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ABSTRACT 
 

Most staple food crops were domesticated thousands of years ago through independent 

processes across different regions of the world. Studies of the history of such crops have been 

essential to our understanding of plant domestication as a process that started with the collection 

of wild material and continued with subsequent propagation, cultivation, and selection under 

human care. Domestication often involves a complex genetic structure with contributions from 

multiple founder populations, interspecific hybridization, chromosomal introgressions, and 

polyploidization events that occurred hundreds to thousands of years earlier. Such intricate 

origins complicate the systematic study of the sources of phenotypic variation. 

The analysis of recently domesticated, non-traditional, non-model species, such as 

Sinningia speciosa (Gesneriaceae), can expand the knowledge that we have on phenotypic 

variation under domestication, and help us to comprehend modern patterns of plant 

domestication and to broaden our understanding of the general trends. S. speciosa is commonly 

known as the ‘florist’s gloxinia’, and it has been cultivated for 200 years as an ornamental 

houseplant. In our genomic study of S. speciosa, we examined an extensive diversity panel 

consisting of 115 individuals that included different species in the genus, wild representatives, 

and cultivated accessions, as well as 150 individuals from an F2 segregating population. Our 

analyses revealed that all of the domesticated varieties are derived from a single founder 



population that originated in or near the city of Rio de Janeiro in Brazil. We identified two loci 

associated with domesticated traits (flower symmetry and color) and did not detect any major 

hybridization or polyploidization events that could have contributed to the rapid increase in 

phenotypic diversity. Our findings, in conjunction with other features such as a small, low-

complexity genome, ease of cultivation, and rapid generation time, makes this species an 

attractive model for the study of genomic variation under domestication. 

Basic research on non-model organisms with low economic importance is uncommon but 

necessary to understand the world from a broader perspective. In such cases, reduced 

representation approaches like Genotyping-by-Sequencing (GBS) are efficient low-cost 

alternatives to whole genome resequencing. However, most of these technologies are subject to 

patent protection, licensing processes, and fees that constrain genomic research for small non-

profit research organizations. We have designed a protocol to construct reduced representation 

libraries from genomic DNA. Our approach, called Targeted Amplification of Scattered Sites 

(TASS), deviates from the traditional digestion-ligation-amplification process that is the subject 

of intellectual property that protects most current methods. Instead, TASS relies on 1) targeting 

and duplicating scattered regions in the genome by annealing and expanding long tail primers 

with short annealing sites, and 2) amplifying these regions using primers that are complementary 

to the added overhangs. At the moment GBS is more consistent and delivers more variants than 

TASS. However, we have established a foundation on which further optimization can produce an 

accessible, easy to implement, high-throughput genotyping approach.  
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GENERAL AUDIENCE ABSTRACT 
 

Most staple food crops were domesticated thousands of years ago through unrelated 

processes that were initiated across different regions of the world. Studies of the history of such 

crops have been essential to our understanding of plant domestication, a process that started with 

the collection of wild material and continued with subsequent propagation and cultivation under 

human care. Plant domestication has often involved a complex combination of ancestral lineages 

that encompass multiple populations, crosses with other species, and large DNA reorganizations 

that occurred hundreds to thousands of years earlier. Such intricate origins make the systematic 

study of plant domestication very challenging. 

The analysis of recently domesticated plants such as the ‘florist’s gloxinia’ (Sinningia 

speciosa), can help us to better understand some of the changes that have occurred during 

domestication, as well as to comprehend modern patterns of plant domestication and to broaden 

our understanding of general trends. Florist’s gloxinias are ornamental plants that have been 

cultivated during the last 200 years. In this study we examined 115 specimens, including wild 

and cultivated types of florist’s gloxinias, as well as closely related species in Sinningia. We also 

constructed and evaluated an artificial population of 150 individuals from the cross of a wild and 

a cultivated form.  Our analyses revealed that all of the domesticated varieties are descendants 

from a single wild population that originated in or near the city of Rio de Janeiro in Brazil. We 

also identified two regions of DNA that are responsible for the changes in flower shape and 



color, and crosses with other species did not introduce such alterations. Our findings, in 

conjunction with other features such as its small nuclear DNA content, the ease of cultivation 

indoors, and a rapid generation time, makes the florists’ gloxinia an attractive crop to the study 

the effects of plant domestication. 

Research on organisms with low economic importance is uncommon but necessary to 

understand the world from a broader perspective. In such cases, analyzing the entire genetic 

information that is stored as DNA may be cost-prohibitive. Instead, approaches that sample small 

portions of DNA from each individual can be utilized. Most of these technologies are currently 

patented and subject to licensing processes and fees that limit their implementation by small non-

profit research organizations. In this study we designed a protocol to sample small portions of 

DNA, similarly to existing techniques. However, our approach, called Targeted Amplification of 

Scattered Sites (TASS), employs a sampling process that deviates from the traditional patented 

procedure that is used in most current methods. At present, TASS is not as consistent and 

delivers less information than traditional approaches. However, we have established a foundation 

on which further optimization can produce an accessible and easy to implement technique. 
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CHAPTER 1: Introduction 

There are many interpretations of what domestication actually means depending on the 

point of view and scope of the field under consideration. Definitions range from narrow 

descriptions that are focused on interactions between humans and plants, such as “... a selection 

process for adaptation to human agroecological niches and, at some point in the process, human 

preferences” (Larson et al., 2014), to much broader interpretations that accommodate a range of 

domesticates and domesticators. For example, Zeder  (2015) offers the following definition: 

“Domestication is a sustained multigenerational, mutualistic relationship in which one organism 

assumes a significant degree of influence over the reproduction and care of another organism in 

order to secure a more predictable supply of a resource of interest, and through which the 

partner organism gains advantage over individuals that remain outside this relationship, thereby 

benefitting and often increasing the fitness of both the domesticator and the target domesticate”. 

Both statements describe domestication as a process, but the latter one conveys a better idea of 

the complexity of the matter and the interactions involved. 

 

1.1 The beginnings of plant domestication 

Humans cultivated plants for the first time more than 10,000 years ago in the region of 

the Fertile Crescent, where crops like wheat (Triticum sp.), barley (Hordeum vulgare), lentil 

(Lens culinaris), pea (Pisum sativum) and chickpea (Cicer arietinum) were grown for food 

production (Purugganan & Fuller, 2009). The set of practices and crops that were developed in 

this region constitute the first steps in the universal adoption of agricultural systems, and it was 

followed by at least 13 other independent domestication events across different regions 

throughout the next 6,000 yrs. In a historical context, this shift occurred within a short period of 
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time relative to the 200,000 years during which modern humans had subsisted as hunter-

gatherers (White et al., 2003). Currently, there is no widely accepted explanation for this 

universal, almost synchronized, but independent transition to agricultural systems. Many factors, 

including climate change and a generalized increase in population pressure, have been 

considered to be the main drivers of this transition (Larson et al., 2014). It has also been 

proposed that the development of technologies associated with fishing, seed gathering, and food 

processing (i.e. food conservation) stimulated the transition into agriculture. This is because such 

improvements generated alimentary surpluses that translated into socioeconomic inequalities, 

hierarchies, and economic competition which, in turn, incentivized hunter-gatherers to produce 

more regardless of the absolute levels of production and consumption of the entire group 

(Hayden, 2009). 

The move towards agriculture involved the gathering of wild material that was brought 

back to settlements for cultivation. During the early stages of this process, human selection of 

plants with specific traits was most likely unintentional. For example, seeds of wild cereals tend 

to shatter spontaneously to ensure their dispersion and germination in their natural habitat. But 

this characteristic also made it more difficult for humans to gather seeds; thus, sporadic mutants 

lacking the shattering phenotype were more likely to be collected and used for cultivation 

(Diamond, 2002). Repeated inadvertent selection over multiple cycles of cultivation eventually 

fixated the non-shattering alleles in the cultivated material. The specific number of cycles or the 

speed at which this and other important traits were fixed varies from crop to crop, and in multiple 

cases it has proven hard to estimate. For some species, it could have taken as little as 200 years 

or as much as 4,000 years (Larson et al., 2014). Such extreme differences can be attributed to the 

complexity of plant domestication, a process that often involved unintended wild introgressions, 
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hybridizations, polyploidizations, migrations, etc. All these factors not only affect the actual 

speed at which allele fixation is reached, but they also complicate researchers’ ability to estimate 

it. 

 

1.2 Importance of plant domestication 

Through the domestication of plants, humans transformed the phenotypes and genetic 

structure of ancestral species, facilitating their management under agricultural systems as well as 

favoring their utilization as foods, textiles, medicines, ornaments, and other purposes. Precise 

understanding of the genetic background of modern crops allows plant breeders to make critical 

decisions regarding the composition of the germplasm that is maintained in their programs, and 

provides information to design efficient breeding strategies that allow for conserving/increasing 

genetic diversity among elite populations as well as introgressing specific alleles into cultivated 

lines. The identification of domestication genes and their corresponding effects on plant 

phenotypes are also important to understand the dynamics of plant domestication. This set of 

phenotypic changes that is shared across multiple crops is commonly known as the 

“domestication syndrome”. Examples of these convergent adaptations include a reduced ability 

to disperse seeds, reduced levels of toxic compounds, reduced levels of seed dormancy, reduced 

branching, increased uniformity of seed maturation, and larger fruits or grains (Abbo et al., 

2014). Many of these changes were introduced into some of the most important crops in the 

world, for example in rice, wheat and corn; which currently constitute the top three plant sources 

of calories in the human diet (Ross-Ibarra et al., 2007).  

Despite the significant changes that domestication imposed on plant species, 

domestication catalyzed even bigger changes on human societies by propelling them away from 
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hunting and gathering practices and into the cultivation of crops. This change eventually led to 

the establishment of cities, the transformation of global demography, and in general, to the 

development of human civilization as we know it (Diamond, 2002; Hillman & Davies, 1990; 

Ross-Ibarra et al., 2007). The immediate economic and societal consequences were substantial, 

and populations that were located in early centers of domestication accumulated wealth and 

developed considerably faster than those situated away from them. This eventually allowed these 

populations to conquer others and expand into new territories. It has been suggested that this is 

the reason why about 88% of the current human population speak languages that are derived 

from two of the earliest centers of domestication, the Fertile Crescent and parts of China 

(Diamond, 2002).  

Another important aspect of studying plant domestication is that it can provide clues to 

better understand evolution. Charles Darwin (1859) compared the consequences of natural 

selection with those from adaptation under domestication, and claimed that unconscious 

selection was in fact no different from natural selection (Ross-Ibarra et al., 2007). 

Coincidentally, most plant modifications associated with the domestication syndrome likely 

occurred under the pressure of unconscious selection (Heiser, 1988). Nowadays, plant 

domestication is viewed as a simplified system in which to study natural selection, given that 

crops have diverged recently and under fewer selective pressures that are understood better than 

their evolutionary counterparts. For example, domestication can help us understand important 

factors during the earliest stages of speciation, such as the mechanisms underlying reproductive 

barriers and whether hybrid incompatibilities are a common result of divergent selection (Kantar 

et al., 2017). 
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1.3 Classic examples of plant domestication 

The human diet relies heavily on a small number of crops that were domesticated 

thousands of years ago in different parts of the world. Maize (Zea mays), for example, was 

domesticated in southern Mexico from the wild grass teosinte (Zea mays ssp. parviglumis) about 

10,000 yrs. ago. The crop as we know it is the result of a single domestication event (Matsuoka 

et al., 2002), but significant gene flow, mainly from the subspecies mexicana, affected the 

process and contributed substantially to its genetic diversity. During domestication teosinte lost 

its ability to branch prolifically, and the numerous ears that initially contained merely a few 

small grains were replaced by only one or two ears, each with more and bigger grains in the 

cultivated types (Jian et al., 2019). The domesticated form was then introduced into the US 

Southwest around 4,000 years ago. 

The domestication history of maize contrasts with that of rice (Oryza sativa), in which 

the origin remains controversial. The wide geographical area in which the ancestor of rice (O. 

rufipogon) is found has made it more challenging to pinpoint a specific region of domestication. 

