
ABSTRACT 

WINSLOW, BENJAMIN KENT. Interspecific Hybridization and Characterization of 

Variegation in Ornamental Sweetpotato (Ipomoea batatas (L.) Lam.). (Under the direction of 

Dr. G. Craig Yencho). 

 

Sweetpotato (Ipomoea batatas (L.) Lam.) is an important food crop throughout the 

world and North Carolina is the top producer of sweetpotatoes in the US (NCDACS, 2011). 

The important contribution of sweetpotato to the global food production system is widely 

recognized. However, what is not generally recognized is that sweetpotatoes are also valued 

for their ornamental characteristics and ornamental sweetpotato (OSP) varieties have become 

an economically important crop in their own right. Novel OSP breeding, creating dramatic 

new plant types and leaf colors, has enabled sweetpotatoes to expand sales in the ornamental 

marketplace but there is considerable opportunity for the improvement of floral color and 

leaf variegation in this species. To improve these traits in future ornamental varieties, two 

separate breeding projects were conducted. The first breeding project was the interspecific 

hybridization of sweetpotato with morning glory species (Ipomoea L.). Since other species of 

Ipomoea have stunning floral diversity and other important ornamental traits, a series of 

interspecific crosses of sweetpotato with other Ipomoea species were conducted. Four hybrid 

families were produced with a total of 84 confirmed hybrid progeny. Sweetpotato crossed 

successfully with only two other closely related species, Ipomoea tabascana McDonald & 

Austin and I. trifida (Kunth) G.Don. Ipomoea tabascana was the most fecund paternal 

parent. The second breeding project involved the characterization of variegation in 

ornamental sweetpotato. Our large sweetpotato germplasm collection has over 100 

variegated clones but only one of these variegated cultivars has been released. The major 

reason behind this lack of released variegated cultivars, is that the majority of the variegation 



that exist in our collection is not stable enough for large scale commercial production. Three 

distinct variegated phenotypes were chosen for analysis through phenotyping, testcrossing 

and physiological examination. It was revealed that each variegated phenotype arose from 

different mechanisms. A periclinal plastid chimera was discovered in ‘Tricolor’. ‘Okinawa’ 

and Sweet Caroline™ ‘Green Yellow’ were thought to have variegation controlled by 

transposable elements and the variegation in NCORN6712-057 may be the result of 

semigamy or transposon mediated anthocyanin instability. The information gathered from 

these clones in the creation of stable variegated cultivars future.  
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General Introduction 

Sweetpotato [Ipomoea batatas L.(Lam.)] is a member of the morning glory family 

(Convolvulaceae) and belongs to genus Ipomoea L. and is grouped in the series Batatas 

along with 13 other wild species closely related to sweetpotato (Austin, 1978, 1987; 

McDonald and Austin, 1990). Evidence found near centers of diversity in Peru and Mexico 

suggest sweetpotato has existed for at least 10,000 years and that cultivation of sweetpotato 

has existed for approximately 5000 years, making it one of the world’s first domesticated 

crops. Ipomoea has a base chromosome number of x=15 and cultivated sweetpotato is the 

only hexaploid in the genus, 2n=6x=90. The rest of the related species are mostly diploids, 

2n=2x=30, though a few tetraploids, 2n=4x=60 exist (Austin, 1987).  

Sweetpotato’s main use is for food production and it is the seventh largest food crop 

with about 106 million tons produced annually worldwide (FAO- STAT 2010) but 

sweetpotato has also been grown increasingly for its ornamental characteristics. Ornamental 

varieties have become an economically important crop in their own right and novel breeding 

has enabled sweetpotato’s expansion into the ornamental market by creating dramatic new 

plant types and leaf colors. Initially, the creation of “ornamental” sweetpotato varieties was 

not a breeding goal, rather they were encountered by chance in the course of breeding for 

varieties with other agronomic traits. The first sweetpotato variety that could be considered 

ornamental was ‘Sulfur’. Dr.’s Al Jones and Phil Dukes selected the seedling at the USDA 

sweetpotato breeding station in Charleston, SC in the late 1980’s.  

‘Sulfur’ has large, bright yellow-green or chartreuse, cordate foliage, with up to three 

lobes. It is very vigorous reportedly producing a plant 12 m in diameter at its first 
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horticultural trial by seasons end (Armitage and Garner, 2001). Its highly visible foliage 

clearly stood out from the other seedlings that had normal dark green foliage so Dr. Al Jones 

introduced it to the floriculture community as an ornamental landscape plant. He displayed 

the plant in hanging baskets and pots to show its potential ornamental uses but the 

floriculture and ornamental horticulture community was not impressed. As a result, ‘Sulfur’ 

remained at the USDA breeding station and was in sweetpotato disease trials as a susceptible 

check variety. 

Dr. Jones distributed ‘Sulfur’ to other breeding programs for use as a susceptible 

check in breeder’s disease screens and Dr. Wanda Collins, principal investigator of the North 

Carolina State University sweetpotato breeding and genetics program at the time, received a 

copy of the of the plant. Though it was not used as a susceptible check, her graduate student, 

Mr. Ken Pecota, saw value in the plant as a field marker in test plots due to its brightly 

colored foliage. The use of ‘Sulfur’ as field plot marker never really materialized and the 

clone ended up not being used. A fellow graduate student, Mr. Hunter Stubbs, saw it was not 

being used and asked Ken for a cutting from their ‘Sulfur’ plant that he planted in his 

Raleigh, NC garden. The plant produced a more compact sport and he provided a single plant 

to Dr. Allan Armitage, curator of the Univ. of Georgia research gardens in the Fall of 1995. 

He transplanted the compact ‘Sulfur’ sport into the Univ. of Georgia, Dept. of Horticulture 

trial garden in Spring of 1996 where it caught the interest of area growers. Dr. Armitage 

released the plant in 1996 under the name of ‘Margarita’ (synonym ‘Margaurita’, 

‘Margaurite’ and ‘Marguerite’) (Armitage and Garner, 2001). 
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At around the same time, Dr. Armitage had been introduced to a purple leaved form 

of sweetpotato named ‘Blackie’ from an unknown source. He was also trying to promote this 

plant as an ornamental but received the same negative responses from the floriculture 

community. The dark foliage of ‘Blackie’ complimented ‘Margarita’ well and the two were 

publicized in the late 1990’s together which finally seemed to catch the eye of landscapers 

and thus possibly established sweetpotatoes as ornamental garden plants (Armitage and 

Garner, 2001). 

The late 1990’s were also when ornamental sweetpotato breeding began at North 

Carolina State University’s sweetpotato breeding and genetics program. Ken Pecota, now 

research technician for the sweetpotato breeding and genetics program, became interested in 

breeding sweetpotatoes for ornamental use after he noticed a self-pollinated ‘Sulfur’ seed that 

had germinated yellow. That was motivation enough to begin ornamental breeding since a 

yellow-leaved ‘Sulfur’ seedling proved that the yellow foliage trait was heritable. The first 

crosses performed were ‘Sulfur’ × ‘Blackie’ and these crosses were originally meant to 

produce pink foliaged plants. Pink foliage did not result from the original ‘Sulfur’ × 

‘Blackie’ crosses as Ken says “all you have to do is look at a color wheel to know that isn’t 

right”, but his interest was still piqued by that original yellow-leaved seedling.  

Later crosses incorporated other fieldstock varieties including the purple foliaged 

varieties ‘Vilco Romero’ and ‘Promesa’ and the yellow foliaged variety ‘CN1367-2’. With 

the assistance of Cindy Pierce, the program began producing progeny from the crosses and 

soon, ornamental varieties were selected for release. 
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The Sweet Caroline™ series was the first release of patented ornamental sweetpotato 

varieties for the ornamental horticulture industry in 2002 with the varieties Sweet Caroline™ 

‘Green’, ‘Purple’, ‘Light Green’, and ‘Bronze’ the first introductions in the series. This series 

had lobed leaves and a trailing, moderately compact habit conducive for container and 

landscape planting. Their attractive foliage colors made them the go-to plant for mixed 

container plantings. The following year, the sweetpotato breeding and genetics project 

teamed up with Bodger Botanicals
®
 of South El Monte, CA to market and distribute the 

current Sweet Caroline™ varieties, as well as develop new ones. The first releases with 

Bodger Botanicals
®
 came in 2005 when ‘Red’, ‘Green Yellow’ a variegated variety, and 

‘Bewitched’ a toothed leaf variety, were added to the Sweet Caroline™ series. A new series 

was also introduced called the Sweet Heart™ series. It featured the same moderately 

compact trailing habit but had heart shaped leaves.  

In 2009, the sweetpotato breeding and genetics program teamed up with a new 

corporate partner, Proven Winners
®
 of Sycamore, IL. That same year also saw the release of 

a new ‘Illusion™’ series that featured compact, upright plants with very fine and lacey lobed 

foliage. A yellow foliage variety named Illusion™ ‘Emerald Lace’ and a purple variety 

named ‘Midnight Lace’. Three new varieties were released in 2012 including a red Illusion™ 

addition named ‘Garnet Lace’, an improved Sweet Caroline™ ‘Purple’ named ‘Raven’, and 

Sweet Caroline™ ‘Bewitched Improved’. 

The relationship with Proven Winners® has proved successful and both teams 

continue to work towards ornamental sweetpotato improvement. Future breeding will be 

aimed at developing new ornamental sweetpotato varieties that “reinvent” the crop by 
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creating dramatic new plant types and the improvement of new traits that have remained 

unchanged such as floral traits.  

This thesis presents the results of two studies aimed at reinventing the ornamental 

sweetpotato crop through interspecific hybridization of sweetpotato [Ipomoea batatas (L.) 

Lam.] with morning glory species (Ipomoea sp. L.) and the characterization of variegation in 

ornamental sweetpotato [Ipomoea batatas (L.) Lam.]. 
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Abstract 

 

A series of testcrosses between sweetpotato (Ipomoea batatas (L.) Lam.) and other 

species of Ipomoea L. was conducted to determine the feasibility of improving sweetpotato 

germplasm with traits found in other species of Ipomoea. Crosses were performed between 

five maternal sweetpotato parents and 13 paternal morning glory parents using a modified 

partial diallel mating design.  A total of 2245 crosses were made representing 23 unique 

parental combinations and four hybrid families were produced with 85 confirmed hybrid 

progeny.  Sweetpotato crossed successfully with only two other closely related species, 

Ipomoea tabascana J.A. McDonald & D.F. Austin and I. trifida (Kunth) G.Don. Ipomoea 

tabascana was the most fecund paternal parent. The progeny’s hybrid origin was confirmed 

through flow cytometry. Phenotypic ratings of the progeny were collected from field-grown 

plants and compared to their parents. The hybrids displayed intermediate phenotypes and 

chromosome numbers to those of their parents. This study, to the best of our knowledge, is 

the first to report on the successful hybridization of sweetpotato with I. tabascana. The 

information gathered will be used to plan future hybridization work within the genus. 

 

 

Introduction 

Interspecific hybridization is a useful tool in crop improvement but modern 

sweetpotato (Ipomoea batatas (L.) Lam.) varieties have ultimately benefitted little from this 

breeding strategy (Nimmakayala et al., 2011). Interspecific hybrids between sweetpotato and 

related species have previously been generated but no promising breeding lines were selected 

(Martin, 1970; Iwanaga, 1988; Oracion et al., 1990; Orjeda et al., 1991; Kobayashi et al., 
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1994; Diaz et al., 1996; Zhang et al., 2002; Guo et al., 2006; Cao et al., 2009). None of the 

related species produce sizable storage roots (Nishiyama et al., 1975), which most of the 

major breeding work focuses on (Orjeda et al., 1991), yet sweetpotato still stands to benefit 

from interspecific hybridization with morning glories (Ipomoea L. spp.) for other agronomic 

and ornamental traits. Several species of morning glory have excellent resistance to 

important sweetpotato pests such as the sweetpotato weevil (Cylas formicarius), sweetpotato 

stem nematode (SSN, Ditylenchus destructor), and numerous diseases, including various 

sweetpotato viruses (Iwanaga, 1988; Zhang et al., 2002; Cao et al., 2009). Other species may 

also provide important storage root initiator traits and impart beneficial starch characteristics 

to sweetpotato storage roots (Orjeda et al., 1991; Diaz et al., 1996; Cao et al., 2009). There 

are two main reasons sweetpotato germplasm improvement has yet to benefit from 

interspecific hybridization. The first is the difference in ploidy levels between sweetpotato, 

the only hexaploid (2n=6x=90) in the genus, and the rest of the species which are mostly 

diploid (2n=2x=30) though a few tetraploids (2n=4x=60) exist (Austin, 1987; Oracion et al., 

1990; Diaz et al., 1996; Cao et al., 2009). The difference in ploidy level acts as a barrier to 

successful pollinations by restricting gene flow (Orjeda et al., 1991). Interspecific 

crossability may initially prove successful, at albeit a low rate, but the resulting progeny are 

frequently sterile due to uneven ploidy levels after hybridization, which prevents future 

crossing (Martin, 1970; Diaz et al., 1996; Nimmakayala et al., 2011). 

Interspecific incompatibility is the other reason there has been little germplasm 

improvement using morning glory (Martin, 1970; Nimmakayala et al., 2011). Sweetpotato is 

most closely related to a group of 12 other species in its own Batatas series within the genus 
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Ipomoea (Austin, 1978, 1987; McDonald and Austin, 1990; Jarret and Austin, 1994; Diaz et 

al., 1996; Huang and Sun, 2000; Rajapakse et al., 2004; Nimmakayala et al., 2011). These 

species can be split into two subgroups, the ‘A’ or ‘B’ genome group, based upon their 

ability to self-pollinate and outcross with other species in the series, plus cytological and 

morphological characteristics (Nishiyama et al., 1975; Oracion et al., 1990; Diaz et al., 1996; 

Rajapakse et al., 2004; Nimmakayala et al., 2011). The groups were clarified through 

analysis of nuclear ß-amylase gene sequences (Rajapakse et al., 2004) and fluorescence in 

situ hybridization (FISH) (Srisuwan et al., 2006).  

