
 

 

 

 
The Effect of Molecular, 

Morphological and Spectral 
Reflectance Evolution on Nicotiana 

Polyploids of Different Ages 

 
Elizabeth Wetzel McCarthy 

 
 
 
 
 

Thesis submitted for the degree of 
 

Doctor of Philosophy 
 

Queen Mary, University of London 
 

2010 
 



 2 

Abstract 
 
 Interspecific hybridisation accompanied by multiplication of chromosome 

number, or allopolyploidy, results in rapid genetic, epigenetic, chromosomal and 

morphological changes.  Evidence of ancient polyploidisation is found in most if not all 

angiosperms, suggesting that polyploidisation may have played a role in the success of 

angiosperm species.  Here, I examine the fate of duplicate gene copies in the floral 

development gene NICOTIANA FLO/LFY (NFL) and the evolution of floral form and 

colour in Nicotiana (Solanaceae) allotetraploids of different ages. 

 Both NFL copies are retained in all allotetraploids examined, even those ~10 

million years old (myo).  There are no nonsense or frame-shift mutations, suggesting that 

all copies are still functional.  Both copies are expressed in all allotetraploids examined, 

even those ~4.5 myo.  The evolution of floral form and colour was examined using 

geometric morphometrics of floral limb shape, corolla tube length and width metrics, and 

spectral reflectance measurements of floral colour.  In floral limb shape, younger 

polyploids tend to be intermediate in shape between those of their diploid progenitors, 

whereas older polyploids have more divergent forms; however, divergence in floral limb 

shape can occur rapidly following polyploidisation.  In corolla tube length and width, the 

majority of polyploids have wider and shorter corolla tubes, suggesting more generalist 

pollination after polyploidisation.  In floral colour, polyploids can either be intermediate 

between their progenitors, like one or other progenitor, or divergent.  The floral colour of 

N. tabacum is divergent and seems to have resulted from the inheritance of floral plastids 

that lack chlorophyll from its maternal progenitor and the inheritance of anthocyanin 

pigmentation from its paternal progenitor.  Evidence for convergent evolution of floral 

form in green/yellow-flowered Nicotiana seems to be linked to hummingbird pollination.  

Overall, rapid molecular and morphological changes following polyploidisation may be 

advantageous and may partially explain why polyploids have been so successful in 

angiosperms. 
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Chapter 1 
 

General Introduction 

 Polyploidy, or the increase in whole chromosome complements, has played an 

important role in the evolution of flowering plants.  Polyploidisation results in genome 

redundancy, which has been suggested to provide the basis for an increase in 

morphological complexity over time (Freeling and Thomas, 2006) as well as the ability to 

mask the effects of deleterious recessive alleles (Comai, 2005).  However, there are also 

disadvantages to being polyploid, including increased requirements for nitrogen and 

phosphorus for the synthesis of nucleic acid and protein (Leitch and Leitch, 2008) and 

abnormal mitosis and meiosis, which result in aneuploid cells or gametes (Comai, 2005).  

Nevertheless, the vestiges of polyploidy can be observed in the genomes of most, if not 

all, angiosperms, and recent polyploids make up many of the crop species important 

today, including bread wheat, maize, oilseed rape, coffee, banana, potatoes and cotton 

(Leitch and Leitch, 2008).  Examining the effects and mechanisms of polyploidy will 

shed light on the evolutionary benefits of polyploidy in angiosperms. 

 

1.1  Incidence of polyploidy in plants 

1.1.1  Polyploid speciation 

 The question of the frequency and extent of polyploidisation in angiosperms has 

interested scientists for decades.  As reviewed in Otto and Whitton (2000), previous 

estimates of the percentage of polyploid species have ranged from 20-40% (Stebbins, 

1938), 57% (Grant, 1963), or 70% (Goldblatt, 1980; Masterson, 1994) and involve 

several different methods.  Stebbins (1938) classified a species as polyploid if its haploid 

chromosome number was a multiple of the base chromosome number of the genus.  Grant 

(1963), Goldblatt (1980) and Masterson (1994) each used a threshold approach, assuming 

that with a base chromosome number across angiosperms of 7-9, a species with n ≥ 14 

(Grant, 1963) or n ≥ 11 (Goldblatt, 1980; Masterson, 1994) would have had whole 

genome duplication (WGD) in its history.  As Otto and Whitton (2000) pointed out, none 
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of these methods can estimate how often polyploidy has resulted in speciation, and a 

threshold method is inherently flawed as it is possible that the haploid chromosome 

number of a diploid species will exceed the threshold whereas that of a polyploid species 

will fall below it. 

 Several more recent studies have employed new methods to examine the 

prevalence of polyploidisation in speciation.  Otto and Whitton (2000) estimate the 

percentage of polyploidisation events using odd and even haploid chromosome numbers, 

and their results indicate that ~2-4% of speciation events in angiosperms are due to 

polyploidy whereas speciation via whole genome duplication is more prevalent (~7%) in 

ferns.  Wood et al. (2009) have examined chromosome counts in the context of 

phylogenetic trees to determine where ploidy increase has resulted in speciation and 

conclude that polyploidy accounts for 15% of the 1,813 speciation events examined in 

angiosperms and 31% of the 204 speciation events in ferns. 

 I believe that the phylogenetic method of Wood et al. (2009) is the best to date as 

no gross assumptions are made and a polyploidisation event is only inferred if there has 

been an increase in chromosome number among closely related taxa.  However, as 

molecular phylogenetic trees represent the evolutionary history of the gene analysed, they 

do not necessarily show true species relationships (Nichols, 2001).  This discrepancy 

could confound estimates of polyploid speciation, but overall it is important to examine 

polyploidisation events in a phylogenetic context. 

 

1.1.2  Ancient duplications in the evolutionary history of 

angiosperms 

 Whereas Stebbins (1938), Grant (1963), Goldblatt (1980) and Masterson (1994) 

tried to estimate the percentage of angiosperms with polyploidisation in their evolutionary 

histories using chromosome numbers, modern sequencing technology has enabled the 

collection of genome-wide data, whether through actual whole genome sequences or large 

expressed sequence tag (EST) datasets.  With such extensive datasets, there are several 

new methods that can be used to infer not only the presence of ancient duplications, but 

also estimate the ages of the duplications found.  These include genomic collinearity, 

synonymous mutation (KS) age distributions, and phylogenetic tree construction of gene 

duplicates (Van de Peer et al., 2009). 
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In genomic collinearity, comparing both within and between genomes can identify 

homologous segments of the genome that can be used to determine the ploidy level of an 

ancient ancestor (within genome comparison) and whether an additional whole genome 

duplication (WGD) has occurred within one lineage (between genome comparison) (Van 

de Peer et al., 2009).  However, a whole genome sequence is required to use this method 

(Van de Peer et al., 2009). 

Using KS values to determine WGD involves estimating the KS divergence 

between duplicate genes (as synonymous mutations are neutral, KS estimates the 

divergence time between the duplicates) and plotting the frequency of gene pairs at each 

KS value (Blanc and Wolfe, 2004).  An ‘L’ shaped curve is expected as young duplicates 

will be the most frequent; then, as the most likely fate of duplicate genes is 

nonfunctionalisation, duplicate genes will be deleted from the genome; and finally the tail 

represents the older gene duplicates that are maintained in the genome by selection (Blanc 

and Wolfe, 2004).  However, if there has been one or several WGDs in the lineage, 

secondary peaks of gene duplicates will appear at older KS divergence times, which can 

be used to estimate the age of the WGD (Blanc and Wolfe, 2004). 

Another method used to estimate the relative age of a WGD involves creating a 

phylogenetic tree for each pair of gene duplicates from the WGD plus the orthologues 

from other species (Van de Peer et al., 2009).  If the paralogues are sister to each other in 

most of the trees, e.g. ((Arabidopsis, Arabidopsis), Populus), then it is likely that the 

duplication occurred along the lineage of that species, or in other words, after the species 

diverged from the closest species represented by orthologues.  However, if one paralogue 

is more closely related to a copy from another species than to the other paralogue, e.g. 

((Arabidopsis, Populus), Arabidopsis), then it is likely that the duplication occurred 

before the divergence of the two species (Van de Peer et al., 2009). 

Evidence for ancient WGD has been found in all plant species with completely 

sequenced genomes:  Arabidopsis thaliana (Brassicaceae), Oryza sativa subsp. japonica 

(Poaceae; rice), Populus trichocarpa (Salicaceae; poplar), Vitis vinifera (Vitaceae; 

grapevine), and Carica papaya (Caricaceae; papaya).  In addition, this has also been 

observed in many other species with large expressed sequence tag (EST) datasets (Soltis 

et al., 2009).  These ancient polyploidisations are detailed in a phylogenetic context in 

Fig. 1.1 (from Soltis et al., 2009).  The evolutionary history of Arabidopsis has involved 

three WGD, which have been named the α, β, and γ events (Bowers et al., 2003).  

Originally, the ages of these WGDs were estimated using phylogenetic reconstruction, 
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placing the α event before the divergence from Brassica (14.5-20.4 million years ago 

(mya)) but after the divergence from the Malvaceae (83-86 mya); the β event before the 

divergence from the other eudicots, but after the divergence from the monocots (170-235 

mya); and the γ event before the monocot-eudicot split, but without enough certainty to 

determine whether or not this WGD was after the angiosperm-gymnosperm divergence 

(Bowers et al., 2003).  However, these age estimates were revisited after the completion 

of the papaya genome, as papaya only shows evidence of the γ duplication event (Ming et 

al., 2008).  Both papaya and Arabidopsis belong to the Brassicales, and the Caricaceae 

diverged from the Arabidopsis lineage about 72 mya (Ming et al., 2008).  As the papaya 

genome shows no evidence of a more recent duplication, this suggests that the β event is 

actually much more recent than previously estimated and occurred either in the 

Brassicales after the divergence of the Caricaceae or within the Brassicaceae lineage 

(Ming et al., 2008; Tang et al., 2008). 

The Oryza genome shows evidence of at least one WGD, which appears to have 

occurred after the divergence of the Poales lineage, but before the radiation of Poales 

(Paterson et al., 2004; Fig. 1.1).  Populus shares the γ event with Arabidopsis and has a 

second more recent independent WGD, which seems to have occurred before the 

divergence of Salix (Salicaceae; willow) and Populus, but after the divergence of the 

eurosid I and II lineages (Tuskan et al., 2006; Fig. 1.1).  Vitis has been more 

controversial, and there are currently two hypotheses concerning ancient WGDs in light 

of this genome sequence.  Velasco et al. (2007) presented evidence for two WGDs in the 

genome sequence of Vitis (second WGD marked with a red box in Fig. 1.1).  They 

hypothesised an ancient WGD in the common ancestor of Oryza, Vitis, Poplar and 

Arabidopsis, with subsequent independent WGDs in each lineage as well as a further 

shared WGD in an ancestor of Poplar and Arabidopsis (Velasco et al., 2007).  In contrast, 

Jaillon et al. (2007) reported evidence for a single ancient WGD in the evolution of Vitis 

and proposed a palaeohexaploid event in the common ancestor of Vitis, Arabidopsis, and 

Poplar, although no evidence for this event is found in Oryza.  In either hypothesis, the 

most ancient polyploidisation event seems to correspond to the γ event of Arabidopsis 

(Soltis et al., 2009).  

Further evidence for ancient WGDs has been found using EST datasets.  Blanc 

and Wolfe (2004) used KS age distributions to investigate the presence of ancient gene 

duplicates and concluded that there had been duplications in Triticum aestivum (Poaceae; 

wheat), Zea mays (Poaceae; maize), Gossypium hirsutum (Malvaceae; tetraploid cotton),  
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Figure 1.1. Ancient polyploidisation events in angiosperms.  Angiosperm phylogeny with most likely 
positions of WGDs inferred from the literature.  Blue bars represent WGDs from whole genome 
comparisons.  Yellow bars represent WGDs from EST datasets.  Red bar represents a second duplication 
reported in Vitis by Velasco et al. (2007), though Jaillon et al. (2007) only report a single WGD (γ) in Vitis.  
Longer bars represent uncertainty in the placement of the WGD.  Figure from Soltis et al. (2009). 
 

G. arboretum (diploid cotton), Solanum lycopersicum (Solanaceae; tomato), S. tuberosum 

(potato), Glycine max (Fabaceae; soybean), Medicago trunculata (Fabaceae; barrel 

medic), and Arabidopsis thaliana (Brassicaceae).  However, there was no evidence for 

ancient duplication in Lactuca sativa (Asteraceae; lettuce), Hordeum vulgare (Poaceae; 

barley), Mesembryanthemum crystallinum (Aizoaceae; ice plant) or Helianthus annuus 

(Asteraceae; sunflower) (Blanc and Wolfe, 2004).  However, a subsequent study found 

evidence for three WGDs in Asteraceae: one common to all species examined and a 

further independent duplication in both tribes Mustisieae and Heliantheae (Barker et al., 

2008). 

Cui et al. (2006) examined KS values for evidence of ancient duplications in 

gymnosperms (Welwitschia mirabilis (Welwitschiaceae), Pinus taeda (Pinaceae), and P. 

pinaster), early diverging angiosperms (Amborella trichopoda (Amborellaceae) and 
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Nuphar advena (Nymphaeaceae), yellow water lily), magnoliids (Persea americana 

(Lauraceae), avocado; Liriodendron tulipifera (Magnoliaceae), tulip poplar; Saruma 

henryi (Aristolochiaceae)), an early diverging monocot (Acorus americanus (Acoraceae)), 

and an early diverging eudicot (Eschscholzia californica (Papaveraceae), California 

poppy).  Most of the taxa examined showed evidence of duplication with the exception of 

the two Pinus species and Amborella.  An ancient duplication was detected in Nuphar, 

which may indicate that the common ancestor of nearly all angiosperms underwent 

genome duplication.  Although Cui et al. (2006) did not find a WGD in the evolutionary 

history of Amborella, the median KS divergence between putative Nuphar and Amborella 

orthologues is similar to the median KS values that correspond to the ancient duplication 

in Nuphar.  It is possible that the relics of ancient polyploidisation are no longer apparent 

in Amborella if sufficient numbers of duplicate genes have been lost or synonymous 

substitutions have become saturated. 

Recent work by Fawcett et al. (2009) indicated that several independent 

polyploidisation events in divergent lineages seem to have occurred around 60-70 mya, 

which corresponds to the Cretaceous-Tertiary boundary and therefore the KT extinction 

event (~65 mya).  The KT extinction is the most recent mass extinction and resulted not 

only in the loss of dinosaurs, but also the disappearance of about 60% of plant species 

from the fossil record of North America (Wilf and Johnson, 2004).  Fawcett et al. (2009) 

have suggested that the high incidence of polyploidisation around the KT extinction may 

have given those plant lineages an advantage and helped them to escape extinction. 

 

1.2  Theories of polyploid formation 

1.2.1  Auto- and allopolyploids 

 There are two types of polyploids:  autopolyploids, in which the duplicated 

genomes come from a single species, and allopolyploids, which involve interspecific 

hybridisation as well as a multiplication of chromosome number.  The terms auto- and 

allopolyploid were first used by Kihara and Ono (1926).  Although both types of 

polyploids result in genome redundancy, the effects of auto- and allopolyploidy are 

distinct.  In autopolyploids, the genomes are very similar, which can result in abnormal 

pairing and the formation of multivalents during meiosis (Comai, 2005).  Multivalents 

have also been seen in allopolyploids (e.g. Lim et al., 2008), but to a less frequent extent.  
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Allopolyploids not only have genome redundancy, but also divergent genomes that must 

again cohabitate within the same nucleus.  This may lead to genomic shock, which is 

responsible for most of the drastic changes seen in newly formed allopolyploids, 

including retrotransposon insertions and deletions, differential gene expression, 

chromosome rearrangements, and epigenetic changes (Leitch and Leitch, 2008). 

It has been shown that this instability in some allopolyploid genomes is a result of 

genome merger as many of these changes occur in F1 hybrids and persist in subsequent 

generations or are even alleviated after duplication (Hegarty et al., 2006; Wang et al., 

2006b; Chaudhary et al., 2009).  It may seem that it is harder for allopolyploids to 

stabilise their genomes than autopolyploids, but allopolyploids also have the advantage of 

hybrid vigour and fixed heterozygosity, as each chromosome will pair with its homolog 

(within progenitor genomes) rather than its homeologue (between progenitor genomes), 

thus maintaining the diversity present within both progenitor genomes (Soltis and Soltis, 

2009).  In contrast, autotetraploids have multisomic inheritance, and therefore alleles 

segregate in the progeny (Soltis and Soltis, 2009). 

 

1.2.2  Polyploid formation 

 Spontaneous polyploid formation can occur in several different ways including 

somatic doubling, unreduced gametes, and triploid bridges (Ramsey and Schemske, 

1998).  In somatic doubling, cells in meristematic tissue double, presumably through 

mitotic nondisjuction, and this doubled cell lineage can go on to produce polyploid 

gametes.  Somatic doubling can also occur in zygotes or young embryos, producing a 

polyploid adult plant (Ramsey and Schemske, 1998).  Polyploids can be formed via 

unreduced gametes either in one step, with the union of two 2n gametes, or with the aid of 

a triploid bridge.  Triploids will be formed if an unreduced (2n) gamete fuses with a 

normal haploid gamete, producing a 3x individual.  Of the pollen produced by the 

triploid, typically ~5% is unreduced (3x) (Ramsey and Schemske, 1998).  If these 3x 

gametes fuse with normal haploid egg cells, tetraploids are formed.  The frequency of 

unreduced 2n gametes in diploids is 0.5% in nonhybrid species and 27.5% in hybrid 

species, which suggests that spontaneous polyploid formation is much more prevalent in 

hybrid systems (Ramsey and Schemske, 1998).  In fact, the formation of polyploid 

progeny from an F1 hybrid for both self- and outcrosses is 63%, which is much higher 

than the expected probability of 7.6% (27.5% multiplied by 27.5%, representing the 
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probability that two unreduced gametes will fuse; Ramsey and Schemske, 1998).  This 

suggests that there is some sort of selection against reduced gametes and/or offspring that 

are not polyploid (Ramsey and Schemske, 1998).  As most F1 hybrids that form 

polyploids are sterile, selection for polyploid offspring, which will restore fertility as 

chromosomes can again pair, seems to be evolutionarily advantageous. 

 

1.3  Consequences of polyploidy 

 Polyploidisation is followed by both immediate and long-term changes, including 

nonadditive gene expression, structural and epigenetic changes, and the presence of novel 

phenotypes not present in the progenitors.  Changes in gene expression have been found 

at the transcript level in allopolyploid Senecio (Hegarty et al., 2005; 2006), Arabidopsis 

(Wang et al., 2006b; Ha et al., 2009), Gossypium (Chaudhary et al., 2009; Flagel and 

Wendel, 2009; Rapp et al., 2009), and Brassica (Gaeta et al., 2009) as well as in 

autotetraploid potato (Stupar et al., 2007).  Albertin et al. (2006) have found differential 

gene expression at the protein level in Brassica, and the presence of similar changes in 

independent synthetic lines suggests nonstochastic repatterning of gene expression.  

Gaeta et al. (2009) presented tentative evidence that the amount of differential gene 

expression in Brassica synthetic lines is correlated to the number of chromosomal 

rearrangements, which may suggest a mechanism behind at least some of the gene 

expression changes found after polyploidisation. 
Long-term structural changes within allopolyploid genomes are also apparent.  

Genomic in situ hybridisation (GISH) studies in Nicotiana polyploids of different ages, 

where polyploid metaphase chromosome spreads are painted with labelled genomic DNA 

from their progenitors, show increased genome rearrangement over time (Lim et al., 

2007).  Early generation synthetic polyploids have completely distinct progenitor 

genomes; translocations between progenitor genomes are seen after 0.2 million years; 

considerable exchange between genomes is apparent after ~1 million years, leading to 

chromosomes with a mosaic of progenitor sequences; and finally near-complete genome 

turnover has occurred after ~5 million years as revealed by the observation that in taxa of 

this age, DNA from the progenitors fails to paint the polyploid chromosomes (Lim et al., 

2007).  Chromosomal changes can also occur in a much shorter time frame.  Tragopogon 

polyploids have originated within the last 80 years, and GISH studies have shown that 

some individuals are monosomic or trisomic for particular chromosomes, although the 
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overall chromosome number may stay the same (Lim et al., 2008).  These changes are 

most likely explained by nondisjunction in meiosis as multivalents containing 

chromosomes from both progenitor genomes have been detected (Lim et al., 2008). 

Polyploids also experience epigenetic changes.  In first generation (S0) synthetic 

Brassica napus lines, Gaeta et al. (2007) have found frequent methylation changes that in 

most cases persist in the S5 progeny of these independent lines.  Matyasek et al. (2007) 

report nucleolar dominance, or expression of ribosomal DNA (rDNA) units from one 

progenitor while those of the other are silenced, in Tragopogon polyploids, where there 

seems to be a reciprocal relationship between the number of rDNA copies present from 

one progenitor and the level of rDNA transcription.  In three Nicotiana allotetraploids, 

Dadejova et al. (2007) presented evidence for varying amounts of rDNA homogenisation, 

where rDNA units of one progenitor type are converted to the other type.  Their results 

suggest that rDNA units that are epigenetically silenced are less likely to undergo 

homogenisation as these silenced units are excluded from the nucleolus, and therefore do 

not come into contact with rDNA units from the other progenitor genome (Dadejova et 

al., 2007).  Heritable epigenetic variation among three Dactylorhiza (Orchidaceae) 

allotetraploids that originated from the same diploid progenitors facilitated their 

ecological divergence (Paun et al., 2010). 

Novel phenotypes not present in either progenitor can also be seen in 

allopolyploids.  This phenomenon is evident in flowering time in synthetic Brassica 

napus (Brassicaceae; Pires et al., 2004) and in both synthetic and natural Arabidopsis 

allotetraploids (Wang et al., 2006a).  In both systems, the divergent flowering phenotypes 

involve FLOWERING LOCUS C (FLC), which represses flowering.  Phenotypic changes 

in Brassica napus were correlated with both differential expression of the Brassica napus 

FLC genes BnFLC2 and BnFLC3 and chromosomal rearrangements of segments 

containing these genes (Pires et al., 2004).  In Arabidopsis, however, the novel flowering 

phenotypes in the synthetic and natural polyploids are simply the result of cis/trans 

interactions inherent in the merger of two diverged genomes (Wang et al., 2006a).  The 

progenitors of the Arabidopsis polyploids examined in this study are the diploid A. 

thaliana and the tetraploid A. arenosa.  Arabidopsis thaliana has an early flowering 

phenotype because it lacks a functional copy of the gene FRIGIDA (FRI), which 

upregulates FLC and thus represses flowering.  Arabidopsis arenosa has a late flowering 

phenotype as it possesses both functional FRI and FLC.  When these two divergent 

regulatory networks are merged in a polyploid nucleus, A. arenosa FRI activates the FLC 
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copy from both A. arenosa and A. thaliana, which leads to higher levels of FLC and 

therefore later flowering in Arabidopsis allotetraploids (Wang et al., 2006a).  These 

results indicate that trans regulatory changes after allopolyploidisation can modify 

expression patterns and yield novel phenotypes as early as the first generation after 

hybridisation. 

 

1.4  Homoploid hybrid speciation 

 Homoploid hybrid speciation occurs when interspecific hybrids with no change in 

ploidy become established as stable populations (Gross and Rieseberg, 2005).  When 

reviewed in 2005, only about 20 homoploid plant species had been identified, including 

species in Helianthus, Iris, and Senecio (Gross and Rieseberg, 2005).  Since then 

additional putative homoploids have been reported (e.g. in Nicotiana (Clarkson et al., 

2010; Kelly et al., 2010)), but homoploid hybrids are still much less frequent than 

allopolyploids.  There are several possible reasons for the lack of recognised homoploid 

species.  Firstly, homoploids are much harder to distinguish than allopolyploids as they 

lack the obvious increase in chromosome number.  In order to provide conclusive 

evidence of homoploid hybridisation, sequences from two different progenitors must be 

present and detected, which is not straightforward as progenitor alleles segregate and 

independently assort in homoploid hybrids (Soltis and Soltis, 2009).  Therefore, multiple 

unlinked genic regions must be examined for incongruent species relationships between 

gene trees in order to detect hybridity.  A further diagnostic tool is searching for evidence 

of recombination between progenitor alleles in putative homoploid species.  Secondly, 

diploid hybrids between two species often blur the species boundary by acting as a bridge 

for gene flow instead of becoming established as a third species, independent of its 

progenitors (Buerkle et al., 2000).  Allopolyploids do not share this challenge as they are 

typically reproductively isolated from their progenitors via their change in ploidy.  

Thirdly, newly formed homoploid hybrids tend to have low fitness due to 

incompatibilities between progenitor chromosomes, whereas allopolyploids have normal 

chromosome pairing due to genome duplication (Rieseberg and Willis, 2007). 

 Therefore, in order for homoploid hybridisation to lead to the establishment of a 

new species, fertility must be regained by restructuring of the genome into compatible 

chromosome pairs, and gene flow with progenitors must be overcome in order to achieve 

reproductive isolation (Buerkle et al., 2000).  An F1 homoploid hybrid is inherently 
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heterozygous, but self-crossing, crossing with other F1 individuals, or backcrossing to 

either progenitor can result in homozygous chromosome blocks via both recombination 

between chromosomes and segregation and independent assortment (Buerkle et al., 

2000).  As being homozygous in chromosome structure increases fertility, these 

homozygous blocks will be selected for, and eventually, homoploid fertility can be 

restored.  In the homoploid hybrids recorded in the literature, about half have karyotypes 

that are divergent from those of their progenitors, suggesting that chromosomal 

rearrangements occurred to restore fertility (Rieseberg and Willis, 2007).  However, no 

evidence of genome shuffling is apparent in other homoploid species, indicating that 

restructuring the homoploid genome is not necessary for establishment of stability and 

reproductive isolation in homoploid species.  This implies that overcoming gene flow 

with progenitors is much more important in driving homoploid speciation than 

chromosomal rearrangements. 

Ecological isolation has been proposed as a mechanism to overcome the effects of 

gene flow (Buerkle et al., 2000).  This hypothesis was tested in computer simulations of 

homoploid speciation where two progenitor habitats plus a third distinct unoccupied 

habitat were accessible to the homoploid (Buerkle et al., 2000) compared to simulations 

where only the two progenitor habitats were available (Buerkle et al., 2003).  The 

simulations with three available habitats resulted in the frequent establishment of 

ecologically isolated homoploid populations (Buerkle et al., 2000) whereas homoploid 

speciation was rare in the simulations with only the two progenitor habitats (Buerkle et 

al., 2003).  These results indicate the importance of the availability and colonisation of a 

distinct habitat from those of progenitor species in the establishment of homoploid 

species (Gross and Rieseberg, 2005).  In support of this idea, all homoploid species 

reported in the literature are ecologically divergent from their progenitors (Rieseberg and 

Willis, 2007). 

What are the mechanisms behind homoploid ecological divergence and how do 

these result in reproductive isolation and therefore homoploid speciation?  This question 

is reviewed in detail by Gross and Rieseberg (2005).  Ecological divergence can aid in the 

establishment of reproductive isolation in several ways, including a change in habitat, 

which creates spatial isolation between the homoploid and its progenitors; development 

of divergent floral traits, which result in a shift of pollinators; and alteration in flowering 

time, which temporally isolates the homoploid hybrid (Gross and Rieseberg, 2005).  

Because progenitor alleles segregate in later generation homoploid hybrids, it is possible 
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to see a wide range of phenotypes, including intermediate between the two progenitors, 

like one or other progenitor, or transgressive phenotypes, which fall outside the 

phenotypic range of either progenitor (Soltis and Soltis, 2009).  The ability to combine 

progenitor traits to create novel phenotypes immediately after hybridisation gives a 

homoploid hybrid an adaptive advantage over conventionally diverging species, which 

must accumulate mutations gradually over time in order to generate new phenotypes. 

A phenotypic selection study in Helianthus paradoxus (Asteraceae), a homoploid 

species created via hybridisation between H. annuus and H. petiolaris, revealed that the 

homoploid possessed adaptive quantitative trait loci (QTLs) from both progenitors (Lexer 

et al., 2003a).  Therefore, the novel phenotype of the homoploid (in this case salt 

tolerance), which allows it to colonise a divergent habitat (salt marshes), is derived from a 

combination of progenitor traits.  Further experiments in Helianthus examined whether 

the adaptive traits shown in established homoploid species are under selection in synthetic 

homoploid hybrids of the same genetic make-up grown in the divergent habitat of the 

established homoploid species.  Some adaptive traits from H. anomalus (Ludwig et al., 

2004), H. deserticola (Gross et al., 2004), and H. paradoxus (Lexer et al., 2003b) were 

seen to develop in synthetic homoploid hybrids, suggesting that divergent ecological 

selection plays a role in establishing the evolutionary independence of homoploid 

populations (Gross and Rieseberg, 2005). 

 

1.5  The genus Nicotiana 

 The genus Nicotiana is an excellent group in which to study the evolutionary 

effects of hybridisation as nearly half of the 76 species are allotetraploids, which formed 

at different time points in evolutionary history (Chase et al., 2003; Clarkson et al., 2004; 

2005; Leitch et al., 2008).  More recently, several putative homoploid hybrids have been 

detected as well (Clarkson et al., 2010; Kelly et al., 2010), which adds to the hugely 

reticulate nature of the genus.  In his Nicotiana monograph, Goodspeed (1954) grouped 

Nicotiana species into sections according to their overall morphology, chromosome 

morphology and number and the success of interspecific crossing.  Goodspeed’s 

classification has mainly been supported by subsequent data, although molecular 

evidence has elucidated some relationships and reclassification of some species and 

renaming of some sections has been required (Knapp et al., 2004).  Molecular data have 

been collected from several loci: the internal transcribed spacer (ITS) of ribosomal DNA



Table 1.1.  The genus Nicotiana 

Nicotiana sections and species Chromosome 

number (n) 

Section Alatae 

 Nicotiana alata Link & Otto 9 
 Nicotiana bonariensis Lehm. 9 
 Nicotiana forgetiana Hemsl. 9 
 Nicotiana langsdorffii Weinm. 9 
 Nicotiana longiflora Cav. 10 
 Nicotiana mutabilis Stehmann & Samir 9 
 Nicotiana plumbaginifolia L. 10 

Section Nicotiana 

 Nicotiana tabacum L. 24 

Section Noctiflorae 

 Nicotiana acaulis Speg. 12 
 Nicotiana ameghinoi Speg. ? 
 Nicotiana glauca Graham 12 
 Nicotiana noctiflora Hook. 12 
 Nicotiana petunioides (Griseb.) Millán 12 

Section Paniculatae 

 Nicotiana benavidesii Goodsp. 12 
 Nicotiana cordifolia Phil. 12 
 Nicotiana cutleri D’Arcy ? 
 Nicotiana knightiana Goodsp. 12 
 Nicotiana paniculata L. 12 
 Nicotiana raimondii J.F.Macbr. 12 
 Nicotiana solanifolia Walp. 12 

Section Petunioides 

 Nicotiana acuminata (Graham) Hook. 12 
 Nicotiana attenuata Torrey ex S.Watson 12 
 Nicotiana corymbosa J.Rémy 12 
 Nicotiana linearis Phil. 12 
 Nicotiana longibracteata Phil. ? 
 Nicotiana miersii J.Rémy 12 
 Nicotiana pauciflora J.Rémy 12 
 Nicotiana spegazzinii Millán 12 

Section Polydicliae 

 Nicotiana clevelandii A.Gray 24 
 Nicotiana quadrivalvis Pursh 24 

Section Repandae 

 Nicotiana nesophila I.M.Johnston 24 
 Nicotiana nudicaulis S.Watson 24 
 Nicotiana repanda Willd. 24 
 Nicotiana stocktonii Brandegee 24 

Section Rusticae 

 Nicotiana rustica L. 24 

Section Suaveolentes 

 Nicotiana africana Merxm. 23 
 Nicotiana amplexicaulis N.T.Burb. 18 
 Nicotiana benthamiana Domin 19 
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Nicotiana sections and species Chromosome 

number (n) 

 Nicotiana burbidgeae Symon 21 
 Nicotiana cavicola N.T.Burb. 20, 23 
 Nicotiana debneyi Domin 24 
 Nicotiana excelsior (J.M.Black) J.M.Black 19 
 Nicotiana exigua H.M.Wheeler 16 
 Nicotiana fragrans Hooker 24 
 Nicotiana goodspeedii H.M.Wheeler 20 
 Nicotiana gossei Domin 18 
 Nicotiana hesperis N.T.Burb. 21? 
 Nicotiana heterantha Kenneally & Symon 24 
 Nicotiana ingulba J.M.Black 20 
 Nicotiana maritima H.M.Wheeler 16 
 Nicotiana megalosiphon Van Huerck & Müll.Arg. 20 
 Nicotiana occidentalis H.M.Wheeler 21 
 Nicotiana rosulata (S. Moore) Domin 22 
 Nicotiana rotundifolia Lindl. 22 
 Nicotiana simulans N.T.Burb. 20 
 Nicotiana stenocarpa H.M.Wheeler 20 
 Nicotiana suaveolens Lehm 16 
 Nicotiana truncata D.E.Symon ? 
 Nicotiana umbratica N.T.Burb. 20 
 Nicotiana velutina H.M.Wheeler 16 
 Nicotiana wuttkei Clarkson & Symon 14 

Section Sylvestres 

 Nicotiana sylvestris Speg. & Comes 12 

Section Tomentosae 

 Nicotiana kawakamii Y.Ohashi 12 
 Nicotiana otophora Griesb. 12 
 Nicotiana setchellii Goodsp. 12 
 Nicotiana tomentosa Ruiz & Pav. 12 
 Nicotiana tomentosiformis Goodsp. 12 

Section Trigonophyllae 

 Nicotiana obtusifolia M.Martens & Galeotti 12 
 Nicotiana palmeri A.Gray 12 

Section Undulatae 

 Nicotiana arentsii Goodsp. 24 
 Nicotiana glutinosa L. 12 
 Nicotiana thyrsiflora Bitter ex Goodsp. 12 
 Nicotiana undulata Ruiz & Pav. 12 
 Nicotiana wigandioides Koch & Fintelm. 12 
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Figure 1.2a.  ITS phylogenetic tree from Chase et al. (2003).  One of the most parsimonious trees from 
the ITS analysis with branch lengths above branches and bootstrap support below branches.  Hyphens 
below branches indicate BP<50.  Arrow heads indicate clades that collapse in the strict consensus tree.  
Section Suaveolentes detailed in Figure 1.2b. 
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Figure 1.2b.  ITS phylogenetic tree of section Suaveolentes from Chase et al. (2003).  See Figure 1.2a 
for rest of tree and further information. 
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Figure 1.2c.  Plastid phylogenetic tree.  One of the most parsimonious trees from the plastid dataset 
from Clarkson et al. (2004).  Branch lengths are shown above branches and bootstrap support below 
branches.  Arrow heads indicate clades not present in all most parsimonious trees. 
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Figure 1.2d.  ADH phylogenetic tree.  Strict consensus of the 16 most parsimonious trees for the ADH 
dataset (from Kelly et al., 2010; unpublished data).  Bootstrap values are presented above branches and 
posterior probabilities below branches. 
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Figure 1.2e.  GS phylogenetic tree, early diverging clades.  One of the 6750 most parsimonious trees 
from the GS dataset from Clarkson et al. (2010).  Branch lengths shown above branches and bootstrap 
values below branches.  Arrow heads mark clades not present in all most parsimonious trees.  The rest of 
the tree is shown in Figure 1.2f. 
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Figure 1.2f.  GS phylogenetic tree, late diverging clades.  The rest of the GS tree from Clarkson et al. 
(2010).  See Figure 1.2e for the rest of Nicotiana and further information. 

 
GSGS



 35 

(Chase et al., 2003), plastid regions (Clarkson et al., 2004), alcohol dehydrogenase 

(ADH; Kelly et al., 2010; L.J. Kelly, unpublished), and glutamine synthetase (GS; 

Clarkson et al., 2010; Fig. 1.2).  Both maximum parsimony and Bayesian analyses have 

been performed on the plastid, ADH, and GS datasets, whereas only maximum parsimony 

was used on ITS.  Here I will describe the current classification of Nicotiana sections 

with reference to where it deviates from Goodspeed’s original organisation.  All 

Nicotiana species and their authorities and chromosome numbers are listed by section in 

Table 1.1. 

 

1.5.1  Diploid species 

 The genus Nicotiana includes eight diploid sections:  Paniculatae, Undulatae, 

Noctiflorae, Alatae, Sylvestres, Petunioides, Trigonophyllae, and Tomentosae.  Section 

Paniculatae consists of three sets of sister species, which all have a haploid chromosome 

number of 12:  N. paniculata and N. knightiana, N. benavidesii and N. raimondii, and N. 

cordifolia and N. solanifolia.  The relationships between these sister taxa are unclear as 

some results place N. benavidesii and N. raimondii as the most early diverging (ITS, 

Chase et al., 2003; ADH, Kelly et al., 2010) while N. cordifolia and N. solanifolia 

diverge first in other trees (plastid, Clarkson et al., 2004; GS, Clarkson et al., 2010).  The 

species N. cutleri was recently described and placed in the Paniculatae based on 

morphology (D'Arcy, 1976).  It has been included in the recent molecular study of GS, 

which confirms its placement in the Paniculatae and suggests that it is most closely 

related to N. benavidesii and N. raimondii (Clarkson et al., 2010). 

 Section Undulatae contains four diploid taxa with n=12: N. undulata, N. 

wigandioides, N. thyrsiflora, and N. glutinosa, and one tetraploid taxa with n=24, N. 

arentsii (see section 1.5.2 for further information; Clarkson et al., 2004).  Goodspeed 

(1954) placed N. thyrsiflora in a section of its own, Thyrsiflorae, and believed that it was 

closely related to section Paniculatae based on floral colour, karyotype and trichome 

anatomy.  Goodspeed (1954) grouped N. glutinosa with Tomentosae on the basis of 

flower morphology and color, but also noticed that its leaf morphology was distinctly 

different to that seen in Tomentosae and more closely resembled the leaves of N. 

benavidesii in section Paniculatae.  He hypothesised that N. glutinosa originated as a 

hybrid between Tomentosae-like and Paniculatae-like ancestors with subsequent 
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backcrossing to the Tomentosae lineage.  In fact, there is some evidence that N. glutinosa 

is a homoploid hybrid, but instead between sections Tomentosae and Undulatae 

(Clarkson et al., 2010; see section 1.5.3 for further details). 

 Section Noctiflorae includes N. noctiflora, N. petunioides, N. acaulis, N. glauca, 

and N. ameghinoi, which all have a haploid chromosome number of 12 (Clarkson et al., 

2004).  Nicotiana ameghinoi has not been included in any of the molecular datasets due to 

lack of material, but it resembles N. acaulis in morphology (Goodspeed, 1954).  

Goodspeed (1954) placed N. glauca in section Paniculatae due to the extreme similarity 

in floral morphology, but also noted that the leaf morphology of N. glauca resembles that 

of N. noctiflora.  He also observed that N. glauca was distinct from the rest of section 

Paniculatae in nearly every aspect and hypothesised that N. glauca had a hybrid origin, 

which involved a Noctiflorae-like ancestor.  Recent molecular evidence suggests that N. 

glauca is a homoploid hybrid between sections Noctiflorae and Petunioides (Kelly et al., 

2010; see section 1.5.3 for further details). 

 Section Alatae is distinct in the genus as its species have different haploid 

chromosome numbers than the other Nicotiana diploids.  Nicotiana alata, N. bonariensis, 

N. forgetiana, N. langsdorffii, and N. mutabilis are n=9, whereas N. longiflora and N. 

plumbaginifolia are n=10 (Clarkson et al., 2004).  Although the plastid dataset supports 

section Alatae as monophyletic and resolves an n=10 clade with high support, the 

relationships within the section are unclear (Clarkson et al., 2004).  Further sequencing of 

plastid regions determines that the n=9 clade consists of two groups of sister species, N. 

alata and N. langsdorffii as well as N. bonariensis and N. forgetiana (Lim et al., 2006).  

Nicotiana mutabilis is a new species recently discovered in Brazil (Stehmann et al., 

2002), but the ADH (Kelly et al., 2010) and GS (Clarkson et al., 2010) datasets place N. 

mutabilis within the n=9 clade.  Goodspeed (1954) also placed N. sylvestris within section 

Alatae, but Knapp et al. (2004) moved the species into its own section, Sylvestres, as 

there was little molecular evidence supporting its inclusion in section Alatae or in any 

other diploid section.  Also, N. sylvestris has a haploid chromosome of n=12, which is 

distinct from the reduced chromosome numbers of the Alatae species. 

 Section Petunioides consists of N. acuminata, N. attenuata, N. corymbosa, N. 

pauciflora, N. miersii, N. linearis, N. spegazzinii, and N. longibracteata, which all have a 

haploid chromosome number of 12 (Goodspeed, 1954; Chase et al., 2003; Clarkson et al., 

2004).  Nicotiana longibracteata has not been included in molecular analyses due to 

unavailability of plant material.  Nicotiana linearis and N. spegazzinii seem to be sister 
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species as they are placed as such in the ITS (Chase et al., 2003) and GS (Clarkson et al., 

2010) datasets.  Nicotiana spegazzinii was not included in the plastid dataset, and both N. 

spegazzinii and N. linearis are unresolved in the ADH phylogeny (Kelly et al., 2010).  

Although these two species are normally sister, they often do not group with the other 

Petunioides species, which suggests a homoploid origin between the Petunioides and the 

Noctiflorae (Kelly et al., 2010; see section 1.5.3 for further discussion).  Unfortunately, 

there has also been some confusion about the N. attenuata accession used in the ITS 

(Chase et al., 2003), plastid (Clarkson et al., 2004) and ADH (Kelly et al., 2010; although 

the N. attenuata sequence has been omitted from this publication) datasets.  Placement of 

N. attenuata differed between the GS trees in Qu et al. (2004) and a preliminary tree from 

the study by Clarkson et al. (2010).  Clarkson et al. (2010) obtained N. attenuata material 

from Qu et al. (2004), and the resulting sequence was placed in a similar topology to that 

of Qu et al. (2004).  This suggests that the N. attenuata accession previously used (MWC 

12610) was misidentified.  The material is probably from N. acuminata as the previous N. 

attenuata sequences are always either sister to or in a polytomy with N. acuminata (ITS, 

Chase et al., 2003; plastid, Clarkson et al., 2004; ADH, Kelly et al., 2010, sequence 

removed before publication).  Goodspeed (1954) labelled the Petunioides by a different 

name, section Acuminatae, but the section name was changed to Petunioides by Knapp et 

al. (2004) to reflect priority. 

 Section Trigonophyllae includes only two species, although these may represent 

subspecies instead of two distinct species: N. obtusifolia and N. palmeri, both with n=12 

(Chase et al., 2003; Clarkson et al., 2004).  Section Tomentosae consists of N. tomentosa, 

N. tomentosiformis, N. otophora, N. setchellii, and N. kawakamii, which also have a 

haploid chromosome number of 12 (Chase et al., 2003). 

 

1.5.2  Polyploid species:  Origins and ages 

 The genus Nicotiana includes several allotetraploid species of different ages.  

Multiple phylogenetic and cytological studies have been performed to determine the 

diploid progenitors of these allotetraploid species, and a molecular clock analysis has 

been used to estimate the probable dates of allotetraploid origin.  A full description of the 

molecular clock method can be found in Clarkson et al. (2005).  Briefly, nonparametric 

rate-smoothing was used to even out rate differences within the combined plastid and ITS 

tree (from Clarkson et al., 2004).  Based on estimated geological ages of volcanic island 
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formation and the occurrence of endemic species on these islands, a calibration point of 

2.4 million years was used as the maximum divergence time of the sister species N. 

cordifolia, endemic to the Juan Fernandez island of Masafuera (1-2.4 million years old), 

and N. solanifolia, which is found on the Chilean mainland (Clarkson et al., 2005).  This 

calibration point corroborates the estimated divergence time (~1.1 million years ago) of 

N. nesophila and N. stocktonii, which are endemic to the volcanic Revillagigedo Islands 

far off the western coast of Mexico, and N. repanda, found on the Mexican mainland, 

suggesting that the molecular clock estimates are relatively robust (Clarkson et al., 2005). 

However, it is important to note that dates estimated by molecular clock methods 

should be treated with caution, as many different scenarios are possible, such as 

speciation on the mainland before the birth of the volcanic islands, migration to these 

islands once they appeared, and subsequent extinction of the species on the mainland.  In 

contrast, the relative ages between different allotetraploid sections should reflect the true 

sequence of polyploidisation events; the youngest allotetraploids will always be younger 

than the older allotetraploid species, independent of the absolute ages estimated by a 

molecular clock.  Floral morphology of allotetraploids and their diploid progenitors is 

shown in Fig. 1.3. 

 Three independent allotetraploidisation events took place less than 0.2 million 

years ago (mya), creating N. tabacum, N. rustica, and N. arentsii, which are all 2n=4x=48.  