Previous studies have suggested multiple locations in China, southeast Asia, the southern side of 

the Himalayas, and other places including northern India (Callaway, 2014). Single origin models 

propose that differentiation between the two main types of rice (the subspecies japonica and 

indica) occurred after domestication, because they share specific mutations in important genes 

that control domesticated traits. Under this scenario, it has been proposed that subspecies 

japonica was domesticated in China (Huang et al., 2012) and later found its way to India, where 

intentional hybridizations with local rice produced subspecies indica (Molina et al., 2011). 

Instead, multiple origin advocates propose that these subspecies actually hybridized after 

independent domestication from different populations of O. rufipogon (Molina et al., 2011).  
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Unlike rice, most scientists agree that common bean (Phaseolus vulgaris) was 

domesticated independently twice, first in the Andes of South America about 5,000 years ago, 

and again 3,000 years ago in Mesoamerica (Bitocchi et al., 2013). However, the Andean wild 

gene pool actually originated from an ancestral population in Mesoamerica approximately 

165,000 years ago (Bitocchi et al., 2011; Schmutz et al., 2014). Through sequencing analyses, 

more than 50 candidate domestication genes have been identified as being targeted across both 

independent events, but only a few cases, such as the gene Shattering1, have been confirmed 

(Gaut et al., 2014). Some of the most noticeable phenotypic changes include loss of seed 

dispersal ability and seed dormancy, compact growth habit (a combination of traits including 

determinacy, non-twining branches, few vegetative nodes, and long internodes.), an increase in 

size of pods and seeds, and changes in pigmentation (Koinange et al., 1996). 

 

1.4 General characteristics of plant domestication 

Traditionally, domestication was thought to have occurred in a few isolated regions 

referred to as “centers of domestication” from which it expanded to other places through human 

migration or trade (Kantar et al., 2017). However, as discussed in the few examples above, plant 

domestication occurred as a continuous process that varies widely in complexity from crop to 

crop, and the identification of “centers” is sometimes an oversimplification of the crop’s history. 

Regardless of the details underlying specific cases, in all situations, humans collected limited 

amounts of plant material from a larger pool of genetic resources that was available in nature. 

This created an immediate genetic bottleneck because only a subset of wild type alleles was 

brought into cultivation. In some cases, additional bottlenecks occurred in later stages as crops 

migrated from region to region or as they were improved for specific uses (Kantar et al., 2017). 
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The selective pressure on domestication traits often created selective sweeps that caused 

the fixation of large genomic regions around the genes controlling such traits. For this reason, 

chromosomal regions with reduced genetic diversity have been seen by scientists as signatures of 

adaptation that point towards the targeted genes. Another circumstance that led to a reduction in 

genetic diversity is the small population sizes that were typically introduced to cultivation. Small 

populations are affected by genetic drift, an effect under which alleles are lost in future 

generations due to random sampling of the parental variants, thus driving a population towards 

genetic uniformity over time. In some cases, gene flow between crops and wild relatives helped 

to mitigate the effects of genetic bottlenecks, selective sweeps, and genetic drift; but this could 

have also lengthened the process of domestication considerably.  

The identification and interpretation of domestication signatures in the genomes of 

modern crops are difficult tasks because they arise from complex interactions between humans, 

plant species, and the environment. Also, for the majority of staple food crops, these events took 

place thousands of years ago, a time frame that complicates analyses even further. Due to the 

complexity of the subject and its significant impact on the development of modern human 

societies, the domestication of economically important crops has been a subject of interest across 

many disciplines, including biology, genetics, anthropology, and archeology. 

This study focuses on the effects that cultivation has had on an ornamental flowering 

plant, Sinningia speciosa. The species is commonly known as the ‘Florist’s Gloxinia’ in 

horticulture, and has been cultivated for approximately 200 years, a very short time in the 

historic context of the major food crops. Nonetheless, significant phenotypic changes have been 

introduced and some have been fixed among the cultivated types, which is a pattern that 

resembles those observed in major crops domesticated a long time ago. In this study we aim to 
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close the gap in time associated with traditional domestication studies to gain an understanding 

of the effects of modern forms of domestication. We reconstructed the domestication of S. 

speciosa using genomic information collected with Genotyping-by-Sequencing (GBS) (Elshire et 

al., 2011) from a biodiversity panel of domesticated and wild forms and from a segregating F2 

population that helped us identify specific loci associated with domesticated traits. This study 

establishes a foundation that will allow us to use S. speciosa as a model species in which to 

analyze the effects of domestication on modern crops. This framework will hopefully allow us to 

gain a deeper understanding of the molecular mechanisms that drive the creation of extensive 

phenotypic variation often observed under limited amounts of genetic diversity. 

 

1.5 Searching for alternative methods of genotyping 

Basic research on non-model organisms with low economic importance is uncommon but 

necessary to understand the world from a broader perspective. Because funding is extremely 

limited in most of these cases, it is necessary to reduce research costs as much as possible. One 

way to reduce the cost of genotyping is to use reduced representation libraries (RRLs) of 

genomic DNA, in which only a small fraction of the organism’s genome is sequenced, allowing 

high levels of multiplexing even for organisms with large genomes. These reduced 

representation methods usually survey a large set of loci that are “randomly” distributed across 

the chromosomes to reveal a large number of polymorphisms, mainly as SNPs, that are 

consistently captured across samples. However, some of the most popular approaches used to 

create such libraries (e.g. GBS, Rad-seq, etc.) are protected under a patent that was originally 

filed in regards to the development of Amplified Fragment Length Polymorphism (AFLP) 

markers back in 1995 (Vos et al., 1995). Any use of such technologies is therefore subject to 
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complying with application procedures and fees associated with licensing, or the use of licensed 

service providers. All of these RRL approaches rely on the fundamental processes of DNA 

digestion, adapter ligation, PCR amplification, and library sequencing. In the third chapter of this 

thesis we present a different approach to produce RRLs from genomic DNA. 
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2.1 Abstract 

The process of domestication often involves a complex genetic structure with 

contributions from multiple founder populations, interspecific hybridization, chromosomal 

introgressions, and polyploidization events that occurred hundreds to thousands of years earlier. 

These complex origins complicate the systematic study of the sources of phenotypic variation. 

The Florist’s Gloxinia, Sinningia speciosa (Lodd.) Hiern, was introduced into cultivation in 

England two hundred years ago from botanical expeditions that began in the 18th century. Since 

that time, amateur plant breeders and small horticultural companies have developed hundreds of 

cultivars with a wide range of flower colors and shapes.  

In our genetic study of S. speciosa, we examined an extensive diversity panel consisting 

of 115 individuals that included different species, wild representatives, and cultivated accessions. 

The analysis revealed that all of the domesticated varieties are derived from a single founder 

population that originated in or near the city of Rio de Janeiro in Brazil. We did not detect any 

major hybridization or polyploidization events that could have contributed to the rapid increase 

in phenotypic diversity. Through a QTL analysis on an F2 population we identified significant 

single locus effects for flower symmetry and color, two traits that were noticeably modified 

during cultivation. Within the QTL for flower symmetry we located a CYCLOIDEA-like gene 

with two small deletions in the coding region that co-segregated perfectly with the actinomorphic 

phenotype. Similar genes are responsible for suppressing growth in the dorsal organs of wild-

type zygomorphic flowers of Antirrhinum majus (snapdragon). 
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Our findings, in conjunction with other features such as a small, low-complexity genome, 

ease of cultivation, and rapid generation time, show that this species is an attractive model for the 

study of genomic variation under domestication. 

 

2.2 Summary Impact Statement 

Domesticated plants are essential to the development of agricultural societies. One of the 

requirements for domestication is that an organism has useful phenotypes that we can select, and 

an important question to ask is “where do these phenotypes come from”?  Charles Darwin (1868) 

was one of the first scientists to observe that many domesticated species (e.g. dogs, rabbits, 

sheep, pigeons, etc.) show a higher level of phenotypic diversity compared with their wild 

relatives. The attempts to elucidate the sources of phenotypic diversity associated with crops are 

often obscured by their complicated origins that involve hybridization, polyploidization, and the 

incorporation of chromosomal regions (introgression) from other species. Our hypothesis is that 

some recently-domesticated ornamental crops originating from progenitor plants collected during 

the botanical expeditions of the 18th and 19th centuries are derived from single wild populations, 

and that they did not experience hybridization or introgressions from other species. The 

identification of such species in the genomic era may establish a framework to enable a better 

understanding of the molecular mechanisms that underlie the phenotypic diversity that arises 

during the process of plant domestication. 

 

2.3 Introduction 

Darwin’s treatise (1868) on variation and domestication sparked over a century of 

research into the patterns of variation that are found in domesticated plants and animals. The 
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evolutionary histories of major domesticated food crops such as wheat, soybeans, rice, and maize 

have been well studied by geneticists, evolutionary biologists, and anthropologists interested in 

multiple aspects of their divergence from wild progenitors (Kantar et al., 2017). Such crops have 

been essential to our understanding of plant domestication as a process that began ca. 10,000 

years ago with the harvest of wild material for the purpose of propagation. The initial and 

subsequent cycles of harvesting and planting allowed humans to (consciously and/or 

unconsciously) select phenotypes that satisfied human needs and benefitted cultivation across 

different geographical regions. As would be expected, the details underlying this simplified 

description of plant domestication are complex and vary across species. For example, 

unintentional gene flow between crops and wild plants can significantly slow the process of 

domestication (Baute et al., 2015), and when geographically differentiated relatives are involved, 

estimating the time and location of domestication of major crops can become a complex task 

(Larson et al., 2014). This situation often leads researchers to erroneously infer multiple 

domestication events from what was most likely a single process (Huang et al., 2012). Clearly, 

human-plant interactions have changed drastically since the time when landraces were selected.  

Factors such as increased levels of selection, the ability to efficiently transport plant material 

around the world, and the development of specialized agricultural systems and breeding 

programs have all had a major impact on the dynamics of plant domestication. However, studies 

on recently-domesticated horticultural crops are limited, and major food crops continue to 

contribute disproportionately to the literature on plant domestication (Meyer et al., 2012). As a 

group, ornamental crops have been overlooked, and genomic comparisons with their wild 

relatives are uncommon. The study of non-traditional, non-model species, such as Sinningia 
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speciosa, is essential to expand the knowledge that we have on modern patterns of plant 

domestication and to broaden our understanding of general trends. 

S. speciosa (Gesneriaceae), also known as the ‘florist’s gloxinias”, is a perennial, 

herbaceous, long-lived tuberous flowering plant native to the Atlantic Coastal Forests of 

southeastern Brazil.  This ornamental houseplant has a well-documented domestication history 

covering the brief 200 years since it was first collected from natural populations. S. speciosa 

belongs to the monophyletic tribe Sinningieae, a relatively small clade encompassing three 

genera and 85 species.  Despite this paucity of species, the group spans a remarkable range of 

flower forms and colors that have diverged into four pollinator syndromes (Perret et al., 2003).  

The species range from minute herbaceous plants with perennial tubers (such as S. pusilla) to 

large, woody shrubs that do not have tubers (Paliavana prasinata, for example) (Perret et al., 

2006).  Artificial interspecific hybrids are not uncommon across the tribe, so many species are 

potential sources of phenotypic diversity within the cultivated forms. 

S. speciosa is an excellent model for studying plant domestication for several reasons. 

First, it is of relatively recent introduction (ca. 200 years), so founder population alleles may 

remain well represented among extant natural populations. Moreover, given that most cultivated 

forms of S. speciosa have been maintained and bred far from their native habitat in Brazil, the 

chance of unintentional gene flow between wild and cultivated plants is minimal. Like other 

model domestication systems (e.g. corn) cultivated forms of S. speciosa show striking 

phenotypic divergence from natural populations (Figure 1, Table 1). While the diversity of some 

ornamental traits such as flower color and corolla pattern has increased over time, flower 

symmetry has shifted from the natural zygomorphic type to the mutant actinomorphic form, 

which is practically fixed in the commercial cultivars.  Similar patterns of trait fixation and 
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diversification have previously been associated with the initial stages of crop domestication and 

later phases of improvement (Meyer & Purugganan, 2013). Importantly, because of the short 

domestication history, there are numerous written and pictorial records in horticultural 

magazines and catalogues from nurseries and botanical gardens that provide information about 

the introduction, cultivation, breeding, and commercialization of particular phenotypes.  This 

information reveals the chronological order in which most of the major mutations appeared and 

were incorporated into the cultivated material. Together, these resources significantly enhance 

the application of genomic tools to accurately reconstruct the domestication of the species, 

identify founder populations, and search for hybridization and polyploidization events that could 

explain the generation of so much phenotypic diversity over such a relatively short period of 

time. 