The nine ‘A’ genome species are self- and cross-compatible with each other and are 

diploids, though one species, I. cordatotriloba Dennst., has diploid and tetraploid forms 

(Jarret et al., 1992; Rajapakse et al., 2004). The six ‘B’ genome species are self-incompatible 

but cross compatible with each other. This genome group includes sweetpotato and has other 

tetraploid and diploid species that are most closely related to it. Several ‘B’ genome species 

have been successfully used to improve the aforementioned traits of disease resistance and 

root quality in sweetpotato, but their use is limited or currently non existent (Iwanaga, 1988; 

Orjeda et al., 1991). Use of ‘A’ genome species use as breeding parents for sweetpotato 

improvement remains limited due to their cross-incompatibilities with sweetpotato and other 

‘B’ genome species (Nimmakayala et al., 2011).   

With these breeding barriers in mind, previous researchers have devised several 

strategies to overcome both differences in ploidy level and cross-incompatibility. The earliest 

was the use of “bridge” species. The bridge technique uses a mutually compatible 

intermediate species or hybrid to facilitate gene flow between incompatible species or 
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groups. The technique can be applied in several different ways and the use of bridge species 

has been suggested as a way of introgressing desirable morning glory traits into sweetpotato 

(Orjeda et al., 1991, 1993; Kobayashi et al., 1994; Diaz et al., 1996; Cao et al., 2009).  

Orjeda et al., (1993) identified tetraploid (2n=4x=60) clones of hybrid origin (6x I. 

batatas x 2x I. trifida) as a possible bridge due to their close phylogenetic relationship to 

sweetpotato and intermediate ploidy level. However, these hybrids use as a bridge was 

limited due to unilateral interspecific incompatibilities in later crosses between hybrid 

progeny and parents of non-hybrid origin. Orjeda et al. (1990, 1991, 1993) also found that 

some I. trifida accessions produce unreduced (2n) gametes in differing frequencies and that 

the ability to produce 2n gametes exists in hybrid progeny. Unreduced gametes fail to reduce 

during meiosis and contain the sporophytic chromosome number making them useful as 

bridge species in interspecific crosses where ploidy differences exist. Kobayashi et al. (1994) 

generated interspecific hybrids of cross-incompatible sweetpotato relatives via ovule culture 

as a method of overcoming cross incompatibility. They were able to generate a fertile hybrid 

between I. triloba L. (a diploid ‘A’ genome species) x I. trifida (a ‘B’ genome species) and 

suggested its use as a possible bridge species between sweetpotato and other ‘A’ genome 

species. The I. triloba × I. trifida hybrid was successfully crossed with a tetraploid accession 

of I. batatas, generating fertile progeny, but they did not test the bridge hypothesis further 

with a normal hexaploid I. batatas. Diaz et al. (1996) generated a “polygon of crossability” 

which tested the interspecific compatibility of 11 different Ipomoea species. They were able 

to generate interspecific hybrids and also suggested the use of I. trifida as a bridge species 

due to its compatibility and close phylogenetic relationship to sweetpotato. Cao et al. (2009) 
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made the most progressive attempt to date at integrating beneficial traits into sweetpotato 

from morning glory species. They produced fertile tetraploid (2n=4x=60) hybrids between 6x 

I. batatas and two wild relatives, 2x I. grandifolia (Dammer) O'Donell, and 2x I. purpurea 

(L.) Roth. The I. batatas × I. purpurea is especially of note since I. purpurea is one of the 

ornamentally desirable species. A mix of growth regulators (100 mg/l GA3 + 50 mg/l 6-BA) 

were applied to the stalk of pollinated flowers daily for seven days following pollination to 

overcome the reproductive barrier. The resulting F1 hybrids did not contain the full 

compliment of desired traits from both parents necessary for a cultivar of commercial use, 

but they did possess outstanding traits from both the sweetpotato and morning glory parents. 

This demonstrates that traits from wild species can be introgressed into cultivated 

sweetpotato varieties and that these hybrids could serve as a bridge for future crosses to 

introgress desired morning glory traits into sweetpotato.  

The bridge species concept has not progressed much further than this point due to the 

same aforementioned difficulties of incompatibility and ploidy differences. The F1 

interspecific progeny in the Cao et al. (2009) study would theoretically generate sterile 

pentaploids (2n=5x=75) when backcrossed to sweetpotato, or sterile triploids (2n=3x=45) 

when backcrossed to the morning glory parent. Continued crossing between plants of 

different ploidy levels ultimately leads to infertility, likely before an “elite” variety can be 

generated. This is a major hurdle for storage root sweetpotato breeding since it requires 

considerably more breeding and refinement beyond initial trait introgression. However, the 

bridge technique may be useful for the development of ornamental sweetpotato varieties as 

demonstrated in Cao et al. (2009), especially when combined with other breeding strategies 
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such as the use of synthetic hexaploids, since storage root attributes are not needed which 

require further crossing of hybrid progeny with sweetpotato to refine. 

Synthetic hexaploids are another tool for introgressing wild germplasm into 

sweetpotato and fertile synthetic hexaploids have been generated previously (Shiotani and 

Kawase, 1987; Iwanaga et al., 1991). Since the ploidy barrier is one of the major hurdles in 

sweetpotato interspecific crosses, generating hexaploids from species that are to be 

introgressed into hexaploid sweetpotato eliminates the barrier of incompatibility due to 

differing ploidy level. Generating synthetic hexaploids from species that are to be crossed 

with sweetpotato is necessary due to sweetpotato’s unique hexaploid genome size. The 

reduction of sweetpotato’s genome size, through techniques such as anther culture, would be 

ineffective in overcoming ploidy differences in interspecific crosses since sweetpotato’s 

reduced state is triploid (2n=3x=45). Reduced triploid sweetpotato plants would still not be 

the same ploidy level as other related diploid or tetraploid species and would likely be 

infertile, thus it is necessary to increase the ploidy level of other species to that of 

sweetpotato. Shiotani et al. (1987) and Iwanaga et al. (1991) generated synthetic hexaploids 

from crosses of diploid (2n=2x=30) and tetraploid (2n=4x=60) I. trifida accessions. The 

diploid and tetraploid I. trifida accessions were crossed to generate triploid (2n=3x=45) 

hybrids. The triploid hybrids were doubled using colchicine to generate hexaploid I. trifida 

lines that were crossed with sweetpotato. The hexaploid I. trifida lines were fertile in both 

studies and hybrids were produced with sweetpotato, though they had low fertility both as a 

male and female parent (Shiotani and Kawase, 1987; Iwanaga et al., 1991). In both studies, 

hybrids were produced but interspecific barriers were encountered that hindered seed 
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germination. Different I. trifida parents showed variation in viable seed production (Shiotani 

and Kawase, 1987; Iwanaga et al., 1991). This paradigm is likely the most promising for 

improvement of both agronomic and ornamental traits and warrants further research. 

The last and most recent strategy for interspecific hybridization in sweetpotato is 

somatic cell hybridization or protoplast fusion. Somatic cell hybrids were created between 

sweetpotato and I. triloba by (Liu et al., 1994), I. lacunosa L. by (Zhang et al., 2002), and I. 

cairica (L.) Sweet by Guo et al. (2006) but they had many drawbacks. Progeny lacked 

storage root production potential, were infertile or had wide ranging chromosome numbers, 

and were morphologically similar to their wild parents (Nimmakayala et al., 2011). While 

this strategy bypasses the difficult and time consuming processes of hand pollinations, the 

end result is no improvement over the aforementioned breeding strategies as progeny are 

likely sterile due to imbalanced chromosome numbers.  

While previous interspecific hybridization efforts focused solely on agronomic traits 

for storage root or “tablestock” sweetpotato varieties, there is significant potential for 

ornamental varieties. Sweetpotato’s expansion into the ornamental market is the result of 

traditional breeding methods that created dramatic new plant types and leaf colors. The vast 

diversity of ornamental phenotypes in sweetpotato are due to the exceptionally diverse I. 

batatas gene pool (and possibly its hexaploid (2n=6x=90) status) but some traits, such as 

floral color, remain static. Other species of Ipomoea have stunning floral diversity and 

ornamental sweetpotato stands to benefit from the amazing floral diversity found in species 

like I. nil (L.) Roth, I. purpurea, I. ochracea (Lindl.) G. Don and many others. These species 

have showy flowers in many colors including true blue, pink and purple found in I. nil, I. 
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purpurea, and I. tricolor Cav., and true yellow and red floral pigments in I. ochracea and I. 

lobata (Cerv.) Thell. (Hoshino et al., 2003; Zufall and Rausher, 2003; Yamamizo et al., 

2012). Unique floral patterns exist in the same aforementioned species. Double flowers, star 

shaped, and speckled flowers all occur in I. nil. I. lobata has long racemes studded with 

smaller, campanulate flowers that progress from red at the apex, through orange, yellow then 

white at the bottom. Variegated and speckled flowers occur in most of the commonly 

available ornamental species especially in I. nil and I. purpurea (Abe et al., 1997; Habu et al., 

1998). 

Our breeding project already has a large and diverse collection of attractive 

ornamental sweetpotato varieties. Integration of floral traits from morning glory could 

reinvent the genus from an ornamental standpoint. The hybrid varieties could create a new 

market for ornamental sweetpotato with colorful foliage and attractive flowers. This chapter 

details a breeding experiment where elite sweetpotato varieties were crossed with morning 

glory species to explore the techniques and technology needed for such an undertaking and to 

learn the feasibility of such work. 

 

Materials and Methods 

Plant Material. Parental selection began by acquiring 434 different accessions of 

Ipomoea species from public and private sources. The accessions were assigned a unique 

identifier that indicated what species the plant was, where it cam from etc. We referred to the 

study as the “New Species Program” and thus assigned all new accessions with a three-digit 

“NSP” number. The progeny were identified with a six-digit hyphenated NSP number with 
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the first three digits identifying the family (parents of the cross). The three digits after the 

hyphen were the unique number for the progeny within the family so that NSP 607-001 

would represent the first clone from the “607” family. A representative sample of the total 

acquired germplasm (124 accessions in total) were chosen for observation and each accession 

was planted under both short-day (9-h day lengths) and long-day conditions (14-h day 

lengths) in the Horticulture Field Lab (HFL) greenhouse, NC State University, Raleigh NC, 

June 2008. Plants grown under the short-day treatment were germinated under a black-cloth 

that was opened daily at 0800HR and closed at 1700HR. Long-day treatment plants were 

exposed to the natural day length of approximately 14 h 30 min of sunlight each day (14 h 35 

min of sunlight per day measured at Raleigh, NC on the summer solstice, 20 June 2008) 

(“Sunrise and Sunset for U.S.A. – North Carolina – Raleigh – June 2008,” 2012). Twenty-

five unique accessions were selected for further phenotypic evaluation based on their visually 

superior or unique phenotype observed in the initial screen. Thirteen morning glory 

accessions were chosen as male pollen parents for crossing. Included as one of the 13 

paternal “morning glory” parents was Convolvulus tricolor L. ‘Blue Enchantment’. 

Convolvulus L. is phylogenetically closest to Ipomoea and was chosen as a parent to test 

sweetpotato’s ability to cross outside the genus. Five elite sweetpotato lines were chosen as 

female parents for their parental combining ability and diverse ornamental and agronomic 

traits (Table 1). Parental sweetpotato lines were grafted onto Ipomoea setosa Ker Gawl., 

which had been grown under the same short-day conditions described earlier to induce 

flowering. Grafted plants were kept in a clear plastic bag for four to five days until the grafts 
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healed, then potted into 25-cm azalea pots with a peat based potting mix (Fafard 2 Mix, 

Conrad Fafard Inc., Agawam, MA) and maintained in the greenhouse.  

Morning glory accessions, to be used as males were grown from seed, except I. 

tabascana, which was grown from cuttings derived from a parent plant in our collection. 

Seed was scarified on 100-grit sandpaper and germinated in potting media (Fafard 2 Mix) in 

15-cm azalea pots. Ipomoea tabascana cuttings were rooted directly into potting media 

(Fafard 2 Mix) in 15-cm azalea pots. Plants were maintained in the greenhouse in full sun 

conditions with temperatures ranging from 28 to 30 C day and 21 to 23 C night. Plants 

were watered as needed and fertilized at a rate of 150 ppm with 20N−10P−20K water-soluble 

fertilizer (Peters Professional Peat-Lite Special, Scotts Professional, Charleston, SC) on 

weekdays only. 

Crossing. Crosses were made in the HFL greenhouse facility starting Aug. 2009 and 

continued at the NCSU Phytotron June 2010 when temperatures became too hot in the 

greenhouse and daylengths too long. The Phytotron growth chamber was set to have a short-

day daylength (9-hr) to induce flowering with temperatures of 26 C day/22 C night. Lights 

(fluorescent) turned on at 0730 HR and turned off at 1630 HR daily. A series of testcrosses 

were made between the five maternal sweetpotato parents and the 13 paternal morning glory 

parents using a modified partial diallel mating design. Sweetpotato was always the maternal 

parent due to its larger, hexaploid genome, and the morning glory species were always the 

paternal parent (Orjeda et al., 1990; Cao et al., 2009). Crosses were performed by hand in the 

mornings between 0800 HR and 1200 HR. Anthers were collected from the paternal parents 

using forceps. These anthers were then brushed onto the stigma of the maternal parent and 
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the flower was tagged with the cross pedigree. I. batatas ‘Okinawa’ was the only self-fertile 

parent and it was emasculated the afternoon before pollinating. Mature seed capsules were 

collected into coin envelopes labeled with the cross. The capsules were crushed by hand to 

extract the seed. Seed was hand scarified on 100-grit sandpaper, and planted into 50-cell 

trays filled with potting media (Fafard 2 Mix) at a virus free greenhouse, Method Road 

Greenhouse Field Laboratory, NC State University, Raleigh, NC. Table 2 lists the total 

number of pollinations performed for each unique cross combination. 

