1      13:3:1 0.0000  0.9999  
BS4 BSWM30 12:3:1      54:7:1 3.9731  0.1371  
BS5 WMBS39   3:1:0  126:27:0 4.0283  0.0447  
BS6 WMBS47   3:1:0      14:2:0 0.6429  0.3864  
BS7 BSWM23 12:3:1      40:5:4 1.7483  0.4172  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families BM4, BM5, 
BM7, BM8 (M-morph progeny only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents WM and BS 
§ Expected: Expected ratio of S-morph to M-morph to L-morph progeny 
¶ Observed: Observed number of S-morph, M-morph and L-morph progeny 
# χ2: Chi-square value computed from goodness-of-fit test; values calculated using Yates’ 
correction for continuity except for the family BS1 
†† P: Probability associated with χ 2 value 
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Table 8.7. Goodness-of-fit tests for F2 families of pickerelweed segregating for floral 
morph and derived from the initial cross/reciprocal set BSBM (genotypes 
SsMM x ssMm). Progeny were tested against a model with two diallelic loci 
(S and M) with epistasis; gene action at each locus is dominant and the S locus 
is epistatic to the M locus. S-morphs result from the genotypes S _ _ _, 
M-morphs from the genotypes ssM_ and L-morphs by the genotype ssmm. 

F2† F1 parent‡ Expected§ Observed¶ χ2#  P††  
BM3 BSBM2   0:3:1    0:23:12 1.1524  0.2830  
PBM1 BMBS16   0:3:1  0:117:32 0.8076  0.3688  
PBM3 BSBM24   0:3:1    0:79:31 0.4364  0.5088  
BS1 BMBS61   3:1:0    19:16:0 6.9429  0.0084  
BS2 BMBS94   3:1:0    66:44:0 12.412  0.0004  
BS4 BSBM28   3:1:0    54:20:0 0.0721  0.7883  
PBS1 BMBS88 12:3:1      48:7:1 2.7202  0.2566  
PBS3 BMBS96 12:3:1      15:4:1 0.0000  0.9999  
PBS4 BMBS104 12:3:1      31:8:1 0.4083  0.8153  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families BM1, BM2, 
PBM2 (M-morph progeny only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents BS and BM 
§ Expected: Expected ratio of S-morph to M-morph to L-morph progeny 
¶ Observed: Observed number of S-morph, M-morph and L-morph progeny 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity 
†† P: Probability associated with χ 2 value 
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Table 8.8. Goodness-of-fit tests for F2 families of pickerelweed segregating for floral 
morph and derived from the initial cross/reciprocal set BSBL (genotypes 
SsMM x ssmm). Progeny were tested against a model with two diallelic loci 
(S and M) with epistasis; gene action at each locus is dominant and the S locus 
is epistatic to the M locus. S-morphs result from the genotypes S _ _ _, 
M-morphs from the genotypes ssM_ and L-morphs by the genotype ssmm. 

F2† F1 parent‡ Expected§ Observed¶ χ2#  P††  
UVM1 BLBS13   0:3:1    0:74:31 0.6881  0.3381  
UVM2 BLBS19   0:3:1    0:56:33 6.2959  0.0121  
UVM3 BSBL14   0:3:1    0:70:22 0.0145  0.9041  
BM1 BLBS5   0:3:1    0:54:16 0.0762  0.7825  
BM2 BLBS11   0:3:1    0:71:27 0.2177  0.6407  
BM3 BSBL13   0:3:1    0:72:16 1.8333  0.1757  
VarBS BSBL16 12:3:1      50:3:2 6.4061  0.0406  
UVS2 BLBS33 12:3:1      53:4:1 6.8448  0.0326 
UVS3 BSBL12 12:3:1  104:24:8 0.1569  0.9249  
BS1 BLBS15 12:3:1    55:16:2 1.1724  0.5564  
BS2 BLBS32 12:3:1    63:19:8 1.5704  0.4511  
BS3 BSBL2 12:3:1        3:2:1 0.3889  0.8232  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents BS and BL 
§ Expected: Expected ratio of S-morph to M-morph to L-morph progeny 
¶ Observed: Observed number of S-morph, M-morph and L-morph progeny 
# χ2: Chi-square value computed from goodness-of-fit test; values calculated using Yates’ 
correction for continuity except for the families UVS3 and BS2 
†† P: Probability associated with χ 2 value 
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Table 8.9. Goodness-of-fit tests for F2 populations of pickerelweed segregating for floral 
morph and derived from the initial cross/reciprocal set BMBL (genotypes 
ssMm x ssmm). Progeny were tested against a model with two diallelic loci (S 
and M) with epistasis; gene action at each locus is dominant and the S locus is 
epistatic to the M locus. S-morphs result from the genotypes S _ _ _, 
M-morphs from the genotypes ssM_ and L-morphs by the genotype ssmm. 

F2† F1 parent‡ Expected§ Observed¶ χ2#  P††  
WM1 BMBL28 0:3:1  0:42:20 1.3763  0.2407  
BM1 BMBL43 0:3:1  0:37:14 0.0588  0.8084  
BM2 BMBL56 0:3:1  0:23:15 3.5088  0.0610  
BM3 BMBL11 0:3:1  0:94:31 0.0000  0.9999  
BM4 BLBM3 0:3:1  0:55:12 1.4378  0.2304  
BM5 BLBM4 0:3:1  0:33:24 8.0058  0.0046  
BM6 BLBM18 0:3:1  0:33:10 0.0078  0.9298  
† F2: Code identifying F2 family; each F2 family was produced by self-pollination of the 
F1 plant listed in the F1 parent column; not shown: non-segregating families WL1, WL2, 
WL3, WL4, BL1, BL2, BL3, BL4, BL5, BL6, BL7, BL8, BL9 (L-morph progeny only) 
‡ F1 parent: F1 plant self-pollinated to create F2 family; selected from the F1 family 
developed by cross- and reciprocal pollinations between the parents BM and BL 
§ Expected: Expected ratio of S-morph to M-morph to L-morph progeny 
¶ Observed: Observed number of S-morph, M-morph and L-morph progeny 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity 
†† P: Probability associated with χ 2 value 
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Figure 8.1. The three floral morphs of pickerelweed. A) L-morph. B) M-morph. 
C) S-morph. 
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CHAPTER 9 
LINKAGE RELATIONSHIP BETWEEN THE LOCI CONTROLLING 

FLOWER COLOR AND FLORAL MORPH 

Introduction 

Loci that are situated more than 50 map units (abbreviated m.u.; also called 

centiMorgans) apart on the same chromosome act in an independent manner since the 

distance between the loci is great enough that unrestricted recombination occurs between 

homologous chromosomes during meiosis. This free recombination results in the 

production of equal numbers of parental-type gametes and recombinant gametes. Genetic 

linkage occurs when the loci controlling multiple traits are less than 50 m.u. apart on the 

same chromosome. This close association between the loci reduces the frequency of 

recombination during meiosis; as a result, more parental-type gametes and fewer 

recombinant gametes are produced. The degree of linkage between loci ranges from 

complete linkage (loci located so close to each other that only parental-type gametes are 

produced) to complete independence (loci located 50 or more m.u. apart or on different 

chromosomes with the production of equal frequencies of parental-type and recombinant 

gametes). 

Determination of the linkage relationship between loci controlling different traits 

requires that the type of gene action and number of loci controlling both traits be known. 

The distance between linked loci can be estimated by mating individuals with disparate 

genotypes and determining the frequency of progeny in the resulting segregating 

population that exhibit recombinant phenotypes. The percentage of recombinant offspring 



186 

 

provides an estimate of the genetic distance and number of map units between the loci 

controlling the traits. 

There is no published information elucidating the linkage relationship between the 

loci controlling flower color and floral morph in pickerelweed. Research culminating in 

Chapter 7 of this dissertation showed that flower color in pickerelweed was controlled by 

a single diallelic locus with dominant gene action. Chapter 8 revealed that floral morph 

was conditioned by two diallelic loci; both loci exhibited dominant gene action and 

expression of floral morph was influenced by epistasis. The objective of this experiment 

was to determine the linkage relationship and genetic distance or number of map units 

between the loci controlling flower color and floral morph in this population of 

pickerelweed. 

Materials and Methods 

The population utilized in this experiment was developed using the strategy 

described in Appendix A of this dissertation. Each F1 plant was grown to reproductive 

maturity and evaluated for flower color and floral morph. Data from F1 populations were 

used to develop working models to explain the types of gene action and number of loci 

controlling flower color and floral morph in pickerelweed. Development of these models 

allowed the assignment of genotypes to parents; the models were then verified by 

analyses of F2 populations. Estimated genetic distance between the loci controlling flower 

color and floral morph was computed based on segregation patterns of families that 

deviated from the ratios expected under the assumption of independence of the loci of 

interest. A range of genetic distances was tested to identify the distance estimate that 

provided the best fit to the F1 families that deviated from expected ratios, then expected 

segregation ratios for all F1 families were recalculated using the most likely distance 
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estimate. Data for F2 families were also compared to expected values calculated with the 

most likely distance estimate. All data were analyzed using goodness-of-fit (chi-square or 

χ2) tests; Yates’ correction for continuity was employed when appropriate. In the interest 

of brevity, progeny will be referred to by their respective color and morph phenotypes 

(i.e., plants will blue L-morph flowers will be called “blue long”, plants with white 

M-morph flowers will be called “white mid”, etc.). 

Results and Discussion 

No maternal effects were noted in the seven F1 families examined in this 

experiment; therefore, data presented for each F1 family were pooled within each 

cross/reciprocal set. The assumption that the loci controlling flower color and floral 

morph act independently from one another was tested by comparing segregation of 

observed progeny to segregation ratios expected if the loci were 50 or more map units 

apart. Goodness-of-fit tests (Table 9.1) revealed that progeny from two of the seven 

F1 families under investigation segregated in manners that were different from the ratios 

expected if the loci controlling flower color and floral morph were independent. 

Evidence of linkage was only revealed in cross-pollinations that utilized BM as a 

parent. The F1 family BSBM was derived from the parents BS and BM but did not reveal 

linkage since BS was homozygous dominant for flower color and all F1 progeny had blue 

flowers. Each of the other parents used in this experiment was heterozygous at only one 

locus; therefore, linkage did not affect segregation ratios of F1 progeny in families where 

BM played no parental role. Possible genetic distances were computed based on 

segregation patterns produced by the two F1 families that deviated from the expected 

ratios. This was accomplished by identifying progeny with phenotypes that directly 

reflected recombinant genotypes. 
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Linkage in the F1 family BMBL. The F1 family BMBL was derived from the 

parents BM and BL. The parent BM was heterozygous for flower color (Ww), 

homozygous recessive at the epistatic S locus (ss) and heterozygous at the hypostatic 

M locus (Mm) controlling floral morph. The parent BL was heterozygous at the W locus 

responsible for flower color (Ww) and homozygous recessive (ssmm) at both loci 

controlling floral morph. Progeny in the F1 family BMBL segregated as expected for 

flower color (75% blue flowers, 25% white flowers) and for floral morph (50% 

M-morph, 50% L-morph) when these traits were considered individually. If the loci 

controlling the two traits were independent, the F1 progeny would have segregated in a 

distributive manner so that 50% of plants with blue flowers would have been M-morphs 

and 50% of plants with blue flowers would have been L-morphs; this same pattern of 

distribution would be expected to occur in white-flowered plants as well. Linkage 

between the loci controlling flower color and floral morph skewed this relationship. Free 

recombination does not occur when loci are linked, so parental-type and recombinant 

gametes were no longer produced in equal frequencies and phenotypic classes were no 

longer produced in a distributive fashion. 

The degree of linkage between the loci controlling flower color and floral morph 

was estimated by examining recombinant progeny. In the case of BMBL, the possible 

genotypes and phenotypes of F1 progeny were determined by evaluating the gametes 

produced by each parent and combining those gametes to form progeny. The parent BL 

produced only two types of gametes – Wms and wms – and recombination would not be 

detected in gametes from this parent, since a heterozygous condition existed only at the 

W locus; as a result, gametes produced from crossover events during meiosis in BL were 
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genotypically identical to parental-type gametes. Recombination was, however, detected 

in gametes from the parent BM, as BM was heterozygous at two of the three loci 

controlling flower color and floral morph. The two heterozygous loci of BM could have 

been linked either in coupling (dominant alleles on the same chromosome – WMs/wms) 

or in repulsion (one dominant allele on each chromosome – i.e., Wms/wMs). The linkage 

relationship or chromosomal arrangement of the dominant alleles of the linked loci 

determines the frequency of progeny types, as the genotypes of parental-type and 

recombinant gametes will differ based on the arrangement of the dominant alleles. 

If the W and M loci were linked in repulsion (i.e., Wms/wMs), the most frequent 

gametes produced by BM would be Wms and wMs; these gametes would fuse with 

gametes from BL to produce three types of F1 progeny: blue long (Wms/Wms and 

Wms/wms), blue mid (wMs/Wms) and white mid (wMs/wms). The parent BM would be 

expected to produce recombinant gametes (WMs and wms) less frequently; these gametes 

would fuse with gametes from BL to produce three types of F1 progeny: blue mid 

(WMs/Wms and WMs/wms), blue long (wms/Wms) and white long (wms/wms). This 

scenario with the W and M loci linked in repulsion is unlikely, as the least frequent 

phenotype observed in BMBL was white mid (Table 9.1). If the loci controlling flower 

color and floral morph were linked in repulsion, the white mid phenotype would have 

been produced at a high frequency, as it would have been derived from a parental-type 

gamete. 

If the W and M loci were linked in coupling (i.e., WMs/wms), the most frequent 

gametes produced by BM would be WMs and wms; these gametes would fuse with 

gametes from BL to produce three types of F1 progeny: blue mid (WMs/Wms and 
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WMs/wms), blue long (wms/Wms) and white long (wms/wms). The parent BM would be 

expected to produce recombinant gametes (Wms and wMs) less frequently; these gametes 

would fuse with gametes from BL to produce three types of F1 progeny: blue long 

(Wms/Wms and Wms/wms), blue mid (wMs/Wms) and white mid (wMs/wms). Blue mid 

plants and blue long plants would be produced from both parental-type and recombinant 

gametes. White long plants would result only from parental-type gametes, while white 

mid plants would be derived only from recombinant gametes. The phenotypic class that 

was present in the lowest frequency in the F1 family BMBL was white mid (Table 9.1); it 

is therefore likely that the W and M loci were linked in coupling in the parent BM. 

The frequency of progeny produced from recombinant gametes of BM provided an 

estimate of the genetic distance between the linked loci. A total of 91 F1 plants in the 

family BMBL were evaluated for flower color and floral morph; of these, one exhibited 

the recombinant white mid phenotype (Table 9.1). This phenotype represented 

one-quarter of all recombination events (recall the other three recombinant gametes 

produced offspring that were phenotypically identical to offspring produced by 

parental-type gametes); therefore, the map distance between the two loci should be 

approximately four times the observed frequency of the phenotypically distinct 

recombinant F1 progeny. Based on these data, a reasonable estimate of the genetic 

distance between the W locus and the M locus would be 4(1/91) or 0.044 – equivalent to 

4.4 m.u.. 

Linkage in the F1 family WSBM. The second F1 family that segregated in a 

manner that was different from the ratios expected under the assumption of independence 

was coded WSBM and was derived from the parents WS and BM. The parent WS was 
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homozygous recessive at the single locus responsible for flower color (ww), heterozygous 

at the epistatic S locus (Ss) and homozygous recessive at the hypostatic M locus (mm) 

controlling floral morph. The parent WS produced only two types of gametes – wmS and 

wms – and recombination was not detected since a heterozygous condition existed only at 

the S locus; as a result, gametes produced from crossover events during meiosis were 

genotypically identical to parental-type gametes. The parent BM was heterozygous for 

flower color (Ww), homozygous recessive at the epistatic S locus (ss) and heterozygous at 

the hypostatic M locus (Mm) controlling floral morph. Linkage experiments are usually 

conducted with the understanding that progeny segregated as expected when each trait 

was evaluated individually. Progeny that comprise the F1 family WSBM segregated as 

expected for flower color (50% blue flowers and 50% white flowers); however, the 

family did not segregate as expected for floral morph and an excess of S-morph plants 

were produced (see Chapter 8 of this dissertation). This difference made analysis of the 

family WSBM more complex; however, since the dominant epistatic S allele can only be 

transmitted by the parent WS in this cross-pollination, the ratios of parental-type and 

recombinant gametes produced by the parent BM could still be used to calculate an 

estimate of genetic distance with the information at hand. 

If the W and M loci were linked in repulsion (i.e., Wms/wMs), the most frequent 

gametes produced by BM would be Wms and wMs; these gametes would fuse with 

gametes from WS to produce four types of F1 progeny: blue short (Wms/wmS), blue long 

(Wms/wms), white short (wMs/wmS) and white mid (wMs/wms). The parent BM would be 

expected to produce recombinant gametes (WMs and wms) less frequently; these gametes 

would fuse with gametes from WS to produce four types of F1 progeny: blue short 
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(WMs/wmS), blue mid (WMs/wms), white short (wms/wmS) and white long (wms/wms). 

This scenario with the W and M loci linked in repulsion is unlikely, as the least frequent 

phenotypes observed in WSBM were white mid and blue long (Table 9.1). If the loci 

controlling flower color and floral morph were linked in repulsion, the white mid and 

blue long phenotypes would have been produced at a high frequency, since they would 

have been derived from parental-type gametes. 

If the W and M loci were linked in coupling (i.e., WMs/wms), the most frequent 

gametes produced by BM would be WMs and wms; these gametes would fuse with 

gametes from WS to produce four types of F1 progeny: blue short (WMs/wmS), blue mid 

(WMs/wms), white short (wms/wmS) and white long (wms/wms). The parent BM would 

be expected to produce recombinant gametes (Wms and wMs) less frequently; these 

gametes would fuse with gametes from WS to produce four types of F1 progeny: blue 

short (Wms/wmS), blue long (Wms/wms), white short (wMs/wmS) and white mid 

(wMs/wms). The blue short and white short phenotypes would be produced from both 

parental-type and recombinant gametes. Blue mid plants and white long plants would 

result only from parental-type gametes, while the white mid and blue long phenotypes 

would be derived only from recombinant gametes. This scenario corresponded well with 

the observed segregation of progeny in the family BMBL (Table 9.1) and suggested that 

the W and M loci were indeed linked in coupling. 

The frequency of progeny produced from recombinant gametes of BM provided an 

estimate of the genetic distance between the linked loci. A total of 144 F1 plants in the 

family WSBM were evaluated for flower color and floral morph; of these, three exhibited 

the white mid phenotype and six produced the blue long phenotype (Table 9.1). These 
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phenotypes represented half of all recombination events (recall the other two recombinant 

gametes produced offspring that were phenotypically identical to offspring produced by 

parental-type gametes); therefore, the map distance between the linked loci should be 

approximately twice the observed frequency of the phenotypically distinct recombinant 

F1 progeny. A reasonable estimate of the genetic distance between the W locus and the 

M locus would be 2[(3+6)/144] or 0.125 – equivalent to 12.5 m.u.. 

Goodness-of-fit tests were designed to test the two map distance estimates against 

observed progeny from both BMBL and WSBM. If the W and M loci were 12.5 m.u. 

apart as computed for the F1 family WSBM, the parent BM would be expected to produce 

parental-type gametes 87.5% of the time and recombinant gametes 12.5% of the time. 

These gametes would then fuse with gametes from the parent WS to produce progeny 

with the phenotypic frequencies shown in Table 9.2. The probability of recovering the 

array of segregating progeny seen in WSBM when 12.5 m.u. separate the W and M loci 

was 0.0139, so only about 1 in 70 populations would show as much variation as the 

F1 family WSBM. 

The poor fit of the model may seem questionable, since the estimate of 12.5 m.u. 

was computed based on segregation of progeny from this same family; however, recall 

that WSBM failed to segregate as expected for floral morph. Expected ratios were 

calculated based on the assumption that the two gamete types from WS were produced in 

equal frequencies, but an excess of S-morph progeny were produced. The reason for this 

excess of S-morph progeny was cryptic but not entirely unexpected, as other workers 

(e.g., Barrett et al. 1983; Morgan and Barrett 1988; Wolfe and Barrett 1989) have 

reported that an excess of S-morph progeny was often observed in natural populations of 
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pickerelweed. Adjusted expected ratios were calculated based on the frequency of 

recovered S-morph progeny; this seemed reasonable since the only locus undergoing 

segregation in WS was the S locus. If gamete production in WS were normal, each 

gamete type (wmS and wms) would be produced at a frequency of 0.50. Examination of 

the F1 family WSBM revealed that 60.4% of the progeny were S-morph and 39.6% of the 

progeny were M-morph and L-morph. These data suggested that the gamete wmS was 

produced at a frequency of 0.604 and the gamete wms was produced at a frequency of 

0.396; therefore, these gametic frequencies were used to calculate adjusted expected 

ratios for the F1 family WSBM. The probability of recovering the array of segregating 

progeny seen in WSBM when 12.5 m.u. separate the W and M loci and when gametes 

were produced by WS in the frequencies of 0.604 (wmS) and 0.396 (wms) was 0.1271, so 

as many as 1 in 8 populations would be expected to show as much variation as the 

F1 family WSBM (Table 9.2). This model provided a better fit to the data and suggested 

that the estimate of 12.5 m.u. between the W and M loci was reasonable given the 

genotypic constitution of the population under investigation. 

The probability of recovering the array of segregating progeny seen in BMBL 

when 12.5 m.u. separate the W and M loci was 0.6531, so as many as 65 in 100 

populations would be expected to show as much variation as the F1 family BMBL 

(Table 9.3). These results suggested that the model provided a good fit to the data and 

that the estimate of 12.5 m.u. between the W and M loci fell within the range of genetic 

distances that would produce segregating progeny as seen in the family BMBL. 

If the W and M loci were 4.4 m.u. apart as computed for the F1 family BMBL, 

95.6% of gametes from BM would be parental types and the remaining 4.4% of gametes 
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would be recombinant types. These gametes would then fuse with gametes from the 

parent WS (for the family WSBM) or the parent BL (for the family BMBL) to produce 

progeny with the phenotypic frequencies shown in Table 9.4. 

The probability of recovering the array of segregating progeny seen in WSBM if 

the W and M loci were 4.4 m.u. apart was 0.0002, so only 2 in 10,000 populations would 

be expected to show as much variation as the F1 family WSBM. The fact that this model 

provided a poor fit to the data suggested that the genetic distance between the W and 

M loci was greater than the 4.4 m.u. tested with this model and that the estimate of 

12.5 m.u. may have more accurately represented the relationship between the W and M 

loci in the parent BM. 