Genotyping-by-sequencing (GBS) (Elshire et al., 2011) combines high-throughput next-

generation DNA sequencing with the construction of highly multiplexed pools of reduced-

representation genomic libraries to provide genome-wide genotyping at an affordable cost. This 

level of efficiency is essential when studying non-model organisms of low economic importance 

for which whole genome resequencing may be cost prohibitive. Using single nucleotide 

polymorphisms (SNPs) obtained through GBS, we characterized a collection of wild and 

cultivated S. speciosa individuals to measure the effects of domestication on the level of genetic 

diversity, genetic structure, and demography. Additionally, plants in a segregating F2 population 

were phenotyped and genotyped (GBS) to find QTLs and pinpoint candidate genes associated 

with domestication traits. We also estimated genome sizes using flow cytometry to determine the 

impact of polyploidization events or significant genome expansions that could be potential 

sources of phenotypic diversity. Finally, we genotyped several species across the three major 
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clades in the tribe Sinningieae to explore the potential for hybridization among members of the 

tribe.  

 

 
Figure 1. Floral phenotypic diversity in Sinningia speciosa represented in wild accessions (A-
D): A- “Pedra Lisa”; B- “São Conrado”; C- “Avenida Niemeyer”; D- “Buzios”; historic 
botanical drawings (E-H):  E- Maund, B., Henslow, J.S. (1838) Gloxinia speciosa; “Showy 
Gloxinia”. The Botanist, 2; plate 105; F- Lemaire, C., Van Houtte, L. (1848) Gloxinia Fyfiana 
(hybrida). Flore des Serres et des Jardins de L’Europe 4, 311; G- Neumann (1846) Gloxinia 
caulescens “Teuchlerii”. Revue Horticole, 5 (second series); 301; H- Lemaire, C., Verschaffelt, 
A. (1855) Gloxinia speciosa “Adamas-Oculata”. L’Illustration Horticole 2, planche 62; and 
domesticated accessions (I-L): I- Unknown cultivar found at a nursery in Costa Rica; J- Cultivar 
‘Peridot’s Darth Vader’; K- Cultivar ‘Empress Red’; L- Double corolla cultivar ‘Love Potion’. 
 
 

 

 

 

 

 

 

 

A

B

C

D F

G

H

E

I

J

K

L



 19 

Table	1.	Comparison	of	phenotypic	diversity	across	wild	and	cultivated	forms	of	S.	speciosa	
Trait	 Wild	 Domesticated	
Overall	flower	size	 Small	 Small	

	
Medium Medium	

	  
Large	

Corolla	color	 Lavender	 Lavender	

	
Purple	 Purple	

	
White	 White	

	
Pink	 Pink	

	  
Blue	

	  
Red	

Overall	color	pattern	 Dotted-low	 Dotted-low	

	 	
Dotted-medium	

	  
Dotted-full	

	  
Solid	color	

Color	pattern	on	edge	 Soft	edge	 Soft	edge	

	  
Defined	edge	

Orientation	 Zygomorphic	 Zygomorphic	

	  
Actinomorphic	

Corolla	 Single	 Single	

	  
Double	

	  
Multiple	

Number	of	petals	 Five	 Five	

	  
Six	to	nine	

 

2.4 Materials and Methods 

Plant material 

Biodiversity panel: We analyzed a collection of 115 individuals classified in the tribe 

Sinningieae. Living plant material or extracted DNA was obtained from several different 

sources. Most cultivated types were purchased from two commercial growers; The Violet Barn 

in the U.S. (Naples, NY) and Koeman Flowerbulbs in the Netherlands (Hem, North Holland). 

Most of the wild accessions were obtained through The Gesneriad Society Seed Fund and/or 

from the private collections of members of The Gesneriad Society. The wild accessions have 
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been maintained and propagated either clonally or by seed in the U.S. for several years, and the 

names given to the different populations represent their geographical collection sites in Brazil 

(Figure 2). To capture as much genetic diversity as possible among the domesticated forms of S. 

speciosa, we purchased a number of cultivars sold exclusively in Europe. These plants were sent 

to the Colombo laboratory in the University of Milan (Italy) where the DNA was extracted and 

then shipped to the U.S. A number of other samples were also received as purified DNA. Of the 

115 individuals, 58 were S. speciosa and included 21 wild representatives, 30 domesticated, four 

semi-domesticated, and three F1 individuals produced in the Virginia Tech School of Plant and 

Environmental Sciences greenhouse (Table 2). The semi-domesticated group consisted of old 

cultivated material of generally wild appearance, but with larger flowers. The F1 individuals 

were included in the study as controls for the population structure analysis; one was the result of 

a cross between a wild form and a cultivar (Búzios x ‘Empress’), while the other two were full-

sibs generated from a cross between two commercial cultivars (‘Love Potion’ X ‘Good 

Morning’).  The remaining 57 individuals represented 32 other species and nine hybrids sampled 

from across the three major clades of the tribe Sinningieae; Sinningia, Corytholoma, and 

Dircaea. Four other Sinningia individuals of unknown species were also included in this group 

(Table 3). 
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Figure	2.	Approximate	collection	sites	in	Brazil	for	nine	wild	populations	of	S.	speciosa	for	which	
geographic	data	were	available.	“Buzios”	refers	to	the	collection	site	in	the	seaside	town	of	
Armação	dos	Búzios	in	southeastern	Rio	de	Janeiro	state.	

 

Table 2. Sinningia speciosa collections, cultivars, and DNA samples used in this study 
Group Name Source Type 
Domesticated ‘Aurora Borealis’ J. Roberts Cutting 
Domesticated ‘Bestsennaia Roskosh’ The Violet Barn Plant 
Domesticated ‘Blue Dandy’ The Violet Barn Plant 
Domesticated ‘Blue Knight’ The Violet Barn Plant 
Domesticated Charles Lawn 2009 Dale Martens Plant 
Domesticated ‘Darth Vader’ The Violet Barn Plant 
Domesticated ‘Deadly Romance’ The Violet Barn Plant 
Domesticated ‘Diego Pink’ The Violet Barn Plant 
Domesticated ‘Empress’ - Purple Gesneriad Society Seeds 
Domesticated ‘Empress’ - Purple Stokes Seeds Ltd. Plant 
Domesticated ‘Empress’ - Red Gesneriad Society Seed 
Domesticated ‘Empress’ - Red Stokes Seeds Ltd. Plant 
Domesticated ‘Galaxy Tour’ The Violet Barn Plant 
Domesticated ‘Good Morning’ The Violet Barn Plant 
Domesticated ‘Hollywood’ Koeman Flowerbulbs Plant 
Domesticated ‘Javier’ J. Mavity-Hudson Plant 
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Table 2. Sinningia speciosa collections, cultivars, and DNA samples used in this study 
(continued…) 
Group Name Source Type 
Domesticated ‘Kaiser Friedrich’ Koeman Flowerbulbs Plant 
Domesticated ‘Kleopatra’ The Violet Barn Plant 
Domesticated ‘Lorna Ohlgren’ Deborah Ohlgren (MN) DNA 
Domesticated ‘Love Potion’ The Violet Barn Plant 
Domesticated ‘Merry Christmas’ The Violet Barn Plant 
Domesticated ‘NT-Milye Vesnushki’ The Violet Barn Plant 
Domesticated ‘Roi de Rouge’ Koeman Flowerbulbs Plant 
Domesticated ‘Strawberry Jam’ The Violet Barn Plant 
Domesticated ‘Tigrina Red’ Koeman Flowerbulbs Plant 
Domesticated ‘TV Faeton’ The Violet Barn Plant 
Domesticated ‘Violacea’ Koeman Flowerbulbs Plant 
Domesticated ‘White’ The Violet Barn Plant 
Domesticated ‘White-KB’ Koeman Flowerbulbs Plant 
Semi-domesticated ‘Dona Lourdes’ M. Peixoto Plant 
Semi-domesticated ‘Guatapara’ M. Peixoto DNA 
Semi-domesticated ‘Pink Itaquera’ M. Peixoto DNA 
Semi-domesticated ‘Purple’ M. Peixoto Plant 
Wild Avenida Niemeyer Charles Marden Fitch Plant 
Wild Armação dos Búzios Gesneriad Society Seed 
Wild Carangola D. Zaitlin Plant 
Wild Cardoso Moreira D. Zaitlin Plant 
Wild Cardoso Moreira - pink D. Zaitlin Plant 
Wild Chiltern Seeds Gesneriad Society Plant 
Wild Conceição de Macabu D. Zaitlin DNA 
Wild Imbé D. Zaitlin Plant 
Wild Imbé D. Zaitlin DNA 
Wild ‘Lavender Queen’ Jon Dixon DNA 
Wild Mamangá D. Zaitlin DNA 
Wild Miguel Pereira D. Zaitlin Plant 
Wild Miguel Pereira Gesneriad Society Seed 
Wild Pedra Lisa D. Zaitlin Plant 
Wild Poço Parado D. Zaitlin Plant 
Wild ‘Regina’ Irina Nicholson (CO) DNA 
Wild ‘Seidel’ D. Zaitlin Plant 
Wild ‘Seidel’ D. Zaitlin DNA 
Wild Resende D. Zaitlin DNA 
Wild São Fidelis D. Zaitlin DNA 
Wild WT01 J. Roberts Cutting 
Test Búzios x ‘Empress’ F1 In-house cross Plant 
Test ‘L. Potion’ x ‘G. Morning’ In-house cross Plant 
Test ‘L. Potion’ x ‘G. Morning’ In-house cross Plant 
 
 



 

Table 3. Other species in tribe Sinningieae 
Clade Genus Species Name/Cultivar Source Type 
Sinningia Sinningia gesneriifolia 

 
J. Roberts Cutting 

Sinningia Sinningia guttata 
 

D. Zaitlin DNA 
Sinningia Sinningia guttata 

 
D. Zaitlin DNA 

Sinningia Sinningia hellerii 
 

D. Zaitlin Plant 
Sinningia Sinningia hellerii 

 
D. Zaitlin Plant 

Sinningia Sinningia hirsuta 
 

J. Roberts Cutting 
Sinningia Sinningia macrophylla 

 
D. Zaitlin DNA 

Sinningia Sinningia tuberosa 
 

D. Zaitlin Plant 
Sinningia Paliavana prasinata 

 
D. Zaitlin DNA 

Corytholoma Sinningia aggregata 
 

J. Roberts Cutting 
Corytholoma Sinningia amambayensis 

 
J. Roberts Cutting 

Corytholoma Sinningia bragae 
 

D. Zaitlin Plant 
Corytholoma Sinningia brasiliensis ‘Leopoldina’ Gesneriad Society Plant 
Corytholoma Sinningia curtiflora 

 
Gesneriad Society Plant 

Corytholoma Sinningia muscicola 
 

J. Roberts Cutting 
Corytholoma Sinningia pusilla ‘White Sprite’ J. Roberts Cutting 
Corytholoma Sinningia richii ‘Itamaraju’ (purple flowers) D. Zaitlin DNA 
Corytholoma Sinningia sellovii 

 
J. Roberts Cutting 

Corytholoma Sinningia tubiflora 
 

D. Zaitlin DNA 
Corytholoma Sinningia tubiflora 

 
D. Zaitlin DNA 

Corytholoma Sinningia valsuganensis 
 

J. Roberts Cutting 
Corytholoma Sinningia warmingii 

 
D. Zaitlin Plant 

Corytholoma Sinningia warmingii 
 

J. Roberts Cutting 
Dircaea Sinningia bullata 

 
Gesneriad Society Plant 

Dircaea Sinningia cardinalis MP0458 D. Zaitlin Plant 
Dircaea Sinningia cardinalis 