Ovule culture. Ovule culture was attempted on a portion of ovaries from selected 

crosses (Table 3). Ovules were harvested from crosses with swollen ovaries six to ten days 

after pollination. Peduncles were cut at the abscission zone and removed from the plant. 

Under a sterile laminar-flow hood, the calyx was trimmed and the ovary then sterilized in a 

10% bleach (sodium hypochlorite 5.25%), and 70% alcohol solution for 30 s and later rinsed 

in sterile distilled water. The ovules were excised from the ovary and placed into glass vials 

with sealable caps containing liquid growth media (Fig. 1). Undeveloped or discolored 

ovules were discarded. The 500 ml of media contained 2.215 g full-strength MS salts and 

vitamins, 3% sucrose (15 g), 0.25mg/L 1-Naphthaleneacetic acid (NAA), 0.75 mg/L 6-

Benzylaminopurine (BAP) and 0.10% biocide (Plant Preservative Mixture, Plant Cell 

Technology, Washington, D.C.). Filter paper “bridges” were placed into each vial so that 

their bases were submerged, but the top bridge portion was above the level of the liquid 

media. Each of the ovules from each carpel was placed into the glass vial onto the filter paper 

bridge and labeled according to the cross. The vial screw-cap and rim were flamed, sealed, 

and kept in a growth chamber at 25 C with a 14-hr photoperiod. Vials were monitored for 
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growth and development on a weekly basis. When developing embryos emerged from the 

ovules (Fig. 2), they were transferred into tissue culture (TC) tubes with a semi-solid version 

of the same growth media (0.8% agar). TC tubes containing in vitro plants were placed back 

into the growth chamber to allow further development. In vitro plants were removed from the 

TC tubes approximately six weeks later and planted in 10-cm square pots with a peat based 

potting media (Fafard 2 Mix). They were then placed into a partially sealed plastic zipper bag 

in bright indirect light until gradually acclimated to greenhouse conditions.  

Field evaluation of hybrids. Two-plant plots of the parents and progeny were planted 

at the Horticultural Crops Research Station (HCRS) in Clinton, NC on 14 June 2011. Only 

parents that produced successful hybrid progeny were planted and evaluated. Tip cuttings 

were taken from the original seed grown clones at a virus free greenhouse location on 13 

May 2011 and grown in 50-cell trays. Plants were moved to the greenhouse at HCRS two 

weeks prior to planting to harden off. Immediately prior to planting, plants were pruned back 

to 10 cm. They were planted from the 50-cell trays using a two-row transplanter at 60-cm 

spacing and were rated approximately 40 days after planting on the 4
th

 and 9
th

 of August 

2011. The International Potato Center’s Descriptors for Sweetpotato (Huamán, 1991) were 

used for scoring each plant’s phenotype. A cluster analysis with Gower’s transformation was 

generated using phenotypic data collected from four quantitative characters and 15 

nominal characters using R (R Development Core Team, 2012). The quantitative 

characteristics evaluated were leaf length and width, and root length and diameter (measured 

at its thickest point). The nominal phenotypic traits analyzed were the color of mature leaves, 

immature leaves, leaf tips and leaf vein; the leaf outline, leaf lobe type, predominant vine 
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color, branching, plant habit, plant vigor, root skin color, root flesh color, root type, overall 

phenotypic score (maternal, paternal, or intermediate phenotype) and 2C genome size as 

estimated by flow cytometry. The cluster analysis was used to examine overall 

morphological similarities between the parents and hybrid progeny (Fig. 3). 

Determining ploidy level. Flow cytometry was performed on the parents and progeny 

to provide additional evidence to support confirmation of their hybrid status. An estimation 

of nuclear DNA content and ploidy level were determined using flow cytometry (Eeckhaut et 

al., 2005). The ploidy level for the parents and progeny are listed (Table 4). For ploidy level 

estimation, plant samples were run from 16 − 18 May 2011 at the NC State University 

Mountain Horticulture Crops Research and Extension Center in Mills River, NC. Leaf tip 

cuttings were harvested from the parents and progeny from greenhouse-grown plants and 

placed into a plastic zipper bag with a moist paper towel on 15 May 2011 for transport to the 

lab facility. Samples were prepared according to the protocol provided by Partec GmbH 

(Munster, Germany). Approximately 1 cm
2
 of leaf tip tissue from the sample and internal 

standard were finely chopped using a razor blade in a Petri dish with 400 mL of extraction 

buffer (CyStain ultraviolet Precise P, Partec). The solution was filtered through 50 mm nylon 

mesh, and nuclei were stained with 1.6 mL of 4’, 6-Diamidino-2-phenylindole (DAPI) 

staining buffer (CyStain ultraviolet Precise P, Partec) and incubated for 2 min at 24 C. The 

suspension was analyzed using a flow cytometer (PA-I Ploidy Analyzer, Partec) with 

fluorescence provided by a mercury arc lamp. The mean fluorescence of each sample was 

compared with an internal standard of known genome size (Pisum sativum L. ‘Ctirad’, 2C = 

9.09 pg) (Doležel et al., 1998). A minimum of 3,000 nuclei were analyzed to calculate the 
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ratio of sample peak to the internal standard for determining genome size [2C pg = (mean 

fluorescence of sample peak/mean fluorescence of internal standard peak) · 9.09 pg].  

Cytological study. I. batatas ‘Okinawa’, I. tabascana, and one of their hybrid 

progeny, I. batatas x tabascana ‘NSP607-001’ were used for cytological analysis for 

comparison to the flow cytometer’s results. Very immature flower buds were collected 

between 0800 HR and 0930 HR on bright sunny mornings. Buds were placed into Carnoy’s 

solution (1 glacial acetic acid : 3 chloroform : 6 100% ethanol) for 36 to 48-h before transfer 

to 70% ethanol for storage at 4 C. Anthers were excised from buds and squashed with 1% 

acetocarmine stain on a glass microscope slide. The debris was removed and a cover glass 

placed on the slide before cells were observed using a light microscope (Carl Zeiss 

photomicroscope, Carl Zeiss MicroImaging, Inc., Thornwood, NY) under ×600 and ×1,000 

magnification. 

2n gamete screening. A protocol established by (Orjeda et al., 1990) was followed for 

2n gamete screening of the I. trifida ‘NSP 314’ accession. Flowers were collected 

immediately after anthesis and anthers were excised from the filament. Two anthers were 

examined from each flower with 16 flowers examined over a 3-day period, 23 − 25 Jan. 

2012. Pollen was scrapped from a single anther’s surface into 1% acetocarmine stain on a 

glass microscope slide using the back of a scalpel blade. Pollen cells were observed and 

counted using a light microscope (Carl Zeiss photomicroscope, Carl Zeiss MicroImaging, 

Inc.) under ×40 magnification (Fig. 4). The 2n Ipomoea pollen grains have a diameter 30% 

larger than n pollen grains and can be easily differentiated (Becerra Lopez-Lavalle and 

Orjeda, 2002). The number of 2n and normal n pollen grains were recorded for each anther 
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and the percentage of 2n pollen grains was calculated by dividing the number of 2n pollen 

grains by the total number of pollen grains per anther. The percentage of 2n pollen was 

averaged for all anthers to calculate the frequency of 2n gamete production. 

 

Results 

Four hybrid families were produced with a total of 85 confirmed hybrid progeny 

(Table 6). I. tabascana, a tetraploid (2n=4x=60), was the most fecund paternal parent whilst 

tetraploid (2n=4x=60) I. trifida ‘NSP330’ was the least. Only these two morning glory 

species produced viable seed. The remaining morning glory parents produced no seed. While 

sweetpotato has the ability to produce four seeds per pollinated flower, this rarely occurs, 

even among highly compatible intraspecific crosses (Orjeda et al., 1991), and all of our 

successful pollinations produced only one viable seed per capsule.  

A cluster analysis grouping the parents and progeny according to their phenotypic 

similarities or dissimilarities was generated from the phenotypic ratings. ‘Okinawa’ and its 

likely self-pollinations grouped together while the majority of the hybrid progeny grouped 

together with the morning glories paternal parents and a few odd progeny in between. The 

hybrid progeny clustered slightly closer to the morning glory parents indicating but not by 

much. This indicates the hybrid progeny had an intermediate phenotype type for most traits 

while being more similar to the paternal morning glory parent for a few traits. Cytology was 

attempted on the hybrid progeny ‘NSP607-001’ as well as its parents, I. batatas ‘Okinawa’ 

and I. tabascana. Pollen mother cells were collected from each clone. Cytology was 

inconclusive and very difficult to perform on these specimens. Chromosomes were observed 
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lined up along the metaphase plate in several pollen mother cells in ‘NSP607-001’, I. batatas 

‘Okinawa’, and I. tabascana. However, the chromosomes were so small and crowded that 

only a general estimate of chromosome number could be assessed from each clone. The 

inability to reliably count chromosomes in each of the clones validates flow cytometry as the 

most powerful tool for estimating nuclear DNA content in Ipomoea (Nimmakayala et al., 

2011).  

The I. batatas ‘Okinawa’ x I. tabascana family was the largest with 70 confirmed 

hybrid progeny, all confirmed through flow cytometry to be pentaploid (2n=5x=75). These 

70 hybrid progeny arose from 87 seed generated from 126 pollinations. Three additional 

plants from this cross with a hexaploid ploidy level were generated. They are likely self-

pollinations of ‘Okinawa’ as supported by the cluster analysis that grouped them with 

‘Okinawa’. Visual inspection and phenotypic ratings of the hybrid phenotypes showed an 

appearance more similar to the paternal parent for vine length, stem thickness, and overall 

growth habit. The progeny displayed intermediate leaf shape (Fig. 5), root formation, and 

root flesh and skin color.  

The I. batatas ‘Okinawa’ x I. trifida ‘NSP314’ family produced eight progeny, all of 

which were pentaploids (2n=5x=75) from 58 pollinations yielding 21 seed. The pentaploid 

chromosome number was an unexpected result since the hexaploid (2n=6x=90) maternal 

parent crossed with the diploid paternal parent should have generated all tetraploid 

(2n=4x=60) progeny. Examination of pollen collected from flowers of the paternal parent 

revealed 2n gametes representing 22% of total pollen grains (Table 5). Phenotypic ratings of 
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the progeny from field grown plants were more intermediate than the I. tabascana crosses 

and the progeny tended to appear intermediate to both parents. 

The I. batatas ‘Okinawa’ x I. trifida ‘NSP302’ family produced eight progeny of 

which, six were confirmed hybrid progeny that were all tetraploid (2n=4x=60). A total of 101 

pollinations yielded 30 seeds. These hybrid progeny were also more intermediate in 

phenotype than the I. tabascana crosses. The tetraploid genome size of the progeny was as 

expected. Two hexaploid (2n=6x=90) progeny were produced but they were likely self-

pollinations of ‘Okinawa’ as they grouped with ‘Okinawa’ in the cluster analysis were 

morphologically similar. However, Orjeda et al. (1990, 1991) report hexaploid hybrid 

progeny as occurring at a low frequency in I. batatas ×I. trifida crosses previously, so it is 

possible they are of hybrid origin. More advanced genetic testing would be needed to 

determine their true origin such as inter-simple sequence repeat (ISSR) testing.  

The I. batatas ‘NC97A-04’ x I. trifida ‘NSP330’ (the only 4x I. trifida accession) 

family produced only one progeny from 123 pollinations and four seeds. This progeny was 

generated through the use of ovule culture. Seven ovaries out of the total number of crosses 

(each cross representing one flower and one ovary with four possible ovules) were harvested 

and placed into culture. Only two ovules from this family germinated in culture to produce 

plants but one was lost due to contamination of the media when it was transferred into solid 

media. The remaining plant had a pentaploid (2n=5x=75) genome size as predicted. This 

plant resembled the maternal sweetpotato parent more so than the paternal morning glory 

parent, which was an anomaly, compared to the other hybrid progeny and this observation 

was supported through cluster analysis. It had large triangular toothed leaves and thicker 
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vines similar to I. batatas ‘NC97A-04’ (Fig. 6). It was day-neutral flowering and the flowers 

were sterile, most likely due to the irregular pentaploid genome size.  

One other cross did produce seed that did not result in viable progeny. I. batatas 

‘NCDM02-180’ x I. trifida ‘NSP330’ produced six seeds that failed to germinate. This cross 

also had 20 ovules placed into culture with three that germinated. These three plants died 

during the transition out of liquid culture into solid media. 

 

Discussion 

While our crossing efforts did produce 85 confirmed interspecific hybrid progeny, 

from I. tabascana and three different I. trifida accessions, none resulted from crosses with 

the ornamentally desirable wild parents. This is likely due to the fact that the ornamental 

parents in our study were of a more distant phylogeny to sweetpotato whereas I. tabascana 

and I. trifida are from series Batatas, the same series as cultivated sweetpotato (Austin, 1987; 

McDonald and Austin, 1990; Austin et al., 1991; Jarret et al., 1992; Jarret and Austin, 1994; 

Diaz et al., 1996; Rajapakse et al., 2004; Srisuwan et al., 2006; Cao et al., 2009).  