The maternal progenitor (closest extant species of the taxon involved in the origin of the 

allotetraploid) of N. tabacum is N. sylvestris, and the paternal progenitor is N. 

tomentosiformis, from evidence from both cytological (Lim et al., 2000b; Murad et al., 

2002) and molecular (Chase et al., 2003; Clarkson et al., 2004) analyses.  The maternal 

progenitor of N. rustica is unclear from the plastid dataset as N. rustica shares a common 

ancestor with both N. paniculata and N. knightiana (Clarkson et al., 2004).  However, the 

GS dataset suggests that N. paniculata is the most likely maternal progenitor, as well as 

providing evidence that N. undulata is the most likely paternal progenitor (Clarkson et al., 

2010).  Genomic in situ hybridisation (GISH), where metaphase chromosome spreads 

from N. rustica were painted with fluorescently labelled N. paniculata and N. undulata 

genomic DNA, also suggests that the ancestors of these two diploid species were involved 

in the origin of N. rustica (Lim et al., 2005).  The maternal progenitor of N. arentsii is N. 

undulata (Clarkson et al., 2004), and the paternal progenitor is N. wigandioides (Clarkson 

et al., 2010).  Again these results have been confirmed by GISH experiments (Lim et al., 

2004a). 
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 Section Polydicliae is made up of two species, N. quadrivalvis and N. clevelandii, 

which are about 1 million years old (myo) and have a chromosome complement of 

2n=4x=48.  There has been some uncertainty as to whether these two species have 

speciated from the same polyploidisation event or whether they have arisen from separate 

origins involving the same progenitors.  In the plastid dataset, the Polydicliae are 

paraphyletic, suggesting multiple origins (Clarkson et al., 2004).  However, they are 

monophyletic in the ADH dataset as well as in both GS analyses (Qu et al., 2004; 

Clarkson et al., 2010; Kelly et al., 2010), which provides stronger evidence for speciation 

from a single polyploidisation event.  Therefore it is most likely that the Polydicliae have 

a single origin.  The maternal progenitor of section Polydicliae is N. obtusifolia (Clarkson 

et al., 2004), whereas the paternal progenitor is N. attenuata (Qu et al., 2004; Clarkson et 

al., 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 1.3.  Floral morphologies of Nicotiana polyploids and their diploid progenitors.  a) N. 

tabacum, <0.2 myo.  b) N. rustica, <0.2 myo.  c) N. arentsii, <0.2 myo.  d) section Polydicliae, ~1 myo.  e) 
section Repandae, ~4.5 myo.  f) section Suaveolentes, 10 myo.  Flowers not to scale. 
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 Section Repandae consists of four species of 2n=4x=48, which speciated after a 

single polyploidisation event approximately 4.5 mya: N. repanda, N. nesophila, N. 

stocktonii, and N. nudicaulis (Clarkson et al., 2005).  Goodspeed (1954) placed N. 

nudicaulis in its own section, Nudicaules, due to its distinct floral morphology, but 

molecular analyses elucidated the monophyly of these four species (Chase et al., 2003; 

Clarkson et al., 2004).  Therefore, N. nudicaulis has been moved into section Repandae 

(Knapp et al., 2004).  The plastid analysis suggested N. sylvestris as the maternal 

progenitor of the Repandae, but there is no bootstrap support for this relationship 

(Clarkson et al., 2004).  However, N. sylvestris as the maternal progenitor is supported in 

the GS analysis, which also identified the paternal progenitor of the Repandae as N. 

obtusifolia (Clarkson et al., 2010). 

 Section Suaveolentes is the oldest polyploid section in Nicotiana (~10 mya) and 

consists of 26 species, which are located where no native diploid Nicotiana species are 

found in Australia, some Pacific islands and one species, N. africana, in Namibia.  This 

section is unique in Nicotiana allotetraploids, as it contains species with a dysploid 

number of chromosomes (2n=32, 36, 38, 40, 42, 44, 46, 48 across the section; 

Goodspeed, 1954).  The species classified as section Suaveolentes are as follows (the 

asterisk indicates the species reported by Goodspeed (1954); all other species have been 

described since the publication of his monograph):  N. africana, N. amplexicaulis, N. 

benthamiana
*, N. burbidgeae, N. cavicola, N. debneyi

*, N. excelsior
*, N. exigua

*, N. 

fragrans
*, N. goodspeedii

*, N. gossei
*, N. hesperis, N. heterantha, N. ingulba

*, N. 

maritima
*, N. megalosiphon

*, N. occidentalis
*, N. rosulata, N. rotundifolia

*, N. simulans, 

N. stenocarpa
*, N. suaveolens

*, N. truncata, N. umbratica, N. velutina
*, and N. wuttkei 

(Knapp et al., 2004).  Some of these species (N. burbidgeae, N. stenocarpa, and N. 

wuttkei) have been entirely absent from published molecular analyses.  In this thesis, only 

the following Suaveolentes species have been examined:  N. debneyi (2n=48), N. africana 

(2n=46), N. hesperis (2n=42?), N. megalosiphon (2n=40), N. benthamiana (2n=38), N. 

gossei (2n=36), and N. suaveolens (2n=32).  Section Suaveolentes is monophyletic in all 

molecular analyses, suggesting that these species derived from a single polyploidisation 

event, which presumably occurred in South America, where most diploid species are 

found, followed by long-distance dispersal to Australia, the Pacific and Africa (Clarkson 

et al., 2010).  However, Goodspeed (1954) hypothesised that the diploid progenitors of 

the Suaveolentes colonised Australia (he was unaware of the presence of N. africana in 

Africa) via Antarctica when it had a more temperate climate, hybridised in Australia, and 
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then subsequently became extinct, while their polyploid descendants flourished and 

expanded.  The diploid progenitors of the Suaveolentes still remain uncertain as both the 

polyploid lineage and the diploid progenitor lineages have been evolving for 

approximately 10 million years (see section 1.5.5 for further discussion of the origin of 

section Suaveolentes). 

 

1.5.3  Putative homoploid hybrid species 

 Goodspeed (1954) recognised some diploid species as potential hybrids, and 

incongruence of the placement of some diploid species in phylogenetic trees from 

different regions has prompted thorough analyses for the detection of putative homoploid 

hybrids in Nicotiana.  Kelly et al. (2010) presented evidence of a homoploid origin for N. 

glauca, N. linearis, and N. spegazzinii, all involving hybridisation between sections 

Petunioides and Noctiflorae.  Not only do independent phylogenetic trees (from several 

low-copy nuclear regions as well as previously published ITS and plastid datasets) show 

incongruent placement of these three species, but there is also evidence that the sequences 

from these species have undergone recombination between Noctiflorae and Petunioides 

types (Kelly et al., 2010).  Clarkson et al. (2010) presented further evidence for a 

homoploid origin of N. linearis with evidence of recombination within the N. linearis 

sequence as well as placement of N. linearis (currently in section Petunioides) as sister to 

the Noctiflorae.  There is also evidence for a homoploid origin of N. glutinosa, which 

groups with the Undulatae for most DNA regions examined, but is placed with the 

Tomentosae in the GS tree (Clarkson et al., 2010).  Although a single incongruent 

placement is not enough to imply a homoploid origin, the floral morphology of N. 

glutinosa shows extreme similarity to the species in section Tomentosae, which suggests 

that a homoploid origin is most likely. 

 

1.5.4  Distribution, habitat and general morphology 

The centre of Nicotiana biodiversity is in Andean South America, and the native 

species distribution occupies South and North America (but not Central America), 

Australia and some Pacific islands (Goodspeed, 1954) with a single species, N. africana, 

in Namibia (Merxmueller and Buttler, 1975).  However, the total distribution is much 

more widespread with the cultivation of N. tabacum and N. rustica for tobacco products, 

the common use of horticultural varieties, and the invasive species N. glauca, which is 
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native to South America, but now occupies a world-wide range, including North America, 

Europe, Africa (both Mediterranean and southern African countries), temperate Asia, 

Australia, New Zealand, and several islands, including Saint Helena in the middle of the 

south Atlantic Ocean, and Hawaii, in the middle of the north Pacific (Global Invasive 

Species Database,http://www.issg.org/database/).  

 Nicotiana species are mainly temperate, but a few species extend into subtropical 

regions.  The plants prefer ample sunlight and well-drained soil and are found in rocky 

habitats, semi-deserts and along sandy riverbanks although they are entirely absent from 

forests and grasslands.  Nicotiana species have been found in an elevational range from 

sea level to 4200 metres, and most South American species have at least a partially 

Andean distribution (Goodspeed, 1954). 

 The genus Nicotiana is morphologically variable and includes annual herbaceous 

plants that reach only a few centimeters in height through to woody-stemmed perennials 

greater than four metres.  Leaves are either petiolate or sessile (attached directly to the 

stem) and can have decurrent wings extending down the stem (Fig. 1.4).  Leaves also 

show great variation in length, which ranges from several centimetres to about one metre.  

Most species have slightly yellow-green to green leaves, but blue-green leaves are also 

seen (N. glauca).  Nicotiana leaves can be glabrous (without hairs), but are more often 

pubescent (with hairs) and can be sticky.  Leaf shape can be linear, lanceolate, ovate (egg-

shaped) or cordate (with rounded lobes attaching to the petiole; see Fig. 1.4 for 

diagrammatic representation).  Leaf margins can be entire (without indentations) to 

erosulate (irregularly toothed with shallow indentations) or undulate (wavy in a vertical 

plane; Fig. 1.4).  Examples of leaf morphology in Nicotiana are shown in Fig. 1.5 

(Goodspeed, 1954). 

 The Nicotiana inflorescence is sympodial or extends from axillary buds after the 

primary meristem terminates in a flower.  The basic inflorescence form of the genus is a 

panicle (e.g. N. paniculata).  However, inflorescences often resemble false racemes (e.g. 

N. longiflora), where there is only a single axis of growth formed when each sympodial 

unit only produces a single flower.  Some inflorescences terminate in a flower and then 

continue with sympodial growth, with a single flower as the sympodial unit, from two or 

three branches just below the terminal flower as well as from axillary branches further 

from the apex (e.g. section Repandae).  In other species, the internode length between 

sympodial floral units is reduced, yielding corymb-like inflorescences (N. corymbosa) or 

rosette flowering (N. acaulis; Goodspeed, 1954). 
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 Figure 1.4.  Morphology terms.  
Examples of morphological terms 
for two dimensional and three 
dimensional shapes, leaf apices and 
bases, and leaf margins.  Modified 
from (Radford et al., 1974). 
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Figure 1.5.  Leaf morphology.  Examples of leaf morphology in Nicotiana.  Taken from Goodspeed 
(1954) with figure legend. 
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 The flowers of Nicotiana also show a wide range of variation and can be from 

about 1-9 centimetres in length.  The Nicotiana calyx is made up of five fused sepals, and 

the lobes can be equal, subequal or unequal.  In some species, the calyx is tinged with 

anthocyanins, giving the lobes a reddish or purplish tint.  The corolla, or petal whorl, is 

much more variable and can be white, pink, red, yellow, or green as well as some purple 

coloring in some varieties of certain species (N. glauca and N. cordifolia).  The corolla is 

made up of five fused petals, forming a corolla tube, and has two distinct sections: the 

corolla tube and the limb.  The tube is often wider near the mouth, creating a cup-shaped 

throat, and the limb is the portion of the flower that opens, allowing access to the tube 

opening. 

 The corolla limb can have a variety of shapes, including circular subentire, 

pentagonal subentire, obtusely lobed, acutely lobed, emarginately lobed or deeply cleft.  

Circular subentire flowers resemble a circle, but five distinct lobes are still apparent if 

examined closely.  The flowers of N. knightiana, N. cordifolia, and N. pauciflora are 

characterised as circular subentire (Fig. 1.6a, b, i).  Flowers described as pentagonal 

subentire are pentagonal in shape, but again five lobes are visible.  Species of this limb 

type include N. setchellii (Fig.1.6c) and the N. obtusifolia accession used in this study 

(TW143, USDA).  Obtusely lobed floral limbs have lobes than end in an obtuse angle or a 

rounded edge.  Nicotiana attenuata and N. gossei have obtusely lobed flowers (Fig. 1.6e, 

f).  Acutely lobed flowers have lobes that end in acute angles, including the flowers of N. 

tomentosa and N. sylvestris (Fig. 1.6d, j).  Emarginately lobed flowers are characterised 

by an indentation of the apex of each lobe and are found in N. maritima and N. 

occidentalis (Fig. 1.6g, h).  Deeply cleft flowers are similar to acutely lobed flowers, but 

the division between lobes is more pronounced.  Nicotiana longiflora and N. bonariensis 

possess deeply cleft floral limbs (Fig. 1.6k, l).  Some species show extreme variation in 

limb shape between accessions, including N. glutinosa as detailed in Fig. 1.6m-p.  The N. 

glutinosa accession used in this study has flowers like that in Fig. 1.6o. 

 Nicotiana floral limbs are also characterised by different positions at anthesis, or 

flower opening where the anthers have dehisced, so pollen is available, and the stigma is 

receptive.  Limbs can either be erect, standing upright almost as an extension of the 

corolla tube; spreading, perpendicular to the corolla tube; recurved, folding back along 

the corolla tube; or diagonal, where the top lobes of the corolla limb fold slightly back 

along the tube and the bottom lobes fold slightly forward, creating a limb axis which is 

diagonal to that of the corolla tube, as shown in Fig. 1.6q-t.  In several species, 
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Figure 1.6.  Floral limb morphology.  Examples of floral limb morphology in Nicotiana.  Taken from 
Goodspeed (1954).  a) N. knightiana, b) N. cordifolia, c) N.setchellii, d) N. tomentosa, e) N. attenuata, f) N. 

gossei, g) N maritima, h) N. occidentalis, i) N. pauciflora, j) N. sylvestris, k) N. longiflora, l) N. 

bonariensis, m-p) variation in N. glutinosa, q-t) Orientation at anthesis: q) erect, N. glauca r) spreading, N. 

glauca s) recurved, N. otophora t) diagonal, N. bonariensis. 
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particularly in section Paniculatae, the floral limb passes through erect, spreading and 

recurved positions as the flower ages.  Nicotiana otophora is unique in the genus, and its 

floral limb senesces along the margin and is recurved along the corolla tube at the time 

when the anthers dehisce (Fig. 1.6s; Goodspeed, 1954).  Goodspeed (1954) characterised 

six corolla tube shapes, examples of which are presented in Fig. 1.7. 

 The stamens in Nicotiana flowers can differ in insertion position, exertion from 

the corolla mouth, length, orientation, and curvature.  Insertion of the stamens can be 

equal, at the same level of the corolla tube, or unequal.  Unequal insertion is usually 

characterised by four stamens inserted closer to the mouth than the fifth ventral stamen, 

but some species have a 2-2-1 insertion pattern.  In N. longiflora and N. plumbaginifolia, 

the fifth stamen is inserted between the pair of stamens that are inserted closest to the 

mouth, whereas in N. quadrivalvis, the fifth stamen inserts between the pair of stamens 

that insert further from the mouth.  Species in section Suaveolentes also possess these two 

2-2-1 insertion patterns as well as a 4-1 pattern.  In most species, stamens are inserted 

with equal spacing around the corolla tube, but the Undulatae (except N. glutinosa, which 

Goodspeed placed in the Tomentosae), N. bonariensis, N. forgetiana, N. acaulis, and N. 

petunioides have 2-2-1 grouped insertion points.  In most species, the stamens are 

included within the corolla mouth, but the stamens are exerted beyond the mouth in 

section Tomentosae, to a certain extent in N. tabacum and N. glutinosa, in N. pauciflora, 

and in N. benavidesii (Goodspeed, 1954). 

 Stamen length can be either equal or unequal.  Unequal stamen length patterns can 

either be 4-1, with the fifth stamen shorter than the rest, or 2-2-1, with long and medium 

stamen pairs and the short fifth stamen.  In most species, the filaments are straight and 

insertion points are evenly distributed around the corolla tube.  However, in section 

Tomentosae and N. glutinosa, the filaments are deflexed toward the dorsal side of the tube 

as they exert from the mouth (to the ventral side in N. setchellii).  In N. tabacum, 

however, the filaments are straight and insertion points are evenly distributed.  Stamen 

curvature is also variable in Nicotiana.  Filaments are often sharply bent, or kneed, just 

above the insertion point.  The fifth stamen shows a wide variation in curvature and can 

be kneed, bowed, or S-curved and sometimes the anther turns to face the inside of the 

corolla tube.  Stamens can also be pubescent (hairy), both just above the insertion point 

and where the stamens are fused to the corolla tube, in varying degrees from wooly (N. 

wigandioides, N. arentsii, and N. benavidesii) to nearly glabrous (N. glauca).  The fifth 

stamen is often less pubescent than the other four (Goodspeed, 1954). 
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Figure 1.7.  Corolla tube morphology.  Examples of corolla tube morphology in Nicotiana.  Taken from 
Goodspeed (1954) with figure legend. 
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 The pistil is similar in all Nicotiana species and consists of a green stigma, a 

whitish-green style (occasionally tinged pink in the Tomentosae) and a green conical 

ovary, which is subtended by an orange annular (ring-like) disk and may be involved in 

nectar production.  In N. undulata, N. thyrsiflora, N. arentsii, and some accessions of N. 

rustica, the ovary is purple.  The pistil is only exerted from the corolla mouth if the 

stamens are also exerted (section Tomentosae, N. tabacum, N. glutinosa, N. pauciflora, 

and N. benavidesii; Goodspeed, 1954). 

 Whereas morphology and cytogenetics allowed Goodspeed (1954) to construct a 

detailed picture of the genus Nicotiana, modern molecular techniques provide further 

insight into the evolutionary history of the genus.  However, its evolution will only truly 

be understood with the combined efforts of molecular, cytogenetic, morphological, and 

ecological studies. 

 

1.5.5  Phylogenetic comparison in Nicotiana 

 The ITS, plastid, ADH, and GS phylogenetic analyses have been discussed earlier 

in the context of sectional groupings and the origin of allotetraploid and homoploid 

hybrids, and here I will compare these results in terms of the relationships between 

sections.  There are several differences across the trees examined.  Although the ITS and 

plastid trees place the Tomentosae as sister to the rest with some support (less than 50 

bootstrap percentage (BP) and BP 81/posterior probability (PP) 1.0 respectively), neither 

of the low-copy nuclear gene trees places solely the Tomentosae in this same position 

(Fig. 1.2a-c).  Section Tomentosae is joined by section Paniculatae and section 

Undulatae in the earliest diverging group in the ADH tree although this clade is not 

supported (Fig. 1.2d), and by section Trigonophyllae, the N. obtusifolia type copies of 

section Polydicliae and section Repandae, and one of the Suaveolentes copies in the GS 

tree (BP 92/PP 1.0; Fig. 1.2e-f).  The only clear sister relationship between sections seems 

to be between the Paniculatae and the Undulatae, which has limited support in the ITS 

tree (BP 53; Fig. 1.2a), strong support in the plastid analysis (BP 98/PP 1.0; Fig. 1.2c), 

some support in the ADH tree (BP 84/PP 1.0; Fig. 1.2d), and strong support from GS (BP 

96/PP 1.0; Fig. 1.2f). 

 The placement of the Suaveolentes copies differs in almost every tree.  There is 

only one type of Suaveolentes sequences in the ITS tree, and the section is placed as sister 

to the Alatae with some support (BP 82; Fig. 1.2a).  The single copy in the plastid tree is 
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sister to the Noctiflorae with BP 80/PP 1.0, whereas this clade is grouped in a well-

supported polytomy (BP 99/PP 1.0) with the Alatae and N. sylvestris and its polyploid 

copy types from N. tabacum and the Repandae (Fig. 1.2c).  In the ADH tree, one 

Suaveolentes copy groups with N. sylvestris and its polyploid copy types from N. 

tabacum and the Repandae with PP 1.0, but BP <70 whereas the other copy is sister to the 

core Petunioides with PP 0.98, but BP <70 (Fig. 1.2d).  In the GS tree, one Suaveolentes 

copy is placed sister to the Trigonophyllae and its polyploid copies from the Polydicliae 

and the Repandae, but it is unsupported (Fig. 1.2e), whereas the other copy is sister to N. 

sylvestris and its polyploid derivatives with strong support (BP 100, PP 1.0; Fig. 1.2f).  

With so much conflict between trees, the diploid sections involved in the origin of section 

Suaveolentes cannot be determined with any certainty.  However, at least one copy of the 

Suaveolentes is grouped with N. sylvestris in both the GS, where it was very strongly 

supported, and ADH trees, which suggests that an ancestor of N. sylvestris is most likely 

to be one of the progenitors of section Suaveolentes. 

 

1.6  Aims of the chapters to come 

 In order to start to fully understand polyploidy—its origins, its consequences, and 

its success—studies from the full range of biological fields, from molecular to ecological, 

must be employed.  We must relate changes in gene expression, divergent network 

evolution and chromosomal rearrangements to phenotype evolution and examine 

divergent morphology in an ecological context to shed light on why polyploids are so 

successful in angiosperms.  While this thesis does not encompass the full range of studies 

mentioned above, it does examine both the molecular and morphological evolution of 

polyploids in Nicotiana by comparing allotetraploids to their diploid progenitors and 

provides some insight into probable pollinator relationships, using estimated pollinator 

preferences based on floral morphology and colour. 

 

1.6.1  Chapter 2:  Evolution of the Nicotiana FLO/LFY 

gene in Nicotiana polyploids of different ages 

 In this chapter, I examine the molecular evolution of the Nicotiana FLO/LFY 

(NFL) gene, which is involved in flowering time as well as in the transition from 

inflorescence to floral growth, across representatives from all polyploid Nicotiana 
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sections from 0.2-10 myo.  My questions specifically address the fate of duplicate genes 

in polyploids and are as follows.  1) Are both NFL copies retained in Nicotiana 

polyploids?  2) What selective pressures are present in polyploids compared to diploids?  

3) Are progenitor copy types evolving differently in polyploid lineages?  4) Are both 

copy types expressed in polyploids of different ages? 

 

1.6.2  Chapter 3:  The evolution of floral limb shape and 

corolla tube length and width in Nicotiana 

 Here, I use geometric morphometric techniques to statistically analyse the shape 

of the floral limb as well as metric measurements of corolla tube length and width in 

representatives from all Nicotiana sections, including ~45% of the species in the genus.  I 

have developed a system where polyploids are compared to the mean of the progenitors in 

order to examine the effects of polyploidy on floral limb shape and corolla tube 

dimensions.  My questions are as follows.  1) What morphological characters define the 

variation in floral limb shape across Nicotiana?  2) Do younger polyploids tend to have 

an intermediate morphology in both shape and tube metrics between those of their diploid 

progenitors while older polyploids tend to have more divergent forms?  3) Do putative 

homoploid species have intermediate or divergent morphology in shape and tube metrics 

in comparison to their progenitor species?  4) Is there any correlation between floral limb 

shape and corolla tube length and width within Nicotiana species?   

 

1.6.3  Chapter 4:  The evolution of floral colour in 

Nicotiana 

 In this chapter, I examine floral limb colour in Nicotiana, including species from 

all sections (~50% of the genus), using spectral reflectance analyses.  Here, I seek to gain 

insight into the effects of polyploidy on floral colour, again comparing polyploids to the 

expected values calculated from the progenitors.  My questions are as follows.  1) What 

colour categories are found within the genus Nicotiana?  2) Do polyploid and homoploid 

hybrids have spectral reflectances that are intermediate compared to those of their diploid 

progenitors?  3) Do closely related species tend to have the same floral colour, or is there 

evidence that floral colour has been important in speciation within Nicotiana? 

 



 52 

1.6.4  Chapter 5:  General Discussion:  Floral evolution 

in Nicotiana in the context of pollination 

In the final chapter, I will synthesise the data from the previous chapters in order 

to examine the evolution of Nicotiana floral form and colour in the context of pollination.  

My specific questions are as follows.  1) Is there any evidence of conventional pollination 

syndromes within the floral traits of Nicotiana species and how has this affected the 

evolution of the genus?  2) Is there any evidence of a pollinator shift in any polyploid or 

homoploid species, which may have aided reproductive isolation from its progenitor 

species? 
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Chapter 2 

 

Evolution of the Nicotiana FLO/LFY gene 

in Nicotiana polyploids of different ages 

 

2.1  Introduction 

 Many evolutionary changes occur as a consequence of polyploidy, including gene 

expression changes (Hegarty et al., 2005; Albertin et al., 2006; Hegarty et al., 2006; 

Wang et al., 2006b; Chaudhary et al., 2009; Flagel and Wendel, 2009; Ha et al., 2009; 

Rapp et al., 2009), structural and epigenetic changes (Dadejova et al., 2007; Gaeta et al., 

2007; Lim et al., 2007; Matyasek et al., 2007; Lim et al., 2008; Paun et al., 2010) and 

transgressive traits not present in either progenitor species (Pires et al., 2004; Wang et al., 

2006a).  These changes seem to be more closely linked to genome merger following 

hybridisation than to chromosome doubling because synthetic F1 hybrids tend to exhibit 

more changes than those subsequently seen after duplication (Hegarty et al., 2005; Wang 

et al., 2006a; Chaudhary et al., 2009), and duplication can sometimes stabilise gene 

expression patterns, as seen in Senecio (Hegarty et al., 2006).  However, autopolyploids 

can also display changes linked to polyploidisation.  For instance, Stupar et al. (2007) 

showed that synthetic autotetraploids in potato showed expression differences in 10% of 

the genes examined when compared to diploids as well as exhibiting some phenotypic 

differences. 

 Although more changes may occur as a result of the marriage of diverged 

genomes in the same nucleus via hybridisation, genome duplication provides an important 

opportunity in polyploids:  the evolution of novelty through redundancy.  Freeling and 

Thomas (2006) argued that the morphological complexity seen in angiosperms and 

vertebrates came largely from whole genome duplications (WGDs) that have occurred in 

their evolutionary histories.  This is evident in the diversity of floral form seen in 
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angiosperms because one or two duplications are apparent in the MADS-box floral 

homeotic gene lineages that encode genes of A, B, C and E-class function.  These 

duplications allowed for functional divergence within these clades and therefore shaped 

the evolution of floral morphology (Irish, 2003; Zahn et al., 2006; Litt and Kramer, 

2010).  Two more recent duplications in the orchid lineage of DEFICIENS (DEF) 

orthologs, encoding B-class function, are thought to have led to the complex perianth 

morphology of orchids, which consists of three types of tepals each with a unique 

morphology (Mondragon-Palomino and Theissen, 2008; 2009).  Importantly, all of the 

peloric (radially symmetrical) and pseudopeloric orchid mutants described by Rudall and 

Bateman (2002) can be explained by a single loss of function mutation in one of these 

duplicate DEF genes (Mondragon-Palomino and Theissen, 2009).  From these examples, 

it is clear that gene duplication can lead to evolutionary novelty. 

 However, polyploids may not maintain elevated amounts of DNA.  Leitch and 

Bennett (2004) showed that the mean genome size of polyploids, the C-value of an 

unreplicated haploid nucleus, did not increase with ploidy, but instead stayed relatively 

constant.  This suggests that polyploids undergo a process of DNA loss after genome 

duplication.  Although this DNA loss also involves retrotransposons and repetitive 

elements, I will focus here on gene loss following WGD.  The most likely fate for a 

duplicated gene copy is gene degradation and deletion from the genome (Ohno, 1970).  

Due to the redundancy present following duplication, purifying selection is expected to be 

relaxed on one copy of the gene whereas the other copy is maintained under purifying 

selection to perform the original gene function.  The neutrally evolving copy will then be 

free to accumulate mutations, degrade into a pseudogene, and eventually be deleted from 

the genome, a process called diploidisation in the context of WGD. Also, it is possible 

that reciprocal gene loss in different populations after WGD can facilitate speciation, as 

seen in yeast (Scannell et al., 2006). 

Evidence of homeologue loss has been found in Tragopogon miscellus 

(Asteraceae), an allotetraploid that originated about 80 years ago.  Buggs et al. (2009) 

examined ten loci in five natural populations of T. miscellus and found that 1.6% of 

homeologues were deleted.  In a similar study, 48% of T. miscellus individuals lost at 

least one homeologue out of 13 loci examined (Tate et al., 2009b).  In taxa in which an 

ancient WGD took place, much greater gene loss is apparent, although some duplicated 

pairs are still present.  In poplar, Populus trichocarpa (Salicaceae), about 35% of genes 

have been retained (Tuskan et al., 2006) after WGD that took place 8-13 million years 
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ago (mya; Sterck et al., 2005).  In Arabidopsis (Brassicaceae), about 30% of duplicated 

genes have been maintained after the most recent α WGD that occurred within 

Brassicaceae (Bowers et al., 2003; Thomas et al., 2006).  After a WGD 21-54.6 mya, 32-

47% of genes remain in duplicate in Xenopus laevis (Pipidae), the African clawed frog 

(Semon and Wolfe, 2008).  In rice, Oryza (Poaceae), 22-50% of genes are maintained 

after a WGD before the divergence of grasses (~70 mya; Paterson et al., 2004; Yu et al., 

2005).  After a WGD that likely occurred ~300 mya (Taylor et al., 2003), Tetraodon 

(Tetraodontidae), a member of the teleost fishes, has retained ~15% of its duplicated 

genes (Brunet et al., 2006).  Despite the trend of gene loss over evolutionary time 

following WGD, there is overwhelming evidence for the preservation of some duplicated 

genes, and several different hypotheses have been presented to explain the mechanisms 

behind their maintenance:  neofunctionalisation, subfunctionalisation and the gene 

balance hypothesis. 

 

2.1.1  Possible mechanisms for the maintenance of 

duplicate genes 

2.1.1.1  Sub- and neofunctionalisation 

 One mechanism of duplicate gene retention also involves relaxed selection on one 

gene copy, but instead of accumulating deleterious mutations, it acquires mutations that 

give the gene a beneficial new function.  This process is called neofunctionalisation and is 

the likely mechanism behind evolutionary novelty via gene duplication (Ohno, 1970; 

Force et al., 1999; Lynch and Force, 2000).  However, examples of neofuctionalisation in 

recent polyploids are difficult to identify because expression data are insufficient to 

determine neofunctionalisation and functional studies of duplicate genes are lacking.  For 

example, two homeologues may have the same expression pattern within different tissues 

and developmental time points, but be performing divergent functions.  In contrast, 

differential expression of copy types may not be indicative of neofunctionalisation 

because both homeologues may have the same function.  If the novel expression pattern is 

not present in either progenitor, this can be classified as neofunctionalisation because the 

ancestral function has spread to a new tissue or developmental time point.  Examining 

expression patterns and functions of progenitor genes is easy for recent polyploids, but 

gets increasingly harder with older polyploids and duplicate genes retained from ancient 
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WGDs because the specific parentage of older polyploids is often unclear and knowledge 

of ancestral gene function is limited.  However, Duarte et al. (2006) have inferred 

ancestral function in Arabidopsis MADS-box genes within a phylogenetic context.  From 

this analysis, they concluded that neofunctionalisation had occurred in PISTILLATA (PI), 

a B-class floral homeotic gene, and SHATTERPROOF1/2 (SHP1/2), a D-class gene, after 

divergence from their duplicate copies APETALA3 (AP3) and AGAMOUS (AG), 

respectively. 

Another mechanism involves partitioning of the original gene expression or 

function between the two gene copies and is called subfunctionalisation (Force et al., 

1999; Lynch and Force, 2000).  Adams et al. (2003) found reciprocal silencing of 

homeologues of alcohol dehydrogenase (AdhA) in floral tissues of both Gossypium 

hirsutum (Malvaceae; ~1.5 million years old (myo)) and synthetic Gossypium 

allotetraploids.  Further experiments in G. hirsutum discovered that AdhA homeologues 

are also differentially expressed under different abiotic stress conditions (Liu and Adams, 

2007).  In a recent study of 63 genes in 24 tissues in F1, synthetic and natural 

allopolyploid Gossypium and their diploid progenitors, 40% of homeologues showed 

transcriptional bias toward one copy type in at least one stage of development (Chaudhary 

et al., 2009).  Although no complete reciprocal silencing was found, several genes 

exhibited evidence of partitioned expression and therefore subfunctionalisation 

(Chaudhary et al., 2009). 

Two C-class floral homeotic gene paralogues in rice, OSMADS3 and OSMADS58 

that probably originated in a WGD event before the divergence of rice and maize have 

partitioned ancestral C-class gene function (Yamaguchi et al., 2006).  OSMADS3 is 

mainly involved in determining stamen identity with a minor role in floral determinacy, 

while the main function of OSMADS58 is maintaining floral determinacy with some 

influence in promoting stamen and carpel identity (Yamaguchi et al., 2006). 

In examining duplicate genes retained in the African clawed frog Xenopus laevis 

after an ancient WGD that occurred 21-54.6 mya, Semon and Wolfe (2008) found that 

1.2-11% of duplicate genes had undergone subfunctionalisation.  Also, the 

subfunctionalised genes were evolving significantly more slowly before WGD than those 

duplicate genes that had not undergone expression evolution (Semon and Wolfe, 2008).  

Subfunctionalisation may provide the opportunity for development of novel function 

(neofunctionalisation) by creating modular gene regulation (Force et al., 2005).  

Experiments modelling duplication and subfunctionalisation corroborate this hypothesis 
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and suggest that subfunctionalisation plays a role in the transition from duplication to 

neofuctionalisation (Rastogi and Liberles, 2005).  Evidence from yeast and human 

duplicate genes imply that genes rapidly become subfunctionalised, and then over time 

these subfunctionalised genes gain new function (He and Zhang, 2005).  Once sub- or 

neofunctionalisation has occurred, both gene copies are again under purifying selection 

because both are necessary for growth and development. 

 

2.1.1.2  The gene balance hypothesis 

Although there is evidence that sub- and neofunctionalisation occur, some 

scientists believe that these processes are not the primary mechanism behind the 

maintenance of duplicated genes.  Instead, it has been proposed that duplicate genes are 

preserved by pressure to maintain correct stoichiometric balance between genes that 

interact, the gene balance hypothesis.  In this hypothesis, genes that are dosage-sensitive, 

those involved in multi-unit complexes or gene hierarchies, are more likely to be 

maintained in duplicate after WGD and are also more likely to be lost after local or 

tandem duplication (Freeling, 2008; Edger and Pires, 2009; Birchler and Veitia, 2010).  If 

the whole genome is duplicated, all genes are in the same dosage balance as in the 

diploid.  In order to maintain correct gene balance, dosage-sensitive genes that interact 

with other genes are more likely to be maintained whereas one copy of dosage-insensitive 

genes can be lost without many consequences.  However, if dosage-sensitive genes are 

involved in a local or tandem duplication, it is likely that the genes with which they 

interact will not be duplicated.  Therefore, there is selective pressure to lose one copy of 

the duplicated dosage-sensitive gene to regain correct gene balance, thus creating a 

reciprocal relationship between maintenance and loss of dosage-sensitive genes according 

to the scale of the duplication.   Evidence for reciprocal retention or loss of some classes 

of genes following WGD or smaller duplications respectively has been found in 

Arabidopsis (Brassicaceae; Freeling, 2008; 2009).  The gene balance hypothesis is the 

only hypothesis that explains this reciprocal relationship between WGD and smaller scale 

duplications.  In sub- or neofunctionalisation, it is expected that genes are equally likely 

to be maintained after any kind of duplication (Freeling, 2008). 

Proteins that rely on interactions with other proteins for their stability are said to 

have a high degree of underwrapping (Birchler and Veitia, 2010).  In examining the 

degree of underwrapping of a protein, the amount of involvement with other proteins, and 
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therefore its dosage-sensitivity, can be determined.  Liang et al. (2008) found gene 

duplicability in the absence of WGD to be negatively correlated to the degree of 

underwrapping in several taxa.  This suggests that genes involved in protein complexes 

are less likely to be maintained in duplicate after small-scale duplications, presumably to 

maintain correct gene balance.  Gene imbalance will be strongly selected against as it 

greatly disrupts normal gene interactions and, therefore, growth and development.  Edger 

and Pires (2009) provided a good example of the importance of gene dosage balance in 

their recent review on the fate of duplicate dosage-sensitive genes.  Overexpression of the 

B subunit of an activator made up of subunits A-B-A will result in a decrease of 

functional trimer, as nonfunctional dimers are preferentially made.  Reduction in the 

amount of the activator present will likely disrupt the balance with its respective 

repressor, which could lead to many downstream effects (Edger and Pires, 2009). 

Further evidence in support of the gene balance hypothesis comes from 

fractionation of polyploid genomes as duplicate genes are lost.  In Arabidopsis, the genes 

on one homeologue seem to be preferentially lost, resulting in clusters of retained genes 

on particular chromosomes (Thomas et al., 2006).  These clusters seem to be made up of 

dosage-sensitive genes that depend on interaction with one another for proper function; 

these genes are predicted to be retained in duplicate to maintain correct gene balance 

(Thomas et al., 2006).  Maintenance of connected gene duplicates in clusters may 

facilitate more coordinated regulation of gene networks (Thomas et al., 2006). 

 

2.1.2  Detecting differential evolution in gene duplicates 

In order to determine what evolutionary pressures are present on duplicate genes, 

the ratio of nonsynonymous (dN)-to-synonymous (dS) mutation rates, or ω values (ω = 

dN/dS), can be examined.  Yang (1998) has developed a branch model of codon 

substitution, which allows for analysis of dN/dS ratios in the context of phylogenetic 

relationships.  In examining duplicate genes, different patterns of dN/dS ratios will be 

indicative of gene fate.  Immediately following WGD, purifying selection will be relaxed, 

and neutral evolution (dN/dS=1) is expected because nonsynonymous and synonymous 

mutations are equally likely to be fixed (Bielawski and Yang, 2003).  If one gene copy is 

being degraded into a pseudogene, relaxed selection will persist, whereas the other copy 

will be maintained under strong purifying selection (dN/dS<1) because nonsynonymous 

mutations are much less likely to become fixed.  If subfunctionalisation occurs, both gene 
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copies will again be under strong purifying selection, as both are now necessary for 

growth and development.  Neofunctionalisation is characterised by a period of positive 

selection (dN/dS>1), where nonsynonymous mutations are being fixed at a higher rate than 

synonymous ones (Bielawski and Yang, 2003).  During this period of positive selection, a 

novel beneficial mutation is obtained by chance, followed by strong purifying selection 

on both copies.  In dosage-sensitive genes, the gene balance hypothesis predicts that 

strong purifying selection will be present immediately after WGD.  However, there is 

likely to be a spectrum of genes from extremely dosage-sensitive to extremely dosage-

insensitive.  The strength of purifying selection present directly following WGD will 

depend on where a gene falls on this scale. 

 

2.1.3  The LEAFY gene 

 The LFY gene is a single-copy nuclear gene that encodes a transcription factor 

which is involved in flowering time and in the transition from inflorescence to floral 

growth (Shultz and Haughn, 1991; Weigel and Nilsson, 1995).  It has three exons and two 

introns and regulates downstream floral organ identity genes (Weigel et al., 1992).  LFY 

promotes floral meristem identity along with APETALA1 (AP1), CAULIFLOWER (CAL) 

and UNUSUAL FLORAL ORGANS (UFO) in Arabidopsis (Krizek and Fletcher, 2005) 

and antagonises the expression of genes that promote inflorescence meristem identity like 

TERMINAL FLOWER 1 (TFL1; Ratcliffe et al., 1999).  This antagonism is apparent in 

loss-of-function mutants and overexpression phenotypes of LFY and TFL1.  The loss-of-

function lfy mutant resembles the TFL1 overexpression mutant and produces leafy shoots 

instead of flowers (Weigel et al., 1992; Ratcliffe et al., 1998) whereas the LFY 

overexpression mutant is similar to the loss-of-function tfl1 mutant and results in early 

flowering and the production of a terminal flower, although Arabidopsis usually has an 

indeterminate inflorescence (Shannon and Meeks-Wagner, 1991; Alvarez et al., 1992; 

Weigel and Nilsson, 1995).  As TFL1 seems to delay flowering and promote branching 

whereas LFY promotes flowering and suppresses branching, the variation in inflorescence 

architecture seen in nature may be at least partially explained by the relative timing of 

expression of these two genes.  Prusinkiewicz et al. (2007) developed a model to predict 

inflorescence architecture based on the expression of LFY and TFL1 and used it to 

determine the fitness of certain inflorescence types in differing environmental conditions, 
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finding that differences in LFY and TFL1 expression along with the time that flowers 

begin to form seem to explain the restriction of inflorescence types seen in nature. 

 

2.1.3.1  LFY orthologues in divergent species 

 The model species Arabidopsis (Brassiceaceae) and Antirrhinum (Plantaginaceae) 

exhibit monopodial growth, where the main axis of growth is continuous from a single 

shoot apical meristem, and have racemose inflorescences in which flowers develop in an 

axillary position along a main axis (Coen and Nugent, 1994).  In contrast, members of 

Solanaceae, Petunia, tomato and tobacco, display sympodial growth and cymose 

inflorescences (Child, 1979).  In sympodial growth, the apical shoot terminates in a 

flower or inflorescence and growth continues from an axillary bud in the node of the last 

leaf.  A cymose inflorescence lacks a main axis of growth and has a characteristic zigzag 

branching pattern (Coen and Nugent, 1994).  Realising the major differences (sympodial 

vs monopodial growth and cymose vs racemose inflorescences) between species of 

Solanaceae and the model systems of Arabidopsis and Antirrhinum is imperative in order 

to understand LFY function in divergent species. 

 In Arabidopsis, LFY is weakly expressed in vegetative meristems and leaf 

primordia but is upregulated in floral meristems and sepal, petal, stamen and carpel 

primordia (Weigel et al., 1992; Blazquez et al., 1997).  FLORICAULA (FLO), the LFY 

orthologue in Antirrhinum, is expressed in bract, sepal, petal and carpel primordia but not 

in stamen primordia (Coen et al., 1990).  Whereas strong LFY expression only occurs in 

floral meristems in these two model species, the LFY orthologues in Petunia, tomato and 

tobacco are strongly expressed in vegetative as well as floral meristems.  In Petunia and 

Nicotiana tabacum, the LFY orthologues ABERRANT LEAF AND FLOWER (ALF) and 

NICOTIANA FLO/LFY (NFL) are expressed in vegetative meristems in a ring around the 

central zone and in leaf primordia (Kelly et al., 1995; Souer et al., 1998).  ALF is also 

expressed in bract primordia, floral meristems and sepal, petal, stamen and carpel 

primordia (Souer et al., 1998).  NFL expression is found in sepal and petal primordia as 

well as in the axillary meristems that arise from the floral meristem, but NFL expression 

has not been studied in older buds during stamen and carpel development (Kelly et al., 

1995).  In tomato, the LFY orthologue FALSIFLORA (FA) has extended vegetative 

expression and is seen in the entire vegetative meristem, leaf primordia, maturing leaves 

on the adaxial side, axillary buds, and the sympodial meristem (Molinero-Rosales et al., 
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1999).  In reproductive tissue, FA is expressed in floral meristems as well as sepal, petal, 

stamen and carpel primordia and developing organs (Molinero-Rosales et al., 1999).  

Strong vegetative expression of the LFY orthologues in species within Solanaceae 

suggests that vegetative meristems are incompetent to respond to the LFY signal to flower 

because LFY expression is not sufficient to induce flowering in these meristems.  This 

suggests that a further signal upon the transition from vegetative to reproductive growth 

confers competency on floral meristems that allows them to flower in response to the LFY 

signal. 

 The molecular mechanism behind different inflorescence architectures may be 

elucidated by examining LFY and TFL1 orthologue expression in indeterminate racemes 

and determinate cymes.  TFL1 and CENTRORADIALIS (CEN), the TFL1 orthologue in 

Antirrhinum, are expressed in the inflorescence apical meristem, preventing LFY and 

FLO expression (Bradley et al., 1996; 1997).  However, in tfl1 and cen mutants, LFY and 

FLO expression are ectopically expressed in the inflorescence apical dome, resulting in 

the development of a terminal flower (Weigel et al., 1992; Bradley et al., 1996; 1997).  In 

Nicotiana tabacum, however, the CEN orthologues CET2 and CET4 are only expressed in 

axillary meristems and are absent from the shoot apex (Amaya et al., 1999).  Instead, 

NFL is expressed in the shoot apex, leading to the development of a determinate 

inflorescence in N. tabacum (Amaya et al., 1999).  Overexpression of CEN in N. tabacum 

delays flowering, but the inflorescence still produces a terminal flower, suggesting that 

CEN expression is not sufficient to confer an Antirrhinum-like indeterminate phenotype 

on the N. tabacum inflorescence (Amaya et al., 1999).  Importantly, overexpression of 

TFL1 in N. tabacum yields no phenotype, suggesting that the Arabidopsis gene cannot 

function within the N. tabacum framework (Amaya et al., 1999).  In tomato, FA and 

SELF-PRUNING (SP), the TFL1 orthologue in tomato, are expressed in the same 

domains, and how inflorescence and floral identity are maintained remains a mystery 

(Pnueli et al., 1998; Molinero-Rosales et al., 1999).  In summary, determinate 

inflorescences like those seen in Solanaceae seem to be connected with the expression of 

LFY orthologues in the apical meristem.  However, expression patterns from various 

species suggest that several mechanisms exist to yield the determinate phenotype.  

Expression of TFL1-like genes in the shoot apex is not sufficient to confer an 

indeterminate phenotype in these species, suggesting that inflorescence architecture is 

determined by a more complicated process than simply the antagonistic relationship 

between LFY and TFL1 orthologues. 
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2.1.4  The NFL gene in Nicotiana polyploids of different 

ages 

In order to examine the evolution of LFY orthologs in polyploid species, I cloned 

and sequenced the 3rd exon of NFL (NFL3x) from Nicotiana polyploids of different ages 

and their diploid progenitors.  As detailed in Chapter 1, the youngest polyploids, N. 

tabacum, N. rustica, and N. arentsii, are <0.2 million years old (myo), and their diploid 

progenitors are N. sylvestris and N. tomentosiformis, N. paniculata and N. undulata, and 

N. undulata and N. wigandioides, respectively.  Section Polydicliae, including two 

species that speciated after a single polyploidisation event, is ~1 myo and is the result of 

hybridisation between maternal progenitor N. obtusifolia and paternal progenitor N. 

attenuata.  Section Repandae is ~4.5 myo and includes four species that also speciated 

after a single hybridisation event between maternal progenitor N. sylvestris and paternal 

progenitor N. obtusifolia.  The oldest section, Suaveolentes, is ~10 myo, and consists of 

26 species, four of which are included in this study, N. debneyi, N. africana, N. 

megalosiphon and N. gossei.  Since 10 million years of evolution has occurred along both 

the polyploid and the diploid progenitor lineages, the specific parentage of the 

Suaveolentes is unclear, although it seems that an ancestor of N. sylvestris is likely to 

have been the maternal progenitor (Clarkson et al., 2004; 2010).  The dates of these 

polyploid clades have been estimated using a molecular clock calibrated using the 

emergence of two sets of volcanic islands where endemic Nicotiana species exist, 

marking the maximum divergence time between these species and their sister species on 

the mainland (Clarkson et al., 2005). 