 
J. Roberts Cutting 

Dircaea Sinningia conspicua 
 

J. Roberts Cutting 
Dircaea Sinningia douglasii 

 
D. Zaitlin Plant 

Dircaea Sinningia douglasii 
 

J. Roberts Cutting 
Dircaea Sinningia douglasii 

 
D. Zaitlin DNA 

Dircaea Sinningia douglasii 
 

D. Zaitlin DNA 



 

 
Table 3. Other species in tribe Sinningieae (Continued…) 
Clade Genus Species Name/Cultivar Source Type 
Dircaea Sinningia eumorpha ‘Clenilson’ D. Zaitlin DNA 
Dircaea Sinningia eumorpha ‘Saltão’ D. Zaitlin DNA 
Dircaea Sinningia glazioviana 

 
J. Roberts Cutting 

Dircaea Sinningia globulosa 
 

J. Roberts Cutting 
Dircaea Sinningia iarae 

 
The Gesneriad Society Plant 

Dircaea Sinningia iarae 
 

J. Roberts Cutting 
Dircaea Sinningia lineata 

 
J. Roberts Cutting 

Dircaea Sinningia macrostachya 
 

D. Zaitlin Plant 
Dircaea Sinningia macrostachya 

 
J. Roberts Cutting 

Dircaea Sinningia reitzii 
 

J. Roberts Cutting 
Dircaea Sinningia reitzii ‘Black Hill’ J. Roberts Cutting 
Dircaea Sinningia reitzii ‘New Zealand’ J. Roberts Cutting 
Dircaea Sinningia striata 

 
D. Zaitlin Plant 

Hybrid Sinningia hybrid S. speciosa Resende x S. helleri D. Zaitlin Plant 
Hybrid Sinningia hybrid ‘Deep Purple Dreaming’ The Violet Barn Plant 
Hybrid Sinningia hybrid ‘An's Nyx’ The Violet Barn Plant 
Hybrid Sinningia hybrid ‘Amanda's Penny’ The Violet Barn Plant 
Hybrid Sinningia hybrid Sinningia ‘Apricot Bouquet’ J. Roberts Cutting 
Hybrid Sinningia hybrid Sinningia ‘Yma’ J. Roberts Cutting 
Hybrid Sinningia hybrid Sinvana ‘Mount Magazine’ J. Roberts Cutting 
Hybrid Sinningia hybrid Paliavana sp. x S. gerdtiana J. Roberts Cutting 
Hybrid Sinningia hybrid S. leucotricha x S. iarae J. Roberts Cutting 
Hybrid Sinningia hybrid S. bullata x S. conspicua J. Roberts Cutting 
Unknown Sinningia sp. 

 
J. Roberts Cutting 

Unknown Sinningia sp. 
 

J. Roberts Cutting 
Unknown Sinningia sp. 

 
J. Roberts Cutting 

Unknown Sinningia sp. 
 

J. Roberts Cutting 
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F2 Population: Biparental F1 individuals were developed from the cross of the wild type 

Búzios and the cultivar ‘Empress’ (red-flowered form) by D. Zaitlin at the University of 

Kentucky. The parents differ noticeably in flower symmetry (zygomorphic vs. actinomorphic) 

and color (purple vs. red), among other traits. The heterozygous F1 individuals were then self-

pollinated to develop a population of 167 segregating F2 seedlings that were cultivated in the 

School of Plant and Environmental Sciences’ greenhouses at Virginia Tech, where the plants 

were also phenotyped.  

 

DNA extraction, library preparation, and Illumina DNA sequencing 

Genomic DNA was extracted using a modified CTAB protocol (Doyle & Doyle, 1987) 

and further purified with the Monarch PCR & DNA Cleanup Kit (New England Biolabs, 

Ipswich, MA). Each GBS library was prepared from 100 ng of genomic DNA digested with the 

restriction enzyme ApeKI (NEB) for 2 h at 75°C. The reactions contained 10 µL gDNA solution 

(10 ng/µL), 1 µL ApeKI (5 U/ µL), 2 µL 10X NEBuffer 3.1 (NEB) and 7 µL ddH2O. Illumina 

adapters were then attached with T4 DNA ligase (NEB) by incubation for 2 h at 22°C followed 

by 30 min at 65°C to inactivate the ligase. Each ligation reaction contained 20 µL digested 

gDNA, 6 µL adapter stock solution (0.6 ng/µL, included both common and barcode adapters), 5 

µL ligase buffer (10X, NEB), 1.6 µL T4 DNA ligase (400 U/µL) and 17.4 µL ddH2O. 

Subsequently, 5 µL aliquots from each library were pooled and purified using the Monarch PCR 

& DNA Cleanup Kit. Libraries were amplified by PCR in reactions containing 2 µL of the 

pooled libraries (15 ng/µL), 25 µL Taq Master Mix (2X, NEB), 1 µL forward and 1 µL reverse 

primers (10 µM), and 21 µL ddH2O. The thermocycler program was 1 min at 95°C, followed by 

18 cycles of 30 s at 95°C, 20 s at 62°C, and 30 s at 68°C, with a 5 min extension at 68°C and 
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final cooling to 4°C. The amplified DNA was purified using the NEB Monarch PCR & DNA 

Cleanup Kit, and DNA fragment sizes between 250 and 550 bp were selected using the 

BluePippin instrument (Sage Science, Beverly, MA) with a 2% Agarose Dye-Free cassette and 

external marker V1. Finally, the size distribution of DNA fragments in the libraries was 

confirmed using the Agilent 2100 Bioanalyzer system (Agilent Genomics, Santa Clara, CA). The 

GBS libraries were sequenced with four Illumina single-end runs at the Duke Center for 

Genomic and Computational Biology. The first run (33 samples) was sequenced with 100 cycles 

on the Illumina HiSeq 2500 (Rapid Run), while the second run (82 samples) was sequenced with 

75 cycles on the Illumina NextSeq 500 instrument. These first two runs contained all the samples 

from the biodiversity panel, whereas the last two runs contained all the 168 individuals from the 

F2 segregating population (also sequenced with 75 cycles on the Illumina NextSeq 500 

instrument). The genomes of the two parent plants were resequenced with Illumina paired-end 

reads at ~30X coverage. 

 

Read processing and SNP calling 

The fastq files were demultiplexed, and adapter sequences were removed using 

CUTADAPT V1.13 (Martin, 2011). The reads were then processed with FASTQ-MCF V 1.04.807 

(Aronesty, 2011) to perform base trimming, removing bases with quality scores <30 (phred-

scaled quality score) from both ends and discarding reads shorter than 50 bases. Reads were then 

aligned against a draft genome of S. speciosa currently assembled onto 8,027 scaffolds using 

BOWTIE2 V2.2.4 (Langmead & Salzberg, 2012). We used FREEBAYES V0.9.20 (Garrison & 

Marth, 2012) with the default parameters to call variants; we retained only bi-allelic SNPs using 

BCFTOOLS V 1.3.1 (Li et al., 2009) and discarded individual variants with quality <30 (phred-
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scaled quality score for the assertion made on the alternative allele) and depth <10 using 

VCFFILTER V1.0.0 (Garrison, 2016). Finally, we removed SNPs with missing data using 

VCFTOOLS V0.1.12 (Danecek et al., 2011). 

 

Population Structure and Genetic Diversity 

We analyzed population structure using three different clustering approaches: (1) 

principal component analysis (PCA) based on genetic distances, (2) maximum likelihood 

estimation of population membership using ADMIXTURE V1.3.0 (Alexander et al., 2009), and (3) 

the Bayesian-based clustering method as implemented in FINESTRUCTURE V2.0.7 (Lawson et 

al. , 2012). Pairwise genetic distances for PCA were estimated using TASSEL V5.2.48 (Bradbury 

et al., 2007), which defines the distance at a given locus between two individuals as 1 – pIBS 

(probability of identity by state - the probability that two alleles drawn at random at a given locus 

are the same). ADMIXTURE and FINESTRUCTURE differ with respect to their model-based 

approaches. ADMIXTURE models the probability of each genotype using ancestry proportions 

and population allele frequencies but requires a predefined number of populations (K). The 

optimal K was chosen by running ADMIXTURE’s standard cross-validation procedure for values 

from 1 to 10, with each one tested 10 times using different random seeds. FINESTRUCTURE uses 

a ‘‘chromosome painting’’ approach that takes into account the relative positions of SNPs to 

define the haplotypes that are donated/received across individuals. This information leads to a 

‘‘co-ancestry matrix’’ that is used to partition the dataset into groups with indistinguishable 

genetic ancestry (populations). Finally, estimates of genetic diversity were calculated using the 

number of segregating sites (𝑆), nucleotide diversity (𝜋), and Watterson’s theta (𝜃!) estimators. 

These values were generated using the POPGENOME R package (Pfeifer et al., 2014). Population 
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differentiation was measured using Weir and Cockerham’s weighted fixation index (𝐹!"), 

calculated with VCFTOOLS. 

 

QTL analysis 

Pictures of 1,689 fresh open flowers (1 to 3 days) from the 167 F2 seedlings were taken 

during the entire flowering period of approximately three months. As a proxy for flower 

symmetry, the angle of each flower was measured with the software ImageJ (Schneider et al., 

2012) and values from individual flowers were averaged to represent each plant. Flower color 

was recorded as a binary variable taking values of “red” or “purple”. During genotyping, 18 

individuals were discarded because of the low number of reads obtained from sequencing (<106). 

Heterozygous SNPs within the parental lines, as well as SNPs with >50% missing observations 

were eliminated from the dataset. Finally, the retained SNPs were converted into their parental 

forms: A for the homozygous ‘Empress’ genotype, B for the homozygous Búzios genotype, and 

H for the heterozygous genotype. 

The association analysis was conducted with the R packages qtl (Broman et al., 2003) 

and ASMap (Taylor & Butler, 2017). SNPs with identical genotypes were removed as they 

would map to the same location in the genome. Also, SNPs with distorted segregation patterns 

that deviated significantly from the 1:2:1 expected ratios (𝜒! test, corrected p-value 1 x 10-5) 

were removed. Finally, we eliminated a single individual that had less than 6,300 SNPs. In the 

end, we retained 149 individuals with 8,892 SNPs. Flower symmetry (angle) was analyzed with 

marker regression using single QTL normal models. Flower color was analyzed in the same 

manner, but we assumed binary models instead. 
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Genome size measurement 

We used flow cytometry to estimate the genome sizes in a subset of 46 individual plants 

in the diversity panel from which fresh tissue was available. Each assay was replicated three 

times using Nicotiana benthamiana as an internal standard (1C value = 3.2 pg).  Nuclei were 

extracted by chopping young tissue from both the test sample and the reference (50 mg fresh 

tissue from each) together in 1 ml De Laat’s buffer (de Laat & Blaas, 1984). We also analyzed 

each sample and the reference separately to confirm the individual peaks. After chopping, the 

sample slurries were passed through a 30 µm CellTrics filter (Sysmex, Kobe, Japan) and 

centrifuged at 4 RCF (200 rpm) at 4°C for 5 minutes to pellet the nuclei. The volume was 

reduced to 200 µl by removing the upper solution, and 200 µl of 2X staining solution (100 µg/ml 

propidium iodide, 100 µg/ml RNase A, 2.2 µl/ml 2-mercapthoethanol, and De Laat’s buffer to 

final volume) was added. After gentle mixing, the tubes were incubated at room temperature in 

the dark for 20 minutes. Samples were kept at 4°C until measurements were taken, usually 

within two hours. The stained nuclei samples were analyzed with a BD FACSCalibur flow 

cytometer (BD Biosciences, San Jose, CA) using a 488 nm laser and a 585/42 bandpass filter to 

measure the fluorescence of propidium iodide, and the data was analyzed with FlowJo VX 

software (Treestar, Inc, Ashland, OR). Aggregated nuclei and debris were excluded from the 

analysis using a PI-A vs. PI-W plot, and the median fluorescent intensity was calculated for each 

population of nuclei. 
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2.5 Results 

Alignment and SNP calling 

The tribe Sinningieae had previously been divided into five clades based on a 

phylogenetic analysis of several plastid DNA sequences and one nuclear gene (Perret et al., 

2006): the clades are Dircaea, Corytholoma, Sinningia, Vanhouttea, and Thamnoligeria, the last 

two of which contain only seven species. Our collection initially included 128 individuals 

distributed across the larger clades Dircaea, Corytholoma, and Sinningia. Thirteen samples were 

excluded from the analysis because of insufficient data (<750,000 reads). The remaining 115 

individuals averaged >4 million aligned reads each.  The genome of S. speciosa that we used as 

reference for read alignment belongs to the wild accession ‘Avenida Niemeyer’. At present, the 

assembly contains 395.6 Mbp fragmented into 8,078 scaffolds (N90 = 1,776 bp) with an average 

length of 49.0 Kb. The total size of the assembly is very close to the 389.9 Mb (±4.9) genome 

size estimated for ‘Avenida Niemeyer’ using flow cytometry. After calling and filtering variants, 

we obtained 4,636,365 bi-allelic SNPs with a minimum depth of 10 and quality of 30 (phred-

scaled quality score for the assertion made on the alternative allele). Finally, after removing all 

SNPs with any missing information, we retained 9,913 high-quality SNPs among the 115 

individuals across the tribe, and 25,083 SNPs among the 58 S. speciosa individuals. 