Valuable and important information was obtained from the successful crosses made 

in this study. This study is the first to report successful hybridization of sweetpotato with I. 

tabascana. Low or no seed set from our interspecific crosses was expected based on reported 

low interspecific crossing success between sweetpotato and related species (Orjeda et al., 

1991). Our sweetpotato by I. tabascana crosses proved especially fertile with 57% (70 viable 

hybrid seed from 123 pollinations, self-pollinated seed and the pollinations that generated 

them were not included in calculation of viable hybrid seed rate) of pollinations producing a 
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viable seed. Though there are no published accounts of I. tabascana crosses for comparison, 

we judge this is a high rate since intraspecific (sweetpotato x sweetpotato) seed set rates of 

240.4 to 23.9 seeds per 100 pollinations were reported by (Orjeda et al., 1991). The percent 

viable seed recovery from I. tabascana crosses is also much higher than our I. trifida 

(excluding the I. batatas NC97A-04 × I. trifida NSP330 cross since its progeny was 

generated via ovule culture) crosses that had a combined viable seed recovery rate of 9% (14 

viable seed from 157 pollinations). Comparatively, Orjeda et al. (1991) reported a lower 

average of 1.1 to 0.9 viable seeds per 100 pollinations in crosses between I. batatas and 2x I. 

trifida accessions. 

The fact that I. tabascana proved to be the most fecund paternal parent in the study 

may support findings in recent cytogenetic research regarding its phylogenetic relationship to 

sweetpotato. The latest research into sweetpotato’s origins has incorporated fluorescence in 

situ hybridization (FISH) and other cytogenetic approaches to determine wild progenitor 

species. The I. trifida species complex, specifically tetraploid I. trifida, was determined to be 

the closest relative to sweetpotato and its likely progenitor species. I. tabascana, was 

determined to be an interspecific hybrid of sweetpotato and I. trifida rather than a progenitor 

(Srisuwan et al., 2006) and these three species form a monophyletic group based on ß-

amylase gene sequences (Rajapakse et al., 2004). This may explain the high fertility in 

crosses with sweetpotato and I. tabascana since its genome is presumably 75% sweetpotato 

derived. 

The high fertility rate of Ipomoea tabascana and its close phylogenetic relationship 

may also make it an excellent bridge species for improving sweetpotato germplasm with wild 
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species. Hybrid progeny from I. batatas x I. tabascana had overall intermediate phenotypes 

to both parents but floral traits more closely resembled those of I. tabascana in most of the 

hybrids observed. The tetraploid genome size of I. tabascana also makes it an ideal bridge 

species since it is intermediate between hexaploid sweetpotato and the majority of diploid 

wild species.  

Though we likely did not perform enough crosses of each unique parental 

combination to truly determine the crossability of each cross, we have identified potential 

sweetpotato and morning glory parents that have produced hybrids and will be key to future 

crosses. Our findings have also helped us to devise improved breeding strategies specific to 

ornamental sweetpotato that may be useful for overcoming ploidy differences and cross-

incompatibility with morning glory. Many of our crosses between sweetpotato and morning 

glory resulted in initially successful pollinations but subsequent cessation of ovule 

development. Ovule culture proved successful though our methodologies still need further 

refinement. It could be an effective tool for overcoming the interspecific incompatibilities 

between different genome groups within the Batatas series or among different series 

altogether (Kobayashi et al., 1993) and will likely be relied upon heavily in combination with 

other breeding strategies. 

The use of bridge species may be a practical strategy for ornamental breeding as most 

of our hybrid progeny displayed an intermediate phenotype to that of their parents. This has 

been documented before in interspecific crosses with sweetpotato (Guo et al., 2006; Cao et 

al., 2009). Cao et al. (2009) successfully crossed sweetpotato with I. purpurea, an 

ornamentally desirable morning glory in the more distant Pharbitis section and series (Austin 
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et al., 1991). Their progeny displayed an overall intermediate phenotype as did ours, but our 

I. batatas × I. tabascana hybrids had floral traits more similar to I. tabascana indicating that 

this ornamental trait may be easier to inherit from a wild parent. It is conceivable that if 

highly ornamental, elite sweetpotato and diploid (2n=2x=30) morning glory parents were 

used for crossing, a desirable phenotype could be selected from the F1 progeny. However, it 

is more likely that some of the F1 progeny, assuming they are fertile tetraploids (2n=4x=60), 

would need to be crossed back into another similar elite sweetpotato variety for further 

refinement. This would likely result in a sterile pentaploid (2n=5x=75), but if this crossing 

strategy was successful, then new ornamental lines could possibly be selected from this 

generation and propagated asexually. Eliminating the ploidy barrier before crossing takes 

place will enable more generations of crossing to take place, increasing the likelihood that 

wild traits can be integrated and refined.  

Considering the barriers that the bridge technique still poses, the use of synthetic 

hexaploids is likely the most promising model for introgressing morning glory’s ornamental 

traits into sweetpotato varieties. Improvement and refinement of the floral traits in the species 

I. nil, I. purpurea, I. lobata and others, prior to the creation of the synthetic hexaploids, could 

increase the likelihood that attractive F1 progeny would be generated in crosses with elite 

sweetpotato varieties. Once these elite diploid morning glory lines are identified or created, 

they can be doubled using colchicine to generate fertile tetraploid lines (Iwanaga et al., 

1991). The resulting tetraploid lines could then be used to generate triploid lines by 

backcrossing to the diploid lines from which they arose since most of the diploid morning 

accessions were self-fertile and homozygous. The triploids would be chromosome doubled 
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using colchicine to create synthetic morning glory hexaploids for crossing with elite 

sweetpotato varieties. Though likely cross-incompatibility issues will occur at this stage, this 

can be overcome by creating several different synthetic hexaploid lines with which to cross 

(Iwanaga et al., 1991). The use of growth regulators by Cao et al. (2009) is also another 

possible way of overcoming cross incompatibility and is likely why they succeeded in their I. 

batatas × I. purpurea crosses whereas we did not. The synthetic hexaploid strategy also 

seems most promising for use in storage root breeding lines since there is the possibility of 

extended fertility after the introgression of wild traits.  

Somatic cell hybridization is likely not ideal for our ornamental breeding goals 

because it requires advanced skills and equipment, and large numbers of somatic hybrids 

would need to be generated to achieve the desired phenotype. However, it is conceivable that 

desirable phenotypes could be selected using this technique. It is also not ideal since the 

resulting progeny would likely be sterile or cross incompatible for future breeding work like 

the progeny generated via the use of bridge species. 

Decades have come and gone since the generation of the first interspecific hybrids of 

sweetpotato and morning glory species (Nishiyama et al., 1975) without any promising 

varieties being released (Cao et al., 2009). However, with a better understanding of the 

phylogeny of the Ipomoea and continued refinement of interspecific crossing strategies, the 

potential remains for both ornamental and agronomic sweetpotato breeding to benefit from 

interspecific hybridization in the future.  
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Table 1. Parental accessions used for interspecific hybrid pollinations. 

 

 

Species Identifier Source 2n  Description 

     

Maternal Parent     

I. batatas Okinawa NCSU collection
Z
 2n=6x=90 Tablestock, purple flesh roots 

I. batatas NC97A-04 NCSU breeding line
Y
 2n=6x=90 Tablestock, orange flesh roots 

I. batatas NCDM02-180 NCSU breeding line
Y
 2n=6x=90 High dry matter, white flesh 

I. batatas NCORN5309-019 NCSU breeding line
Y
 2n=6x=90 Ornamental, purple foliage 

I. batatas NCORN5973-009 NCSU breeding line
Y
 2n=6x=90 Ornamental, lime foliage 

     

Paternal Parent     

I. tabascana NSP262 USDA-ARS
X
 2n=4x=60 Wild species 

I. trifida NSP302 USDA-ARS
X
 2n=2x=30 Wild species 

I. trifida NSP314 USDA-ARS
X
 2n=2x=30 Wild species 

I. trifida NSP330 NCSU collection
Z
 2n=4x=60 Wild species 

I. nil  NSP134 NCSU collection
Z
 2n=2x=30 Pur star shaped flwr, dwarf 

I. nil NSP114 Sakata
W

 2n=2x=30 Lg flwrs with purple speckles 

I. nil x purpurea NSP184 Sakata
W

 2n=2x=30 Red flowers with white star 

I. purpurea NSP210 USDA-ARS
X
 2n=2x=30 Pink flower 

I. purpurea NSP212 NCSU collection
Z
 2n=2x=30 Double fuschia flower 

I. lobata NSP082 USDA-ARS
X
 2n=2x=30  Yellow and red flowers 

I. ochracea NSP439 NCSU collection
Z
 2n=2x=30 Large yellow flower 

Convolvulus tricolor  NSP035 NCSU collection
Z
     --- Cv Blue Enchantment  

 

Z
Existing germplasm already present in the NCSU sweetpotato breeding and genetics program 

germplasm collection at the time this study began. 

Y
Sweetpotato clone developed by the NCSU sweetpotato breeding and genetics program that is 

currently used as breeding parent for tablestock development. 

X
United States Department of Agriculture- Agricultural Research Service, Griffin, GA. 

W
Sakata Seed Corporation, Yokohama, Japan. 
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Table 2. Total number of pollinations performed and seed produced per unique parental 

combination including pollinations from which ovaries for ovule culture were harvested. 

 

Species Identifier  Species Identifier No. poll. No. seed
Y
 

Maternal   Paternal    

I. batatas NC97A-04  Convolvulus
Z
  NSP035 66 0 

I. batatas NCORN5309-019 Convolvulus
Z
 NSP035 66 0 

I. batatas NCORN5973-009 Convolvulus
Z
 NSP035 76 0 

I. batatas NCORN5309-019 I. lobata NSP082 78 0 

I. batatas NCORN5973-009 I. lobata NSP082 116 0 

I. batatas NCORN5309-019 I. nil NSP134 87 0 

I. batatas NCORN5973-009 I. nil NSP134 127 0 

I. batatas NCORN5309-019 I. nil x purpurea NSP184 45 0 

I. batatas NCORN5973-009 I. nil x purpurea NSP184 45 0 

I. batatas NC97A-04  I. purpurea NSP210 70 0 

I. batatas NCDM02-180 I. purpurea NSP210 76 0 

I. batatas NCORN5973-009 I. purpurea NSP210 64 0 

I. batatas NCORN5309-019 I. purpurea NSP212 42 0 

I. batatas NCORN5973-009 I. purpurea NSP212 44 0 

I. batatas Okinawa  I. tabascana NSP262 126 87 

I. batatas Okinawa  I. trifida NSP302 101 30 

I. batatas Okinawa  I. trifida NSP314 58 21 

I. batatas NC97A-04  I. trifida NSP323 172 0 

I. batatas NCDM02-180 I. trifida NSP323 233 0 

I. batatas NC97A-04  I. trifida NSP330 130 4 

I. batatas NCDM02-180 I. trifida NSP330 214 7 

I. batatas NCORN5309-019 I. ochracea NSP439 94 0 

I. batatas NCORN5973-009 I. ochracea NSP439 115 0 

     2245 149 

 

 
Z
Convolvulus tricolor ‘Blue Enchantment’ is not an Ipomoea sp. but was included to test 

sweetpotato’s ability to cross outside the genus.  

Y
Total number of seed generated per cross does not reflect total number of viable seed. Table 

6 shows the total number of progeny produced per successful cross. Ovaries harvested for 

ovule culture were not included in the total number of seed per cross. 
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Table 3. Results of ovule culture by parental cross from interspecific hybrid ovules entered 

into ovule culture. 

 

Maternal 

Parent
Z
 

Paternal 

Parent 

No. 

ovaries 

harvested
Y
 

No. ovules 

placed into 

culture
X
 

No. of 

ovules 

germinated
W

 

No. of plants taken out of 

culture 

No. 

plants 

survive

d 

I. batatas 

NC5309-

019 

I. lobata 

NSP082 
1 2 0 0 0 

I. batatas 

NC5973-

009 

I. lobata 

NSP082 
1 1 0 0 0 

I. batatas 

NC5973-

009 

I.nil 

NSP134 
2 0 0 0 0 

I. batatas 

NC97A-04 

I. trifida 

NSP323 
6 0 0 0 0 

I. batatas 

NC97A-04 

I. trifida 

NSP330 
7 16 1 1 1 

I. batatas 

NCDM02-

180 

I. trifida 

NSP323 
7 5 0 0 0 

I. batatas 

NCDM02-

180 

I. trifida 

NSP330 
9 20 3 3 0 

I. batatas 

Okinawa 

I. 

tabascana 

NSP262 

13 32 0 0 0 

I. batatas 

Okinawa 

I. trifida 

NSP302 
6 12 2 0 0 

I. batatas 

Okinawa 

I. trifida 

NSP314 
7 13 0 0 0 

 

 
Z
Ovary harvested from maternal parent. 

Y
Number of ovaries harvested per each interspecific cross. 

X
I. batatas ovaries have 2 locules each with 2 ovules. 

W
An ovule was considered germinated once it generated a visible green shoot. 
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Table 4. Mean 2C genome sizes and estimated ploidy level, determined by flow cytometry, 

of the Ipomoea parents and progeny evaluated in this study. All clones were also evaluated in 

the field. 