 In this chapter, I seek to examine the fate of duplicate NFL genes in Nicotiana 

polyploids of different ages by addressing the following questions.  1) Are both NFL3x 

copies retained in Nicotiana polyploids?  2) What selective pressures are present in 

polyploids compared to diploids?  3) Are progenitor copy types evolving differently in 

polyploid lineages?  4) Are both copy types expressed in polyploids of different ages? 
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2.2  Materials and Methods 

2.2.1  PCR, cloning and sequencing 

Products were amplified by Polymerase Chain Reaction (PCR) using a DNA 

Engine Dyad Thermal Cycler (MJ Research, Inc.).  Primers were designed to amplify the 

3rd exon of NFL (NFL3x; see Table 2.1 for primer sequences).  NFL3x was amplified 

using BIOTAQTM DNA polymerase (Bioline) and required 3.5 mM MgCl2 concentration.  

The program used for NFL3x was 94°C for 1 min, 75°C for 30 sec (Taq added), followed 

by 33 cycles of 94°C for 15 sec, 56°C for 30 sec, and 72°C for 30 sec, with a final 

extension of 72°C for 7 min.  PCR products were cleaned using the QIAquick® PCR 

Purification Kit (Qiagen). 

 NFL3x products were cloned using the TOPO TA Cloning® kit and the pCR®2.1-

TOPO® vector and One Shot® TOP10 chemically competent cells (Invitrogen).  Colonies 

were grown on solid LB-media plates with 100 µg/mL ampicillin and screened using 

1600 µg X-gal per plate.  PCR screening with M13 primers confirmed the presence and 

length of the cloned products.  Positive colonies were grown up in 3 mL liquid LB-media 

with 100 µg/mL ampicillin overnight, and plasmid preps were performed using the 

QIAprep® Spin Miniprep Kit (Qiagen).  Plasmids were sequenced using M13 primers on 

an Applied Biosystems Inc. (ABI) 3700 capillary DNA sequencer using Big Dye 

terminator v3.1 chemistry, following the manufacturer’s instructions.  Sequencing 

reactions were cleaned using precipitation in ethanol and acetic acid. 

 

Table 2.1.  Primer Sequences 

Primer name Sequence 

NFL3xF 5’-GTTCAGGTACGCGAAGAAGG-3’ 

NFL3xR 5’-AACCGAGCTAGAAGCAGCAG-3’ 

M13F 5’-GTAAAACGACGGCCAG-3’ 

M13R 5’-CAGGAAACAGCTATGAC-3’ 

GROdT 5’-GCTGTCAACGATACGCTACGTAACGGCATGACAGTG(T)18-3’ 

 

2.2.2  Maximum parsimony analysis 

 Sequences were assembled using Sequencher version 4.1 (Gene Codes, Inc., Ann 

Arbor MI, USA) and aligned manually in PAUP* version 4.0b (Swofford, 2001).  

Consensus clones for each type of sequence in a species were made to eliminate PCR 

artefacts in NFL3x clone sequences.  Each polyploid species had two consensus clones 
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representing both progenitor copies, whereas the polyploids N. repanda, N. nesophila and 

N. stocktonii had three because some clones had an extra 120 base pairs (bp) of sequence.  

For parsimony analysis, a heuristic search was executed using tree bisection-reconnection 

(TBR) branch swapping and 1000 replicates of random addition, holding 10 trees after 

each replicate.  DELTRAN character optimisation was used to show branch lengths, and 

a bootstrap analysis was performed using fast step-wise addition with 10,000 replicates.  

Gaps in the sequence were excluded from the analyses.  MacClade version 4.08 for OS X 

(http://macclade.org) was used to examine the translated amino acid sequences from the 

3rd exon of NFL, in order to assess whether sequences had nonsense or frame shift 

mutations. 

 

2.2.3  Maximum likelihood tree 

 A maximum likelihood tree was generated in PHYML (Guindon and Gascuel, 

2003) under the best fitting model of nucleotide substitution, TrNef + G, given by the 

Akaike Information Criterion test in MODELTEST (Posada and Crandall, 1998).  The 

TrNef + G model has equal base frequencies, two different transition rates (A↔G ≠ 

C↔T), one transversion rate, and a γ distribution of rates across sites (α = 0.3558). 

Polyploid clades were constrained according to previous results (Clarkson et al., 

2004; Clarkson et al., 2005) to ensure their monophyly in the tree used for dN/dS analyses.  

In order to determine whether the constrained trees were different from the unconstrained 

trees, a maximum likelihood tree and 100 bootstrap trees from both the constrained and 

unconstrained dataset were compared using the approximately unbiased test of 

phylogenetic topology (Shimodaira, 2002) in CONSEL (Shimodaira and Hasegawa, 

2001).  The hypothesis that the constrained tree was the better maximum likelihood tree 

for these data could not be rejected (p = 0.716), and therefore the constrained tree was 

used in the NFL3x analyses. 

  

2.2.4  Codon substitution models 

 Codon substitution models simultaneously use both the information provided at 

the nucleotide and amino acid levels, allowing for accurate estimates of dN/dS ratios 

(Goldman and Yang, 1994).  The ratio of nonsynonymous-to-synonymous substitution 

rates (ω= dN/dS) was estimated over different clades of the NFL3x maximum likelihood 

tree using four branch models (Yang, 1998).  The one-ratio model allows only one ω 
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value across the entire tree (ω0 = ω1 = ω2 = ω3).  The two-ratio model estimates two 

independent ω values for different clades of the tree (ω0 ≠ ω1 = ω2 = ω3).  The three-ratio 

model assumes three independent ω values (ω0 ≠ ω1 ≠ ω2 = ω3), and in the four-ratio 

model all four ω values are estimated independently (ω0 ≠ ω1 ≠ ω2 ≠ ω3).  These models 

were nested, differing by only one parameter, and the likelihood ratio test was applied to 

examine the evolution of NFL3x in polyploids and their diploid progenitors.  The 

branches that are being tested are called the foreground branches, whereas those not 

explicitly tested are called the background branches.  For example, in comparing the 

three-ratio (ω0 ≠ ω1 ≠ ω2 = ω3) and four-ratio (ω0 ≠ ω1 ≠ ω2 ≠ ω3) models, the test 

determines whether ω2 and ω3 have significantly different values.  Therefore, ω2 and ω3 

are considered foreground branches whereas ω0 and ω1 are background branches because 

ω0 and ω1 are treated identically in both models.  All analyses were performed in PAML, 

version 4 (Yang, 2007).  The test statistic of the likelihood ratio test was calculated by 

doubling the difference between log likelihood scores of nested models.  To calculate a p-

value for this test, the test statistic was compared to a χ2 distribution, and the degrees of 

freedom were equal to the difference between the number of parameters in each model 

(d.f. = 1 in all cases here; Goldman and Yang, 1994). 

 The NFL3x sequences were first tested for purifying selection using the one-ratio 

model and a null model where ω=1 across the tree.  In order to determine whether 

polyploids have a different ω than diploids, the two-ratio model was employed where ω0 

represented the dN/dS ratio of the diploid species, and ω1 was estimated for the polyploid 

species.  A likelihood ratio test of this two-ratio model versus the one-ratio model 

assessed whether there was a significant difference between the ω values between 

polyploids and diploids.  As this test suggested a trend that polyploids did in fact tend to 

have a higher ω value (see section 2.3.2.2), the ω values for background polyploids (ω1) 

and diploids (ω0) were estimated independently in further analyses. 

 Another analysis was run to examine whether older and younger polyploids had 

different ω values.  The three-ratio model, where ω was estimated independently for older 

(ω2) and younger polyploids (ω1) against the background diploids (ω0), was compared to 

a nested two-ratio model where all polyploids had one ω that differed from the diploid 

value. 

The four-ratio model was used to address whether progenitor copy types of 

polyploid sections were evolving at different rates.  In these analyses, each progenitor 

copy type was given an independent ω (ω2 for one copy type, ω3 for the other, ω2 ≠ ω3), 
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and the rest of the taxa were given background ω values (ω0 for diploids and ω1 for 

background polyploids, ω0 ≠ ω1 ≠ ω2 ≠ ω3).  Nested three-model analyses were performed 

where ω2 = ω3, representing the null hypothesis that both progenitor copy types had the 

same ω value.  Likelihood ratio tests were performed on nested models to determine 

which model provided a better fit to the data.  The analyses on progenitor copy types 

were performed on only the older polyploid sections, Suaveolentes, Repandae and 

Polydicliae, because the sequences of the younger polyploids, N. tabacum, N. rustica and 

N. arentsii, were almost identical to those of their progenitor diploids. 

 

2.2.5  NFL expression analysis 

2.2.5.1  Genomic DNA and cDNA-CAPS analysis 

RNA was extracted from floral buds of less than 5 mm either from fresh tissue or 

tissue preserved in RNAlater
® (Qiagen).  RNA isolation was performed using either the 

RNeasy® Plant Mini Kit (Qiagen) or TRIzol® Reagent (Invitrogen), according to the 

manufacturer’s instructions.  The RNA was treated with DNase using the TURBO DNA-

free
TM kit (Ambion).  The purified RNA was then reverse transcribed into single stranded 

cDNA using SuperScript® II (Invitrogen), according to the manufacturer’s instructions.  

Reverse transcription was performed with two different types of primers:  either random 

nonamers (Generi-Biotech), in order to amplify all RNA, or a poly-T primer (GROdT; 

see Table 2.1 for primer sequences), to target mRNA transcripts for subsequent 3’ RACE.   

Details of RNA extraction and cDNA synthesis for the individual species 

examined are as follows.  For section Repandae, bud material was preserved in 

RNAlater
® (Qiagen), 1-3 mm buds from N. repanda and buds of less than 3 mm from N. 

nudicaulis.  Two cDNA preparations were synthesised from both of these species, one 

using TRIzol® Reagent (Invitrogen) and random nonamers (Generi-Biotech) for reverse 

transcription (data not shown) and one using the RNeasy® Plant Mini Kit (Qiagen) and a 

poly-T primer for reverse transcription.  For section Polydicliae, bud material of less than 

3 mm from N. clevelandii was also preserved in RNAlater
® (Qiagen).  RNA was 

extracted using TRIzol® Reagent (Invitrogen), and reverse transcription was performed 

with random nonamers (Generi-Biotech).  Two RNA preparations from N. tabacum were 

isolated from fresh buds of less than 5 mm, using TRIzol® Reagent (Invitrogen).  

Synthesis of cDNA was performed with random nonamers (Generi-Biotech). 
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Polymerase chain reaction (PCR) was then performed with NFL 3rd exon primers 

(NFL3xF and NFL3xR) and 2 mM MgCl2 concentration using the following program: 

94°C for 3 minutes followed by 35 cycles of 94°C for 20 seconds, 62°C for 20 seconds, 

72°C for 20 seconds and a final extension of 72°C for 10 minutes.  As a control, RNA 

was also amplified with NFL3x primers, in order to make sure that there was no DNA 

contamination in the RNA preparations.  No product was amplified in any control PCRs. 

In order to determine whether both progenitor copy types were expressed, cleaved 

amplified polymorphic sequence (CAPS) analyses were performed on NFL3x products 

amplified from cDNA.  Half of the PCR reaction (10 µL) was digested with 0.5 µL of 

restriction enzyme (New England Biolabs) and incubated at 37°C for 1-3 hours.  The 

PCR products from section Repandae and N. tabacum were digested with StuI, which 

cuts the N. obtusifolia and N. tomentosiformis type copies, but not the N. sylvestris type 

copy.  Section Polydicliae was digested with BsmFI, which cuts the N. obtusifolia type 

copy, but not the N. attenuata type copy.  Digested products were separated by gel 

electrophoresis, and undigested products were run as a control.  Genomic DNA (gDNA) 

was also amplified and cleaved as a further control as a one to one ratio of progenitor 

copy types is expected. 

 For gDNA-CAPS, the 3rd exon of NFL was amplified from the following 

Nicotiana species:  section Repandae, including N. repanda, N. nesophila, N. stocktonii 

and N. nudicaulis; their maternal diploid progenitor, N. sylvestris; N. palmeri, sister 

species to N. obtusifolia (although these two species may be conspecific), the paternal 

progenitor; section Polydicliae, including N. quadrivalvis TW18 and N. clevelandii 

TW30; their diploid progenitors N. obtusifolia and N. attenuata; and N. tabacum and its 

diploid progenitors, N. sylvestris and N. tomentosiformis. 

 

2.2.5.2  Progenitor genomic DNA ratio experiment 

In order to determine whether the amount of template added to a PCR reaction 

affected the amount of product amplified, a ratio experiment was performed.  Nicotiana 

sylvestris and N. palmeri genomic DNA were amplified in the ratios as follows: only N. 

sylvestris DNA; 3:1 N. sylvestris to N. palmeri DNA; 1:1 N. sylvestris to N. palmeri 

DNA; 1:3 N. sylvestris to N. palmeri DNA; and only N. palmeri DNA.  Genomic DNA-

CAPS was then performed on the resulting PCR products, using StuI for restriction 

(procedure as in section 2.2.5.1). 
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The possibility of PCR bias, where one copy type is favoured during 

amplification, was also examined across several different annealing temperatures in 

natural polyploids, using N. nudicaulis as an example.  PCR reactions were performed 

using N. nudicaulis genomic DNA and a 1:1 ratio of N. sylvestris to N. palmeri genomic 

DNA at annealing temperatures of 56°C, 62°C and 66°C.  The resulting products were 

restricted with StuI (procedure as in section 2.2.5.1). 

 

2.3  Results 

2.3.1  NFL3x sequence analysis and phylogeny 

 PCR with primers NFL3xF and NFL3xR generated products from the 3rd exon of 

NFL (NFL3x) that were between 322 and 331 bp for most species studied.  This length 

variation is due to a microsatellite insertion near the end of the NFL3x sequence.  The 

microsatellite consists of the base pair sequence TGC repeated four to seven times.  

However, there is sequence variation as well as length variation within the microsatellite.  

In fact, 30 of 55 sequences have at least one point mutation in the microsatellite region, 

and these mutations vary between species.  Most polyploid copies of NFL3x maintain the 

same number of repeats as the corresponding progenitor sequence; however, in older 

polyploids, both copy types share the same number of repeats even if the two progenitor 

sequences are polymorphic in length.  In section Repandae, all copies have four repeats 

like the N. obtusifolia sequence, despite that the N. sylvestris sequence has six repeats.  

Although the parentage of section Suaveolentes is unclear, an ancestor of N. sylvestris is 

most likely to have been the maternal progenitor (Clarkson et al., 2004; 2010).  All 

Suaveolentes sequences also have four repeats, except one copy of N. megalosiphon, 

which has five.  Either the copy types in these older polyploids have lost two repeats from 

the N. sylvestris-type sequence, or the N. sylvestris lineage acquired two more repeats 

after these two polyploid sections were formed. 

In addition to a 322 bp product, N. repanda, N. nesophila and N. stocktonii also 

have a 443 bp product.  These sequences are similar to the shorter sequences, but they 

have an extra 121 bp at the end of the sequence.  This extra sequence consists of 66 bp 

that continues past the reverse primer site into the downstream genic region, 4 bp of 

unique sequence, and then 51 bp that are a duplication of the 51 bp of the 3rd exon  
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directly upstream of and including the reverse primer site (Fig. 2.1).  The first 66 bp of 

extra sequence include the stop codon of the NFL protein. 

 

 

 

Figure 2.1.  Duplicated NFL3x product in section Repandae.  Diagram of 443 bp product of the N. 

sylvestris type of some section Repandae species.  Green represents the 3rd exon of NFL.  Black box 
represents the 3’ untranslated region upstream of the stop codon.  Purple boxes represent the duplicated 
sequence upstream of the reverse primer site.  Red box represents a stop codon.  Blue striped box represents 
the four unique base pairs linking the two regions of the extra 121 base pairs of the sequence. 

 

 A heuristic search produced 848 most parsimonious trees of length 74 steps with a 

consistency index (CI) of 0.84, a retention index (RI) of 0.96, and a rescaled consistency 

index of 0.80.  Although there is not enough variation within the 3rd exon to completely 

resolve relationships, most polyploid sequences are grouped with their corresponding  

progenitors based on previous knowledge of parentage (Chase et al, 2003; Clarkson et al, 

2004, 2010; Kelly et al, 2010), and two copy types have been sequenced from each 

polyploid (Fig. 2.2).  However, both copy types from section Suaveolentes have been 

grouped into a polytomy with the diploids N. sylvestris, N. noctiflora, N. alata, N. 

longiflora, and N. paniculata.  Also, the 443 bp sequences from N. repanda, N. nesophila 

and N. stocktonii are only N. sylvestris-like. 

 Although NFL3x was amplified from an outgroup taxon, Symonanthus bancroftii, 

examination of the sequences in McClade revealed premature stop codons, which 

suggested that the sequences were pseudogenes.  Therefore, these sequences were 

removed from all analyses.  In order to root the tree using intrageneric taxa, the topology 

of the phylogenetic tree from the 1st intron of NFL was examined (Kelly et al., 2010).  In 

this tree, the core Petunioides taxa diverge first; therefore, the NFL3x tree was rooted 

using the Petunioides clade (N. attenuata, N. miersii and the N. attenuata-type 

Polydicliae sequences) in the absence of an intergeneric outgroup (Kelly et al, 2010).  In 

the Nicotiana sequences, there are no frame shift or nonsense mutations, which suggests 

that both copy types in all polyploids are functional. 

 

STOP CTATSTOP CTAT
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Figure 2.2.  NFL3x phylogenetic tree.  One of the 848 most parsimonious trees from phylogenetic 
analysis of NFL3x sequences.  Branch lengths are shown above branches and bootstrap values are shown 
below in bold.  Polyploid sections are labeled and colored according to their age.  Green = <0.2 million 
years old ( myo), blue = ~1 myo, purple = ~4.5 myo, and pink = ~10 myo.  Diploids are highlighted in 
yellow.  Arrow heads indicate where branches collapse in the strict consensus tree. 
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2.3.2  PAML analyses 

2.3.2.1  Purifying selection 

 The one-ratio model and the null model where ω=1 were compared.  The 

likelihood ratio test showed that the one-ratio model fit the data significantly better (2δ = 

71.37, d.f. = 1, p = 2.96x10-17).  Therefore, we could reject the null hypothesis that 

NFL3x is evolving neutrally in favour of purifying selection because the ω estimated in 

the one-ratio model was much less than 1 (ω0 = 0.1166). 

 

2.3.2.2  Polyploids versus diploids 

 To see whether gene duplication affected the dN/dS ratio, the two-ratio model 

where polyploids and diploids had independent ω values was compared to the one-ratio 

model.  The likelihood ratio test determined that the two-ratio model fit the data better, 

but it was not significant (2δ = 3.16, d.f. = 1, p = 0.076).  However, the ω value for 

polyploids was nearly three times larger than that of the diploids (0.1729 and 0.0589 

respectively), suggestive of reduced selection pressure (Fig. 2.3a).  As the likelihood ratio 

test suggests a trend that polyploids have a higher ω value than diploids, ω values for 

background polyploids and diploids will always be estimated independently in subsequent 

analyses. 

 

2.3.2.3  Older versus younger polyploids 

 In the analyses testing whether older polyploids (sections Polydicliae, Repandae 

and Suaveolentes) have a different ω than younger polyploids (N. tabacum, N. rustica and 

N. arentsii), the three-ratio model fit the data better than the two-ratio model where all 

polyploids shared the same ω.  The likelihood ratio test was not significant (2δ = 0.69, d.f. 

= 1, p = 0.405).  Despite not being significant, the ω value of the older polyploids 

(0.1790) was much higher than that of the younger polyploids (0.0001; Fig. 2.3a). 

 

2.3.2.4  dN/dS ratios of progenitor copies in older polyploid 

sections 

In order to determine whether progenitor copy types were evolving differently in 

polyploid lineages, models with three (where polyploid copy types had the same ω) and  
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Figure 2.3.  dN/dS ratios from analyses in PAML.  a) Data from the 3-ratio model of older polyploids 
versus younger polyploids, the 2-ratio model of polyploids versus diploids, and the 1-ratio model where all 
taxa had the same ratio.  b) Data from the 4-ratio and 3-ratio models analyses comparing progenitor copy 
types in older polyploids. 
 

four (where ω was estimated for each copy type independently) ratios were run.  The 

four-ratio model gave a better fit to the data than the three-ratio model in all of the 

polyploid sections analysed (Polydicliae, Repandae and Suaveolentes).  However, the 

likelihood ratio tests were not significant (2δ = 0.68, d.f. = 1, p = 0.408; 2δ = 2.58x10-4, 

d.f. = 1, p = 0.987; and 2δ = 0.03, d.f. =1, p = 0.870 for sections Polydicliae, Repandae 

and Suaveolentes respectively), which shows that progenitor copies are not evolving at 

different rates.  In both sections Repandae and Suaveolentes, both copy types have 

relatively similar ω values whereas the copy types of section Polydicliae have much more 
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Table 2.2.  PAML results 

Section Model Model Description NP
1 

ω0 ω1 ω2 ω3 Log 

Likelihood 

p-value 

1ω ω0=whole tree 89 0.1166 n/a n/a n/a -868.852007 Polyploids vs 
Diploids 2ω ω0=diploids, ω1=polyploids 90 0.0589 0.1729 n/a n/a -867.272424 

0.0755 

2ω ω0=diploids, ω1=polyploids 90 0.0589 0.1729 n/a n/a -867.272424 Old vs 
Young 

Polyploids 
3ω ω0=diploids, ω1=young polyploids, 

ω2=old polyploids 
91 0.0589 0.0001 0.1790 n/a -866.926282 

 
0.4053 

 
3ω 

ω0=background diploids, 
ω1=background polyploids, 

ω2=Polydicliae 

 
91 

 
0.0589 

 
0.1442 

 
0.4242 

 
n/a 

 
-866.576818 

 

 

Polydicliae 

progenitor 
copy types 

 
4ω 

ω0=background diploids, 
ω1=background polyploids,  
ω2=N. attenuata copy,  
ω3=N. obtusifolia copy 

 
92 

 
0.0589 

 
0.1442 

 

 
0.2113 

 
0.8505 

 
-866.235099 

 
 
 

0.4084 

 
3ω 

ω0=background diploids, 
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91 
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ω0=background diploids, 
ω1=background polyploids,  
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92 
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0.0825 

 
0.0846 

 
-866.576718 

 
 
 

0.9871 

 
3ω 
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91 

 
0.0589 

 
0.1501 

 
0.1940 

 
n/a 

 
-867.203802 
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copy types  

4ω 
ω0=background diploids, 
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ω2=copy 2, ω3=copy 1 

 
92 

 
0.0589 

 
0.1501 

 

 
0.1784 

 
0.2077 

 
-867.190337 

 
 

0.8696 
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divergent ω values, one of which is close to neutral evolution (Fig. 2.3b).  Results from 

all PAML analyses, including ω values and log likelihoods, are presented in Table 2.2. 

 

2.3.3  NFL expression analysis in polyploids of different 

ages 

2.3.3.1  Progenitor genomic DNA ratio experiment 

 To examine the effect of different amounts of template on the amplification of 

progenitor copy types, genomic DNA from N. sylvestris, the maternal progenitor of 

section Repandae, and N. palmeri (sister species to N. obtusifolia, the paternal progenitor 

of section Repandae) were combined in different ratios and NFL3x PCR and genomic 

DNA (gDNA) CAPS was performed.  In the restriction profiles after amplification, there 

is equal representation of N. sylvestris and N. palmeri types in the 1:1 ratio reaction, a 

bias towards N. sylvestris in the 3:1 N. sylvestris to N. palmeri reaction, and a bias 

towards N. palmeri in the 1:3 N. sylvestris to N. palmeri reaction (Fig. 2.4a). 

 

 

 

 

 

 

 

 

 

 

  
 

 

 
 
 
 

Figure 2.4.  Progenitor genomic DNA ratio experiment.  a) Genomic DNA from N. sylvestris and N. 

palmeri were added to PCR reactions in different ratios to determine whether the amount of amplification 
reflects the amount of template.  b) Annealing temperature experiment.  N. nudicaulis and a 1:1 ratio of N. 

sylvestris to N. palmeri genomic DNA were amplified at three different annealing temperatures to 
determine whether annealing temperature affects the ratio of progenitor copy types amplified.  D = digested 
with StuI, U = undigested. 
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Nicotiana nudicaulis genomic DNA was amplified and restricted at three different 

annealing temperatures together with a 1:1 ratio of N. sylvestris to N. palmeri genomic 

DNA as a control.  The restriction profile shows that an equal ratio of copy types is 

maintained over all three temperatures for the 1:1 ratio of N. sylvestris to N. palmeri, but 

N. nudicaulis only shows an equal ratio at 56°C, and amplification is strongly biased 

towards the N. obtusifolia copy type at 62°C and 66°C (Fig. 2.4b).  Because amplification 

of progenitor copy types is altered by annealing temperature, the ratio of progenitor copy 

types from CAPS analyses could not be used to infer the relative proportion of progenitor 

copy types. 

 

2.3.3.2  Genomic DNA and cDNA-CAPS analyses 

2.3.3.2.1  Nicotiana section Repandae—~4.5 million years old 

 Genomic DNA PCR results in a 322, 325 or 328 bp product as previously 

obtained.  However, N. repanda, N. nesophila and N. stocktonii also have a second 

product of 443 bp (for details see section 2.3.1).  Restriction of genomic PCR products 

from the diploid progenitors results in a single unrestricted product (328 bp) for N. 

sylvestris, the maternal progenitor, and two fragments (98 and 224 bp) for N. palmeri 

(sister to N. obtusifolia, the paternal progenitor) as expected (Fig. 2.5a).  Restriction 

profiles of the allotetraploid products are as follows: N. nudicaulis has three fragments, 

one undigested N. sylvestris-type product (322 bp) and two digested N. obtusifolia-type 

products (98 and 224 bp); N. repanda, N. nesophila and N. stocktonii have four 

fragments, two undigested N. sylvestris-type products (322 and 443 bp) and two digested 

N. obtusifolia-type products (98 and 224 bp; Fig. 2.5a).  In examining the amount of 322 

bp product after restriction, N. nudicaulis has a greater proportion of N. obtusifolia-type 

product, whereas the other three species seem to have more N. sylvestris-type product. 

 PCR amplification of cDNA gives a single 322 bp product for N. nudicaulis and 

two products (322 and 443 bp) for N. repanda.  This suggests that the copy with the 

duplicated region is expressed in N. repanda.  Restriction of PCR products results in 

profiles similar to those of genomic DNA-CAPS for both N. nudicaulis and N. repanda 

(Fig. 2.5b).  Restriction profiles from independently isolated and synthesised cDNA were 

similar.  Only data from those preparations obtained using the RNeasy® Plant Mini Kit 

(Qiagen) for RNA extraction and a poly-T primer for reverse transcription are shown.   
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Figure 2.5.  cDNA- and gDNA-CAPS of NFL3x in section Repandae.  a) Genomic DNA of all 
Repandae polyploids and their diploid progenitors (N. palmeri is sister to the paternal progenitor, N. 

obtusifolia).  b) cDNA from < 3 mm buds from N. repanda and N. nudicaulis with genomic DNA controls.  
D = digested with StuI, U = undigested. 

 

From these data we can conclude that both copy types are being expressed in section 

Repandae polyploids. 

 

2.3.3.2.2  Nicotiana section Polydicliae—~1 million years old 

 PCR amplification results in a single 322 or 325 bp product for all allotetraploids 

and progenitors.  Restriction of genomic DNA products from the progenitors gives two 

fragments (80 and 242 bp) for N. obtusifolia (maternal progenitor) and one unrestricted 

product (325 bp) for N. attenuata (paternal progenitor; Fig. 2.6a).  Three fragments, one 

undigested N. attenuata-type product (325 bp) and two restricted N. obtusifolia-type 

products (80 and 242 bp) are observed in equal ratios for both N. quadrivalvis and N. 

clevelandii (Fig. 2.6a).  Restriction of cDNA product from N. clevelandii reveals a similar 

profile to that seen in genomic DNA, which suggests that both copy types are expressed 

in a ratio similar to that present in the genomic DNA (Fig. 2.6b). 
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Figure 2.6.  cDNA- and gDNA-CAPS of NFL3x in section Polydicliae.  a) Genomic DNA of all 
Polydicliae polyploids and their diploid progenitors.  b) cDNA from < 3 mm buds from N. clevelandii with 
a genomic DNA control.  D = digested with BsmFI, U = undigested. 

 

2.3.3.2.3  Nicotiana tabacum—<0.2 million years old 

 Again, PCR amplification results in a 325 or 328 bp product, and the restriction 

results in a single unrestricted product (328 bp) for N. sylvestris and two restricted 

products (98 and 227 bp) for N. tomentosiformis.  Nicotiana tabacum showed all three 

products after restriction, and the restriction profiles of genomic and cDNA were similar 

(Fig. 2.7).  However, in one sample amplified from cDNA from a 5 mm bud obtained 

from a colleague (J. Fulneček, Institute of Biophysics, Brno, Czech Republic), the 

restriction profile was strongly biased towards the N. sylvestris type with only a faint N. 

tomentosiformis-type restricted product (Fig. 2.7b). 

 

2.4  Discussion 

 Over time, polyploids undergo diploidisation, both through decrease in genome 

size (largely highly repeated elements; Leitch and Bennett, 2004) and loss of duplicated 

genes (Ohno, 1970).  It has been proposed that selection is relaxed on one copy that 

degenerates into a pseudogene and is then eventually eliminated from the genome (Ohno, 

1970).  However, both copy types can be retained in order to maintain correct 

stoichiometric balance between subunits of protein complexes or in gene regulatory 

hierarchies (Edger and Pires, 2009; Birchler and Veitia, 2010).  Alternatively, new 

function (neofunctionalisation) or tissue specific partitioning (subfunctionalisation) may 

also occur, both of which maintain gene copies in duplicate (Force et al., 1999). 
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Figure 2.7. cDNA- and gDNA-CAPS of NFL3x in N. tabacum.  a) Genomic DNA of different N. 

tabacum accessions and its diploid progenitors.  b) cDNA from N. tabacum.  D = digested with StuI, U = 
undigested. 

 

However, studies in synthetic Brassica napus (Brassicaceae) polyploids show that 

many of the genetic changes apparent following polyploidisation are due to homeologous 

recombination and intergenomic translocations (Gaeta et al., 2007; 2009; Gaeta and Pires, 

2010).  When the products of homeologous recombination segregate in subsequent 

generations, it is possible to lose chromosomal segments from the genome (Gaeta and 

Pires, 2010).  Therefore, it is possible to undergo gene loss within the first few 

generations after polyploidisation.  The first meiosis in synthetic Brassica napus hybrids 

results in many intergenomic translocations (Szadkowski et al., 2010), indicating the 

potential for gene loss immediately following allopolyploidisation.  Gene loss has been 

observed in natural Tragopogon (Asteraceae) allopolyploids that originated ~80 years ago 

(Tate et al., 2006; Buggs et al., 2009; Tate et al., 2009a), and evidence of intergenomic 

translocations, monosomy and trisomy of chromosomes and multivalent formation during 

meiosis suggest that these gene losses may be consequences of genome rearrangement 

(Lim et al., 2008). 
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In theory, gene loss via homeologous recombination and intergenomic 

translocation can continue as long as multivalents continue to form during meiosis.  

Therefore, the transition from polysomic to disomic inheritance marks the stabilisation of 

the polyploid genome.  Using computer simulations, Le Comber et al. (2010) discovered 

that the number of generations required for the establishment of disomic inheritance 

increased with high rates of recombination, but decreased with sub- and 

neofunctionalisation.  Sub- and neofunctionalisation maintain duplicate gene copies, but 

seem to require longer evolutionary time scales to establish, due to the necessity for 

reciprocal null mutations in the regulatory regions of subfunctionalised duplicates and the 

occurrence of a novel beneficial mutation in neofunctionalised duplicates (Force et al., 

1999).  However, dosage-sensitive genes will be under strong purifying selection even 

during the initial phase of genome instability (Birchler and Veitia, 2007; Edger and Pires, 

2009; Birchler and Veitia, 2010).  Whereas duplicate gene retention to maintain gene 

balance does not leave a characteristic signature, subfunctionalisation can be detected via 

reciprocal silencing of duplicate gene copies in distinct tissues or developmental time 

points (Force et al., 2005).  Evidence for subfunctionalsation has been found in 

Gossypium (Malvaceae; Adams et al., 2003; 2004; Adams and Wendel, 2005; Hovav et 

al., 2008; Chaudhary et al., 2009) and Tragopogon (Asteraceae; Buggs et al., 2010).  In 

this chapter, I examine the duplicate gene fate of progenitor copy types of the NFL gene 

in Nicotiana polyploids of different ages. 

 

2.4.1  Divergence of NFL in polyploids of different ages 

 All copy types studied here are under strong purifying selection (Fig. 2.3), and 

there is no evidence of nonsense or frame shift mutations, suggesting that all copies are 

still functional, even after 10 million years of polyploid evolution.  However, there is a 

trend of more relaxed purifying selection in polyploids relative to that in diploids (Fig. 

2.3a), presumably due to redundancy after whole genome duplication.  Progenitor copy 

types in the polyploid sections Polydicliae, Repandae and Suaveolentes, which are ~1, 

~4.5 and ~10 million years old, respectively (Clarkson et al., 2005; Leitch et al., 2008), 

do not have significantly different dN/dS ratios, and therefore do not seem to be under 

differential selective pressures.  However, the likelihood ratio test in PAML can lack the 

power to detect differential selection in datasets with low sequence divergence and 

limited codon number (Anisimova et al., 2001).  Therefore, it is possible that progenitor 
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copy types of NFL are under differential selection, but that the likelihood ratio test lacked 

the power to detect it.  Section Polydicliae shows the greatest difference in dN/dS ratio 

between copy types, and the dN/dS ratio of the maternal copy type suggests nearly neutral 

evolution (Fig. 2.3b).  This may indicate that the maternal copy type has begun the 

process of degredation into a pseudogene.  This is plausible because duplicate gene loss is 

apparent in both species of section Polydicliae as they have lost the paternal copy of the 

trypsin-proteinase inhibitor (TPI) gene that is involved in defense responses against 

herbivory (Wu et al., 2006). 

 All copy types examined are expressed, even in polyploids that formed ~4.5 

million years ago, providing further evidence that all copies are still functional (Figs 2.5, 

2.6, 2.7).  Although most polyploid samples express both copy types, a single cDNA 

sample obtained from <5mm buds in N. tabacum displays a strong bias toward the 

maternal N. sylvestris copy whereas both copy types are expressed equally in other N. 

tabacum cDNA samples from <3mm buds (Fig. 2.7).  These results demonstrate the 

possibility of differential expression patterns between copy types in N. tabacum, but 

further experiments are needed in order to obtain conclusive evidence. 

 

2.4.2  Duplication of N. sylvestris type NFL3x in section 

Repandae 

 Although there is no evidence for differential selection on Nicotiana polyploid 

copy types, the N. sylvestris-type copy in N. repanda, N. nesophila and N. stocktonii (but 

not in N. nudicaulis) in section Repandae includes a duplication of the 51 bp upstream of 

the 3’ end of the NFL3xR primer site (Fig. 2.1).  Although the evidence is not conclusive, 

it is likely that this duplication is fixed in the N. sylvestris-type copy of these species 

because it is seen in all three, suggesting that the duplication occurred before their 

divergence.  It is unlikely that three species are heterozygous for the same duplication.  

The duplication is unlikely to be an artefact because it is seen in many independent PCR 

reactions and is even expressed (Fig. 2.5b).  However, it is unlikely that this duplication 

results in an abnormal protein as the stop codon of the NFL transcript occurs before the 

duplication (Fig. 2.1).  Despite that the duplication is located after the stop codon, and 

therefore unlikely to be under purifying selection, the duplicated region is conserved 

among N. repanda, N. nesophila and N. stocktonii.  The duplication likely occurred more 

than 1.1 million years ago, the estimated age of the divergence of these three species 
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based on the geological age of the Revillagigedo Islands, where N. nesophila and N. 

stocktonii are endemic (Clarkson et al., 2005).  Because this duplicated sequence has been 

conserved for over 1.1 million years, it is possible that is performing a necessary function 

and, therefore, is under purifying selection. 

 

2.4.3  Why are NFL copy types maintained in Nicotiana 

polyploids? 

Unlike the proliferation of MADS-box genes (Irish and Litt, 2005), LFY 

orthologues tend to only be found as single copies in diploids.  In fact, there are only two 

instances where LFY duplicates have been retained over long-term evolutionary periods: 

in several genera of the Lamiales after a WGD >50 million years ago (Aagaard et al., 

2006) and in maize (both Zea and its sister genus Tripsacum (Poaceae)) after a WGD ~11 

million years ago (Bomblies et al., 2003; Bomblies and Doebley, 2005).  The lack of LFY 

duplicate retention after WGD suggests that LFY is not a dosage-sensitive gene.  This 

seems to imply that LFY proteins do not interact with a large number of other proteins.  

However, LFY plays a role at the beginning of the floral development cascade and has 

been shown to regulate A, B, C and E class floral homeotic genes, interact with 

coregulators and repress genes that maintain vegetative or inflorescence meristem identity 

(Moyroud et al., 2009).  On the other hand, only two of these interactions have been 

shown to be direct.  LFY directly binds to UNUSUAL FLORAL ORGANS (UFO) to 

coregulate the activation of APETALA3 (AP3), a B class gene, in Arabidopsis 

(Brassicaceae; Chae et al., 2008).  This direct interaction is also seen in the Petunia 

orthologues ABERRANT LEAF AND FLOWER (ALF) and DOUBLE TOP (DOT; 

Souer et al., 2008).  LFY also binds DNA as a dimer, so directly interacts with itself 

(Hames et al., 2008).  Although LFY does interact, both directly and indirectly, with 

several genes, the overwhelming lack of retained duplicates after the many 

polyploidisation events in the history of angiosperms suggests that LFY gene duplicates 

are not being maintained to ensure correct gene balance. 

Recent LFY duplicates have been found, for example, in four genera in 

Brassicaceae (Baum et al., 2005).  One of these genera, Idahoa, has rosette flowering, in 

which LFY seems to play a role (Yoon and Baum, 2004; Sliwinski et al., 2007).  

Although the duplicates have different function (IscLFY1 suppresses internode elongation 

whereas IscLFY2 promotes floral identity of axillary branches (Sliwinski et al., 2007)), it 
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is unclear whether neofunctionalisation has occurred because other rosette flowering 

genera in Brassicaceae do not have LFY duplications (Baum et al., 2005). 

Despite the paucity of LFY duplicates found in angiosperms, both progenitor gene 

copies of NFL have been maintained in Nicotiana polyploids for up to ~10 million years, 

seem to be functional and are expressed (Figs 2.2-2.7).  As LFY duplicates are so rare, 

these results suggest that the presence of both NFL copies is beneficial for these species.  

But how and why are they being maintained?  Gene balance seems unlikely, but sub- or 

neofunctionalisation cannot be ruled out, and a bias toward expression of the N. 

sylvestris-type copy in N. tabacum <5mm buds hints at the possibility of differential 

expression of copy types, which may be indicative of subfunctionalisation.  Further 

studies of the spatiotemporal expression patterns of NFL copy types in polyploids and 

their diploid progenitors are needed to determine whether NFL duplicates have become 

sub- or neofunctionalised. 



 83 

Chapter 3 

 

The evolution of floral limb shape and 

corolla tube length and width in Nicotiana 

 

3.1  Introduction 

 Although the means for variation reside in genetic polymorphism, selection can 

only act on phenotype.  Therefore, the characterisation of phenotype is imperative in 

order to fully understand the evolutionary dynamics between species.  In angiosperms, 

floral morphology plays an important role in evolution as it is often involved in 

reproductive isolation and therefore speciation.  Reproductive isolation via variation in 

floral morphology can be achieved either through pre- or post-pollination barriers.  The 

presence of different floral morphologies among closely related species that attract 

distinct pollinator assemblages reduces the transfer of interspecific pollen.  In Aquilegia 

(Ranunculaceae), nectar spur length, as well as other morphological characters, can be 

used to categorise North American species into three pollination syndromes: bumblebee, 

hummingbird and hawkmoth (Whittall and Hodges, 2007).  Similarly, in Syncolostemon 

(Lamiaceae), species with short corolla tubes are pollinated by bees, whereas species with 

longer ones are pollinated by either long-proboscid flies or sunbirds (Ford and Johnson, 

2008).  Post-pollination pollen/pistil interactions can result in the preferential fertilisation 

of ovules by conspecific pollen.  Studies of interspecific crosses between the diploid 

species of Nicotiana section Alatae show a positive correlation between the pistil length 

of the pollen donor and the pollen tube growth rate as well as positive correlation between 

pistil length of the pollen donor and the amount of seed set in an interspecific cross 

relative to a conspecific cross (Lee et al., 2008).  Therefore, in interspecific section Alatae 

crosses in which a short pistil species is the pollen donor to a long pistil species, a post-

pollination barrier exists because the pollen tubes cannot reach the ovules before the pistil 



 84 

senesces (Lee et al., 2008).  Floral morphology can also facilitate efficient pollination.  

Floral zygomorphy, or bilateral symmetry, is not only associated with more specific 

pollination schemes, but also assists in the more accurate placement of pollen for 

effective transfer of pollen to receptive stigmas (Faegri and van der Pijl, 1978). 

This chapter focuses on the evolution of floral limb shape and corolla tube length 

and width, both in polyploids and across Nicotiana as a whole.  Here, I will introduce 

floral initiation and development because understanding how floral phenotype arises 

facilitates the interpretation of both past evolutionary history and possible future 

divergence.  I will also introduce geometric morphometrics, a tool for quantifying 

morphology, and highlight its use in the study of both plant morphology and 

hybridisation.  I will also briefly touch on the use of floral metric measurements in 

previous studies in both Nicotiana and other angiosperms. 

 

3.1.1  The floral transition 

 Floral initiation is controlled by both external environmental and internal 

developmental signals.  In fact, several genetic pathways converge to regulate the genes 

that promote floral meristem identity.  These include vernalisation, photoperiod, light 

quality, autonomous and gibberellin pathways (reviewed in Simpson and Dean, 2002). 

Vernalisation seems to be adaptive in temperate climates, as plants require a 

prolonged period of cold in order to flower.  Autumnal temperatures and conditions may 

be favourable for flowering, but autumn is followed quickly by winter, which is often too 

harsh to accommodate successful flowering.  The requirement of vernalisation ensures 

that flowering occurs after winter has passed when favourable conditions will continue 

throughout spring and summer, rather than in autumn.  In Arabidopsis thaliana 

(Brassicaceae), the vernalisation pathway is controlled by the FRIGIDA (FRI) gene, 

which activates the transcription of FLOWERING LOCUS C (FLC), which in turn 

represses floral initiation (Simpson and Dean, 2002).  The amount of FLC transcript 

present is correlated to the lag in flowering time.  Therefore, the more FLC present, the 

later a plant will flower.  However, during vernalisation, the amount of FLC is reduced to 

a level where flowering can occur (Simpson and Dean, 2002). 

Photoperiod also influences the floral transition, although species can respond 

differently.  Long days promote flowering in Arabidopsis whereas short days promote 

flowering in rice (Simpson and Dean, 2002).  In order to use photoperiod as a signal for 
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flowering, plants need to be able to connect their ability to detect light with their ability to 

measure time.  Plants sense light via phytochromes and cryptochromes and possess an 

internal circadian clock, which measures time.  The gene CONSTANS (CO) seems to 

integrate the perception of light with the clock, allowing photoperiod to influence 

flowering time (Simpson and Dean, 2002). 

Flowering time is also affected by light quality or the proportion of wavelengths 

that the plant receives.  This pathway is particularly important in crowded environments, 

and promotes early flowering in the presence of competition from neighbouring plants 

(Simpson and Dean, 2002).  Plants can perceive this competition via a decrease in the 

proportion of red light that reaches them because red light is absorbed by the chlorophyll 

molecules in the plants around them (Simpson and Dean, 2002). 

Other pathways do not rely on external signals.  Components of the autonomous 

pathway seem to restrict the increase of FLC transcript.  Because FLC represses floral 

initiation, the autonomous pathway promotes flowering by inhibiting the repressor. 

Autonomous pathway mutants are late-flowering, although vernalisation rescues these 

mutant phenotypes (Simpson and Dean, 2002).  The gibberellin pathway also promotes 

flowering and is necessary for flowering in Arabidopsis in short days (Mutasa-Gottgens 

and Hedden, 2009).  Gibberellic acid also activates the floral integrator genes LEAFY 

(LFY), FLOWERING LOCUS T (FT), and SUPPRESSOR OF OVEREXPRESSION OF 

CONSTANS 1 (SOC1), where all pathways involved in floral initiation converge in order 

to activate the floral transition (Mutasa-Gottgens and Hedden, 2009). 

 

3.1.2  Floral meristem versus inflorescence meristem 

genes 

 LFY not only acts as a floral pathway integrator, but also promotes floral meristem 

identity along with APETALA 1 (AP1), CAULIFLOWER (CAL), and UNUSUAL FLORAL 

ORGANS (UFO) in Arabidopsis (Krizek and Fletcher, 2005).  These genes activate floral 

fate by regulating the expression of floral homeotic genes and also repress the genes that 

promote inflorescence meristem identity in Arabidopsis, TERMINAL FLOWER 1 (TFL1) 

and AGAMOUS-LIKE 24 (AGL24; Krizek and Fletcher, 2005).  LFY and AP1 repress 

TFL1 and AGL24 in floral meristems, whereas TFL1 and AGL24 repress LFY and AP1 in 

inflorescence meristems.  With the establishment of floral fate, floral meristem identity 

genes start the transcriptional cascade that results in the different floral organs. 



