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ABSTRACT 

 

Evolution of the rbcS gene family in Solanaceae:  

concerted evolution and gain and loss of introns,  

 

with a description of new statistical guidelines  

for determining the number of unique gene copies 

 

Ryan J. Miller 

 

Chair of the Supervisory Committee:  

Professor of Biology and Herbarium Curator, Burke Museum Richard G. Olmstead 

Biology 

 

Concerted evolution is a pattern of gene evolution resulting from mechanisms that homogenize 

gene copies within a lineage. Two mechanisms have been identified that may homogenize rbcS 

copies within Solanaceae. Selection was examined as a mechanism of homogenization through 

separation of synonymous and nonsynonymous substitutions, through the branch site test of 

positive selection, and codon usage. Strong negative selection and selection for codon usage 
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were identified, but positive selection also was found to be contributing to homogenization of 

paralogs in one lineage within Solanum. No evidence was found for gene conversion. The results 

support a role for positive selection as a mechanism in concerted evolution and highlight the 

danger of inferring a species tree from any set of genes undergoing homogenization. Chapter 1, 

Supplementary Table 4 (attached as separate file) lists ENc and 3rd codon position composition. 

 

Among land plants rbcS copies contain two introns at homologous locations. In addition to 2-

intron rbcS copies, Solanaceae lineages have rbcS copies with three introns. rbcS copies with 3-

introns at homologous positions to other 3-intron Solanaceae copies was identified from 

Cestrum. Phylogenetic analyses indicate this novel, third intron may have originated from a 

locus of tandemly repeated rbcS copies with 2-introns. Numerous sequence motifs similar to 

transposable elements and containing direct repeats and inverted repeats were identified. These 

sequence features may contribute to a high divergence in intron sequence between these 3-intron 

rbcS copies.  

 

Gene duplication has long been thought to play an important evolutionary role and many genes 

are now known to differ in copy number between closely related lineages. PCR, cloning, and 

sequencing is a commonly employed method to examine gene copies from a group of taxa but a 

standard statistical method to determine whether the actual number of gene copies has been 

sequenced is lacking from most studies. Simulations indicate the lower bounds for the number of 

clones necessary to find a given number of unique gene copies and a parametric bootstrap test 

provides researchers with a method to gauge whether more copies remain unidentified. 
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CHAPTER 1: Selection-mediated concerted evolution of rbcS copies in Solanum abutiloides 
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Introduction 

 

Concerted evolution is the unexpected pattern of gene evolution resulting from processes 

that cause gene copies to evolve collectively in a non-independent manner (Zimmer et al. 1980). 

Evolving collectively creates a pattern where gene copies within one species are more similar to 

each other than to any corresponding orthologous copy in another species. The pattern of 

concerted evolution is common to many multigene families and is thought to occur by three 

general mechanisms: 1) duplication/loss, 2) nonhomologous recombination, and 3) selection 

(Hood et al. 1975; Ohta 1983; Nei et al. 1997). The rbcS multigene family exhibits a pattern of 

concerted evolution when copies from relatively distant species are compared. rbcS encodes the 

small subunit of ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco) and generally 

consists of two to eight copies within flowering plants. Two mechanisms, selection (Pichersky et 

al. 1986) and nonhomologous recombination (Meagher et al. 1989), have been postulated as the 

primary homogenizing mechanism for rbcS copies. Our purpose is to evaluate the pattern of 

concerted evolution among rbcS copies to determine which hypothesis is better supported. 

 Differential gene duplication and loss along species lineages can create a pattern of 

concerted evolution (Nei et al. 1997). This birth-and-death model of gene evolution explains 

apparent similarity between gene copies, not as caused by homogenization, but by expansion and 

loss of different copies between species. This model predicts the presence of many pseudogenes 

and has been shown to explain the evolution of major histocompatibility complex genes and 

immunoglobulin genes (Nei et al. 1997), among histone genes (Rooney et al. 2002), as well as 

ubiquitin genes (Nei et al. 2000). 