The probability of recovering the array of segregating progeny seen in BMBL 

when 4.4 m.u. separate the W and M loci was 0.5287, so as many as 53 in 100 

populations would be expected to show as much variation as the F1 family BMBL 

(Table 9.4). This suggested that the model provided a good fit to the data and that the 

estimate of 4.4 m.u. between the W and M loci fell within the range of genetic distances 

that would produce segregating progeny as seen in the family BMBL. 

Estimates of map distance between the linked W and M loci. The goal of this 

experiment was to determine the genetic distance between the W and M loci; therefore, 

additional goodness-of-fit tests were performed to identify the map distance that provided 

the best fit to both families exhibiting the effects of linkage. In the interest of brevity, 

only chi-square values and probabilities for these tests are presented in Table 9.5. The 

segregation of progeny from WSBM was not different from the ratios expected when the 

genetic distance between the W and M loci ranged from 10 m.u. to 20 m.u., with the best 
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fit provided by a model where the linked loci were 16 m.u. apart. The segregation of 

progeny from BMBL was not different from the ratios expected when the genetic 

distance between the W and M loci ranged from 4.4 m.u. to 22 m.u., with the best fit 

provided by a model where the linked loci were 10 m.u. apart. 

Linkage in F2 families. Segregating F2 progeny were recovered from each 

F1 family and were subjected to analyses like those described for the F1 families WSBM 

and BMBL. Some F2 families failed to produce progeny with one or two rare phenotypes. 

The analyses for these families were adjusted to account for the missing phenotypic class 

(or classes) by dividing the expected frequency of each recovered phenotypic class by the 

sum of the expected frequencies of all observed phenotypic classes. This allowed 

comparison of the observed phenotypic frequencies with frequencies that would be 

expected if the phenotypes that were actually recovered comprised the entire population. 

The frequency of each expected phenotypic class was computed using a genetic distance 

of 16 m.u. between the W and M loci, since this estimate provided a good fit to data from 

the F1 families WSBM and BMBL. 

Linkage in the F2 family WMBL. The genotypic constitutions of the parents of 

the F1 family WMBL were wMs/wms (for the parent WM) and Wms/wms (for the parent 

BL). Four types of F1 progeny were produced: blue mid (Wms/wMs), blue long 

(Wms/wms), white mid (wms/wMs) and white long (wms/wms). Linkage was not evident 

in the F1 generation as each parent was heterozygous at only one locus; however, linkage 

was revealed in the F2 generation. Six F1 plants with the blue mid phenotype were 

self-pollinated and all produced F2 families that segregated for both flower color and 

floral morph (Table 9.6). All F2 families segregated as expected for each trait 
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individually. All blue mid F1 plants were genotypically identical and heterozygous at the 

W and M loci, with dominant alleles linked in repulsion (i.e., genotype Wms/wMs). 

Each F1 plant was expected to produce four types of gametes: parental-type 

gametes Wms and wMs at a frequency of 0.42 each and recombinant gametes WMs and 

wms at a frequency of 0.08 each. These gametes would fuse to produce progeny with one 

of ten different genotypes. Five genotypes (Wms/wMs, Wms/WMs, wMs/WMs, WMs/WMs 

and WMs/wms) were associated with the blue mid phenotype, which represented 50.64% 

of the F2 population. Two genotypes (Wms/Wms and Wms/wms) produced the blue long 

phenotype and two genotypes (wMs/wMs and wMs/wms) resulted in the white mid 

phenotype; each of these phenotypes accounted for 24.36% of the population. The white 

long phenotype was produced by progeny with the genotype wms/wms and composed 

0.64% of the F2 population. 

Three of the six F2 families under investigation (BM2, BM5 and BM6) segregated 

as expected when compared to a model where 16 m.u. separate the B and M loci 

(Table 9.6). The family BM3 failed to produce any white long progeny; however, fewer 

than one offspring with this phenotype would be expected in a population the size of 

BM3 (n=59). The analysis for BM3 was adjusted to account for the missing phenotypic 

class by dividing the expected frequency of each recovered phenotypic class by the sum 

of the expected frequencies of all observed phenotypic classes. The F2 family BM3 

segregated as expected when compared to this adjusted model (Table 9.6). The families 

BM1 and BM4 each segregated in a manner that differed from the proposed model; 

however, in both families the difference was slight and a large proportion of the variation 

was attributable to segregants in the white long phenotypic class. Each family produced 
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three progeny with the white long phenotype but fewer than one was expected in each 

family (0.4864 in the family BM1 and 0.7552 in the family BM4) (Table 9.6). This 

discrepancy seems small but had a profound effect on the chi-square value derived from 

the goodness-of-fit test; for example, if only two white long progeny instead of three had 

been produced in each family the segregation of observed progeny would not have been 

different from the model. 

Some of the F2 families from the F1 family WMBL did not segregate as expected, 

but this was most likely due to sampling error. The majority of the data from these 

F2 families supported the proposed model where 16 m.u. separate the W and M loci. 

Linkage in the F2 family WSBL. The genotypic constitutions of the parents of the 

F1 family WSBL were wmS/wms (for the parent WS) and Wms/wms (for the parent BL). 

Four types of F1 progeny were produced: blue short (Wms/wmS), blue long (Wms/wms), 

white short (wms/wmS) and white long (wms/wms). Linkage was not evident in the 

F1 generation as each parent was heterozygous at only one locus; in addition, linkage 

between the W and M loci was not revealed in the F2 generation, as the blue short 

F1 plants self-pollinated to create the F2 families were homozygous recessive at the 

M locus. Two F1 plants with the blue short phenotype were self-pollinated and both 

produced F2 families that segregated for flower color and floral morph (Table 9.7). Both 

F2 families segregated as expected for each trait individually. Both blue short F1 plants 

were genotypically identical and heterozygous at the W and S loci, with dominant alleles 

in repulsion (i.e., genotype Wms/wmS). 

Each F1 plant was expected to produce four types of gametes – Wms, wmS, WmS 

and wms – in equal frequencies. These gametes would fuse to produce progeny with one 
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of ten different genotypes. Five genotypes (Wms/wmS, Wms/WmS, wmS/Wms, WmS/WmS 

and WmS/wms) were associated with the blue short phenotype, which represented 56.25% 

of the F2 population. Two genotypes (Wms/Wms and Wms/wms) produced the blue long 

phenotype and two genotypes (wmS/wmS and wmS/wms) resulted in the white short 

phenotype; each of these phenotypes accounted for 18.75% of the population. The white 

long phenotype was produced by progeny with the genotype wms/wms and composed 

6.25% of the F2 population. 

Both F2 families under investigation segregated as expected when compared to a 

model where 16 m.u. separate the W and M loci (Table 9.7). These data neither supported 

nor refuted the model where 16 m.u. separate the W and M loci; they did, however, 

provide evidence that the epistatic S locus responsible for floral morph was independent 

from the W locus. 

Linkage in the F2 family WSBM. The genotypic constitutions of the parents of 

the F1 family WSBM were wmS/wms (for the parent WS) and WMs/wms (for the parent 

BM). Six types of F1 progeny were produced: blue short (WMs/wmS and Wms/wmS), blue 

mid (WMs/wms), blue long (Wms/wms), white short (wmS/wms and wMs/wmS), white 

mid (wMs/wms) and white long (wms/wms). Linkage was evident in the F1 generation and 

was described in detail above; in addition, linkage was also revealed in the F2 generation. 

Three F1 plants with the blue short phenotype and two F1 plants with the blue mid 

phenotype were self-pollinated and all produced F2 families that segregated for both 

flower color and floral morph (Table 9.8). Four of these five F2 families segregated as 

expected for each trait individually, while the family BM2 did not segregate as expected 

for either trait. 



200 

 

The F1 blue short phenotype was produced by two different genotypes – WMs/wmS 

and Wms/wmS. Self-pollination of plants with the genotype WMs/wmS would have 

created populations with all three floral morphs, while self-pollination of plants with the 

genotype Wms/wmS would be expected to generate progeny with either the S-morph or 

L-morph phenotype. All three F2 families from blue short F1 plants had members with the 

M-morph phenotype; therefore, all blue short F1 plants in this experiment were 

genotypically identical and heterozygous at all three loci, with the dominant W and 

M alleles linked in coupling (i.e., genotype WMs/wmS). 

Each F1 plant was expected to produce eight types of gametes: parental-type 

gametes WMs, WMS, wmS and wms at a frequency of 0.21 each and recombinant gametes 

Wms, WmS, wMS and wMs at a frequency of 0.04 each. These gametes would fuse to 

produce progeny with one of 36 different genotypes. Nineteen genotypes (WMs/wmS, 

WMs/WmS, WMs/WMS, WMs/wMS, wmS/WmS, wmS/WMS, wmS/Wms, WmS/WmS, 

WmS/wMs, WmS/WMS, WmS/wms, WmS/Wms, WmS/wMS, wMs/WMS, WMS/WMS, 

WMS/wms, WMS/Wms, WMS/wMS and Wms/wMS) were associated with the blue short 

phenotype, which represented 56.25% of the F2 population. The blue mid phenotype 

composed 16.91% of the population and was derived from five different genotypes 

(WMs/WMs, WMs/wMs, WMs/wms, WMs/Wms and wMs/Wms). Two genotypes 

(Wms/Wms and Wms/wms) produced the blue long phenotype and two genotypes 

(wMs/wMs and wMs/wms) resulted in the white mid phenotype; each of these phenotypes 

accounted for 1.84% of the population. The white short phenotype was associated with 

seven genotypes (wmS/wmS, wmS/wMs, wmS/wms, wmS/wMS, wMs/wMS, wms/wMS and 

wMS/wMS) and was 18.75% of the population, while the white long phenotype was 
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produced by progeny with the genotype wms/wms and composed 4.41% of the 

F2 population. 

The F2 family BS2 segregated as expected when compared to a model where 

16 m.u. separate the W and M loci (Table 9.8). The family BS4 failed to produce any blue 

long progeny; however, fewer than two offspring with this phenotype would be expected 

in a population the size of BS4 (n=88). The analysis for BS4 was adjusted to account for 

the missing phenotypic class by dividing the expected frequency of each recovered 

phenotypic class by the sum of the expected frequencies of all observed phenotypic 

classes. The F2 family BS4 segregated as expected when compared to this adjusted model 

(Table 9.8). The family BS6 did not produce any white mid progeny; however, fewer 

than one offspring with this phenotype would be expected in a population the size of 

BS6 (n=51). The analysis for BS6 was adjusted in the same manner as described for BS4; 

the family BS6 then segregated as expected when compared to this adjusted model 

(Table 9.8). 

Both F2 families from blue mid F1 plants were genotypically identical and 

heterozygous at the W and M loci, with the dominant W and M alleles linked in coupling 

(i.e., genotype WMs/wms). Each F1 plant was expected to produce four types of gametes: 

parental-type gametes WMs and wms at a frequency of 0.42 each and recombinant 

gametes Wms and wMs at a frequency of 0.08 each. These gametes would fuse to produce 

progeny with one of ten different genotypes. Five genotypes (WMs/WMs, WMs/wms, 

WMs/Wms, WMs/wMs and Wms/wMs) were associated with the blue mid phenotype, 

which represented 67.64% of the F2 population. Two genotypes (wms/Wms and 

Wms/Wms) produced the blue long phenotype and two genotypes (wms/wMs and 
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wMs/wMs) resulted in the white mid phenotype; each of these phenotypes accounted for 

7.36% of the population. The white long phenotype was produced by progeny with the 

genotype wms/wms and composed 17.64% of the F2 population. 

The F2 family BM1 segregated as expected when compared to a model where 

16 m.u. separate the W and M loci (Table 9.8). The family BM2 failed segregate as 

expected; however, this family did not segregate as expected for either flower color or 

floral morph when these traits were evaluated individually. Expected segregation ratios 

were calculated with the assumption that the population under investigation segregated as 

expected for both of the single traits; since this did not occur in the family BM2, it was 

unlikely that the family would conform to the segregation ratios expected when alleles 

were equally represented. 

The families BS2 and BM1 segregated as expected when compared to a model 

where 16 m.u. separate the W and M loci. The families BS4 and BS6 failed to produce 

progeny in rare phenotypic classes; however, fewer than two offspring with the rare 

phenotypes were expected in each family and analyses of adjusted frequencies for each 

family revealed that progeny segregated as expected when compared to the adjusted 

models. The family BM2 segregated in a manner that differed from the proposed model; 

however, this family failed to segregate as expected for both flower color and floral 

morph individually so it was unlikely that the progeny would conform to a model that 

assumed equal representation of the alleles for each trait. Some of the F2 families from 

the F1 family WSBM did not segregate as expected, but this was most likely due to 

sampling error. The majority of the data from these F2 families supported the proposed 

model where 16 m.u. separate the W and M loci. 
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Linkage in the F2 family WMBS. The genotypic constitutions of the parents of 

the F1 family WMBS were wMs/wms (for the parent WM) and WMS/WMs (for the parent 

BS). Two types of F1 progeny were produced: blue short (WMS/wMs and WMS/wms) and 

blue mid (WMs/wMs and WMs/wms). Linkage was not evident in the F1 generation as 

each parent was heterozygous at only one locus and all F1 progeny had blue flowers; 

however, linkage was revealed in the F2 generation. 

Seven F1 plants with the blue short phenotype and four F1 plants with the blue mid 

phenotype were self-pollinated; all produced F2 families that segregated for both flower 

color and floral morph (Table 9.9). All eleven F2 families segregated as expected for 

flower color and for floral morph individually. 

F1 plants with the blue short phenotype were produced by two different genotypes – 

WMS/wMs and WMS/wms. Self-pollination of plants with the genotype WMS/wMs would 

have created a population with progeny bearing either the S-morph or M-morph 

phenotype, while self-pollination of plants with the genotype WMS/wms would be 

expected to create populations with all three floral morphs. 

Three F2 families (BS2, BS5 and BS6) from blue short F1 plants were composed of 

progeny with either the S-morph or M-morph phenotype; therefore, the F1 parents of the 

F2 families BS2, BS5 and BS6 were genotypically identical and heterozygous at the W 

and S loci, with the dominant W and S alleles in coupling and homozygous dominant at 

the M locus (i.e., genotype WMS/wMs). Each of these F1 plants was expected to produce 

four types of gametes (WMS, WMs, wMs and wMS) in equal frequencies. These gametes 

would fuse to produce progeny with one of ten different genotypes. Five genotypes 

(WMS/WMS, WMS/wMs, WMS/WMs, WMS/wMS and WMs/wMS) were associated with 
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the blue short phenotype, which represented 56.25% of the F2 population. Two genotypes 

(wMs/WMs and WMs/WMs) produced the blue mid phenotype and two genotypes 

(wMs/wMS and wMS/wMS) resulted in the white short phenotype; each of these 

phenotypes accounted for 18.75% of the population. The white mid phenotype was 

produced by progeny with the genotype wMs/wMs and composed 6.25% of the 

F2 population. 

All three F2 families derived from F1 plants with the genotype WMS/wMs 

segregated as expected when compared to a model where 16 m.u. separate the W and 

M loci (Table 9.9). These data neither supported nor refuted the model where 16 m.u. 

separate the W and M loci; they did, however, provide additional evidence that the 

epistatic S locus responsible for floral morph was independent from the W locus. 

The remaining four F2 families from blue short F1 plants (BS1, BS3, BS4 and BS7) 

were composed of progeny that represented all three floral morphs; therefore, these 

families were derived from self-pollination of blue short F1 plants with the genotype 

WMS/wms. The F1 parents of these F2 families were genotypically identical and 

heterozygous at all three loci, with the dominant W and M alleles linked in coupling 

(i.e., genotype WMS/wms). 

Each F1 plant was expected to produce eight types of gametes: parental-type 

gametes WMs, WMS, wmS and wms at a frequency of 0.21 each and recombinant gametes 

Wms, WmS, wMS and wMs at a frequency of 0.04 each. These gametes would fuse to 

produce progeny with one of 36 different genotypes. Nineteen genotypes (WMs/wmS, 

WMs/WmS, WMs/WMS, WMs/wMS, wmS/WmS, wmS/WMS, wmS/Wms, WmS/WmS, 

WmS/wMs, WmS/WMS, WmS/wms, WmS/Wms, WmS/wMS, wMs/WMS, WMS/WMS, 
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WMS/wms, WMS/Wms, WMS/wMS and Wms/wMS) were associated with the blue short 

phenotype, which represented 56.25% of the F2 population. The blue mid phenotype 

composed 16.91% of the population and was derived from five different genotypes 

(WMs/WMs, WMs/wMs, WMs/wms, WMs/Wms and wMs/Wms). Two genotypes 

(Wms/Wms and Wms/wms) produced the blue long phenotype and two genotypes 

(wMs/wMs and wMs/wms) resulted in the white mid phenotype; each of these phenotypes 

accounted for 1.84% of the population. The white short phenotype was associated with 

seven genotypes (wmS/wmS, wmS/wMs, wmS/wms, wmS/wMS, wMs/wMS, wms/wMS and 

wMS/wMS) and was 18.75% of the population, while the white long phenotype was 

produced by progeny with the genotype wms/wms and composed 4.41% of the 

F2 population. 

The F2 family BS1 segregated as expected when compared to a model where 

16 m.u. separate the W and M loci (Table 9.9). The families BS3, BS4 and BS7 failed to 

produce any blue long or white mid progeny; however, fewer than one offspring with 

each of these phenotypes would be expected in populations the size of these families 

(BS3 n=17, BS4 n=62, BS7 n=49). The analyses for BS3, BS4 and BS7 were adjusted to 

account for the missing phenotypic classes by dividing the expected frequency of each 

recovered phenotypic class by the sum of the expected frequencies of all observed 

phenotypic classes. The F2 families BS3, BS4 and BS7 segregated as expected when 

compared to these adjusted models (Table 9.9). 

F1 plants with the blue mid phenotype were produced by two different genotypes – 

WMs/wMs and WMs/wms. Self-pollination of plants with the genotype WMs/wMs would 

be expected to create populations composed entirely of progeny with the M-morph 
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phenotype, while self-pollination of plants with the genotype WMs/wms would have 

resulted in populations with progeny bearing M-morphs and L-morphs. The four 

F2 families from blue mid F1 plants examined in this experiment were composed of 

progeny with either the mid or long phenotype; therefore, the F1 parents of the F2 families 

BM1, BM2, BM3 and BM6 were genotypically identical and heterozygous at the W and 

M loci, with the dominant W and M alleles linked in coupling (i.e., genotype WMs/wms). 

Each F1 plant was expected to produce four types of gametes: parental-type 

gametes WMs and wms at a frequency of 0.42 each and recombinant gametes Wms and 

wMs at a frequency of 0.08 each. These gametes would fuse to produce progeny with one 

of ten different genotypes. Five genotypes (WMs/WMs, WMs/wms, WMs/Wms, WMs/wMs 

and Wms/wMs) were associated with the blue mid phenotype, which represented 67.64% 

of the F2 population. Two genotypes (wms/Wms and Wms/Wms) produced the blue long 

phenotype and two genotypes (wms/wMs and wMs/wMs) resulted in the white mid 

phenotype; each of these phenotypes accounted for 7.36% of the population. The white 

long phenotype was produced by progeny with the genotype wms/wms and composed 

17.64% of the F2 population. 

All four families from blue mid F1 plants segregated as expected when compared to 

a model where 16 m.u. separate the W and M loci (Table 9.9). These data provided 

additional support for the proposed model where 16 m.u. separate the W and M loci. 

The families BS1, BS2, BS5, BS6, BM1, BM2, BM3 and BM6 segregated as 

expected when compared to a model where 16 m.u. separate the W and M loci. The 

families BS3, BS4 and BS7 failed to produce progeny in rare phenotypic classes; 

however, fewer than two offspring with the rare phenotypes would be expected in each 
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family and analyses of adjusted frequencies for each family revealed that progeny 

segregated as expected when compared to the adjusted models. The majority of the data 

from these F2 families supported the proposed model where 16 m.u. separate the W and 

M loci. 

Linkage in the F2 family BSBM. The genotypic constitutions of the parents of the 

F1 family BSBM were WMS/WMs (for the parent BS) and WMs/wms (for the parent BM). 

Two types of F1 progeny were produced: blue short (WMS/WMs, WMS/wms, WMS/Wms 

and WMS/wMs) and blue mid (WMs/WMs, WMs/wms, WMs/Wms and WMs/wMs). 

Linkage was not evident in the F1 generation as all F1 progeny had blue flowers; 

however, linkage was revealed in the F2 generation. 

Four F1 plants with the blue short phenotype and three F1 plants with the blue mid 

phenotype were self-pollinated and all produced F2 families that segregated for both 

flower color and floral morph (Table 9.10). Five of the seven F2 families segregated as 

expected for flower color and for floral morph individually. The F2 family BS2 

segregated as expected for flower color but did not segregate as expected for floral 

morph, while the F2 family PBS1 segregated as expected for floral morph but did not 

segregate as expected for flower color. 

F1 plants with the blue short phenotype were produced by four different genotypes 

– WMS/WMs, WMS/wms, WMS/Wms and WMS/wMs. Self-pollination of plants with the 

genotypes WMS/WMs and WMS/Wms would be expected to create populations with only 

blue-flowered progeny and would therefore not be useful in this linkage study. Plants 

with the genotype WMS/wMs would produce progeny with both flower colors and 

S-morphs and M-morphs, while plants with the genotype WMS/wms would create a 
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population with both flower colors and all three floral morphs. The F2 family BS2 was 

composed of progeny with either the S-morph or M-morph; therefore, the F1 parent of the 

F2 family BS2 was heterozygous at the W and S loci, with the dominant W and S alleles in 

coupling and homozygous dominant at the M locus (i.e., genotype WMS/wMs). 

The F1 parent of the F2 family BS2 was expected to produce four types of gametes 

(WMS, WMs, wMs and wMS) in equal frequencies. These gametes would fuse to produce 

progeny with one of ten different genotypes. Five genotypes (WMS/WMS, WMS/wMs, 

WMS/WMs, WMS/wMS and WMs/wMS) were associated with the blue short phenotype, 

which represented 56.25% of the F2 population. Two genotypes (wMs/WMs and 

WMs/WMs) produced the blue mid phenotype and two genotypes (wMs/wMS and 

wMS/wMS) resulted in the white short phenotype; each of these phenotypes accounted for 

18.75% of the population. The white mid phenotype was produced by progeny with the 

genotype wMs/wMs and composed 6.25% of the F2 population. 

The F2 family BS2 failed to segregate as expected when compared to a model 

where 16 m.u. separate the W and M loci (Table 9.10); however, this family did not 

segregate as expected when floral morph was considered individually and the M-morph 

was produced in excess when compared to the model where f(S) = f(s) = 0.50. The reason 

for this production of fewer gametes with the dominant allele S and an excess of gametes 

with the recessive allele s was unknown; however, it seemed appropriate to adjust the 

gametic frequencies in this family to more accurately reflect the genotypic constitution of 

the population. 