Identifier Maternal Paternal 

2C genome 

size (pg)
Z
  

Estimated ploidy level 

(x) 

Progeny     

NSP602-001 I.batatas 'Okinawa' I. tabascana NSP262 2.93±0.02 5x 

NSP602-002 I.batatas 'Okinawa' I. tabascana NSP262 2.96±0.03 5x 

NSP602-003 I.batatas 'Okinawa' I. tabascana NSP262 2.95±0.01 5x 

NSP603-001 I.batatas 'Okinawa' I. trifida NSP314 3.00±0.02 5x 

NSP603-002 I.batatas 'Okinawa' I. trifida NSP314 3.00±0.00 5x 

NSP603-003 I.batatas 'Okinawa' I. trifida NSP314 2.90±0.02 5x 

NSP603-004 I.batatas 'Okinawa' I. trifida NSP314 2.88±0.11 5x 

NSP603-005 I.batatas 'Okinawa' I. trifida NSP314 2.90±0.06 5x 

NSP603-006 I.batatas 'Okinawa' I. trifida NSP314 3.17±0.00 5x 

NSP603-007 I.batatas 'Okinawa' I. trifida NSP314 2.99±0.06 5x 

NSP603-008 I.batatas 'Okinawa' I. trifida NSP314 3.09±0.05 5x 

NSP605-001 I.batatas 'Okinawa' I. tabascana NSP262 3.17±0.00 5x 

NSP605-002 I.batatas 'Okinawa' I. tabascana NSP262 2.86±0.05 5x 

NSP605-003 I.batatas 'Okinawa' I. tabascana NSP262 3.03±0.11 5x 

NSP605-004 I.batatas 'Okinawa' I. tabascana NSP262 3.13±0.02 5x 

NSP605-005 I.batatas 'Okinawa' I. tabascana NSP262 2.95±0.04 5x 

NSP605-006 I.batatas 'Okinawa' I. tabascana NSP262 3.04±0.02 5x 

NSP605-007 I.batatas 'Okinawa' I. tabascana NSP262 2.87±0.00 5x 

NSP605-008 I.batatas 'Okinawa' I. tabascana NSP262 2.98±0.02 5x 

NSP605-009 I.batatas 'Okinawa' I. tabascana NSP262 2.86±0.04 5x 

NSP606-002 I.batatas 'Okinawa' I. tabascana NSP262 3.10±0.00 5x 

NSP606-003 I.batatas 'Okinawa' I. tabascana NSP262 3.02±0.08 5x 

NSP607-001 I.batatas 'Okinawa' I. tabascana NSP262 2.95±0.01 5x 

NSP607-002 I.batatas 'Okinawa' I. tabascana NSP262 2.91±0.02 5x 

NSP607-003 I.batatas 'Okinawa' I. tabascana NSP262 2.94±0.09 5x 

NSP607-004 I.batatas 'Okinawa' I. tabascana NSP262 2.81±0.04 5x 

NSP607-005 I.batatas 'Okinawa' I. tabascana NSP262 3.02±0.01 5x 

NSP607-006 I.batatas 'Okinawa' I. tabascana NSP262 2.88±0.01 5x 

NSP607-007 I.batatas 'Okinawa' I. tabascana NSP262 3.12±0.01 5x 

NSP607-008 I.batatas 'Okinawa' I. tabascana NSP262 2.92±0.02 5x 

NSP607-009 I.batatas 'Okinawa' I. tabascana NSP262 3.07±0.05 5x 

NSP607-010 I.batatas 'Okinawa' I. tabascana NSP262 3.06±0.03 5x 

NSP607-011 I.batatas 'Okinawa' I. tabascana NSP262 3.04±0.01 5x 

NSP607-012 I.batatas 'Okinawa' I. tabascana NSP262 2.96±0.01 5x 

NSP607-013 I.batatas 'Okinawa' I. tabascana NSP262 2.91±0.05 5x 

NSP607-014 I.batatas 'Okinawa' I. tabascana NSP262 3.02±0.02 5x 
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NSP607-015 I.batatas 'Okinawa' I. tabascana NSP262 3.01±0.00 5x 

NSP607-016 I.batatas 'Okinawa' I. tabascana NSP262 2.95±0.02 5x 

NSP607-017 I.batatas 'Okinawa' I. tabascana NSP262 2.95±0.06 5x 

NSP607-018 I.batatas 'Okinawa' I. tabascana NSP262 2.78±0.05 5x 

NSP607-019 I.batatas 'Okinawa' I. tabascana NSP262 2.90±0.05 5x 

NSP607-020 I.batatas 'Okinawa' I. tabascana NSP262 3.07±0.10 5x 

NSP607-021 I.batatas 'Okinawa' I. tabascana NSP262 2.93±0.01 5x 

NSP607-022 I.batatas 'Okinawa' I. tabascana NSP262 3.05±0.01 5x 

NSP607-023 I.batatas 'Okinawa' I. tabascana NSP262 2.91±0.03 5x 

NSP607-024 I.batatas 'Okinawa' I. tabascana NSP262 2.96±0.02 5x 

NSP607-025 I.batatas 'Okinawa' I. tabascana NSP262 3.03±0.01 5x 

NSP607-026 I.batatas 'Okinawa' I. tabascana NSP262 3.01±0.02 5x 

NSP607-027 I.batatas 'Okinawa' I. tabascana NSP262 3.08±0.12 5x 

NSP607-028 I.batatas 'Okinawa' I. tabascana NSP262 2.89±0.00 5x 

NSP607-029 I.batatas 'Okinawa' I. tabascana NSP262 2.90±---
Y
 5x 

NSP607-030 I.batatas 'Okinawa' I. tabascana NSP262 2.90±0.04 5x 

NSP607-031 I.batatas 'Okinawa' I. tabascana NSP262 2.99±0.02 5x 

NSP607-032 I.batatas 'Okinawa' I. tabascana NSP262 3.06±0.02 5x 

NSP607-033 I.batatas 'Okinawa' I. tabascana NSP262 3.21±0.02 5x 

NSP607-034 I.batatas 'Okinawa' I. tabascana NSP262 3.06±0.00 5x 

NSP607-035 I.batatas 'Okinawa' I. tabascana NSP262 2.90±0.01 5x 

NSP607-036 I.batatas 'Okinawa' I. tabascana NSP262 3.06±0.00 5x 

NSP607-037 I.batatas 'Okinawa' I. tabascana NSP262 3.08±0.06 5x 

NSP607-038 I.batatas 'Okinawa' I. tabascana NSP262 2.94±0.01 5x 

NSP607-039 I.batatas 'Okinawa' I. tabascana NSP262 2.98±0.03 5x 

NSP608-002 I.batatas 'Okinawa' I. tabascana NSP262 3.14±0.04 5x 

NSP608-003 I.batatas 'Okinawa' I. tabascana NSP262 3.08±0.04 5x 

NSP608-004 I.batatas 'Okinawa' I. tabascana NSP262 3.12±0.01 5x 

NSP608-005 I.batatas 'Okinawa' I. tabascana NSP262 2.97±0.01 5x 

NSP608-006 I.batatas 'Okinawa' I. tabascana NSP262 2.90±0.07 5x 

NSP608-007 I.batatas 'Okinawa' I. tabascana NSP262 2.77±0.06 5x 

NSP608-008 I.batatas 'Okinawa' I. tabascana NSP262 2.97±0.03 5x 

NSP608-009 I.batatas 'Okinawa' I. tabascana NSP262 3.00±0.04 5x 

NSP608-010 I.batatas 'Okinawa' I. tabascana NSP262 3.07±0.02 5x 

NSP608-011 I.batatas 'Okinawa' I. tabascana NSP262 3.13±---
Y
 5x 

NSP609-001 I.batatas 'Okinawa' I. trifida NSP302 2.36±0.01 4x 

NSP609-002 I.batatas 'Okinawa' I. trifida NSP302 2.54±0.01 4x 

NSP609-003 I.batatas 'Okinawa' I. trifida NSP302 2.39±0.01 4x 

NSP610-002 I.batatas 'Okinawa' I. trifida NSP302 3.64±0.01 6x 

NSP610-003 I.batatas 'Okinawa' I. trifida NSP302 2.57±0.03 4x 

NSP610-004 I.batatas 'Okinawa' I. trifida NSP302 2.48±0.02 4x 

NSP610-005 I.batatas 'Okinawa' I. trifida NSP302 2.40±0.04 4x 

Table 4 continued 
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NSP611-001 I.batatas 'Okinawa' I. tabascana NSP262 3.13±0.02 5x 

NSP612-001 I.batatas 'Okinawa' I. tabascana NSP262 3.10±0.03 5x 

NSP614-001 I.batatas NC97A-04 I. trifida NSP330 3.00±0.03 5x 

NSP619-001 I.batatas 'Okinawa' I. trifida NSP302 3.78±0.02 6x 

NSP624-001 I.batatas 'Okinawa' I. tabascana NSP262 3.05±0.00 5x 

NSP624-002 I.batatas 'Okinawa' I. tabascana NSP262 2.88±0.01 5x 

NSP624-003 I.batatas 'Okinawa' I. tabascana NSP262 3.01±0.01 5x 

NSP624-004 I.batatas 'Okinawa' I. tabascana NSP262 3.40±0.00 6x 

NSP625-001 I.batatas 'Okinawa' I. tabascana NSP262 3.69±0.01 6x 

NSP625-002 I.batatas 'Okinawa' I. tabascana NSP262 3.12±0.09 5x 

NSP625-003 I.batatas 'Okinawa' I. tabascana NSP262 2.97±0.03 5x 

NSP625-004 I.batatas 'Okinawa' I. tabascana NSP262 3.60±0.02 6x 

     

Parents
X
     

NSP262 I. tabascana  2.52±0.02 4x 

NSP302 I. trifida  1.27±0.02 2x 

NSP314 I. trifida  1.24±0.02 2x 

NSP330 I. trifida  2.44±0.02 4x 

Okinawa I. batatas  3.72±0.02 6x 

NC97A-04 I. batatas   3.62±0.05 6x 

 
Z
Values are means ± SEM.  

Y
Indicates only one subsample analyzed from the clone. 

X
Clones under “Parents” are the parental material used in the study that generated hybrid 

progeny, either as a maternal or paternal parent.  

 

 

   

  

Table 4 continued 
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Table 5. Frequency of 2n gametes produced by Ipomoea trifida NSP314 observed under x40 

magnification. 

Flower
Z
 2n pollen n pollen Total pollen

Y
 % 2n pollen of total pollen 

1.1 3 9 12 25 

1.2 4 16 20 20 

2.1 5 15 20 25 

2.2 2 22 24 8 

3.1 3 11 14 21 

3.2 7 20 27 26 

4.1 8 16 24 33 

4.2 2 19 21 10 

5.1 9 15 24 38 

5.2 2 20 22 9 

6.1 1 24 25 4 

6.2 3 25 28 11 

7.1 8 21 29 28 

7.2 6 18 24 25 

8.1 3 19 22 14 

8.2 3 10 13 23 

9.1 6 19 25 24 

9.2 4 20 24 17 

10.1 4 18 22 18 

10.2 5 13 18 28 

11.1 2 20 22 9 

11.2 4 11 15 27 

12.1 3 19 22 14 

12.2 8 14 22 36 

13.1 7 13 20 35 

13.2 7 22 29 24 

14.1 2 13 15 13 

14.2 2 15 17 12 

15.1 5 15 20 25 

15.2 13 16 29 45 

16.1 6 23 29 21 

16.2 11 17 28 39 

16 158 548 706 22 

 
Z
Two anthers were harvested from each of 16 flowers, the number before the decimal refers 

to the flower and the number after the decimal refers to the anther pollen was harvested from. 

Y
Total number of pollen grains (2n + n) observed from each anther. 
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Table 6. Confirmed hybrid produced and their families. 

Maternal Parent 2n Paternal Parent 2n Hybrids
Z
 Poll.

Y
 Progeny Ploidy 

I. batatas Okinawa 6x I. tabascana NSP262 4x 70 123 2n=5x=75 

I. batatas Okinawa 6x I. trifida NSP302 2x 6 99 2n=4x=60 

I. batatas Okinawa 6x I. trifida NSP314 2x 8 58 2n=5x=75 

I. batatas NC97A-04 6x I. trifida NSP330 4x 1 123 2n=5x=75 

    85 403  

 

Z
Number of confirmed hybrid progeny through flow cytometry. Possible self-pollinated 

progeny were not included in the total. 

Y
Pollination numbers are less the number of pollinations that resulted in the possible self-

pollinated progeny and only reflect the number of pollinations that resulted in confirmed 

hybrids. 
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Figure 1. Ovules of I. batatas NC97A-04 × I. trifida NSP330 in culture. A filter paper bridge 

acts as a wick for the liquid media and supports the ovules. 
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Figure 2. A developing NSP614-001 (I. batatas ‘Okinawa’ × I. trifida ‘NSP330’) ovule in 

culture.  
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Figure 3. Cluster analysis of hybrid progeny and their parents with Gower’s transformation of quantitative and nominal 

phenotypic data. Four quantitative characters and 15 nominal characters, including genome size were used to generate the 

cluster analysis. Clones in the cluster analysis lack the “NSP” prefix prior to the accession number to improve readability. 



 

 47 

Figure 4. 2n gametes from Ipomoea trifida ‘NSP314’ viewed at ×40 magnification stained 

with 1% acetocarmine. 2n gametes (center of field of view) appear twice as large as the 

normal n (top center of field of view) gametes. 
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Figure 5. Intermediate leaf types of hybrid progeny from the I. batatas ‘Okinawa’ × I. tabascana ‘NSP 262’ cross. The 

maternal parent leaf (I. batatas ‘Okinawa’) is shown far left, hybrid leaves (NSP607-030, NSP607-027, NSP607-020, 

NSP607-020, NSP607-034, NSP607-035, and NSP607-013) shown in the center showing foliar variation in the family, and the 

parental leaf (I. tabascana ‘NSP 262’) is shown far right. 
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Figure 6. Hybrid progeny NSP614-001 (Ipomoea batatas ‘NC97A-04 × Ipomoea trifida 

‘NSP330’). 

 

 

 

  



 

 50 

 

 

 

 

 

 

Chapter 2 

 

The Characterization of Variegation in Ornamental Sweetpotato  

[Ipomoea batatas (L.) Lam.] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 51 

The Characterization of Variegation in Ornamental Sweetpotato [Ipomoea batatas (L.) Lam.] 

 

Benjamin K. Winslow
1
 and G. Craig Yencho

2
 

Department of Horticultural Science, 214-A Kilgore Hall, North Carolina State University, 

Raleigh, NC 27695-7609 

 

 

 

 

Received for publication ___________. Accepted for publication ___________.  

This research was funded, in part, by Proven Winners, LLC, Sycamore, IL 60178. In addition 

the authors wish to thank Meri Reeber and Nathan Lynch for their technical assistance. From 

a thesis submitted by Benjamin K. Winslow as partial fulfillment of the requirements for the 

M.S. degree. 