 Nonhomologous recombination can homogenize gene copies through unequal crossing over 
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when copies are arrayed in tandem (Smith 1976) or by gene conversion. Unequal crossing over 

can occur between nonhomologous copies on the same chromosome when sister chromatids 

exchange DNA or between nonhomologous copies on either homologous or nonhomologous 

chromosomes during meiosis and has been proposed as the primary mechanism homogenizing 

rRNA genes (Brown et al. 1972; Eickbush and Eickbush 2007). Gene conversion can also lead to 

homogenization of unlinked gene copies through the nonreciprocal transfer of DNA sequence 

from one locus to another. In yeast, gene conversions are modeled to occur through a double 

strand break repair process that uses DNA sequence from a donor copy to repair the break in the 

recipient gene copy (Pâques and Haber 1999; Zickler and Kleckner 1999). Evidence of gene 

conversion has been found in many taxa, in plants it has been shown to occur between 

nucleotide-binding site leucine-rich repeat (NBS-LRR), receptor-like kinases (RLK), and 

receptor-like protein genes in Arabidopsis thaliana (Mondragon-Palomino and Gaut 2005), 

between RPP8 gene copies in three species of Arabidopsis (Kuang et al.  2008), among 

multigene family members in sorghum and rice (Wang et al. 2007), and ten gene conversions 

were identified by next-gen sequencing of the four meiotic products from an Arabidopsis hybrid 

(Lu et al. 2012).  

Studies of gene conversion implicate a mechanism that is dependent on high similarity 

between recipient and donor. Gene conversion tracts can vary tremendously in size from as small 

as dozens of bases to as long as six thousand bases, with mean tract size of 370 ± 750 in humans 

(Benovoy and Drouin 2009). Sequence divergence can inhibit pairing of nonhomologous regions 

during meiosis and thus act as a barrier to gene conversion (Teshima and Innan 2004). Hence, a 

balance must be maintained between gene conversion and nucleotide substitution for gene 

conversion to continue.  
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Selection can act to constrain DNA sequence change and prevent nonsynonymous 

substitutions or to promote substitutions at specific sites in all gene copies. In the absence of 

selection, independent substitutions at each gene copy are expected to increase divergence 

between copies, and the ratio of expected nonsynonymous substitutions/synonymous 

substitutions (dN/dS) would equal one. For selection to act as a homogenizing mechanism 

between copies within a species, positive selection could act to promote the same particular 

substitutions in independent gene copies that have previously diverged at those sites. If enough 

sites are homogenized between copies within one species, a pattern of concerted evolution by 

positive selection could emerge. This pattern would be typified by sites with nonsynonymous 

substitutions when orthologous copes are compared. When those same sites are examined 

between the paralogous copies homogenized by positive selection, unique synonymous codons 

would be expected due to  the independent pathway of substitutions each copy experienced. 

Homogenization by selection has been discussed as a mechanism for homogenization (Hood et 

al. 1975), but evidence is generally lacking. Most studies inferring selection also invoke 

additional mechanisms acting in tandem, such as birth-and-death evolution (Nei et al. 2000; 

Eirín-López et al. 2004) or gene conversion (Mondragon-Palomino and Gaut 2005) to be 

responsible for creating the pattern of concerted evolution. 

Codon usage bias can be considered a particular case of the selection hypothesis that 

deserves attention when evaluating concerted evolution because it can affect divergence levels 

between gene copies and skew the rate of synonymous substitutions. In every genome examined, 

a nonrandom usage of synonymous codons has been found where preferred codons for an amino 

acid occur more often than other synonymous codons. Preferred codons can differ between 

lineages (Duret and Mouchiroud 1999) although among eudicots codon preference is highly 
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conserved. The same 21 preferred codons were identified in Arabidopsis thaliana and Silene 

latifolia (Qiu et al. 2011) and these were very similar to preferred codons in Populus species 

(Ingvarsson 2008), and in Nicotiana tabacum and Pisum sativum (Kawabe and Miyashita 2003).  

Differences in codon usage bias can be due to selection for translational efficiency/accuracy 

or different mutational biases or a combination of the two (Hershberg and Petrov 2008). 

Selection is supported when codon usage bias correlates with frequencies of tRNA abundance 

and expression such that highly expressed genes show higher levels of bias (Duret 2002). 

Mutational biases are supported when codon bias correlates to GC content (Ikemura 1985). 

Mutational biases and processes like GC biased gene conversion can be gene specific and can 

significantly bias substitution patterns among vertebrates (Berglund et al. 2009). If mutational 

bias is the cause of codon bias, the composition of G and C or A and T nucleotides at 

synonymous positions should be proportional (Wright 1990). It is often unknown whether taxon-

specific preferences for synonymous codons are due to translational efficiency or mutational 

biases but codon usage bias can decrease divergence between genes (Sharp and Li 1987) by 

maintaining similarities between gene copies and can increase sequence divergence between taxa 

when preferred codons are different by species (Lin et al. 2006). Comparisons across a gene 

family in different species indicate more codon usage differences between genes than differences 

in codon usage between species (Zhang et al. 2009).  