The Hardy-Weinberg equation was used to determine the frequency of the alleles in 

the population based on the segregation of observed progeny. The frequency of the 
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recessive allele s was derived by examining the frequency of members of the phenotypic 

class produced by a homozygous recessive condition; in this case, the M-morph resulted 

from the genotype ss. The frequency of the genotype ss was equal to 44/110; the square 

root of this ratio revealed that the frequency of the recessive allele s was 0.6325 and 

therefore the frequency of the dominant allele S was 0.3675. 

The family BS2 was homozygous dominant at the M locus, so gametes with the 

genotypes WM and wM were produced in equal frequencies. The frequencies of these 

gametes were multiplied by the frequencies of the S and s alleles to determine the 

expected frequency of each gamete type. This resulted in four types of gametes: WMS 

and wMS at a frequency of (0.50)(0.3675) or 0.18375 each and WMs and wMs at a 

frequency of (0.50)(0.6325) or 0.31625 each. These gametes would fuse to produce 

progeny with one of ten different genotypes. Five genotypes (WMS/WMS, WMS/wMs, 

WMS/WMs, WMS/wMS and WMs/wMS) were associated with the blue short phenotype, 

which represented 44.996% of the F2 population. Two genotypes (wMs/WMs and 

WMs/WMs) produced the blue mid phenotype and accounted for 30.004% of the 

population, while two genotypes (wMs/wMS and wMS/wMS) resulted in the white short 

phenotype, which composed 14.998% of the population. The white mid phenotype was 

produced by progeny with the genotype wMs/wMs and composed 1.0001% of the 

F2 population. 

The F2 family BS2 segregated as expected when compared to a model where 

16 m.u. separate the W and M loci and where f(S) = 0.3675 and f(s) = 0.6325 (Table 

9.10). These data neither supported nor refuted the model where 16 m.u. separate the W 
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and M loci; they did, however, provide additional evidence that the epistatic S locus 

responsible for floral morph was independent from the W locus. 

The remaining three F2 families derived from blue short F1 plants were composed 

of progeny that represented all three floral morphs; therefore, these families were derived 

from self-pollination of genotypically identical blue short F1 plants that were 

heterozygous at all three loci, with the dominant W and M alleles linked in coupling 

(i.e., genotype WMS/wms). 

Each F1 plant was expected to produce eight types of gametes: parental-type 

gametes WMs, WMS, wmS and wms at a frequency of 0.21 each and recombinant gametes 

Wms, WmS, wMS and wMs at a frequency of 0.04 each. These gametes would fuse to 

produce progeny with one of 36 different genotypes. Nineteen genotypes (WMs/wmS, 

WMs/WmS, WMs/WMS, WMs/wMS, wmS/WmS, wmS/WMS, wmS/Wms, WmS/WmS, 

WmS/wMs, WmS/WMS, WmS/wms, WmS/Wms, WmS/wMS, wMs/WMS, WMS/WMS, 

WMS/wms, WMS/Wms, WMS/wMS and Wms/wMS) were associated with the blue short 

phenotype, which represented 56.25% of the F2 population. The blue mid phenotype 

composed 16.91% of the population and was derived from five different genotypes 

(WMs/WMs, WMs/wMs, WMs/wms, WMs/Wms and wMs/Wms). Two genotypes 

(Wms/Wms and Wms/wms) produced the blue long phenotype and two genotypes 

(wMs/wMs and wMs/wms) resulted in the white mid phenotype; each of these phenotypes 

accounted for 1.84% of the population. The white short phenotype was associated with 

seven genotypes (wmS/wmS, wmS/wMs, wmS/wms, wmS/wMS, wMs/wMS, wms/wMS and 

wMS/wMS) and was 18.75% of the population, while the white long phenotype was 
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produced by progeny with the genotype wms/wms and composed 4.41% of the 

F2 population. 

Each of the three F2 families from completely heterozygous blue short F1 plants 

failed to produce rare progeny (Table 9.10). The family PBS1 did not produce any blue 

long progeny, but only one offspring with the blue long phenotype was expected in a 

population the size of PBS1 (n=56), so this discrepancy was most likely due to sampling 

error. The families PBS3 and PBS4 both failed to produce white mid and white long 

progeny; however, fewer than one offspring with each of these phenotypes would be 

expected in families this size (PBS3 n=20, PBS4 n=40), so this difference may have been 

attributable to sampling error as well. The analyses for PBS1, PBS3 and PBS4 were 

adjusted to account for the missing phenotypic class by dividing the expected frequency 

of each recovered phenotypic class by the sum of the expected frequencies of all 

observed phenotypic classes. 

The F2 families PBS3 and PBS4 segregated as expected when compared to adjusted 

models where 16 m.u. separate the W and M loci (Table 9.10). The family PBS1 still did 

not segregate as expected; however, this family did not segregate as expected when 

flower color was considered individually and the white-flowered phenotype was 

produced in excess when compared to the model where f(W) = f(w) = 0.50. The reason 

for this production of fewer gametes with the dominant allele W and an excess of gametes 

with the recessive allele w is unknown; however, as with the family BS2, it seemed 

appropriate to adjust the gametic frequencies in this family to more accurately reflect the 

genotypic constitution of the population. The frequency of the recessive allele w was 

derived by examining the frequency of members of the phenotypic class produced by a 
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homozygous recessive condition; in this case, the white-flowered phenotype resulted 

from the genotype ww. The frequency of the genotype ww was equal to 24/56; the square 

root of this ratio revealed that the frequency of the recessive allele w is 0.65465 and 

therefore the frequency of the dominant allele W is 0.34535. 

The M and S loci are presumed to be independent, so gametes with the genotypes 

MS, Ms, ms and mS would be produced in equal frequencies. The frequencies of these 

gametes were multiplied by the frequencies of the W and w alleles to determine the 

expected frequency of each gamete type. This resulted in eight types of gametes: 

parental-type gametes WMS and WMs at a frequency of (0.34535)(0.50)(0.84) or 

0.145047 each, parental-type gametes wms and wmS at a frequency of 

(0.65465)(0.50)(0.84) or 0.274953 each, recombinant gametes WmS and Wms at a 

frequency of (0.34535)(0.50)(0.16) or 0.027628 each and recombinant gametes wMs and 

wMS at a frequency of (0.65465)(0.50)(0.16) or 0.052372 each. These gametes would 

fuse to produce progeny with one of 36 different genotypes. Nineteen genotypes 

(WMs/wmS, WMs/WmS, WMs/WMS, WMs/wMS, wmS/WmS, wmS/WMS, wmS/Wms, 

WmS/WmS, WmS/wMs, WmS/WMS, WmS/wms, WmS/Wms, WmS/wMS, wMs/WMS, 

WMS/WMS, WMS/wms, WMS/Wms, WMS/wMS and Wms/wMS) were associated with the 

blue short phenotype, which represented 42.853% of the F2 population. The blue mid 

phenotype composed 12.679% of the population and was derived from five different 

genotypes (WMs/WMs, WMs/wMs, WMs/wms, WMs/Wms and wMs/Wms). Two 

genotypes (Wms/Wms and Wms/wms) produced the blue long phenotype and accounted 

for 1.595% of the population, while two genotypes (wMs/wMs and wMs/wms) resulted in 

the white mid phenotype and composed 3.154% of the population. The white short 
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phenotype was associated with seven genotypes (wmS/wmS, wmS/wMs, wmS/wms, 

wmS/wMS, wMs/wMS, wms/wMS and wMS/wMS) and was 31.943% of the population, 

while the white long phenotype was produced by progeny with the genotype wms/wms 

and composed 7.599% of the F2 population. 

Recall that the family PBS1 failed to produce any blue long progeny; therefore, the 

analysis was adjusted to account for the missing phenotypic class by dividing the 

expected frequency of each recovered phenotypic class by the sum of the expected 

frequencies of all observed phenotypic classes. The F2 family PBS1 segregated as 

expected when compared to this adjusted model where f(W) = 0.34535 and 

f(w) = 0.65465 and where 16 m.u. separate the W and M loci (Table 9.10). 

F1 plants with the blue mid phenotype were produced by four different genotypes – 

WMs/WMs, WMs/wms, WMs/Wms and WMs/wMs. Self-pollination of plants with the 

genotypes WMs/WMs and WMs/Wms would be expected to create populations with only 

blue-flowered progeny and would therefore not be useful in this linkage study. 

Self-pollination of plants with the genotype WMs/wMs would be expected to produce 

progeny with both flower colors but only M-morphs, while self-pollination of plants with 

the genotype WMs/wms would be expected to create populations with both flower colors 

and M-morphs and L-morphs. All three F2 families from blue mid F1 plants were 

composed of M-morph and L-morph progeny; therefore, the F1 parents of the F2 families 

BM3, PBM1 and PBM3 were genotypically identical and heterozygous at the W and 

M loci, with the dominant W and M alleles linked in coupling (i.e., genotype WMs/wms).  

These F1 plants were expected to produce parental-type gametes WMs and wms at a 

frequency of 0.42 each and recombinant gametes Wms and wMs at a frequency of 0.08 



214 

 

each. These gametes would fuse to produce progeny with one of ten different genotypes. 

Five genotypes (WMs/WMs, WMs/wms, WMs/Wms, WMs/wMs and Wms/wMs) were 

associated with the blue mid phenotype, which represented 67.64% of the F2 population. 

Two genotypes (wms/Wms and Wms/Wms) produced the blue long phenotype and two 

genotypes (wms/wMs and wMs/wMs) resulted in the white mid phenotype; each of these 

phenotypes accounted for 7.36% of the population. The white long phenotype was 

produced by progeny with the genotype wms/wms and composed 17.64% of the 

F2 population. 

All three families from blue mid F1 plants segregated as expected when compared 

to a model where 16 m.u. separate the W and M loci (Table 9.10). 

The families PBS3, PBS4, BM3, PBM1 and PBM3 segregated as expected when 

compared to a model where 16 m.u. separate the W and M loci. The family BS2 did not 

segregate as expected; however, this family failed to segregate as expected for floral 

morph and did segregate as expected when compared to an adjusted model where 16 m.u. 

separate the W and M loci and where f(S) = 0.3675 and f(s) = 0.6325. The family PBS1 

failed to segregate as expected; however, this family failed to segregate as expected for 

flower color and did segregate as expected when compared to a model where 16 m.u. 

separate the W and M loci and where f(W) = 0.34535 and f(w) = 0.65465. The majority of 

the data from these families supported the proposed model where 16 m.u. separate the W 

and M loci and provided additional evidence that the epistatic S locus is independent from 

the W locus controlling flower color. 

Linkage in the F2 family BSBL. The genotypic constitutions of the parents of the 

F1 family BSBL were WMS/WMs (for the parent BS) and Wms/wms (for the parent BL). 
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Two types of F1 progeny were produced: blue short (WMS/Wms and WMS/wms) and blue 

mid (WMs/Wms and WMs/wms). Linkage was not evident in the F1 generation, as all 

F1 progeny had blue flowers; however, linkage was revealed in the F2 generation. 

Four F1 plants with the blue mid phenotype were self-pollinated and all produced 

F2 families that segregated for both flower color and floral morph (Table 9.11). Three of 

the four F2 families segregated as expected for each trait individually. The F2 family 

UVM2 segregated as expected for flower color, but did not segregate as expected for 

floral morph. 

F1 plants with the blue mid phenotype were produced by two different genotypes – 

WMs/Wms and WMs/wms. Self-pollination of plants with the genotype WMS/Wms would 

create populations with only blue-flowered progeny and would therefore not be useful in 

this linkage study; however, self-pollination of plants with the genotype WMs/wms would 

create populations with both flower colors and both M-morphs and L-morphs. The 

F1 parents of the F2 families UVM1, BM1, BM2 and BM3 were genotypically identical 

and heterozygous at the W and M loci, with the dominant W and M alleles linked in 

coupling (i.e., genotype WMs/wms). 

These F1 plants were expected to produce parental-type gametes WMs and wms at a 

frequency of 0.42 each and recombinant gametes Wms and wMs at a frequency of 0.08 

each. These gametes would fuse to produce progeny with one of ten different genotypes. 

Five genotypes (WMs/WMs, WMs/wms, WMs/Wms, WMs/wMs and Wms/wMs) were 

associated with the blue mid phenotype, which represented 67.64% of the F2 population. 

Two genotypes (wms/Wms and Wms/Wms) produced the blue long phenotype and two 

genotypes (wms/wMs and wMs/wMs) resulted in the white mid phenotype; each of these 
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phenotypes accounted for 7.36% of the population. The white long phenotype was 

produced by progeny with the genotype wms/wms and composed 17.64% of the 

F2 population. 

The F2 families BM1 and BM2 segregated as expected when compared to a model 

where 16 m.u. separate the W and M loci, but the F2 families UVM2 and BM3 did not 

segregate as expected when compared to the same model (Table 9.11). The reason for the 

poor fit of the family BM3 to the model was unknown, as the family segregated as 

expected for both flower color and floral morph individually; however, the family UVM2 

did not segregate as expected when floral morph was considered individually and the 

L-morph was produced in excess when compared to the model where f(M) = f(m) = 0.50. 

The reason for this production of fewer gametes with the dominant allele M and an 

excess of gametes with the recessive allele m was unknown; however, it again seemed 

appropriate to adjust the gametic frequencies in this family to more accurately reflect the 

genotypic constitution of the population. The frequency of the recessive allele m was 

derived by examining the frequency of members of the phenotypic class produced by a 

homozygous recessive condition; in this case, the L-morph phenotype resulted from the 

genotype mm. The frequency of the genotype mm was equal to 33/89; the square root of 

this ratio revealed that the frequency of the recessive allele m was 0.609 and therefore the 

frequency of the dominant allele M was 0.391. 

The expected frequencies of parental and recombinant gametes were multiplied by 

the frequencies of the W and w alleles to determine the expected frequency of each 

gamete type. This resulted in four types of gametes: parental-type gamete WMs at a 

frequency of (0.391)(.84) or 0.32844, parental-type gamete wms at a frequency of 
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(0.609)(0.84) or 0.51156, recombinant gamete Wms at a frequency of (0.609)(0.16) or 

0.09744 and recombinant gamete wMs at a frequency of (0.391)(0.16) or 0.06256. These 

gametes would fuse to produce progeny with one of ten different genotypes. Five 

genotypes (WMs/WMs, WMs/wms, WMs/Wms, WMs/wMs and Wms/wMs) were 

associated with the blue mid phenotype, which represented 56.1199% of the 

F2 population. Two genotypes (wms/Wms and Wms/Wms) produced the blue long 

phenotype and composed 10.9187% of the population and two genotypes (wms/wMs and 

wMs/wMs) resulted in the white mid phenotype and accounted for 6.7920% of the 

population. The white long phenotype was produced by progeny with the genotype 

wms/wms and composed 26.1796% of the F2 population. 

The F2 family UVM2 still deviated from the segregation ratio expected when 

compared to this adjusted model where f(M) = 0.391 and f(m) = 0.609 and where 16 m.u. 

separate the W and M loci (Table 9.11). As many as 1 in 25 populations the size of 

UVM2 (n=89) would show as much variation as the F2 family UVM2, so this 

discrepancy may have been attributable to sampling error. 

The families BM1 and BM2 segregated as expected when compared to a model 

where 16 m.u. separate the W and M loci. The family UVM2 did not segregate as 

expected; however, this family did not segregate as expected for floral morph and a better 

fit was accomplished by comparing segregants to an adjusted model where 16 m.u. 

separate the W and M loci and where f(M) = 0.391 and f(m) = 0.609. The family BM3 

failed to segregate as expected and the reason for this was unknown; however, this may 

have been due more to sampling error than to flaws in the model, as the majority of the 
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data from these families supported the proposed model where 16 m.u. separate the W and 

M loci. 

Linkage in the F2 family BMBL. The genotypic constitutions of the parents of the 

F1 family BMBL were WMs/wms (for the parent BM) and Wms/wms (for the parent BL). 

Four types of F1 progeny were produced: blue mid (WMs/Wms, WMs/wms and 

wMs/Wms), blue long (wms/Wms and Wms/Wms), white mid (wMs/wms) and white long 

(wms/wms). Linkage was evident in the F1 generation and was described ad nauseum 

earlier in this chapter; linkage was evident in the F2 generation as well. 

Three F1 plants with the blue mid phenotype were self-pollinated and all produced 

F2 families that segregated for both flower color and floral morph (Table 9.12). Two of 

the three F2 families segregated as expected for each trait individually. The F2 family 

BM2 segregated as expected for floral morph, but did not segregate as expected for 

flower color. 

F1 plants with the blue mid phenotype were produced by three different genotypes 

– WMs/Wms, WMs/wms and wMs/Wms. Self-pollination of plants with the genotype 

WMs/Wms would have created populations with only blue-flowered progeny and would 

therefore not be useful in this linkage study; however, self-pollination of plants with the 

genotype WMs/wms or Wms/wMs would have created populations with both flower 

colors and both M-morphs and L-morphs. The F1 parents of the F2 families BM1, BM2 

and BM6 were genotypically identical and heterozygous at the W and M loci, but the 

dominant W and M alleles may have been linked in coupling (i.e., genotype WMs/wms) or 

in repulsion (i.e., genotype wMs/Wms). 



219 

 

Gametic frequencies were determined by the linkage relationship present in the 

F1 parent. If dominant alleles were linked in coupling (i.e., WMs/wms), then parental-type 

gametes WMs and wms would be produced at a frequency of 0.42 each and recombinant 

gametes Wms and wMs would be produced at a frequency of 0.08 each. These gametes 

would fuse to produce progeny with one of ten different genotypes. Five genotypes 

(WMs/WMs, WMs/wms, WMs/Wms, WMs/wMs and Wms/wMs) were associated with the 

blue mid phenotype, which represented 67.64% of the F2 population. Two genotypes 

(wms/Wms and Wms/Wms) produced the blue long phenotype and two genotypes 

(wms/wMs and wMs/wMs) resulted in the white mid phenotype; each of these phenotypes 

accounted for 7.36% of the population. The white long phenotype was produced by 

progeny with the genotype wms/wms and composed 17.64% of the F2 population. 

If dominant alleles were linked in repulsion (i.e., Wms/wMs), then parental-type 

gametes Wms and wMs would be produced at a frequency of 0.42 each and recombinant 

gametes WMs and wms would be produced at a frequency of 0.08 each. These gametes 

would fuse to produce progeny with one of ten different genotypes. Five genotypes 

(WMs/WMs, WMs/wms, WMs/Wms, WMs/wMs and Wms/wMs) were associated with the 

blue mid phenotype, which represented 50.64% of the F2 population. Two genotypes 

(wms/Wms and Wms/Wms) produced the blue long phenotype and two genotypes 

(wms/wMs and wMs/wMs) resulted in the white mid phenotype; each of these phenotypes 

accounted for 24.36% of the population. The white long phenotype was produced by 

progeny with the genotype wms/wms and composed 0.64% of the F2 population. 

The F2 family BM1 did not segregate as expected when compared to the model 

with dominant alleles linked in coupling and where 16 m.u. separate the W and M loci, 
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but the family segregated as expected when compared to a model where the dominant 

alleles were linked in repulsion and where 16 m.u. separate the W and M loci 

(Table 9.12). These results supported the model where the W and M loci are 16 m.u. apart 

and revealed that the genotype of the F1 parent of the F2 family BM1 was Wms/wMs. 

The F2 family BM2 did not segregate as expected when compared to models for 

both linkage arrangements, but was provided a much better fit by the model where 

dominant alleles were linked in coupling (Table 9.12). This family did not segregate as 

expected when flower color was considered individually and the white-flowered 

phenotype was produced in excess when compared to the model where 

f(W) = f(w) = 0.50. The reason for this production of fewer gametes with the dominant 

allele W and an excess of gametes with the recessive allele w was unknown; however, it 

again seemed appropriate to adjust the gametic frequencies in this family to more 

accurately reflect the genotypic constitution of the population. The white-flowered 

phenotype resulted from the genotype ww and occurred at a frequency of 19/38 in the 

family BM2; the square root of this ratio revealed that the frequency of the recessive 

allele w was 0.707 and the frequency of the dominant allele W was 0.293. 

The expected frequencies of parental and recombinant gametes were multiplied by 

the frequencies of the W and w alleles to determine the expected frequency of each 

gamete type. The W and M alleles were most likely linked in coupling in the F1 parent of 

the F2 family BM2, as that model provided a much better fit to the data than the model 

where dominant alleles were linked in repulsion; therefore, gametic frequencies were 

computed based on the former model. Four different types of gametes would be produced 

by BM2: parental-type gamete WMs at a frequency of (0.293)(.84) or 0.24612, 
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parental-type gamete wms at a frequency of (0.707)(0.84) or 0.59388, recombinant 

gamete Wms at a frequency of (0.293)(0.16) or 0.04688 and recombinant gamete wMs at 

a frequency of (0.707)(0.16) or 0.11312. These gametes would fuse to produce progeny 

with one of ten different genotypes. Five genotypes (WMs/WMs, WMs/wms, WMs/Wms, 

WMs/wMs and Wms/wMs) were associated with the blue mid phenotype, which 

represented 44.227% of the F2 population. Two genotypes (wms/Wms and Wms/Wms) 

produced the blue long phenotype and composed 5.788% of the population and two 

genotypes (wms/wMs and wMs/wMs) resulted in the white mid phenotype and accounted 

for 14.716% of the population. The white long phenotype was produced by progeny with 

the genotype wms/wms and composed 35.269% of the F2 population. 

The F2 family BM2 segregated as expected when compared to this adjusted model 

where f(W) = 0.293 and f(w) = 0.707 and where the W and M loci were 16 m.u. apart and 

linked in coupling (Table 9.12). These results supported the model where the W and 

M loci are 16 m.u. apart and revealed that the genotype of the F1 parent of the F2 family 

BM2 was WMs/wms. 

The F2 family BM6 did not segregate as expected when compared to models for 

both linkage arrangements, but was provided a much better fit by the model where 

dominant alleles are linked in coupling (Table 9.12). This family segregated as expected 

for both flower color and floral morph individually, so the reason for this failure to 

segregate as expected when compared to either linkage model was unknown. As many as 

1 in 50 populations the size of BM6 (n=43) and with dominant alleles linked in coupling 

would show as much variation as BM6; therefore, it is likely that sampling error was 

responsible for the discrepancy. These results provided some support for the model where 
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the W and M loci were 16 m.u. apart and revealed that the most likely genotype of the 

F1 parent of the F2 family BM6 was WMs/wms. 

The family BM1 segregated as expected when compared to a model where 

dominant alleles were linked in repulsion and the W and M loci were separated by 

16 m.u.. The family BM2 did not segregate as expected; however, this family did not 

segregate as expected for flower color and did segregate as expected when compared to a 

model where dominant alleles were linked in coupling, the W and M loci were separated 

by 16 m.u. and f(W)=0.293 and f(w)=0.707. The family BM6 failed to segregate as 

expected and the reason for this was unknown; however, this may have been due to 

sampling error, as the population size of BM6 was small. 