 

1
Research Technician and Graduate Research Assistant. Email: ben_winslow@ncsu.edu 

2
Professor and corresponding author  

 

 

 

 

  



 

 52 

Abstract 

Ornamental sweetpotatoes (Ipomoea batatas (L.) Lam.) are an important and popular 

ornamental crop grown for their colorful foliage. Many attractive ornamental sweetpotato 

phenotypes exist including variegated types, but very little is known about the genetic basis 

of variegation in this species. Stability of variegation is the main hurdle to the release of 

future variegated cultivars since many current variegated phenotypes revert to the normal 

base color or to shoots composed entirely of the mutant color. In order to develop a better 

understanding of the types of variegation present in sweetpotato, we evaluated 103 

variegated plants from our germplasm collection based on six different observed variegation 

categories. Five clones were chosen for more extensive investigation based on their different 

phenotypes. A combination of testcrosses, self-pollination, flow cytometry, and phenotypic 

characterization suggested three distinct causes of variegation in these five clones. A 

periclinal chimera possessing a chloroplast mutation is proposed in ‘Tricolor’, an unknown 

type of variegation possibly caused by a semigamous genetic mosaic or transposon mediated 

anthocyanin instability in ‘NCORN6712-057’, and speckled variegation caused by 

transposable elements found in Sweet Caroline ‘Green Yellow’ and its relatives.  

 

Introduction 

Few things seem to fascinate people about plants more than variegation and there are 

commercially available variegated cultivars of most ornamental plants. Our scientific 

understanding of what variegation is, its mechanisms, and its evolutionary role, is only just 

beginning to be well understood. Research into variegated plants can be traced back as far as 
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Plinius the Elder (23 – 79 A.D.) who documented variegation in various ivy (Hedera helix 

L.) varieties, but it wasn’t until the middle of the 19
th

 to early 20
th

 century that a true 

understanding of variegation would occur with the discovery of the chloroplasts physiology 

and its role within the plant (Evenari, 1989). By the late 18
th

 century, scientists had made key 

discoveries which outlining the process of photosynthesis and had discovered that it occurred 

in the chlorophyllous tissue of the plant. In 1868, Julius Sachs documented the relationship 

between the chromoplasts and chloroplasts (the amount of, and presence or absence of the 

two, responsible for plant variegation) whose origins were clarified in 1883 and 1885 by 

Andreas Schimper as arising solely from cell division. Finally, by the early 1900’s, Correns 

and Baur had discovered that variegated mutants did not always transmit the trait in a 

mendelian fashion leading to the discovery of maternal inheritance and that chloroplasts 

contain their own DNA (Yu et al., 2007).  

It is important to clarify the meaning of variegation as it relates to plants. To put it 

simply, “variegation can be defined as the presence of discrete markings of different colors 

on an organ or an organism” (Marcotrigiano, 1997). A more plant centric definition for 

genetic variegation is offered by (Kirk and Tilney-Bassett, 1978) as “any plant that develops 

patches of different colors in its vegetative parts.” It is also important to note that all 

variegated plants are not created equally and some seemingly identical variegated phenotypes 

may be caused by entirely different phenomenon (Marcotrigiano, 1997, 2001). The diverse 

mechanisms responsible for variegation in plants have even been referred to as “patterns of 

deceit” by Michael Marcotrigiano in his research article of the same name describing similar 

variegated phenotypes caused by different mechanisms (Marcotrigiano, 1997). These 
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mechanisms can be biotic or abiotic, heritable or non-heritable, cell-lineage or non cell-

lineage based, temporary or permanent, and position dependent or independent. Variegation 

can be the result of chimerism but not all variegated plants are chimeras and it is improper to 

refer to all variegated plants as chimeras (Marcotrigiano, 1997). 

As scientists better understand the physiology of variegation, some are now 

generating theories as to the evolutionary role of variegation. Naturally occurring mutations 

are responsible for most of the variegation in plants but this does not explain why variegated 

phenotypes persist in many plant species, without human intervention, since less 

photosynthetic leaf area is a perceived disadvantage. Classic Batesian mimicry has been 

determined to be the driving evolutionary force in many species of the Aracaeae family 

including the garden favorite, Caladiums (Caladium Vent. spp.) (Soltau et al., 2009). The 

leaves of some Caladium steudneriifolium Engl. plants have irregular white streaks across 

the leaf surface. The variegated pattern is strikingly similar to the damage done by the 

ovipositing Pyraloidea moth that lays its eggs inside the leaf. The moth will only lay eggs in 

new leaves and is much less likely to lay eggs in leaves that mimic this ovipositing damage, 

thus explaining the selective advantage of the variegated phenotype (Soltau et al., 2009). 

Other evidence suggests that variegation patterns, especially floral variegation, can attract 

pollinators or can also act as a camouflage to prevent herbivory (Marcotrigiano, 1997). 

Variegation can be categorized into two broad types, non-cell lineage, and cell 

lineage based variegation (Kirk and Tilney-Bassett, 1978). The example of heritable 

variegation evolving as Batesian mimicry in caladiums is an example of non-cell lineage 

based variegation (Marcotrigiano, 1997). Non-cell lineage variegation can be inherited 
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simply, as in certain Vitis L. species (Relsch and Watson, 1984) or complexly as in coleus 

(Solenostemon scutellarioides (L.) Codd) (Boye and Rife, 1938; Rife, 1944). Non-chimeral, 

non-cell lineage variegation is the most common cause of variegation (Marcotrigiano, 1997, 

2001). The cell’s location within the plant or leaf determines the expression of this type of 

variegation and it functions independently of cell origin or lineage. All of the cells have the 

same genotype within the plant but certain genes trigger or inhibit pigment production or 

destruction in each cell to generate the variegated pattern, known as differential gene 

expression (Marcotrigiano, 1997). Variegation caused by differential gene expression can 

seen in the “faces” on pansies (Viola × wittrockiana), the reddish rings on the leaves of the 

zonal geranium [Pelargonium × hortorum L.H. Bailey (pro sp.)] (Marcotrigiano, 1997) and 

the leaves of most Caladium sp. (Marcotrigiano, 1997; Soltau et al., 2009).  

Cell lineage based variegation is the other broad type of variegation (Kirk and Tilney-

Bassett, 1978). Most cell lineage variegation occurs as genetic mosaics where cells of the 

same plant have different genotypes. Frequently, genetic mosaics go unnoticed, but when 

they involve differences in pigment or chlorophyll production, the variegated phenotype can 

be quite obvious. Genetic mosaics may arise due to nuclear, mitochondrial, or chloroplast 

mutations (Marcotrigiano, 2001; Aluru et al., 2006; Yu et al., 2007; Weihe et al., 2009), or as 

the result of transposable elements (Abe et al., 1997; Marcotrigiano, 2001; Tsugane et al., 

2006, ). There are two sub types of genetic mosaicism, the intrapical mosaic or “chimera”, 

and the “non-chimeras” referred to as genetic mosaics (Kirk and Tilney-Bassett, 1978; 

Marcotrigiano, 1997, 2001).  
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Genetic mosaics are by far the most common cause of variegated phenotypes found in 

sweetpotato. I hypothesized that two types of genetic mosaics were present in the 

sweetpotato clones studied. The first was caused by transposable elements, inherited bi-

parentally as a simple recessive responsible for the overwhelming majority of variegated 

phenotypes in our collection. Variegation caused by transposable elements has been 

previously documented in Ipomoea L., specifically in the flowers (Abe et al., 1997; Ishikawa 

et al., 2002). Another proposed cause of genetic mosaicism is semigamy, a very rare 

phenomenon resulting from the incomplete fertilization of the egg by the pollen grain, 

allowing two different genotypes to coexist in the same plant. Semigamy is proposed to be a 

possible cause of variegation in ‘NCORN6712-057’, an NCSU breeding line. Finally, 

chimerism is hypothesized to occur in ‘Tricolor’, specifically a periclinal chimera with a 

plastid mutation for chlorophyll synthesis. To test these hypotheses a series of phenotypic 

traits were chosen to evaluate and characterize each clone’s variegation through standardized 

subjective ratings. A series of testcrosses were also conducted to determine the heritability 

and mode of inheritance of the variegated trait in each clone.  

 

Materials and Methods 

Plant material. In June 2009, a systematic review of our extensive germplasm 

collection was conducted and we described and elucidated six types of variegation from 103 

observed variegated phenotypes (Fig 1). Three phenotypically distinct variegated sweetpotato 

clones were initially chosen for further investigation. ‘Tricolor’ was chosen for its unique 

variegated white leaf margin and pink and green central leaf portion, which is thought to be 
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due to a chloroplast mutation (Fig 2). Sweet Caroline ‘Green Yellow’ was chosen since it 

has a relatively stable variegated phenotype showing cream speckles on green leaves (Fig 3). 

‘NCORN6712-057’ was chosen since it was unique among the variegated phenotypes as it 

has “normal” chloroplasts with variegation caused by the disruption of anthocyanin 

production in a speckled pattern (Fig 4a-b). ‘Okinawa’ (Fig 5), while not variegated, was 

included in the testcrosses as we believed it carried alleles for variegation since it was the 

sole parent of Sweet Caroline ‘Green Yellow’. A fifth additional clone ‘NCORN7278-

004’, was added to the study after the first year of testcrossing. It is a progeny of an 

‘Okinawa’ × ‘NCORN4782-001’ (a purple, non-variegated “tester” line) cross. Like its 

paternal parent ‘Okinawa’, ‘NCORN4782-001’ is not variegated but was included since it 

was an autogamous self-pollinator that produced some variegated progeny its S1 population.  

Sweetpotatoes were grafted onto Ipomoea setosa Ker Gawl., which had been grown 

under short-day conditions (9-h daylength) to induce flowering. Grafted plants were kept in a 

clear plastic bag for four to five days until the grafts healed, then potted into 25-cm azalea 

pots with a peat based potting mix (Fafard 2 Mix, Conrad Fafard Inc., Agawam, MA) and 

maintained in the NC State University Horticulture Field Lab (HFL) greenhouses in Raleigh, 

NC in full sun conditions with a temperature regime of 28 to 30 C day and 21 to 23 C 

night. Plants were watered as needed and fertilized at a rate of 150 ppm with 20N–10P–20K 

water-soluble fertilizer (Peters Professional Peat-Lite Special, Scotts Professional, 

Charleston, SC) on weekdays only. 

Testcrossing to determine inheritance of variegation. A series of testcrosses were 

used to determine how and if the variegation was heritable. The three variegated clones plus 
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‘Okinawa’ were crossed with the nonvariegated “tester” lines to determine if they could 

transmit variegation to their offspring. The tester lines were a yellow foliage variety 

‘NCORN4384-001’, a purple foliage variety ‘NCORN4782-001’, and a red foliage variety 

NCORN6305-013 and testcrosses were bulked by the variegated parent since all tester lines 

behaved similarly in crosses. ‘NCORN7278-004’ was not used in testcrossing but progeny 

derived from self-pollination were included in the analysis of inheritance for the speckled 

type variegation. Testcrosses were performed at the HFL greenhouses. Table 1 lists details of 

the crosses that were performed.  

Breeding. Crosses were performed over two periods, September 2009 through April 

2010 (2010 crosses) and September 2010 through February 2011 (2011 crosses). Pollinations 

were performed in the mornings by hand and tagged. Anthers were collected from the 

paternal parents using forceps. These anthers were then brushed onto the stigma of the 

maternal parent and the flower was tagged with the cross. Ipomoea batatas ‘Okinawa’ was 

the only self-fertile parent (excluding ‘NCORN7278-004’ which was not used in 

testcrossing) and it was emasculated the afternoon before pollinating. Mature seed capsules 

were collected into coin envelopes and labeled with the cross. The capsules were crushed by 

hand to extract the seed. Seed was hand scarified on 100-grit sandpaper, and planted into 50-

cell trays filled with potting media (Fafard 2 Mix) at a virus free greenhouse location at 

Method Road Greenhouse Field Laboratory, NC State University, Raleigh, NC. Germination 

counts were taken on 6 March 2010 and 28 March 2011.  

Field evaluation of progeny. Tip cuttings were taken from the original seed-grown 

clones at a virus free greenhouse location at Method Road in Raleigh, NC. Two cuttings from 
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each clone were cut the week of 17 May 2010 for the 2010 crosses and the week of 16 May 

2011 for 2011 crosses and grown in 50-cell trays. Plants were moved to the greenhouse at 

Horticultural Crops Research Station (HCRS) in Clinton, NC two weeks prior to planting to 

harden off. Immediately prior to planting, plants were pruned back to 10 cm. Two-plant plots 

of the progeny were planted at HCRS with 2010 crosses planted 15, 16 June 2010 and the 

2011 crosses planted on 15, 16 June 2011. They were planted from the 50-cell trays using a 

two-row transplanter at 60-cm spacing.  

The two-plant plots were rated using a series of phenotypic descriptors that 

characterized their variegation approximately 45 days after planting. Figure 6 describes the 

parameters used to rate the clones. The percentage of variegated progeny for each cross was 

calculated based on the number of visibly variegated plants out of the number of germinated 

seedlings. Field ratings were taken of each of the progeny and combined with the 

germination counts for a complete evaluation of the percentage of variegated progeny per 

cross. During 2010, crosses were rated in the field on 11, 12, and 18 August 2010. During 

2011, ratings occurred on 9, 10 August 2011. 