Previous studies (Pichersky et al. 1986; Meagher et al. 1989; Clegg et al. 1997) identified 

concerted evolution among the gene copies encoding the small subunit of Rubisco (rbcS) in three 

disparate species of Solanaceae (petunia, tobacco, and tomato) where a higher degree of 

similarity is found between gene copies within a species than when orthologous copies are 

compared between species. However, this pattern is not observed between two closely related 
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species in Solanum (tomato and potato), where orthologous copies are more similar to each other 

than are the copies within each species. Thus, in tomato and potato, evidence of concerted 

evolution has not appeared in the time since their divergence. Two hypotheses have been 

proposed for these contrasting patterns. In 1986, Pichersky and colleagues compared nucleotide 

and amino acid similarities between orthologous and paralogous sequences from tomato and 

tobacco. They found that nucleotide differences between species were not much different from 

nucleotide differences between copies of the same species and it was only at the amino acid level 

that copies within a species showed a greater level of similarity. They concluded that selection 

acting on the Rubisco small subunit amino acid sequence was homogenizing coding DNA 

among copies within a species. Subsequently, Meagher et al.  (1989) dismissed selection as a 

mechanism due to the required time and/or rate of substitution needed to generate that many 

coding changes at every gene copy and suggested interchromosomal gene conversion as the 

mechanism homogenizing rbcS copies (Meagher et al. 1989). 

The rbcS gene encodes a peptide of approximately 180 amino acids. Eight small subunits 

encoded by rbcS interact with eight large subunits encoded by the chloroplast gene rbcL in the 

chloroplast to form the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). 

Rubisco catalyzes CO2 fixation during photosynthesis and is the most abundant protein on the 

planet (Dean et al. 1989). The first ~70 amino acids of the small subunit form the transit 

sequence for import into the chloroplast and are removed during or after transport to the 

organelle (Chua and Schmidt 1978). The transit peptide sequences for rbcS vary substantially 

more than those encoding the mature peptide encoding region. Comparisons of transit sequences 

reveal a conserved nine amino acid segment near the middle that is important for interaction with 

components of the chloroplast membrane (Mishkind et al. 1985). The mature peptide of the small 
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subunit interacts with the large subunit to form the Rubisco holoenzyme. Areas of interaction 

between neighboring small subunits and between small subunits and large subunits are extensive 

(Schneider et al. 1992). Although no small subunit amino acid residues contribute to the active 

site, the small subunit has dramatic effect on catalytic activity through undetermined interactions 

distant from the active site (Schneider et al. 1992). The region of the small subunit most often 

implicated as contributing to differences in Rubisco catalytic efficiency between species is a 22 

amino acid loop encoded at the beginning of rbcS exon 3 (Spreitzer and Salvucci 2002).  

Within Solanaceae, structural differences between rbcS loci enable discrimination of the 

individual loci despite the effects of concerted evolution. The rbcS coding structure is interrupted 

by two introns in most dicots. A unique locus has been identified in Solanaceae that is easily 

identifiable by the interruption of the third exon by a novel intron(Dean et al. 1989). The two 

other loci contain the common two-intron structure, one consists of a single copy and the other is 

characterized by a series of short tandemly repeated copies (e.g., three in Solanum and five in 

Petunia (Dean et al. 1989)). The intron differences between copies allows for easy identification 

of orthologous loci among Solanaceae and rules out the birth-and-death process that often 

homogenizes other gene copies. 

The physically adjacent rbcS copies in the tandem repeat locus show much higher levels of 

sequence similarity than do inter-locus comparisons. The process of unequal crossing over has 

been shown to effectively homogenize tandemly arrayed copies and has been suggested to be the 

mechanism responsible for homogenizing the repeated copies at the tandem repeat locus (Sugita 

et al. 1987).  

rbcS genes are highly transcribed and can exhibit distinct expression patterns indicative of 

sub-functionalization. In Arabidopsis, four rbcS copies are expressed differently in both 
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development and tissue type (Sawchuk et al. 2008). In tomato, all copies are expressed at high 

levels in leaf tissue but are expressed differently during development (Sugita and Gruissem 

1987).  

Our purpose is to evaluate the pattern of concerted evolution among the three rbcS loci in 

Solanum by evaluating each of the following potential homogenizing mechanisms: positive 

selection, gene conversion, and codon usage bias. To accomplish this we have sampled rbcS 

copies from taxa of increasing divergence from tomato and potato, where there is no pattern of 

concerted evolution (except for copies from the tandem repeat locus), with the goal of locating 

where the homogenization signal is identifiable and then examining the sequences using 

phylogenetic techniques to determine which hypothesis, selection or gene conversion, is better 

supported. 