Conclusions 

This study provided evidence that the W locus controlling flower color and the 

hypostatic M locus controlling floral morph in this population of pickerelweed were 

located 16 m.u. apart on the same chromosome. Evaluation of seven F1 families revealed 

that all segregated as expected when compared to a model where the W and M loci were 

separated by 16 m.u.. A total of thirty-eight F2 families were examined; twenty-two 

families were derived from F1 plants with the blue mid phenotype and the remaining 

sixteen families were produced from F1 plants with the blue short phenotype. A majority 

(21/38) of the F2 families studied segregated as expected when compared to the model 

where the W and M loci were 16 m.u. apart and thirteen of the remaining seventeen 

F2 families segregated as expected when the model was adjusted to account for rare or 

missing phenotypic classes or for poor fit of either trait individually. The model provided 

a poor fit to progeny from only four F2 families; two of these families segregated in a 
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manner that was close to that expected under the model and two deviated from the model 

with no apparent cause. 

The vast majority of these data supported the model where the W and M loci were 

16 m.u. apart on the same chromosome; in addition, this study provided evidence that the 

epistatic S locus was independent from the W locus controlling flower color and from the 

hypostatic M locus that contributed to the control of floral morph. 

It is not unusual for loci that control different traits related to the same tissue to be 

located on the same chromosome. Halvankar and Patil (1994) noted linkage among floral 

traits of soybean; it is possible that a similar arrangement occurs in pickerelweed. This 

experiment revealed that the W locus controlling flower color and the hypostatic M locus 

contributing to floral morph were close together on the same chromosome, while the 

epistatic S locus responsible for the control of floral morph was independent from both 

the W and M loci. If the S locus were situated on the same chromosome as the W and 

M loci but was more than 50 m.u. from either locus, it would be possible to determine the 

position of the S locus by identifying a trait linked to both the S locus and to the W or 

M locus; however, that analysis was beyond the scope of this study. 
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Table 9.1. Segregation of progeny and goodness-of-fit tests for F1 families of 
pickerelweed segregating for flower color and floral morph. Expected values 
were computed assuming independence of the loci controlling flower color 
and floral morph. F1 families are coded to identify the parents used to create 
the F1 family (e.g., the F1 family WSBM was created by cross-pollination of 
the parents WS and BM). Not shown: F1 families that did not reveal linkage 
(WMBL, WSBL, WMBS, BMBS and BSBL). 

F1 family WSBM (n=144) 
Phenotype† Exp. frequency‡ Exp. number§   Obs¶      χ2#  
Blue short    0.250       36   52 7.11111 
Blue mid    0.125       18   16 0.22222 
Blue long    0.125       18     6 8.00000 
White short    0.250       36   35 0.02778 
White mid    0.125       18     3 12.5000 
White long    0.125       36   32 0.44444 
P‡‡ = 0.0000      Grand chi-square†† =  28.3056 
 
F1 family BMBL (n=91) 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue mid    0.375   34.125   45 3.46566 
Blue long    0.375   34.125   29 0.76969 
White mid    0.125   11.375     1 9.46291 
White long    0.125   11.375   16 1.88049 
P = 0.0013      Grand chi-square =  15.5788 
† Phenotype: Phenotype of F1 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.2. Goodness-of-fit test for the F1 family WSBM segregating for flower color and 
floral morph. Expected values were computed using a genetic distance of 
12.5 m.u. between the W locus and the M locus with dominant alleles linked 
in coupling in the parent BM. Unadjusted expected values assume gametes 
from WS are produced in equal frequencies so that f(wmS) = f(wms) = 0.5. 
Adjusted values calculated with f(wmS) = 0.604 and f(wms) = 0.396. 

Unadjusted 
Phenotype† Exp. frequency‡ Exp. number§   Obs.¶      χ2#  
Blue short  0.25000*  36.0   52  6.6736 
Blue mid  0.21875  31.5   16  7.1429 
Blue long  0.03125  4.50     6  0.2222 
White short  0.25000*  36.0   35  0.0069 
White mid  0.03125  4.50     3  0.2222 
White long  0.21875  31.5   32  0.0000  
P‡‡ = 0.0139       Grand chi-square††=14.2678  
 
Adjusted 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue short  0.30200*  43.488   52  1.4761 
Blue mid  0.17325  24.948   16  2.8607 
Blue long  0.02475  3.5640     6  1.0517 
White short  0.30200*  43.488   35  1.4673 
White mid  0.02475  3.5640     3  0.0011 
White long  0.17325  24.948   32  1.7207  
P = 0.1271       Grand chi-square =  8.5776 
† Phenotype: Phenotype of F1 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class; frequencies 
followed by * are a combination of parental and recombinant genotypes 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.3. Goodness-of-fit test for the F1 family BMBL segregating for flower color and 
floral morph. Expected values were computed using a genetic distance of 
12.5 m.u. between the W locus and the M locus with dominant alleles linked 
in coupling in the parent BM. 

Phenotype† Exp. frequency‡ Exp. number§   Obs.¶      χ2#  
Blue mid  0.46875*  42.656   45  0.0797 
Blue long  0.28125*  25.594   29  0.3300 
White mid  0.03125    2.844     1  0.6351 
White long  0.21875  19.906   16  0.5828  
P‡‡ = 0.6531       Grand chi-square†† =  1.6276  
† Phenotype: Phenotype of F1 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class; frequencies 
followed by * are a combination of parental and recombinant genotypes 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.4. Goodness-of-fit tests for the F1 families WSBM and BMBL segregating for 
flower color and floral morph. Expected values were computed with a genetic 
distance of 4.4 m.u. between the W locus and the M locus with dominant 
alleles linked in coupling in the parent BM. Expected values for WSBM were 
computed using adjusted gametic frequencies for the parent WS. 

F1 family - WSBM 
Phenotype† Exp. frequency‡   Exp. number§  Obs.¶      χ2#  
Blue short  0.3020*  43.4880  52  1.4761 
Blue mid  0.1893   27.2592  16  4.2467 
Blue long  0.0087     1.2528    6  14.399 
White short  0.3020*  43.4880  35  1.4673 
White mid  0.0087     1.2528    3  1.2416 
White long  0.1893   27.2592  32  0.6598  
P‡‡ = 0.0002       Grand chi-square††=23.4901  
 
F1 family = BMBL 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue mid    0.489*  44.499   45  0.0000 
Blue long    0.261*  23.751   29  0.9496 
White mid    0.011     1.001     1  0.0000 
White long    0.239   21.749   16  1.2668  
P = 0.5287       Grand chi-square =  2.2164 
† Phenotype: Phenotype of F1 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class; frequencies 
followed by * are a combination of parental and recombinant genotypes 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.5. Summary of goodness-of-fit tests for genetic distances ranging from 4.4 m.u. 
to 22 m.u. for the linked W and M loci in the F1 families WSBM and BMBL. 

F1 family = WSBM 
Distance†      χ2‡      P§  
Independent 37.2900 0.0000 
4.4  23.4901 0.0002  direct estimate of distance from BMBL 
5  20.2546 0.0011 
6  16.4840 0.0055 
8  12.1756 0.0324 
10  10.0032 0.0751 
12    8.7847 0.1179 
12.5    8.5776 0.1271  direct estimate of distance from WSBM 
14    8.1851 0.1463 
16    8.0809 0.1518 
18    9.8626 0.0792 
20  10.3549 0.0657 
22  11.0766 0.0498 
 
F1 family = BMBL 
Distance      χ2      P  
Independent 15.5788 0.0013 
4.4  2.21640 0.5287  direct estimate of distance from BMBL 
5  2.10045 0.5518 
6  1.91627 0.5899 
8  1.63790 0.6508 
10  1.55586 0.6694 
12  1.60100 0.6591 
12.5  1.62760 0.6531  direct estimate of distance from WSBM 
14  1.73810 0.6284 
16  1.94980 0.5828 
18  2.22677 0.5266 
20  2.56380 0.4638 
22  2.95799 0.3981 
† Distance: Number of map units between the W and M loci; independent = W and M loci 
are greater than 50 m.u. apart 
‡ χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity except for tests for independence in both families and for 
genetic distance estimates of 18, 20 and 22 m.u. in the family WSBM 
§ P: Probability associated with χ2 
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Table 9.6. Goodness-of-fit tests for F2 families of pickerelweed from the F1 family 
WMBL segregating for flower color and floral morph. Each F2 family was 
derived from self-pollination of an individual F1 plant developed by 
cross-pollination of the parents WM and BL. Expected values were computed 
assuming 16 m.u. between the W and M loci. 

F2 family = BM1 (n=76) 
Phenotype† Exp. frequency‡ Exp. number§   Obs.¶      χ2#  
Blue mid  0.5064          38.4864   33  0.6461 
Blue long  0.2436          18.5136   20  0.0526 
White mid  0.2436          18.5136   20  0.0526 
White long  0.0064            0.4864     3  8.3359 
P† = 0.0281       Grand chi-square†† =9.08707 
 
F2 family = BM2 (n=83) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue mid  0.5064          42.0312   51  1.7064 
Blue long  0.2436          20.2188   17  0.0000 
White mid  0.2436          20.2188   13  2.2327 
White long  0.0064            0.5312     2  1.7669 
P = 0.1268       Grand chi-square =  5.7060 
 
F2 family = BM3 (n=59) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue mid           0.50966          30.0699   38  2.0913 
Blue long           0.24517          14.4650   10  1.3782 
White mid           0.24517          14.4650   11  0.8300 
White long         (adjusted)        (adjusted)     0      (n/a)  
P = 0.1165       Grand chi-square = 4.2996 
 
F2 family = BM4 (n=118) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue mid  0.5064          59.7552   72  2.3084 
Blue long  0.2436          28.7448   19  2.9733 
White mid  0.2436          28.7448   24  0.6268 
White long  0.0064            0.7552     3  4.0312 
P = 0.0190       Grand chi-square =  9.9397 
 
F2 family = BM5 (n=40) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue mid  0.5064          20.256   18  0.1522 
Blue long  0.2436            9.744     8  0.1588 
White mid  0.2436            9.744   13  0.7795 
White long  0.0064            0.256     1  0.2326 
P = 0.7236       Grand chi-square =  1.3231 
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Table 9.6. Continued 
 
F2 family = BM6 (n=30) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue mid  0.5064          15.192   21  1.8546 
Blue long  0.2436            7.308     6  0.0893 
White mid  0.2436            7.308     2  3.1632 
White long  0.0064            0.192     1  0.4941 
P = 0.1327       Grand chi-square =  5.6012 
† Phenotype: Phenotype of F2 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity for all families except BM3 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.7. Goodness-of-fit tests for F2 families of pickerelweed from the F1 family 
WSBL segregating for flower color and floral morph. Each F2 family was 
derived from self-pollination of an individual F1 plant developed by 
cross-pollination of the parents WS and BL. Expected values were computed 
assuming 16 m.u. between the W and M loci. 

F2 family = BS1 (n=46) 
Phenotype† Exp. frequency‡ Exp. number§   Obs.¶      χ2#  
Blue short  0.5625            25.875   29  0.2663 
Blue long  0.1875              8.625     4  1.9728 
White short  0.1875              8.625   11  0.4076 
White long  0.0625              2.875     2  0.0489 
P‡‡ = 0.4409       Grand chi-square†† =  2.6957 
 
F2 family = BS3 (n=56) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue short  0.5625   31.5   28  0.2857 
Blue long  0.1875   10.5   13  0.3810 
White short  0.1875   10.5   10  0.0000 
White long  0.0625     3.5     5  0.2857 
P = 0.8127       Grand chi-square =  0.9524 
† Phenotype: Phenotype of F2 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.8. Goodness-of-fit tests for F2 families of pickerelweed from the F1 family 
WSBM segregating for flower color and floral morph. Each F2 family was 
derived from self-pollination of an individual F1 plant developed by 
cross-pollination of the parents WS and BM. Expected values were computed 
assuming 16 m.u. between the W and M loci. 

F2 family = BS2 (n=85) 
Phenotype† Exp. frequency‡ Exp. number§   Obs.¶      χ2#  
Blue short  0.5625          47.8125   38  1.8138 
Blue mid  0.1691          14.3735   18  0.6801 
Blue long  0.0184            1.5640     3  0.5602 
White short  0.1875          15.9375   20  0.7963 
White mid  0.0184            1.5640     2  0.0000 
White long  0.0441            3.7485     4  0.0000 
P‡‡ =  0.5711       Grand chi-square†† =  3.8504 
 
F2 family = BS4 (n=88) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue short  0.5730   50.424   50  0.0000 
Blue mid  0.1723   15.162   13  0.1823 
Blue long         (adjusted)          (adjusted)     0        n/a  
White short  0.1910   16.808   20  0.4312 
White mid  0.0187     1.646     1  0.0129 
White long  0.0449     3.951     4  0.0000 
P = 0.9600       Grand chi-square =  0.6263 
 
F2 family = BS6 (n=51) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue short  0.5730          29.2230   26  0.2536 
Blue mid  0.1723            8.7873     8  0.0094 
Blue long  0.0187            0.9537     3  2.5071 
White short  0.1910            9.7410   13  0.7815 
White mid         (adjusted)        (adjusted)     0        n/a  
White long  0.0449            2.2899     1  0.2725 
P = 0.4303       Grand chi-square =  3.8241 
 
F2 family = BM1 (n=33) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue mid  0.6764          22.3212   17  1.0413 
Blue long  0.0736            2.4288     4  0.4724 
White mid  0.0736            2.4288     4  0.4724 
White long  0.1764            5.8212     8  0.4842 
P = 0.4806       Grand chi-square =  2.4704 
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Table 9.8. Continued 
 
F2 family = BM2 (n=87) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue mid  0.6764          58.8468   34  10.491 
Blue long  0.0736            6.4032   19  24.781 
White mid  0.0736            6.4032   14  9.0129 
White long  0.1764          15.3468   20  1.4109 
P = 0.0000       Grand chi-square =  45.696 
† Phenotype: Phenotype of F2 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity for all families except BM2 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.9. Goodness-of-fit tests for F2 families of pickerelweed from the F1 family 
WMBS segregating for flower color and floral morph. Each F2 family was 
derived from self-pollination of an individual F1 plant developed by 
cross-pollination of the parents WM and BS. Expected values were computed 
assuming 16 m.u. between the W and M loci. 

F2 family = BS1 (n=93) 
Phenotype† Exp. frequency‡   Exp. number§  Obs.¶      χ2#  
Blue short  0.5625   52.3125  50  0.0629 
Blue mid  0.1691   15.7263  17  0.0381 
Blue long  0.0184     1.7112    2  0.0000 
White short  0.1875   17.4375  18  0.0002 
White mid  0.0184     1.7112    3  0.3636 
White long  0.0441     4.1013    3  0.0882 
P‡‡ = 0.9900       Grand chi-square†† =  0.5529 
 
F2 family = BS2 (n=114) 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue short  0.5625   64.125   63  0.0197 
Blue mid  0.1875   21.375   28  2.0534 
White short  0.1875   21.375   20  0.0885 
White mid  0.0625     7.125     3  2.3882 
P = 0.2078       Grand chi-square =  4.5497 
 
F2 family = BS3 (n=17) 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue short  0.58399  9.92783  8  0.2054 
Blue mid  0.17556  2.98452  3  0.0000 
Blue long           (adjusted)           (adjusted)  0        n/a 
White short  0.19466  3.30922  5  0.4285 
White mid           (adjusted)           (adjusted)  0        n/a 
White long  0.04578  0.77826  1  0.0000 
P = 0.8886       Grand chi-square =  0.6338 
 
F2 family = BS4 (n=62) 
Phenotype Exp. frequency       Exp. number  Obs.      χ2  
Blue short  0.58399  36.20738  44  1.4688 
Blue mid  0.17556  10.88472    7  1.0525 
Blue long           (adjusted)  (adjusted)    0        n/a  
White short  0.19466  12.06892  10  0.2040 
White mid           (adjusted)  (adjusted)    0        n/a  
White long  0.04578    2.83836    1  0.6311 
P = 0.3398       Grand chi-square =  3.3564 
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Table 9.9. Continued 
 
F2 family = BS5 (n=153) 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue short  0.5625   86.0625  98  1.6558 
Blue mid  0.1875   28.6875  21  2.0601 
White short  0.1875   28.6875  28  0.0165 
White mid  0.0625     9.5625    6  1.3272 
P = 0.1674       Grand chi-square =  5.0596 
 
F2 family = BS6 (n=16) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue short  0.5625         9   10  0.0278 
Blue mid  0.1875         3     1  0.7500 
White short  0.1875         3     4  0.0833 
White mid  0.0625         1     1  0.0000 
P = 0.8348       Grand chi-square =  0.8611 
 
F2 family = BS7 (n=49) 
Phenotype Exp. frequency       Exp. number  Obs.      χ2  
Blue short  0.58399  28.61551  31  0.1241 
Blue mid  0.17556    8.60244    5  1.1189 
Blue long           (adjusted)  (adjusted)    0        n/a  
White short  0.19466    9.53834    9  0.0002 
White mid           (adjusted)  (adjusted)    0        n/a  
White long  0.04578    2.24322    4  0.7041 
P = 0.5834       Grand chi-square =  1.9473 
 
F2 family = BM1 (n=105) 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue mid  0.6764   71.022   71  0.0000 
Blue long  0.0736     7.728     8  0.0096 
White mid  0.0736     7.728   11  1.3854 
White long  0.1764   18.522   15  0.6697 
P = 0.5590       Grand chi-square =  2.0647 
 
F2 family = BM2 (n=96) 
Phenotype Exp. frequency       Exp. number Obs.       χ2  
Blue mid  0.6764   64.9344  65  0.0001 
Blue long  0.0736     7.0656    9  0.5296 
White mid  0.0736     7.0656    9  0.5296 
White long  0.1764   16.9344  13  0.9141 
P = 0.5779       Grand chi-square =  1.9733 
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Table 9.9. Continued 
 
F2 family = BM3 (n=27) 
Phenotype Exp. frequency       Exp. number  Obs.      χ2  
Blue mid  0.6764   18.2628  17  0.0319 
Blue long  0.0736     1.9872    4  1.1517 
White mid  0.0736     1.9872    2  0.0000 
White long  0.1764     4.7628    4  0.0145 
P = 0.7534       Grand chi-square =  1.1980 
 
F2 family = BM6 (n=28) 
Phenotype Exp. frequency       Exp. number  Obs.      χ2  
Blue mid  0.6764   18.9392  17  0.1094 
Blue long  0.0736     2.0608    3  0.0936 
White mid  0.0736     2.0608    2  0.0000 
White long  0.1764     4.9392    6  0.0637 
P = 0.9661       Grand chi-square =  0.2666 
† Phenotype: Phenotype of F2 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity for all families except BS2, BS5, BM1 and BM2 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.10. Goodness-of-fit tests for F2 families of pickerelweed from the F1 family 
BSBM segregating for flower color and floral morph. Each F2 family was 
derived from self-pollination of an individual F1 plant developed by 
cross-pollination of the parents BS and BM. Expected values were computed 
assuming 16 m.u. between the W and M loci. 

F2 family = BS2 (n=110) 
Phenotype† Exp. frequency‡   Exp. number§  Obs.¶      χ2#  
Blue short  0.5625   61.875   53  1.2730 
Blue mid  0.1875   20.625   37  13.001 
White short  0.1875   20.625   13  2.8189 
White mid  0.0625     6.875     7  0.0023 
P‡‡ = 0.0006       Grand chi-square†† =  17.095 
 
F2 family = BS2 adjusted so that f(S) = 0.3675 and f(s) = 0.6325 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue short  0.44996  49.4956  53  0.2481 
Blue mid  0.30004  33.0044  37  0.4837 
White short  0.14998  16.4978  13  0.7416 
White mid  0.10001  11.0011    7  1.4552 
P = 0.4027       Grand chi-square =  2.9286 
 
F2 family = PBS1 (n=56) 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue short  0.5730   32.0880  27  0.6560 
Blue mid  0.1723     9.6488    5  1.7839 
Blue long         (adjusted)            (adjusted)    0        n/a  
White short  0.1910   10.6960  21  8.9864 
White mid  0.0187     1.0472    2  0.1958 
White long  0.0449     2.5144    1  0.4093 
P = 0.0171       Grand chi-square =  12.031 
 
F2 family = PBS1 adjusted so that f(W) = 0.34535 and f(w) = 0.65465 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue short  0.43550  24.387   27  0.1831 
Blue mid  0.12885    7.215     5  0.4077 
Blue long           (adjusted)         (adjusted)     0        n/a  
White short  0.32461  18.178   21  0.2966 
White mid  0.03205    1.795     2  0.0000 
White long  0.07722    4.324     1  1.8444 
P = 0.6036       Grand chi-square =  2.7317 
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Table 9.10. Continued 
 
F2 family = PBS3 (n=20) 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue short  0.6000   12.000   13  0.0208 
Blue mid  0.1804     3.608     4  0.0000 
Blue long  0.0196     0.392     1  0.0298 
White short  0.2000     4.000     2  0.5625 
White mid         (adjusted)          (adjusted)     0        n/a  
White long         (adjusted)          (adjusted)     0        n/a  
P = 0.8934       Grand chi-square =  0.6131 
 
F2 family = PBS4 (n=40) 
Phenotype Exp. frequency Exp. number   Obs.      χ2  
Blue short  0.6000   24.000   23  0.0104 
Blue mid  0.1804     7.216     8  0.0112 
Blue long  0.0196     0.784     1  0.0000 
White short  0.2000     8.000     8  0.0000 
White mid        (adjusted)          (adjusted)     0        n/a  
White long        (adjusted)          (adjusted)     0        n/a  
P = 0.9991       Grand chi-square =  0.0216 
 
F2 family = BM3 (n=35) 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue mid  0.6764   23.674   21  0.1996 
Blue long  0.0736     2.576     4  0.3314 
White mid  0.0736     2.576     2  0.0022 
White long  0.1764     6.174     8  0.2848 
P = 0.8451       Grand chi-square =  0.8181 
 
F2 family = PBM1 (n=149) 
Phenotype Exp. frequency       Exp. number  Obs.      χ2  
Blue mid  0.6764   100.7836  104  0.1027 
Blue long  0.0736     10.9664    16  2.3104 
White mid  0.0736     10.9664    13  0.3771 
White long  0.1764     26.2836    16  4.0235 
P = 0.0780       Grand chi-square =  6.8137 
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Table 9.10. Continued 
 
F2 family = PBM3 (n=110) 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue mid  0.6764   74.404   69  0.3925 
Blue long  0.0736     8.096   10  0.4478 
White mid  0.0736     8.096   10  0.4478 
White long  0.1764   19.404   21  0.1313 
P = 0.7010       Grand chi-square =  1.4193 
† Phenotype: Phenotype of F2 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity for all families except BS2, PBM1 and PBM3 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.11. Goodness-of-fit tests for F2 families of pickerelweed from the F1 family 
BSBL segregating for flower color and floral morph. Each F2 family was 
derived from self-pollination of an individual F1 plant developed by 
cross-pollination of the parents BS and BL. Expected values were computed 
assuming 16 m.u. between the W and M loci. 