Determination of ploidy level and genome size. An estimation of nuclear DNA 

content and ploidy level of the variegated clone ‘NCORN6712-057’ and ‘Okinawa’ was 

determined using flow cytometry (Eeckhaut et al., 2005). Samples were prepared according 

to the protocol provided by Partec GmbH (Munster, Germany) using their reagent kit 

(CyStain PI absolute P, Partec North America, Inc., Sweedsboro, NJ) in the Flow 

Cytometry and Cell Sorting Laboratory, College of Veterinary Medicine, NC State 

University, in Raleigh, NC on 12 April 2012. Leaf tip cuttings were harvested from the 
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variegated progeny from greenhouse grown plants. Approximately 1 cm
2
 of leaf tip tissue 

from the sample and internal standard were finely chopped using a razor blade in a Petri dish 

with 125 mL of extraction buffer (CyStain PI absolute P, Partec). The solution was filtered 

through 50 mm nylon mesh, and nuclei were stained with 600 mL of propidium iodide 

staining buffer (CyStain PI absolute P, Partec) and allowed to incubate 4-h at 24 C away 

from light. The suspension was analyzed using a flow cytometer (BD FACSCalibur, 

Becton Dickinson, San Jose, CA) with fluorescence provided by an air-cooled argon laser 

and a red diode laser. Software (BD CellQuest Pro, Becton Dickinson, San Jose, CA) was 

used to exclude debris from fluorescing nuclei in the data. The mean fluorescence of each 

sample was compared with an internal standard of known genome size (Pisum sativum L. 

‘Ctirad’, 2C = 9.09 pg) (Doležel et al., 1998). A minimum of 5,000 nuclei were analyzed to 

calculate the ratio of sample peak to the internal standard for determining genome size [2C 

pg = (mean fluorescence of sample peak/mean fluorescence of internal standard peak) × 9.09 

pg].  

Regeneration of variegated plants. Storage roots (if produced by the plant) were 

harvested from the variegated clones after approximately six months of growth in a 15-cm 

azalea pot under normal greenhouse conditions. The roots were sprouted in potting media 

(Fafard 2 Mix) in a 20-cm azalea pot under the same greenhouse conditions that the 

variegated clones were grown. It was noted whether sprouted roots produced variegated 

plants or reverted to a nonvariegated phenotype. All of our sweetpotato clones were 

maintained asexually through rooted cuttings including the variegated clones in this study. 
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All of the clones retained their phenotype, variegated or otherwise, after regeneration from 

cuttings. 

 

Results 

‘Tricolor’. ‘Tricolor’ (synonym ‘Pink Frost’) had the most obvious and conclusive 

results from the testcrosses. All (29 out of 29) progeny from the ‘Tricolor’ × tester line 

crosses yielded variegated offspring, while only 3% (4 variegated + 1 chlorotic plants out of 

156) were variegated when it was the paternal parent. Both chlorotic and variegated progeny 

were counted as variegated in these calculations. It is important to note that while variegation 

did appear in five progeny (3%) when ‘Tricolor’ was the paternal parent, variegation was 

very subtle and usually occurred on only one or two leaves of the entire plant (Fig 7). 

Biparental inheritance of chloroplasts, known as heteroplasmy, is possible and has been 

documented before in intraspecific crosses of Passiflora costaricensis L. (Hansen et al., 

2007). They found that 20% (3 out of 15) of these interspecific Passiflora L. crosses 

produced progeny with biparentally inherited chloroplasts while the other 80% of progeny 

demonstrated normal maternal chloroplast inheritance. Heteroplasmy is still not fully 

understood but it is possible that sweetpotato, and/or ‘Tricolor’ itself has some form of 

heteroplasmy where the progenies predominantly express maternal chloroplast DNA but 

occasionally revert to expression of paternally inherited DNA. When ‘Tricolor’ was the 

maternal parent, the progeny displayed near total variegation i.e. almost 100% variegated 

leaves with every leaf variegated or had solid variegated sports off of an otherwise normal 

plant.  
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‘Tricolor’s’ leaves are variegated on only the adaxial surface. The stems, while not 

variegated, have the same grayish green tone that the variegated leaves have in their ‘green’ 

sectors. The variegation occurs in much larger sectors, rather than the small speckles of other 

variegated varieties. The green sectors are usually localized on the central region of the leaf 

while the white sectors are usually found near the margin of the leaf. The variegation is very 

stable with no reversion witnessed on any of our plants during the course of the study. 

Regeneration from storage roots yielded totally nonvariegated, green, and vigorous plants. 

 

‘NCORN6712-057’. ‘NCORN6712-057’ proved completely sterile after 190 

pollinations, 144 as a paternal parent and 46 as a maternal parent. The complete sterility may 

be an indication this clone was formed via semigamy with the variegated phenotype resulting 

from two distinct haploid genotypes coexisting in the same plant. Flow cytometry was used 

to determine the ploidy level of ‘NCORN6712-057’ to test for semigamy. Two subsamples 

of variegated leaf tip tissue were analyzed from ‘NCORN6712-057’ and compared to the 

internal standard, Pisum sativum L. ‘Ctirad’. Both yielded strong peaks corresponding to 

hexaploid status, with a mean 2C genome size of 3.27±0.05 SEM. Hexaploid status was 

inferred after comparing the mean 2C genome size to that of ‘Okinawa’ which was also 

analyzed. ‘Okinawa’ had a mean 2C genome size of 3.26±0.01 SEM, which we know to be a 

confirmed hexaploid from the flow cytometry results in chapter one.    

A phenotypic examination of ‘NCORN6712-057’ revealed that the entire plant was 

variegated except the corolla, including leaves, stems, roots, and sepals. The abaxial and 

adaxial sides of the leaves were both variegated and patterned independent of one another. 
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Regeneration of plants from storage roots yielded entirely yellow-leafed plants from the 

white skinned root sectors and red-leafed plants from the red skinned sectors. The percentage 

of red root skin sectors to yellow sectors was low. Reversion to a nonvariegated phenotype 

was common and entirely yellow or (less likely) red shoots developed from previously 

variegated branches. These nonvariegated sectors, both yellow and red-leafed, were sterile in 

crosses as well. 

 

‘Okinawa’, Sweet Caroline ‘Green Yellow’ and ‘NCORN7278-004’. The speckled 

group consisting of ‘Okinawa’, Sweet Caroline ‘Green Yellow’, and ‘NCORN7278-004’, 

yielded less conclusive results. ‘Okinawa’ is an interesting plant in this group because it does 

not have a variegated phenotype. The plant has triangular lobed leaves that are green. Storage 

roots have a cream to tan colored skin with a light purple flesh. ‘Okinawa’ is one of the few 

sweetpotatoes that is self-compatible and it produces variegated progeny when self-pollinated 

and outcrossed. With this clone, 2.3% (4 out of 169) of the progeny from crosses with tester 

lines were variegated and 19% (9 out of 47) derived from self-pollination were variegated. 

The phenotype of ‘Okinawa’ is very stable and regeneration from storage roots yields the 

same phenotype.  

Sweet Caroline ‘Green Yellow’ was derived from the self-pollination of 

‘Okinawa’. It yielded only 0.8% variegated progeny (1 out of 120) when crossed to testers. 

This cultivar also has a relatively stable variegation and the leaves were variegated only on 

the adaxial surface. The variegation is a very fine speckling of cream on green leaves though 
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larger sectors do occur, especially when the plant is grown under very high light conditions. 

Storage roots for sprouting could not be grown from this variety. 

‘NCORN7278-004’ is one of the progeny from the cross of ‘Okinawa’ × 

‘NCORN4782-001’ (a nonvariegated tester line). Neither parent has a variegated phenotype. 

It has a nonvariegated phenotype with purple foliage. It inherited the ability to self from 

‘Okinawa’ and is autogamous. Self-pollinated progeny were 33% variegated (62 variegated, 

14 chlorotic out of 230 total progeny) from a mix of 62 variegated, 41 green, and 113 purple 

plants. 

 

Discussion 

Phenotypical examination and testcrossing of sweetpotato has allowed us to make 

some interesting proposals of the nature of variegation in this species. Our study found only 

cell-lineage based variegation in our germplasm collection. The fact that ‘Tricolor’ showed 

100% maternal inheritance of the variegation indicates that its variegation is due to a 

chloroplast mutation, specifically a periclinal plastid chimera generated by a chloroplast 

mutation. 

A spontaneous chloroplast mutation, either in chlorophyll synthesis or the plastid’s 

morphology, occurred in a shoot meristem cell resulting in the generation of an albino 

chloroplast. This heteroplastidic cell contained the single albino chloroplast among the other 

normal green chloroplasts, but through cell division, it sorted out to contain only mutant 

albino chloroplasts. The sorted homoplastidic cell, containing only mutant albino 

chloroplasts, continued to divide and eventually spread to form an all-mutant cell layer(s) 
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within the meristem. Our testcrossing proved that the chloroplast mutation lead to an albino 

L2 layer as the plants gametophytes are derived from this layer (Roberts, 2008) and 

chloroplasts are usually maternally inherited (Kirk and Tilney-Bassett, 1978; Yu et al., 2007). 

The regeneration of nonvariegated green plants, sprouted from ‘Tricolor’ storage roots, 

generated from stem cuttings of ‘Tricolor’, provides compelling evidence as to which cell 

layer the mutant chloroplasts reside in, confirming that it is in fact a periclinal chimera. 

Sweetpotato stem cuttings develop adventitious roots from preformed root primordia in the 

procambium subtending each leaf base (Belehu et al., 2004). In dicots, the procambium is 

part of the vascular cambial tissue derived from the L3 cell layer so the root primordia that 

develop into storage roots inherit their plastids exclusively from the L3 cell layer (Twyman, 

2003; Firon et al., 2009). The L1 layer in most dicot leaves is comprised solely of epidermal 

cells, which only contain chlorophyll in the guard cells, so an albino plastid mutation in the 

L1 cell layer is not always obvious to the naked eye (Marcotrigiano, 1997). The absence or 

non-expression of chlorophyll in the L2 cell layer of the ‘Tricolor’ leaf possibly allows for 

pink sectors to be visible along the edge of the chlorophyllous tissue where it is not covered 

by chloroplasts. Visually, the leaf of a periclinal plastid chimera, that has green (normal non-

mutant) plastids in the L1 and L3 layers, but albino (mutant) plastids in the L2 layer, would 

have the ‘Tricolor’ leaf phenotype of a white margin surrounding a green center 

(Marcotrigiano, 2001).  

The yellow and red variegation of ‘NCORN6712-057’ remains a bit of a mystery. Its 

variegation is somewhat different than all of the other clones observed since the entire plant 

is variegated and speckling occurs on both sides of the leaves independently. It is not 
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variegated due to the absence of chlorophyll in certain cells or areas of the plant, rather its 

variegation is the result of the lack of anthocyanin pigments in various areas of the plant. 

Because it initially proved completely sterile in testcrosses and had variegation present on 

plant structures other than the leaves, both being possible signs of semigamy, I initially 

hypothesized that it was a semigamous genetic mosaic. Semigamy was first reported in pima 

cotton (Gossypium barbadense L.) by Turcott and Feaster in 1967 (Chaudhari, 1978). 

Semigamy is the result of incomplete or abnormal fertilization. It occurs when the sperm cell 

penetrates the egg cell, undergoing syngamy but failing to achieve karyogamy (fusion of 

sperm cell with egg nuclei) (Curtiss et al., 2011). As a result, both male and female nuclei 

divide independently yielding an embryo with maternal and paternally derived tissue 

(Chaudhari, 1978; Curtiss et al., 2011). Depending on the plant species involved, the 

resulting progeny is either haploid having only the gametic chromosome number, as in pima 

cotton (Chaudhari, 1978), has the normal full chromosome number as a result of separate 

supplemental mitotic divisions of the male and female nucleus, or is a chimeral embryo with 

cells of mixed ploidy level as a result of supplemental mitotic divisions of the male nucleus 

in the embryo sac as in Cacoa (Theobroma cacao L.) (Lanaud, 1988; Curtiss et al., 2011). To 

date, semigamy in various forms has been documented in 13 species of plants but not in 

Ipomoea. Semigamy most likely occurs in many other plant species but likely goes 

undetected unless maternally and paternally derived cells are different colors (Marcotrigiano, 

1997). 

The variegation of ‘NCORN6712-057’ appears in such a way that suggests genetic 

mosaicism. The fact that all of its chloroplasts appear normal (as in there are no chlorotic 
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patches), it is nonfertile, variegation occurs on all plant structures except the corolla, and its 

pattern is completely random, makes a compelling case that semigamy may be involved. 

Furthermore, the maternal parent of this clone is yellow-leaved while the paternal parent is a 

“half-red” (its parentage is a purple leaved plant by a red leaved plant, itself having a purple 

leaved phenotype but able to produce red or purple leaved gametes) so that the possible 

semigamous chimera is visible due to the color difference in each set of parental cells. 

Though flow cytometry did yield quantifiable results of hexaploid status it is not decisive. A 

full sporophytic number of chromosomes does not disprove semigamy but does rule out the 

possibility of sterility due to a triploid genome size and makes semigamy less likely as the 

cause the of variegation seen in ‘NCORN6712-057’. More advanced genetic testing would 

be needed to confirm for certain if semigamy is the cause. 

Another possible explanation for the variegated phenotype seen in ‘NCORN6712-

057’ is unstable anthocyanin expression mediated by transposable elements. This type of 

transposon-mediated variegation has been proven in many plants including peach (Prunus 

persica (L.) Batsch). The peach cultivar ‘Pillar’ has an unstable variegated phenotype similar 

to ‘NCORN6712-057’ with sectors of red and green tissue in both the L1 and L2 histogenic 

layers (Chaparro et al., 1995). It was revealed through tests for allelism that the variegated 

phenotype resulted from an unstable allele that disrupts anthocyanin biosynthesis when acted 

upon by transposons (Chaparro et al., 1995). Red foliage in sweetpotato is the result of 

anthocyanin pigments being expressed over or under yellow base pigment and unlike 

chloroplasts, anthocyanins are expressed in all parts of the plant and all layers (Lev-Yadun 

and Gould, 2008). When the anthocyanins are not expressed in a red leaved sweetpotato, the 
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yellow pigmentation is visible and an unstable anthocyanin sweetpotato mosaic could be 

predicted to have this same phenotype since the instability occurs in both L1 and L2. Since 

‘NCORN6712-057’ is sterile, allelic testing cannot be conducted to determine if it possesses 

an unstable anthocyanin allele to prove this theory. The unstable nature of the anthocyanin 

expression also makes it an unsuitable for commercial release. 