 86 

 

3.1.3  The ABCDE model of floral organ identity 

3.1.3.1  The original ABC model 

 The ABC model of floral organ identity was first proposed by Coen and 

Meyerowitz (1991); they described three classes of gene (A, B, and C genes), which led 

to the determination of floral organ fate.  Expression of A class genes alone results in 

sepal formation in the first floral whorl, A plus B activation yields petals in the second 

whorl, B plus C expression produces stamens in the third whorl, and solely C expression 

generates carpels in the fourth whorl (Coen and Meyerowitz, 1991).  In Arabidopsis, A 

class genes are represented by AP1 and APETALA2 (AP2), B class genes by APETALA3 

(AP3) and PISTILLATA (PI), and C class genes by AGAMOUS (AG; Krizek and Fletcher, 

2005).  A and C genes are mutually antagonistic and restrict each other to the first and 

second whorls and third and fourth whorls, respectively.  Loss-of-function mutants in 

these genes show homeotic transformation of floral organs.  A class mutants have carpels 

in the first and fourth whorls and stamens in the second and third whorls, as C class gene 

function expands throughout the entire meristem in the absence of A gene repression.  B 

class mutants have sepals in the first and second whorls and carpels in the third and fourth 

whorls.  C class mutants not only have sepals in the first and fourth whorls and petals in 

the second and third whorls, but also fail to use up the meristematic cells in the fourth 

whorl and are therefore indeterminate, producing many whorls of sepals and petals 

(Krizek and Fletcher, 2005). 

 

3.1.3.2  Variations of the ABC model 

 Whereas most flowers possess sepals, petals, stamens, and carpels, some species 

vary in perianth structures, the sterile organs of the flower, especially within monocots.  

In both Liliaceae and Orchidaceae, flowers often produce two whorls of similar showy 

petal-like organs, which have been termed tepals.  In Tulipa (Liliaceae), the tepals of the 

first and second whorls are identical and result from the expression of B class genes in the 

first whorl as well as the second and third whorls, effectively transforming the expected 

sepals of the first whorl to petal-like organs (Kanno et al., 2003).  Although orchids also 

possess tepals instead of sepals and petals, many orchid species possess tepals with three 

distinct morphological forms: three outer tepals in the first whorl and two inner tepals and 
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a labellum or lip in the second whorl.  This seems to be the result of gene duplication and 

evolution within the DEFICIENS (DEF)-like B class genes (which are orthologous to 

AP3 in Arabidopsis) in orchids (Mondragon-Palomino and Theissen, 2008).  Four DEF-

like genes are present in orchids with three distinct tepals and have been termed clade 1, 

2, 3, and 4 DEF-like genes (Mondragon-Palomino and Theissen, 2008).  Clade 1 and 2 

DEF-like genes seem to be expressed in all tepals, whereas clade 3 genes are expressed in 

inner tepals and the labellum, and clade 4 genes are only expressed in the labellum, thus 

creating a molecular mechanism for the distinct morphologies of these tepals 

(Mondragon-Palomino and Theissen, 2008). 

Evidence from species in Nymphaeaceae suggests that the determination of sepal 

and petal identity is largely influenced by the environmental signals of light and exposure 

and is not constrained to specific whorls, or even entire organs, as tepals with sections of 

both sepal and petal identity are commonly present within these species as determined by 

exposure (Warner et al., 2009).  Although the phylogenetic position of this group 

suggests that it may have diverged before floral homeotic gene expression was restricted 

to certain whorls, several divergent species of eudicots also show developmental 

differences between exposed and covered portions of their perianth, suggesting that the 

effect of environmental signals on the determination of floral organ morphology is likely 

to be widespread in angiosperms (Warner et al., 2009). 

 

3.1.3.3  The ABCDE model: Extending the ABC model 

 The discovery of further genes involved in the identity of floral organs has 

expanded the ABC model to the ABCDE model.  D class genes promote ovule identity 

and include AG, SEEDSTICK (STK), and SHATTERPROOF1 and 2 (SHP1 and SHP2) in 

Arabidopsis (Krizek and Fletcher, 2005).  E class genes are represented by the 

SEPALLATA (SEP) genes in Arabidopsis and are involved in the development of all floral 

organs.  SEP1, SEP2, and SEP3 are involved in the promotion of petal, stamen, and 

carpel identity, as sep1 sep2 sep3 triple mutants result in solely sepals within the flower 

(Krizek and Fletcher, 2005).  SEP4 works with the other SEP genes and A class genes to 

determine sepal organ identity.  SEP genes seem to be the final factor necessary in 

determining the identity of floral organs.  Ectopic expression of A plus B genes or B plus 

C genes is not sufficient to transform leaves into petal- or stamen-like structures 

respectively, but the addition of E class gene expression results in the generation of these 
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structures, suggesting that the interaction of these gene classes are both necessary and 

sufficient to determine petal and stamen identity (Honma and Goto, 2001).   

 

3.1.4  The floral quartet model 

 But how do the genes involved in promoting floral organ identity interact to 

activate the transcriptional cascades that will result in sepals, petals, stamens, or carpels?  

Theissen (2001) described a model for this interaction: the floral quartet model.  In this 

model, dimers of floral organ identity genes bind to CArG-boxes within the DNA, and 

subsequently two bound dimers bind to form a quartet by bending the DNA between two 

CArG-boxes, which then activates the suite of genes that produce the correct floral organ 

(Theissen, 2001; Theissen and Saedler, 2001).  Although evidence for this model has not 

yet been obtained in vivo, homotetramers of SEP3 can loop DNA and form quartets while 

bound to two CArG-boxes in vitro (Melzer et al., 2009) and B class and E class genes can 

form floral quartet-like complexes in vitro (Melzer and Theissen, 2009).  These B and E 

class quartets are formed from the binding of AP3-PI heterodimers to SEP3 homodimers, 

which form preferentially over SEP3 homotetramers and are more stable and bind DNA 

more strongly than AP3-PI tetramers (Melzer and Theissen, 2009).  These in vitro results 

are promising, and it is likely that similar quartet complexes determine floral organ 

identity in vivo. 

 

3.1.5  Floral symmetry 

 As mentioned previously, floral zygomorphy affects pollination and seems to 

facilitate efficient pollen transfer (Westerkamp and Classen-Bockhoff, 2007).  The 

genetic mechanism behind floral zygomorphy has been described in Antirrhinum majus 

(Plantaginaceae), snapdragon (Coen et al., 1995), but the first peloric mutant, which 

shows an actinomorphic phenotype within a species that is normally zygomorphic, was 

described by Linnaeus in Linaria vulgaris (Plantaginaceae; Rudall and Bateman, 2003).  

The zygomorphic phenotype relies on the formation of a dorsoventral axis within the 

flower during development.  The gene DIVARICATA (DIV) determines ventral identity in 

Antirrhinum (Cubas, 2004).  The genes CYCLOIDEA (CYC) and DICHOTOMA (DICH) 

promote dorsal identity by activating RADIALIS (RAD) in the dorsal part of the flower, 

which antagonises DIV, restricting DIV to the ventral portion of the flower (Krizek and 

Fletcher, 2005).  Single mutants of cyc and dich result in a slightly ventralised flower 
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phenotype, whereas cyc dich double mutants have a completely ventralised, and therefore 

actinomorphic, phenotype (Cubas, 2004).  Genetic studies have shown that Linnaeus’s 

peloric mutant is due to the loss of function of the CYC-like orthologue in Linaria 

vulgaris through epigenetic modification (Cubas et al., 1999).  CYC-like genes are 

responsible for the establishment of bilateral symmetry in many species, including 

Mohavea (Plantaginaceae; Hileman et al., 2003) and species in Malpighiaceae (Zhang et 

al., 2010).  Introgression of CYC-like genes from diploid Senecio squalidus into tetraploid 

S. vulgaris results in the formation of zygomorphic ray florets in the flower head of S. 

vulgaris, which usually only has actinomorphic disk florets (Kim et al., 2008).  The 

presence of ray florets in S. vulgaris makes it more attractive to pollinators, thus 

confirming that introgression between different ploidy levels can result in individuals 

with higher fitness due to change in floral form (Chapman and Abbott, 2010). 

  

3.1.6  Geometric morphometrics 

 As shown above, analysing phenotype has been essential in characterising gene 

action, and the quantification of phenotype is necessary to study of the evolution of floral 

form.  In this chapter, I use geometric morphometrics to analyse shape changes in floral 

limb morphology in Nicotiana.  Geometric morphometrics quantifies shape through the 

use of homologous landmarks, which facilitates the visualisation of the variation present 

in a set of complex shapes (Zelditch et al., 2004).  This technique is an improvement on 

more traditional morphometric measurements because coordinate data not only hold the 

information about the relative position of the landmarks, but also all the possible 

distances between landmarks (the types of measurements used in traditional 

morphometrics; Zelditch et al., 2004).  Another advantage is that whereas traditional 

morphometrics measures size instead of shape, the information present in landmark 

coordinate data can be separated into size and shape components (Zelditch et al., 2004).  

Therefore, aspects of shape variation can be analysed even when the variance in size is 

large whereas in traditional morphometrics, large variance in size can often mask 

variance in shape (Zelditch et al., 2004).  Geometric morphometrics is an excellent 

method with which to quantify shape, and thus characterise and analyse phenotype in the 

context of evolution. 

 Geometric morphometrics has been used to analyse shape in many different 

contexts in plants.  Langlade et al. (2005) obtained a three-dimensional morphospace for 
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Antirrhinum (Plantaginaceae) leaf shape, and plotted the contribution that QTL loci had 

on the change in leaf shape as a vector through the morphospace, correlating the change 

in leaf shape with genetic control.  A similar integration of morphometrics and QTL 

analysis was used to examine tomato fruit shape (Gonzalo et al., 2009).  Bensmihen et al. 

(2008) have developed a morphometric method of analysing mutant phenotypes, where 

the effects of single mutants can be used to predict the phenotype of a double mutant.  

Morphometrics are also used to quantify the shape differences between the flowers of 

geographically isolated populations of Melampyrum (Orobanchaceae; Tesitel et al., 2009) 

and among the leaves of newly described apomictic triploids in Sorbus (Rosaceae; Lepsi 

et al., 2009).  A recent study has also described a method for capturing three-dimensional 

morphometric data from plant tissue by combining geometric morphometrics and micro-

computed tomography scanning (van der Niet et al., 2010). 

 Geometric morphometric techniques are also useful in characterising shape 

differences between hybrids and their progenitor species.  A recent study on a triple 

hybrid zone between three Quercus (Fagaceae) species examined leaf shape and genetic 

microsatellite markers to identify hybrids between the three species (Penaloza-Ramirez et 

al., 2010).  In the results, hybrids between all pairs of species as well as hybrids that have 

involved all three species were detected; these hybrids are intermediate in leaf 

morphology between all three Quercus species (Penaloza-Ramirez et al., 2010).  Lexer et 

al. (2009) examined leaf shape differences between Populus alba, P. tremula, and their 

hybrid, P. × canescens (Salicaceae) using elliptic Fourier analysis of leaf outlines.  In 

analysing the resulting principal components independently, the authors showed that P. × 

canescens is significantly intermediate, like one parent or the other, or shows 

transgressive tendencies in separate principal components of leaf shape change (Lexer et 

al., 2009).  Leaf shape analysis on Acer rubrum, A. saccharinum, and their hybrid A. × 

freemanii (Sapindaceae) placed the A. × freemanii samples intermediate between its two 

parents, except for one sample that was clustered within A. saccharinum (Jensen et al., 

2002).  The A. × freemanii samples consisted of two sets of three related trees: one set 

consisted of three grafts from a single tree, whereas the other set was collected from seed 

from a single tree of hybrid origin (Jensen et al., 2002).  The three grafted samples have 

similar leaf shapes, although the seed samples are more divergent (including the hybrid 

that clusters within one of the parental shapes), and are likely to represent segregating 

hybrid phenotypes (Jensen et al., 2002).   
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Further experiments include a study on two species of redfish, Sebastes mentella 

and S. fasciatus (Sebastidae), and their hybrids that indicates that although the hybrids are 

intermediate in body shape, they are closer to S. mentella (Valentin et al., 2002).  This 

similarity in shape is also reflected in the overlapping depth distribution of S. mentella 

and the hybrids, which suggests that body shape and behaviour may be correlated 

(Valentin et al., 2002).  Geometric morphometrics has been used to examine body shape 

differences between ploidy levels of the Squalidus alburnoides (Cyprinidae) hybrid 

complex of cyprinid fish (Cunha et al., 2009).  The S. alburnoides complex reproduces 

most often asexually, using S. carolitertii as a sperm donor.  However, the population 

examined in this study is predominantly made up of sexual tetraploids, which possess two 

C genomes from the sperm donor S. carolitertii and two A genomes that represent the 

clonal genome of the S. alburnoides complex (Cunha et al., 2009).  Geometric 

morphometric analysis of fish with CA, CAA, CCA, CCAA genome compositions as 

well as S. carolitertii (CC) individuals illustrate significant shape differences between the 

sperm donor, S. carolitertii, and diploid, both triploid, and tetraploid samples (Cunha et 

al., 2009).  Tetraploids also possess a significantly different shape from diploid and both 

triploid samples, suggesting that ploidy differences along with interspecific hybridisation 

can result in distinct phenotypes (Cunha et al., 2009). 

Although some studies have used geometric morphometrics to measure floral 

morphology in both diploids and tetraploids (Shipunov and Bateman, 2005), there seem 

to be no studies to date that use geometric morphometrics to measure polyploid floral 

form in the context of the morphology of established progenitors, thus enabling the study 

of the evolutionary effects of polyploidisation on floral form.  It is difficult to separate the 

immediate effects of polyploidisation from subsequent divergence in natural polyploids; 

therefore, synthetic tetraploid accessions obtained from crosses similar to those of natural 

tetraploids were included in these analyses.  In comparing newly formed synthetic 

tetraploids to their exact parental accessions, estimates of the immediate effects of 

polyploidisation can be obtained.  However, it is impossible to compare natural 

tetraploids with their exact parental accessions because both tetraploid and diploid 

progenitor lineages have been evolving since tetraploid formation, making it difficult to 

pinpoint the exact evolutionary trajectory of tetraploid species.  Despite the inherent 

flaws, comparison of both synthetic and natural Nicotiana tetraploids of different ages 

with the extant species of their progenitor lineages will shed light on the immediate 
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effects of polyploidisation on floral form and the subsequent divergence of polyploid 

species over evolutionary time scales. 

 

3.1.7  Floral metric studies 

 Floral metric measurements have also been used to quantify floral form.  

Commonly used measurements include corolla tube length and width, and where 

applicable, nectar spur length and width because these traits influence the availability of 

the nectar reward to pollinators.  Length and width of either corolla tubes or nectar spurs 

have been used to differentiate species in several genera, including Aquilegia 

(Ranunculaceae; Whittall and Hodges, 2007), Iochroma (Solanaceae; Smith and Baum, 

2006; Smith et al., 2008), Pedicularis (Orobancaceae; Ree, 2005; Huang and Fenster, 

2007), Petunia (Solanaceae; Stuurman et al., 2004), Phlox (Polemoniaceae; Strakosh and 

Ferguson, 2005), and Syncolostemon (Lamiaceae; Ford and Johnson, 2008).  Corolla tube 

length has been used to demonstrate differences in floral form between island and 

mainland populations of Nicotiana glauca (Schueller, 2007).  Corolla tube and nectar 

spur length and width have even been used to examine differences in size between 

flowers on the same inflorescence in both Dactylorhiza (Orchidaceae; Bateman and 

Rudall, 2006) and Nicotiana (Bissell and Diggle, 2008; 2010). 

 

3.1.8  The evolution of floral shape in Nicotiana 

 In this chapter, I examine the effects of evolution and polyploidy on floral limb 

shape as well as corolla tube length and width within the genus Nicotiana.  My questions 

are as follows.  1) What morphological characters define the variation in floral limb shape 

across Nicotiana?  2) Do younger polyploids tend to have an intermediate morphology in 

both shape and tube metrics between those of their diploid progenitors while older 

polyploids tend to have more divergent forms?  3) Do putative homoploid species have 

intermediate or divergent morphology in shape and tube metrics in comparison to their 

progenitor species?  4) Is there any correlation between floral limb shape and corolla tube 

length and width within Nicotiana species?   
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3.2  Materials and Methods 

3.2.1  Plant growth 

 Plant material was grown in a roof top greenhouse with a 16/8 light/dark cycle, 

although the greenhouse was exposed to natural sunlight as well as artificial light.  

Nicotiana accessions (Table 3.1) representing all diploid and polyploid sections in the 

genus were included in the morphometric analyses. 
 

Table 3.1.  Nicotiana accessions used in morphometric analyses 
Species Section Ploidy No. of 

plants 

No. of 

flowers
a 

N. acuminata TW2 Petunioides diploid 5 25 
N. arentsii TW12 Undulatae tetraploid 5 25 
N. attenuata Baldwin Petunioides diploid 2 10 
N. benavidesii 894750181 Paniculatae diploid 3 15 
N. clevelandii TW30 Polydicliae tetraploid 5 25 
N. glauca 51725 Noctiflorae-Petunioides homoploid 4 20 
N. glauca 51751 Noctiflorae-Petunioides homoploid 5 25 
N. glutinosa SCR1 1996 Tomentosae-Undulatae homoploid 3 15 
N. knightiana CPG Paniculatae diploid 5 25 
N. langsdorffii 804750066 Alatae diploid 1 5 
N. langsdorffii CAM Alatae diploid 5 25 
N. linearis TW77 Noctiflorae-Petunioides homoploid 1 5 
N. miersii TW85 Petunioides diploid 10 50 
N. mutabilis QMUL Alatae diploid 1 5 
N. mutabilis CPG12456 Alatae diploid 5 25 
N. mutabilis CPG3 Alatae diploid 1 5 
N. nesophila 974750097 Repandae tetraploid 1 5 
N. noctiflora TW88 Noctiflorae diploid 3 15 
N. nudicaulis 964750114 Repandae tetraploid 5 25 
N. obtusifolia TW143 Trigonophyllae diploid 5 25 
N. otophora TW95 Tomentosae diploid 3 15 
N. palmeri TW98 Trigonophyllae diploid 5 25 
N. paniculata Paniculatae diploid 5 25 
N. pauciflora TW104 Petunioides diploid 5 25 
N. petunioides TW105 Noctiflorae diploid 5 29 
N. plumbaginifolia TW106 Alatae diploid 5 25 
N. quadrivalvis 904750042 Polydicliae tetraploid 5 25 
N. quadrivalvis TW18 Polydicliae tetraploid 5 25 
N. raimondii TW109 Paniculatae diploid 5 25 
N. repanda TW110 Repandae tetraploid 5 25 
N. rustica var. asiatica Rusticae tetraploid 5 25 
N. rustica var. pavonii Rusticae tetraploid 5 25 
N. rustica synthetic (U×P) synthetic Rusticae homoploid 1 10 
N. rustica synthetic PUE1 F1 synthetic Rusticae homoploid 1 5 
N. rustica synthetic PUE1-R10 S0 synthetic Rusticae tetraploid 1 5 
N. rustica synthetic PUE1-R1 S1 synthetic Rusticae tetraploid 1 5 
N. setchellii Tomentosae diploid 5 25 
N. stocktonii 974750101 Repandae tetraploid 1 5 
N. stocktonii TW126 Repandae tetraploid 5 25 
N. suaveolens CAM Suaveolentes tetraploid 5 25 
N. sylvestris 6898 Sylvestres diploid 5 25 
N. sylvestris A04750326 Sylvestres diploid 3 16 
N. tabacum 095-55 Genuinae tetraploid 5 25 
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Species Section Ploidy No. of 

plants 

No. of 

flowers
a 

N. tabacum 51789 Genuinae tetraploid 2 10 

N. tabacum ‘Chulumani’ Genuinae tetraploid 4 20 

N. tabacum synthetic QM synthetic Genuinae tetraploid 2 7 

N. tabacum synthetic TH37 synthetic Genuinae tetraploid 1 5 

N. tomentosiformis BRNO 4103 Tomentosae diploid 5 24 

N. undulata PI306637-61C Undulatae diploid 5 25 

N. wigandioides Undulatae diploid 1 6 

N. × obtusiata line 1 Baldwin synthetic Polydicliae tetraploid 5 25 

N. × obtusiata line 2 Baldwin synthetic Polydicliae tetraploid 4 20 

N. × obtusiata line 5 Baldwin synthetic Polydicliae tetraploid 4 20 

TH32 (N. sylvestris × N. otophora) synthetic Sylvestres-Tomentosae tetraploid 5 25 
aTotal number of flowers in analysis, usually five flowers per plant. 

 

3.2.2  Flower photographs 

 Flower photographs were taken at anthesis (except N. otophora) with a Canon 

PowerShot A520 on a camera rostrum, using the macro setting without flash.  Nicotiana 

otophora is characterised by senescence of the floral limb by anthesis; therefore, N. 

otophora was photographed when the flower opened but before the stamens dehisced in 

order to record floral limb shape before senescence.  Two types of photograph were taken 

for each flower: 1) the front floral limb and 2) the dissected flower (Fig. 3.1).  Five 

replicate photographs were taken for each type of photograph per flower, five flowers per 

plant, and five plants per accession, resulting in 125 photographs of each type per 

accession.  For some accessions, five plants were not available, and photographs (5-10 

per plant) were taken for as many plants as possible.  The number of plants and flowers 

photographed for each accession can be found in Table 3.1. 

 In order to obtain photographs of the front floral limb, a hole was cut into a piece 

of cardboard into which the floral tube could be inserted.  The cardboard was then placed 

on top of a roll of tape, allowing the floral tube to dangle while the floral limb laid flat on 

the cardboard.  The floral limb was then covered with the lid of a Petri dish to ensure it 

stayed flat, or pinned with sewing pins to the cardboard to ensure that all landmarks were 

visible if the floral limb occupied 3-dimensional space instead of a single plane.  In some 

species (N. setchellii, N. langsdorffii, and N. glauca), the floral limb forms a broad cup 

and therefore cannot be flattened without ripping the floral limb, thus disrupting the 

integrity of the shape.   For these species, the flowers were carefully placed to ensure that 

the opening of the corolla tube was parallel to the cardboard and photographed with the 

lens pointing directly down the throat of the corolla to minimise distortion of floral limb 

shape.  Flowers were always photographed in the same orientation, although moved and  
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Figure 3.1.  Flower photograph views and measurements.  a) Dissection of flower along the midrib of 
the second petal from the top in a clockwise direction.  b) Dissected flower, showing 5 stamens (5th shorter) 
and tube length measurement in red.  Dotted lines represent insertion of the stamen filaments, solid lines 
represent free filaments, and double ovals represent anthers.  c) Floral landmarks used in geometric 
morphometric analysis.  Landmarks 1, 4, 7, 10, and 13 represent the distal midribs of the petals; landmarks 
2, 5, 8, 11, and 14 represent the proximal midribs of the petals; and landmarks 3, 6, 9, 12, and 15 represent 
the interpetal nodes.  d) Horizontal and vertical tube width measurements shown in red.  Horizontal width is 
measured from side petal midrib to side petal midrib, and vertical width is measured from top petal midrib 
to bottom of the tube, in line with the bottom petal internode.  

 

replaced between shots to obtain independent replicate photographs.  A label 

documenting the species name, plant number, and flower number was included in each 

photograph to facilitate correct identification. 

 Flowers were dissected along the midrib of the second petal from the top in a 

clockwise direction (Fig. 3.1a).  This cut leaves the fifth stamen (usually shorter than the 

rest) at the edge of the corolla tube (Fig. 3.1b).  The floral limb was removed, and the 

corolla tube was pinned open onto a square of cardboard using sewing pins.  The tube 

was always placed with the mouth on the left and the base on the right.  Again, an 

identification label denoting accession, plant number, and flower number as well as a 
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ruler for scale were included in each photograph.  Flowers were not re-pinned between 

replicate photographs due to the fragility of the corolla tube. 

 Photographs of N. rustica synthetic PUE1 F1, N. rustica synthetic PUE1-R10 S0, 

and N. rustica synthetic PUE1-R1 S1 were kindly taken by C. Mhiri in Versailles, France, 

in accordance with my methods. 

 

3.2.3  Morphometric analysis 

 Fifteen landmarks were used to quantify the change in floral limb shape across 

Nicotiana species: five at the distal midrib of the petal (landmarks 1, 4, 7, 10, and 13), 

five at the proximal midrib of the petal at the corolla tube opening (landmarks 2, 5, 8, 11, 

and 14), and five at the inter-petal nodes (landmarks 3, 6, 9, 12, and 15; Fig. 3.1c).  For 

the morphometric analysis, a TPS file was created from the flower photographs using the 

program TPSUtil version 1.38 (Rohlf, 2006a).  This series of photographs was then 

manually landmarked using the program TPSDig2 version 2.10 (Rohlf, 2006b).  The 

landmarked photographs from TPSDig2 were then used as the input into TPSRelw 

version 1.45 (Rohlf, 2007), which calculated a consensus that was then used as the 

reference specimen.  TPSRelw aligned all other photographs to the reference via 

translation, rescaling, and rotation in order to minimise the sum of the squares of the 

distance between homologous landmarks (the Procrustes distances).  TPSRelw then 

interpreted the landmarks from each photograph as a deformation of the reference 

consensus and calculated partial warps and partial warp scores, which are vectors that 

detail the direction and magnitude of the change at each landmark.  TPSRelw then placed 

a grid, or thin-plate spline, over the landmarks, and the changes between the photograph 

and the reference were used to interpolate the changes occurring between landmarks, 

resulting in localised contraction and expansion, and therefore deformation, of the grid.  

A principal components analysis was then done on the partial warp scores to calculate the 

relative warps of the dataset, which can be used to visualise the shape variation present in 

the dataset, such that similar shapes cluster. 

 The principal component scores were imported into Excel where flower, plant, 

and accession averages were calculated for all principal components.  In order to ensure 

that data points were independent, flower averages were used in subsequent analyses. 

 Scatterplots of the first two principal components as well as the third and fourth 

principal components were used to examine the clustering of individual flowers in the 
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morphospace.  In order to mark the portion of the morphospace occupied by a given 

accession, convex polygons were drawn in PowerPoint, where the polygon encloses the 

entire cloud of points for that accession and all of its angles are convex.  In the Results 

section of this chapter, graphs of the morphospace depict individual accession data as 

these convex polygons accompanied by the accession mean, represented by a point.  

Images showing the relative warps of the landmarks from the extremes of the principal 

components as well as the origin were exported from TPSRelw in order to facilitate 

interpretation of the change in shape across the morphospace. 

 In order to more fully understand the change of shape present across each of the 

first six principal components, the (x, y) coordinates of the landmarks from 10 points 

along each principal component were taken at approximately equidistant intervals.  The 

landmark coordinates for each principal component were plotted in Excel, and each 

landmark image was given a different colour.  These graphs were then imported into 

PowerPoint, where the outer landmarks (the distal midrib landmarks: 1, 4, 7, 10, and 13 

and the interpetal node landmarks: 3, 6, 9, 12, and 15) as well as the inner landmarks (the 

proximal midrib landmarks: 2, 5, 8, 11, and 14) were connected to form a shape 

representative of a flower.  The flower of each image was given a different colour, 

allowing visualisation of the movement of the landmarks as the floral limb shape changed 

across the principal component.  Vectors were added that connected the homologous 

landmarks from the extreme images from each principal component (images 1 and 10), 

giving a representation of the direction and magnitude of the movement of each landmark 

across the principal component. 

 

3.2.4  Morphometric progenitor midpoints 

 To examine evolution of floral limb shape in polyploid species, the expected 

shape of a newly formed polyploid, the progenitor midpoint, was calculated.  As many 

genetic factors from both progenitors will add to the floral phenotype, the expected shape 

of the polyploid is intermediate between the two progenitors and was calculated by taking 

an average of the maternal and paternal progenitor means.  The progenitor midpoint range 

was calculated using the greater progenitor range (from flower averages) in each principal 

component examined.  For example, if the maternal progenitor had a range of 2.5 

Procrustes units and 3.5 Procrustes units in the first and second components respectively 

whereas the paternal progenitor had a range of 2.8 Procrustes units and 2.9 Procrustes 
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units, then the progenitor midpoint range would be 2.8 Procrustes units in the first 

principal component and 3.5 Procrustes units in the second principal component.  The 

two-dimensional progenitor midpoint range is marked by an ellipse with a width of 2.8 

Procrustes units and a height of 3.5 Procrustes units where the progenitor midpoint is the 

centroid.  This is a conservative measurement for the progenitor range because it uses 

maximum phenotypic variance.  Progenitor midpoints and ranges were calculated for the 

first two principal components of all progenitor pairs of the polyploids studied. 

 Once the progenitor midpoint and range had been calculated, it was possible to 

examine whether polyploid accessions were distinct from the progenitor midpoint range 

in the morphospace created by the first two principal components or not.  If the convex 

polygon of the polyploid overlapped with the progenitor midpoint ellipse, it was not 

considered to be morphologically distinct from the expected polyploid shape, but if the 

convex polygon did not overlap, then the polyploid was deemed divergent from the 

expected shape.  In order to measure the degree of divergence from the progenitor 

midpoints, the two-dimensional distance from the progenitor midpoint to the polyploid 

mean was calculated.  It must be noted that changes in synthetic polyploids may be due to 

immediate divergence following polyploidisation or due to morphological differences 

between the progenitor accessions used in this analysis and those used to make the cross 

if the specific parental accessions are unknown. 

 This distance from the progenitor midpoint was plotted against the age of the 

polyploids as well as the distance between progenitors to determine whether the degree of 

divergence from the progenitor midpoint was correlated with either of these variables.  

An asymptotic curve was fitted to the distance from progenitor midpoint versus age plot 

in Mathematica 5.0 (Wolfram Research Inc., Champaign, IL, USA).  Since the data are 

not suitable for parametric tests, a nonparametric Mood’s median test was performed in 

Minitab 15.1 (Minitab, Inc., State College, PA, USA) to determine whether the medians 

of each polyploid age group (synthetic, 0.2, 1, and 4.5 million years old) were 

significantly different.  In order to examine the overall trends of the evolution of floral 

limb shape in Nicotiana after polyploidy, the directional distance of the polyploid from 

the midpoint in the first and second principal components was plotted as a vector 

initiating at the origin, which represents the progenitor midpoint.  This graph shows only 

the direction and magnitude of the change in polyploid floral limb shape, as different 

progenitor midpoints, which are distinct in shape, have all been translated to the origin.  
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The approach can be used to determine in what direction floral limb shape tends to 

change after polyploidisation in Nicotiana. 

 

3.2.5  Metric measurements and analysis 

 Corolla tube width and length were measured from photographs using ImageJ 

version 1.42q (Rasband, 1997-2010).  Tube length was measured from dissected flower 

photographs from the mouth of the tube to the base of the tube (Fig. 3.1b), using the ruler 

included in the photograph to scale the measurements.  Both the horizontal and vertical 

tube width were measured at the mouth of the corolla tube from the front floral limb 

photographs.  Horizontal width was measured from side petal midrib to side petal midrib, 

and vertical width was measured from the top petal midrib to the base of the tube where it 

is directly above the bottom interpetal node (Fig. 3.1d). 

 Flower averages for each metric were calculated by averaging the measurements 

taken from the five replicate photographs of each flower.  Scatterplots of the different 

metrics were plotted using flower averages.  Convex polygons (as described in section 

3.2.3) were drawn around each accession. 

 

3.2.6  Metric progenitor midpoints 

 In order to study the evolution of tube length and width after polyploidisation, the 

expected tube length and width for each progenitor pair was calculated by averaging the 

tube length and width of both progenitor means.  The progenitor midpoint range was 

calculated as described in section 3.2.4, and progenitor midpoint ellipses were added to 

the polyploid section tube width vs. tube length graphs.  However, evidence from N. 

alata, N. forgetiana, and their hybrids shows that the regulation of tube length and width 

development is not genetically linked (Bissell and Diggle, 2008; 2010).  Therefore, 

corolla tube length and width should be treated as independent characters, and it is 

relevant to consider whether polyploids are intermediate or divergent within these two 

characters separately.  Because the range in tube length across the dataset was much 

larger than the range in tube width, the polyploid distance from the midpoint was 

calculated using proportional values (calculated for each species by dividing each mean 

value by the largest species mean in each metric measurement) in order to standardise the 

divergence measurements in tube length and width.  Polyploid distance from the midpoint 

in tube length and tube width was plotted separately against polyploid age.  Regressions 
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were performed in Minitab, version 15.1 (Minitab, Inc., State College, PA, USA) to 

determine whether these distance values were correlated with age. 

 The evolution of corolla tube dimensions as a whole is also worth examining, and 

therefore, the distance from the progenitor midpoint to the polyploid mean in both tube 

length and width was calculated.  The directional distance of these values (whether the 

polyploid was larger or smaller than the midpoint) was plotted from the origin, which 

represents the progenitor midpoint, in order to determine the overall trends of tube length 

and width evolution after polyploidisation.  This graph shows whether the tube length and 

width of polyploids tends to increase or decrease after polyploidisation in comparison 

with the expected progenitor midpoint.  A goodness of fit chi squared test was used to 

determine whether the distribution of polyploids into the four quadrants of the graph was 

significantly different from equal numbers in each quadrant.  In order to determine 

whether synthetic N. rustica polyploids were distinct in tube length and width from 

synthetic N. rustica homoploids, Mood’s median tests were performed in Minitab, version 

15.1 (Minitab, Inc., State College, PA, USA). 

 

3.2.7  Morphometric/metric principal components 

analysis 

 A principal components analysis, using the first two principal components from 

the morphometric dataset, tube length, and tube width as variables, was performed in 

Minitab version 15.1 (Minitab, Inc., State College, PA, USA), in order to examine 

whether there is correlation between specific floral limb shapes and floral tube metrics.  

In addition, six correlation tests were performed between the morphometric and tube 

metric variables; therefore, Bonferroni correction was made by dividing 0.05 by 6, 

yielding a significance level of p = 0.0083.  Correlation tests were considered significant 

at the p = 0.05 level if p < 0.0083. 

 

3.2.8  Testing for clustering within the datasets 

 Randomisations were performed in Mathematica 5.0 (Wolfram Research Inc., 

Champaign, IL, USA) in order to discover whether certain floral colours (from a human 

perspective, judged by eye) tended to correlate with specific morphological characters 

across distinct lineages of Nicotiana within the morphometric/metric PCA.  The (x, y) 
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coordinates of the mean of each accession were labelled with the human colour of that 

accession, either green (which also included yellow flowers), pink or white.  Because 

only N. glauca accessions have yellow flowers, these were placed in the green category 

because the flowers of this species change colour from green to yellow as they mature.  

Also the spectral difference between green and yellow is only in the long wavelengths 

(~600-700 nm), and most insect pollinators lack a receptor that is stimulated by this range 

of wavelengths (Briscoe and Chittka, 2001).  The means for the N. mutabilis accessions 

were included twice in this dataset, once labelled as white and once labelled as pink, 

because the flowers of this species turn from white to pink as they age. 

The degree of clustering within the dataset was measured by calculating the sum 

of the sums of the pairwise distances (in the four dimensions of the morphometric/metric 

PCA) between all the accessions within each colour group.  For example, in a 

hypothetical dataset with two groups (group 1 with A, B, and C and group 2 with D, E, 

and F), the pairwise distances are measured within groups (AB, BC, and AC for group 1 

and DE, EF, and DF for group 2).  The pairwise distances within groups are summed (AB 

+ BC + AC for group 1 and DE + EF + DF for group 2), and the resulting group sums are 

added (group 1 sum + group 2 sum), in order to obtain a measure of the degree of 

clustering in the dataset. 

After the value for the actual data was obtained, 10,000 randomisations were 

performed in order to discover whether colour groups tended to cluster more often than 

expected by chance.  For each randomisation, the colour labels were randomly reassigned 

to the accession means whereas the number of accessions within each colour group 

remained constant.   These randomisations were then used to determine the degree of 

clustering within the whole dataset as well as in individual colour groups. 

Due to the large number of comparisons tested using randomisations, a Bonferroni 

correction was applied to the significance level of these tests.  Thirty-two tests were 

carried out using randomisations for this thesis; therefore, the significance level of p = 

0.05 was divided by 32, yielding a significance level of p = 0.0016.  Therefore, tests were 

considered significant at the p = 0.05 level if p < 0.0016. 
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3.3  Results 

3.3.1  Principal components analysis of morphometric 

data 

 The principal components analysis from 5135 flower photographs, each with 15 

landmarks, yielded 26 principal components.  There are 26 principal components because 

there are 26 degrees of freedom in the dataset: 30 from the (x, y) components of the 15 

landmarks minus four from the alignment of each set of landmarks in the calculation of 

partial warps (two for translation, one for scaling and one for rotation).  The first principal 

component accounts for 58.18% of the variation present within the dataset, and the 

second principal component accounts for 20.33%.  The percentage of variation accounted 

for by each principal component (over 1%) is presented in Table 3.2. 

 
Table 3.2.  Morphometric principal component percent variation 

Principal Component Percentage Cumulative Percentage 

PC1 58.18% 58.18% 
PC2 20.33% 78.50% 
PC3 4.22% 82.72% 
PC4 2.76% 85.48% 
PC5 2.47% 87.95% 
PC6 1.96% 89.91% 
PC7 1.34% 91.25% 
PC8 1.18% 92.42% 

All other principal components accounted for less than 1% of the variation in the dataset. 

 

 As mentioned previously, shape changes gradually across each principal 

component from geometric morphometric analysis.  Therefore, it is possible to determine 

how much variation in the dataset is accounted for by each type of shape change, and a 

two-dimensional space of gradually changing shapes, or a morphospace, can be 

constructed by plotting two principal components against each other.  In order to ensure 

independent data points, flower averages have been used in all analyses.  Flower averages 

were calculated by averaging the coordinates of the five replicate photographs from each 

flower.  In the first and second principal components, the flowers of each accession 

cluster well (Fig. 3.2).  There is overlap, especially around the origin, but the 15 

landmarks chosen sufficiently express the variation in floral limb shape present in 

Nicotiana.  The first two principal components account for 78.50% of the variation in the 

dataset, whereas all subsequent components account for less than 5% of the variation 
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each.  In the third and fourth principal components, little to no clustering of individual 

accessions is seen (Fig. 3.3).  In fact, the variation in shape across these two components 

seems to be present within each accession and does little to distinguish between 

accessions.  Therefore, as the third to 26th principal components each account for less than 

5% of the variation present in the dataset and the variation they represent does not 

facilitate the differentiation of accessions, all further analyses are conducted solely on the 

first and second principal components. 

 In order to determine the differences in floral limb shape present within Nicotiana, 

the shape change across individual principal components is examined.  As only the first 

two principal components will be used for future analyses, only these two will be 

described in detail, but representation of the changes present in the first six principal 

components can be found in Fig. 3.4.  The specific shapes described in the next few 

paragraphs are taken from the line of the principal component that includes the origin of 

the morphospace, which represents the consensus shape.  Each principal component 

consists of a wide range of shapes that occupy lines parallel to that running through the 

origin, but the movements of the landmarks that describe the shape change along all lines 

in a particular principal component are consistent. 

 The first principal component ranges in shape from a round flower with a large 

corolla tube opening to a stellate (star-shaped) flower with a small corolla tube opening 

(Fig. 3.4a).  This results from movement of the distal midrib landmarks (1, 4, 7, 10, and 

13) away from the centre of the flower and movement of the interpetal node landmarks 

(3, 6, 9, 12, and 15) and proximal midrib landmarks (2, 5, 8, 11, and 14) towards the 

centre of the flower.  The movements of all these landmarks are relatively similar in 

magnitude and are in five-fold symmetry. 

 The movements of the landmarks in the second principal component are also 

largely in five-fold symmetry.  However, the magnitude of the movements is variable 

across landmark groups (Fig. 3.4b).  The distal midrib landmarks (1, 4, 7, 10, and 13) 

move slightly away from the centre of the flower whereas the interpetal node landmarks 

(3, 6, 9, 12, and 15) move inward towards the centre of the flower to a greater degree.  

However, the proximal midrib landmarks (2, 5, 8, 11, and 14) show the greatest 

displacement as they move away from the centre of the flower.  This results in a range 

from round flowers with small corolla tube openings to stellate flowers with large corolla 

tube openings across the second principal component, which is the reciprocal to the 

change in shape seen in the first component.   
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Figure 3.2.  Flower averages in morphometric PCs 1 and 2.  Scatterplot of the flower averages of all Nicotiana accessions. 
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Figure 3.3.  Flower averages in morphometric PCs 3 and 4.  Scatterplot of the flower averages of all Nicotiana accession.  Note that the separation between accessions 
in principal components 1 and 2 is lost in principal components 3 and 4. 
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 The changes present in subsequent components are more subtle than those seen in 

the first two principal components (Fig. 3.4c-f).  Briefly, the third, fourth, and sixth 

principal components consist of changes in bilateral symmetry whereas the fifth principal 

component involves rotational changes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4.  Shape changes along morphometric PCs 1-6.  Shape representations from the extremes 
(black and gray flowers) of the first six principal components of the morphospace, labelled with vectors 
(red) which explain the movement of the landmarks across the principal component.  Overlay of 10 shapes 
taken approximately equidistantly across each principal component to facilitate the visualisation of change 
across each component.  a) principal component 1, b) principal component 2, c) principal component 3, d) 
principal component 4, e) principal component 5, f) principal component 6.  The percent of the variation 
accounted for by each component is listed above each figure.
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(E)  PC5—2.47%(E)  PC5—2.47%

(F)  PC6—1.96%(F)  PC6—1.96%
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Figure 3.5.  Morphospace of PCs 1 and 2.  The morphospace created by the first two principal 
components consists of two aspects: round to stellate flowers and small to large corolla tube openings.  
Landmark images from the extremes of each component as well as the origin mark the shapes present 
within the morphospace.  The first PC corresponds to the morphological characters that represent the 
greatest amount of variation in floral limb shape in Nicotiana: from round flowers with large tube openings 
to stellate flowers with small tube openings. Grey shaded area represents physically impossible shapes. 

 

 When the second principal component is plotted against the first, a morphospace 

is created that has two distinct diagonal axes: a round to stellate axis, which runs from the 

top left corner to the bottom right corner of the morphospace, and a small to large corolla 

tube opening axis, which runs from the top right corner to the bottom left corner of the 

morphospace (Fig. 3.5).  However, the shapes represented in the upper right extreme of 

the morphospace are physically impossible because the inner tube landmarks move 

towards the centre until the tube width is zero and then continue to move in the same 

trajectory, which results in a folding of the landmark grid and a ‘negative’ tube width.  

These impossible shapes are denoted by a shaded area on the morphospace figures. 

 Drawing convex polygons around the data points of each accession gives an idea 

of what part of the morphospace is occupied by that accession (Fig. 3.6).  In examining 

the shapes of these polygons, the maximum phenotypic variance occurs along the round 

to stellate axis in about 56% of the accessions, whereas only 9% show maximum variance 

along the small to large corolla tube opening axis.  The maximum variance of about 28% 

of the accessions falls along the first principal component and 7% along the second 

principal component.  In these accessions, the primary axis of variation involves both 

change in the outer shape and the relative width of the corolla tube opening.  Overlaying  
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Figure 3.6.  Convex polygons in the morphospace of PCs 1 and 2.  Convex polygons delimit the morphospace  
(principal components 1 and 2) occupied by each accession.  Diploids represented by a solid line, polyploids  
by a dashed line, and homoploids by a dotted line.  Colored points represent the mean of each accession. Grey  
shaded area represents physically impossible shapes. 
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Figure 3.7.  Flower photographs in the morphospace of PCs 1 and 2.  Convex polygons with flower photographs from  
each accession overlaid as close to the accession mean as possible.  Grey shaded area represents physically impossible  
shapes. 
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floral limb photographs as close to the mean of the convex polygons as possible shows 

the gradual change of floral limb shape across the morphospace (Fig. 3.7). 

 

3.3.2  Evolution of floral limb shape in Nicotiana 

polyploids 

 In order to examine the evolution of floral limb shape in polyploids, the expected 

progenitor midpoint and range are calculated as described in section 3.2.4.  If the convex 

polygon of a polyploid overlaps with the progenitor midpoint ellipse, the polyploid is 

intermediate in shape, whereas if the polygon does not overlap, the polyploid is 

considered divergent.  In the following sections, I will examine all polyploids included in 

the morphometric dataset by section in order to investigate my hypothesis that young 

polyploids tend to be intermediate whereas older polyploids are more divergent. 

 

3.3.2.1  Nicotiana tabacum—formed <0.2 million years ago 

 Of the five accessions of N. tabacum included in these analyses, N. tabacum 095-

55, N. tabacum 51789, and N. tabacum ‘Chulumani’ are natural tobaccos, originating less 

than 0.2 million years ago from N. sylvestris and N. tomentosiformis progenitors 

(Clarkson et al., 2005).  However, N. tabacum synthetic QM (cross by K.Y. Lim, Queen 

Mary, University of London, UK) and N. tabacum synthetic TH37 (Burk, 1973) are 

synthetic polyploids, also from N. sylvestris as a maternal parent and N. tomentosiformis 

as a paternal parent, and are first and fourth generation polyploids, respectively. 