F2 family = UVM2 (n=89) 
Phenotype† Exp. frequency‡   Exp. number§  Obs.¶      χ2#  
Blue mid  0.6764   60.1996  48  2.4723 
Blue long  0.0736     6.5504  17  16.670 
White mid  0.0736     6.5504    8  0.3208 
White long  0.1764   15.6996  16  0.0058 
P‡‡ = 0.0002       Grand chi-square†† =  19.469 
 
F2 family = UVM2 adjusted so that f(M) = 0.391 and f(m) = 0.609 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue mid  0.561199  49.9467  48  0.0759 
Blue long  0.109187    9.7177  17  5.4573 
White mid  0.067920    6.0449    8  0.6323 
White long  0.261796  23.2998  16  2.2870 
P = 0.0375       Grand chi-square =  8.4525 
 
F2 family = BM1 (n=70) 
Phenotype Exp. frequency   Exp. number   Obs.      χ2  
Blue mid  0.6764   47.348   44  0.2367 
Blue long  0.0736     5.152     5  0.0045 
White mid  0.0736     5.152   10  4.5619 
White long  0.1764   12.348   11  0.1472 
P = 0.1754       Grand chi-square =  4.9503 
 
F2 family = BM2 (n=98) 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue mid  0.6764   66.2872  61  0.4217 
Blue long  0.0736     7.2128    8  0.0859 
White mid  0.0736     7.2128  10  1.0770 
White long  0.1764   17.2872  19  0.1697 
P = 0.6249       Grand chi-square =  1.7544 
 
F2 family = BM3 (n=88) 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue mid  0.6764   59.5232  62  0.1031 
Blue long  0.0736     6.4768  12  4.7100 
White mid  0.0736     6.4768  10  1.9165 
White long  0.1764   15.5232    4  8.5539 
P = 0.0015       Grand chi-square =  15.284 
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Table 9.11. Continued 
 
† Phenotype: Phenotype of F2 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 9.12. Goodness-of-fit tests for F2 families of pickerelweed from the F1 family 
BMBL segregating for flower color and floral morph. Each F2 family was 
derived from self-pollination of an individual F1 plant developed by 
cross-pollination of the parents BM and BL. Expected values were computed 
assuming 16 m.u. between the W and M loci. 

F2 family = BM1 (n=51) – coupling 
Phenotype† Exp. frequency‡     Exp. number§  Obs.¶      χ2#  
Blue mid  0.6764   34.4964  24  2.8968 
Blue long  0.0736     3.7536  13  20.380 
White mid  0.0736     3.7536  13  20.380 
White long  0.1764     8.9964    1  6.2465 
P‡‡ = 0.0000       Grand chi-square†† =  49.904 
 
F2 family = BM1 (n=51) – repulsion 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue mid  0.5064   25.8264  24  0.0681 
Blue long  0.2436   12.4236  13  0.0005 
White mid  0.2436   12.4236  13  0.0005 
White long  0.0064     0.3264    1  0.0923 
P = 0.9835       Grand chi-square =  0.1614 
 
F2 family = BM2 (n=38) – coupling 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue mid  0.6764   25.7032  16  3.2953 
Blue long  0.0736     2.7968    3  0.0000 
White mid  0.0736     2.7968    7  4.9034 
White long  0.1764     6.7032  12  3.4326 
P = 0.0087       Grand chi-square =  11.631 
 
F2 family = BM2 – coupling and adjusted so that f(W) = 0.293 and f(w) = 0.707 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue mid  0.44227  16.8063  16  0.0056 
Blue long  0.05788    2.1994    3  0.0411 
White mid  0.14716    5.5919    7  0.1475 
White long  0.35269  13.4024  12  0.0608 
P = 0.9682       Grand chi-square =  0.2549 
 
F2 family = BM2 (n=38) – repulsion 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue mid  0.5064   19.2432  16  0.3911 
Blue long  0.2436     9.2568    3  3.5802 
White mid  0.2436     9.2568    7  0.3334 
White long  0.0064     0.2432  12  521.03 
P = 0.0000       Grand chi-square =  525.34 
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Table 9.12. Continued 
 
F2 family = BM6 (n=43) – coupling 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue mid  0.6764   29.0852  24  0.7228 
Blue long  0.0736     3.1648    3  0.0000 
White mid  0.0736     3.1648    9  8.9941 
White long  0.1764     7.5852    7  0.0010 
P = 0.0211       Grand chi-square =  9.7179 
 
F2 family = BM6 (n=43) – repulsion 
Phenotype Exp. frequency     Exp. number  Obs.      χ2  
Blue mid  0.5064   21.7752  24  0.1366 
Blue long  0.2436   10.4748    3  4.6443 
White mid  0.2436   10.4748    9  0.0907 
White long  0.0064     0.2752    7  140.80 
P = 0.0000       Grand chi-square =  145.67 
† Phenotype: Phenotype of F2 progeny 
‡ Exp. frequency: Expected ratio of progeny in each phenotypic class 
§ Exp. number: Expected number of progeny in each phenotypic class 
¶ Obs.: Observed number of progeny in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test; calculated using Yates’ 
correction for continuity 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value
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CHAPTER 10 
INHERITANCE AND GENETIC CONTROL OF SCAPE PUBESCENCE 

Introduction 

Pubescence refers to soft, short, downy hairs that occur on various surfaces. This 

pubescence may provide plants with protection against insect feeding damage by 

reducing access to succulent tissue or may increase the ambient temperature around the 

pubescent structure by creating an insulating effect (Maes et al. 2001; Miller 1986). The 

inheritance and genetic control of pubescence is often simple with a dominant allele at a 

single locus conditioning the pubescent phenotype; this scenario has been described in 

red clover (Trifolium pratense) (Broda 1979), lentil (Lens culinaris) (Hoque et al. 2002; 

Sarker et al. 1999), Triticum dicoccoides (Lange and Jochemsen 1987) and soybean 

(Glycine max) (Halvankar and Patil 1994). Pubescence is less often expressed as the 

result of a recessive condition at a single diallelic locus (Deren 1987) or as the product of 

a system with epistatic interaction between two diallelic loci (Gorsic 1994). 

An assessment of morphological characters in an experimental population of 

pickerelweed revealed that some plants had pubescent inflorescence scapes, while the 

scapes of other plants lacked pubescence and were glabrous. The objective of this 

experiment was to determine the mode of inheritance and number of loci controlling the 

expression of scape pubescence in this population of pickerelweed. 

Materials and Methods 

The parents used in this experiment were selected based on phenotype and 

cross-compatibility from a collection of plants maintained for breeding and genetics 
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studies at the University of Florida in Gainesville. The parent WM was collected in 

southeastern Florida and had white M-morph flowers borne on a glabrous scape 

(Figure 10.1), while the parent RI was collected in Rhode Island and had blue L-morph 

flowers produced on a pubescent scape (Figure 10.2). Cross- and reciprocal pollinations 

were performed between the parental lines and utilized compatible pollen (i.e., l-pollen 

from WM was used to pollinate RI and m-pollen from RI was used to pollinate WM). 

Barrett and Glover (1985) stated that emasculation was not necessary to prevent 

self-pollination, so anthers borne on long filaments were removed only from WM to 

increase access to the stigma. Fine forceps were used to remove dehisced anthers from 

the pollen parent; an anther was then brushed gently across the stigma of the seed parent 

to effect pollination. Magnifying headgear was worn during all pollinations to allow 

visual confirmation of successful transfer and adhesion of pollen grains to the stigma. 

Flowers from a given inflorescence were used as either pollen donors or seed parents to 

eliminate contamination from self-produced pollen. 

Pollinations commenced with the opening of the first flowers of an inflorescence 

and continued until all flowers on the inflorescence had been pollinated (ca. 7 to 12 d). A 

total of eighty-one flowers were pollinated using WM as the seed parent and RI as the 

pollen donor; eighty-one flowers were utilized in the reciprocal as well. All pollinations 

were performed between 9 am and 3 pm daily and pollination data were recorded on 

jewelry tags placed on each inflorescence. Each completed inflorescence was enclosed in 

a small mesh bag and secured with a plastic-covered twist-tie until fruits were ripe. Fruits 

were considered ripe when the bearing infructescence shattered (usually 23 to 30 d after 

completion of pollinations). 
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Fruits were collected in their mesh bag and air-dried for ca. 7 d, then de-husked 

using a rubber-covered rub board. Cleaned seeds were stored at 4˚C in labeled coin 

envelopes until all pollinations were completed. A total of fifty-six hybrid seeds were 

produced in this experiment: twenty-two seeds from RI x WM (coded RIWM) and 

thirty-four seeds from WM x RI (coded WMRI). Seeds were germinated under ca. 5 cm 

of water in glass half-pint (250 mL) bottles, with additional water added as needed to 

maintain a constant depth. Germination vessels were placed on a bench in the greenhouse 

with temperature at 27˚C (day) and 16˚C (night) and daylength artificially extended to 

16 h. Germinated seeds were allowed to remain under water for 2 or 3 d after 

germination, then were transplanted into 612 cell packs filled with Metro-Mix® 5001.  

Twenty-two F1 seedlings were produced in this manner and each was labeled with a 

tag indicating parental identity (i.e., RIWM or WMRI) and germination rank (i.e., 

seedling number from a particular pollination event). Seedlings were kept in cell packs 

and irrigated with an automatic mist system (irrigation events every 2 h from 6 am until 

8 pm; duration of each event 3 min) for 3 to 4 wks until the seedlings were ca. 30 cm tall. 

Seedlings were then transplanted into 1-L nursery containers filled with Metro-Mix® 500 

and amended with 10 g of Osmocote Plus 15-9-12 per container. Plants were 

sub-irrigated and kept in a pollinator-free glasshouse; supplemental lighting was 

employed to artificially extend daylength to 16 h and air temperature was maintained at 

27°C (day) and 16°C (night). 

                                                 
1 Note: Mention of a trademark or a proprietary product does not constitute a guarantee or warranty of the 
product by the Florida Agricultural Experiment Station and does not imply its approval to the exclusion of 
other products that may be suitable. 
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These F1 plants were grown to reproductive maturity and screened for scape 

pubescence. Due to limited resources, only two F1 plants (BM1 and BM2) were selected 

and self-pollinated to generate F2 families. Self-pollination of 183 flowers on BM1 

produced 147 seeds, while self-pollination of 195 flowers on BM2 produced 130 seeds. 

F2 seeds were collected, cleaned and stored following the protocols described above for 

F1 seeds. Seeds were germinated under water as before but germination vessels were 

placed on a bench in a greenhouse with no climate control and a daytime temperature 

range of ca. 30˚C to 40˚C. Sixty-three F2 seeds from BM1 germinated, as did forty-one 

seeds from BM2. Fifty-four F2 seedlings from BM1 and thirty-two F2 seedlings from 

BM2 were transplanted into 612 cell packs as before, but were stepped up to slightly 

smaller (12 cm) nursery containers filled with Metro-Mix® 500 and amended with 10 g of 

Osmocote Plus 15-9-12 per container. Plants were sub-irrigated and grown to 

reproductive maturity in a screen house with no climate controls or supplemental 

lighting. 

Data from the F1 family were used to develop a working model to explain the type 

of gene action and number of loci controlling scape pubescence in pickerelweed. 

Development of this model allowed the assignment of genotypes to parents; the model 

was then verified by analyses of F2 families. All data were analyzed using goodness-of-fit 

(chi-square or χ2) tests with Yates’ correction for continuity. Each F2 family was small 

(BM1 n = 54 and BM2 n = 32); therefore, chi-square analysis was performed on pooled 

data from both families as well as on data from each family individually. Heterogeneity 

chi-square analysis was conducted using uncorrected chi-square values to confirm that 
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pooling across the families was appropriate (i.e., that F2 families were from populations 

with the same segregation ratios). 

Results and Discussion 

All F1 plants evaluated in this experiment had pubescent scapes, which indicated 

that the trait was dominant. These results also suggested that the parent RI was 

homozygous dominant at the locus or loci controlling the trait and that the parent WM 

was homozygous recessive at the same locus or loci. Self-pollination of both BM1 and 

BM2 produced F2 populations that segregated for scape pubescence. Progeny from both 

F2 families were compared to a model where the trait was controlled by one diallelic 

locus with dominant gene action (Table 10.1) and to models where the trait was 

controlled by two diallelic loci (Tables 10.2 through 10.4). 

The model tested in Table 10.1 assumed that the genotypes of RI and WM were 

GG and gg, respectively. This would have created a homogenous and heterozygous 

F1 population composed of members with the genotype Gg and expressing the pubescent 

phenotype. Self-pollination of these F1 plants would be expected to produce F2 progeny 

that segregated in a 3:1 (pubescent:glabrous) ratio, since the genotypic ratio of the 

population would be 0.25GG:0.50Gg:0.25gg and the occurrence of dominance would 

cause the phenotypes of the heterozygous class and the homozygous dominant class to be 

indistinguishable from one another. This model provided a poor fit to the data and less 

than 3 in 100 populations would show as much variation for this trait as BM1 or BM2 

(Table 10.1). Heterogeneity chi-square analysis (not shown) revealed that pooling 

progeny from BM1 and BM2 was appropriate; the model provided a poor fit to these 

pooled data as well (Table 10.1). These results indicated it was unlikely that scape 

pubescence in this population of pickerelweed was controlled by a single diallelic locus. 
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Only two phenotypes (pubescent and glabrous) were observed in this experiment; if 

pubescence were controlled by two loci, then segregation of F2 progeny must have been 

influenced by epistasis, which modified the 9:3:3:1 ratio expected when two loci control 

a trait. The epistatic models tested in this experiment assumed that the genotypes of RI 

and WM were GGHH and gghh, respectively. Cross-pollination between RI and WM 

would have created a homogenous and heterozygous F1 population composed of 

members with the genotype GgHh and expressing the pubescent scape phenotype. 

Self-pollination of F1 plants would have resulted in F2 progeny that segregated in 

different ways based on the type of epistatic interaction between the two loci controlling 

scape pubescence in pickerelweed. 

Self-pollination of heterozygous plants would be expected to produce F2 progeny 

that segregated in a 9:7 (pubescent:glabrous) ratio if scape pubescence were controlled by 

two diallelic loci influenced of duplicate recessive epistasis. This type of epistasis causes 

an alteration in the classical 9:3:3:1 ratio expected when two diallelic loci control a trait 

since duplicate recessive epistasis requires a dominant allele at each locus to effect 

expression of the trait of interest. Duplicate recessive epistasis may occur when the two 

loci work in tandem to produce an end product; for example, a dominant allele at the first 

locus may be needed to produce a precursor substance, while a dominant allele at the 

second locus is required to convert the precursor to the end product. The result of this 

type of epistasis is the production of only two phenotypic classes instead of four since 

three of the four classes (G_hh = ggH_ = gghh) are phenotypically identical. The class 

with a dominant allele at each locus (G_H_) would express the pubescent phenotype, 

while the three classes with a homozygous recessive condition at one locus (or both loci) 
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would exhibit the recessive glabrous phenotype. The parent RI was homozygous 

dominant at both loci and expressed the pubescent phenotype; the parent WM was 

homozygous recessive at both loci and exhibited the glabrous phenotype, while all 

F1 progeny were heterozygous at both loci and expressed the pubescent phenotype. These 

observed phenotypes for parental and F1 generations conformed to those expected if 

scape pubescence in pickerelweed were controlled by two loci influenced by duplicate 

recessive epistasis. The validity of the model was tested by comparing the observed 

segregation of F2 progeny with the 9:7 (pubescent:glabrous) ratio expected under this 

model (Table 10.2). This model provided a poor fit to the data and less than 1 in 10,000 

populations would be expected to show as much variation for this trait as BM1 or BM2 

(Table 10.2). Heterogeneity chi-square analysis (not shown) revealed that pooling 

progeny from BM1 and BM2 was appropriate; the model provided a poor fit to these 

pooled data as well (Table 10.2). These results indicated it was unlikely that scape 

pubescence in this population of pickerelweed was controlled by two diallelic loci 

influenced by duplicate recessive epistasis. 

Self-pollination of heterozygous plants would be expected to produce F2 progeny 

that segregated in a 13:3 (pubescent:glabrous) ratio if scape pubescence were controlled 

by two diallelic loci influenced by dominant-and-recessive epistasis. This type of 

epistasis causes an alteration in the classical 9:3:3:1 ratio expected when two diallelic loci 

control a trait since the same phenotype is produced by individuals with a dominant allele 

at one locus and/or a homozygous recessive condition at the second locus. 

Dominant-and-recessive epistasis may occur if a product such as a pigment is produced 

by the dominant allele at the first locus (in this case, the G locus); the same product is 
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made by a homozygous recessive condition at the second locus (in this case, the H locus), 

while synthesis of the product does not occur if a dominant allele exists at the second 

locus (the H locus). The end result of this type of epistasis is the production of only two 

phenotypic classes instead of four since three of the four classes (G_H_ = G_hh = gghh) 

are phenotypically identical. The three classes with at least one dominant allele at the G 

locus and/or a recessive condition at the H locus would express the pubescent scape 

phenotype, while the class with a recessive condition at the G locus and at least one 

dominant allele at the H locus (ggH_) would produce the glabrous scape phenotype. As 

with the previous epistatic model, the observed phenotypes for parental and 

F1 generations conformed to those expected if scape pubescence in pickerelweed were 

controlled by two loci influenced by dominant-and-recessive epistasis. The validity of the 

model was tested by comparing the observed segregation of F2 progeny with the 13:3 

(pubescent:glabrous) ratio expected under this model (Table 10.3). This model provided a 

good fit to the data; as many as 21 in 100 populations would show as much variation for 

this trait as BM1 and as many as 11 in 100 populations would show as much variation as 

BM2 (Table 10.3). Heterogeneity chi-square analysis (not shown) revealed that pooling 

progeny from BM1 and BM2 was appropriate; the model provided a poor fit to these 

pooled data and less than 4 in 100 populations would show as much variation for scape 

pubescence as the pooled families BM1 and BM2 (Table 10.3). These results indicated it 

was unlikely that scape pubescence in this population of pickerelweed was controlled by 

two diallelic loci influenced by dominant-and-recessive epistasis. 

Self-pollination of heterozygous plants would be expected to produce F2 progeny 

that segregated in a 15:1 (pubescent:glabrous) ratio if scape pubescence were controlled 
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by two duplicate gene loci. This type of genetic control causes an alteration in the 

classical 9:3:3:1 ratio expected when two diallelic loci control a trait since systems 

controlled by duplicate gene loci require only a single dominant allele at either locus to 

effect expression of the trait of interest. Duplicate gene loci may occur when a dominant 

allele at either locus produces the same product; the end result of this type of epistasis is 

the production of only two phenotypic classes instead of four since three of the four 

classes (G_H_ = G_hh = ggH_) are phenotypically identical. The three classes with at 

least one dominant allele would express the pubescent scape phenotype, while the 

completely homozygous recessive class (gghh) would exhibit glabrous scape phenotype. 

As with the previous models, the observed phenotypes for parental and F1 generations 

conformed to those expected if scape pubescence in pickerelweed were controlled by two 

duplicate gene loci. The validity of the model was tested by comparing the observed 

segregation of F2 progeny with the 15:1 (pubescent:glabrous) ratio expected under this 

model (Table 10.4). This model provided a very good fit to the data; as many as 23 in 100 

populations would show as much variation for this trait as BM1 and virtually all 

populations would show as much variation as BM2 (Table 10.4). Heterogeneity 

chi-square analysis (not shown) revealed that pooling progeny from BM1 and BM2 was 

appropriate; the model provided a good fit to these pooled data and as many as 34 in 100 

populations would show as much variation for scape pubescence as the pooled families 

BM1 and BM2 (Table 10.4). These results suggested that scape pubescence in this 

population of pickerelweed may have been controlled by two duplicate gene loci. 

Conclusions 

These data indicated that scape pubescence in pickerelweed was not controlled by a 

single diallelic locus or by two diallelic loci influenced by duplicate recessive epistasis, 
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as these models provided poor fits to the data observed for the F2 families BM1 and 

BM2. The model with dominant-and-recessive epistasis provided an adequate fit to the 

observed segregation of F2 progeny of both families when examined individually, but 

analysis of pooled data from both families revealed the model provided a poor fit to the 

larger dataset. The model where two duplicate gene loci conditioned scape pubescence 

provided the best fit to the observed segregation of F2 progeny of both families when 

examined individually and when pooled. These results suggested that scape pubescence 

in this population of pickerelweed was controlled by two duplicate gene loci (G and H) 

with dominant gene action. Pubescence resulted from the presence of a dominant allele at 

either locus (G _ _ _ or _ _ H _), while a fully recessive genotype (gghh) resulted in a 

glabrous scape. 

It is worth noting that the parent RI (collected in Rhode Island) expressed the 

pubescent scape phenotype, while the parent WM (collected in southern Florida) 

produced the glabrous scape phenotype. It makes sense that a plant with a northern, more 

temperate provenance would have a pubescent inflorescence scape, as pubescence can 

create an insulating effect that results in increased floral temperature (Maes et al. 2001; 

Miller 1986). This increase in temperature would allow flowers to open and anthers to 

dehisce earlier in the day and would result in a longer window of opportunity for insects 

to facilitate pollination. Ecotypes of pickerelweed collected from northern climes exhibit 

other adaptations to temperate environments (i.e., dormancy – see Appendix B of this 

dissertation). It would be interesting to determine the relationships among traits that 

allow plants to survive and reproduce in northern environments; however, this was 

beyond the scope of this experiment. 
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Table 10.1. Segregation and goodness-of-fit tests for F2 families of pickerelweed 
segregating for scape pubescence. Goodness-of-fit tests were computed based 
on a model where scape pubescence is controlled by one diallelic locus with 
dominant gene action with the glabrous phenotype produced as a result of a 
recessive condition. 