 

 

Materials and Methods 

DNA extraction, PCR, and sequencing 

10 species of Solanum representing lineages of increasing phylogenetic distance from tomato and 

potato, were included in this study (Supplementary Table 1) (Weese and Bohs 2007). Sequences 

from one species of Jaltomata, the sister genus to Solanum (Olmstead et al. 2008), were included 

(Supplementary Table 1). Sequences from Capsicum, sister to the clade of Solanum and 

Jaltomata, were also included (Olmstead et al. 2008). Available rbcS sequences from public 

databases were downloaded as follows: five genomic sequences from GenBank 

(www.ncbi.nlm.nih.gov/) (Benson et al. 2012) for both Solanum lycopersicum and S. tuberosum, 
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two full length unigenes from Sol Genomics Network (SGN) (www.solgenomics.net) 

(Bombarely et al. 2011) for Capsicum annuum, three Genome v0.3 scaffolds containing unique 

and complete copies of rbcS from Nicotiana benthamiana, eight processed reads of Genome 

TGI:v.1 from Nicotiana tabacum, and two Petunia hybrida Mitchell sequences from GenBank 

(Turner et al. 1986). Five rbcS coding sequences from Petunia hybrida Mitchell sequences 

(Dean et al. 1987) not available from GenBank were manually entered from the original 

publication. 

Total genomic DNA was extracted from field-collected, silica-gel dried tissue using the modified 

2x CTAB method (Doyle and Doyle 1987) and purified using Wizard minicolumns (Promega, 

Madison, Wisconsin, USA). The polymerase chain reaction (PCR) was performed to amplify 

various regions of the nuclear gene for the small subunit of ribulose bisphosphate carboxylase 

oxygenase (rbcS). PCR was conducted in 25 µL volumes with annealing temperatures of 48–

60°C using primers from Supplementary Table 2. Amplified rbcS products were either gel 

isolated or cloned before direct sequencing. For gel isolation, bands were separated on a 1% 

agarose gel and purified using the Promega Wizard SV Gel and PCR Clean-up System 

(Promega, Madison, Wisconsin, USA). Otherwise, rbcS products were cleaned by precipitation 

from a 20% polyethylene glycol 8000/NaCl solution and washed with 70% EtOH prior to 

cloning. PCR products were cloned using the TOPO TA Cloning Kit for Sequencing (Invitrogen, 

Carlsbad, CA, USA) and 12-100 clones (Supplementary Table 3) were PCR amplified with 

vector primers for direct sequencing. Both strands were sequenced using either DYEnamic ET 

Terminator (GE Healthcare, Piscataway, NJ, USA) or BigDye Terminator v3.1 (Applied 

Biosystems Inc, Foster City, CA, USA) cycle sequencing kits on ABI model 377 or 3100 

automated DNA sequencers. Sequence data were proofed, edited, and contigs assembled using 
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Sequencher v.4.7 (Gene Codes Corp., Ann Arbor, MI, USA). Sequences were grouped by 

similarity and consensus sequences were constructed from clones that differed by less than 1% 

(Supplementary Table 3). 

 

Phylogenetic analyses 

Sequences were manually aligned using the program MacClade 4.08 OSX (Sinauer Associates, 

Inc, Sunderland, MA, USA). Introns could not be aligned across species nor between loci within 

the same species and were removed before further analysis. Phylogenetic analyses were 

performed using a maximum likelihood inference method. DT-Model Select (Minin et al. 2003) 

was used to determine the best-fit model of sequence evolution. For both the full rbcS coding 

region and the mature peptide coding region the TVMef model (variable transversion rates, equal 

transition rates with equal nucleotide frequencies) with discrete gamma distributed rate variation 

(Yang 1994) model of sequence evolution was indicated as the best-fit to the data; the SYM 

(symmetrical model with 6 rate classes) and discrete gamma distributed rate variation model was 

the best-fit for the region encoding the transit peptide. The same models were supported as the 

best-fit in jModelTest v.2 by both the Akaike Information Criterion and Bayesian Information 

Critertion (Darriba et al. 2012). 

Maximum likelihood (ML) analyses were performed using the program GARLI version 

2.0 (Zwickl 2006). Forty searches were performed under default parameters (including four 

categories of discrete approximation of gamma-distributed rate heterogeneity, starting trees 

created by stepwise-addition with 50 attachment branches evaluated for each taxon, branch-

length optimization started at 0.5, reduced 20 times to a minimum of 0.01). To verify 
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convergence, 20 searches were started from stepwise-addition trees and 20 from random trees. 