 All accessions are distinct from both diploid progenitors, although they fall in the 

space that is intermediate between the two progenitors (Fig. 3.8).  However, only N. 

tabacum ‘Chulumani’ and N. tabacum synthetic TH37 overlap with the progenitor 

midpoint range, whereas the other accessions are distinct from the midpoint as well as the 

progenitors.  The means of N. tabacum 095-55, N. tabacum 51789, N. tabacum 

‘Chulumani,’ and N. tabacum synthetic QM have all diverged in a similar direction from 

the midpoint whereas that of N. tabacum synthetic TH37 has diverged in the opposite 

direction.  The first four accessions have rounder flowers and larger corolla tube openings 

(although the tube opening is only slightly larger in N. tabacum ‘Chulumani’) than the 

progenitor midpoint, whereas N. tabacum synthetic TH37 has more stellate flowers and a 

slightly smaller corolla tube opening.  Although each accession occupies at least some
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Figure 3.8.  Morphometric analysis: N. tabacum.  Natural and synthetic N. tabacum accessions and their progenitors.  Grey ellipse represents the progenitor midpoint 
range.  Lines from the midpoint to the means of the polyploids represent the distance of the polyploid from the progenitor midpoint in the first and second principal 
components. Grey shaded area represents physically impossible shapes.
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portion of the morphospace that is unique to that accession, N. tabacum 095-55, N. 

tabacum 51789, and N. tabacum ‘Chulumani’ also overlap in shape with their adjacent 

neighbours, which suggests that these accessions have not diverged enough to become 

entirely distinct from each other.  Also, N. tabacum synthetic QM overlaps with N. 

tabacum 095-55, which implies that the interaction of the parental genomes in the 

synthetic N. tabacum is similar to that seen in the natural accessions.  Importantly, the 

mean of N. tabacum synthetic QM is the furthest from the progenitor midpoint among 

these accessions, which implies that divergence from the expected intermediate 

progenitor midpoint can be achieved within a few generations, although this may reflect 

differences between the progenitor accessions used in the cross and for comparisons in 

this analysis. 

 

3.3.2.2  TH32 (N. sylvestris × N. otophora)—synthetic polyploid

 TH32 is another synthetic polyploid from a cross between N. sylvestris as a 

maternal parent and N. otophora as a paternal parent (from the United States Nicotiana 

Germplasm Collection; Moon et al., 2008).  This accession is similar to N. tabacum, as 

they share a maternal progenitor, and their paternal progenitors come from the same 

diploid section, Tomentosae.  TH32 flowers are similar to N. tabacum flowers, but also 

exhibit some unique characters.  For example, they have inherited a ring of dark magenta 

pigment around the opening of the corolla tube from N. otophora.  The magenta ring is 

more muted in colour in TH32, but clearly present. 

 TH32 overlaps with the progenitor midpoint ellipse and therefore can be 

considered intermediate between the two progenitors as expected (Fig. 3.9).  However, 

the mean of TH32 falls outside the progenitor midpoint range towards N. sylvestris, the 

maternal progenitor, and is slightly rounder and has a smaller corolla tube opening than 

the progenitor midpoint. 

 

3.3.2.3  Nicotiana rustica—formed <0.2 million years ago 

 Six N. rustica accessions are included in these analyses:  two natural accessions, 

N. rustica var. asiatica and N. rustica var. pavonii, which originated from a cross between 

maternal progenitor N. paniculata and paternal progenitor N. undulata less than 0.2 

million years ago (Clarkson, 2006; unpublished data; Leitch et al., 2008); N. rustica 

synthetic (U×P), which is a diploid hybrid from a reciprocal cross (N. undulata as the 
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Figure 3.9.  Morphometric analysis: TH32.  TH32 (N. sylvestris x N. otophora) and its progenitors.  Grey ellipse represents the progenitor midpoint range.  Lines from 
the midpoint to the mean of the polyploid represents the distance of the polyploid from the progenitor midpoint in the first and second principal components. Grey shaded 
area represents physically impossible shapes. 
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maternal parent and N. paniculata as the paternal parent; cross made by A. Kovařík, 

Institute of Biophysics, Brno, Czech Republic); and the N. rustica synthetic PUE1 series, 

which consists of three accessions: the F1 diploid hybrid from a maternal N. paniculata, 

paternal N. undulata cross (A. Kovařík, Institute of Biophysics, Brno, Czech Republic), 

N. rustica synthetic PUE1 F1, the doubled S0 polyploid, N. rustica synthetic PUE1-R10 

S0, and the second generation (S1) polyploid, N. rustica synthetic PUE1-R1 S1 (doubled 

by M-A. Grandbastien and C. Mhiri, INRA, Versailles, France). 

 All accessions are distinct from both progenitors, but only N. rustica synthetic 

PUE1-R10 S0 is distinct from the progenitor midpoint range (Fig. 3.10).  All other 

accessions are classified as intermediate as expected.  The natural accessions, N. rustica 

var. asiatica and N. rustica var. pavonii, are distinct from one another, but N. rustica var. 

pavonii is closer to N. paniculata and has rounder flowers with a slightly smaller tube 

opening than the progenitor midpoint.  In contrast, the convex polygon of N. rustica var. 

asiatica lies entirely within the progenitor midpoint range and is entirely intermediate as 

expected.  However, the mean of N. rustica var. asiatica is slightly rounder and has a 

larger tube opening than the progenitor midpoint.  Although both homoploid synthetic 

hybrids, N. rustica synthetic (U×P) and N. rustica synthetic PUE1 F1, are intermediate, 

their means do not coincide perfectly with the progenitor midpoint.  On average, these 

accessions are slightly more stellate and have slightly smaller tube openings than the 

midpoint and are closer to N. undulata than to N. paniculata, despite the fact that they 

originate from reciprocal crosses.  In contrast, the means of the derivative PUE1 

polyploids, N. rustica synthetic PUE1-R10 S0 and N. rustica synthetic PUE1-R1 S1, are 

closer to N. paniculata and have rounder flowers.  The S0 plant mean has a slightly 

smaller tube opening than the midpoint whereas the S1 plant has a larger tube opening.  

Surprisingly, all three PUE1 accessions are distinct from each other, although they 

overlap with other N. rustica accessions, suggesting that the early stages of polyploidy 

can be phenotypically plastic. 

 

3.3.2.4  Nicotiana arentsii—formed <0.2 million years ago 

 Nicotiana arentsii resulted from a cross with maternal progenitor N. undulata and 

paternal progenitor N. wigandioides, which are both from section Undulatae, less than 0.2 

million years ago (Clarkson, 2006; unpublished data; Leitch et al., 2008).  Nicotiana 

undulata and N. wigandioides are not distinct in shape (Fig. 3.11).  In fact, the range of N.
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Figure 3.10.  Morphometric analysis: N. rustica.  Natural and synthetic N. rustica accessions and their progenitors.  Grey ellipse represents the progenitor midpoint 
range.  Lines from the midpoint to the means of the polyploids represent the distance of the polyploid from the progenitor midpoint in the first and second principal 
components. Grey shaded area represents physically impossible shapes. 
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Figure 3.11.  Morphometric analysis: N. arentsii.  Nicotiana arentsii and its progenitors.  Grey ellipse represents the progenitor midpoint range.  Lines from the 
midpoint to the mean of the polyploid represents the distance of the polyploid from the progenitor midpoint in the first and second principal components. Grey shaded area 
represents physically impossible shapes. 



 117 

wigandioides falls entirely within that of N. undulata.  Nicotiana arentsii overlaps with 

both N. undulata and the progenitor midpoint, but most of its range is distinct, and its 

mean has a rounder flower with a slightly smaller tube opening than the progenitor 

midpoint. 

 

3.3.2.5  Nicotiana section Polydicliae—formed ~1 million years 

ago 

 Section Polydicliae consists of two species, N. clevelandii and N. quadrivalvis, 

which speciated after a single polyploidisation event between maternal progenitor N. 

obtusifolia and paternal progenitor N. attenuata about one million years ago (Clarkson, 

2006; unpublished data ; Leitch et al., 2008).  In these analyses, N. quadrivalvis is 

represented by two accessions:  N. quadrivalvis 904750042 and N. quadrivalvis TW18.  

Also included in these analyses are three independent lineages of synthetic Polydicliae:  

N. × obtusiata lines 1, 2, and 5 (Anssour et al, 2009), the seeds of which were kindly 

provided by I.T. Baldwin (Max Planck Institute, Jena, Germany).  The N. attenuata 

accession included in the analyses is the accession that was used as the paternal parent in 

the N. × obtusiata crosses (Anssour et al., 2009).  However, flowers for the maternal N. 

obtusifolia accession used in the crosses were not available, and therefore another 

accession of N. obtusifolia (TW143) is used in these analyses as the maternal progenitor.  

However, these two accessions of N. obtusifolia differ in floral limb shape.  Nicotiana 

obtusifolia TW143 has a pentagonal outer shape, whereas the N. obtusifolia accession 

used to make the N. × obtusiata synthetic lines has a more stellate outer shape (Anssour et 

al., 2009).  Despite this difference in shape, it is likely that these two N. obtusifolia 

accessions would fall close to each other in the morphospace.  Therefore, using the N. 

obtusifolia TW143 as the maternal parent of the N. × obtusiata lines is a reasonable 

alternative. 

 The diploid progenitors are distinct from each other, but fall close to each other in 

the morphospace (Fig. 3.12).  All of the N. × obtusiata lines overlap with both progenitors 

and the progenitor midpoint range and are therefore intermediate as expected, but their 

means are slightly more stellate with a slightly larger tube opening than the midpoint.  In 

contrast, the natural polyploids, N. clevelandii, N. quadrivalvis 904750042, and N. 

quadrivalvis TW18, are completely distinct from the progenitor midpoint and both 

progenitors.  Also, these accessions occupy the morphospace beyond the paternal 
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Figure 3.12.  Morphometric analysis: section Polydicliae.  Natural and synthetic accessions of section Polydicliae and their progenitors.  Grey ellipse represents the 
progenitor midpoint range.  Lines from the midpoint to the means of the polyploids represent the distance of the polyploid from the progenitor midpoint in the first and 
second principal components. Grey shaded area represents physically impossible shapes. 
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progenitor and can therefore be considered highly divergent.  Nicotiana clevelandii has a 

more stellate flower and a smaller corolla tube opening than either the progenitor 

midpoint or N. attenuata, while both N. quadrivalvis accessions have a much more 

stellate flower and a slightly smaller corolla tube opening, in the case of N. quadrivalvis 

904750042, or an approximately equal tube opening, in the case of N. quadrivalvis 

TW18.  Whereas all of the N. × obtusiata lines overlap in most of their range, N. 

clevelandii is nearly distinct from N. quadrivalvis as it overlaps only slightly with N. 

quadrivalvis TW18.  The two N. quadrivalvis accessions, however, are not distinct as 

they share some of the same shapes. 

 

3.3.2.6  Nicotiana section Repandae—formed ~4.5 million years 

ago 

 Section Repandae consists of four species, N. repanda, N. nesophila, N. 

stocktonii, and N. nudicaulis, which originated from a single polyploidisation event 

between N. sylvestris as the maternal progenitor and N. obtusifolia as the paternal 

progenitor about 4.5 million years ago (Clarkson et al., 2005).  In these analyses, N. 

stocktonii is represented by two accessions.  The diploid progenitors are distinct both 

from each other and the progenitor midpoint range (Fig. 3.13).  All of the polyploid 

accessions are also distinct from the midpoint range.  Nicotiana repanda, N. nesophila, 

and both N. stocktonii accessions are much closer to their maternal progenitor, N. 

sylvestris, whereas N. nudicaulis is closer in shape to its paternal progenitor, N. 

obtusifolia.  However, all polyploids are distinct from both progenitors, except N. 

repanda, which overlaps with N. sylvestris.  Nicotiana repanda has a much more stellate 

flower and a smaller corolla tube opening than the progenitor midpoint.  Nicotiana 

nesophila and both accessions of N. stocktonii are more stellate than the progenitor 

midpoint, but differ with respect to the relative size of tube opening.  Nicotiana nesophila 

has a smaller tube opening than the midpoint, whereas N. stocktonii 974750101 has a 

slightly larger tube opening, and the tube opening of N. stocktonii TW126 is similar to 

that of the midpoint.  These three accessions are also more stellate and have a larger tube 

opening than N. sylvestris.  In contrast, N. nudicaulis is rounder and has a much larger 

tube opening than the progenitor midpoint and is more stellate and has a larger tube 

opening than N. obtusifolia.  Nicotiana repanda, N. nesophila, and both accessions of N.  
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Figure 3.13.  Morphometric analysis: section Repandae.  Section Repandae and its progenitors.  Grey ellipse represents the progenitor midpoint range.  Lines from the 
midpoint to the means of the polyploids represent the distance of the polyploid from the progenitor midpoint in the first and second principal components. Grey shaded area 
represents physically impossible shapes. 
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stocktonii all overlap, but N. nudicaulis is distinct from the other polyploids and both 

progenitors. 

 

3.3.2.7  Summary of polyploid divergence in floral limb shape 

 A summary of whether individual polyploid sections are intermediate or divergent 

from the progenitor midpoint is presented in Table 3.3. 

 
Table 3.3. Polyploid divergence in floral limb shape from the progenitor midpoint 

Species Section Polyploid 

age (my) 

Intermediate or 

Divergent? 

N. tabacum 095-55 Genuinae 0.2 divergent 
N. tabacum 51789 Genuinae 0.2 divergent 
N. tabacum ‘Chulumani’ Genuinae 0.2 intermediate 
N. tabacum synthetic QM synthetic Genuinae synthetic divergent 
N. tabacum synthetic TH37 synthetic Genuinae synthetic intermediate 
TH32 (N. sylvestris × N. otophora) synthetic Sylvestres-Tomentosae synthetic intermediate 
N. rustica var. asiatica Rusticae 0.2 intermediate 
N. rustica var. pavonii Rusticae 0.2 intermediate 
N. rustica synthetic (U×P) synthetic Rusticae synthetic intermediate 
N. rustica synthetic PUE1 F1 synthetic Rusticae synthetic intermediate 
N. rustica synthetic PUE1-R10 S0 synthetic Rusticae synthetic divergent 
N. rustica synthetic PUE1-R1 S1 synthetic Rusticae synthetic intermediate 
N. arentsii Undulatae 0.2 intermediate 
N. clevelandii Polydicliae 1 highly divergent 
N. quadrivalvis 904750042 Polydicliae 1 highly divergent 
N. quadrivalvis TW18 Polydicliae 1 highly divergent 
N. × obtusiata line 1 synthetic Polydicliae synthetic intermediate 
N. × obtusiata line 2 synthetic Polydicliae synthetic intermediate 
N. × obtusiata line 5 synthetic Polydicliae synthetic intermediate 
N. nesophila Repandae 4.5 highly divergent 
N. nudicaulis Repandae 4.5 highly divergent 
N. repanda Repandae 4.5 highly divergent 
N. stocktonii 974750101 Repandae 4.5 highly divergent 
N. stocktonii TW126 Repandae 4.5 highly divergent 

 

3.3.2.8  What affects polyploid divergence in floral limb shape? 

 I hypothesised that younger polyploids would be intermediate in shape between 

those of their diploid progenitors, whereas older polyploids will tend to be like one 

progenitor or have more divergent shapes.  As seen in Fig. 3.14, polyploid divergence 

from the progenitor midpoint does increase with age, but the increase is not linear; it 

seems to plateau as polyploids age.  Thus an asymptotic curve was fitted to the data (y = 

0.0953451 – 5.97903x10-6/x; Fig. 3.14).  The curve implies that divergence from the 

midpoint occurs extremely rapidly.  This seems to fit as the most divergent synthetic and 

young polyploids are as divergent as the least divergent older polyploids, implying that 

the level of divergence accumulated over up to 4.5 million years of polyploid evolution 
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Figure 3.14.  Polyploid distance from the midpoint versus age.  Polyploid distance from the 
progenitor midpoint in the first two principal components versus age of the polyploid in millions of years 
with a fitted asymptotic curve (y = 0.0953451 – 5.97903x10-6/x). 

 

can also be obtained only a few generations after polyploidisation.  A Mood’s median test 

on the polyploid distance from the midpoint versus polyploid age reveals that the median 

distances from the midpoint of the synthetic and young polyploids (<0.2 million years 

old) are significantly smaller those of the older polyploids ( ~1 and ~4.5 million years 

old; χ2 = 12.27, d.f. = 3, p = 0.007).   

 I also hypothesised that polyploids whose diploid progenitors were similar in 

shape might be forced to diverge because a niche that is intermediate as well as distinct 

from its progenitors does not exist.  However, there is no correlation between progenitor 

distance and polyploid distance from the progenitor midpoint (data not shown). 

 

3.3.2.9  How are polyploids changing in floral limb shape? 

 To examine the overall trends of floral limb evolution after polyploidisation, 

directional distances of each polyploid from the midpoint were plotted with the origin as 

the midpoint (Fig. 3.15).  The resulting graph shows the direction of shape change, and 
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Figure 3.15.  How are polyploids changing in floral limb shape?  The directional distance of the polyploid mean from the progenitor midpoint in the first two principal 
components was plotted with the origin representing the midpoint for all polyploids in order to examine the trends of shape change after polyploidisation.  The quadrants are 
labelled with direction of shape change from the midpoint. 
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categorising the polyploids into quadrants reveals the direction of maximum change, 

regardless of whether a polyploid is also diverging in a secondary direction.  Polyploids 

are diverging towards a smaller relative tube opening in quadrant I, a rounder floral 

outline in quadrant II, a larger relative tube opening in quadrant III, and a more stellate 

outline in quadrant IV (Fig. 3.15).  About 71% of polyploids fall in quadrants II and IV 

and thus their maximum divergence occurs along the round to stellate axis, whereas only 

29% of polyploids are diverging along the small to large tube opening axis.  However, 

half of the polyploid species fall near the axes of this graph, which indicates that the 

divergence of these polyploids consists of both round to stellate and small to large tube 

opening aspects.  In fact, only a single polyploid, N. nudicaulis, seems to be diverging 

solely along the small to large tube opening axis. 

 

3.3.3  Evolution of floral limb shape in Nicotiana 

homoploid hybrids 

 Because it is much more difficult to determine the origin of homoploid hybrids, an 

in-depth analysis of the evolution of floral limb shape in Nicotiana homoploids is not 

possible.  However, we do have information on which diploid sections are likely to be 

involved in the hybridisation events, so the placement of the homoploids in the 

morphospace compared to these diploid groups can be examined. 

 Nicotiana linearis and N. glauca, represented here by two accessions, most likely 

originated from separate hybridisations between sections Noctiflorae and Petunioides 

(Clarkson et al., 2010; Kelly et al., 2010).  As seen in Fig. 3.16, N. linearis and both 

accessions of N. glauca are not only distinct from all the diploid accessions present, but 

are also outside the range occupied by both diploid sections.  In fact, the N. glauca 

accessions have greatly diverged in shape, whereas N. linearis is similar in shape to some 

flowers of N. petunioides from section Noctiflorae, although this diploid species has an 

extensive range in shape. 

 Nicotiana glutinosa likely originated from hybridisation between sections 

Tomentosae and Undulatae (Goodspeed, 1954; Clarkson et al., 2010).  The range of N. 

glutinosa is much closer to section Tomentosae than to section Undulatae (Fig. 3.17), 

which suggests that the genes that determine floral limb shape have become fixed for the 

section Tomentosae type in N. glutinosa. 
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Figure 3.16.  Morphometric analysis: Petunioides-Noctiflorae homoploids.  Sections Petunioides and Noctiflorae and their putatuve homoploid hybrids, N. glauca and 
N. linearis.  Blue outline represents the convex polygon for the Petunioides.  Orange outline represents the convex polygon for the Noctiflorae.  Grey outline represents the 
convex polygon for both sections. Grey shaded area represents physically impossible shapes. 
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Figure 3.17.  Morphometric analysis: N. glutinosa.  Sections Tomentosae and Undulatae and their putatuve homoploid hybrid, N. glutinosa.  Blue outline represents the 
convex polygon for section Tomentosae.  Orange outline represents the convex polygon for section Undulatae.  Grey outline represents the convex polygon for both sections. 
Grey shaded area represents physically impossible shapes. 
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3.3.4  Vertical versus horizontal corolla tube width 

 The scatter plot of vertical versus horizontal corolla tube width of flower averages 

shows that horizontal and vertical tube widths are usually similar and only deviate 

slightly from the line x = y (Fig. 3.18).  Regression analysis confirms a positive 

relationship between horizontal and vertical tube width with a slope of 1.07 (p < 0.0001).  

Although a slope of one falls outside the standard error for the slope, these results imply 

that these two measurements are not independent, and only horizontal tube width will be 

used in further analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18.  Vertical versus horizontal tube width.  Vertical versus horizontal tube width from flower 
averages.  The data do not significantly deviate from the line x = y, therefore only horizontal tube width 
will be used in further analyses. 

 

3.3.5  Tube width versus tube length 

 Accessions cluster in the scatter plot of tube width versus tube length from flower 

averages, and tube width ranges from 0.16 to 1.65 cm whereas tube length ranges from 

1.13 to 9.36 cm (Fig. 3.19).  Convex polygons show the range of each accession in tube 

length and width (Fig. 3.20). 
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Figure 3.19.  Tube width versus tube length.  Scatterplot of tube width versus tube length from flower averages of all Nicotiana accessions. 

Tube width vs tube length--flower averages
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Figure 3.20.  Convex polygons in tube width versus length.  Convex polygons delimit the range of tube lengths and  
widths occupied by each accession.  Diploids represented by a solid line, polyploids by a dashed line, and homoploids  
by a dotted line.  Colored points represent the mean of each accession. 
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3.3.6  Evolution of corolla tube length and width after 

polyploidisation 

 As described previously in section 3.2.6, the divergence of polyploids is measured 

for tube length and width separately by using the progenitor midpoint range.  Information 

on the origin of specific polyploid accessions can be found in sections 3.3.2.1 to 3.3.2.6, 

but is omitted here to prevent redundancy. 

 

3.3.6.1  Nicotiana tabacum—formed <0.2 million years ago 

 Progenitors N. sylvestris and N. tomentosiformis are distinct in both tube length 

and width (Fig. 3.21).  Nicotiana tabacum 095-55, N. tabacum ‘Chulumani,’ and N. 

tabacum TH37 are intermediate in tube width, whereas N. tabacum synthetic QM, N. 

tabacum 51789, N. tabacum ‘Chulumani,’ and N. tabacum synthetic TH37 are 

intermediate in tube length.  Nicotiana tabacum 51789 is the only accession to be 

divergent in both tube length and width, and all polyploids overlap in tube width with the 

paternal progenitor, N. tomentosiformis.  All accessions are evolving in the same direction 

from the progenitor midpoint and have wider and shorter tubes. 

 

3.3.6.2  TH32 (N. sylvestris × N. otophora)—synthetic polyploid 

 TH32 is intermediate in both tube length and width but is distinct from both 

progenitors in both tube length and width (Fig. 3.22).  The mean of TH32 is wider and 

shorter than the progenitor midpoint. 

 

3.3.6.3  Nicotiana rustica—formed <0.2 million years ago 

 All N. rustica accessions are intermediate in tube width, but the progenitors, N. 

paniculata and N. undulata also overlap in tube width (Fig. 3.23).  In fact, N. rustica 

synthetic PUE1-R1 S1 is the only accession distinct in tube width from N. paniculata, but 

it overlaps in tube width with N. undulata.  The N. rustica synthetic PUE1 accessions are 

all intermediate in tube length, while N. rustica var. asiatica, N. rustica var. pavonii, and 

N. rustica synthetic (U×P) are divergent.  Nicotiana rustica var. pavonii overlaps in both 

tube length and width with its paternal progenitor, N. undulata.  However, all N. rustica 

accessions have shorter tube length ranges than N. paniculata.  The means of all N. 

rustica polyploids (N. rustica var. asiatica, N. rustica var. pavonii, N. rustica synthetic 
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Figure 3.21.  Metric analysis: N. tabacum.  Natural and synthetic N. tabacum accessions and their progenitors.  Grey ellipse represents the progenitor midpoint range.  
Grey rectangles represent the progenitor midpoint range in tube length and width independently.  Lines from the midpoint to the means of the polyploids represent the 
distance of the polyploid from the progenitor midpoint in tube length and width. 
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Tube metrics in TH32 (N. sylvestris x N. otophora)—

synthetic polyploid
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Figure 3.22.  Metric analysis: TH32.  Synthetic TH32 and its progenitors.  Gray ellipse represents the progenitor midpoint range.  Gray rectangles represent the progenitor 
midpoint range in tube length and width independently.  Lines from the midpoint to the means of the polyploids represent the distance of the polyploid from the progenitor 
midpoint in tube length and width. 
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Figure 3.23.  Metric analysis: N. rustica.  Natural and synthetic N. rustica accessions and their progenitors.  Grey ellipse represents the progenitor midpoint range.  Grey 
rectangles represent the progenitor midpoint range in tube length and width independently.  Lines from the midpoint to the means of the polyploids represent the distance of 
the polyploid from the progenitor midpoint in tube length and width. 
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PUE1-R10 S0, and N. rustica synthetic PUE1-R1 S1) are wider and shorter than the 

progenitor midpoint, whereas the means of the N. rustica homoploid hybrids (N. rustica 

synthetic (U×P) and N. rustica synthetic PUE1 F1) are narrower and shorter than the 

midpoint.  Mood’s median tests show that synthetic polyploid N. rustica accessions (S0 

and S1) tend to have both larger tube width and tube length than synthetic homoploid N. 

rustica accessions (F1 and U×P; tube width: χ2 = 11.78, d.f. = 1, p = 0.001; tube length: χ2 

= 6.84, d.f. = 1, p = 0.009). 

 

3.3.6.4  Nicotiana arentsii—formed <0.2 million years ago 

 Nicotiana arentsii is intermediate in both tube length and tube width, whereas its 

progenitors, N. undulata and N. wigandioides, are distinct in tube width, but only just 

distinct in tube length (Fig. 3.24).  Nicotiana arentsii overlaps in both tube length and 

width with N. undulata, but only in tube length with N. wigandioides.  The mean of N. 

arentsii is narrower and shorter than the progenitor midpoint. 

 

3.3.6.5  Nicotiana section Polydicliae—formed ~1 million years 

ago 

 Although progenitors N. obtusifolia and N. attenuata are distinct in tube length, 

they over lap in tube width (Fig. 3.25).  Nicotiana clevelandii is intermediate in both tube 

length and width and overlaps with both progenitors, except in length with N. attenuata.  

Both N. quadrivalvis accessions are divergent in both tube length and width, although N. 

quadrivalvis TW18 overlaps with N. attenuata in tube length.  The N. × obtusiata lines 

are all intermediate in tube length, but divergent in tube width.  All N. × obtusiata lines 

overlap in tube length with N. attenuata, but only N. × obtusiata line 5 overlaps in length 

with N. obtusifolia.  The means of both N. quadrivalvis accessions and all N. × obtusiata 

lines are wider and longer than the progenitor midpoint, whereas the mean of N. 

clevelandii is narrower and shorter. 

 

3.3.6.6  Nicotiana section Repandae—formed ~4.5 million years 

ago 

 Progenitors N. sylvestris and N. obtusifolia are highly divergent in tube length, but 

they overlap in tube width (Fig. 3.26).  All Repandae polyploids are intermediate in tube 
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Figure 3.24.  Metric analysis: N. arentsii.  Nicotiana arentsii and its progenitors.  Grey ellipse represents the progenitor midpoint range.  Grey rectangles represent the 
progenitor midpoint range in tube length and width independently.  Lines from the midpoint to the means of the polyploids represent the distance of the polyploid from the 
progenitor midpoint in tube length and width. 
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Figure 3.25.  Metric analysis: section Polydicliae.  Natural and synthetic accessions from section Polydicliae and their progenitors.  Grey ellipse represents the progenitor 
midpoint range.  Grey rectangles represent the progenitor midpoint range in tube length and width independently.  Lines from the midpoint to the means of the polyploids 
represent the distance of the polyploid from the progenitor midpoint in tube length and width. 
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Figure 3.26.  Metric analysis:  section Repandae.  Section Repandae and their progenitors.  Grey ellipse represents the progenitor midpoint range.  Grey rectangles 
represent the progenitor midpoint range in tube length and width independently.  Lines from the midpoint to the means of the polyploids represent the distance of the 
polyploid from the progenitor midpoint in tube length and width.
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width, but N. nudicaulis and N. stocktonii 974750101 are divergent in tube length.  All 

Repandae polyploids overlap with both progenitors in tube width, but they are all distinct 

from both progenitors in tube length.  All Repandae means are shorter than the progenitor 

midpoint, but N. nesophila and both N. stocktonii accessions are wider whereas N. 

repanda and N. nudicaulis are narrower. 

 

3.3.6.7  Summary of polyploid divergence in corolla tube 

metrics 

A summary of whether individual polyploid sections are intermediate or divergent 

from the progenitor midpoint as well as overlapping or distinct from both progenitors in 

both tube length and width is presented in Table 3.4. 

 

Table 3.4.  Polyploid divergence in corolla tube length and width 
Polyploid Width  

I or D?
a 

Length 

I or D?
b 

Mat 

width?
c 

Mat 

length?
d 

Pat 

width?
e 

Pat 

length?
f 

N. tabacum 095-55 I D no no yes no 
N. tabacum 51789 D I no no yes no 
N. tabacum ‘Chulumani’ I I no no yes no 
N. tabacum synthetic QM D I no no yes no 
N. tabacum synthetic TH37 I I no no yes no 
TH32 (N. sylvestris × N. otophora) I I no no no no 
N. rustica var. asiatica I D yes no yes no 
N. rustica var. pavonii I D yes no yes yes 
N. rustica synthetic (U×P) I D yes no yes no 
N. rustica synthetic PUE1 F1 I I yes no yes no 
N. rustica synthetic PUE1-R10 S0 I I yes no yes no 
N. rustica synthetic PUE1-R1 S1 I I no no yes no 
N. arentsii I I yes yes no yes 
N. clevelandii I I yes yes yes no 
N. quadrivalvis 904750042 D D no no no no 
N. quadrivalvis TW18 D D no no no yes 
N. × obtusiata line 1 D I no no no yes 
N. × obtusiata line 2 D I no no no yes 
N. × obtusiata line 5 D I no yes no yes 
N. nesophila I I yes no yes no 
N. nudicaulis I D yes no yes no 
N. repanda I I yes no yes no 
N. stocktonii 974750101 I D yes no yes no 
N. stocktonii TW126 I I yes no yes no 

aIs polyploid tube width intermediate (I) or divergent (D)?  bIs polyploid tube length intermediate (I) or 
divergent (D)?  cDoes the polyploid overlap in tube width with its maternal progenitor?  dDoes the 
polyploid overlap in tube length with its maternal progenitor?  eDoes the polyploid overlap in tube width 
with its paternal progenitor?  fDoes the polyploid overlap in tube length with its paternal progenitor? 

 

3.3.6.8  How are polyploids changing in corolla tube metrics? 

 The overall trends in the evolution of tube length and width after polyploidisation 

were investigated by plotting the directional distance of all polyploids from the progenitor 
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Figure 3.27.  How are polyploids changing in tube length and width?  The directional distance of the polyploid mean from the progenitor midpoint in tube length and 
width was plotted with the origin representing the midpoint for all polyploids in order to examine the evolution of corolla tube dimensions after polyploidisation.  The 
quadrants are labelled with direction of change in tube length and width from the midpoint. 
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midpoint, represented here by the origin, in both tube length and width (Fig. 3.27).  This 

graph shows the change in polyploid tube length and width after polyploidisation.  

Quadrant I indicates a wider and longer corolla tube than the progenitor midpoint, 

quadrant II specifies a wider and shorter tube, quadrant III denotes a narrower and shorter 

tube and quadrant IV designates a narrower and longer tube.  Of the polyploids, 20.8% 

fall into quadrant I, 54.2% into quadrant II, 25% into quadrant III, and 0% in to quadrant 

IV.  This distribution is significantly different from equal numbers of polyploids in each 

quadrant (χ2 = 14.33, d.f. = 3, p = 0.0025), which suggests that polyploids tend to evolve 

wider and shorter tubes.  Both accessions of N. quadrivalvis as well as all lines of N. × 

obtusiata have evolved a wider and longer tube than the progenitor midpoint.  The N. 

quadrivalvis accessions are particularly divergent, and the increased length of the corolla 

tube may indicate a pollinator shift in these accessions.  Importantly, the N. × obtusiata 

lines are diverging in the same direction as N. quadrivalvis TW18.  Nicotiana nudicaulis 

is also highly divergent from the progenitor midpoint, but, as seen in Fig. 3.26, is similar 

in tube length and width to its paternal progenitor, N. obtusifolia. 

 

3.3.6.9  What affects polyploid divergence in corolla tube 

metrics? 

 As corolla tube length and width are independent characters, polyploid distance 

from the progenitor midpoint is also examined in tube length and width individually.  

Distance from the progenitor midpoint in tube length is plotted against polyploid age, and 

regression analysis shows that these two characters have a positive relationship (F = 4.63, 

d.f. = 1, p = 0.043), although older polyploids show high variance in distance from the 

midpoint (Fig. 3.28).  This confirms my hypothesis that younger polyploids will be more 

intermediate whereas older polyploids tend to be more divergent.  However, there is no 

significant relationship between distance from the progenitor midpoint in tube width and 

polyploid age (F = 2.57, d.f. = 1, p = 0.123; Fig. 3.29). 
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Figure 3.28.  Polyploid distance from the midpoint in tube length vs polyploid age (millions of 
years). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29.  Polyploid distance from the midpoint in tube width versus polyploid age (millions of 
years). 

 

3.3.7  The evolution of tube length and width in 

homoploids 

 The tube length and width of homoploids was examined in the context of the 

diploid sections believed to be involved with their origin.  Information on the likely 

origins of homoploids in Nicotiana can be found in section 3.3.3. 
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The putative homoploids N. glauca and N. linearis fall mostly within the tube 

length and width range of sections Noctiflorae and Petunioides (Fig. 3.30).  However, N. 

linearis is near the lower extreme in both tube length and width, and in fact has the 

shortest tube length of all accessions examined.  Nicotiana linearis is closest to N. miersii 

in both tube length and width.  The two N. glauca accessions, however, are intermediate 

in the Noctiflorae-Petunioides range of tube length and width.  They fall closest to N. 

noctiflora, and N. glauca 51751 even overlaps with N. noctiflora in part of its tube length 

and width range.  Nicotiana glutinosa is similar in tube length and width to section 

Tomentosae, and is intermediate in both tube length and width as compared to the 

combined tube length and width ranges of sections Tomentosae and Undulatae (Fig. 

3.31). 

 

3.3.8  Morphometric/metric PCA 

 In the morphometric/metric PCA, there are four principal components that 

account for 37%, 33%, 21.7%, and 8.3% of the variation within the dataset (Figs 3.32 and 

3.33).  According to the variable loadings on each principal component, the first principal 

component seems to separate flowers with a small tube width, both in absolute 

measurement and relative to floral limb size, from those with large tube width, again both 

absolute and relative.  The second principal component groups stellate flowers with long, 

wide tubes and round flowers with short, narrow tubes.  The third principal component 

separates round flowers with long, wide tubes from stellate flowers with short, narrow 

tubes.  Finally, the fourth principal component seems to divide flowers with long, narrow 

tubes with relatively large tube openings compared to floral limb size from flowers with 

short, wide tubes with relatively small tube openings. 

 The first principal component of the morphometric dataset is positively correlated 

to tube length, and the second principal component of the morphometric dataset is 

negatively correlated to tube width (p < 0.05 after Bonferroni correction).  None of the 

other comparisons between morphometric and tube metric characters are significantly 

correlated.   

 Randomisations show significant clustering within the morphometric/metric PCA 

based on human colour groups (white, pink, green/yellow), both overall and in 

green/yellow flowered species (p < 0.05 after Bonferroni correction).  The green and 

yellow flowers are found in four distinct lineages.  These lineages are as follows:  1) 



 143 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.30.  Metric analysis: Petunioides-Noctiflorae homoploids.  Sections Petunioides and Noctiflorae and their putatuve homoploid hybrids, N. glauca and N. 

linearis.  Blue outline represents the convex polygon for the Petunioides.  Orange outline represents the convex polygon for the Noctiflorae.  Grey outline represents the 
convex polygon for both sections.  Grey rectangles represent the progenitor midpoint range in tube length and width independently. 
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Figure 3.31.  Metric analysis: N. glutinosa.  Sections Tomentosae and Undulatae and their putatuve homoploid hybrid, N. glutinosa.  Blue outline represents the convex 
polygon for the Tomentosae.  Orange outline represents the convex polygon for the Undulatae.  Grey outline represents the convex polygon for both sections.  Grey 
rectangles represent the progenitor midpoint range in tube length and width independently. 
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Nicotiana paniculata, N. knightiana, N. benavidesii, and N. raimondii from section 

Paniculatae and all of the N. rustica accessions, as N. paniculata is one of its progenitors, 

2) the two N. langsdorffii accessions from section Alatae, 3) the two N. glauca 

accessions, which are homoploid hybrids between sections Noctiflorae and Petunioides 

(Kelly et al, 2010) and 4) Nicotiana undulata from section Undulatae, which is the other 

progenitor of N. rustica.  However, green floral colour in sections Paniculatae and 

Undulatae may have a common origin because N. thyrsiflora within section Undulatae 

(not included in these analyses) also has green flowers (Goodspeed, 1954).  The similarity 

in floral form and colour between these independent lineages suggests that they have 

convergently evolved. 

 

3.4  Discussion 

3.4.1  The effects of polyploidisation on the evolution of 

floral form 

 Polyploidy triggers greater diversity via genomic shock in tobacco (Grandbastien 

et al., 2005; Petit et al., 2007; Petit et al., 2010) and wheat (Ozkan et al., 2001), but not in 

Spartina (Poaceae; Ainouche et al., 2004) or Gossypium (Malvaceae; Liu et al., 2001).  

This instantaneous genetic diversity can result in a diverse range of phenotypes in early 

polyploid progeny, as is seen in synthetic Brassica napus (Brassicaceae) lines (Gaeta et 

al., 2007).  Selection and genetic drift may act on the phenotypic diversity generated, 

resulting in further phenotypic divergence (Leitch and Leitch, 2008).  Over time, 

polyploid genomes may stabilise, and therefore less genetic and phenotypic diversity will 

be generated.  Thus, it may be expected that the rate of change in floral form within 

Nicotiana polyploids is high in the early generations after polyploidisation, but decreases 

with genomic stability over time. 

 The 15 landmarks used to quantify floral limb shape across the genus Nicotiana 

result in good species separation and show that shape difference across Nicotiana is 

predominantly determined by two characters: external limb shape, which ranges from 

round flowers to stellate flowers, and relative size of the corolla tube opening, which 

ranges from small to large (Figs 3.2, 3.4, and 3.5).  Evolution of floral limb shape after 

polyploidisation seems to be correlated with polyploid age (Fig. 3.14).  Synthetic and 

young polyploids tend to be intermediate in shape, while older polyploids are more 
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Figure 3.32.  Morphometric/metric PCA, PCs 1 and 2.  a) First and second principal components 
from the morphometric/metric PCA. b) Clustered according to human colour group.  White=black; 
pink=pink, green=green, yellow=yellow. 
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Figure 3.33.  Morphometric/metric PCA, PCs 3 and 4.  a) Third and fourth principal components 
from the morphometric/metric PCA. b) Clustered according to human colour group.  White=black; 
pink=pink, green=green, yellow=yellow. 
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divergent from the expected shape of the progenitor midpoint.  However, polyploid 

divergence from the progenitor midpoint seems to occur rapidly, and sometimes 

immediately, after polyploidisation (Fig. 3.14).  Increase in divergence with age seems to 

imply neutral evolution, and is also seen in polyploid evolution in tube length (Fig. 3.28).  

In contrast to shape and tube length, divergence from the progenitor midpoint in tube 

width is not significantly correlated to polyploid age (Fig. 3.29), implying that other 

factors besides neutral divergence play a role in the evolution of tube width after 

polyploidisation. 

 Speciation via allopolyploidy is inherently different to speciation via divergence 

because it entails both a multiplication of chromosome number and the merger of two or 

more diverged genomes into the same polyploid nucleus.  The union of these divergent 

genomes can result in novel cis/trans interactions, which can lead to changes in 

phenotype (Wittkopp et al., 2004; Chen, 2007; Tirosh et al., 2009).  In fact, a newly 

formed allopolyploid possesses more than the genetic potential of both of its progenitors.  

Therefore, if the progenitors are phenotypically divergent, the polyploid has the potential 

to resemble the full range of forms between the progenitors and even transgressive 

characters, which are not seen in either progenitor (Chen, 2007).  Transgressive 

phenotypes have been observed in several synthetic allopolyploid lines.  Some synthetic 

Brassica napus lines flower later than either progenitor (Gaeta et al., 2007).  Synthetic 

Arabidopsis allotetraploids display longer and wider leaves, an increased number of 

leaves, a larger rosette and taller plants than either progenitor (Chen, 2007).  Synthetic 

allotetraploids from a cross between Nicotiana obtusifolia and N. attenuata (the N. × 

obtusiata lines used in this thesis) show transgressive dry biomass, seed mass and size 

and floral limb size (Anssour et al., 2009).  These lines also show differential response to 

herbivory; some respond like N. attenuata, the paternal progenitor, and some like N. 

obtusifolia, the maternal progenitor (Anssour and Baldwin, 2010).  For a specific gene in 

the response pathway, only a single progenitor copy seems to be expressed; however, in 

the overall pathway, genes from both progenitor genomes are present, indicating that 

progenitor gene networks interact immediately following polyploidisation (Anssour and 

Baldwin, 2010). 

In comparing the divergence between synthetic and natural polyploids, it is 

possible to determine what phenotypic changes are possible simply via cis/trans effects 

upon genome merger as opposed to those that require evolutionary time scales.  However, 

if the specific accessions used to make the synthetics are unknown, it is possible that the 



 149 

divergence seen in the synthetics could be due to morphological differences between the 

progenitor species used in the cross and those used in the analysis for comparison.  

Similarly, it is possible to separate out the effects of genome doubling by comparing 

synthetic homoploid and polyploid hybrids formed from the same parental accessions.  

The rapid divergence of floral limb shape (Fig. 3.14) and corolla tube width (Fig. 3.29) 

shown here in Nicotiana polyploids implies that the genomic shock, structural 

rearrangements, and novel cis/trans interactions inherent in newly formed polyploids 

result in the greatest magnitude of phenotypic change.  Changes in tube width could result 

from the increased cell size that often occurs with genome doubling (see below).  

Subsequent divergence following the stabilisation of the polyploid genome over time 

seems to proceed more gradually and is likely to be controlled by the same mechanisms 

driving divergence in diploid populations as opposed to the effects of genome merger and 

duplication. 

 In order to house an increase in genetic material, plants with greater genome sizes 

tend to have larger cells; hence, polyploids, with a duplication of chromosome number, 

are likely to have larger cell sizes.  Across angiosperms, guard cell length is positively 

correlated with genome size (Beaulieu et al., 2008).  However, in a recent study on the 

genus Polystachya (Orchidaceae), a correlation between guard cell length and genome 

size was not found, and guard cell length could not predict ploidy across the genus, 

suggesting that the correlation seen across all angiosperms breaks down when closely 

related species (intrageneric) comparisons are made (Rupp et al., 2010).  Nevertheless, 

guard cell size has been found to be predictive of ploidy in several species with 

intraspecific variation in ploidy (Przywara et al., 1988; Aryavand et al., 2003; Beck et al., 

2003; Bory et al., 2008).  Therefore, it is likely that newly formed allopolyploids tend to 

have larger cell sizes than both diploid progenitors due to the sudden increase in genome 

size.  However, this relationship may not persist over polyploid evolution due to 

chromosomal rearrangements, DNA elimination and the general genome downsizing seen 

in polyploids over time (Leitch and Bennett, 2004). 

 In corroboration with the hypothesis that newly formed polyploids will display an 

increase in cell size, synthetic autotetraploids of N. obtusifolia and N. attenuata have 

significantly larger floral limb sizes than their diploid counterparts and a 1.6- and 1.8-fold 

increase in genome size, respectively (Anssour et al., 2009).  Synthetic allotetraploids, the 

N. × obtusiata lines, also show significant increase in floral limb size compared to their 

diploid progenitors and have similar genome sizes to the sum of their progenitors 
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(Anssour et al., 2009).  However, in corolla tube length, the autotetraploids are not 

significantly different from their diploid counterparts and the synthetic N. × obtusiata 

lines have a similar tube length to that of their paternal progenitor (Anssour et al., 2009).  

In a cross between two Petunia accessions that differ in tube length, the F2 progeny have 

intermediate tube length, but are larger than either parent in floral limb size (Venail et al., 

2010).  In further experiments in Petunia, the difference in tube length between two 

different species is mainly due to an increase in cell number in the long-tubed species, but 

increased cell elongation also plays a role (Stuurman et al., 2004).  These results suggest 

that an increase in cell number is required for a significant increase in tube length.  

Therefore, as synthetic polyploids are not divergent in tube length (Fig. 3.28), it seems 

that a significant increase or decrease in cell number cannot be achieved within only a 

few generations.  In this light, it seems likely that the increase in floral limb size seen 

within these synthetic polyploids is due to an increase in cell size after genome doubling. 

 The genome sizes of Nicotiana polyploids are mostly similar to the sum of the 

genome sizes of their progenitors, but vary across polyploid age.  The genomes of the 

young polyploids, N. tabacum, N. rustica, and N. arentsii, have decreased by 2-5% in 

comparison to the expected sum of the diploid progenitors (Leitch et al., 2008), whereas 

the polyploids of intermediate age are either similar to the progenitor sum (N. clevelandii) 

or have increased by 1.5% (N. quadrivalvis; Anssour et al., 2009).  However, in the older 

polyploids of section Repandae, the changes in genome size are more drastic; the 

genomes of N. repanda, N. nesophila, and N. stocktonii have increased by 28.6%, 19.1% 

and 19.1%, respectively, whereas the genome of N. nudicaulis has decreased by 14.3% 

(Leitch et al., 2008).  Regardless of genome size changes, all Nicotiana polyploids have 

larger genome sizes than their diploid progenitors (Leitch et al., 2008; Anssour et al., 

2009), which suggests that these polyploids are likely to have larger cell sizes in order to 

house the increased amount of genetic material.  This seems to be the case in synthetic N. 

rustica because the S0 and S1 polyploids have significantly larger tube length and width 

than the homoploid F1 and U×P accessions, indicating that genome doubling does affect 

floral phenotype. 