F2 family = BM1 (n = 54) 
Phenotype† Expected frequency‡ Expected number§ Observed¶      χ2#  
Pubescent   0.75            40.5  48 1.20988 
Glabrous   0.25            13.5    6 3.62963 
P‡‡ = 0.0278      Grand chi-square†† = 4.83951 
 
F2 family BM2 (n = 32) 
Phenotype Expected frequency Expected number Observed      χ2  
Pubescent   0.75   24  30 1.26042 
Glabrous   0.25     8    2 3.78125 
P = 0.0247      Grand chi-square = 5.04167 
 
Pooled F2 families BM2 (n = 86) 
Phenotype Expected frequency     Expected number Observed      χ2  
Pubescent   0.75   64.5  78 2.62016 
Glabrous   0.25   21.5    8 7.86047 
P = 0.0012      Grand chi-square = 10.4806 
† Phenotype: Phenotype of F2 progeny 
‡ Expected frequency: Expected ratio of progeny in each phenotypic class 
§ Expected number: Expected number of progeny in each phenotypic class 
¶ Observed: Number of progeny observed in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test using Yates’ correction for 
continuity 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 10.2. Segregation and goodness-of-fit tests for F2 families of pickerelweed 
segregating for scape pubescence. Goodness-of-fit tests were computed based 
on a model where scape pubescence is controlled by two diallelic loci under 
the influence of duplicate recessive epistasis. The pubescent phenotype would 
be expressed only by individuals with a dominant allele at each locus. 

F2 family = BM1 (n = 54) 
Phenotype† Expected frequency‡ Expected number§ Observed¶      χ2#  
Pubescent          0.5625       30.375  48 9.65484 
Glabrous           0.4375       23.625    6 12.4134 
P‡‡ = 0.0000      Grand chi-square†† = 22.0682 
 
F2 family BM2 (n = 32) 
Phenotype Expected frequency Expected number Observed      χ2  
Pubescent           0.5625   18  30 7.34722 
Glabrous           0.4375   14    2 9.44643 
P = 0.0000      Grand chi-square = 16.7937 
 
Pooled F2 families (n = 86) 
Phenotype Expected frequency Expected number Observed      χ2  
Pubescent          0.5625      48.375  78 17.5352 
Glabrous          0.4375      37.625    8 22.5453 
P = 0.0000      Grand chi-square = 40.0805 
† Phenotype: Phenotype of F2 progeny 
‡ Expected frequency: Expected ratio of progeny in each phenotypic class 
§ Expected number: Expected number of progeny in each phenotypic class 
¶ Observed: Number of progeny observed in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test using Yates’ correction for 
continuity 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 10.3. Segregation and goodness-of-fit tests for F2 families of pickerelweed 
segregating for scape pubescence. Goodness-of-fit tests were computed based 
on a model where scape pubescence is controlled by two diallelic loci under 
the influence of dominant-and-recessive epistasis. The pubescent phenotype 
would be expressed only by individuals with the genotypes G_H_, G_hh or 
gghh. 

F2 family = BM1 (n = 54) 
Phenotype† Expected frequency‡ Expected number§ Observed¶      χ2#  
Pubescent          0.8125        43.875  48 0.29950 
Glabrous          0.1875        10.125    6 1.29784 
P‡‡ = 0.2062      Grand chi-square†† = 1.59734 
 
F2 family BM2 (n = 32) 
Phenotype Expected frequency Expected number Observed      χ2  
Pubescent          0.8125   26  30 0.47115 
Glabrous          0.1875     6    2 2.04167 
P = 0.1129      Grand chi-square = 2.51282 
 
F2 families pooled (n=86) 
Phenotype Expected frequency Expected number Observed      χ2  
Pubescent          0.8125        69.875  78 0.83207 
Glabrous          0.1875        16.125    8 3.60562 
P = 0.0351      Grand chi-square = 4.43769 
† Phenotype: Phenotype of F2 progeny 
‡ Expected frequency: Expected ratio of progeny in each phenotypic class 
§ Expected number: Expected number of progeny in each phenotypic class 
¶ Observed: Number of progeny observed in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test using Yates’ correction for 
continuity 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Table 10.4. Segregation and goodness-of-fit tests for F2 families of pickerelweed 
segregating for scape pubescence. Goodness-of-fit tests were computed based 
on a model where scape pubescence is controlled by two duplicate gene loci. 
The pubescent phenotype would be expressed by individuals with a dominant 
allele at either locus. 

F2 family = BM1 (n = 54) 
Phenotype† Expected frequency‡ Expected number§ Observed¶      χ2#  
Pubescent          0.9375        50.625  48 0.08920 
Glabrous          0.0625          3.375    6 1.33796 
P‡‡ = 0.2322      Grand chi-square†† = 1.42716 
 
F2 family BM2 (n = 32) 
Phenotype Expected frequency Expected number Observed      χ2  
Pubescent          0.9375   30  30 0.00000 
Glabrous          0.0625     2    2 0.00000 
P = 0.9999      Grand chi-square = 0.00000 
 
F2 families pooled (n = 86) 
Phenotype Expected frequency Expected number Observed      χ2  
Pubescent          0.9375      80.625  78 0.05601 
Glabrous          0.0625        5.375    8 0.84012 
P = 0.3438      Grand chi-square = 0.89612 
† Phenotype: Phenotype of F2 progeny 
‡ Expected frequency: Expected ratio of progeny in each phenotypic class 
§ Expected number: Expected number of progeny in each phenotypic class 
¶ Observed: Number of progeny observed in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test using Yates’ correction for 
continuity 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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Figure 10.1. Glabrous inflorescence scape of pickerelweed. 
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Figure 10.2. Pubescent inflorescence scape of pickerelweed.
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CHAPTER 11 
INHERITANCE AND GENETIC CONTROL OF A SECOND LOCUS 

INFLUENCING FLOWER COLOR 

Introduction 

Flower color in pickerelweed was described in Chapter 7 of this dissertation as 

being controlled by a single diallelic locus with blue flower color dominant to white 

flower color. A series of crosses involving one plant (WL) revealed the existence of a 

second locus that played a role in the expression of flower color in this population of 

pickerelweed. The objective of this experiment was to determine the inheritance of this 

second locus and to assess its effect on the genetic control of flower color in this 

population of pickerelweed. 

Materials and Methods 

The parents used in this experiment were selected from a collection of plants 

maintained for breeding and genetics studies at the University of Florida in Gainesville 

and were grown as described in Appendix A. The parent WL had white L-morph flowers 

and the parent WM had white M-morph flowers. The parent WL was also 

cross-pollinated with the parents BS, BM and WS, but the main focus of this study 

involved cross-pollinations between WL and WM. Each parent was self-pollinated with 

pollen produced by the anther levels described by Ordnuff (1966) as being most 

productive (i.e., WM was pollinated using self-produced l-pollen and WL utilized 

self-produced m-pollen). Stylar surgery (see Chapter 4 of this dissertation) was employed 

in self-pollinations of WL, as normal self-pollination of this parent failed to produce any 
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S1 seeds. Cross- and reciprocal pollinations were performed between the parental lines 

and utilized compatible pollen (i.e., l-pollen from WM was used to pollinate WL and 

m-pollen from WL was used to pollinate WM). Barrett and Glover (1985) stated that 

emasculation was not necessary to prevent self-pollination, so anthers borne on long 

filaments were removed only from WM to increase access to the stigma. 

Fine forceps were used to remove dehisced anthers from the pollen parent; an 

anther was then brushed gently across the stigma of the seed parent to effect pollination. 

Magnifying headgear was worn during all pollinations to allow visual confirmation of 

successful transfer and adhesion of pollen grains to the stigma. Flowers from a given 

inflorescence were used as either pollen donors or seed parents to eliminate 

contamination from self-produced pollen. Pollinations commenced with the opening of 

the first flowers of an inflorescence and continued until all flowers in the inflorescence 

had been pollinated (ca. 7 to 12 d). All pollinations were performed between 9 am and 

3 pm daily and pollination data were recorded on jewelry tags placed on each 

inflorescence. Each completed inflorescence was enclosed in a small mesh bag and 

secured with a plastic-covered twist-tie until fruits were ripe. Fruits were considered ripe 

when the bearing infructescence shattered (usually 23 to 30 d after completion of 

pollinations). 

Fruits were collected and cleaned as described in Appendix A; seeds were 

germinated and seedlings were grown out using the methods outlined in Appendix A as 

well. Eight F1 plants were selected for generation advancement; each was self-pollinated 

using pollen from anthers described by Ordnuff (1966) as being most productive (i.e., 

l-pollen was used to pollinated M-morph plants and m-pollen was used to pollinate 



262 

 

L-morph plants). This resulted in the creation of eight F2 families. Three of the eight 

F1 plants (BL1, BL2 and BL3) selected for generation advancement were L-morphs; as 

with the parent WL, normal self-pollination of these plants failed to produce any 

S1 seeds, so stylar surgery was employed to facilitate seed set. 

Data from F1 and S1 populations were used to determine the type of gene action 

controlling flower color in pickerelweed and to assign likely genotypes to the parents WL 

and WM. Working models to explain the type of gene action and number of loci 

controlling flower color in these families were developed based on segregation of 

progeny from F2 populations. Models were then tested by comparing the number of 

progeny with blue or white flowers observed in F2 populations with the number expected 

under the proposed models. All data were analyzed using goodness-of-fit (chi-square or 

χ2) tests with Yates’ correction for continuity. 

Results and Discussion 

All S1 progeny from WM and WL bore white flowers; this revealed that each 

parent was homozygous for flower color, as S1 progeny did not segregate for the trait. All 

F1 plants derived from cross-pollinations between WL and WM bore blue flowers. The 

parent WL was also hybridized with the parents BS, BM and WS; all F1 progeny from 

these cross-pollinations had blue flowers as well, but the populations that resulted from 

these cross-pollinations were very small and were not advanced to the F2 generation (data 

not shown). 

These results suggested that a second locus influenced flower color in pickerelweed 

and that the parents WL and WM were most likely homozygous dominant and 

homozygous recessive, respectively, at one locus and homozygous recessive and 

homozygous dominant, respectively, at the second locus. Self-pollination of eight F1 
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plants yielded eight F2 populations that segregated for flower color (Table 11.1). Only 

two phenotypes (blue and white) were observed in this experiment; therefore, segregation 

of F2 progeny appeared to be influenced by epistasis, which modified the 9:3:3:1 ratio 

expected when two loci control a trait. 

Epistasis can influence the expression of some traits controlled by two loci so that 

two phenotypic classes are produced instead the expected four classes. The models tested 

in this experiment assumed that the genotypes of WL and WM were WWcc and wwCC, 

respectively. This would result in each parent breeding true for flower color, as each 

parent was homozygous at both loci. Cross-pollination between WL and WM would be 

expected to create a homogenous and heterozygous F1 population composed of members 

with the genotype WwCc and expressing the blue-flowered phenotype. Self-pollination of 

F1 plants would be expected to result in F2 progeny that segregated in different ways 

based on interaction between the two loci controlling flower color in this population of 

pickerelweed. 

Self-pollination of heterozygous plants would be expected to produce F2 progeny 

that segregated in a 15:1 (blue:white) ratio if flower color were controlled by two diallelic 

loci influenced by duplicate dominant epistasis. This type of epistasis would cause an 

alteration in the classical 9:3:3:1 ratio expected when two diallelic loci control a trait 

since duplicate dominant epistasis requires only a single dominant allele at either locus to 

effect expression of the trait of interest. Duplicate dominant epistasis may occur when a 

dominant allele at either locus produces the same product; the end result of this type of 

epistasis is the production of only two phenotypic classes instead of four since three of 

the four classes (W_C_ = W_cc = wwC_) are phenotypically identical. The three classes 
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with at least one dominant allele would be expected to express the blue-flowered 

phenotype, while the completely homozygous recessive class (wwcc) would be expected 

to exhibit the white-flowered phenotype. Each parent in this experiment was homozygous 

dominant at one of the two loci but each expressed the recessive white-flowered 

phenotype; based on this model, each parent would be expected to express the 

blue-flowered phenotype. It was therefore unlikely that flower color in this experiment 

was influenced by duplicate dominant epistasis. 

Self-pollination of heterozygous plants would be expected to produce F2 progeny 

that segregated in a 13:3 (blue:white) ratio if flower color were controlled by two diallelic 

loci influenced by dominant-and-recessive epistasis. This type of epistasis would cause 

an alteration in the classical 9:3:3:1 ratio expected when two diallelic loci control a trait, 

since the same phenotype is produced by individuals with a dominant allele at one locus 

and/or a homozygous recessive condition at the second locus. Dominant-and-recessive 

epistasis may occur if a product such as a pigment is produced by the dominant allele at 

the first locus (in this case, the W locus); the same product is made by a homozygous 

recessive condition at the second locus (in this case, the C locus), while synthesis of the 

product does not occur if a dominant allele exists at the second locus (the C locus). The 

end result of this type of epistasis is the production of only two phenotypic classes 

instead of four since three of the four classes (W_C_ = W_cc = wwcc) are phenotypically 

identical. The three classes with at least one dominant allele at the W locus and/or a 

recessive condition at the C locus would be expected to express the blue-flowered 

phenotype while the class with a recessive condition at the W locus and at least one 

dominant allele at the C locus (wwC_) would be expected to exhibit the white-flowered 
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phenotype. The parents in this experiment were assigned the genotypes wwCC (parent 

WM) and WWcc (parent WL), so each parent was homozygous dominant at one locus 

and homozygous recessive at the other locus. If flower color in this experiment were 

influenced by dominant-and-recessive epistasis, the parent WM with the genotype wwCC 

would have been expected to express the blue-flowered phenotype, but both parents bore 

white flowers. It was therefore unlikely that flower color in this experiment was 

influenced by dominant-and-recessive epistasis. 

Self-pollination of heterozygous plants would be expected to produce F2 progeny 

that segregated in a 9:7 (blue:white) ratio if flower color in this experiment were 

controlled by two diallelic loci influenced by duplicate recessive epistasis. This type of 

epistasis causes an alteration in the classical 9:3:3:1 ratio expected when two diallelic loci 

control a trait, since duplicate recessive epistasis requires a dominant allele at each locus 

to effect expression of the trait of interest. Duplicate recessive epistasis may occur when 

the two loci work in tandem to produce an end product; for example, a dominant allele 

the first locus may be needed to produce a pigment precursor, while a dominant allele at 

the second locus is required to convert the precursor to the end product. The result of this 

type of epistasis is the production of only two phenotypic classes instead of four since 

three of the four classes (W_cc = wwC_ = wwcc) are phenotypically identical. The class 

with a dominant allele at each locus (W_C_) would be expected to express the 

blue-flowered phenotype, while the three classes with a homozygous recessive condition 

at one locus (or both loci) would be expected to exhibit the white-flowered phenotype. 

Each parent and S1 offspring in this experiment was homozygous dominant at one locus 

and homozygous recessive the other locus; in addition, all F1 progeny were heterozygous 
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at both loci. If flower color in this population of pickerelweed were controlled by two loci 

acting under the influence of duplicate recessive epistasis, each parent and each S1 plant 

would have expressed the white-flowered phenotype, since the parent or S1 genotype 

would have been either wwCC (parent WM and S1 progeny from WM) or WWcc (parent 

WL and S1 progeny from WL). All F1 progeny would have produced the blue-flowered 

phenotype, as each F1 plant would have had the genotype WwCc. The phenotypes of the 

parents, S1 progeny and F1 progeny conformed to those expected under a model where 

two loci control flower color, with expression influenced by duplicate recessive epistasis. 

The validity of the model was tested by comparing the observed segregation of 

F2 progeny with the 9:7 (blue:white) ratio expected under this model (Table 11.2). The 

model where flower color was controlled by two diallelic loci influenced by duplicate 

recessive epistasis provided a good fit to seven of the eight F2 families examined in this 

experiment. The family BM1 failed to segregate as expected under this model; however, 

as many as 1 in 25 populations of pickerelweed the size of BM1 (n=50) would be 

expected to show as much variation for flower color as the F2 family BM1, so this 

discrepancy may have been attributable to sampling error. 

Conclusions 

These data suggested that a second locus (C) influenced the expression of flower 

color in this population of pickerelweed. Expression of blue flower color required the 

presence of a dominant allele at each of the two loci in this system (i.e., genotype W_C_), 

while an individual with a homozygous recessive condition at either locus (i.e., W_cc, 

wwC_ or wwcc) would be expected to bear white flowers. The model tested in Table 11.2 

provided a good fit to the phenotypes observed in parental, S1, F1 and F2 generations; 
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therefore, these data suggested that flower color in this population of pickerelweed was 

controlled by two diallelic loci influenced by duplicate recessive epistasis. 

It was not unusual to find that flower color in this population of pickerelweed was 

influenced by another locus in addition to the W locus described in Chapter 7 of this 

dissertation. The parents utilized in Chapter 7 (BS, BM and WS) may each have been 

homozygous dominant at the C locus, as all F1 progeny derived from cross-pollinations 

between these parents and WL had blue flowers. Flower color is often controlled by a 

single locus (Estilai 1984; Gaus et al. 2003; Mosjidis 2000; Zufall and Rausher 2003); 

however, systems where multiple loci influence flower color have been described as well 

(Brewbaker 1962; Griesbach 1996). 

There are several explanations as to why WL had a homozygous recessive 

condition at the C locus; this may have been the result of two forward mutations (C  c), 

or WL may have been derived from a population with a different genetic base than the 

other parents examined in this experiment. The parent WL was obtained from a 

commercial source for this project and the provenance of the plant was unknown; based 

on this information and on the rare occurrence of mutations, it is possible that the 

homozygous recessive condition at the C locus of WL was a function of the genic 

composition of the population from which the plant was selected, as opposed to the result 

of mutation. 
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Table 11.1. Flower color of progeny in S1, F1 and F2 families of pickerelweed derived 
from the parents WL and WM. 

Family†  Gen‡ Flrs§ Seeds¶ Germ#  Plants†† B‡‡ W§§  
WL ⊗   S1 130   33   6    6    0   6  
WM ⊗   S1 176 116 71  44    0 44  
WM x WL  F1 107   97 71  71  71   0  
WL x WM  F1 329   82 47  47  47   0  
BM1 ⊗ (WMWL51) F2 173 158 57  50  36 14  
BM2 ⊗ (WMWL53) F2 146 119 24  13    7   6  
BM3 ⊗ (WMWL15) F2 216 128 18  14  11   3  
BM4 ⊗ (WMWL31) F2 192 132 29  22  13   9  
BM5 ⊗ (WMWL19) F2 154 106 15  11    4   7  
BL1 ⊗ (WMWL24) F2 282 128 56  28  17 11  
BL2 ⊗ (WMWL65) F2 568 268 34  28  20   8  
BL3 ⊗ (WMWL25) F2 131   60 25  22  15   7  
† Family: S1, F1 or F2 family under investigation; each S1 family was developed by 
self-pollination of one of the parents (WM or WL); F1 families were created by 
cross-pollinations between the parents WM and WL; each F2 family was generated by 
self-pollination of an individual F1 plant (in parentheses) 
‡ Gen: Generation of family under investigation 
§ Flrs: Number of flowers pollinated; stylar surgery was utilized in the self-pollination of 
all L-morph plants (WL, BL1, BL2, BL3) 
¶ Seeds: Number of seeds produced 
# Germ: Number of seeds germinated; all seeds placed under germination conditions 
except for the family BL2, where 100 seeds placed under germination conditions 
†† Plants: Number of F1, S1 or F2 plants examined 
‡‡ B: Number of blue-flowered progeny 
§§ W: Number of white-flowered progeny 
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Table 11.2. Segregation for flower color and goodness-of-fit tests for F2 families of 
pickerelweed. Each F2 family was derived from self-pollination of an 
individual F1 plant created by cross-pollinations between the parents WM and 
WL. Goodness-of-fit tests were based on a model where flower color was 
controlled by two diallelic loci with duplicate recessive epistasis. Blue flower 
color results from the presence of a dominant allele at each locus (W_C_). 

F2 family = BM1 (n = 50) 
Phenotype† Expected frequency‡ Expected number§ Observed¶      χ2#  
Blue           0.5625        28.125  36 1.93389 
White           0.4375        21.875  14 2.48643 
P‡‡ = 0.0355      Grand chi-square†† = 4.42032 
 
F2 family = BM2 (n = 13) 
Phenotype Expected frequency Expected number Observed      χ2  
Blue           0.5625      7.3125  7 0.00000 
White           0.4375      5.6875  6 0.00000 
P = 0.9999      Grand chi-square = 0.00000 
 
F2 family = BM3 (n = 14) 
Phenotype Expected frequency Expected number Observed      χ2  
Blue           0.5625        7.875  11 0.87500 
White           0.4375        6.125    3 1.12500 
P = 0.1572      Grand chi-square = 2.00000 
 
F2 family = BM4 (n = 22) 
Phenotype Expected frequency Expected number Observed      χ2  
Blue           0.5625      12.375  13 0.00126 
White           0.4375        9.625    9 0.00162 
P = 0.9571      Grand chi-square = 0.00289 
 
F2 family = BM5 (n = 11) 
Phenotype Expected frequency Expected number Observed      χ2  
Blue           0.5625      6.1875  4 0.46023 
White           0.4375      4.8125  7 0.59173 
P = 0.1836      Grand chi-square = 1.05195 
 
F2 family = BL1 (n = 28) 
Phenotype Expected frequency Expected number Observed      χ2  
Blue           0.5625        15.75  17 0.03571 
White           0.4375        12.25  11 0.04592 
P = 0.7751      Grand chi-square = 0.08163 
 



270 

 

Table 11.2. Continued 
 
F2 family = BL2 (n = 28) 
Phenotype Expected frequency Expected number Observed      χ2  
Blue           0.5625        15.75  20 0.89286 
White           0.4375        12.25    8 1.14796 
P = 0.1531      Grand chi-square = 2.04082 
 
F2 family = BL3 (n = 22) 
Phenotype Expected frequency Expected number Observed      χ2  
Blue           0.5625      12.375  15 0.36490 
White           0.4375        9.625    7 0.46916 
P = 0.3611      Grand chi-square = 0.83405 
† Phenotype: Flower color of F2 progeny 
‡ Expected frequency: Expected ratio of progeny in each phenotypic class 
§ Expected number: Expected number of progeny in each phenotypic class 
¶ Observed: Number of progeny observed in each phenotypic class 
# χ2: Chi-square value computed from goodness-of-fit test 
†† Grand chi-square: Sum of chi-square values computed for each phenotypic class 
‡‡ P: Probability associated with grand chi-square value 
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CHAPTER 12 
SUMMARY AND CONCLUSIONS 

The experiments discussed in this dissertation yielded valuable information about 

seed germination, pollination techniques, pollen grain diameter, in vitro pollen 

germination and genetic control of morphological characters in pickerelweed (Pontederia 

cordata L.). Parts of this work were similar to reports published by other workers; 

however, the majority of the topics contained within this document had not been explored 

prior to this study. 