 

Population structure 

We examined the population structure by using PCA on genetic distances, as well as the 

model-based clustering methods from ADMIXTURE and FINESTRUCTURE. The first two 

components of the PCA explained 92.4% of the variance measured across the entire tribe and 

provided a clear separation between the three major clades (Figure 3a). The first component 
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(79.3%) mostly separated the Sinningia clade from Corytholoma and Dircaea, while the second 

component (13.1 %) separated the latter two. As expected, the artificial hybrids fell between 

their parental species. For example, the hybrid ‘Yma’, was located between its progenitors S. 

bullata and S. muscicola. Similarly, ‘Apricot Bouquet’ was positioned between the three species 

reported to be in its background - S. aggregata, S. warmingii, and S. tubiflora.  XSinvana 'Mount 

Magazine', a hybrid between Paliavana  tenuiflora and S. conspicua (Becker, 2008), was 

positioned between P. prasinata (a close relative of P. tenuiflora) and S. conspicua. Other 

unnamed F1 hybrids included the crosses S. bullata x S. conspicua and S. speciosa x S. helleri, 

and they followed the same trend. Parents of the other hybrids in the analysis are either unknown 

or were not included in our data set. Even though the 58 S. speciosa individuals were spread over 

a relatively large area formed by the first two principal components, both the cultivated and wild 

forms clustered together with no obvious signs of hybridization events pulling domesticated 

forms towards any other species. 

The higher resolution PCA based on the 25,083 SNPs identified within S. speciosa 

revealed more details about the relationships between the domesticated cultivars and wild types 

(Figure 3b). We included S. macrophylla in this group because it clustered well within S. 

speciosa, in agreement with two previous molecular studies (Perret et al., 2003; Zaitlin, 2012). 

The first two components explained 67.8 % of the variance. The commercial cultivars were 

clearly separated from most wild accessions across the first component (62.3 %), while the semi-

domesticated types grouped close to the transition area. The second component (5.5 %) mainly 

isolated two wild populations, ‘Imbé’ and ‘Poço Parado’, from the rest. The F1 individual from 

an intraspecific S. speciosa test cross was situated between its parents, the wild type ‘Búzios’ and 

the red-flowered form of the cultivar ‘Empress’, following the same trend as observed for the 
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interspecific hybrids. A visual comparison of the area covered by the cultivars in relation to the 

area covered by wild accessions suggests a general reduction in genetic diversity resulting from 

domestication. ‘Avenida Niemeyer’ and ‘WT01’ are wild-type accessions that clustered with the 

domesticated types. 

 
Figure	3.	Principal	component	analysis	based	on	genetic	distances.	(A)	Members	of	tribe	
Sinningieae	are	color	coded	to	indicate	the	three	main	phylogenetic	clades	(B)	S.	speciosa	
accessions	are	color	coded	based	on	their	relative	level	of	domestication	
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The population structure inferred with ADMIXTURE (Figure 4) produced similar results 

to those from the PCA. The cross-validation errors were smallest at values of K ranging from 2 

to 4 (Figure 5). At K=2, ADMIXTURE separated the domesticated types from the wild accessions 

almost perfectly. In agreement with the PCA, ‘Avenida Niemeyer’ and ‘WT01’ were associated 

with the domesticated group. In fact, ‘Diego Pink’ and ‘NT-Milye Vesnushki’ were the only 

cultivars that showed any level of admixture with any other wild types. ‘Diego Pink’ is likely the 

result of a recent backcross of cultivated material to a wild form, aimed to produce zygomorphic 

flowers of large size and distinctive color. ‘NT-Milye Vesnushki’ is a Russian cultivar with an 

apparently complex background that is exposed at higher levels of K. At K=3 the wild types 

were subdivided into two groups, while all the commercial cultivars remained together and 

maintained the connection with ‘Avenida Niemeyer’ and ‘WT01’.  At K=4, the domesticated 

group split into two subgroups. The first subgroup included the semi-domesticated types and 

older cultivars which remained directly associated with ‘Avenida Niemeyer’ and ‘WT01’. Newer 

cultivars clustered in the second subgroup, possibly due to significant differentiation that 

occurred after additional cycles of breeding. 

In general, the results from FINESTRUCTURE (Figure 6) agreed with the results from the 

PCA and ADMIXTURE. However, FINESTRUCTURE identified 33 small clusters that better fit 

the traditional definition of populations established in freely interbreeding groups of individuals. 

For instance, it perfectly separated all the wild accessions from different locations into individual 

populations. It also clustered together all four individuals from the cultivar ‘Empress’ into a 

single population (Bottom of Figure 6), as well as most ‘Bristol’ type cultivars (which originated 

from a single breeder) into a single cluster. More importantly, ‘Avenida Niemeyer’ and ‘WT01’ 

clustered together, suggesting that these two individuals were collected from the same natural 
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population in Brazil. Moving through the branches of the tree we discover all of the general 

relationships already described by the PCA and ADMIXTURE, such as the association of 

‘Avenida Niemeyer’ and ‘WT01’ with domesticated individuals, as well as the closer 

relationship between the semi-domesticated types and older cultivars. 

 
Figure	4.	Population	structure	of	S.	speciosa	based	on	proportions	of	ancestral	clusters	
estimated	with	ADMIXTURE.	The	number	of	clusters	(K	=	2	to	4)	were	chosen	through	cross-
validation	from	K	=	1	to	10.	

 

 

Figure 5. ADMIXTURE’s cross-validation errors 
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Figure	6.	Relationships	between	S.	speciosa	individuals	based	on	FINESTRUCTURE	analysis.	The	
gray	tips	that	are	directly	connected	with	a	vertical	line	represent	a	single	population.	Samples	
are	color	coded	based	on	the	level	of	domestication.	Blue:	wild,	Green:	semi-domesticated,	
Red:	domesticated,	Black:	test-crosses.	
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QTL analysis 

Measurements of flower angle followed a bimodal distribution, with the first peak 

centered around 113° and the second one around 161° (Figure 7A). These values are close to the 

average angles measured on the parents Búzios and ‘Empress’, respectively. The number of 

individuals under each of these peaks were 116 and 34, a segregation pattern that is very close to 

the expected 3:1 ratio for traits controlled by a single Mendelian gene. The number of plants with 

purple (109) and red (41) flowers also suggested that a single Mendelian gene controls flower 

color.  These results were confirmed when we detected significant single QTLs for each of the 

traits (Figure 7C).  Even though we have not identified clear candidate genes responsible for the 

change in color, we found a CYCLOIDEA-like gene in the middle of the QTL peak for flower 

symmetry. Similar genes are responsible for suppressing growth in the dorsal organs of wild 

zygomorphic flowers of Antirrhinum majus (snapdragon). Through the resequencing of 22 

individuals, we found two small deletions of 7 and 3 bp next to each other that co-segregated 

perfectly on individuals with actinomorphic flowers (Figure 8). Prior to the preparation of this 

manuscript, Dong et al. (2018) published independent results that confirmed our findings. They 

were able to produce upright actinomorphic flowers by knocking down the wild type allele of 

this gene in S. speciosa using Chimeric Repressor Silencing Technology (CRES-T). 

 

Genetic diversity 

We also investigated whether and to what extent cultivation has reduced the genetic 

diversity across domesticates relative to their wild counterparts. Standard estimates of genetic 

diversity, 𝑆, 𝜋, and 𝜃 !, were between 37 and 59% lower for the domesticated group (Table 4), 

these estimates are consistent with a genetic bottleneck associated with domestication. 
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Figure	7.	Results	from	QTL	analyses	on	an	F2	population	generated	from	the	cross	between	
Búzios	(wild)	x	‘Empress’	red-flowered	form	(cultivated).	(A)	Distribution	of	flower	angles	(B)	
Segregation	of	flower	color	(C)	Identified	QTLs	

 

 

 

Figure	8.	CYCLOIDEA-like	(SsCYC)	gene	structure	in	S.	speciosa:	Deletions	responsible	for	
actinomorphic	flower	symmetry	in	the	cultivated	forms	are	shown	in	green.	
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Table	4.	Estimates	of	Genetic	Diversity	
Group	 N	 𝑺	 𝝅	 𝜽 𝒘	
Domesticated	 29	 9,303	 0.00102	 0.00126	
Semi-domesticated	 4	 2,874	 0.00087	 0.00070	
Wild	 22	 21,430	 0.00162	 0.00309	
Test	crosses	 3	 3,999	 0.00104	 0.00110	
 

The cultivar ‘Dona Lourdes’, the only potential polyploid in our dataset as previously 

reported by Zaitlin and Pierce (2010), had a genome size estimated at 742.7 Mbp (±	1.0 se) 

which is about twice the average estimated genome size for S. speciosa (395.1 Mbp). Although 

the size estimates of all other S. speciosa individuals ranged widely, from 333.3 to 452.5 Mbp 

(Figure 9), we found no mean or variance differences between cultivars and wild types 

(Levene’s test F, p-value: 0.649 and ANOVA F, p value: 0.982; respectively). 

 
Figure	9.	Genome	sizes	in	individual	plants	across	the	tribe	Sinningieae	from	which	fresh	leaf	
tissue	was	available.	Red:	domesticated	S.	speciosa,	Blue:	wild	S.	speciosa,	Green:	other	species	
in	Sinningia,	Purple:	interspecific	hybrids.	
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2.6 Discussion 

Genotyping 

One of the main weaknesses of GBS, especially when conducted at low coverage, is the 

amount of missing data it generates (Glaubitz et al., 2014), which forces researchers to either use 

sophisticated imputation methods or to include variants with some degree of missing information 

in their analyses. This is often problematic, because population genetic estimates of commonly-

used statistics can deviate considerably from true values (Arnold et al., 2013). However, we were 

able to identify several thousand non-missing SNPs at the intra- and interspecific levels. 

Working exclusively with non-missing SNPs across species restricts our comparisons to 

conserved genomic regions that were originally present in the tribe’s common ancestor. Any bias 

in our multi-species analyses seems marginal or nonexistent, because we were able to cleanly 

separate the three main clades in the tribe and make sense of reported interspecific hybrids. 

Nonetheless, to reduce potential bias and increase resolution within S. speciosa, we re-filtered 

the original SNP data based on non-missing observations within the species, effectively creating 

two groups of SNPs. The larger number of non-missing SNPs identified in S. speciosa is 

attributed to the reduced number of samples and the closer genetic relationships among them and 

to the reference genome, factors that improve the consistency of the alignments and the number 

of common sites, respectively.  Although the fragmented condition of our draft reference genome 

did not allow us to identify specific regions showing hallmarks of domestication, we were able to 

generate genome-wide estimates of parameters associated with genetic diversity and population 

structure. 
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Cultivated S. speciosa; single or multiple species? 