 In conclusion, polyploid divergence in tube width is possible immediately after 

polyploidisation and seems to be due to an increase in cell size following genome 

doubling, although further experiments comparing cell size in diploids and polyploids are 

needed for confirmation.  However, divergence in tube length seems to require 

evolutionary time scales, perhaps due to the fact that an increase or decrease in cell 
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number is likely to be the major factor behind change in tube length (Stuurman et al., 

2004).  Changes in tube length are likely to affect the types of pollinators that can reach 

the nectar in the floral tube.  Polyploids tend to have shorter, wider corolla tubes than the 

progenitor midpoint (Fig. 3.27), which suggests a shift towards more generalist 

pollination because pollinators with both shorter and longer tongues will be able to reach 

the nectar.  However, it must be noted that although tube length and width are important 

in pollination, pollinator behaviour is determined by the entire suite of floral characters: 

form, colour, scent, and the volume, concentration and energy of nectar (Fenster et al., 

2004).  Therefore, although corolla tube dimensions play a part in determining pollinator 

assemblage, they are by no means the only factor involved.  However, having a more 

diverse pollinator assemblage may be advantageous for a newly formed polyploid.  While 

having numerous generalist floral visitors will increase the amount of interspecific pollen 

transferred, it will also increase the chances that the polyploid will receive any 

intraspecific pollen at all.  As newly formed polyploids are inherently rare, the prospect of 

increasing the chances of receiving intraspecific pollen is advantageous.  Further 

discussion in the context of pollination is found in Chapter 5.  

 

3.4.2 Divergence in Nicotiana nudicaulis 

 Nicotiana nudicaulis is distinct from the other species in section Repandae in both 

floral limb shape and corolla tube metrics (Figs 3.13 and 3.26).  Furthermore, it seems to 

have a different evolutionary trajectory from the other three species and is highly 

divergent from the progenitor midpoint in both floral limb shape and tube length (Figs 

3.15 and 3.27).  Several other lines of evidence distinguish N. nudicaulis from the rest of 

section Repandae.  In phylogenetic analyses, N. nudicaulis is always sister to the rest of 

the Repandae (Chase et al., 2003; Clarkson et al., 2004; 2005; 2010; L.J. Kelly, 

unpublished).  Nicotiana nudicaulis shows a substantial decrease in genome size from the 

expected sum of the progenitors, whereas the other three Repandae species have 

increased considerably (Leitch et al., 2008).  Genomic in situ hybridisation (GISH), in 

which labelled progenitor DNA is hybridised to polyploid chromosomes in order to 

differentiate the progenitor genomes, fails in N. nesophila, suggesting whole genome 

turnover of repetitive DNA (the basis of GISH) after 4.5 million years of polyploid 

evolution (Clarkson et al., 2005; Lim et al., 2007).  However, despite that N. nudicaulis 

also originated 4.5 million years ago, GISH is successful, although the signal is weaker 
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than that seen in younger polyploids and indicates shuffling of progenitor genomic 

sequences across chromosomes (Clarkson et al., 2005).  Also, the N. sylvestris copy type 

of NFL in N. nudicaulis lacks a duplication, which all other species within section 

Repandae possess (Fig. 2.1).  Overall, the evolution of N. nudicaulis seems to be largely 

different from the rest of the Repandae species. 

 

3.4.3  Convergent evolution in Nicotiana 

 Significant clustering of green/yellow flowered species within the 

morphometric/metric PCA (Figs 3.32 and 3.33) suggests convergent evolution as these 

species have at least three independent origins.  This putative convergent evolution will 

be discussed further in light of spectral reflectance data, and the effect of pollinator 

preference and behaviour on floral form and its implications on convergent evolution 

within Nicotiana will be discussed in Chapter 5. 
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Chapter 4 

 

The evolution of floral colour in Nicotiana 

 

4.1  Introduction 

4.1.1  Colour theory 

 The perception of colour is determined by the interactions between several 

components, which include the specific wavelengths of light that reach the eye, the 

transmission and reception of light within the eye and how neurons function to transmit 

and interpret light information in order to perceive colour (Endler, 1990).  The second and 

third of these processes are internal and can vary between species.  However, the first is 

entirely dependent on the external environment and involves the spectral composition of 

the illuminating light, the reflectance of that light by the object and how well specific 

wavelengths are transmitted through the medium (Endler, 1990). 

 Colour can be described using three variables: hue, saturation and brightness 

(Endler, 1990).  Hue is similar to the colloquial definition of colour, and determines 

whether the spectrum is red, orange, yellow etc. (Endler, 1990).  Saturation is a measure 

of how pure the colour is and can be thought of as a scale where one extreme is a colour 

with a particular hue and brightness and the other extreme is grey.  Colours with 100% 

saturation will resemble the hue and brightness without any addition of grey, whereas 

colours with 0% saturation will appear grey or achromatic.  Brightness is the total amount 

of light reflected by an object (Endler, 1990) and can be represented by a scale that ranges 

from white (100% brightness) to black (0% brightness) for a colour with any given hue 

and saturation. 

 The light reflected by an object can be quantified by its reflectance spectrum, 

which is a measure of the percentage of light reflected at any given wavelength.  In 

comparing two reflectance spectra, it is possible to determine whether they differ in hue, 

saturation, and/or brightness.  Changes in hue are apparent if the maximum slope occurs 



 154 

at different wavelengths when two spectra are compared; those in saturation result in 

differences in the steepness of the spectral slopes as well as in the area calculated under 

different parts of the spectra; brightness differs if the area under the entire spectrum 

increases or decreases (Endler, 1990). 

 

4.1.2  Visual systems in pollinators 

 The primary function of coloured flowers is to attract pollinators (Grotewold, 

2006).  Numerous studies have shown that pollinators learn to associate colour cues with 

reward: in hymenopteran species (von Frisch, 1914; Daumer, 1956; 1958; Menzel, 1985; 

Chittka et al., 1992; Chittka and Raine, 2006), in hummingbirds (Collias and Collias, 

1968; Goldsmith and Goldsmith, 1979; Goldsmith et al., 1981), and in diurnal and 

nocturnal hawkmoths (Kelber, 1997; Kelber et al., 2003; Kelber, 2005).  In order to gain 

insight into plant-pollinator interactions, it is important to first understand how pollinators 

perceive colour. 

 

4.1.2.1 Trichromatic colour vision 

 Species with trichromatic colour vision possess three distinct photoreceptor types.  

Humans are trichromatic and possess photoreceptors which have maximum sensitivity at 

420 nm (blue receptors), 534 nm (green receptors) and 563 nm (red receptors; Bowmaker 

and Dartnall, 1980).  Many insects are also trichromatic, but instead of a red receptor, 

they possess an ultraviolet (UV) receptor (Peitsch et al., 1992).  Peitsch et al. (1992) 

measured the sensitivity of photoreceptors in 43 hymenopteran species and discovered 

that the average sensitivity maxima for the three photoreceptors were 340 nm (UV), 430 

nm (blue), and 535 nm (green).  Similar sensitivity maxima for UV, blue and green 

wavelengths have since been found in various diurnal and nocturnal hawkmoth species 

(Kelber et al., 2003 and references therein). 

 

4.1.2.2  The colour hexagon:  Modelling insect vision 

Because insect colour vision is different from that of humans, it is necessary to 

model insect colour vision to obtain an accurate idea of how insects perceive flower 

colours.  One way of modelling insect colour vision is the colour hexagon model, which 

plots a reflectance spectrum as a point in insect colour space based on its relative 
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excitation of the three photoreceptors (UV, blue and green; Chittka, 1992).  The colour 

hexagon model also includes the spectral composition of the illumination as well as the 

background (Chittka, 1992).  Insects recognise colour due to its contrast with the 

background, and therefore objects with a similar spectral reflectance to the background 

will be hard for an insect to distinguish.  Therefore, the origin of the colour hexagon 

represents not only spectra in which all photoreceptors are equally stimulated (achromatic 

to an insect), but also the illumination and background spectra (Chittka, 1992). 

 The insect colour space is represented by an equilateral hexagon.  Vertices 

represent all possible states where the photoreceptor types are either at maximal 

excitation or no excitation (except for those that fall at the origin, i.e. all three at maximal 

excitation or all three at none).  For example, the UV vertex represents maximal 

excitation of the UV photoreceptor in the absence of blue and green excitation and the 

UV-blue vertex represents maximal excitation of both UV and blue photoreceptors in the 

absence of green excitation.  The origin, as stated before, represents achromatic spectra as 

well as the illumination and background spectra.  The hexagon is arbitrarily divided into 

six insect colours (UV, UV-blue, blue, blue-green, green and UV-green).  Hue changes as 

one moves clockwise or counter-clockwise around the origin, whereas saturation changes 

as one moves closer or further away from the origin (Fig. 4.1).  Brightness exists as a 

third axis (coming out of the page) but is not explicitly included in the colour hexagon 

model.  The photoreceptor excitation spectra used to create the colour hexagons in this 

chapter are from the honey bee, but this colour space can be used to describe honey bee, 

bumble bee (Skorupski et al., 2007), and diurnal and nocturnal hawkmoth (Kelber et al., 

2003 and references therein) colour vision due to the similarity in the sensitivity peaks for 

the three photoreceptor types among these species. 

 

4.1.2.3  Tetrachromatic colour vision 

 Birds possess four photoreceptor types and therefore have tetrachromatic colour 

vision (Bowmaker, 1998).  The receptor types in birds are as follows: red receptors 

(maximum sensitivity from 505 to 630 nm), green receptors (maximum sensitivity from 

460-540 nm), blue receptors (maximum sensitivity from 410-475 nm) and either violet or 

UV receptors (maximum sensitivity from 355-440 nm; Hart and Hunt, 2007).  Recent 

evidence from the predicted wavelength sensitivities of the opsin gene sequences that 

encode violet and UV receptors suggests that hummingbirds and honeyeaters have violet  
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Figure 4.1.  The colour hexagon: modelling insect colour vision (Chittka, 1992).  The origin 
represents all colours where the insect UV, blue, and green photoreceptors have equal excitation, as well as 
the illumination and the background spectra.  Vertices represent all possible states where the photoreceptor 
types are either at maximal excitation or no excitation (except for those which fall at the origin: all three at 
maximal excitation or all three at no excitation).  For example, the UV vertex represents maximal excitation 
of the UV photoreceptor in the absence of blue and green excitation and the UV-blue vertex represents 
maximal excitation of both UV and blue photoreceptors in the absence of green excitation.  Hue changes as 
one moves around the origin, while saturation increases as one moves away from the origin.  
UV=ultraviolet, UV-B=UV-blue, B=blue, B-G=blue-green, G=green, UV-G=UV-green. 

 

receptors whereas sunbirds and other passerines have UV receptors (Odeen and Hastad, 

2010).  However, the predicted sensitivity of the hummingbird violet receptors seem to be 

toward the shorter wavelengths (406 nm), so it is likely that they will also have limited 

UV sensitivity (Odeen and Hastad, 2010).  In fact, three species of hummingbirds learned 

to distinguish near UV light (370 nm) from darkness, which suggests that hummingbirds 

do have sensitivity in wavelengths <400 nm (Goldsmith, 1980).  Some butterflies also 

possess tetrachromatic colour vision with the addition of a red receptor that has a 

maximum sensitivity around 610-620 nm (Kelber, 2001). 

 

B

UV G

UV-B

UV-G

B-G

origin

change 
in hue

change in 
saturation

B

UV G

UV-B

UV-G

B-G

origin

change 
in hue

change in 
saturation



 157 

4.1.3  Floral pigments 

 The most common groups of pigments that give flowers their colour are 

carotenoids, which range from yellow to red, and anthocyanins, which can be orange, red, 

magenta, purple or blue (Grotewold, 2006).  However, flowers can also be green, in 

which chlorophyll is present in the petals as well as in vegetative tissue, or white, which 

results from a lack of coloured pigment.  Although the pigments present in floral tissue 

play a primary role in attracting pollinators, carotenoids and anthocyanins also function in 

photosynthesis, photoprotection, prevention of herbivory and protection against freezing 

(Chalker-Scott, 1999; Grotewold, 2006; Andersen and Jordheim, 2010). 

 

4.1.3.1  Carotenoids 

 Carotenoid pigments absorb violet to blue light (~400-500 nm; Zscheile et al., 

1942), are essential for photosynthesis (Grotewold, 2006) and play a role in plant 

photoprotection (Howitt and Pogson, 2006).  However, carotenoids are also present as 

secondary compounds in flowers and fruits (Grotewold, 2006).  Carotenoid pigments are 

lipid soluble and are restricted to plastids, where their biosynthesis occurs (Grotewold, 

2006).  In maturing flowers and fruits, chloroplasts develop into chromoplasts, which 

store large amounts of carotenoids (Howitt and Pogson, 2006).  There is evidence that 

gene duplication in several structural genes of the carotenoid biosynthesis pathway 

allowed for decoupling of the regulation of carotenoid biosynthesis in photosynthetic 

vegetative and reproductive tissues.  In the white-flower mutant in tomato (Solanaceae), 

carotenoids no longer accumulate in the flower due to mutations in a chromoplast-specific 

carotenoid biosynthesis gene, although carotenoid levels within photosynthetic tissue 

remain unaltered (Galpaz et al., 2006).  In saffron (Iridaceae), the accumulation of β-

carotene in floral stigmas is controlled by a chromoplast-specific gene, whereas its 

paralogue is expressed in other plant tissues (Ahrazem et al., 2010).  Through these gene 

duplication events, floral carotenoid pigmentation can be altered without decreasing 

photosynthetic efficiency. 

 Although chloroplasts develop into chromoplasts in petals with carotenoid 

pigmentation, chloroplasts become colourless leucoplasts in white-flowered species.  In 

Arabidopsis (Brassicaceae), developing petals contain chloroplasts, which develop into 

leucoplasts as the petal matures (Pyke and Page, 1998).  However, the claw of the 

Arabidopsis petal, the lower half, retains its chloroplasts at maturity, giving it its green 
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colour (Pyke and Page, 1998).  Presumably, green flowers also retain chloroplasts into 

maturity; their concentration reflecting the intensity of floral pigmentation. 

 

4.1.3.2  Anthocyanins 

 Anthocyanins are colourful flavonoid pigments, which are water soluble, 

synthesised in the cytoplasm and then transported to the vacuole where they accumulate 

(Koes et al., 2005).  The three most common anthocyanins are pelargonidins (orange/red 

pigments), cyanidins (red/magenta/blue pigments) and delphinidins (purple/blue 

pigments), and these three pigment types are synthesised on parallel branches of the 

flavonoid biosynthesis pathway (Koes et al., 2005; Hodges and Derieg, 2009; see Fig. 4.2 

for diagram of flavonoid biosynthesis).  Pelargonidins are produced from the core 

enzymes of the pathway, while cyanidin synthesis requires an additional hydroxyl group 

via the enzyme flavonoid 3’-hydroxylase (F3’H) and delphinidins obtain two additional 

hydroxyl groups from the enzyme flavonoid 3’5’-hydroxylase (F3'5'H; Hodges and 

Derieg, 2009). 

The production of floral anthocyanin pigments tends to be primarily down one of 

these parallel pathways, but in the instance of a loss-of-function mutation in either the 

F3’H or F3’5’H genes, the flux of the pathway is redirected down a different branch, 

resulting in a pigmentation shift (Hodges and Derieg, 2009).  With a F3’5’H loss-of-

function, pigmentation shifts from delphinidin to either cyanidin or pelargonidin whereas 

pelargonidins are produced in the absence of cyanidins with the loss of F3’H function 

(Hodges and Derieg, 2009).  These pigmentation shifts often correspond with a shift from 

bee-pollinated blue flowers to hummingbird-pollinated red flowers within several 

angiosperm genera (Rausher, 2008).  Similarly, overexpression of an anthocyanidin 

reductase (ANR), which represents a side branch of the flavonoid biosynthesis pathway, 

drives the flux of the pathway toward production of colourless condensed tannins and 

away from anthocyanin synthesis, resulting in loss of floral pigmentation in Nicotiana 

tabacum (Xie et al., 2003).  Other colourless flavonoid pigments are also found in floral 

tissues (Grotewold, 2006) and may assist in photoprotection as flavonols absorb UV 

radiation (Shirley, 1996). 
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Figure 4.2.  Anthocyanin biosynthesis pathway.  From Rausher (2008). 
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4.1.4  The evolution of floral colour in Nicotiana 

 In this chapter, I investigate the evolution of floral limb colour across Nicotiana 

and in the context of polyploidy and hybridisation.  My specific questions are as follows.  

1) What colour categories are found within the genus Nicotiana?  2) Do polyploid and 

homoploid hybrids have spectral reflectances that are intermediate compared to those of 

their diploid progenitors?  3) Do closely related species tend to have the same floral 

colour, or is there evidence that shifts in floral colour have been important in speciation 

within Nicotiana? 

 

4.2  Materials and Methods 

4.2.1  Plant material 

 Spectral reflectance measurements were recorded for 61 Nicotiana accessions.  

Three flowers from three plants were used for each accession, unless three plants were 

not available.  Accession details and the number of flowers and plants are presented in 

Table 4.1.  Spectral reflectances were taken from three N. otophora accessions (51727, 

51731, and 51739), but were pooled because the accessions were similar. 

 

Table 4.1   Nicotiana accessions used in spectral reflectance dataset 
Species Section Ploidy No. of 

flowers
a
 

No. of 

plants
 

N. acuminata TW2 Petunioides diploid 3 3 
N. arentsii TW12 Undulatae polyploid 3 3 
N. arentsii TW12 new Undulatae polyploid 3 1 
N. attenuata Baldwin Petunioides diploid 3 2 
N. benavidesii 894750181 Paniculatae diploid 3 2 
N. benthamiana TW17 Suaveolentes polyploid 3 3 
N. benthamiana TW17 green Suaveolentes polyploid 3 3 
N. benthamiana TW17 purple Suaveolentes polyploid 1 1 
N. clevelandii TW30 Polydicliae polyploid 3 1 
N. debneyi NIC 434/76 Suaveolentes polyploid 3 1 
N. glauca 51725 Noctiflorae-Petunioides homoploid 3 3 
N. glauca 51751 yellow Noctiflorae-Petunioides homoploid 2 2 
N. glauca 51751 green Noctiflorae-Petunioides homoploid 1 1 
N. glutinosa SCR1 1996 Tomentosae-Undulatae homoploid 3 2 
N. gossei NIC 426/78 Suaveolentes polyploid 1 1 
N. hesperis 974750095 Suaveolentes polyploid 3 1 
N. knightiana CPG Paniculatae diploid 3 3 
N. langsdorffii CAM Alatae diploid 3 3 
N. linearis 964750099 Noctiflorae-Petunioides homoploid 3 1 
N. linearis TW77 Noctiflorae-Petunioides homoploid 3 1 
N. megalosiphon NIC 26/80 Suaveolentes polyploid 3 3 
N. megalosiphon NIC 26/80 green Suaveolentes polyploid 3 3 
N. megalosiphon NIC 26/80 green 
intense 

Suaveolentes polyploid 1 1 
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Species Section Ploidy No. of 

flowers
a
 

No. of 

plants
 

N. miersii TW85 Petunioides diploid 3 3 
N. mutabilis CPG12456 white Alatae diploid 3 3 
N. mutabilis CPG12456 pink Alatae diploid 3 3 
N. mutabilis CPG3 white Alatae diploid 3 3 
N. mutabilis CPG3 pink Alatae diploid 3 3 
N. nesophila 974750097 Repandae polyploid 3 1 
N. noctiflora TW88 Noctiflorae diploid 3 3 
N. nudicaulis 964750114 Repandae polyploid 3 3 
N. obtusifolia Baldwin Trigonophyllae diploid 3 1 
N. obtusifolia TW143 Trigonophyllae diploid 3 3 
N. otophora 51727 and 51731 
green 

Tomentosae diploid 5 3 

N. otophora 51727, 51731 and 
51739 pink 

Tomentosae diploid 4 3 

N. palmeri TW98 Trigonophyllae diploid 3 3 
N. paniculata Paniculatae diploid 3 3 
N. pauciflora TW104 Petunioides diploid 3 3 
N. petunioides TW105 Noctiflorae diploid 3 3 
N. plumbaginifolia TW106 Alatae diploid 3 1 
N. quadrivalvis 904750042 Polydicliae polyploid 3 3 
N. quadrivalvis TW18 Polydicliae polyploid 3 3 
N. raimondii TW109 Paniculatae diploid 3 3 
N. repanda TW110 Repandae polyploid 3 3 
N. rustica var. asiatica Rusticae polyploid 3 3 
N. rustica var. pavonii Rusticae polyploid 3 3 
N. rustica synthetic (U×P) synthetic Rusticae homoploid 3 1 
N. rustica synthetic PUE1 F1 synthetic Rusticae homoploid 3 1 
N. rustica synthetic PUE1-R10 S0 synthetic Rusticae polyploid 3 1 
N. rustica synthetic PUE1-R1 S1 synthetic Rusticae polyploid 3 1 
N. setchellii Tomentosae diploid 3 3 
N. stocktonii TW126 Repandae polyploid 3 3 
N. suaveolens CAM Suaveolentes polyploid 3 3 
N. suaveolens CAM new Suaveolentes polyploid 3 3 
N. sylvestris 6898 Sylvestres diploid 3 3 
N. sylvestris A04750326 Sylvestres diploid 3 2 
N. tabacum 095-55 Genuinae polyploid 3 3 
N. tabacum 51789 Genuinae polyploid 3 1 
N. tabacum 'Chulumani' pink Genuinae polyploid 3 1 
N. tabacum 'Chulumani' 3 pink Genuinae polyploid 1 1 
N. tabacum 'Chulumani' 3 white Genuinae polyploid 1 1 
N. tabacum synthetic QM synthetic Genuinae polyploid 3 2 
N. tabacum synthetic TH37 synthetic Genuinae polyploid 3 1 
S × T (N. sylvestris × N. 

tomentosiformis) 
synthetic Genuinae homoploid 3 2 

N. tomentosiformis BRNO 4103 Tomentosae diploid 3 2 
N. undulata TW145 Undulatae diploid 3 ?b 

N. wigandioides Undulatae diploid 3 1 
N. × obtusiata line 1 synthetic Polydicliae polyploid 3 3 
N. × obtusiata line 2 synthetic Polydicliae polyploid 3 3 
N. × obtusiata line 5 synthetic Polydicliae polyploid 3 3 
TH32 (N. sylvestris × N. otophora) synthetic Sylvestres-

Tomentosae 

polyploid 3 3 

aRepresents the number of flowers used in total, not per plant.  bNicotiana undulata flowers came from 
Versailles, France, and I am unsure as to how many plants they came from. 
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4.2.2  Spectral reflectance measurements 

 Spectral reflectance of flowers was measured from 300 to 700 nm using an 

Avantes AvaSpec-2048 spectrophotometer with an Avantes AvaLight-DHS light source 

and calibrated with a barium sulphate white standard from labsphere®, which reflects UV 

as well as wavelengths from the visual spectrum.  Reflectance spectra measure the 

proportion of light reflected by the flower at any given wavelength.  Three reflectance 

measurements were taken for each flower and usually three flowers per accession (see 

Table 4.1 for details).  Spectral reflectances were visualised and exported in one 

nanometre increments using the program AvaSoft version 7.0.3 Full (Avantes BV, 

Eerbeek, The Netherlands).  Reflectance spectra were imported into Excel using a macro 

written by T. Ings (Queen Mary, University of London, UK). 

 Some reflectance spectra have a large spike at ~656 nm, which corresponds to a 

narrow peak in the spectrum of the light source.  Therefore, the most likely explanation 

for these spikes at ~656 nm is improper calibration of the spectrophotometer, resulting in 

saturation at ~656 nm.  Therefore, the reflectance values for 655-659 nm were deleted 

from all spectra examined because this artefactual spike would disrupt further analyses. 

 The reflectance spectra of N. arentsii, N. mutabilis, N. suaveolens and N. 

wigandioides had an unexpected minimum from about 475-500 nm, which could not be 

explained by the spectrum of the light source.  Further sampling of N. arentsii and N. 

suaveolens showed that this minimum was an artefact in N. suaveolens, but corresponds 

to a more gradual dip in N. arentsii.  All these spectra have been included in the analyses, 

and the additional N. arentsii and N. suaveolens spectra are labelled ‘new.’ 

 The reflectance spectra for each accession or colour morph were averaged 

(usually nine spectra per accession, but see Table 4.1 for details).  The accession averages 

were smoothed three times, using a rolling average over five nanometres. 

 

4.2.3  Progenitor midpoint spectra 

 Although calculating the expected values for polyploids immediately after 

polyploidisation has been straightforward for both the geometric morphometric and 

metric analyses, calculating an expected spectral reflectance for newly formed polyploids 

is more difficult.  First of all, spectral reflectances are not additive, but subtractive 

(Gilbert and Haeberli, 2007).  Consider two pigments:  one that reflects 80% of the light 

at a certain wavelength and one that reflects 50% of the light at the same wavelength.  If 
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these two pigments exist independently, then the spectral reflectance will be 80% and 

50% at that wavelength, respectively.  If, however, they coexist, 40% of the light will be 

reflected because the first pigment will reflect 80% of the light while the second pigment 

will reflect half of the reflected 80%, or 40% of the light at that wavelength.  In order to 

calculate the resulting spectra when two spectra are combined, the two spectra are 

multiplied, e.g. 0.8 × 0.5 = 0.4, or 40% reflectance at that particular wavelength.  

However, the concentration of pigment also affects spectral reflectance.  The spectra in 

Fig. 4.3 represent increasing intensity of pink coloration in N. tabacum ‘Chulumani.’  The 

spectrum with the lowest reflectance is from the most intense pink, as an increase in the 

concentration of pigment will result in a greater absorbance of light. 

 In taking these two considerations into account, the fact that spectral reflectances 

are subtractive and that an increase in the concentration of pigment leads to a decrease in 

reflectance, an estimate of the expected progenitor midpoint spectrum can be calculated.  

The progenitor midpoint spectrum presented here is simply the product of the two 

progenitor spectra.  This method of calculating a progenitor midpoint spectrum is the 

simplest available.  However, a difference in overall pigment concentration should 

change the brightness of the spectral reflectance (the amount of light being reflected) but 

not the hue (the specific shape of the reflectance curve; Fig. 4.3).  In contrast, differences 

in the concentration ratios of individual pigments would change the hue of the spectrum.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.  Increasing pink pigmentation in N. tabacum ‘Chulumani’ flowers. N. tabacum 

‘Chulumani 3 white has the lowest concentration of pigment and N. tabacum ‘Chulumani’ pink has the 
highest concentration.  Note the decrease in reflectance as concentration increases. 
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Therefore, a polyploid or homoploid spectrum which was the same hue as, but a different 

brightness from, the progenitor midpoint spectrum could be considered to have similar 

regulation of pigment genes as its progenitors. 

 In summary, polyploids and homoploids will be considered intermediate in 

spectral reflectance if their spectral hue is the same or similar to that of the progenitor 

midpoint spectrum.  However, if a polyploid or homoploid reflectance has a different hue 

than the progenitor midpoint spectrum, it will be regarded as divergent and is likely to be 

a reflection of a change in the regulation of pigment genes after genome merger.  This 

estimation of the progenitor midpoint spectrum is by no means without flaws, but it is the 

simplest option with the fewest assumptions and is used to provide insight into the 

evolution of spectral reflectance in Nicotiana polyploids. 

 

4.2.4  Colour hexagons 

 Nicotiana spectra were plotted in colour hexagons in order to examine their 

distribution in insect colour space.  In all analyses, the illumination was sunlight and the 

background was represented by the spectrum of a leaf.  Polyploid spectra were also 

plotted by section along with the spectra of their progenitors and their midpoint.  The hue 

of polyploid flowers was compared to that of the progenitor midpoint in order to 

determine whether polyploid flower colour was intermediate or divergent.  As hue 

changes as one moves around the origin, difference in hue was measured via the angular 

distance between two points.  The insect blue vertex was designated as 0º, and angle 

increased clockwise around the origin.  The angle of each Nicotiana spectrum and 

midpoint spectrum was calculated using trigonometry, and the angular distance between 

polyploid accessions and their progenitor midpoints were obtained.  This angular distance 

measurement was then plotted against polyploid age to determine whether older 

polyploids are more divergent in colour. 

 

4.2.5  Inferring possible pigments present in spectral 

reflectances 

 In order to infer the broad groups of pigments likely to be present within floral 

spectra, the reflectance spectra for certain pigments in vitro were obtained.  Absorption 

spectra of chlorophyll a, chlorophyll b, and β-carotene were downloaded from 
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http://omlc.ogi.edu/spectra/PhotochemCAD/html/alpha.html, and the absorption spectrum 

of cyanidin 3-rutinoside (the predominant anthocyanin found in N. tabacum (Aharoni et 

al., 2001)) was kindly provided by Ø. M. Andersen (University of Bergen, Norway).  

Reflectance spectra were calculated from 300-700 nm in 5 nm increments using the 

equation: 

% R = 10(2-A) 

where R represents reflectance and A is the absorbance at any given wavelength 

(http://www.microspectra.com/support/service-contracts/algorithms-used-for-

microspectroscopy).  Percent reflectance was then decimalised by dividing by 100.  The 

resulting reflectance spectra are found in Fig. 4.4a. 

The chlorophyll a spectrum has absorption maxima (reflectance minima) at 415 

nm and 660 nm whereas those of the chlorophyll b spectrum are 435 nm and 625 nm.  

However, the absorption peak of chlorophyll in vivo is at around 675 nm (Haardt and 

Maske, 1987).  β-carotene absorbs from 360-500 nm with an absorption maximum at 450 

nm.  Cyanidin 3-rutinoside absorbs from 350-600 nm with an absorption maximum at 520 

nm and also has a reflectance maximum at 345 nm.  The products of different spectral 

combinations were calculated to estimate the shape of the reflectance spectra including 

two or more pigments (Fig. 4.4b).  The reflectances with both chlorophyll a and b have a 

reflectance maximum at around 475 nm, whereas those that include the presence of β-

carotene pigments have a shoulder at around 475 nm and a reflectance maximum at 

around 520 nm (Fig. 4.4b).  Also, the addition of chlorophyll b causes a red shift in the 

positive slopes of spectra in the blue wavelengths (Fig. 4.4b). 

 As the reflectance spectra of two pigments can be estimated by multiplying the 

individual spectra from the two pigments, the difference in reflectance between two 

spectra can be estimated by dividing them.  In order to determine the reflectance spectra 

for the difference between the two N. otophora spectra, the ‘pink’ spectrum was divided 

by the ‘green’ spectrum.  The resulting spectrum, which represents the likely reflectance 

spectrum of the pink pigment present in N. otophora, was then multiplied by the N. 

sylvestris 6898 spectrum to estimate the likely reflectance of the pink N. otophora 

pigment in an N. sylvestris flower.  Because N. sylvestris and N. otophora are the 

progenitors of the synthetic polyploid TH32, these spectral comparisons will facilitate 

explanation of the spectral reflectance of TH32 flowers. 
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Figure 4.4.  Reflectance spectra of isolated pigments.  a) Reflectance spectra from isolated pigments in 

vitro.  Cyanidin 3-rutinoside is the primary anthocyanin responsible for pink pigmentation in N. tabacum 
(Aharoni et al, 2001).  Note that the reflectance spectra of isolated pigments may be altered to those seen in 

vivo.  However, these spectra will provide guidance in estimating the likely pigments present within 
Nicotiana based on spectral reflectances. b) Product spectra of isolated pigments to estimate the likely 
shapes seen in spectra from species which possess these combinations of pigments.  chla=chlorophyll a; 
chlb=chlorophyll b; bc=beta-carotene; cyan=cyanidin 3-rutinoside.  Note dip in reflectance from 450-500 
nm with addition of beta-carotene pigmentation and the red shift in the positive slope in the blue 
wavelengths (400-450 nm) with the addition of chlorophyll b. 
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4.2.6  Principal components analysis on spectral 

reflectance data 

 In preparation for use in a principal components analysis (PCA) of all floral 

characters measured in this thesis (geometric morphometrics, tube length and width and 

floral colour), principal components analyses were performed on the spectral reflectance 

dataset.  The goal of these analyses was to break down the spectral reflectance dataset to a 

few characters, which still give a good representation of the whole spectral dataset and 

can be used in the all dataset PCA to represent floral colour.  A PCA was performed in 

Minitab 15.1 (Minitab, Inc., State College, PA, USA) using the reflectance values at 25 

nm increments as variables.  From this PCA, the wavelength variables with the highest 

principal component loadings (350, 550 and 675 nm) as well as 450 nm were chosen to 

represent the data.  Another PCA was performed using only these four wavelengths as 

variables, and the resulting principal components were compared to the principal 

components of the 25 nm increment PCA.  These four wavelengths not only seem to 

provide a good representation of the entire spectral dataset, but are also biologically 

relevant.  The three insect photoreceptor types have sensitivity maxima at around 350, 

450 and 550 nm (Peitsch et al., 1992), and 675 nm represents the in vivo chlorophyll 

absorption peak (Haardt and Maske, 1987). 

 

4.2.7  Mapping colour characters onto phylogenetic 

trees 

 In order to examine the evolution of colour in the context of Nicotiana divergence, 

colour characters were mapped onto a modified plastid phylogenetic tree (Clarkson et al., 

2004) in MacClade, version 4.08 (Maddison and Maddison, 2000).  However, taxa not 

included in the plastid analysis, N. benthamiana, N. hesperis, N. mutabilis, and N. 

setchellii, were added to the tree based on their phylogenetic position in other molecular 

trees (Chase et al., 2003; Clarkson et al., 2010; Kelly et al., 2010).  As the N. attenuata 

material used for the plastid dataset was likely misidentified and was actually N. 

acuminata, N. attenuata was added to the tree as unresolved within section Petunioides.  

Also, the accessions of N. tabacum and N. rustica used in this chapter were added to the 

plastid tree in unresolved polytomies.  Four colour characters were mapped onto this tree:  

1) the presence or absence of chloroplasts in corolla tissue determined by the presence or 
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absence of a chlorophyll absorption peak at 675 nm; 2) human colour (green/yellow, 

pink, white); 3) insect colour (blue, blue-green, green, UV/UV-green, UV-blue); and 4) 

categories of the Nicotiana species (white, cream, UV-white, pink, and green/yellow) 

based on the shape of the spectra within Nicotiana.  MacClade inferred the likely 

ancestral types for each character where possible, allowing for examination of directional 

shifts in floral colour in Nicotiana. 

 

4.3  Results 

4.3.1  Reflectance spectra by colour 

 Chittka et al. (1994) categorised the floral spectral reflectances of 573 plant 

species into 10 possible reflectance types.  Nicotiana floral colour was categorised 

according to the shape of reflectance spectra into five categories (white, cream, UV-

white, pink, and green/yellow) with reference to the categories in Chittka et al. (1994).  In 

categorising the spectra via the shape of their reflectance curves, reflectance signals from 

both UV and red wavelengths can be included.  However, these categories may not 

necessarily reflect relevant distinctions in pollinator perception.  Nonetheless, it is a better 

categorisation system than human colours, as humans perform no natural pollination.  

Although some species in the pink and green/yellow colour groups have higher UV 

reflectance (N. setchellii and N. tabacum 095-55 in the pink group and N. benavidesii and 

N. raimondii in the green/yellow group), the original groups are maintained due to small 

sample sizes of the UV reflecting species if groups were separated. 

White spectra have low UV reflectance (~5-13% reflectance) from 300-400 nm, 

then a steep rise in reflectance at around 400 nm and equal reflectance values from about 

425-700 nm (Fig. 4.5).  The reflectance values of white spectra from 425-700 nm vary 

from about 60-90% reflectance depending on the accession.  All of these spectra fall into 

reflectance type 3 as described by Chittka et al. (1994). 

 Cream spectra are similar to white spectra as they also have low UV reflectance 

from 300-400 nm (~3-12% reflectance) and then increase in reflectance from 400-700 nm 

(Fig. 4.6).  However, the increase in reflectance at 400 nm is more gradual in the cream 

spectra than in the white ones.  Also, the cream spectra have a further slight increase in 

reflectance at around 500 nm and a dip in reflectance at around 675 nm.  This dip at 675 

nm corresponds to the in vivo chlorophyll absorption peak (Haardt and Maske, 1987),  
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Figure 4.5.  White spectra in Nicotiana. Measured from 300-700 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6.  Cream spectra in Nicotiana.  Measured from 300-700 nm. 
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Figure 4.7.  UV-white spectra in Nicotiana.  Measured from 300-700 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8.  Pink spectra in Nicotiana.  Measured from 300-700 nm. 
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Figure 4.9.  Green/yellow spectra in Nicotiana.  Measured from 300-700 nm. 
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resemble the cream flowers (type 9) rather than the white flowers (type 3) from 400-700 

nm as type 8 flowers do in Chittka et al. (1994). 

 The pink spectra also have low UV reflectance at about 4-9% reflectance, whereas 

the N. glutinosa spectrum only has about 1-3% UV reflectance from 300-375 nm (Fig. 

4.8).  From 400-700 nm, the pink spectra are characterised by two peaks in reflectance, 

one from about 400-500 nm and the other from about 600-700 nm or the blue and red 

peaks, respectively.  The maximum reflectance of these peaks varies between spectra, but 

there seem to be four categories of difference between the reflectance maxima of blue and 

red peaks.  The blue peak can be ~5-10%, ~15-30%, ~35-40%, or ~50-60% lower in 

reflectance than the red peak.  The positive slope of the red peak in spectra with 35-60% 

lower reflectance in the blue peak is shifted around 25 nm or more toward the red than 

spectra with 5-30% lower reflectance in the blue peak.  There also seem to be differences 

in the wavelength of maximum reflectance (λmax) in the blue peak between spectra, which 

are presented in Table 4.2.  These differences in λmax suggest different suites of 

anthocyanin pigments within these species.  Further differences are present in the N. 

glutinosa, N. otophora, N. setchellii and N. tomentosiformis spectra because they possess 

a chlorophyll absorption peak at 675 nm.  These spectra fall into reflectance type 4 from 

Chittka et al. (1994), except N. setchellii, which seems to be type 5 due to its peak in the 

near UV. 

 
Table 4.2.  λmax of the blue peak in pink Nicotiana spectra 
Species Section Ploidy λmax 

(nm) 

N. setchellii Tomentosae diploid 381 
N. tabacum 095-55 Genuinae polyploid 419 
N. mutabilis CPG3 pink Alatae diploid 423 
N. mutablis CPG12456 pink Alatae diploid 425 
N. tabacum synthetic QM synthetic Genuinae polyploid 440 
TH32 (N. sylvestris × N. otophora) synthetic Sylvestres-Tomentosae polyploid 451 
S × T synthetic Genuinae homoploid 451 
N. tabacum 51789 Genuinae polyploid 453 
N. tabacum synthetic TH37 synthetic Genuinae polyploid 456 
N. tomentosiformis BRNO 4103 Tomentosae diploid 463 
N. tabacum ‘Chulumani’ pink Genuinae polyploid 464 
N. tabacum ‘Chulumani’ 3 pink Genuinae polyploid 464 
N. otophora pink Tomentosae diploid 464 
N. glutinosa Tomentosae-Undulatae homoploid 466 

 

 The green/yellow spectra have their highest reflectance from 500-700 nm, with a 

predominant chlorophyll absorption peak at 675 nm (Fig. 4.9).  The yellow spectra, from 
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the N. glauca accessions, have a much lower chlorophyll absorption peak.  Most spectra 

have two small reflectance peaks with maxima at around 400 and 470 nm.  However, in 

two spectra, those of N. benavidesii and N. raimondii, the first of these peaks is shifted to 

about 385 nm and has a higher reflectance.  The reflectance maxima of these spectra 

range from about 45-70% reflectance, but the spectra of N. paniculata and N. knightiana 

are much lower in reflectance, with maxima at ~25% and ~13% respectively.  Nicotiana 

paniculata and N. knightiana spectra also lack the two small peaks around 400 and 470 

nm.  Both the green and yellow spectra fall into reflectance type 1 (Chittka et al., 1994), 

although the green spectra in Nicotiana have a much more pronounced chlorophyll 

absorption peak at 675 nm.  Nicotiana knightiana and N. paniculata are type 10, which 

represent only a small percentage of the flowers examined by Chittka et al. (1994), but all 

of the foliage spectra. 

 

4.3.2  Nicotiana species in insect colour space 

 The colour hexagon models insect colour space and allows for visualisation of 

whether spectra are similar or distinct in appearance to insects.  The Nicotiana species 

examined fall into all six insect colours, but the majority are blue-green whereas only a 

few are UV or UV-green (Fig. 4.10a, b).  Species placed in the same human colour 

category are not necessarily the same insect colour.  For example, N. otophora pink, N. 

tabacum synthetic QM and N. tabacum 095-55 are all classified as human pink, but are 

blue-green, blue, and UV-blue to insects respectively.  Flowers with spectra that fall very 

close to the origin will be difficult for insects to distinguish from the background leaves 

(Chittka, 1992); in fact, spectra that are <0.04 hexagon units (hu) from the origin will be 

virtually impossible for insects to distinguish from the background, whereas spectra that 

are between 0.04 and 0.1 hu from the origin are distinguishable, but difficult for insects to 

see compared to the foliage (Dyer and Chittka, 2004).  Nicotiana raimondii and N. 

undulata are <0.04 hu from the origin, and therefore it is unlikely that insects will be able 

to easily distinguish these flowers.  However, in many Nicotiana species, the flowers are 

positioned above the leaves, which perhaps makes them more conspicuous to insects. 

 

4.3.3  The evolution of spectral reflectance in polyploids 

 As described in section 4.2.3, the progenitor midpoint spectrum is a product of the 

progenitor spectra.  Due to possible differences in overall pigment concentration,  
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Figure 4.10.  Colour hexagon coordinates for all Nicotiana spectra.  a) Circles around the centre 
represent a radius of 0.04 hexagon units (hu) and 0.1 hu from the origin.  Insects will find it nearly 
impossible to differentiate colours from the background within the 0.04 circle and find it very difficult to 
differentiate colours within the 0.1 circle without a reward (Dyer and Chittka, 2004).  Dotted hexagon 
represents 50% stimulation of the photoreceptors, and this hexagon space will be used in all further figures 
in order to facilitate clarity as Nicotiana spectra tend to cluster near the origin.  b) 50% inset of all 
Nicotiana spectra.  UV=ultraviolet; UV-B=UV-blue; B=blue; B-G=blue-green; G=green; UV-G=UV-
green. 
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polyploid spectra may be different from the progenitor midpoint spectrum in brightness 

(the amount of light reflected), but is expected to share the same or a similar hue.  To 

assess whether the polyploid spectra have a similar hue to the midpoint spectrum, the 

shapes of the two spectra as well as their position in the insect colour hexagon will be 

compared. 

 

4.3.3.1  Nicotiana tabacum—formed <0.2 million years ago 

 The progenitor midpoint spectrum resembles the spectrum of the paternal 

progenitor, N. tomentosiformis, but the N. tabacum spectra display shapes that are 

distinctly different from the midpoint spectrum (Fig. 4.11a).  Therefore, as the N. 

tabacum spectra have changed in hue from the midpoint, it is likely that the N. tabacum 

accessions do not have additive regulation of progenitor pigment genes.  As mentioned in 

section 4.3.1 and Table 4.2, λmax in the blue peaks of these spectra has shifted.  Nicotiana 

tabacum 095-55 is the furthest blue shifted with a λmax of 419 nm.  Nicotiana tabacum 

synthetic QM has a λmax of 440 nm, whereas the λmax of N. tabacum 51789, N. tabacum 

synthetic TH37 and S × T ranges from 451-456 nm.  Nicotiana tabacum ‘Chulumani’ is 

the furthest red shifted with a λmax of 464 nm.  These shifts indicate that these N. tabacum 

accessions are likely to have differences in pigment composition. 

 In the insect colour space, the progenitors are either blue, both N. sylvestris 

accessions, or blue-green, N. tomentosiformis (Fig. 4.11b).  The progenitor midpoint line 

also falls in the blue-green.  The N. tabacum spectra are either blue-green, blue, or UV-

blue.  The N. tabacum synthetic TH37, S × T and N. tabacum ‘Chulumani’ spectra are 

blue-green and close to the progenitor midpoint line.  Nicotiana tabacum synthetic QM 

and N. tabacum 51789 are blue, but N. tabacum 51789 is much closer to the blue-green 

boundary and also to the progenitor midpoint line.  Nicotiana tabacum 095-55 is UV-blue 

and distinct from the midpoint line. 