Sweet Caroline ‘Green Yellow’ is variegated with cream speckles on green leaves, 

and demonstrates a phenotype that is consistent with transposable element activity. 

Transposable elements prevent chloroplast production or expression in some cells creating 

the speckled phenotype. The variegation occurs on only the adaxial portion of the leaves and 

nowhere else on the plant. This cell lineage based variegation is relatively stable but non-

variegated lateral shoots are sometimes observed. The variegation is a very fine speckling 

though sector size varies considerably depending on light intensity. Despite this, this cultivar 

is stable enough for commercial deployment, though not ideal.   

In the testcrosses, this clone produced only one variegated progeny out of 120, where 

it was the maternal parent in a cross with a nonvariegated tester line. This is an unexpectedly 

low frequency of variegation but its nonvariegated parent ‘Okinawa’ also produced a low 

rate of variegated progeny of 2.4% (4 out of 169) in crosses with tester lines. ‘Okinawa’ is 

able to produce 19% variegation in its progeny when it is self-pollinated, which is how Sweet 

Caroline ‘Green Yellow’ was generated.  

Sweet Caroline ‘Green Yellow’ resulted from a self-pollination of ‘Okinawa’. 

Variegated progeny are common from self-pollinations of ‘Okinawa’ as 19% (5 variegated + 

4 chlorotic out of 47) of the progeny were variegated. While ‘Okinawa’ is not variegated, it 
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has the genetic potential to produce variegated offspring. ‘Okinawa’ produced variegated 

offspring as a paternal parent when outcrossed to the non-variegated tester lines. One of 

‘Okinawa’s’ nonvariegated progeny that resulted from a cross with a non-variegated tester 

line was ‘NCORN7278-004’. It is very similar to ‘Okinawa’ in that while it is not variegated, 

it does produce variegated offspring at a rate of 33% (62 variegated and 14 chlorotic plants 

out of 230 progeny) when self-pollinated. The unstable variegation patterns on this clone’s 

variegated offspring and that of Sweet Caroline ‘Green Yellow’ are very similar and 

change during development. They are also affected by light and temperature with the most 

‘ideal’ and stable variegation occurring under warm, bright conditions. This light response of 

variegation, also noted in Sweet Caroline ‘Green Yellow’, has been documented before in 

Arabidopsis (Yu et al., 2007) and other environmental conditions such as daylength and 

temperature have affects on variegation in numerous other plant species (Evenari, 1989).   

Barbara McClintock first described unstable mutants in terms of transposable DNA 

through a series of experiments on Maize in the late 1940’s. She found that an activator-

dissociation (Ac-Ds) element system existed in Maize that allowed short regions of DNA to 

move from one chromosomal region to another. The activator, or Ac, element is a DNA 

region that can transpose autonomously and occur independently of the dissociation, or Ds 

element, but the Ds element requires activation by Ac to transpose. In the presence of Ac, Ds 

can transpose and insert itself elsewhere in the chromosome. This can disrupt normal gene 

function at the point of insertion or cause a chromosome break causing both the Ds element 

and any downstream loci to be lost (Howard and Dennis, 1984). If this DNA deletion or 
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insertion occurs in a region coding for plastid production or function, a variegated phenotype 

may result.  

Transposon based variegation has been documented in Ipomoea previously in the 

flowers and leaves of I. nil (L.) Roth. and I. purpurea (L.) Roth. (Abe et al., 1997; Ishikawa 

et al., 2002). These transposons belong to the As/Dc family described my McClintock and the 

plant’s variegation occurs in the same fashion and pattern as the type displayed in the leaves 

of Sweet Caroline ‘Green Yellow’ and other ‘Okinawa’ progeny. A recessive mutable 

speckled allele, and a dominant speckled-activator, or modulator gene, control transposon-

mediated variegation in Ipomoea purpurea. This autonomous dominant modulator gene 

controls the activity of the non-autonomous transposable element, which acts on the 

recessive speckled allele (Abe et al., 1997; Ishikawa et al., 2002). Variegation occurs when 

transposon insertion interrupts or deactivates a specific nuclear gene controlling plastid 

biogenesis to produce the variegated phenotype (Yu et al., 2007). It was later proposed that 

the transposable element causing the floral variegation in Ipomoea purpurea was 

autonomous and functioned independently of a modulator gene (Ishikawa et al., 2002). This 

type of transposon-mediated variegation restores pigment production in an already mutated 

gene and is thus different from the type of variegation seen in the foliage of ornamental 

sweetpotato where chlorophyll expression is disrupted since element. 

I propose that an Ac-Ds transposable element system similar to the one originally 

proposed in Ipomoea purpurea exists in Sweet Caroline ‘Green Yellow’ and its relatives. 

‘Okinawa’ may have a heterozygous speckled gene, that contains a recessive mutable 

speckled allele, and an autonomous heterozygous dominant modulator gene that acts on the 
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recessive speckled allele to produce variegation. When ‘Okinawa’ is self-pollinated, a certain 

portion of the progeny receives the homozygous dominant modulator gene and the 

homozygous recessive mutable speckled gene resulting in the activation of the speckled allele 

and a variegated phenotype. ‘Okinawa’ is likely heterozygous for the dominant modulator 

gene since 18.5% variegated progeny would be expected from self-pollination which is 

closer to the frequencies seen in the testcrosses of 19%. If ‘Okinawa’ had a homozygous 

copy of the modulator gene, then self-pollinations could not segregate for the allele. The fact 

that ‘Okinawa’s’ S1 progeny, ‘NCORN7278-004’, produced 33% variegated progeny from 

self-pollination is further support that ‘Okinawa’ has a heterozygous copy of the dominant 

modulator gene and is heterozygous for the mutable recessive speckled gene since 

approximately one third of variegated progeny are to be expected from self-pollinations when 

the dominant modulator gene is homozygous. It must be pointed out that sweetpotato is a 

hexaploid (2n=6x=90) whereas the aforementioned example of I. purpurea is a diploid 

(2n=2x=30).  

Of the variegation encountered in this study, the periclinal plastid chimera in 

‘Tricolor’ is by far the most stable variegation we have in our collection. The transposon-

based variegation type found in Sweet Caroline™ ‘Green Yellow’ and possibly 

‘NCORN6712-057 is not stable enough for commercial production and efforts to improve its 

stability have yielded no results. Our possible semigamous clone, ‘NCORN6712-057’ is 

sterile, and therefore a dead end for future breeding work. It also did not pass production 

trials for stability, as reversion was common. Though the variegation in ‘Tricolor’ has proven 

to be heritable, it is useless for breeding new stable variegated cultivars since the progeny are 
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completely chlorotic or revert to non-variegated phenotypes. The plastid mutation which 

caused its variegated phenotype was randomly occurring so other methods must be explored 

to induce periclinal plastid chimeras in ornamental sweetpotato that do not involve breeding 

with ‘Tricolor’. Mutagenesis has proven very successful in the development of variegated 

poinsettia varieties (Euphorbia pulcherrima Willd. Ex Klotz) most of which are the result of 

periclinal chimeras (Broertjes et al., 1988; Ecke, 2004) which have very stable variegated 

phenotypes (Marcotrigiano, 1997). This type of breeding may hold the key to future 

development of stable variegated sweetpotato varieties for ornamental release. 
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Table 1. Percentage of variegated progeny produced from testcrosses of the variegated 

clones studied. 

 

Z
Sweet Caroline™ ‘Green Yellow’ 

Y
“Tester” lines used in the study were one of three nonvariegated ornamental sweetpotato 

lines (NCORN4384-001, NCORN4782-001, and NCORN6305-013) crossed with the 

variegated parent to test for the inheritance of variegation. Crosses between tester lines and 

the variegated parent were bulked by variegated clone.  

Maternal 

Parent 

 Paternal 

Parent 

Nonvar. 

Progeny 

Var. 

Progeny 

Chlor. 

Progeny 

Total 

Progeny 

% Var. 

progeny 

SC GY
Z
 × Tester

Y
 32 1 0 33 3.0 

Tester
Y
 × SC GY

Z
 87 0 0 87 0.0 

   119 1 0 120 0.8 

        

Okinawa × Tester
Y
 49 0 0 49 0.0 

Tester
Y
 × Okinawa 116 4 0 120 3.3 

   165 4 0 169 2.4 

        

Okinawa × Okinawa 38 5 4 47 19.0 

        

Tricolor × Tester
Y
 0 19 10 29 100.0 

Tester
Y
 × Tricolor 151 4 1 156 3.2 

   151 23 11 185 18.4 

        
NCORN6712-

057 
× 

Tester
Y
 0 0 0 0 0.0 

Tester
Y
 

× NCORN6712-

057 0 0 0 0 0.0 

        
NCORN7278-

004 
× NCORN7278-

004 154 62 14 230 33.0 
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Figure 1. Description of the variegated phenotypes observed in our sweetpotato germplasm 

collection. 

Variegation types
Z
:  

Type 1: A speckled type of variegation that is present in three degrees 

   1st*- several very small speckles or dots cover the leaf surface. 

   2nd*- numerous very small speckles or dots cover the leaf surface, sometimes    

punctuated by larger sectors of variegation. 

   3rd*- large patches of variegation sometimes with small speckles. 

   True type 1 should not grow out of the variegation or it becomes type 4. 

  

Type 2: Tip color or temporal variegation 

   Leaf tips begin a lighter color, usually lime/yellow or bronze and then transition down to a 

darker color as leaves age (red then purple). 

   The overall effect is a multicolored plant. 

   Faint variegation is also present within each leaf that appears as variegated sectors that are 

slightly lighter or darker than the rest of the leaf. 

  

Type 3: Variegated leaf margin/ Margin Type 

   Very rare type of variegation in sweetpotato. Leaf margins lack anthocyanins. 

  

Type 4: Sports/Chimeras 

   One or more branches off of the main plant has reverted or mutated to a different (solid) 

color than the main plant. Stem should be all one color as well. 

   May have originally been type 1 and then grew out of the variegation. 

  

Type 5: Epidermal or Splotch 

   Leaves are one color while the center of the leave is a different color, usually darker than 

the background leaf color. 

 Ex.- Reddish purple hearts with a dark purple shiny splotch in the center 

  

Type 6: Abiotic 

   Variegation caused by abiotic factors 

   May be subtle to intense mottling, pale leaf margins or a combination thereof. 

                  Determined by placing cuttings into fresh mix to see if they grow out of it 

   Thrips feeding damage may also cause apparent variegation. 

   Herbicides can cause intense to fatal variegation especially Command
®
. 

  
Z
From observations of variegated phenotypes from our germplasm collection on 18 June 

2009. 
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Figure 2. Variegated phenotype of Ipomoea batatas ‘Tricolor’. 
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Figure 3. Variegated phenotype of Ipomoea batatas Sweet Caroline™ ‘Green Yellow’. 
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Figure 4a. Variegated phenotype of Ipomoea batatas ‘NCORN6712-057’. Variegated and 

solid yellow leafs are visible in the center of the plant demonstrating the instability of the 

anthocyanins. 
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Figure 4b. Expression of variegation on the stem and leaves of Ipomoea batatas 

‘NCORN6712-057’. 
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Figure 5. Nonvariegated phenotype of Ipomoea batatas ‘Okinawa’. 
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Figure 6. Phenotypic traits that were used to subjectively evaluate variegation in the progeny 

generated from testcrosses of the variegated parents used in this study.  

1. Is the plant exhibiting variegated? 

 Either yes (y) or no (n). 

 If the plant is variegated, continue on to finish rating in the other categories 

 

If no, stop here at step 1 UNLESS the plant has other desirable OSP attributes, then rate 

for nonvariegated ornamental characteristics. 

    

2. What type of Variegation was the plant breed for? 

 (1) Speckled variegation  

  (1st degree)  i.e. Sweet Caroline Green Yellow 

  (2nd degree) 

  (3rd degree)  i.e. Tricolor 

    

3. Pigment of variegation and leaf (variegation color/leaf color) 

 Use current sweetpotato leaf color descriptors where applicable 

 (c) cream   

 (w) white   

 (pk) pink   

 (r) red   

 (p1)-(p4) purples, (p1)- poor purple color to (p4)- intense purple color 

 (g) green   

 (b) bronze  

 (y) yellow   

    

4.  Percentage of variegation  

 Amount of plant/number of leaves that are variegated 

 (0)-(9) lowest to highest 

 (0) minimal variegation, very hard to find, limited to just one or two unique leaves 

 (4) ~40%: variegation is noticeable at "first glance" even if not evenly distributed 

 (6) ~60%: variegation is on about 60% of plant/leaves and is evenly distributed 

 (9) ~100% of plant/leaves variegated 

 (s) sport- add an 's' to indicate there is a sport that is different from the main plant 

    

5. Contrast of variegation  

 How much does the variegated portion of the plant "pop" from the rest of the plant? 

 (0)-(9) lowest to highest 

 (0) Variegation is extremely faint and is only visible after very close inspection 

  Variegation color is the same as leaf color just different tones 

 (4) Variegation contrast is noticeable but still subtle 
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Ratings (4) and below are faint with variegation color the same 

or similar to that of the leaf color. 

 

(9) Variegation really "pops", leaf color and variegation color are different (i.e. 

yellow/red). 

    

6. Floral Variegation   

 Are the sepals variegated? 

 (y) yes or (n) no  

    

7. Stem variegation?   

 Is stem variegated (y) yes or (n) no? 

    

8. Is variegation on adaxial side, abaxial side, or both? 

 (T) Adaxial  

 (U) Abaxial  

 (B) Both   

    

9. Vigor 

 0-9 for vigor  

 0 plant is dead due to variegation/chlorotic foliage 

 4 plant is weak  

 9 very vigorous, like sulfur 

Table 6 continued 
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Figure 7. Leaf of Ipomoea batatas ‘Tricolor’ progeny demonstrating paternal inheritance of 

‘Tricolor’ phenotype with a small sector of variegation. 

 

 

 

 