The relatively short period of time in which S. speciosa has been subjected to cultivation 

and breeding has produced numerous phenotypic variations that are unknown in natural 

populations. In less than 200 years, the flowers have diverged with respect to size, shape, color, 

and corolla pattern, as well as in the number of stamens, petals, and petal whorls. Furthermore, 

most of these changes were introduced within the first four decades of cultivation (Zaitlin, 2011). 

Comparable levels of human-induced phenotypic variation have been introduced in other 

ornamental flowering crops; however, such crops have often gone through longer periods of 

cultivation and/or complex interspecies hybridization schemes. Roses, for example, have been 

cultivated for ~5,000 years, during which time seven or more species with different levels of 

ploidy were cross-pollinated to create the genomes of contemporary roses (Bombarely, 2018; 

Martin et al., 2001). Lilies, tulips, and amaryllis (Christenhusz et al., 2013; Meerow, 2009; van 

Tuyl & Arens, 2011) are three other examples of highly hybridized ornamental plants. Despite 

the short time frame in which major aesthetic changes were introduced into S. speciosa, we 

found no evidence of interspecific hybridization events that could conceivably accelerate the 

process. Early reports of multiple hybridizations include crosses between Gloxinia speciosa, G. 

candida, G. maxima, and G. caulescens (Burbidge, 1877; Harrison, 1847; Paxton, 1838), all of 

which are today considered to be synonyms of S. speciosa. Allegedly, some or all of these 

formerly distinct (and illegitimate) species feature into the genetic background of Gloxinia 

‘Fyfiana’, the first reported plant with actinomorphic flowers that was bred in Scotland in 1844-

45 (Fyfe, 1879; Harrison, 1847). This particular cultivar occupies an important place in the 

history of S. speciosa, because most modern cultivars have inherited their distinctive flower 

shape from a single recessive mutation that was disseminated extensively during the early stages 
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of domestication. Because this mutation has probably occurred only once, all cultivated forms 

with actinomorphic flowers are likely descendants of Gloxinia ‘Fyfiana’ (Citerne & Cronk, 

1999; Dong et al., 2018). We identified two small, adjacent deletions in multiple cultivars in the 

single CYCLOIDEA-like gene in S. speciosa (SsCYC), and Dong et al. (2018) found the same 

mutations in an independent study, although they reported a single contiguous deletion in 

SsCYC. The wild type allele of this and related genes are responsible for suppressing growth in 

the dorsal organs of wild zygomorphic flowers such as S. speciosa and Antirrhinum majus 

(snapdragon). Dong et al. (2018) hypothesized that the mutation first occurred in G. caulescens 

sometime between 1820 and 1832, and remained hidden in the heterozygous genotypes during a 

series of hybridization events between the individuals mentioned above. The homozygous 

Gloxinia ‘Fyfiana’ was then postulated to have arisen in 1844 after a backcross to the original 

heterozygous form of G. caulescens. According to this reconstruction, the mutation remained 

undetected for 12 to 24 years in the heterozygous form, a situation that we consider to be 

extremely unlikely for a self-compatible species that was in high demand and under constant 

sexual and vegetative propagation. Instead, we speculate that the mutation originally arose in G. 

maxima, a generally accepted parent of G. ‘Fyfiana’ (Harrison, 1847), and subsequent self-

pollination could have then generated homozygous progeny expressing the actinomorphic 

phenotype in the first generation. Unfortunately, the precise origin of the mutation in SsCYC may 

be lost to history. The originator of G. ‘Fyfiana’, John Fyfe, published a short article where he 

stated: “… the parent plant of Gloxinia Fyfiana was profusely dusted with the pollen of Digitalis 

purpurea (foxglove), Lophospermum scandens [possibly L. erubescens], Datura wrightii, [and] 

Brugmansia sanguinea” (Fyfe, 1879).  However, because none of these four species are 

classified in the Gesneriaceae, successful hybridizations with S. speciosa are unlikely. Fyfe also 
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failed to mention the number of plants he initially grew from such crosses, nor did he describe 

any of the siblings of G. ‘Fyfiana’. Thus, neither scenario about the introduction of the mutation 

in SsCYC can be confirmed through historical records. 

 

Domestication Founders 

The initial movement of S. speciosa from Brazil to England in 1815 was followed by 30 

years of additional introductions of wild-collected plants (Zaitlin, 2011). Although records 

detailing the specific collection sites in Brazil are far from exhaustive, a number of articles point 

towards areas close to or within the city of Rio de Janeiro, such as the Serra dos Órgãos and 

Corcovado Mountain (Brackenridge, 1886; Hooker, 1842; Paxton, 1846). Our results indicate 

that this is, in fact, the area from where most of the founder collections could have originated. 

All three computational approaches, PCA, ADMIXTURE, and FINESTRUCTURE indicate that the 

wild form ‘Avenida Niemeyer’, collected in 1975 from a population along the coastal road of 

that name in the southern part of Rio de Janeiro, is the closest known wild relative of the modern 

and semi-domesticated cultivars. Our findings are in agreement with the results of Zaitlin (2012) 

who used amplified fragment length polymorphisms (AFLPs) in combination with DNA 

sequence data from the nuclear ribosomal internal transcribed spacer (nrITS) region to determine 

the relationships within a much smaller group of wild and cultivated S. speciosa plants. He 

associated seven domesticated cultivars with the wild forms ‘Avenida Niemeyer’ and ‘São 

Conrado’, both of which were collected along the coast in the city of Rio de Janeiro. Dong et al. 

(2018) however, obtained contrasting results. Their phylogenetic analysis was based on the 

SsCYC gene sequence and suggests that the actinomorphic allele, which is homozygous in all 

cultivars with erect flowers, originated from the wild type ‘Cardoso Moreira’. The plant material 
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used in the Dong et al. (2018) study traces to a population located 2-3 km from the town of the 

same name, located in the northern part of Rio de Janeiro state (more than 300 km distant from 

Rio de Janeiro city) ~50 km from the southern border of the state of Espírito Santo (Zaitlin, 

2012). Both of our ‘Cardoso Moreira’ samples (purple- and pink-flowered forms) clustered 

together with ‘São Fidelis’, an accession that was collected 30-40 km from the ‘Cardoso 

Moreira’ population, validating its geographical origin. The results from this and other studies, 

combined with the absence of records for early collections in the northern part of Rio de Janeiro 

state and the fact that plants from the Cardoso Moreira population grow quite tall (rather than as 

rosettes), steer us away from considering ‘Cardoso Moreira’ as a potential founder. Several 

studies have previously shown that single genes contain insufficient phylogenetic information, 

often leading to poor resolution and extensive incongruence among phylogenies (Rokas & 

Chatzimanolis, 2008). 

 

Genetic diversity 

Our study does not use the traditional multi-individual sampling approach for each 

population that is usually employed in “classical” population genetics studies. Instead we 

sampled a single or few representatives of several wild and breeding populations to perform 

comparisons across these two groups. A general concern is whether we can recover meaningful 

information from them, especially because we have already shown that they are genetically 

structured. Using both empirical and simulated data, St. Onge et al. (2012) demonstrated that the 

scattered sampling technique, which is analogous to the one employed here, yields genetic 

population estimates that are descriptive of true values and tend to outperform those from 

alternative non-exhaustive sampling strategies such as local or pooled approaches. 



 44 

Similar to most crop species, the genetic diversity of S. speciosa has been reduced 

significantly during domestication, as suggested by the strong negative changes in our estimates 

of genetic diversity (𝑆, 𝜋, and 𝜃 !). Perhaps the most striking indicator of the magnitude of the 

contraction is the fact that 72% of the 21,430 wild SNPs have been fixed in the tested cultivars. 

This contrasts with rice, for example, where approximately 82% of SNPs (MAF >0.05) that 

segregate in the wild ancestor Oryza rufipogon also segregate in cultivated Oryza sativa (Huang 

et al., 2012). As previously discussed, the substantial loss of genetic diversity in S. speciosa can 

be attributed mainly to two reasons. First, there is a strong founder effect driven by the small 

number of individuals that were collected from an apparently restricted geographical region with 

limited genetic diversity. These results are supported by our population structure analyses in 

conjunction with previous phenetic and phylogenetic analyses (Zaitlin, 2012) as well as by 

written records that disclose collection sites (Brackenridge, 1886; Hooker, 1842; Paxton, 1846). 

Second, the already narrow pool of alleles in cultivated material could have shrunken even 

further following the substantial selective sweep around the SsCYC gene (Dong et al., 2018) that 

has practically fixed the mutant actinomorphic allele in the modern cultivars. 

We observed additional patterns of genetic diversity that are characteristic of genetic 

bottlenecks. The number of SNPs with rare alleles (MAF ≤0.05) dropped from 66% among the 

wild types to 47% among the cultivars. Such a disproportionate decline in rare alleles is expected 

in population contractions (i.e. small founder populations), in which minor alleles have less 

chance of being brought into cultivation and a large proportion are lost immediately. This 

reduction is usually followed by subsequent losses due to the stronger genetic drift of minor 

alleles that is inherent in discrete populations of small size. In our dataset, a staggering 86% of 

rare alleles present in the wild populations were lost during domestication. 
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There are several examples of changes in genome size driving domestication through 

whole-genome duplications (Salman-Minkov et al., 2016) and transposon expansions (Chia et 

al., 2012). Although we did not count chromosomes to confirm polyploidy in our samples, we 

identified a semi-domesticated cultivar, ‘Dona Lourdes’, in which the genome size is 

approximately twice that of the wild-type genomes and is thus likely to be a tetraploid (Figure ). 

This cultivar and ‘Guatapara’ are the only two reported cases of potential polyploidy in S. 

speciosa (Zaitlin & Pierce, 2010). Such a low frequency of genome duplications among cultivars 

provides no evidence of positive selection during domestication. The effects of subtle changes in 

genome size resulting from increases in transposable element content are much more difficult to 

detect without full genome resequencing information. However, our preliminary analysis 

comparing genome size variation across domesticated and wild types strongly suggests that there 

are no significant expansions driving the process of domestication in S. speciosa. 

 

2.7 Conclusions 

The genetic analysis of a biodiversity panel of Sinningia speciosa has led to the 

identification of a single extant founder population as the origin of most of the domesticated 

‘gloxinia’ cultivars. This founder event, along with a selective sweep, drove a strong genetic 

bottleneck among commercial cultivars. Despite the loss in genetic diversity, phenotypic 

diversity has increased as a result of selection for mutations that occurred during domestication, 

and is not driven by hybridization or polyploidization. These results establish an attractive 

foundation for the use of S. speciosa as a model to study the genetic mechanisms involved in the 

production of new phenotypes during the plant domestication process. 
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2.8 Data Accessibility 

DNA sequences as raw reads can be found at NCBI under the BioProject PRJNA552788. 
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3.1 Abstract 

Although the cost of DNA sequencing continues to decrease, whole genome re-

sequencing remains cost-prohibitive for population or trait association studies in many organisms 

of low economic importance and/or that have large genomes. In such cases, reduced 

representation approaches like Genotyping-by-Sequencing (GBS) are good alternatives. 

However, most of these technologies are subject to licensing processes and fees that constrain 

genomic research for small non-profit research organizations. In this study, we designed a novel 

protocol to construct reduced representation libraries from genomic DNA. Our approach, called 

Targeted Amplification of Scattered Sites (TASS), deviates from the traditional digestion-

ligation-amplification process that is integral to most of the current patent-protected methods. 

Instead, TASS relies on 1) targeting and duplicating scattered regions in the genome by 

annealing and expanding long-tail primers with short annealing sites, and 2) amplifying these 

regions using primers that are complementary to the added overhangs. At the moment GBS is 

more consistent and delivers more variants than TASS. However, we have laid a foundation on 

which further optimization can produce an accessible, easy to implement, high-throughput 

genotyping approach.  