 

4.3.3.2  TH32 (N. sylvestris × N. otophora)—synthetic polyploid 

 The paternal progenitor, N. otophora, has two reflectance spectra because the pink 

coloration can vary across N. otophora flowers (Fig. 4.12a).  The second ‘green’ 

spectrum has actually been classified as cream due to its spectral reflectance (section 

4.3.1).  The progenitor midpoint was calculated as the product of the N. sylvestris 6898 

and N. otophora pink spectra because TH32 has obviously inherited its pink pigment  
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Figure 4.11.  Spectral reflectance analysis: N. tabacum.  a) Natural and synthetic N. tabacum and 
progenitor spectra.  Progenitor midpoint spectrum in red. b) Colour hexagon coordinates for natural and 
synthetic N. tabacum and progenitor spectra.  Red line denotes the hue of the progenitor midpoint.  50% of 
the colour hexagon space shown.  UV=ultraviolet; UV-B=UV-blue; B=blue; B-G=blue-green; G=green; 
UV-G=UV-green. 
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Figure 4.12.  Spectral reflectance analysis: TH32.  a) TH32 and progenitor spectra.  Progenitor 
midpoint spectrum in red.  b) Colour hexagon coordinates for TH32 and progenitor spectra.  Red line 
denotes the hue of the progenitor midpoint.  50% of the colour hexagon space shown.  UV=ultraviolet; UV-
B=UV-blue; B=blue; B-G=blue-green; G=green; UV-G=UV-green. 
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from its paternal progenitor, N. otophora.  As in N. tabacum, the progenitor midpoint 

resembles the pink spectrum from N. otophora, but the spectrum of TH32 has a shape that 

is distinct from the midpoint spectrum (Fig. 4.12a).  The spectrum of N. otophora is 

similar to that of N. tomentosiformis, and TH32 resembles the N. tabacum spectra and is 

most similar to the S × T spectrum (Fig. 4.8).  In fact, these two spectra have the same 

λmax (451 nm).  As the TH32 spectrum is distinct in shape from the progenitor midpoint 

spectrum, it is unlikely to have additive regulation of pigment genes. 

 In the colour hexagon, the progenitor midpoint line falls in the blue-green, along 

with both N. otophora spectra, whereas the N. sylvestris accessions are blue as mentioned 

previously (Fig. 4.12b).  TH32 is blue-green and very close to the N. otophora green 

spectrum.  It is also close to the progenitor midpoint line. 

 

4.3.3.3  Nicotiana rustica—formed <0.2 million years ago 

 The spectra of the progenitors, N. paniculata and N. undulata, are similar, but the 

latter has a higher reflectance and also has two small peaks with maxima at around 400 

and 470 nm, which N. paniculata lacks (Fig. 4.13a).  The progenitor midpoint spectrum 

resembles that of N. paniculata.  The N. rustica spectra are intermediate in reflectance 

between N. undulata and N. paniculata, but resemble N. undulata in shape as they also 

have two small peaks in reflectance at around 400 and 470 nm.  The N. rustica spectra are 

similar to the progenitor midpoint spectrum, but the midpoint spectrum also lacks the two 

small peaks in the shorter wavelengths.  However, in this region, the midpoint spectrum is 

only reflecting about 1-2% of the light; therefore, it is likely that the concentration of 

pigment is high enough that all light from those wavelengths has been absorbed (Gilbert 

and Haeberli, 2007).  The N. rustica spectra are certainly similar in shape to the 

progenitor midpoint spectrum; therefore, it is possible that the N. rustica accessions have 

additive regulation of progenitor pigment genes.  All N. rustica spectra share the same 

shape and have a range of about 10-15% reflectance at any given wavelength. 

 In the colour hexagon, N. paniculata is insect green and N. undulata is insect blue, 

although N. undulata is most likely to be inconspicuous to insects because it is so close to 

the origin of the hexagon (Fig. 4.13b).  The progenitor midpoint line is insect green.  All 

the N. rustica accessions are also insect green, except N. rustica synthetic PUE1-R10 S0, 

which is insect blue-green.  Nicotiana rustica var. asiatica and all of the synthetic PUE1 

series are clustered near the blue-green/green border and are close to the midpoint line.   
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Figure 4.13.  Spectral reflectance analysis: N. rustica.  a) Natural and synthetic N. rustica and 
progenitor spectra.  Progenitor midpoint spectrum in red.  b) Colour hexagon coordinates for natural and 
synthetic N. rustica and progenitor spectra.  Red line denotes the hue of the progenitor midpoint.  50% of 
the colour space shown.  UV=ultraviolet; UV-B=UV-blue; B=blue; B-G=blue-green; G=green; UV-G=UV-
green. 
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Figure 4.14.  Spectral reflectance analysis: N. arentsii.  a) N. arentsii and progenitor spectra.  
Progenitor midpoint spectrum in red. b) Colour hexagon coordinates for N. arentsii and progenitor spectra.  
Red line denotes the hue of the progenitor midpoint.  50% of the colour space shown.  UV=ultraviolet; UV-
B=UV-blue; B=blue; B-G=blue-green; G=green; UV-G=UV-green. 
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Nicotiana rustica synthetic (U×P) is closer to the origin that the others and falls on the 

midpoint line.  Nicotiana rustica var. pavonii falls close to N. paniculata and the 

midpoint line. 

 

4.3.3.4  Nicotiana arentsii—formed <0.2 million years ago 

 The progenitors, N. undulata and N. wigandioides, have spectra of similar shape, 

but N. undulata reflects in the UV from about 350 nm, whereas N. wigandioides does not 

(Fig. 4.14a).  The progenitor midpoint spectrum resembles that of N. undulata, but 

without UV reflectance.  The N. arentsii spectra are similar in shape to the midpoint 

spectrum, but the increase in reflectance from 500-650 nm is not as pronounced in the N. 

arentsii spectra.  However, the spectra are similar in shape, so it is possible that N. 

arentsii has additive pigment gene regulation. 

 In the colour hexagon, N. wigandioides is blue-green whereas N. undulata is blue, 

but likely achromatic to an insect (Fig. 4.14b).  The progenitor midpoint line is insect 

blue-green.  The N. arentsii spectra are closest to N. wigandioides in both hue and 

saturation but are also close to the midpoint line. 

 

4.3.3.5  Nicotiana section Polydicliae—formed ~1 million years 

ago 

 In this section, there are two accessions of the maternal progenitor, N. obtusifolia.  

The N. × obtusiata lines were made using N. obtusifolia Baldwin as the maternal parent 

(Anssour et al., 2009), and the data for N. obtusifolia TW143 had already been collected 

by the time the seeds of the N. × obtusiata lines and N. obtusifolia Baldwin were 

received.  The N. attenuata accession included in all analyses here is the accession used 

as the paternal parent for the N. × obtusiata lines.  Two progenitor midpoint spectra were 

calculated: one using N. obtusifolia Baldwin and one using N. obtusifolia TW143 (Fig. 

4.15a).  The progenitor midpoint spectra are similar to the N. obtusifolia spectra, but do 

not reflect UV.  The spectra of the N. × obtusiata lines are very similar in shape to the 

progenitor midpoint spectra, so it is likely that they have additive regulation of progenitor 

pigment genes.  Although the progenitor midpoint spectrum has a noticeable chlorophyll 

absorption peak, the N. quadrivalvis spectra only have a slight dip at 675 nm, whereas the 

N. clevelandii spectrum lacks a chlorophyll absorption peak altogether.  In fact, the N. 

clevelandii spectrum has been classified as white (section 4.3.1) due to the absence of a  



 182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15.  Spectral reflectance analysis: section Polydicliae.  a) Natural and synthetic Polydicliae 

and progenitor spectra.  Progenitor midpoint spectra in red and pink. b) Colour hexagon coordinates for 
natural and synthetic section Polydicliae and progenitor spectra.  Red line denotes the hue of the progenitor 
midpoint.  50% of the colour space shown.  UV=ultraviolet; UV-B=UV-blue; B=blue; B-G=blue-green; 
G=green; UV-G=UV-green. 
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Figure 4.16.  Spectral reflectance analysis: section Repandae.  a) Section Repandae and progenitor 
spectra.  Progenitor midpoint spectra in red with double dotted line, calculated from N. sylvestris 6898 and 
N. obtusifolia TW143 spectra. b) Colour hexagon coordinates for section Repandae and progenitor spectra.  
Red line denotes the hue of the progenitor midpoint.  50% of the colour space shown.  UV=ultraviolet; UV-
B=UV-blue; B=blue; B-G=blue-green; G=green; UV-G=UV-green. 
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chlorophyll absorption peak and the rapid increase and plateau in reflectance at around 

400 nm.  The N. quadrivalvis spectra have been classified as cream (section 4.3.1) 

because they show slight evidence of the presence of chlorophyll and a more gradual 

increase to the maximum reflectance.  Therefore, the N. quadrivalvis spectra are more 

similar to the midpoint spectrum than the N. clevelandii spectrum is, but they differ in 

shape as they lack the increase in reflectance from about 500-650 which is present in the 

midpoint spectrum.  In summary, the spectra of the N. × obtusiata lines are similar to that 

of the progenitor midpoint spectrum, the N. quadrivalvis spectra are somewhat similar 

and the N. clevelandii spectrum is distinct, implying additivity of pigment gene regulation 

in the N. × obtusiata lines but possible non-additivity in N. clevelandii and N. 

quadrivalvis.  None of the polyploids have inherited UV reflectance from N. obtusifolia. 

 In the colour hexagon, N. attenuata and both progenitor midpoint lines (using 

either N. obtusifolia Baldwin or N. obtusifolia TW143) fall in insect blue-green, whereas 

the N. obtusifolia spectra are UV-blue (Fig. 4.15b).  In fact, the midpoint lines are 

indistinguishable from each other.  All polyploid spectra are blue-green.  Both N. 

quadrivalvis and all the N. × obtusiata spectra cluster with N. attenuata and are close to 

the midpoint lines.  Nicotiana clevelandii is intermediate in saturation between N. 

attenuata and the midpoints and falls close to the midpoint lines. 

 

4.3.3.6  Nicotiana section Repandae—formed ~4.5 million years 

ago 

 For section Repandae, the progenitor midpoint spectrum has been calculated as 

the product of the N. sylvestris 6898 and N. obtusifolia TW143 spectra.  However, the 

spectra for N. sylvestris A04750326 and N. obtusifolia Baldwin are still shown in Fig. 

4.16a.  As in section 4.3.3.5, the progenitor midpoint spectrum resembles that of N. 

obtusifolia, but does not reflect in the UV.  None of the Repandae polyploid spectra has 

the same shape as the progenitor midpoint spectrum.  In fact, the spectra of N. repanda, 

N. nesophila and N. stocktonii TW126 are similar in shape to the N. sylvestris spectra, 

although the N. stocktonii TW126 spectrum has a slight dip at 675 nm.  The N. nudicaulis 

spectrum is similar in shape to the N. obtusifolia spectra as it also reflects in UV.  

Therefore, the Repandae polyploid spectra are distinct from the progenitor midpoint but 

resemble one or the other of their progenitors, indicating that in these polyploids it is 

likely that the pigment genes of one progenitor have become dominant over the other. 
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 In the colour hexagon, the N. sylvestris accessions are blue and the N. obtusifolia 

spectra are UV-blue.  The Repandae progenitor midpoint falls in the blue-green (Fig. 

4.16b).  Nicotiana repanda and N. stocktonii TW126 cluster with N. sylvestris 

A04750326 on the blue/blue-green border, while N. nesophila clusters with the progenitor 

midpoint.  All three of these spectra are close to the midpoint line.  Nicotiana nudicaulis, 

however, clusters with the N. obtusifolia spectra in the UV-blue and is further from the 

midpoint line. 

 

4.3.3.7  Summary of polyploid spectral reflectance divergence 

 Table 4.3 summarises the divergence of polyploids in spectral reflectance by 

listing whether the polyploid spectra are most similar to the spectrum of the progenitor 

midpoint, the maternal progenitor, the paternal progenitor or none of them.  Polyploid, 

progenitor and progenitor midpoint spectra are also categorised into colour groups as 

described in section 4.3.1.  In all polyploid sections, the progenitor midpoint spectrum 

had a much lower reflectance than any polyploid spectra, suggesting that polyploids tend  

 

Table 4.3.  Summary table of polyploid divergence in spectral reflectance 
 

Polyploid 

Polyploid 

colour 

Maternal 

progenitor 

colour 

Paternal 

progenitor 

colour 

Progenitor 

midpoint 

colour 

Polyploid 

resembles which? 

all N. tabacum 

spectra 
pink white pink, with 

chlorophyll 
pink, with 

chlorophyll 
none 

TH32 (N. sylvestris 

× N. 

tomentosiformis) 

pink white pink, with 
chlorophyll 

pink, with 
chlorophyll 

none 

all N. rustica 
spectra 

green green, low 
reflectance 

green, higher 
reflectance 

green, low 
reflectance 

paternal progenitor 

both N. arentsii 
spectra 

cream green cream cream paternal progenitor 
and midpoint 

Polydicliae: 
all N. × obtusiata 

cream UV-white cream cream progenitor 
midpoint 

Polydicliae: 
N. clevelandii 

 
white 

 
UV-white 

 
cream 

 
cream 

none,  
but paternal 

progenitor closest 
Polydicliae: both 
N. quadrivalvis 

spectra 

 
cream 

 
UV-white 

 
cream 

 
cream 

 
paternal progenitor 

Repandae: 
N. nesophila 

white white UV-white cream maternal progenitor 

Repandae: 
N. repanda 

white white UV-white cream maternal progenitor 

Repandae: 
N. stocktonii 

TW126 

 
cream 

 
white 

 
UV-white 

 
cream 

 
maternal progenitor 

Repandae: 
N. nudicaulis 

UV-white white UV-white cream paternal progenitor 
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Figure 4.17.  Polyploid distance in hue from midpoint versus age.  Angular distance of the polyploid 
from the progenitor midpoint in the colour hexagon plotted versus polyploid age.  Note the three outliers, 
which correspond to N. tabacum synthetic QM, N. tabacum 095-55, and N. nudicaulis spectra. 

  

to have a lower overall concentration of pigment than expected by the progenitor 

midpoint spectrum. 

 There does not seem to be a correlation between polyploid age and difference in 

hue between the polyploid and the progenitor midpoint (Fig. 4.17).  In fact, most 

polyploids seem to be similar in hue to the progenitor midpoint.  However, three 

polyploids, N. nudicaulis, N. tabacum synthetic QM, and N. tabacum 095-55, have 

strikingly high angular distances from the midpoint as compared to the rest, confirming 

that they are divergent in colour.  Both the N. tabacum accessions display a floral colour 

that is not only distinct from their progenitor midpoint but also from both progenitors.  

Nicotiana nudicaulis, however, resembles its paternal progenitor, N. obtusifolia, in 

spectral reflectance. 

 The colour hexagon not only models insect colour vision but has also provided a 

way of quantitatively measuring the distance between polyploid and progenitor midpoint 

hue.  However, as insects are relatively insensitive to longer wavelengths (~650-700 nm; 

Peitsch et al., 1992), the reflectance in these wavelengths is not included in the measure 

of hue presented in the colour hexagon.  Therefore, if polyploid spectra differ from the 

progenitor midpoint spectrum at 650-700 nm, it is possible that the distance in hue 

between them is actually greater than that calculated in insect colour space.  The N. 

tabacum accessions and TH32 have high reflectance at 650-700 nm, whereas their 
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progenitor midpoints have lower reflectance, so it is possible that more of these 

accessions are distinct in hue from the progenitor midpoint than is apparent in these 

analyses. 

 

4.3.4  The evolution of spectral reflectance in 

homoploids 

 In sections Noctiflorae and Petunioides, the spectral reflectances are either white 

(N. acuminata and N. noctiflora), cream (N. attenuata, N. miersii, and N. petunioides), or 

UV-white (N. pauciflora; Fig. 4.18a).  Homoploid N. linearis accessions are UV-white, 

whereas N. glauca accessions are yellow and green.  Nicotiana glauca is clearly 

extremely divergent in spectral reflectance and seems to have evolved strongly pigmented 

flowers whereas all extant species in the sections from which it originated are some form 

of white.  The UV-white spectra of N. linearis are less surprising, due to the presence of 

UV-white flowers within section Petunioides.  UV-white flowers are rare (0.9% of the 

dataset in Chittka et al. (1994)), presumably because they equally stimulate the UV, blue 

and green photoreceptors of bees, and therefore appear achromatic (Chittka et al., 1994).  

In the colour hexagon, the species in sections Noctiflorae and Petunioides are mainly 

blue-green or blue, except for N. pauciflora, which is UV-blue (Fig. 4.18b).  The N. 

linearis spectra cluster with N. pauciflora, whereas the N. glauca spectra are green and 

much more saturated than the others. 

 Spectral reflectance in sections Tomentosae and Undulatae is varied and includes 

cream (N. wigandioides and N. otophora green), green (N. undulata) and pink (N. 

otophora pink, N. tomentosiformis, and N. setchellii) spectra (Fig. 4.19a).  The pink 

spectra include both type 4 and type 5 as classified by Chittka et al. (1994).  The 

homoploid N. glutinosa has a spectral reflectance that is nearly identical to that of N. 

tomentosiformis.  However, the N. glutinosa spectrum has lower UV reflectance; in fact, 

from 300-350 nm, the reflectance is less than 2%.  In the colour hexagon, the species of 

sections Tomentosae and Undulatae are also blue-green or blue, except N. setchellii, 

which is UV-blue (Fig. 4.19b).  Nicotiana glutinosa is blue-green as well and similar to 

N. otophora pink.  In summary, homoploid spectra can either be similar to the spectral 

reflectances present in their progenitor sections, like N. linearis and N. glutinosa, or 

highly divergent, like N. glauca.  
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Figure 4.18.  Spectral reflectance analysis: Noctiflorae-Petunioides homoploids.  a) Spectra from 
sections Noctiflorae and Petunioides and their putative homoploid species, N. glauca and N. linearis. b) 
Colour hexagon coordinates for sections Noctiflorae and Petunioides and their putative homoploids, N. 

glauca and N. linearis.  50% of the colour space shown.  UV=ultraviolet; UV-B=UV-blue; B=blue; B-
G=blue-green; G=green; UV-G=UV-green. 
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Figure 4.19.  Spectral reflectance analysis: N. glutinosa.  a) Spectra from sections Tomentosae and 
Undulatae and their putative homoploid, N. glutinosa. b) Colour hexagon coordinates for sections 
Tomentosae and Undulatae and their putative homoploid, N. glutinosa.  50% of the colour space shown.  
UV=ultraviolet; UV-B=UV-blue; B=blue; B-G=blue-green; G=green; UV-G=UV-green. 
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4.3.5  Possible deviation from expected polyploid 

pigmentation 

 As shown in Fig. 4.20, the TH32 spectrum is more similar to the product of the N. 

otophora quotient spectrum and the N. sylvestris 6898 spectrum than the progenitor 

midpoint spectrum.  These results suggest that the synthetic TH32 polyploid inherited the 

anthocyanin pigment from its paternal progenitor, N. otophora, but on a corolla limb 

background similar to that of its maternal progenitor, N. sylvestris. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20.  Pink pigments in N. otophora and TH32.  Differences in N. otophora spectra determined 
by dividing them, yeilding the N. otophora quotient, which resembles the spectral reflectance of the 
pigments found in N. otophora pink, but not N. otophora green.  Note that TH32 resembles the product of 
the N. otophora quotient and N. sylvestris 6898 more closely than the progenitor midpoint spectrum. 
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four colour variables were chosen for inclusion in the all dataset PCA in order to balance 

the number of variables representing form and colour.  An excess of colour variables will 

give more weight to floral colour in the analysis and may overwhelm the signal from the 

morphometric and metric datasets. 

 The first three principal components of the 25 nm increment PCA account for 

65.7%, 20.5% and 8.2% of the variation in the spectral reflectance data, respectively.  The 

first component seems to be mainly based on the amount of overall reflectance across the 

spectra, whereas the second and third account for differences in hue.  The second 

component displays the amount of reflectance in the UV, whereas one extreme of the 

third component corresponds to high reflectance in green wavelengths and low in red and 

the other to high reflectance in red wavelengths and low in green.  The first and second 

components show good separation of the accessions (Fig. 4.21a) and partition the data 

into strongly pigmented (pink, green, and yellow flowers) and less pigmented flowers 

(white, cream, and UV-white flowers; Fig. 4.21b).  The second and third components also 

show good separation of the accessions (Fig. 4.22a), and cluster them into UV-white, 

green, pink and white/cream/yellow groups (Fig. 4.22b).  The yellow flowers cluster here 

with the white and cream flowers because the overall difference between the yellow and 

white/cream flowers is a lack of reflectance in the blue wavelengths.  However, the 

amount of blue reflectance (the 425-500 nm variables) does not seem to contribute much 

to the variation in the dataset because it does not have a high loading on any of the 

principal components.  However, yellow flowers do cluster with green and pink flowers 

in the first component, suggesting that they are distinct from white/cream flowers.  In 

contrast, the PCA is unable to distinguish the white and cream flowers (Figs 4.21b, 

4.22b).  Therefore, although the differences in shape of these spectra are apparent when 

reflectance values of the spectra are plotted against wavelength, these differences are too 

small in magnitude to separate these groups in a principal components analysis. 

 As mentioned in section 4.2.6, the wavelength variables with the highest loadings 

on the principal components in the 25 nm increment PCA (350, 550 and 675 nm) were 

chosen as variables for a second PCA.  The wavelength 450 nm was also chosen despite 

low loadings in the 25 nm increment PCA in order to ensure the inclusion of data from 

across the spectrum:  UV, 350 nm; blue, 450 nm; green, 550 nm; and red, 675 nm.  As 

mentioned previously, these wavelengths are also biologically relevant as 350, 450 and 

550 nm represent the sensitivity maxima of insect colour receptors and 675 nm 

corresponds to the in vivo chlorophyll absorption peak.  The four wavelength PCA  
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Figure 4.21.  25 nm increment PCA, PCs 1 and 2.  a) According to accession.  b) According to colour 
group.  White=black; cream=orange; UV-white=grey; pink=pink; green=green; yellow=yellow. 
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Figure 4.22.  25 nm increment PCA, PCs 2 and 3.  a) According to accession.  b) According to colour 
group.  White=black; cream=orange; UV-white=grey; pink=pink; green=green; yellow=yellow.   
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Figure 4.23.  Four wavelength PCA, PCs 1 and 2.  a) According to accession.  b) According to colour 
group.  White=black; cream=orange; UV-white=grey; pink=pink; green=green; yellow=yellow. 
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Figure 4.24.  Four wavelength PCA, PCs 2 and 3.  a) According to accession.  b) According to colour 
group.  White=black; cream=orange; UV-white=grey; pink=pink; green=green; yellow=yellow.  
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corresponds very well to the 25 nm increment PCA.  The first three components 

accounted for 61.1%, 23.5%, and 13.7% of the variation in the dataset, and each 

component corresponds to the same variables as in the 25 nm increment PCA.  The first 

component shows the overall amount of reflectance, the second corresponds to the 

amount of UV reflectance, and the third separates spectra with high green reflectance 

from spectra with high red reflectance.  As seen in Figs 4.23 and 4.24, the distribution of 

accessions in the first three principal components is similar to that seen in the 25 nm 

increment PCA (Figs 4.21, 4.22).  Therefore, these four wavelengths, 350, 450, 550 and 

675 nm, provide a good representation of the spectral reflectance dataset as a whole and 

can be used in the all dataset principal component analyses to represent floral colour. 

 

4.3.7  Colour characters in the context of phylogeny 

 Colour categories (human (Fig. 4.25a), insect (Fig. 4.25b), and based on spectral 

reflectance curves (Fig. 4.25c)) and the presence/absence of chlorophyll in corolla tissue 

(Fig. 4.25d) are mapped to a modified plastid phylogenetic tree.  As seen in Fig. 4.25a, 

the likely ancestral state for the entire genus in human colour is unclear, but the ancestor 

of all Nicotiana species excluding section Tomentosae is likely to have had white 

coloured flowers.  There seem to be four independent origins of green/yellow flowers: 1) 

N. glauca (which originated via homoploid hybridisation between sections Noctiflorae 

and Petunioides), 2) N. langsdorffii, 3) section Paniculatae and 4) N. undulata.  However, 

the addition of N. thyrsiflora, which has yellow-green flowers (Goodspeed, 1954), in 

section Undulatae may provide evidence for a single origin of green flowers for sections 

Paniculatae and Undulatae, with subsequent loss in white coloured Undulatae species.  

Pink flowers have originated twice: once in N. mutabilis, which is likely to have occurred 

sometime within the evolution of section Alatae as N. forgetiana also has red flowers 

(Goodspeed, 1954), and once in section Tomentosae, which has subsequently given rise 

to the pink flowered species, N. tabacum and N. glutinosa, via hybridisation. 

In insect colour (Fig. 4.25b), species do not always have the same insect and 

human colour, which shows that the addition of UV reflectance differentiates colour 

further and that there is colour structure present within Nicotiana that is not apparent to 

the human eye.  Human white and human pink can be insect blue-green, blue, or UV-blue 

whereas human green/yellow can be insect blue-green, green, UV-green or UV.  

However, insect colour groups also seem to have multiple origins.  Insect green  
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Figure 4.25a.  Human colour groups mapped onto a modified plastid tree (from Clarkson et al., 
2004).  White=white; pink=pink; green=green; yellow=yellow; striped=uncertain. 
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Figure 4.25b.  Insect colour groups mapped onto a modified plastid tree.  Blue=blue; blue-
green=blue-green, green=green; UV-green=black; UV=grey; UV-blue=purple; striped=uncertain. 
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Figure 4.25c.  Spectral reflectance colour groups mapped onto a modified plastid tree.  
White=white; cream=orange; UV-white=grey; pink=pink; green=green; yellow=yellow; striped=uncertain. 
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Figure 4.25d.  Presence or absence of chlorophyll in corolla tissue: presence=green; absence=white; 
striped =uncertain. 
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originated twice in 1) N. glauca and 2) N. paniculata and its polyploid, N. rustica.  Insect 

blue seems to have arisen at least four times, and these are often within the lineage of a 

single extant species (at the tips of the tree): 1) N. undulata, 2) N. mutabilis, 3) N. 

sylvestris as well as some N. tabacum accessions and N. repanda and 4) N. petunioides, 

although insect blue may have originated in a common ancestor of N. sylvestris and N. 

petunioides.  Insect UV-blue has originated five times in: 1) N. setchellii, 2) section 

Trigonophyllae and subsequently in N. nudicaulis via hybridisation, 3) section 

Petunioides and present in extant N. pauciflora and the homoploid N. linearis, 4) N. 

mutabilis and 5) one accession of N. tabacum.  However, the ancestral insect colour state 

seems to be blue-green. 

In the colour groups based on spectral reflectance curves, the pink and 

green/yellow groups are the same as the human colour groups of the same names and 

originate twice and four times in Nicotiana evolution respectively (Fig. 4.25c).  The white 

human colour group, however, is separated into three groups:  white, cream and UV-

white.  The common ancestor of all Nicotiana species excluding section Tomentosae is 

likely to have had cream coloured flowers, whereas white has originated at least three or 

possibly four times in:  1) N. clevelandii, 2) N. acuminata, 3) N. sylvestris as well as some 

of its polyploids in sections Repandae and Suaveolentes and 4) N. noctiflora, although it 

is possible that white flowers arose in a common ancestor of N. noctiflora and N. 

sylvestris.  UV-white flowers are likely to have arisen twice: 1) in section Trigonophyllae 

as well as N. nudicaulis via hybridisation and 2) within the evolution of section 

Petunioides, but currently exhibited only by N. pauciflora and the homoploid N. linearis. 

 Presence of chlorophyll in Nicotiana corolla tissue seems likely to be ancestral 

(Fig. 4.25d).  However, chlorophyll pigmentation of petals has been lost at least five 

times during the evolution of Nicotiana:  1) in N. clevelandii, 2) in the common ancestor 

of N. acuminata and N. pauciflora, 3) in N. mutabilis, which may correspond to a loss 

further back in the evolution of section Alatae, although spectral reflectances from other 

Alatae species are required to make this distinction, 4) in N. noctiflora and 5) in N. 

sylvestris, which likely also explains the absence of chlorophyll in N. tabacum and some 

species of sections Repandae and Suaveolentes whose origin involved N. sylvestris. 
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4.4  Discussion 

4.4.1  Likely pigments present in Nicotiana flowers 

 Previous studies have shown that the pink coloration in N. tabacum flowers is 

predominantly due to the presence of cyanidin-3-rutinoside whereas derivatives of the 

colourless flavonoids quercetin and kaempferol are also present in corolla tissue (Aharoni 

et al., 2001; Nakatsuka et al., 2007).  The pigment content of N. glauca flowers has also 

been established and is primarily made up of lutein as well as violaxanthin and β-carotene 

and a small amount of β-cryptoxanthin (Zhu et al., 2007).  In the following paragraphs, I 

will estimate the likely pigment composition of the different colour categories within 

Nicotiana, using the experimentally established pigment compositions detailed above as 

well as the reflectance spectra of isolated pigments for comparison (Fig. 4.4). 

 The spectral reflectances of all the green-flowered Nicotiana species include an 

absorption peak at 675 nm (Fig. 4.9), which corresponds to the in vivo absorbance of 

chlorophyll (Haardt and Maske, 1987). Green Nicotiana corollas are likely to possess 

intact chloroplasts because chlorophyll biosynthesis is restricted to the chloroplasts 

(Bollivar, 2006).  In fact, the spectral reflectances of N. paniculata and N. knightiana 

resemble those of nearly all green leaves (Chittka et al., 1994), suggesting that these 

flowers contain similar chloroplast concentration to leaves and can likely carry out 

efficient photosynthesis.  The other green spectra have higher reflectance values, 

implying that chloroplasts are present in a lower concentration in these species (Fig. 4.9).  

Carotenoid pigments are also essential for photosynthesis (Grotewold, 2006), so are also 

likely to be present in the corollas of these species.  In fact, it is possible that an increase 

in the ratio of carotenoids to chlorophylls may be responsible for the reflectance peak at 

around 385 nm in N. raimondii and N. benavidesii (Fig. 4.9), as these flowers are yellow-

green as opposed to green to the human eye. 

 The cream-colored spectra also possess a distinct chlorophyll absorption peak at 

675 nm, and the shoulder from about 425-500 nm seems to be indicative of the presence 

of carotenoid pigments (Figs 4.4 and 4.6).  Therefore, these species also seem to have 

intact chloroplasts in their corolla tissue.  However, the overall reflectance of these 

spectra is much higher than the green spectra (especially from 400-500 nm), and the 

chlorophyll absorption peak of the cream spectra is less pronounced (Fig. 4.6).  These 

observations suggest that chloroplasts are in low concentration. 
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 In contrast, the spectra of the white flowered species do not display a chlorophyll 

absorption peak, and maintain consistent reflectance from about 425-700 nm (Fig. 4.5).  

This spectral shape indicates that these flowers do not have chlorophylls or carotenoid 

pigments and likely contain colourless leucoplasts like the white coloured petals of 

Arabidopsis (Brassicaceae; Pyke and Page, 1998).  These spectra, as well as the cream 

spectra, also suggest the presence of UV-absorbing pigments as the reflectance at <400 

nm is very low (Figs 4.5 and 4.6).  Colourless flavonoids, like quercetin and kaempferol, 

absorb UV radiation (Shirley, 1996), and Arabidopsis mutants that lack kaempferol 

derivatives are very UV-sensitive (Lois and Buchanan, 1994).  The reduced activity of 

F3’H (the enzyme required to make cyanidins and quercetins, see Fig. 4.2) in N. tabacum 

not only results in lower levels of cyanidin, and thus strongly reduces visual 

pigmentation, but also increases accumulation of kaempferol (Nakatsuka et al., 2007).  

White Nicotiana flowers are likely to accumulate quercetin and kaempferol and both of 

these compounds are found in the corolla tissue of N. tabacum flowers (Aharoni et al., 

2001; Nakatsuka et al., 2007). 

 However, the UV-white flowers reflect in the UV portion of the spectrum (Fig. 

4.7), which indicates either the presence of a UV-reflecting pigment or a decrease in the 

amount of UV-absorbing pigment.  It is more likely to reflect a decrease in UV-absorbing 

pigments because Aharoni et al. (2001) found that reduction of cyanidin pigmentation in 

N. tabacum also reduced the concentration of quercetin without a compensating increase 

in kaempferol, thus reducing the amount of UV-absorbing pigment in N. tabacum 

flowers.  Importantly, the UV reflectance in these spectra decreases as the wavelength 

shortens, possibly for protection from UV-B radiation (Shirley, 1996).  It has been shown 

that some flowers reflect UV through structural changes within petal cells, including 

intracellular pockets of air or starch grains (Kugler, 1963; Kevan et al., 1996), and it is 

possible that the UV-white flowers of Nicotiana have similar adaptations. 

 The pink-flowered species in Nicotiana resemble the spectral reflectance of the 

cyanidin-3-rutinoside pigment (Figs 4.4 and 4.8) and likely contain cyanidin derivatives 

as cyanidin-3-rutinoside makes up over 90% of all anthocyanins in the N. tabacum 

accession studied by Aharoni et al. (2001).  However, the λmax of the blue reflectance 

peak ranges from 381-466 nm in different pink-flowered Nicotiana species (see Table 

4.2).  These spectral shifts may be explained by the presence of different cyanidin 

derivatives, but vacuolar pH and the formation of heterodimers of anthocyanin and 

flavonol pigments can also cause shifts in spectral reflectance (Grotewold, 2006; 
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Andersen and Jordheim, 2010).  The spectra from section Tomentosae as well as N. 

glutinosa include chlorophyll absorption peaks at 675 nm (Fig. 4.8), indicating that these 

species have intact chloroplasts in low concentration in their corolla tissue. 

 Although the shape of spectral reflectance curves can provide an idea of what 

types of pigments are present within Nicotiana species, future experiments involving 

pigment isolation and identification via high-performance liquid chromatography (HPLC) 

are needed to determine the biochemical mechanisms behind floral colour shifts in 

Nicotiana. 

 

4.4.2  Plastid-nuclear interactions in Nicotiana 

polyploids 

 The spectral reflectance of the synthetic polyploid, TH32, as well as those of the 

N. tabacum accessions resemble the product of the N. sylvestris and the quotient N. 

otophora spectra more closely than they resemble their progenitor midpoint spectra (Figs 

4.12 and 4.20).  Based on the presence or absence of a chlorophyll absorption peak at 675 

nm, the paternal progenitors (from section Tomentosae) possess at least some intact 

chloroplasts, whereas the maternal progenitor, N. sylvestris, and the polyploids seem to 

contain colourless leucoplasts (Figs 4.11, 4.12, and 4.20).  Therefore, the N. tabacum and 

TH32 polyploids seem to have inherited colourless leucoplasts from their maternal 

progenitor and floral anthocyanin pigmentation, which has nuclear regulation and 

accumulates in the vacuoles of cells, from their paternal progenitor.  The combination of 

anthocyanin pigmentation on a white floral background results in a transgressive floral 

colour that is distinct from either progenitor. 

 Polyploids inherit plastids from their maternal progenitor; therefore, it intuitively 

makes sense that these plastids should resemble the plastids of their maternal progenitor.  

However, the genetic regulation of the chloroplast-to-leucoplast transition in petal 

development is still poorly understood, and it is unclear whether the breakdown of the 

thylakoids and degradation of photosynthetic pigments are regulated via maternally 

inherited signals from within the plastid or via biparentally inherited nuclear signals.  

Plastids originated as bacterial symbionts (Allen, 2003), but most of the original plastid 

genome has been transferred to the nucleus, except the genes involved in regulation and 

biosynthesis of the major components of the photosystems and energy transduction in 

photosynthesis (Puthiyaveetil and Allen, 2009).  Therefore, it is likely that the genes 
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involved in the regulation of the chloroplast-to-leucoplast transition are nuclear.  A recent 

study in Arabidopsis indicates that the petal homeotic genes APETALA3 (AP3) and 

PISTILLATA (PI) down regulate a group of genes called BANQUO genes that are 

involved in the accumulation of chlorophyll, in addition to other functions (Mara et al., 

2010).  In corroboration, floral organs in the second whorl of ap3 mutants are green and 

resemble sepalloid petals (Mara et al., 2010).  Thus, breakdown of chloroplasts in petal 

development seems to be linked to the repression of genes involved in chlorophyll 

biosynthesis by nuclear encoded petal identity genes (Mara et al., 2010). 

 Most Nicotiana polyploids have plastids that resemble the plastids of their 

maternal progenitor (Figs 4.11-4.16).  However, both polyploids from section Polydicliae 

as well as N. nudicaulis from section Repandae do not.  The plastids of N. nudicaulis 

resemble those of its paternal progenitor (Fig. 4.16), whereas the Polydicliae polyploid 

spectra suggest that both of these species possess leucoplasts (or at least much lower 

concentration of chloroplasts), despite that both progenitors display evidence for the 

presence of chloroplasts in their corolla tissue (Fig. 4.15).  The presence of paternal-type 

plastids in N. nudicaulis not only highlights further differences between N. nudicaulis and 

the rest of section Repandae (see section 3.4.2 for further discussion), but also implies 

that a maternally inherited organelle can be co-opted to produce a paternal-type 

phenotype.  However, as only the plastids in older polyploids are distinct from maternal 

progenitor-type plastids, it is possible that the divergence in the regulation of plastid 

phenotype requires evolutionary time scales. 

These results seem to be in conflict with the nuclear cytoplasmic interaction 

hypothesis, which predicts that specific translocations between progenitor genomes are 

necessary for restoration of fertility in interspecific hybrids and that the paternal genomes 

of hybrids will degenerate faster due to the negative effects of the maternal cytoplasm 

(Gill, 1991; Song et al., 1995).  Within Nicotiana, several lines of evidence either support 

or refute this hypothesis.  In support, the same translocations have been found in several 

N. tabacum cultivars as well as in some individuals of the synthetic N. tabacum accession 

TH37 (Lim et al., 2004a).  Deletion of paternal genomic repeats is also evident in both 

natural and synthetic N. tabacum accessions (Lim et al., 2004b; Skalicka et al., 2005).  In 

contrast, no intergenomic translocations are apparent in either N. rustica or N. arentsii 

(Lim et al., 2004a), and convergent evolution has homogenised most of the ribosomal 

DNA repeats in N. tabacum to the paternal progenitor type (Lim et al., 2000a; Chase et 

al., 2003; Kovarik et al., 2004).  As mentioned in Chapter 2, both species of section 
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Polydicliae have lost their paternal-type trypsin-proteinase inhibitor (TPI) genes, but the 

maternal-type genes have been co-opted into the paternal-type herbivore defense response 

(Wu et al., 2006), which suggests that gene network evolution subsequent to 

polyploidisation has promoted the integration of progenitor regulation pathways and that 

genes that originate from one genome can be used to elicit responses more characteristic 

of the other. 

 

4.4.3  Predicting expected polyploid spectra 

An increase in ploidy of individual cells has been associated with colour changes 

within azalea petals (De Schepper et al., 2001).  Although the mechanism is unknown, an 

increase in width of the coloured petal border is seen in flowers with tetraploid petal 

margins (in an otherwise diploid flower), and the transition from diploid to tetraploid cells 

marks the change in floral colour (De Schepper et al., 2001).  These results suggest that 

change in ploidy can correlate with floral colour shifts. 

However, the expected floral colour after polyploidisation will result from an 

addition of the suite of floral pigments present in both progenitors, assuming that gene 

regulation in the polyploid is unaltered from that seen in the diploid progenitors.  This 

addition of pigments translates into the multiplication of progenitor spectral reflectances 

because spectral reflectance is subtractive instead of additive (Gilbert and Haeberli, 

2007).  For example, diploid progenitor A produces AA amount of pigment, representing 

the two copies of its pigment genes, and diploid progenitor B makes BB amount of 

pigment.  If there is no alteration in the regulation of pigment genes in the allotetraploid, 

the pigment content in the polyploid should be AABB because it has two A genomes and 

two B genomes.  The ratio of progenitor pigments is maintained subsequent to 

polyploidisation; therefore, the product of the progenitor reflectance spectra should 

accurately predict expected polyploid hue.   In contrast, saturation and brightness of 

polyploid spectra depend on the amount of pigment produced and its concentration, 

which are likely to be altered subsequent to polyploidisation.  As discussed in section 

3.4.1, polyploid cells are likely to be bigger than diploid cells due to genome duplication.  

Also, the floral limb size in synthetic Nicotiana tetraploids is significantly larger than 

those of related diploid species (Anssour et al., 2009), which suggests an increase in cell 

size in the floral limb, which is where spectral reflectances have been measured. 
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An increase in cell size is likely to affect the concentration of pigment within 

floral cells, although the concentration of pigments confined to plastids will also be 

influenced by the number of plastids per cell.  In expanding the example above, the 

progenitor midpoint spectrum predicts an overall pigment amount of AABB within the 

polyploid.  If cell size between polyploids and diploids is similar, then this results in a 

doubling of pigment concentration in the polyploid (AABB/cell size) as compared to the 

diploids (AA/cell size or BB/cell size), which leads to the decrease in the brightness 

(overall reflectance of the spectrum) that is predicted by the progenitor midpoint 

spectrum.  However, if cell size doubles after polyploidisation, pigment concentration in 

the polyploid would halve (AABB/2 × cell size = AB/cell size), and polyploid reflectance 

spectra would show an increase in brightness as compared to the product of the progenitor 

spectra.  In all Nicotiana polyploids examined here, the polyploid spectra have increased 

brightness in comparison to their progenitor midpoint spectra (Figs 4.11-4.16), which 

suggests that an increase in cell size (although it must be experimentally verified that cell 

size is larger in tetraploids compared to diploids) does result in a lower overall 

concentration of pigment within floral limb tissue.  However, the amount of pigment 

accumulated depends not only on internal regulation, but is also affected by external 

signals, including light (Grotewold, 2006; Andersen and Jordheim, 2010).  Nevertheless, 

polyploid spectra are likely to be brighter than expected by the addition of progenitor 

pigments due to increase in cell size after polyploidisation, even if regulation of 

progenitor pigment genes remains unaltered. 

 

4.4.4  Evolution of floral colour across Nicotiana 

The genetic mechanisms behind floral colour shifts have been investigated in 

several angiosperm genera.  Anthocyanin pigmentation has been lost at least six times, 

but never gained, in the evolution of floral colour in Aquilegia (Ranunculaceae; Whittall 

et al., 2006).  The responsible mutations seem to vary across lineages because the 

progeny of interspecific crosses between white flowered species can possess anthocyanin 

floral pigmentation (Hodges and Derieg, 2009).  In Antirrhinum (Plantaginaceae), the 

evolution of floral colour seems to be constrained by selection (Whibley et al., 2006).  

Two fitness peaks, which correspond to magenta and yellow floral phenotypes, are 

connected in genotypic space by white flowered phenotypes.  However, the orange 

flowered progeny of crosses between magenta and yellow flowered species have reduced 
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fitness (Whibley et al., 2006).  In Ipomoea (Convulvulaceae), two independent shifts 

from blue (cyanidin pigmentation) to red (pelargonidin pigmentation) flowers seem to be 

due to reduction in F3’H activity, which is required for cyanidin production, via changes 

in cis regulatory elements, providing evidence for convergent evolution at the molecular 

as well as the phenotypic level (Des Marais and Rausher, 2010).  Evidence of several 

loss-of-function alleles in the ANTHOCYANIN2 (AN2) gene in Petunia axillaris 

(Solanaceae) suggests that loss of floral anthocyanin pigmentation occurred multiple 

times in the evolutionary history of this species (Quattrocchio et al., 1999). 

 Floral colour shifts have also been studied in the context of pollination.  Floral 

colour seems to be strongly correlated to pollinator visitation in Aquilegia 

(Ranunculaceae) where blue flowered species are predominantly bee pollinated, red 

species are hummingbird pollinated and white/yellow species tend to be pollinated by 

hawkmoths (Fulton and Hodges, 1999; Hodges et al., 2004; Whittall and Hodges, 2007; 

Brunet, 2009).  Hawkmoths (Manduca sexta (Sphingidae)) prefer wild type Petunia 

axillaris (Solanaceae) flowers (white) to P. axillaris flowers transformed with 

ANTHOCYANIN2 (AN2) (pink) whereas bumblebees (Bombus terrestris (Apidae)) prefer 

the pink AN2 flowers to the wild type white flowers (Hoballah et al., 2007).  These results 

demonstrate that the expression of a single gene that controls anthocyanin biosynthesis 

can cause a shift in pollinator preferences (Hoballah et al., 2007).  Similarly, the presence 

or absence of carotenoid pigments in Mimulus (Phrymaceae) flowers is determined by a 

single gene and results in a pollinator shift between hummingbirds and bumblebees 

(Bradshaw and Schemske, 2003).  However, floral colour is not always associated with 

shifts in pollinator assemblages.  In four species of Mimulus (Phrymaceae), no difference 

in pollinator visitation was seen between yellow and orange/red flowered species (Cooley 

et al., 2008).  Similarly, the diversity in floral colour in Iochroma (Solanaceae) does not 

seem to be linked to pollinator shifts (Smith et al., 2008).  However, Smith et al. (2008) 

only measured floral spectral reflectance from 400-700 nm, whereas all pollinators 

observed (insects and hummingbirds) have sensitivity to wavelengths <400 nm.  

Therefore, it is possible that relationships between pollinators and floral colour in 

Iochroma may emerge with the inclusion of UV spectral reflectance measurements. 

 Rausher (2008) proposed that shifts in floral colour were most likely to result 

from loss, rather than gain, of gene function.  As apparent in Figs 4.25a-c, the evolution 

of floral limb colour within Nicotiana has involved many colour shifts.  It is likely that 

gain in green floral pigmentation, seen at least three times in Nicotiana (Fig. 4.25a, c), is 
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due to loss of function in the genes that regulate degradation of chlorophyll and 

chloroplasts during petal development.  Conversely, white floral phenotype may be due to 

overexpression of the same genes, resulting in a complete lack of chloroplasts.  The UV-

white phenotype seen in Nicotiana is also likely to be due to loss of function or down 

regulation of genes involved in flavonoid biosynthesis, but could also be due to shifts in 

the flux of the pathway as the amount of UV-absorbing pigments decreases in N. tabacum 

due to overexpression of a regulatory gene of the anthocyanin biosynthesis pathway 

(Aharoni et al., 2001).  Anthocyanin pigmentation seems to have been gained at least 

once in Nicotiana within section Alatae (Fig. 4.25a, c), which is contrary to what is seen 

in other angiosperm genera (Whittall et al., 2006; Rausher, 2008).  The gain of a yellow-

flowered phenotype in N. glauca is most likely due to gain of function because the 

chloroplast-to-chromoplast transition is accompanied by an increase in expression of the 

genes involved in carotenoid biosynthesis (Hirschberg, 2001).  Further evidence for a 

gain of function mutation leading to yellow corollas in N. glauca is the fact that N. 

tabacum does not accumulate carotenoids in its petals even under constitutive expression 

of a carotenoid biosynthesis gene (Gerjets et al., 2007).  However, this gene does induce 

accumulation of carotenoids in the floral nectary of N. tabacum (Gerjets et al., 2007), 

suggesting that N. tabacum can respond to the expression of this gene, but lacks the 

necessary mechanisms for carotenoid accumulation in its corolla tissue.  Therefore, it is 

likely that a gain-of-function mutation in N. glauca switched on the necessary pathways 

for carotenoid accumulation in its corolla tissue. 