Morphometric data analyzed in Chapter 3 confirmed the results of Barrett and 

Glover (1985) and Price and Barrett (1982, 1984) and showed that the diameters of 

pollen grains produced by anthers borne by the three filament lengths of pickerelweed 

were significantly different from one another. Diameters of grains of s-pollen averaged 

20.46 ± 0.34 μm, while mean diameters of m-pollen and l-pollen measured 

35.04 ± 0.49 μm and 44.97 ± 0.34 μm, respectively. No overlap in grain diameter 

occurred among the three classes of pollen. 

In vitro pollen germination did not produce the same results as those reported in 

vivo by Anderson and Barrett (1986). The relationships among pollen tube lengths 

produced in vitro by the three pollen grain diameter classes differed from those described 

by Anderson and Barrett (1986), who reported significant differences among the pollen 

tubes produced by all three pollen grain diameter classes. The experiment outlined in 

Chapter 3 of this dissertation showed that there was no significant difference in lengths of 

pollen tubes produced by l-pollen and those produced by m-pollen 240 min after 
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germination. Pollen tubes produced in vitro by l-pollen and m-pollen averaged 

486.43 μm and 431.14 μm in length, respectively, 240 min after germination, while 

pollen tubes from s-pollen reached an average length of 265.57 μm. The reason for these 

conflicting results was unknown but it is possible that factors such as stylar interaction 

(i.e., the presence of inhibitory or stimulatory substances) with the germinating pollen 

grain influenced in vivo germination. A significant positive regression between pollen 

grain diameter and in vitro pollen tube length was identified; these results were similar to 

those described by Anderson and Barrett (1986) for in vivo pollen germination and 

suggested that pollen diameter had a positive impact on the growth of pollen tubes 

produced during in vitro germination. 

Self-incompatibility and the resultant poor seed set in some floral morphs of 

pickerelweed was overcome with the use of the novel pollination techniques developed, 

tested and described in Chapter 4 of this dissertation. Physical constraints (i.e., style 

length in L-morphs and stigma access in S-morphs) played an important role in the 

prevention of self-pollination in pickerelweed; results presented in Chapter 4 showed that 

the use of stylar surgery in L-morph plants and corolla removal in S-morph plants greatly 

increased seed set after self-pollination. Seed set after control self-pollination of a group 

of L-morph plants averaged 1.97%; the use of stylar surgery on this same group of plants 

increased mean seed set after self-pollination to 29.93%. Seed set after control 

self-pollination of a group of S-morph plants averaged 19.76%; the use of corolla 

removal on this same group of plants increased mean seed set after self-pollination to 

45.53%. This information will be helpful for plant breeders and geneticists interested in 

studying this and other tristylous species as these techniques can be utilized to improve 
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seed set after self-pollination and facilitate the development of S1 populations and inbred 

lines. 

The study described in Chapter 5 tested the effect of various seed storage intervals, 

conditions and germination environments on the seeds of pickerelweed in an effort to 

determine optimum seed storage and germination conditions. Results from this 

experiment showed that best germination of seeds of pickerelweed occurred when 

de-husked seeds were germinated under water. These results confirmed previous reports 

that highest germination rates occurred when seeds were not buried but were germinated 

under water; this experiment also provided new evidence that de-husked seeds of 

pickerelweed germinated at a higher rate than intact fruits. Stratification was not 

necessary to induce germination of seeds of pickerelweed and germination percentage of 

seeds stored for 6 mo was less than germination rates of fresh seeds or seeds stored for 

3 mo, which suggested that seed age had a negative impact on viability. 

The genetic control and inheritance of albinism in this population of pickerelweed 

was described in Chapter 6. Albinism is a lethal trait and seedlings exhibiting this 

condition did not survive for more than 3 wks after germination. Data collected from the 

families examined in Chapter 6 showed that albinism in this population of pickerelweed 

was controlled by three diallelic loci (P, A and B) that interacted in an epistatic manner. 

Two alleles (P1 and P2) were identified for the epistatic locus P. Gene action at the two 

hypostatic loci (A and B) was dominant and the hypostatic loci functioned as duplicate 

factors. Production of a green (non-albino) seedling required either two P1 alleles at the 

epistatic locus, or one P1 allele at the epistatic locus and at least one dominant allele at 
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either hypostatic locus. Albinism occurred in seedlings with the genotypes P2P2_ _ _ _ or 

P1P2aabb. 

Results presented in Chapter 7 demonstrated that flower color in this population of 

pickerelweed was controlled by a single diallelic locus (W) with completely dominant 

gene action. Individuals with homozygous dominant (WW) or heterozygous (Ww) 

genotypes produced blue flowers, while white flowers were borne by plants with the 

homozygous recessive genotype (ww). 

The inheritance and genetic control of floral morph in this population of 

pickerelweed was examined in Chapter 8 and the data suggested that floral morph was 

determined by two dialleic loci (S and M) influenced by epistasis. This system was the 

same as that described in other tristylous species; gene action at each locus was dominant 

and the S locus was epistatic to the M locus. Individuals with the genotypes S_ _ _ were 

S-morphs and had short styles, while those with the genotypes ssM_ were M-morphs and 

bore mid styles. Long styles were produced by L-morph plants and resulted from a 

completely recessive condition at both loci (ssmm). 

Data analyzed in Chapter 9 of this dissertation revealed that linkage existed 

between the W locus responsible for flower color and the M locus of the system 

controlling floral morph in this population of pickerelweed. These loci were close 

together on the same chromosome and segregation of progeny suggested that 16 m.u. was  

a viable estimate of the genetic distance between the W and M loci. This experiment also 

showed that the epistatic S locus controlling floral morph was independent from both the 

W locus and the M locus. 
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Analyses in Chapter 10 suggested that scape pubescence in this population of 

pickerelweed was controlled by duplicate gene loci with two diallelic loci (G and H). 

Individuals with a dominant allele at either locus would be expected to produce the 

pubescent phenotype, while a completely recessive condition would result in the 

production of an individual with a glabrous scape. 

A second locus that influenced the expression of flower color in this population of 

pickerelweed was described in Chapter 11. These data showed that flower color in this 

population of pickerelweed was influenced by the locus C in addition to the W locus 

described in Chapter 7 of this dissertation. Expression of blue flower color required the 

presence of a dominant allele at each of the two loci in this system, while an individual 

with a homozygous recessive condition at either locus (ww_ _ or _ _cc) would be 

expected bear white flowers. 

This work is by no means comprehensive but adds to the body of scientific 

knowledge available for pickerelweed. This is the first publication of the inheritance of 

morphological traits in pickerelweed and one of a handful of studies that has attempted to 

overcome self-incompatibility through stylar surgery. Pickerelweed is a naturally 

out-crossed species and a great deal of natural variation exists, even in the small gene 

pool examined during the course of this project. I hope other investigators will use this 

dissertation as a resource to help them exploit the variation in pickerelweed to create new 

lines with desirable characteristics and to conduct genetic research on this and other 

tristylous species.  
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APPENDIX A 
POPULATION DEVELOPMENT FOR INHERITANCE STUDIES 

Introduction 

Pickerelweed (Pontederia cordata L.) is an attractive shoreline aquatic species that 

is frequently used in ornamental aquascapes, as the showy purplish-blue or white 

inflorescences of this native herbaceous perennial make pickerelweed a prime candidate 

for inclusion in water gardens. There is a great deal of morphological variation in the 

species and it may be possible to exploit this variation to develop cultivars of 

pickerelweed with more desirable ornamental characteristics. 

Breeding programs are most productive when the mode of inheritance and type of 

gene action are known, as experiments can be planned with more precision and 

efficiency. There is little published information describing the inheritance or genetic 

control of any trait in pickerelweed. Barrett and Anderson (1985) examined a small 

number of progeny in an attempt to confirm the genetic control of tristyly in the species, 

but the population under investigation was so small that definitive conclusions were not 

possible. 

Studies designed to investigate the type of gene action and mode of inheritance of a 

given trait often examine several generations of the organism of interest, including 

progeny derived from self-pollination. The objective of this project was to develop a 

multigenerational population of pickerelweed to determine the type of gene action and 

number of loci controlling a variety of traits in pickerelweed. 
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Materials and Methods 

Plants used in these experiments were selected from a diverse collection of plants 

being maintained for breeding and genetics studies at the University of Florida in 

Gainesville. All plants were grown in 1-L nursery containers filled with Metro-Mix® 

5001, a commercially available growing substrate that contains 40 to 50% composted 

pine bark, 20 to 35% horticultural grade vermiculite and 12 to 22% Canadian sphagnum 

peat moss by volume with a nutrient charge and pH adjustment (Scotts-Sierra, 

Marysville, OH). Nutrition was supplied by the incorporation of 10 g of Osmocote Plus 

15-9-12 (Scotts-Sierra, Marysville OH) per container. Plants were sub-irrigated and kept 

in a pollinator-free glasshouse with air temperature maintained at 27°C (day) and 16°C 

(night). During preliminary experiments, we observed that some genotypes were more 

floriferous when grown under long days; therefore, supplemental lighting was employed 

to artificially extend daylength to 16 h in this study. 

Plants used as parental lines were selected based on phenotype and flowering time. 

Six parents were chosen to represent all combinations of flower color (white or blue) and 

floral morph (short, mid or long), then all possible compatible cross- and reciprocal 

pollinations were performed between the parental lines. Self- pollinations were also 

performed on each of the six parents and utilized pollen from anther levels described by 

Ordnuff (1966) as being most productive (i.e., L-morphs were pollinated with m/L 

pollen, M-morphs with l/M pollen and S-morphs with m/S pollen).  Pollen was 

transferred in a similar manner in cross-pollinations and self-pollinations. 

                                                 
1 Mention of a trademark or a proprietary product does not constitute a guarantee or warranty of the product 
by the Florida Agricultural Experiment Station and does not imply its approval to the exclusion of other 
products that may be suitable. 



278 

 

Barrett and Glover (1985) stated that emasculation was not necessary to prevent 

self-pollination, so anthers were removed only when their presence restricted access to 

the stigma (i.e., anthers borne on the long filaments of M-morphs, anthers borne on the 

long and mid filaments of S-morphs). Fine forceps were used to remove dehisced anthers 

from the pollen parent; an anther was then brushed gently across the stigma of the seed 

parent to effect pollination. Magnifying headgear was worn during all pollinations and 

allowed visual confirmation of successful transfer and adhesion of pollen grains to the 

stigma. Forceps were flame-sterilized between pollination of different plants to prevent 

contamination with foreign pollen. Pollinations commenced with the opening of the first 

flowers of an inflorescence and continued until all flowers in the inflorescence had been 

pollinated (ca. 7 to 12 d). All pollinations were performed between 9 am and 3 pm daily 

and all flowers in each inflorescence were pollinated using the same method. Daily 

pollination data were recorded on jewelry tags placed on each inflorescence. Each 

completed inflorescence was enclosed in a small mesh bag and secured with a 

plastic-covered twist-tie until fruits were ripe. Fruits were considered ripe when the 

bearing infructescence shattered (usually 23 to 30 d after completion of pollinations). 

Fruits were collected in their mesh bag (Figure A.1) and air-dried for ca. 7 d, then 

de-husked using a rubber-covered rub board. Cleaned seeds were stored at 4˚C in labeled 

coin envelopes until all pollinations were completed. Seeds were germinated under 

ca. 5 cm of water in glass half-pint (250 mL) bottles, with additional water added as 

needed to maintain a constant depth. Germination vessels were placed on a bench in the 

greenhouse (Figure A.2) under the temperature and light conditions described above. 

Germinated non-albino seeds were allowed to remain under water for 2 or 3 d after 
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germination, then were transplanted into 612 cell packs filled with Metro-Mix® 500 

(Figure A.3). F1 seedlings produced in this manner were labeled with a tag indicating 

parental identity and germination rank (i.e., seedling number from a particular pollination 

event). Seedlings were kept in cell packs and irrigated with an automatic mist system 

(irrigation events every 2 h from 6 am until 8 pm; duration of each event 3 min) for 3 to 

4 wks until the seedlings were ca. 30 cm tall. Seedlings were then transplanted into 1-L 

nursery containers filled with Metro-Mix® 500 and amended with 10 g of Osmocote Plus 

15-9-12 per container. Plants were sub-irrigated and kept in a pollinator-free glasshouse; 

supplemental lighting was used to artificially extend daylength and air temperature was 

maintained at 27°C (day) and 16°C (night). 

These F1 plants were grown to reproductive maturity and screened for flower color 

and floral morph. Representative samples were selected from each F1 family and 

self-pollinated to generate F2 families. Each F2 family was created by self-pollination of 

an individual F1 plant. Each flower of pickerelweed has only one functional ovule 

(Richards and Barrett 1987); therefore, seed set was representative of pollination success. 

F1 plants that produced less than 10% seed set after self-pollination using the pollination 

methods described above were classified as self-incompatible and subjected to either 

stylar surgery (L-morph plants) or corolla removal (S-morph plants) as described in 

Chapter 4 of this dissertation. F2 seeds were collected, cleaned and stored following the 

same protocols as described above for F1 seeds. Seeds were germinated under water as 

before, but germination vessels were placed on a bench in a greenhouse with no climate 

control and a daytime temperature range of ca. 30˚C to 40˚C. The resultant F2 seedlings 

were transplanted into 612 cell packs as before, but were grown in the greenhouse with 
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no climate control (Figure A.4). Seedlings were stepped up to slightly smaller (12 cm) 

nursery containers filled with Metro-Mix® 500 and amended with 10 g of Osmocote Plus 

15-9-12 per container. Plants were sub-irrigated and grown to reproductive maturity in a 

screen house with no climate controls or supplemental lighting (Figure A.5). 

Descriptions of the Families 

Six parents were chosen for inclusion in these inheritance studies, but the plant 

selected to represent the white-flowered L-morph phenotype had poor fertility in most 

pollination events. Populations that were developed using this parental line were too 

small to provide meaningful data; therefore, populations developed using this 

white-flowered L-morph parent are not included in the following descriptions. Each of 

the other five plants selected for use as parental lines was assigned a code indicative of 

the line’s phenotype. WS was a white-flowered S-morph line, while WM was a 

white-flowered M-morph line. BS, BM and BL all had blue flowers; BS was an S-morph 

line, while BM and BL were M-morph and L-morph lines, respectively. 

Data for S1, F1 and F2 families are presented in Tables A.1 through A.8. Families 

were assigned codes based on pedigree. F1 families were labeled with the identity of the 

parents used to create the family; for example, the F1 family WMBL was derived from 

cross-pollinations between the parents WM and BL. Each F2 family was coded with the 

phenotype and selection rank of the F1 plant self-pollinated to create the F2 family; for 

example, the F2 family BM2 was derived from self-pollination of the second blue mid 

F1 plant selected for generation advancement in a particular family. There was 

considerable overlap of coding among F2 families; for example, six of the seven 

F1 families produced blue mid progeny and each had members selected for generation 

advancement, so six F2 families were assigned the code BM2. Color-coded labels were 
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used with F2 populations to identify the F1 family from which the F2 families were 

derived; for example, all F2 families produced from self-pollination of F1 plants from the 

parents WM and BL were labeled with an orange planter tag. Most families derived from 

cross-pollinations between the parental lines were advanced to the F2 generation. 

Self-pollinations were performed on F1 plants from the cross/reciprocal set WSWM and 

WMWS; however, the resultant F2 seeds were colonized by an unknown fungal pathogen 

and failed to germinate. 

Results and Discussion 

This project developed a multigenerational population to be used in the 

determination of the type of gene action and number of loci controlling various traits in 

this population of pickerelweed. The inheritance studies that utilized this population were 

described in detail in Chapters 6, 7, 8 and 9 of this dissertation. 
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Table A.1. F1 progeny of pickerelweed derived from the parents WS and WM, and 
S1 progeny derived from self-pollinations of the parental lines WS, WM, BS, 
BM and BL. 

PE†  Gen‡ Code§  Flrs¶ Seeds# Germ†† PGen‡‡ Prog§§  
WS x WM P x P WSWM 239 102   88/102 F1  59  
WM x WS P x P WMWS   83   75     68/75 F1  39  
WS ⊗  P WS ⊗  332 119   66/119 S1  21  
WM ⊗  P  WM ⊗  176 116   71/116 S1  44  
BS ⊗  P  BS ⊗  299   89     10/89 S1    9  
BM ⊗  P  BM ⊗  358 104     14/38 S1  11  
BL ⊗  P  BL ⊗  582 204 104/133 S1  56  
† PE: Pollination event; identity of plants used in cross-pollinations or self-pollinations 
‡ Gen: Generation of plants used in pollination event; P = parental  
§ Code: Code used to identify progeny produced from pollination event 
¶ Flrs: Number of flowers pollinated 
# Seeds: Number of seeds produced 
†† Germ: Number of seeds germinated / number of seeds placed in germination vessels 
‡‡ PGen: Generation of plants produced from pollination event 
§§ Prog: Number of progeny evaluated for floral traits 
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Table A.2. F1 progeny of pickerelweed derived from the parents WS and BM, and 
F2 progeny derived from self-pollination of F1 progeny. Each F2 family was 
developed through self-pollination of an individual F1 plant. 

PE†  Gen‡ Code§  Flrs¶ Seeds# Germ†† PGen‡‡ Prog§§  
WS x BM P x P WSBM   158   61     54/61 F1  50  
BM x WS P x P BMWS   112   98     95/98 F1  94  
BMWS8 ⊗ F1 WS1    796 165   72/165 F2  56  
BMWS30 ⊗ F1 WS2    464 165   51/165 F2  48  
BMWS37 ⊗ F1 WS3    278 122   56/122 F2  30  
WSBM43 ⊗ F1 WS4    392 109   41/109 F2  31  
WSBM44 ⊗ F1 WS5    336 145   77/145 F2  31  
WSBM51 ⊗ F1 WS6    601 190   90/190 F2  41  
WSBM24 ⊗ F1 WS7    894 128   21/128 F2  13  
WSBM13 ⊗ F1 WM1    244 173   10/100 F2    3  
WSBM26 ⊗ F1 WM2    184 148   60/100 F2  29  
BMWS85 ⊗ F1 WM3    230 171   34/100 F2  11  
BMWS60 ⊗ F1 WL1    564 206   48/100 F2    5  
BMWS41 ⊗ F1 WL2    335 135   15/135 F2  10  
WSBM14 ⊗ F1 WL3  1155 120   10/120 F2    6  
BMWS5 ⊗ F1 BS1    714 157   11/157 F2    4  
BMWS21 ⊗ F1 BS2    585 207 141/207 F2  85  
BMWS54 ⊗ F1 BS3    529 167   30/167 F2  22  
WSBM5 ⊗ F1 BS4    450 173 119/173 F2  88  
WSBM21 ⊗ F1 BS5    492 148   21/148 F2    3  
WSBM41 ⊗ F1 BS6    700 262 102/262 F2  51  
BMWS36 ⊗ F1 BM1    256 119   65/119 F2  33  
WSBM45 ⊗ F1 BM2    313 206 145/206 F2  87  
BMWS33 ⊗ F1 BL1  1002 120   38/100 F2  18  
WSBM32 ⊗ F1 BL2    929 103   40/103 F2  20  
† PE: Pollination event; identity of plants used in cross-pollinations or self-pollinations 
‡ Gen: Generation of plants used in pollination event; P = parental, F1 = derived from 
cross-pollinations between the parents WS and BM 
§ Code: Code used to identify progeny produced from pollination event 
¶ Flrs: Number of flowers pollinated 
# Seeds: Number of seeds produced 
†† Germ: Number of seeds germinated / number of seeds placed in germination vessels 
‡‡ PGen: Generation of plants produced from pollination event 
§§ Prog: Number of progeny evaluated for floral traits 
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Table A.3. F1 progeny of pickerelweed derived from the parents WS and BL, and 
F2 progeny derived from self-pollination of F1 progeny. Each F2 family was 
developed through self-pollination of an individual F1 plant. 

PE†  Gen‡ Code§  Flrs¶ Seeds# Germ†† PGen‡‡ Prog§§  
WS x BL P x P WSBL      83   12       8/12 F1    7  
BL x WS P x P BLWS    171 138   84/138 F1  60  
WSBL1 ⊗ F1 WS1    746 157   68/100 F2  41  
WSBL3 ⊗ F1 WS2    609 216   87/100 F2  n/a  
WSBL5 ⊗ F1 WS3    644 251   55/100 F2  n/a  
BLWS34 ⊗ F1 WS4    535 122   43/100 F2  n/a  
BLWS40 ⊗ F1 WS5    555 201   45/100 F2  29  
BLWS54 ⊗ F1 WS6    397 240   28/100 F2  n/a  
WSBL4 ⊗ F1 WL1    602 155   69/100 F2    6  
WSBL7 ⊗ F1 WL2    874 134   38/100 F2    7  
BLWS10 ⊗ F1 WL3    697 162   53/100 F2    9  
BLWS24 ⊗ F1 WL4    698 188   86/100 F2    6  
BLWS57 ⊗ F1 WL5    586 165   72/100 F2    6  
BLWS59 ⊗ F1 WL6  1132 108   69/100 F2    9  
WSBL6 ⊗ F1 BS1    814 187 105/187 F2  46  
WSBL3 ⊗ F1 BS2    280 196   78/100 F2  n/a  
BLWS12 ⊗ F1 BS3    771 192 103/192 F2  56  
WSBL5 ⊗ F1 BS4    526 256   11/100 F2  n/a  
BLWS34 ⊗ F1 BS5    285 114   51/100 F2  n/a  
BLWS54 ⊗ F1 BS6    414 231   57/100 F2  n/a  
BLWS55 ⊗ F1 BS7    462 179   63/179 F2  31  
BLWS22 ⊗ F1 BL1    249 165   92/165 F2  44  
BLWS37 ⊗ F1 BL2    784 182   91/182 F2  43  
BLWS39 ⊗ F1 BL3  1485 201 102/201 F2  69  
BLWS43 ⊗ F1 BL4    427 114 113/114 F2  46  
BLWS49 ⊗ F1 BL5    897 137   83/137 F2  44  
BLWS50 ⊗ F1 BL6  1214 189   93/189 F2  46  
† PE: Pollination event; identity of plants used in cross-pollinations or self-pollinations 
‡ Gen: Generation of plants used in pollination event; P = parental, F1 = derived from 
cross-pollinations between the parents WS and BL 
§ Code: Code used to identify progeny produced from pollination event 
¶ Flrs: Number of flowers pollinated 
# Seeds: Number of seeds produced 
†† Germ: Number of seeds germinated / number of seeds placed in germination vessels 
‡‡ PGen: Generation of plants produced from pollination event 
§§ Prog: Number of progeny evaluated for floral traits; n/a = progeny screened for 
albinism only 
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Table A.4. F1 progeny of pickerelweed derived from the parents WM and BS, and 
F2 progeny derived from self-pollination of F1 progeny. Each F2 family was 
developed through self-pollination of an individual F1 plant. 