 

3.2 Introduction 

The continuous development of cheaper and faster next-generation sequencing platforms 

has propelled whole genome research in a wide range of organisms in recent years. Exhaustive 

sequencing approaches provide great genomic detail allowing the detection of distinct types of 

variants such as single-nucleotide polymorphism (SNPs), multi-nucleotide polymorphisms 

(MNPs), simple sequence repeats (SSRs), insertion/deletion (INDELs), and structural variations 
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(SVs). This high level of characterization has led to the association of specific types of variants 

with particular phenotypes. For example, it has been shown that SVs are important in regulating 

plant development and increasing resistance to biotic and abiotic stresses (Francia et al., 2015). 

However, whole genome sequencing still remains cost-prohibitive for population or trait 

association studies of many organisms with low economic importance and/or large genome sizes. 

Instead, the genotyping of hundreds or thousands of individuals usually relies on the sequencing 

of reduced representation libraries (RRL) of genomic DNA constructed with different 

methodologies. Two of the most popular approaches are restriction-site associated DNA 

sequencing (RADSeq) (Baird et al., 2008) and genotyping-by-sequencing (GBS) (Elshire et al., 

2011). Both methods are extremely successful in developing high density SNP panels that are 

distributed throughout the genomes and are highly reproducible across studies. On the downside, 

these RRL-based methods are not able to detect larger complex variants that have been 

associated with particular traits. 

Although there are several other library preparation protocols that are derived from 

RADSeq and GBS such as double-digest RADseq (ddGBS) (Peterson et al., 2012) and two-

enzyme GBS (Poland et al., 2012), they all rely on the same basic principles: digestion of 

genomic DNA with restriction enzymes, ligation of adapters to the DNA fragments, and 

fragment amplification through PCR, followed by fragment sequencing on a short-read NGS 

platform such as Illumina’s HiSeq series of sequencers. The core steps of these modern 

approaches were actually designed more than 20 years ago with the development of Amplified 

Fragment Length Polymorphism (AFLP) markers (Vos et al., 1995). The main difference 

between modern RRL protocols and AFLPs is that instead of sequencing the amplified 

fragments, AFLPs are evaluated by comparing the electrophoretic migration profiles of the 
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amplified DNA fragments on either polyacrylamide or agarose gels. Based on the similarities of 

all these genotyping techniques, the United States Patent and Trademark Office granted rights 

over all these methodologies to the holders of the original AFLP patent (US8,815,512B2). 

Consequently, all of these technologies are now subject to licensing processes and fees that 

constrain genomic research for small non-profit research organizations and academic 

laboratories. 

More recently, Buckler et al. (2016) developed a genotyping method called “repeat 

Amplification Sequencing” (rAmpSeq) that does not rely on the traditional digestion-ligation-

amplification approach. Instead they designed primers to amplify repetitive regions in maize that 

were subsequently barcoded and sequenced on Illumina’s MiSeq platform. Despite the favorable 

results regarding marker density and distribution obtained in maize, the approach has not been as 

widely adopted as GBS. This is perhaps because rAmpSeq produces fewer markers than GBS 

does (Buckler et al., 2016), but perhaps more importantly, because implementation across 

species is not as simple, and access to a good quality genome assembly is necessary to design 

species-specific primers. At the moment, the Genomics Facility at Cornell University offers with 

rAmpSeq library construction services exclusively for genotyping maize (Zea mays), cassava 

(Manihot esculenta), and sorghum (Sorghum bicolor). 

The purpose of the research presented here was to develop an alternative genome-wide 

genotyping methodology that is distinct from the traditional digestion-ligation-amplification 

process that can be used across species. We scanned the genomes of Sinningia speciosa, 

Solanum lycopersicum, and Arabidopsis thaliana, searching for short sites (6 to 9 bp) that occur 

frequently and could be used as anchors across multiple species to sample and amplify 

neighboring regions in the genome. Our library preparation method, called Targeted 
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Amplification of Scattered Sites (TASS), relies on 1) targeting and duplicating scattered regions 

in the genome by annealing and extending long tail primers with short annealing sites (~9 bp 

annealing sequence and ~40 bp overhang) and 2) amplifying these regions using primers that are 

complementary to the added overhangs. Similar to the popular RRL methods mentioned above, 

we added barcode sequences to our primers that allow for cost-effective multiplexing of several 

samples in a single sequencing run. Such barcodes are in-line with the reads and do not need 

additional sequencing of the “index” sequence in Illumina platforms. 

 

3.3 Materials and Methods 

Plant material and DNA extraction 

To optimize the library preparation protocol, we used genomic DNA from Sinningia 

speciosa. This ornamental house plant has a small genome size (~400 Mb), but extraction of 

clean DNA is difficult due to the high concentration of phenolic compounds and polysaccharides 

in the leaf tissue. To ensure successful digestion during GBS library preparation for this species, 

we have traditionally relied on modified CTAB extractions (Doyle & Doyle, 1987) followed by a 

cleaning with a purification column that reduces yield and increases the cost of extraction. The 

purification step is necessary for GBS because the efficiency of the restriction enzymes is 

substantially reduced by contaminants in the reaction. While developing the TASS protocol, we 

relied exclusively on CTAB extractions with no subsequent re-purification to evaluate its 

performance with input DNA of lower quality. Initial testing was aimed at optimizing the 

amplification and size distribution of the DNA fragments, during which we used DNA from 

various S. speciosa cultivars and wild types. For the final testing we used a panel of 21 

individuals (Error! Reference source not found.) to construct the libraries, perform DNA 
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sequencing, and perform downstream analyses. The panel was selected based on availability of 

previous GBS data (Chapter 1) to compare our results with.  

 

Selecting annealing sites and primer design 

We calculated the frequency of all 6, 7, and 9-mers in the reference genome assembly of 

Sinningia speciosa (~400 Mb) and further evaluated sequences with frequencies between the 

70th and 80th percentile for each k-mer size. This selection was made to maximize the number 

of sites while avoiding highly repetitive regions that may result in ambiguous alignments down 

the road. Given the low frequencies of the 7 and 9-mers, we continued the analysis exclusively 

with 6-mers. To avoid selecting species-specific sites we also counted 6-mers in Arabidopsis 

thaliana (~135 Mb) and Solanum lycopersicum (~1,000 Mb). Each species in consideration 

represents a distinct plant order: Brassicales (arabidopsis), Lamiales (sinningia), and Solanales 

(tomato). Because of the significant differences in genome sizes, we only retained 6-mers with 

counts that increased with genome size. Additionally, we narrowed down the list of 6-mers by 

restricting GC content to 30-70%, palindromes were not allowed in order to prevent the 

formation of primer dimers, and we also eliminated those with clear patterns such as ATGATG 

to avoid targeting long repetitive regions. 

 
 



 

 
Table 2. Sequencing summary results from TASS libraries per sample 

Genus	 Species	 Name	 Type	
Raw	 Processed	

Aligned	 Aligned	>	 Total	
one	time	 one	time	 aligned	

	---	(million	reads)	---	 %		 	--------	(million	reads)	--------		 %		

Sinningia	 speciosa	 ‘Blue	Dandy’	 Cultivated	 10.3	 9.5	 92.0	 3.1	 5.1	 8.1	 85.6	
Sinningia	 speciosa	 Charles	Lawn	2009	 Cultivated	 6.2	 5.7	 93.0	 2.0	 3.0	 5.0	 87.3	
Sinningia	 speciosa	 Conceição	de	Macabu	 Wild	 3.2	 2.9	 90.1	 0.9	 1.4	 2.2	 77.3	
Sinningia	 speciosa	 ‘Empress’	(red	flower)	 Cultivated	 1.2	 1.1	 92.8	 0.4	 0.6	 0.9	 83.0	
Sinningia	 speciosa	 ‘Good	Morning’	 Cultivated	 8.7	 8.0	 91.9	 2.6	 4.2	 6.8	 84.8	
Sinningia	 speciosa	 Imbe	 Wild	 3.8	 3.4	 90.2	 1.1	 1.6	 2.7	 79.6	
Sinningia	 speciosa	 ‘Lavender	Queen’	 Cultivated	 3.4	 3.1	 91.9	 1.0	 1.7	 2.7	 85.3	
Sinningia	 speciosa	 ‘Lorna	Ohlgren’	 Cultivated	 5.8	 5.4	 92.7	 2.0	 2.9	 4.8	 89.6	
Sinningia	 speciosa	 Mamangá	 Wild	 12.3	 11.4	 92.5	 3.8	 5.8	 9.5	 83.7	
Sinningia	 speciosa	 Miguel	Pereira	 Wild	 2.9	 2.7	 92.6	 0.8	 1.3	 2.1	 78.4	
Sinningia	 speciosa	 ‘Pink	Itaquera’	 Cultivated	 6.0	 5.5	 91.8	 2.0	 2.8	 4.8	 87.5	
Sinningia	 speciosa	 ‘Regina’	 Wild	 11.1	 10.3	 93.1	 3.4	 5.0	 8.4	 81.6	
Sinningia	 speciosa	 Resende	 Wild	 9.4	 8.7	 92.2	 2.6	 4.1	 6.7	 77.4	
Sinningia	 speciosa	 São	Fidelis	 Wild	 2.2	 2.1	 92.9	 0.7	 1.0	 1.7	 79.6	
Sinningia	 speciosa	 ‘White’	 Cultivated	 7.6	 7.0	 92.3	 2.2	 3.6	 5.8	 83.0	
Sinningia	 douglasii	 	---	 Wild	 1.6	 1.4	 90.5	 0.3	 0.3	 0.6	 40.1	
Sinningia	 guttata	 	---	 Wild	 8.6	 8.0	 92.4	 2.0	 2.8	 4.8	 60.4	
Sinningia	 hellerii	 	---	 Wild	 12.1	 11.1	 91.9	 3.4	 4.5	 7.9	 70.9	
Sinningia	 tuberosa	 	---	 Wild	 9.1	 8.3	 91.6	 2.3	 2.6	 4.9	 59.1	
Sinningia	 tubiflora	 	---	 Wild	 24.6	 22.5	 91.5	 4.1	 3.0	 7.1	 31.5	
Paliavana	 prasinata	 	---	 Wild	 5.0	 4.6	 91.6	 1.2	 1.4	 2.6	 55.3	
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Similar to other RRLs, we used common and barcoded primers. Common primers were 

designed to anneal to the reverse complement of the reference sequence, while barcoded primers 

were designed to anneal to the reference sequence. At this point the 6-mers were filtered even 

further by forcing the 3’-end of the corresponding primers to end with a C or G to promote 

specific binding. We finally selected four 6-mer sequences to test site amplifications in the lab; 

two of them were used in barcode primers and the other two in common primers. Barcode 

primers contain Illumina’s Multiplexing Read 1 Sequencing Primer at the 5’-end, followed by a 

4 to 8 bp barcode and a 9 bp annealing site at the 3’-end. The annealing site contained the 6-mer 

associated sequence and three additional degenerate bases added to increase the size of the site 

and improve specific priming. The common primers are similarly designed, with Illumina’s 

Multiplexing Read 2 Sequencing Primer at the 5’-end and a 9 bp annealing site at the 3’-end, and 

they contained no barcode (Figure A). 

 

Figure 1. Overview of TASS. A.) Primer design and B.) Amplification protocol steps 
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PCR Optimization 

TASS relies on two amplification steps. During the first amplification, pairs of long-tail 

primers are annealed along the genome to tag and replicate sites that are flanked by the short 

annealing sites. During the second amplification, the sites are enriched using primers that are 

complementary to the added overhangs. Both sets of primers include the regions necessary for 

Illumina sequencing, those associated with the sequencing primers and those associated with the 

sequences in the flow cell.   