 The evolution of floral limb colour across Nicotiana has been dynamic, and 

specific colour groups have arisen multiple times in all colour categories applied (human, 

insect, and spectral reflectance categories).  Presence of multiple, independent origins of 

colour groups suggests that the evolution of floral colour is not entirely constrained by 

phylogeny, but has also been influenced by other factors, which are likely to include 

pollinator behaviour.  Floral evolution in Nicotiana in the context of pollination is 

discussed further in Chapter 5. 
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Chapter 5 

 

General Discussion: Floral evolution in 

Nicotiana in the context of pollination 

 

5.1  The pollination syndrome hypothesis 

 The pollination syndrome hypothesis states that certain suites of floral characters 

are more likely to evolve together and that these are closely associated with different 

pollinators, according to their preferences and behaviour (Faegri and van der Pijl, 1978).  

Ten pollination syndromes have been described and briefly involve the following (Faegri 

and van der Pijl, 1978; Ollerton et al., 2009).  1) Bee-pollinated flowers tend to be 

zygomorphic, small to medium in size, mechanically strong and have diurnal anthesis, a 

fresh scent, vivid colours of white, yellow, blue, and purple, nectar guides and moderate 

nectar volume.  2) Bird-pollinated flowers tend to be mechanically strong with stiff 

anthers and have a reduced floral limb, diurnal anthesis, no scent, vivid colours of red, 

green or blue, nectar guides and abundant nectar volume.  3) Moth/hawkmoth-pollinated 

flowers tend to be white and have long, narrow tubes, nocturnal anthesis, strong sweet 

scent and abundant nectar volume.  4) Bat-pollinated flowers are drab, often white in 

colour and mechanically strong with nocturnal anthesis, a strong fruity, musky or sour 

scent and abundant nectar volume.  5) Butterfly-pollinated flowers tend to be small to 

medium in size and upright with diurnal anthesis, a fresh scent, vivid colours of red, 

yellow, and blue, nectar guides and moderate nectar volume.  6) Beetle-pollinated flowers 

tend to be open in shape, mechanically strong and have drab colours of brown, green, or 

purple, exposed anthers and a strong fruity or decaying scent.  7) Carrion fly-pollinated 

flowers tend to be open or bell-shaped and have diurnal anthesis, strong decaying scent 

and drab colours of brown, green, and purple.  8) Fly-pollinated flowers tend to be open 

or bell-shaped with exposed anthers, diurnal anthesis, a strong fruity, sour, or decaying 
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scent, drab colours of brown, white, or yellow, nectar guides and nectar present.  9) Small 

mammal-pollinated flowers are open or bell-shaped and mechanically strong with stiff, 

exposed anthers, a strong sweet, musky or sour scent, drab colours of brown, white or 

green and abundant nectar volume.  10) Wasp-pollinated flowers are zygomorphic, small 

to medium in size and pendulous with stiff anthers, diurnal anthesis, a strong sour scent 

and drab colours of brown or purple.  Support for the pollination syndrome hypothesis 

has been found in Silene (Caryophyllaceae; Reynolds et al., 2009) and Aquilegia 

(Ranunculaceae; Whittall and Hodges, 2007), and pollination syndromes have been used 

to examine the diversity of pollinator relationships in the context of phylogenetic 

relationships in Solanaceae (Knapp, 2010).  Fenster et al. (2004) stressed the importance 

of the pollination syndrome hypothesis in examining the selection pressures that specific 

pollinator functional groups exert on floral traits. 

However, when whole plant communities are examined, pollination systems seem 

to be much more generalised than is predicted by the pollination syndrome hypothesis.  

No change in floral colour is seen along an elevational gradient, despite that the 

pollination syndrome hypothesis predicts a shift in floral colour due to a switch in the 

predominant pollinator from large bees to flies with an increase in elevation (Arnold et 

al., 2009b).  Furthermore, Arnold et al. (2009a) found no evidence for a shift in floral 

colour across different time points of the year within the five field sites examined.  

Hegland and Totland (2005) did not find strong support for pollination syndromes in their 

study of a grassland flora.  Lazaro et al. (2008) found that floral traits reflect the types of 

pollinators that visit them, but that pollinator preferences vary among plant communities, 

suggesting that pollinator behaviour is not only affected by floral traits, but also by the 

available flowers in the population as well as the other pollinators present.  Waser et al. 

(1996) argued that generalised pollination is much more common than expected in the 

pollination syndrome hypothesis and that being aware of that generalisation is imperative 

to understanding the ecology of the plant-pollinator community.  However, Fenster et al. 

(2004) supported the validity of the pollination syndrome hypothesis and discussed the 

importance not only of pollinator visitation, but also of the effectiveness of different 

pollinators, which will inevitably affect the selective pressure exerted on floral traits.  

Ollerton et al. (2009) tested the pollination syndrome hypothesis in six plant communities 

from three continents and found that floral traits from most species do not fall within 

those classified in traditional pollination syndromes, and that the predominant pollinator 

type of individual species is often misidentified by the pollination syndrome hypothesis.  
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 However, pollinator-mediated selection can occur even in generalist pollination 

systems.  Pollinator assemblages vary among Erysimum mediohispanicum populations, 

and Gomez et al. (2008) demonstrated that the shape preference of the most abundant 

pollinators in the assemblage drive selection of floral limb shape, causing variation in 

phenotype among populations.  In light of the pollination syndrome hypothesis and 

criticisms of it, the next sections will discuss known pollinator relationships within 

Nicotiana, pollinator preferences and which floral traits are likely to be the most 

important for each type of pollinator, and how pollination has likely shaped floral 

evolution in Nicotiana as a whole and in the context of polyploidisation. 

 

5.2  Established pollinator relationships within 

Nicotiana 

 Only rather few thorough field studies have been conducted to determine the 

predominant pollinators of Nicotiana species, and these have focused on N. glauca, N. 

attenuata, N. sylvestris, N. otophora, and N. alata, N. forgetiana and their F1 hybrids.  

Nicotiana glauca, which has yellow, tubular flowers, is pollinated by hummingbirds in its 

native range (Nattero and Cocucci, 2007).  However, this species is also highly invasive 

and is visited by native pollinator species in much of its alien range.  In California, N. 

glauca is also pollinated predominantly by hummingbirds (Schueller, 2004; 2007), 

whereas in South Africa, sunbirds have learned to hover to feed from its flowers (Geerts 

and Pauw, 2009).  Sunbirds also seem to be the most common visitor to N. glauca in 

Israel, but diurnal hawkmoths have also been observed as visitors (Tadmor-Melamed et 

al., 2004; Ollerton et al., in review).  In portions of its non-native range where suitable 

pollinators are lacking, such as Tenerife and the Canary Islands, the distance between the 

stigma and anthers of N. glauca flowers seems to be shorter, therefore facilitating self-

pollination (Ollerton et al., in review). 

 Nicotiana attenuata, which has white tubular flowers, is pollinated by both 

nocturnal hawkmoths and diurnal hummingbirds (Aigner and Scott, 2002; Kessler and 

Baldwin, 2006).  Nicotiana attenuata has been used to examine the effects of floral 

secondary compounds on different pollinators.  Moths seem to have a stronger response 

than hummingbirds to both the most abundant attractant, benzylacetone, and repellent, 

nicotine, emitted by its flowers (Kessler and Baldwin, 2006).  The presence of nicotine 
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also causes pollinators to make shorter visits and to extract less nectar per visit, but 

increases the number of visits, which seems advantageous to the plant because shorter, 

more numerous visits should increase the amount of pollen transferred between flowers 

(Kessler and Baldwin, 2006).  The presence of benzylacetone and nicotine in N. attenuata 

seems necessary for both maximum seed set and attraction of pollinators (Kessler et al., 

2008).  Further work shows that N. attenuata switches to flowers that open in the morning 

and have less benzelacetone, which are more attractive to hummingbirds, after herbivory 

by hawkmoth larvae (Kessler et al., 2010).  This suggests that N. attenuata responds to 

herbivory by becoming more attractive to hummingbirds, perhaps in an effort to 

discourage visitation by hawkmoths and therefore avoid further damage (Kessler et al., 

2010).  Also, carpenter bees (Xylocopa spp. (Apidae)), which rob nectar from N. 

attenuata flowers, do not recognise the flowers that open in the morning as a source of 

nectar, and thus this time shift in flower opening protects N. attenuata from illegitimate 

floral visitors (Kessler et al., 2010). 

 Ippolito et al. (2004) examined pollinator preferences in N. alata, N. forgetiana 

and their F1 hybrids.  Nicotiana alata has white flowers that open nocturnally and have a 

long narrow tube with a strong scent, whereas N. forgetiana has red crepuscular flowers 

with shorter and broader tubes.  Large hawkmoths prefer N. alata but also occasionally 

visit N. forgetiana, whereas hummingbirds exclusively visit N. forgetiana when only the 

two parental species are available.  Small hawkmoths also visit N. alata flowers, but they 

prefer N. forgetiana.  However, pollinator behaviour changes in the presence of F1 

hybrids.  Although pollinators largely maintain their original preferences, they also visit 

hybrid flowers, and the frequency of interspecific transitions increases, suggesting that 

the presence of F1 hybrids can increase the probability of gene flow between species 

(Ippolito et al., 2004). 

 Nattero et al. (2003) investigated the floral visitors of N. sylvestris, which has 

white, fragrant flowers with long tubes, and N. otophora, which has pinkish flowers that 

are much shorter with a wide cup at the mouth of the corolla tube.  Nicotiana otophora is 

putatively bat pollinated based on its floral morphology (Vogel, 1969; Knapp, 2010), and 

Nattero et al. (2003) captured a single bat in their pollinator survey and found N. 

otophora pollen on this specimen.  Long- and short-proboscid hawkmoths also visit N. 

otophora whereas N. sylvestris is visited exclusively by long-proboscid hawkmoths 

(Nattero et al., 2003). 
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 Additional information about the pollination of Nicotiana species within section 

Alatae has been reported on the basis of unpublished data (Kaczorowski et al., 2005).  

Nicotiana alata and N. longiflora are predominantly pollinated by hawkmoths.  Nicotiana 

plumbaginifolia shares a similar morphology, although with a shorter corolla tube, but is 

autogamous, which possibly explains why it is so widespread (distribution in South 

America, Mexico and the Caribbean; Goodspeed, 1954; Kaczorowski et al., 2005).  The 

most common visitors to N. forgetiana, N. mutabilis, N. langsdorffii and the putative 

species “Rastroensis” are hummingbirds, although halictid bees have been observed on all 

these species, and bumblebees have been known to visit both N. langsdorffii and N. 

mutabilis (Kaczorowski et al., 2005).  Small perching moths are the only visitors 

observed for N. bonariensis but visits seem to be rare in the field (Kaczorowski et al., 

2005).  Nicotiana paniculata is included in one of the datasets used in a global test of 

pollination syndromes and seems to be predominantly pollinated by hummingbirds 

(Ollerton et al., 2009). 

 Pollinator assemblages have only been established for 12 of the 76 species in 

Nicotiana, and all of these happen to be diploid.  The lack of pollinator studies in 

Nicotiana polyploids makes it difficult to determine how pollinator relationships have 

affected polyploid floral evolution.  However, patterns in the evolution of floral traits can 

be used to infer whether pollinators have likely played a role in the evolution of Nicotiana 

floral colour and form. 

 

5.3  Is there evidence for pollination syndromes in 

Nicotiana flowers? 

 In order to determine whether floral evolution in Nicotiana has resulted in distinct 

suites of floral characters that are associated with different pollinator types (pollination 

syndromes), all floral datasets obtained (geometric morphometrics, tube metrics, and 

floral spectral reflectance) were compared.  An all dataset principal components analysis 

(PCA), which included the means of each species in the first and second principal 

components of the geometric morphometric dataset, tube width, tube length, and the 

reflectance values from 350, 450, 550 and 675 nm, was performed in Minitab 15.1 

(Minitab, Inc., State College, PA, USA).  Nicotiana accessions were only included in the 

analysis if data were available for that accession in all three datasets (morphometric, 
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metric and spectral).  When an accession had more than one colour morph (e.g. N. 

mutabilis), the same morphometric and metric values were used for each morph. 
The amount of variation accounted for by the principal components of the all 

dataset PCA can be found in Table 5.1.  The first six components each account for more 

than 5% of the variation within the dataset and cumulatively explain 97.5% of the total 

variation.  The greatest amount of variation within the dataset comes from floral limb 

shape and brightness of the spectrum because the first principal component is positively 

correlated with the first principal component from the morphometric dataset (morph PC1) 

and the reflectance values from 450, 550 and 675 nm.  Because the loadings on the first 

principal component from these three wavelength variables are similar, the reflectance 

values at each of these three wavelengths will increase as PC1 increases or decrease as 

PC1 decreases.  Therefore, the first principal component separates Nicotiana species on 

the basis of overall change in reflectance (in the human visual portion of the spectrum) as 

opposed to differences in hue or saturation.  The fact that morph PC1 and the brightness 

of the spectra are correlated with the greatest amount of variation in this dataset is 

unsurprising because the first principal component from the spectral reflectance PCAs 

(see section 4.3.6) is mainly explained by spectral brightness, and the morph PC1 variable 

itself represents the greatest variation in floral limb shape seen across Nicotiana species.  

However, it is somewhat unexpected that neither tube length nor tube width contributes 

significantly to the first principal component because long, narrow corolla tubes are 

thought to deter visitation from pollinators with short tongues (Whittall and Hodges, 

2007).  Tube width is negatively correlated with the second principal component whereas 

tube length is negatively correlated with the second and third principal components and 

positively correlated with the fourth and fifth principal components.  A scatterplot of the 

first and second principal components can be found in Fig. 5.1. 

 
Table 5.1. All dataset principal component percent variation 

Principal Component Percentage Cumulative Percentage 

PC1 39.6% 39.6% 
PC2 22.2% 61.8% 
PC3 11.5% 73.3% 
PC4 10.6% 83.9% 
PC5 7.5% 91.4% 
PC6 6.1% 97.5% 
PC7 1.7% 99.2% 
PC8 0.8% 100% 
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Figure 5.1.  All dataset PCA, PCs 1 and 2.  a) According to accession.  b) According to spectral colour 
group.  White=black; cream=orange; UV-white=grey; pink=pink; green=green; yellow=yellow.  
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 Randomisations (as described in section 3.2.8) were run to determine whether 

species were clustered according to: 1) human colour groups (white, pink, green/yellow), 

2) insect colour groups (blue, blue-green, green, UV/UV-green, UV-blue) and 3) colour 

group categories based on spectral reflectance (white, cream, UV-white, pink, and 

green/yellow).  However, these randomisations were extended to six dimensions to 

include all principal components that accounted for more than 5% of the variation in the 

data.  Green/yellow and UV/UV-green were pooled due to small sample sizes for yellow 

and UV colour groups.  Bonferroni correction was applied to all randomisations run in 

this thesis. 

In the first six principal components of the all dataset PCA, the species are 

significantly clustered according to human colour groups, insect colour groups and colour 

groups based on spectral reflectance curves (p < 0.05 after Bonferroni correction).  In the 

human and insect colour groups, the individual colours green/yellow and insect green are 

also significantly clustered (p < 0.05 after Bonferroni correction).  In the spectral 

reflectance colour groups, the white, cream, and green/yellow colour groups are also 

significantly clustered (p < 0.05 after Bonferroni correction), whereas the pink and UV-

white groups are not.  These results imply that species of the same colour group tend to 

share similar floral limb shape and tube length and width. 

Colour categories are likely to be clustered in the all dataset PCA because spectral 

reflectance data were included as variables in the analysis.  Therefore, further 

randomisations were performed on the morphometric/metric PCA, which includes morph 

PC1, morph PC2, tube width and tube length as variables (see section 3.2.8), in order to 

determine whether 1) insect colour groups and 2) colour groups based on spectral 

reflectance curves are significantly clustered based solely on floral morphology.  Spectral 

reflectance colour categories are significantly clustered (p < 0.05 after Bonferroni 

correction) in addition to human colour categories, although insect colour categories are 

not significantly clustered.  Green/yellow is significantly clustered in both human and 

spectral reflectance colour categories, which suggests that the similarity in floral colour 

and form seen in these independent lineages is likely the product of convergent evolution.  

A scatterplot of the first two principal components of the morphometric/metric PCA with 

spectral reflectance colour categories can be found in Fig. 5.2. 

 As the data did not meet the assumptions necessary for parametric statistical tests, 

non-parametric Mood’s median tests were performed in Minitab 15.1 (Minitab, Inc., State 

College, PA, USA) to determine whether the median values of the spectral reflectance  
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Figure 5.2.  Morphometric/metric PCA, PCs 1 and 2 with colour groups.  a) According to 
accession.  b) According to spectral colour group.  White=black; cream=orange; UV-white=grey; 
pink=pink; green=green; yellow=yellow. 
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colour groups (white, cream, UV-white, pink, and green/yellow) were significantly 

different in 1) the first two principal components from the geometric morphometric 

analysis, 2) tube length or 3) tube width.  Similar tests were performed on insect colour 

groups.  Bonferroni correction was applied to these Mood’s median tests.  Correlations 

were also performed in Minitab 15.1 (Minitab, Inc., State College, PA, USA) between 

morphometric and tube metric values, and Bonferroni correction was applied.  The 

medians of the spectral reflectance colour groups are significantly different in morph PC1 

and tube width (p < 0.05 after Bonferroni correction).  In morph PC1, the 95% confidence 

interval of the green/yellow flowered species is distinct in floral limb shape from the 

confidence intervals of the white, cream and pink flowered species.  Pink flowered 

species are much larger in tube width than the other groups.  In insect colour groups, only 

morph PC1 is significantly different between colour groups (p < 0.05 after Bonferroni 

correction); insect UV/UV-green flowers are distinct in shape from all other colours and 

insect green and insect blue-green are also distinct in shape.   

 Together, these results imply that species of the same colour group tend to share 

similar floral form and that floral form can be distinct between colour groups.  However, 

this tendency seems to be clearer in human and spectral reflectance colour groups as 

opposed to insect colour groups, which suggests that pollinators that are sensitive to red 

wavelengths may have had more influence in shaping the floral evolution of Nicotiana 

than those lacking red-sensitivity.  Although colour groups tend to share similar floral 

morphology, they overlap in the morphometric/metric PCA, suggesting that Nicotiana 

flowers do not fall into distinct pollinator syndromes (Fig. 5.2). 

 

5.4  How do polyploid flowers evolve over time? 

 In theory, polyploids should show intermediate phenotypes between their diploid 

progenitors immediately after formation, and then diverge over time.  However, newly 

formed polyploids often have a wide range of phenotypes that can even be more extreme 

than those of their progenitors, due to novel cis/trans interactions upon hybridisation 

(Wittkopp et al., 2004; Chen, 2007; Gaeta et al., 2007).  In the evolution of floral traits in 

Nicotiana polyploids, divergence from the progenitor midpoint only increases with 

polyploid age in floral limb shape (Fig. 3.14) and tube length (Fig. 3.28) whereas there is 

no relationship between divergence and age in tube width (Fig. 3.29) or in insect hue (Fig. 

4.17).  With the exception of tube length, synthetic polyploids display wide ranges of 
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divergence in all floral traits examined here.  Although this may reflect phenotypic 

differences between the progenitor accessions used here and those from which the 

polyploids originated, these results suggest that polyploidy produces a wide variety of 

phenotypes on which selection can act.  However, as greater divergence is not always 

seen in older polyploids, there may be limitations present on the evolution of some floral 

traits. 

 The overall trend in floral evolution in section Repandae (~4.5 myo) seems to be 

toward floral traits of one of the progenitors.  This is especially apparent in N. nudicaulis 

because it resembles its paternal progenitor in floral limb shape (Fig. 3.13), tube metrics 

(Fig. 3.26) and floral colour (Fig. 4.16).  The other species within section Repandae tend 

to resemble their maternal progenitor, although they are often closer to the progenitor 

midpoint than N. nudicaulis.  Nicotiana quadrivalvis (~1 myo), however, is divergent 

beyond the progenitor range in all floral traits examined here, except colour (Figs 3.12, 

3.25, 4.15).  These two examples may represent different polyploid strategies: one where 

a polyploid fits in to the existing pollination niche occupied by a progenitor species and 

the other where a polyploid diverges and enters another niche.  The former is 

advantageous because pollinator relationships are already established and can be co-opted 

by the polyploid, but disadvantageous because reproductive isolation is more difficult to 

achieve when species are sympatric and pollinators are shared.  The latter is advantageous 

because a shift in pollination system can facilitate reproductive isolation, but is 

disadvantageous because the polyploid must establish new pollinator relationships and 

may fail to survive if no suitable pollinators are available. 

 In natural Arabidopsis suecica polyploids, white floral colour is inherited from its 

maternal progenitor, A. thaliana (Chen, 2007).  However, in resynthesised  allotetraploid 

lines, the first generation polyploids all have pink flowers like their paternal parent, A. 

arenosa, but after five generations, all allotetraploid lines have white flowers (Chen, 

2007).  Some plants in intermediate generations display both white and pink flowers on 

the same inflorescence, indicating that control of flower colour is potentially epigenetic 

(Chen, 2007).  These results indicate that synthetic allopolyploids can rapidly evolve 

similar traits to those seen in natural polyploids.  Time to flowering in Arabidopsis 

synthetic allotetraploids often occurs later than in either parent, and natural A. suecica 

displays an even later flowering phenotype, (Wang et al., 2006a).  The increase in time to 

flowering in A. suecica compared to the synthetic allotetraploids seems to be due to a 

more dominant A. arenosa-like copy of FLOWERING LOCUS C (FLC) (Wang et al., 
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2006a).  This may represent the evolution of a more dominant FLC copy in A. suecica, 

but could also reflect differences between the A. arenosa strains involved in the origin of 

these polyploids (Wang et al., 2006a).  However, if these differences are the result of 

divergence subsequent to polyploidy, a change in phenology between the polyploid and 

progenitor species may have facilitated reproductive isolation. 

 In examining longer evolutionary time scales, ancient genome duplications have 

benefited floral traits.  In both tomato and saffron, production of carotenoids in floral 

tissue has been decoupled from that necessary for photosynthesis via duplication of 

carotenoid biosynthesis genes (Galpaz et al., 2006; Ahrazem et al., 2010).  Separation of 

regulation of photosynthetic and secondary carotenoids is favourable because it allows 

the use of carotenoids to attract pollinators and seed dispersers without altering or 

disrupting the accumulation of carotenoids needed for photosynthesis.  However, 

vegetative and floral anthocyanins seem to be pleiotropically linked in many species 

(Armbruster, 2002).  Anthocyanin production is beneficial to plants not only in attracting 

pollinators, but also in photoprotection and in protection against herbivory and freezing 

(Chalker-Scott, 1999; Grotewold, 2006; Andersen and Jordheim, 2010).  Therefore, it 

may also be useful to have separate regulation of floral and vegetative anthocyanin 

biosynthesis.  However, there seems to have been greater selective pressure to decouple 

carotenoid biosynthesis, perhaps because photosynthetic carotenoids are essential for 

plant survival whereas anthocyanins are merely useful.  Also, photosynthetic pigment 

complexes require specific stoichiometry of chlorophyll and carotenoid pigments to 

function properly (Liu et al., 2004; Johnson et al., 2010).  Therefore, it is likely that the 

genes involved in carotenoid biosynthesis would be retained after whole genome 

duplication in order to maintain the proper balance of pigment complexes (Birchler and 

Veitia, 2007; Edger and Pires, 2009).  Maintenance via gene balance may have provided 

the duplicate copies the time necessary to diverge and undergo neofunctionalisation 

(Edger and Pires, 2009).  Therefore, it seems that polyploidy initially elicits a wide 

variety of phenotypes upon which selection can act, subsequent divergence facilitates 

polyploid reproductive isolation and establishment, and the benefits of genome 

duplication are still apparent after diploidisation in the functional divergence of retained 

gene duplicates. 
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5.5  Are pollinators driving floral evolution in 

Nicotiana? 

 Significant clustering in human and spectral reflectance colour groups as well as 

distinct morphologies between colour groups in morph PC1 and corolla tube width 

suggest that colour groups tend to share similar floral traits.  Therefore, it is likely that 

pollinators are involved in the floral evolution of Nicotiana.  However, there is no 

evidence for groups of species with distinct floral characters strongly associated with one 

type of pollinator, indicating that floral evolution of Nicotiana does not strongly support 

the pollinator syndrome hypothesis. 

 However, preferences and behaviours of established Nicotiana pollinators were 

examined in the literature (see Table 5.2 for details) and seem to correspond to the floral 

traits seen in some Nicotiana species groups.  Nicotiana species with white, cream or UV-

white, vespertine flowers seem most likely to be hawkmoth pollinated.  It has been 

established that nocturnal hawkmoths pollinate N. alata, N. longiflora, N. sylvestris and 

N. attenuata (Aigner and Scott, 2002; Nattero et al., 2003; Ippolito et al., 2004; Kessler 

and Baldwin, 2006; Kessler et al., 2008; 2010).  White or cream flowers tend to be 

stellate and have a relatively narrow tube opening in comparison to the floral limb 

outline.  Morph PC1 is not correlated to tube width, so the change in relative tube opening 

is predominantly due to a change in floral limb size, not a change in tube width, across 

morph PC1.  Therefore, white and cream flowered species likely have a larger floral limb 

size.  Hawkmoths prefer both dissected outlines (Herrera, 1993) and larger floral limb 

displays (Kelber, 1997; Venail et al., 2010) due to the poor spatial resolution of their 

compound eyes (Land and Nilsson, 2002).  Therefore, the white and cream stellate 

flowers with large floral limb displays are likely to be attractive to hawkmoths. 

Several white, cream and UV-white flowered Nicotiana species do not have 

vespertine flowers and thus are less likely to be pollinated by nocturnal hawkmoths.  

However, the flowers of N. obtusifolia, N. palmeri, N. nudicaulis, N. arentsii and N. 

wigandioides are open both day and night, so visitation by nocturnal pollinators is 

possible.  Nicotiana obtusifolia, N. palmeri and N. nudicaulis are UV-white (Fig. 4.7) and 

therefore difficult for insects to distinguish from the background foliage (Chittka, 1992; 

Dyer and Chittka, 2004).  However, the inflorescences of these three species are found 

above the foliage, so may be easier to distinguish.  Also, these species are highly self-
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Table 5.2.  Pollinator preferences and behaviours 
Pollinator Innate shape 

preferences 

Learned 

shape 

preferences 

Spatial 

resolution 

Colour vision Innate colour 

prefrences 

Learned 

colour 

preferences 

Odour 

preference 

Order of cue 

importance 

 
 

 
 

Bees 

 
 

Acute points1; 
radiating 

elements2; 
dissected 
outlines3 

Can 
distinguish 

convex 
shapes4; 
prefer 

symmetry, 
but can learn 
asymmetry5 

 
 

Poor spatial 
resolution due 
to compound 

eyes6,7,8  

 
 

 
Trichromatic: UV, 

blue and green 
receptors9  

 
 
 
 

Blue10,11  

Can associate 
colour with a 
reward11; can 
distinguish 

between very 
similar colours 

when one 
rewarded and 
other is not12  

 
 

 
Use odour as 

a foraging 
cue13  

 
Colour cues 

more important 
than shape 

cues14; scent 
cues more 

important than 
visual cues13 

 
 

 
Diurnal 

hawkmoths 

Deeply 
dissected 
corolla 

outlines15 ; 
prefer 

radiating 
sectors to ring 

shapes16 

 
 
 

No definitive 
evidence 

 
 
 

Poor spatial 
resolution due 
to compound 

eyes17 

 
 
 

Trichromatic: UV, 
blue and green 

receptors16 

 
 

 
Blue16 

 
 

Visits a variety 
of floral 

colours in 
nature16 

 
 
 

Prefers visual 
to odour 
cues18 

Size is more 
important than 
colour that is 

more important 
than shape16; 

colour is more 
important than 

odour19 
 
 
 
 

Nocturnal 
hawkmoths 

 
 
 

Larger floral 
limbs and 

shorter tube 
length20 

 
 
 
 

No definitive 
evidence 

 
 
 

Poor spatial 
resolution due 
to compound 

eyes17 

Trichromatic: UV, 
blue and green 

receptors16; True 
scotopic colour 

vision: can 
discriminate 
colours using 

chromatic cues 
even in dim 
starlight21 

 
 
 
 

Blue22 

 
 
 
 

White22 

 
 

Prefers odor 
to visual 

cues18, but 
needs both to 
elicit feeding 
response23,24 

 
 
 

Odour is more 
important than 

colour18 
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Pollinator Innate shape 

preferences 

Learned 

shape 

preferences 

Spatial 

resolution 

Colour vision Innate colour 

prefrences 

Learned 

colour 

preferences 

Odour 

preference 

Order of cue 

importance 

 
 

 
Hummingbirds 

 
 
No definitive 

evidence 

Learn to 
associate 

fully reflexed 
floral limbs 
with better 

quality 
reward25 

 
 

Good spatial 
resolution due 
to lens eyes17 

 
 

Tetrachromatic26: 
violet, blue, green 

and red27,28 

 
Prefer red and 

blue over 
yellow and 
green29,30 

 
Can 

distinguish 10 
nm differences 
from 410-650 

nm31 

 
 

Ignore odour 
cues when 
foraging32 

 
 
Reward most 
important29,30 

Bats 
(not much 

known) 

Prefer wider tubes and more efficient  
pollination with wider tubes33 

Possible 
dichromats with 

UV sensitivity34,35  

Efficient at pollen transfer , possibly because pollen sticks well to 
fur36 

1(Anderson, 1977); 2(Lehrer et al., 1995); 3(Dafni et al., 1997); 4(De Ibarra and Giurfa, 2003); 5(Giurfa et al., 1996a); 6(Giurfa et al., 1996b); 7(Spaethe and Chittka, 2003); 
8(Dyer et al., 2008); 9(Chittka et al., 1992); 10(Giurfa et al., 1995); 11(Gumbert, 2000); 12(Dyer and Chittka, 2004); 13(Wright and Schiestl, 2009); 14(Lehrer and Campan, 
2005); 15(Herrera, 1993); 16(Kelber, 1997); 17(Land and Nilsson, 2002); 18(Balkenius et al., 2006); 19(Balkenius and Kelber, 2006); 20(Venail et al., 2010); 21(Kelber et al., 
2002); 22(Goyret et al., 2008); 23(Raguso and Willis, 2002); 24(Raguso and Willis, 2005); 25(Sutherland and Vickery, 1993); 26(Bowmaker, 1998); 27(Hart and Hunt, 2007); 
28(Odeen and Hastad, 2010); 29(Collias and Collias, 1968); 30(Goldsmith and Goldsmith, 1979); 31(Goldsmith et al., 1981); 32(Raguso et al., 2003); 33(Muchhala, 2007); 
34(Winter et al., 2003); 35(Muller et al., 2009); 36(Muchhala and Thomson, 2010). 
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compatible and will set seed in a pollinator-free greenhouse (personal observation), 

suggesting that these species can survive in the absence of pollination. 

Nicotiana species with green/yellow flowers tend to have relatively larger tube 

openings in morph PC1, suggesting that these species have reduced floral limb size, a trait 

often associated with hummingbird pollination.  Three of these Nicotiana species, N. 

langsdorffii, N. glauca and N. paniculata, are predominantly hummingbird pollinated 

(Kaczorowski et al., 2005; Nattero and Cocucci, 2007; Ollerton et al., 2009, respectively) 

and represent the three most likely gains of green/yellow floral pigmentation in Nicotiana 

(Fig. 4.25).  Significant clustering of green/yellow flowered species in both the all dataset 

PCA and the morphometric/metric PCA suggests that these species share similar floral 

traits and that hummingbird pollination may have driven selection for the convergent 

evolution of this combination of traits.  Also, the distribution of green/yellow Nicotiana 

species seems to be correlated to the distribution of high hummingbird biodiversity 

whereas the white, pink or red Nicotiana species that are pollinated by hummingbirds are 

not found in hummingbird biodiversity hotspots (Rahbek and Graves, 2000; Fig. 5.3). 

The yellow corolla tube, reduced floral limb and copious dilute nectar of N. 

glauca are indicative of adaptation to hummingbird pollination.  However, the species of 

sections Noctiflorae and Petunioides, the likely sections involved in the origin of N. 

glauca (Clarkson et al., 2010; Kelly et al., 2010), have white, cream or UV-white, 

vespertine flowers that can be fragrant at night, suggesting hawkmoth pollination.  

Therefore, it is likely that homoploid hybridisation has resulted in a pollinator shift from 

hawkmoth to hummingbird pollination that may have arisen from selection on 

transgressive floral characters in early generations.  The establishment of reproductive 

isolation is more important for the survival of homoploid hybrid species than for 

polyploids because homoploid idividuals can enhance gene flow between the two parental 

species instead of becoming established as a distinct species (Buerkle et al., 2000). 

Alteration of pollination system via hybridisation has been seen in Senecio 

(Asteraceae), where introgression between S. squalidus and S. vulgaris has introduced the 

genes responsible for the production of ray florets into S. vulgaris that previously only 

produced disk florets (Chapman and Abbott, 2010).  The addition of ray florets makes S. 

vulgaris much more conspicuous and attractive to pollinators and increases the rate of 

outcrossing (Chapman and Abbott, 2010).  The genus Ophrys (Orchidaceae) includes 

sexually deceptive orchids that attract male pollinators by emitting fragrances that 

resemble the female sex pheromone (Vereecken et al., 2010).  Vereecken et al. (2010) 
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Figure 5.3.  Distribution of South 

American hummingbird 

biodiversity and potentially 

hummingbird-pollinated Nicotiana 

species.  a) Distribution of 
hummingbird biodiversy in a 1º × 1º 
scale (from Rahbek and Graves, 2000).  
b) Distribution of section Alatae.  Note 
that N. forgetiana and N. mutabilis are 
located outside of the hummingbird 
biodiversity hotspot in southern Brazil 
whereas the distribution of N. 

langsdorffii does overlap with this 
hotspot.  c) Distribution of section 
Paniculatae (plus tetraploid N. 

rustica).  Note that the distribution of 
N. paniculata, N. knightiana, N. 

benavidesii, N. raimondii and N. 

rustica correlates with high 
hummingbird biodiversity.  d) 
Distribution of N. glauca.  e) 
Distribution of section Undulatae.  
Note that the distribution of N. 

undulata and N. thyrsiflora correlate 
with high hummingbird biodiversity. 
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have discovered an F1 hybrid between two Ophrys species that emits a scent that is 

distinct from both progenitors and resembles the female sex pheromone of a pollinator 

species that is not attracted to either progenitor.  Thus, novel cis/trans interactions can 

result in rapid pollinator shifts and immediate reproductive isolation.  However, Chase et 

al. (2010) argue that rapid shifts in pollination upon hybridisation are most likely limited 

to similar highly coordinated plant-pollinator relationships and that immediate pollinator 

shifts are unlikely in more generalist systems with only nectar and pollen rewards.  

Pink flowered Nicotiana species have significantly wider tubes than other species, 

and hummingbird, hawkmoth, and possibly bat pollination have been established in these 

species (Stehmann et al., 2002; Nattero et al., 2003; Ippolito et al., 2004; Kaczorowski et 

al., 2005).  The evidence for bat pollination is not conclusive as only a single bat 

specimen was caught in a pollinator survey of N. otophora (Nattero et al., 2003).  

However, N. otophora floral morphology is extremely similar to that of the artificial bat 

flower used in a bat versus hummingbird pollination efficiency experiment (Muchhala, 

2007; Fig. 5.4). 

 

 

 

 

 

 

 

 
Figure 5.4.  Nicotiana otophora morphology similar to bat-pollination flower.  a) Floral 
morphology of N. otophora.  b) Artificial bat-pollinated flower used in bat versus hummingbird pollination 
efficiency experiments (from Muchhala, 2007).  Note the similarity in morphology, suggesting that bat 
pollination is plausible for N. otophora. 

 

Although pollination trends within pink flowered Nicotiana species are still 

unknown, the discrimination of pink from other colours seems to have been important in 

Nicotiana floral evolution.  In the morphometric/metric PCA, human and spectral colour 

categories are significantly clustered whereas insect colours are not, suggesting that 

flowers with similar morphology tend to belong to the same human and spectral colour 

categories, but not to the same insect colour categories.  The main difference between 

insect colour categories and both human and spectral colour categories is the inability to 

differentiate pink from the various categories of white.  As the tendency toward 

A BA B
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morphological similarity is lost in insect colour groups, it seems that the ability to 

discriminate pink may have been important in shaping floral morphology.  Hummingbirds 

are the only established Nicotiana pollinator with red wavelength sensitivity and are 

therefore the most likely candidates for pollinator-mediated selection on pink flowers.  

Red floral colour is associated with many bird-pollinated species (Cronk and Ojeda, 

2008), and hummingbirds prefer red flowers in Ipomopsis (Polemoniaceae; Melendez-

Ackerman et al., 1997), Nicotiana (Ippolito et al., 2004) and Mimulus (Phrymaceae; 

Streisfeld and Kohn, 2007).  However, quality of nectar reward is more important to 

hummingbirds than floral colour, and like other pollinators, they will choose a less 

attractive colour if it provides a better reward (Melendez-Ackerman et al., 1997). 

However, other possibilities may also explain the significant clustering in floral 

morphology in human and spectral colour groups.  The similarity in morphology could be 

due to genetic drift or to pleiotropic effects.  Anthocyanins are involved in protecting 

plants from herbivory, freezing and excess light irradiation as well as in attracting 

pollinators (Chalker-Scott, 1999; Grotewold, 2006; Andersen and Jordheim, 2010).  

Anthocyanin production in vegetative tissues seems to be linked to the presence of 

anthocyanins in floral tissue; therefore, it is possible that floral anthocyanin pigmentation 

is the result of the pleiotropic effects of selection for vegetative anthocyanin production 

for increased plant protection (Armbruster, 2002). 

Due to the fact that hummingbirds visit white, pink, red, green and yellow 

Nicotiana flowers (Aigner and Scott, 2002; Stehmann et al., 2002; Ippolito et al., 2004; 

Kaczorowski et al., 2005; Kessler and Baldwin, 2006; Nattero and Cocucci, 2007; 

Kessler et al., 2008; 2010), some Nicotiana species are pollinated by more than one type 

of pollinator (Kessler and Baldwin, 2006; Kessler et al., 2008; 2010) and colour groups 

tend to overlap in floral morphology (Fig. 5.2), Nicotiana seems to have a more generalist 

pollination system than predicted by the pollinator syndrome hypothesis.  Nicotiana 

polyploids seem to be evolving toward a more generalist pollination syndrome than 

expected by the progenitor midpoint as they tend to have shorter and wider tubes (Fig. 

3.27).  However, generalisation in pollination is not only determined by the diversity of 

floral visitors, but also by pollinator effectiveness (Waser et al., 1996; Gomez and 

Zamora, 2006; Ollerton et al., 2007).  In nectar spur manipulation experiments in 

Aquilegia (Ranunculaceae), hawkmoths (Hyles lineata (Sphingidae)) visited A. pubescens 

flowers with long or experimentally shortened nectar spurs with equal frequency; 

however, significantly less pollen was removed from flowers with shortened spurs, 
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indicating that the hawkmoths were not as effective at pollinating flowers with shorter 

spurs (Fulton and Hodges, 1999). 

Generalisation in pollination may be advantageous for polyploids because it 

increases the probability that a species will successfully extend its range into new habitats 

and may decrease the likelihood of extinction (Zayed et al., 2005; Tripp and Manos, 

2008).  A shorter tube may discourage some illegitimate floral visitors because the 

frequency of nectar robbing has been shown to be positively correlated to longer corolla 

tubes (Urcelay et al., 2006; Castro et al., 2009; Navarro and Medel, 2009). 

Overall, Nicotiana floral evolution seems to have been influenced by pollinators.  

There is evidence for convergent evolution of green/yellow flowers, most likely due to 

hummingbird-mediated selection (Fig. 4.25c).  It is possible that hummingbirds have also 

played a role in shaping the morphology of pink Nicotiana flowers.  Nicotiana species 

with white or cream flowers tend to open at night and are likely attractive to hawkmoths.  

It is likely that many Nicotiana species use two or perhaps even more pollinator types like 

N. attenuata (Aigner and Scott, 2002; Kessler and Baldwin, 2006).  Despite that there is 

evidence for distinct morphological traits in some colour categories, most categories 

overlap in morphology (Fig. 5.2), suggesting more generalist pollination systems in 

Nicotiana than is predicted by the pollination syndrome hypothesis.  However, in order to 

fully understand the dynamics of pollinator relationships and their effect on Nicotiana 

floral evolution, field and laboratory experiments are needed to identify pollinator 

assemblages, test pollinator efficiency and examine pollinator-mediated selection on the 

>60 Nicotiana species still unstudied. 

 

5.6  Conclusions 

 The genus Nicotiana is an excellent system in which to study the effects and 

outcomes of polyploidy.  Multiple polyploidisation events of different ages allow 

evaluation over evolutionary time scales.  Well-established species relationships and 

identification of polyploid progenitors facilitate investigation within an appropriate 

phylogenetic context (Chase et al., 2003; Clarkson et al., 2004; Clarkson et al., 2010; 

Kelly et al., 2010).  Previous work on genome evolution has revealed chromosome 

rearrangements, progenitor genome shuffling, expansion/deletion of repeat sequences, 

homogenisation of rDNA repeats and changes in genome size subsequent to 

polyploidisation (Lim et al., 2000a; Kovarik et al., 2004; Lim et al., 2004a; Clarkson et 
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al., 2005; Lim et al., 2005; Leitch et al., 2006; Lim et al., 2007; Leitch et al., 2008).  

Here, I demonstrate that both progenitor copy types of a gene involved in floral 

development are maintained and expressed even in older Nicotiana polyploids (Figs 2.2 

and 2.5-2.7).  Polyploids can undergo rapid divergence from the expected intermediate 

phenotype in floral traits (Figs 3.14, 3.28, 3.29 and 4.17), although the pattern of 

divergence over time depends on the specific trait.  Polyploids are immediately divergent 

in tube width (Fig. 3.29), possibly due to an increase in cell size with genome duplication, 

whereas tube length tends to be intermediate directly following polyploidisation (Fig. 

3.28), suggesting a constraint on rapid evolution of tube length.  Polyploids can display 

transgressive floral colours (Figs 4.11 and 4.12), and pollinator interactions likely play a 

role in shaping floral evolution in Nicotiana, especially in the convergent evolution of 

green/yellow floral morphology (see section 5.5). 

 At the onset of polyploidy, genomic shock, chromosomal rearrangements and 

novel cis/trans interactions create a wide variety of phenotypes in early polyploid 

generations, upon which selection can act (Chen, 2007; Gaeta et al., 2007; Leitch and 

Leitch, 2008).  Once polyploid genomes become stable, less variation in phenotype 

occurs, but polyploids have the advantage of the novel interactions between progenitor 

regulatory pathways that have been established, and the maintenance of duplicate genes 

provides the building blocks for the development of new functions and further 

morphological complexity (Freeling and Thomas, 2006).  The novel interactions that 

occur immediately following polyploidisation allow polyploids to evolve rapidly, which 

most likely facilitates their establishment as a distinct species, perhaps giving them an 

advantage over their diploid progenitors that require gradual changes over evolutionary 

time scales in order to diverge and establish as new species. 

 

5.6.1  Future work 

 The results obtained here have stimulated formulation of several additional 

questions.  Both progenitor copies of NFL are maintained and seem to be functional in all 

Nicotiana polyploids examined, but the mechanism behind duplicate gene retention is still 

unclear (see section 2.4.1).  Examination of distinct spatiotemporal expression patterns of 

NFL progenitor copies in Nicotiana polyploids will shed light on whether sub- or 

neofunctionalisation has played a role in the maintenance of these gene copies.  

Subsequent to polyploidisation, differences in evolutionary patterns in tube width, tube 
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length and floral limb size and shape seem to involve an increase in cell size (see section 

3.4.1).  It would be important to examine cell number and size in tube length and width 

and within the floral limb in order to gain insight into why tube length tends to be 

intermediate immediately after polyploidisation whereas tube width and floral limb size 

tend to increase.  Another possible line of inquiry focuses on the identification of floral 

pigments.  Flowers of Nicotiana species display variation in colour (see section 4.4.1), 

but the identity and composition of floral pigments are needed to understand the 

biochemical mechanisms behind floral colour shifts.  However, the most important 

questions still to be answered involve those related to pollinator interactions in both 

Nicotiana polyploids and diploids.  Pollinator relationships have been established for only 

about 16% of the genus (see section 5.2), and none of these studies has examined 

polyploid species.  In order to understand how polyploid species become established and 

whether pollinator shifts have facilitated reproductive isolation from progenitor species, 

field and laboratory studies on pollinator preferences, behaviour, and efficiency must be 

performed on Nicotiana polyploids and their progenitor species. 
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