PE†  Gen‡ Code§  Flrs¶ Seeds# Germ†† PGen‡‡ Prog§§  
WM x BS P x P WMBS 113 101   90/101 F1    73  
BS x WM P x P BSWM 115   65    35/65 F1    30  
WMBS13 ⊗ F1 BS1  372 203 133/203 F2    93  
WMBS73 ⊗ F1 BS2  372 184 145/184 F2  114  
BSWM3 ⊗ F1 BS3  346   82     37/82 F2    17  
BSWM30 ⊗ F1 BS4  364 169   78/169 F2    62  
WMBS39 ⊗ F1 BS5  358 254 164/254 F2  153  
WMBS47 ⊗ F1 BS6  306 170   21/170 F2    16  
BSWM23 ⊗ F1 BS7  634 175   77/175 F2    49  
WMBS28 ⊗ F1 BM1  283 213 141/213 F2  105  
WMBS33 ⊗ F1 BM2  267 185 120/185 F2    96  
BSWM16 ⊗ F1 BM3  227 184   51/184 F2    27  
BSWM19 ⊗ F1 BM4  278 233 142/233 F2    99  
WMBS19 ⊗ F1 BM5  331 182   95/182 F2    83  
WMBS24 ⊗ F1 BM6  272 228   44/228 F2    28  
WMBS60 ⊗ F1 BM7  329 268 193/268 F2  146  
WMBS82 ⊗ F1 BM8  229 122   46/122 F2    30  
† PE: Pollination event; identity of plants used in cross-pollinations or self-pollinations 
‡ Gen: Generation of plants used in pollination event; P = parental, F1 = derived from 
cross-pollinations between the parents WM and BS 
§ Code: Code used to identify progeny produced from pollination event 
¶ Flrs: Number of flowers pollinated 
# Seeds: Number of seeds produced 
†† Germ: Number of seeds germinated / number of seeds placed in germination vessels 
‡‡ PGen: Generation of plants produced from pollination event 
§§ Prog: Number of progeny evaluated for floral traits 
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Table A.5. F1 progeny of pickerelweed derived from the parents WM and BL, and 
F2 progeny derived from self-pollination of F1 progeny. Each F2 family was 
developed through self-pollination of an individual F1 plant. 

PE†  Gen‡ Code§  Flrs¶ Seeds# Germ†† PGen‡‡ Prog§§  
WM x BL P x P WMBL 104   82     75/82 F1    47  
BL x WM P x P BLWM   31   19     18/19 F1    10  
WMBL3 ⊗ F1 WM1  272 209 168/209 F2    60  
WMBL25 ⊗ F1 WM2  149 125   26/125 F2    16  
WMBL31 ⊗ F1 WM3  322 262   87/100 F2    55  
WMBL48 ⊗ F1 WM4  246 211   63/211 F2    41  
BLWM5 ⊗ F1 WM5  171 152   54/152 F2    36  
BLWM8 ⊗ F1 WM6  397 331 113/331 F2    71  
WMBL9 ⊗ F1 WL1  488 220   86/100 F2      5  
WMBL28 ⊗ F1 WL2  351 168   17/100 F2      4  
WMBL35 ⊗ F1 WL3  334 154   17/100 F2      5  
WMBL44 ⊗ F1 WL4  278 133   26/100 F2    10  
WMBL45 ⊗ F1 WL5  455 175   17/100 F2      6  
BLWM2 ⊗ F1 WL6  293 105   84/100 F2      6  
WMBL4 ⊗ F1 BM1  349 299 122/299 F2    76  
WMBL13 ⊗ F1 BM2  228 206   94/100 F2    83  
WMBL22 ⊗ F1 BM3  361 316 138/316 F2    59  
BLWM3 ⊗ F1 BM4  328 271 190/271 F2  118  
BLWM6 ⊗ F1 BM5  246 233   85/233 F2    40  
BLWM9 ⊗ F1 BM6  171 160   59/160 F2    30  
WMBL5 ⊗ F1 BL1  454 253   60/100 F2    32  
WMBL6 ⊗ F1 BL2  532 234   70/100 F2    34  
WMBL7 ⊗ F1 BL3  880 228   34/228 F2    25  
WMBL8 ⊗ F1 BL4  538 162   55/100 F2    32  
BLWM1 ⊗ F1 BL5  932 195   52/195 F2    23  
BLWM7 ⊗ F1 BL6  468 142   75/100 F2    26  
† PE: Pollination event; identity of plants used in cross-pollinations or self-pollinations 
‡ Gen: Generation of plants used in pollination event; P = parental, F1 = derived from 
cross-pollinations between the parents WM and BL 
§ Code: Code used to identify progeny produced from pollination event 
¶ Flrs: Number of flowers pollinated 
# Seeds: Number of seeds produced 
†† Germ: Number of seeds germinated / number of seeds placed in germination vessels 
‡‡ PGen: Generation of plants produced from pollination event 
§§ Prog: Number of progeny evaluated for floral traits 



287 

 

Table A.6. F1 progeny of pickerelweed derived from the parents BS and BM, and 
F2 progeny derived from self-pollination of F1 progeny. Each F2 family was 
developed through self-pollination of an individual F1 plant. 

PE†  Gen‡ Code§  Flrs¶ Seeds# Germ†† PGen‡‡ Prog§§  
BS x BM P x P BSBM    76   39     31/39 F1    29  
BM x BS P x P BMBS  147 133 110/133 F1  103  
BMBS61 ⊗ F1 BS1  865 118   59/118 F2    35  
BMBS94 ⊗ F1 BS2  480 227 187/227 F2  110  
BSBM28 ⊗ F1 BS4  658 136   91/136 F2    74  
BMBS88 ⊗ F1 PBS1  687 149   83/149 F2    56  
BMBS96 ⊗ F1 PBS3  569 108   34/108 F2    20  
BMBS104 ⊗ F1 PBS4  589   99     66/99 F2    40  
BMBS103 ⊗ F1 BM1  247 126   62/126 F2    59  
BMBS105 ⊗ F1 BM2  322 120   45/120 F2    31  
BSBM2 ⊗ F1 BM3  290 160   55/160 F2    35  
BMBS16 ⊗ F1 PBM1  609 335 182/335 F2  149  
BMBS71 ⊗ F1 PBM2  352 163 126/163 F2  108  
BSBM24 ⊗ F1 PBM3  384 260 150/260 F2  110  
† PE: Pollination event; identity of plants used in cross-pollinations or self-pollinations 
‡ Gen: Generation of plants used in pollination event; P = parental, F1 = derived from 
cross-pollinations between the parents BS and BM 
§ Code: Code used to identify progeny produced from pollination event 
¶ Flrs: Number of flowers pollinated 
# Seeds: Number of seeds produced 
†† Germ: Number of seeds germinated / number of seeds placed in germination vessels 
‡‡ PGen: Generation of plants produced from pollination event 
§§ Prog: Number of progeny evaluated for floral traits 



288 

 

Table A.7. F1 progeny of pickerelweed derived from the parents BS and BL, and 
F2 progeny derived from self-pollination of F1 progeny. Each F2 family was 
developed through self-pollination of an individual F1 plant. 

PE†  Gen‡ Code§  Flrs¶ Seeds# Germ†† PGen‡‡ Prog§§  
BS x BL P x P BSBL    71   31     22/31 F1    16  
BL x BS P x P BLBS    77   64     62/64 F1    33  
BSBL16 ⊗ F1 VarBS  436 134   81/134 F2    55  
BLBS33 ⊗ F1 USV2  497 171 150/171 F2    58  
BSBL12 ⊗ F1 UVS3  749 292 200/292 F2  136  
BLBS15 ⊗ F1 BS1  385 220 128/220 F2    73  
BLBS32 ⊗ F1 BS2  384 185 133/185 F2    90  
BSBL2 ⊗ F1 BS3  393 111   15/111 F2      6  
BLBS13 ⊗ F1 UVM1  169 167 160/167 F2  105  
BLBS19 ⊗ F1 UVM2  265 240 154/240 F2    89  
BSBL14 ⊗ F1 UVM3  300 217 110/217 F2    92  
BLBS5 ⊗ F1 BM1  210 197 116/197 F2    70  
BLBS11 ⊗ F1 BM2  286 203 144/203 F2    98  
BSBL13 ⊗ F1 BM3  300 249 235/249 F2    88  
† PE: Pollination event; identity of plants used in cross-pollinations or self-pollinations 
‡ Gen: Generation of plants used in pollination event; P = parental, F1 = derived from 
cross-pollinations between the parents BS and BL 
§ Code: Code used to identify progeny produced from pollination event 
¶ Flrs: Number of flowers pollinated 
# Seeds: Number of seeds produced 
†† Germ: Number of seeds germinated / number of seeds placed in germination vessels 
‡‡ PGen: Generation of plants produced from pollination event 
§§ Prog: Number of progeny evaluated for floral traits 
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Table A.8. F1 progeny of pickerelweed derived from the parents BM and BL, and 
F2 progeny derived from self-pollination of F1 progeny. Each F2 family was 
developed through self-pollination of an individual F1 plant. 

PE†  Gen‡ Code§  Flrs¶ Seeds# Germ†† PGen‡‡ Prog§§  
BM x BL P x P BMBL  100   94     91/94 F1    74  
BL x BM P x P BLBM    30   19     18/19 F1    17  
BMBL28 ⊗ F1 WM1  435 255   79/100 F2    62  
BMBL34 ⊗ F1 WL1  891 117   41/100 F2      9  
BMBL65 ⊗ F1 WL2  336 108   61/100  F2      6  
BLBM8 ⊗ F1 WL3  353 167   70/100 F2    11  
BLBM13 ⊗ F1 WL4  884 114   54/100 F2      6  
BMBL43 ⊗ F1 BM1  331 225 171/225 F2    51  
BMBL56 ⊗ F1 BM2  262 127   79/127 F2    38  
BMBL11 ⊗ F1 BM3  415 222 142/222  F2  125  
BLBM3 ⊗ F1 BM4  341 199   97/199 F2    67  
BLBM4 ⊗ F1 BM5  244 171 115/171  F2    57  
BLBM18 ⊗ F1 BM6  343 159   89/159 F2    43  
BMBL46 ⊗ F1 BL1  801   88     32/88 F2    22  
BMBL49 ⊗ F1 BL2  461 163   90/100 F2    32  
BMBL63 ⊗ F1 BL3  468 109   44/100 F2    18  
BLBM1 ⊗ F1 BL4  565   76     52/76 F2    14  
BLBM5 ⊗ F1 BL5  878 125   31/100 F2      6  
BLBM7 ⊗ F1 BL6  954 104   31/100 F2    11  
BLBM2 ⊗ F1 BL7  565 122   37/122 F2    23  
BLBM11 ⊗ F1 BL8  632 146   62/146 F2    29  
BMBL58 ⊗ F1 BL9  751 118   36/118 F2    22  
† PE: Pollination event; identity of plants used in cross-pollinations or self-pollinations 
‡ Gen: Generation of plants used in pollination event; P = parental, F1 = derived from 
cross-pollinations between the parents BM and BL 
§ Code: Code used to identify progeny produced from pollination event 
¶ Flrs: Number of flowers pollinated 
# Seeds: Number of seeds produced 
†† Germ: Number of seeds germinated / number of seeds placed in germination vessels 
‡‡ PGen: Generation of plants produced from pollination event 
§§ Prog: Number of progeny evaluated for floral traits 
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Figure A.1. Fruits of pickerelweed. A) Fresh fruits collected in mesh bag. B) Fruits 
drying in greenhouse. 
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B
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Figure A.2. Seeds of pickerelweed germinating in jars of water in the greenhouse. 
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Figure A.3. Newly transplanted F1 seedling of pickerelweed in 612 cell pack. 



293 

 

 

Figure A.4. F2 seedlings of pickerelweed in the greenhouse. 
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Figure A.5. F2 plants in the greenhouse. 
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APPENDIX B 
OBSERVATIONS 

Introduction 

There were many observations made during the course of this project that did not 

belong in a chapter but were certainly worth mentioning. Some notes related to plant 

care, culture and maintenance in a greenhouse setting, while others focused on 

differences in phenotypes and response to environmental and chemical stimuli. It seemed 

appropriate to discuss these observations under the broad categories described below. 

Plant Care and Maintenance in the Greenhouse 

Pickerelweed is very vigorous and quickly produces large amounts of biomass; as a 

result, the species can be challenging to maintain in a greenhouse setting, as plants in 

neighboring pots rapidly become intertwined and grow into each others’ containers 

(Figure B.1). I found the best way to keep plants restrained was through the use of long 

wooden stakes and long plastic-coated wire twist-ties. Overgrown plants were divided 

and a rooted rhizome with 5 to 7 leaves was selected and placed on a 7 to 10 cm deep 

layer of potting mix in the center of a 1-L nursery container. Additional potting mix was 

added to cover the rhizome, then ca. 10 g of controlled-release fertilizer was placed on 

the top of the potting mix. The container was filled to the top with potting mix and the 

wooden stake was inserted behind the newly transplanted division. The petioles were 

grouped with the stake using the long twist-tie; these were bound as loosely as possible 

and the ends of the twist-ties were folded over one another (not twisted) to keep the 

assembly intact. The staked plant was then placed in a 20 cm deep container filled with 



296 

 

water to allow saturation of the potting mix through capillary action. Plants divided in 

this manner were low-maintenance for 7 to 10 d after division; at that time, it was 

necessary to adjust the twist-tie to prevent girdling of the growing plant and to release 

trapped emergent petioles. Most plants could be maintained in the same container for up 

to 3 mo, but needed to be divided and repotted when rhizomes began to creep over the 

edge of the pot and into the container of neighboring plants. 

Greenhouse Pests (a.k.a. Everybody Loves Pickerelweed…) 

Greenhouse pests loved the succulent lush growth of pickerelweed. Pickerelweed 

was susceptible to all the usual greenhouse pests including caterpillars and lepidopterans 

of all kinds (Figure B.2), spider mites (Figure B.3), slugs (Figure B.4), aphids 

(Figure B.4), scale, mealybugs and thrips. Slugs, caterpillars and aphids were able to 

remain hidden by positioning themselves between the clasping petioles, while spider 

mites preferred to encase the leaves and inflorescences of the plants. Applications of 

insecticides were effective against these menaces but adequate coverage was often 

difficult to achieve due to the growth habit of pickerelweed. Pesticides were applied as a 

tank mix of the following chemicals: 

• Conserve SC1 (spinosad 11.6% a.i.) (Dow AgroScience): 2 to 4 mL per gallon for 
thrips and lepidopteran larvae 

• Enstar II (S-Kinoprene 65.1% a.i.) (Sandoz, Des Plaines, IL): 4 to 6 mL per gallon 
for aphids and mealybugs 

• Mavrik AquaFlow [(α RS,2R)-fluvalinate 22.3% a.i.] (Sandoz, Des Plaines, IL): 
4 to 6 mL per gallon for aphids, thrips, mites and caterpillars 

                                                 
1 Mention of a trademark or a proprietary product does not constitute a guarantee or warranty of the product 
by the Florida Agricultural Experiment Station and does not imply its approval to the exclusion of other 
products that may be suitable. 
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• Pyrenone (pyrethrins 6% a.i. + piperonyl butoxide 60% a.i.) (Roussel Uclaf Corp., 
Montvale NJ): 4 to 6 mL per gallon for aphid, thrips, mites and caterpillars 

• Kicker (pyrethrins 6% a.i. + piperonyl butoxide 60% a.i.) (AgrEvo, Montvale NJ): 
4 to 6 mL per gallon for aphid, thrips, mites and caterpillars 

No phytotoxicity was noted with any of these chemicals; however, seed set 

appeared to be depressed when chemicals to control thrips were applied. Biological 

control agents were also used to reduce insect populations; these included Bt (Bacillus 

thurengensis var. israelensis) to control lepidopteran larvae and ladybeetles to control 

aphids. A single caterpillar could effectively wipe out one hundred or more seedlings in a 

matter of hours, so seedlings were protected from lepidopteran pests with custom-made 

screen enclosures designed to fit snugly over the custom-made flood trays (Figure B.5). 

No serious fungal or bacterial problems were noted during the course of this experiment. 

Response to Colchicine 

Morphological evidence suggested that it may have been possible to induce 

polyploidy in pickerelweed through the use of colchicine. A group of 50 seedlings 

derived from open-pollinated seeds were treated with a 0.5% solution of colchicine. Two 

drops of this solution were applied to the apex of seedlings that were 3 cm tall twice per 

day for 3 d. A majority of the seedlings (ca. 80%) were killed by this treatment; however, 

four of the surviving plants exhibited signs of polyploidy (e.g., foliar and floral 

gigantism). One of these plants (coded Moonglow) had exceptionally large flowers and 

may have utility as a novel ornamental line (Figure B.6). Ploidy level in Moonglow has 

not been verified at this date; however, pollen grains of Moonglow were significantly 

larger than pollen produced by the same anther levels of wild-type plants (data not 

shown) and flowers were consistently much larger than flowers of wild-type plants 

(Figure B.7). 
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Variegation 

Foliar variegation was noted in a small number of plants (< 2%) during the course 

of this experiment (Figure B.8). Variegation had not previously been reported in 

pickerelweed and plants expressing the trait may have commercial value as ornamental 

plants. Expressivity of the trait was variable; some plants produced many highly 

variegated leaves, while others had only a few lightly variegated leaves. The inheritance 

of variegation was not investigated, as the frequency of the trait was too low to conduct 

any meaningful analysis; therefore, penetrance of the trait was unknown. Expression of 

variegation was stable in plants propagated using vegetative means and did not appear to 

be affected by environmental conditions. Variegation was manifested as distinct 

light-green sectors or as a speckled or scattered pattern; however, the former phenotype 

was noted more frequently than the latter. Most F1 plants that produced variegated leaves 

had white flowers and were derived from cross-pollinations between the parents WS and 

WM, while F2 plants expressing variegation had either white or blue flowers and were 

recovered from a wide range of F2 families. A group of ca. 15 variegated plants with a 

high degree of variegation was selected for further study and comprised both flower 

colors. These plants were compared to one another; then two lines were selected to 

represent the most attractive white-flowered and blue-flowered variegated plants. These 

selections were propagated using vegetative means and may have great potential for use 

as ornamental cultivars for the water garden or aquascape. 

Leaf Shape 

There was a great deal of variation in the leaves of pickerelweed, but foliage could 

be grouped into a range of types based on the shapes of the base and apex of the leaf 

(Figure B.9); in addition, the ratio of the blade width to length was also useful. Thirty-one 
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distinct lines of pickerelweed derived from various sources were characterized for leaf 

base and apex forms; blade widths and lengths of five mature leaves from each plant 

were recorded as well. Many of the leaf shapes differed only slightly from one another; 

however, plants with lanceolate leaves were strikingly different from plants with other 

leaf types in shape and in blade width to length ratio. Brief descriptions and width to 

length ratios of the leaf types of pickerelweed are listed below, along with the identity of 

members of the population bearing the leaf type. 

• Sagittate: Deep, pointed lobes; acute apex; width to length ratio of 0.531 to 0.571; 
borne by NYKBS, NYKBM and PINKL 

• Sub-sagittate: Shallow, pointed lobes; acute apex; width to length ratio of 0.526 to 
0.584; produced by KANAP and NCCI 

• Meta-cordate: Deep, rounded lobes; acute apex; width to length ratio of 0.575 to 
0.684; borne by NCCII, WEDWL, MANBL and ECOPA 

• Acute-cordate: Shallow, rounded lobes; acute apex; width to length ratio of 0.514 
to 0.657; produced by STEIN, HOFWL, WALBS, WHTOL, USDA and RINAR 

• Cordate: Deep, rounded lobes; rounded apex; width to length ratio of 0.545 to 
0.622; borne by WEDWL, WALWL, FLAUD, PPWL and NYKBH 

• Cord-ovate: Shallow, rounded lobes; rounded apex; width to length ratio of 0.483 
to 0.579; SFLWM, LILBS and CRNPT 

• Lanceolate: Rounded base; acute apex; width to length ratio of 0.255 to 0.404; 
LANCE, VB, MANWS, MINNIE, SFLBM, LANCEMAN, SFLBS and SFLBL 

Provenance and Dormancy 

Some of the plants used in this project produced new vegetative growth throughout 

the year, while others entered a state of dormancy during winter (October through March 

in Florida) (Figure B.10). All plants were grown in the same climate-controlled 

greenhouse, so air temperature did not appear to play a role in the induction of dormancy. 

The only discernible difference between plants that entered dormancy and plants that 
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continued to grow was provenance. Plants collected in southern Florida (e.g., SFLBS, 

SFLBM, SFLBL, SFLWM) produced new vegetative growth year-round, while plants 

derived from northern climes like New York (NYKBM, NYKBS) or Rhode Island 

(RINAR, RIBL) ceased normal growth. When days become short (12 h or less), dormant 

types ceased normal growth and instead produced short, stubby overwintering structures. 

The utilization of supplemental lighting to simulate long days (ca. 16 h daylength) caused 

dormant plants to resume normal growth; it is therefore likely that daylength was a 

critical factor in the induction of dormancy. Plants from southern regions did not enter 

dormancy under short days, but ceased flowering when daylength was 12 h or less. When 

daylength was extended through the use of supplemental lighting, reproductive growth 

and flowering was induced in plants from southern regions. These observations suggested 

that provenance played an important role in the life cycle of pickerelweed and that the 

use of locally adapted ecotypes is critical to ensure the success of wetland mitigation 

projects. 
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Figure B.1. Growth of pickerelweed in the greenhouse. A) Plants before division. 
B) Same plants after division. 

A B
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Figure B.2. Lepidopteran pests of pickerelweed and feeding damage. A, B) Lepidopteran 
larvae. C) Feeding damage. 
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Figure B.3. Spider mites on leaves and inflorescence of pickerelweed. A) Mites on leaf. 
B) Mites encasing inflorescence. C) Plant infested with mites. 

A B
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Figure B.4. Slug and aphids on pickerelweed. A) Slug. B) Aphids. 
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Figure B.5. Screen enclosures designed to exclude lepidopteran pests from seedlings. 
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Figure B.6. Flowers of Moonglow and wild-type plant. A) Moonglow. B) Wild-type. 
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Figure B.7. Mean area in mm2 of flowers of pickerelweed. Area was computed as 
height x width with flower height measured from the top of the banner tepal to 
the bottom of the lip tepal and width measured from the distal ends of the 
lower tepals. Bars represent the mean of 20 flowers for each plant and error 
bars indicate one standard error from the mean. 
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Figure B.8. Variegated leaves of pickerelweed. 
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Figure B.9. Leaf shapes of pickerelweed. A) Sagittate. B) Sub-sagittate. C) Meta-cordate. 
D) Acute cordate. E) Cordate F) Cord-ovate. G) Lanceolate. 
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Figure B.10. Growth habit of dormant and nondormant plants during winter in southern 
Florida. A) Close-up of dormant-type plant. B) Dormant plant next to 
nondormant plant. 
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