 

First amplification: tag and replication 

All the initial test amplifications were run with Taq Master Mix (2X, New England 

Biolabs (NEB), Ipswich, MA), and included different numbers of annealing-extension cycles (5, 

10, 15, and 20), annealing temperatures (40.0, 41.0, 42.8, 45.8, 49.2, 51.9, 53.8, and 55.0°C) and 

ramping speeds (5.0°C/s and 0.3°C/s). At this point, we found that 20 cycles with annealing 

temperatures between 40.0 to 45.8°C and a slow ramping speed (0.3°C/s) to an extension 

temperature of 68°C worked best. However, libraries made this way always showed strong band 

patterns on agarose gels, which differed from our simulated amplifications in S. speciosa and 

from the traditional smooth smears obtained from other RRLs such as GBS. The banding was 

likely the result of preferential annealing arising from subtle similarities of the primers’ long tails 

with the regions adjacent to the target sites, a situation that can get aggravated across multiple 

PCR cycles. To circumvent this problem, we reduced the number of cycles to two, the minimum 

necessary to create a single copy of double stranded DNA. However, to increase the final library 

concentration to adequate levels for sequencing, we needed to run more than 25 cycles during the 

second amplification,  at which point problems with primer dimer formation started to develop. 
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In an effort to reduce preferential amplification, we conducted both annealing and extension 

stages at 37°C for 30 min using Klenow Fragment (3’→5’ exo-) DNA polymerase, which 

produced smears in the expected size range with no noticeable banding. To minimize potential 

unspecific binding from the low temperature, we tested higher annealing-extension temperatures 

(from 37 to 55°C) and selected 49°C, because it was the highest temperature that gave a strong 

smear in the agarose gel.  After the optimization process, the Klenow Fragment (3’→5’ exo-) 

DNA polymerase with lower temperature and longer extension time (compared to the Taq 

polymerase protocol) eliminated the banding on the gel and increased the efficiency of the 

amplification. This allowed us to reduce the number of cycles during the second amplification. 

Each PCR reaction contained 20 µl gDNA (10 ng/µL), 1 µL dNTPs (10 mM each dNTP, NEB), 

2 µL barcode and 2 µL common primers (10 µM), 5 µL NEBuffer 2 (NEB), and 19 µL ddH2O. 

The final optimized program was: 1 min at 95°C, 30 min at 49°C, 45s at 95°C, 30 min at 49°C, 

and a final step of 20 min at 75°C to deactivate the polymerase. Immediately after each of the 

two denaturation steps at 95°C, 1 µL Klenow Fragment (3’→5’ exo-) polymerase (5 U/µL, NEB) 

was added to the reaction. 

 

Second amplification: enrichment 

The second amplification increases the concentration of the selected sites and adds 

additional sequences necessary for the Illumina sequencing. After the first amplification, 5µl of 

each library were pooled together, then purified with Ampure beads at a 1:1 ratio and 

resuspended in 0.4 volumes ddH2O. Then, a slightly modified version of the PCR protocol used 

to amplify GBS libraries was used (Elshire et al., 2011). The reaction contained 4 µL of the 
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product from the first PCR (pooled and cleaned), 25 µL of Taq Master Mix (NEB), 1 µL forward 

and 1 µL reverse primers (10 µM), and 19 µL ddH2O. The primer pair used in this step was: 

 

(A) 5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

(B) 5’-CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT 

 

The temperature was cycled as follows: 1 min at 95°C, 18 cycles of 30 s at 95°C, 20 s at 

62°C, and 30 s at 68°C, with a final extension of 5 min at 68°C. The amplified DNA was 

purified using the Monarch PCR & DNA Cleanup Kit (NEB), and DNA fragment sizes between 

250 and 550 bp were selected using the BluePippin instrument (Sage Science, Beverly, MA, 

USA) with a 2% Agarose Dye-Free cassette and external marker V1. Finally, the size 

distribution of DNA fragments in the libraries was confirmed using the Agilent 2100 

Bioanalyzer system (Agilent Genomics, Santa Clara, CA, USA) 

 

Sequencing and alignment 

The libraries were sequenced with single-end reads of 75 cycles on an Illumina NextSeq 

instrument. CUTADAPT (Marcel Martin, 2011) was used to demultiplex the fastq files and 

remove the tails of the primer sequences (usually adapters in other RRLs). Different from most 

tools to demultiplex/process reads, CUTADAPT allows IUPAC wildcard characters in the 

adapter sequences, an essential feature to work with the degenerate bases inserted in the 

annealing region of the first set of primers (Figure A). The reads were then processed with 

FASTQ-MCF V 1.04.807 (Aronesty, 2011) by clipping bases with quality below 30 from both 

ends and discarding reads shorter than 40 bases. Reads were then aligned against a draft genome 

of Sinningia speciosa currently assembled onto 8,027 scaffolds (manuscript in preparation) using 
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BOWTIE2 V2.2.4 (Langmead & Salzberg, 2012). We used FREEBAYES V0.9.20 (Garrison & 

Marth, 2012) with default parameters to call variants; we retained only bi-allelic SNPs using 

BCFTOOLS V 1.3.1 (Li et al., 2009) and discarded individual variants with quality <30 and 

depth <10 using VCFFILTER V1.0.0 (Garrison, 2016). Finally, we retained exclusively SNPs 

with non-missing data using VCFTOOLS V0.1.12 (Danecek et al., 2011). We ran all the 

analyses on a Red Barn server with 4 processors (64 threads), 256 Gb of RAM memory, 10 Tb of 

Hard Drive in Raid 5 with Ubuntu 14.04 as the operating system. 

To compare the performance of TASS against GBS, we used the dataset generated in 

Chapter 1 (for detailed information on GBS library preparation and read processing refer to the 

Materials and Methods section in Chapter 1). The set of GBS-generated SNPs from the 

corresponding 19 samples was extracted from the entire VCF file and, after filtering out SNPs 

with missing information, we eliminated all the invariant sites that were originally called on 

individuals outside this subset. For both sets of SNPs (TASS and GBS), pairwise genetic 

distances were estimated with TASSEL V5.2.48 (Bradbury et al., 2007), and the first two 

principal components for each set were plotted to evaluate differences in sample clustering 

across methodologies. 

 

3.4 Results and Discussion 

We obtained an average of 7.4M raw reads per sample, with a minimum of 1.2M for S. 

speciosa ‘Empress’ and a maximum of 24.6 M for S. tubiflora (Table 2). After removing 

adapters and clipping bases with low quality, we discarded 8% of the raw reads due to their short 

lengths (below 40 bp). The percentage of processed reads that aligned to the reference genome 

averaged 83% within samples of S. speciosa and 53% among the other six species. As expected, 
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the more distant relatives of S. speciosa (reference genome), S. tubiflora and S. douglasii, had the 

lowest alignment rates at 31 and 40%, respectively. At this point we eliminated S. speciosa 

‘Empress’ and S. douglasii from downstream analyses because of their low number of aligned 

reads (<1M). 

It is important to explain the use of the terms target site and target sequence in this 

manuscript (Figure B). Target site refers to the entire fragment of DNA that was expected to be 

amplified by the set of primes, whereas target sequence refers to the portion of the target site that 

would actually be sequenced. Thus, the target sequence is always adjacent to the barcoded 

primer (in single-end sequencing) and its length is defined by the number of sequencing cycles. 

Clearly, the number of target sites across the genome depends on the size-selection step at the 

end of the library preparation, as narrower ranges restrict more sites from being sequenced. We 

selected fragments between 250 and 550 bp, which is a typical range for GBS libraries. Note that 

the actual genomic sites after selection are ~125 bp shorter due to the bases added through the 

long tail primers during both amplification steps (added length varies by a few bases depending 

on barcode size). In the reference genome we identified 9,704 target sites of sizes 100 to 500 bp 

that are flanked by opposing annealing sites. This range is slightly broader than the expected 125 

to 425 range, and it was used in our calculations to account for BluePippin’s error during size 

selection, which is usually larger in the upper limit of the ranges. Out of the 9,704 corresponding 

target sequences, 8,340 were covered by at least one sample (at a depth of 5 or higher), 3,536 by 

10 or more samples, and only 301 were covered by all 19 samples. Moreover, 1,287 sequences 

from out-of-range “target sites” (sizes larger than 500 bp) were consistently captured across 17 

samples or more. While some of these unexpected sites were just outside our target range and 

probably escaped size selection, most of them (1,077) were larger than 1 Kb. These larger sites 
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were likely amplified due to non-specific annealing of the common primer to similar sequences 

located within range of the barcoded primer (Figure ). However, because we only sequenced a 

single-end in each site, we could not test this hypothesis. High levels of non-specific annealing 

was one of our main concerns when designing the experiment, and unfortunately is one of the 

central problems we encountered in our dataset as suggested by the high variability across 

samples, the common sequencing of out-of-range sites, and the frequent introduction of SNPs in 

annealing sites . Optimization of the TASS protocol must continue for this approach to be 

reliable and feasible on a large scale. Given our comprehensive optimization of the conditions in 

the amplification reactions, it may be necessary to increase the length of the annealing sites to 

improve specificity and to better balance the tradeoff between the number of target sites and 

consistent coverage. 

 

 

Figure 2. Example of amplification of sequences in target sites that are out of range 

 

After aligning all the reads, we initially identified 502,878 bi-allelic SNPs with a 

minimum depth of 5 and a quality of 30 (phred-scaled quality score for the assertion made on the 

alternative allele) across all the 19 samples. However, after removing SNPs with any missing 

information, we retained only 4,833 SNPs that were spread across 1,218 sites (both targeted and 

non-targeted) in 536 scaffolds that accounted for 201.0 Mb of the genome assembly (average 
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distance of 41.0 Kb between SNPs). In general, GBS performed better than TASS because it 

delivered a higher number of SNPs that were consistently called across samples and covered a 

larger proportion of the genome (Table 3). However, despite the low numbers, TASS was able to 

produce variants that captured clear differences between individuals from distinct groups. The 

PCA on genetic distances from both approaches clearly separated the 14 S. speciosa individuals 

from the other species, and the members of the Sinningia clade (S. speciosa, S. douglasii, S. 

guttata, S. helleri, S. tuberosa, and P. prasinata) clustered away from S. tubiflora, the only 

member from the distant Corytholoma clade (Figure). Both approaches also identified 

intraspecific differences, separating domesticated types of S. speciosa from their wild 

counterparts in a similar fashion as in Chapter 1. Nonetheless, the first two principal components 

explained a higher proportion of the variation obtained from GBS data (81.9%) compared to that 

from TASS (63.8%). 

 

Table 3. Variant calling comparison between TASS and GBS 

		 TASS	 GBS	
SNPs1	 4,833	 27,042	
Sites	 1,218	 4,689	
SNPs/site	 4.0	 5.8	
Number	of	scaffolds	with	SNPs1	 536	 916	
Sites/scaffold	with	SNPs1	 2.3	 5.1	
Length	of	scaffolds1	with	SNPs	(Mb)	 201.0	 259.2	
Average	distance	between	SNPs	(Kb)	 41.0	 9.6	
1Minimum depth 5 and minimum quality 30 
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Figure 3. Principal component analysis on genetic distances. Comparison of A.) TASS and B.) 
GBS data 

 

3.5 Conclusions 

We have designed a protocol to construct RRLs that deviates from the traditional 

digestion-ligation-amplification process that widely used techniques, such as GBS and RADSeq, 

rely on. At present, GBS performs better than TASS in terms of consistency and number of 

sequenced sites. However, we have laid a foundation on which further optimization can produce 

an accessible, easy to implement, high-throughput genotyping approach. It is our final intention 
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to increase the number of genotyping options currently available to the research community, and 

hopefully contribute to directly or indirectly drive down the costs of genomic research. 
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CHAPTER 4: Conclusions 

The genetic analysis of a biodiversity panel of Sinningia speciosa has led to the 

identification of a single extant founder population as the origin of most of the domesticated 

‘gloxinia’ cultivars. This founder event, along with a selective sweep, drove a strong genetic 

bottleneck among commercial cultivars. Despite the loss in genetic diversity, phenotypic 

diversity has increased as a result of selection for mutations that occurred during domestication, 

and is not driven by hybridization or polyploidization. These results establish an attractive 

foundation for the use of S. speciosa as a model to study the genetic mechanisms involved in the 

production of new phenotypes during the plant domestication process 

We also designed a protocol to construct RRLs that deviates from the traditional 

digestion-ligation-amplification process that widely used techniques, such as GBS and RADSeq, 

rely on. At present, GBS performs better than TASS in terms of consistency and number of 

sequenced sites. However, we have laid a foundation on which further optimization can produce 

an accessible, easy to implement, high-throughput genotyping approach. It is our final intention 

to increase the number of genotyping options currently available to the research community, and 

hopefully contribute to directly or indirectly drive genomic research costs down. 
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