Free model parameters were estimated for each search replicate and automatically terminated 

after 20,000 generations without improvement in the topology score. One thousand bootstrap 

(Felsenstein 1985) repetitions were performed with the same parameters as above, but with two 

replicates per search and all starting trees created by stepwise-addition. Each pseudoreplicate 

was automatically stopped after 10,000 generations without improvement in the topology score 

and bootstrap proportions were calculated by computing a majority rule consensus tree with 

SumTrees (Sukumaran and Holder 2010).  

Trees were rooted between the Petunia sequences and the rest of the sequences.  This 

rooting is justified on the basis of 1) Petunia is the appropriate outgroup among the sampled 

species (Olmstead et al. 2008), and 2) preliminary analyses of rbcS sequences that included 

sequences from more distantly related families (Pichersky et al. 1986; Meagher et al. 1989).  

Trees were visualized using the program FigTree (http://tree.bio.ed.ac.uk/software/figtree).   

 

Topology testing 

Topologies inferred from different functional regions of rbcS were compared using the 

approximately unbiased test (Shimodaira 2002). Site-wise log-likelihoods under the previously 

used substitution rate models were obtained using PAUP* version 4.0b10 (Swofford 2002) with 

model parameters estimated by Garli-2.0 (Zwickl 2006) and imported into CONSEL 

(Shimodaira and Hasegawa 2001). 10,000 bootstrap replicate log-likelihoods were generated to 

obtain P values for each topology comparison and topologies with P values < 0.05 were rejected.  
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Gene conversion and recombination 

Two methods were used to screen the aligned data for signals of recombination, GENECONV 

and the SBR/GARD method implemented on the Datamonkey webserver (Pond and Frost 2005). 

GENECONV (http://www.math.wustl.edu/~sawyer/geneconv/) (Sawyer 1999) tests for 

recombination by identifying significant clusters of identical substitutions between pairs of 

sequences. Default settings were used except as follows: mismatch penalties set to 1 (Gscale=1), 

only silent sites were analyzed (seqtype=SILENT). Statistical significance was assessed globally 

with 10,000 random permutations of the alignment. Pairwise P values are based on comparison 

of each fragment with the maximum length fragment expected from each pair by chance (Sawyer 

1999). GENECONV has been shown to give false positives when sequences are <80% identical 

(Posada and Crandall 2001), however, all sequences in the dataset fall within a range of 80-99% 

similar. Following previous recommendations, only conversion tracts with a global P value of ≤ 

0.05 were considered (Drouin 2002). 

Single Breakpoint Recombination (SBR)/Genetic Algorithms for Recombination Detection 

(GARD) (Pond et al. 2006) uses a likelihood-based algorithm to search for neighboring gene 

fragments with discordant phylogenetic signal and assesses goodness of fit for the best estimate 

of breakpoint number. The HKY85 (Hasegawa et al. 1985) nucleotide substitution model was 

determined by the model selection tool on the Datamonkey server and used for both SBR and 

GARD with gamma rate variation and three rate classes. 

 

Codon analyses 

Effective Number of Codons (ENC) measures the degree of bias away from equal use of 

synonymous codons (Wright 1990). ENC does not require knowledge of preferred codons but 
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measures bias in codon usage by reducing from a value of 61 where all codons are used equally. 

Low ENC values indicate a nonuniform codon usage in a sequence. CodonW 

(http://codonw.sourceforge.net/) was used to calculate ENC and nucleotide composition indices 

at third codon position synonymous sites (Peden 2000). GC content at the third position of 

synonymous codons (GC3) was used to calculate the expected ENC (Wright 1990) for each 

sequence using the corrected version of the original formula (Peden 2000).  

The codon substitution model FMutSel (Yang and Nielsen 2008) included in PAML4 (Yang 

2007) was used to examine mutational biases and selection at silent sites under a ML framework. 

The FMutSel model is compared to a null model, FMutSel0, that incorporates only mutational 

biases and lacks the codon fitness parameters included in FMutSel that models selection on 

synonymous sites. A Likelihood Ratio Test between these two models is performed with 41 

degrees of freedom. 

A package of programs for examining codon usage 

(http://www.life.illinois.edu/gary/programs/codon_usage.html) was used to calculate codon 

usage distances between sequences (Davis and Olsen 2010). Distance is calculated as the sum of 

the differences in relative codon usage frequencies. For each set of synonymous codons, distance 

values range between 0, where synonymous codon usage is identical between sequences, and 1, 

when no overlap in codon usage exists. Total distance in codon usage between two sequences is 

the square root of the sum of the square of the individual distances for all 18 synonymous codon 

groups. The neighbor program included within the Phylip v3.69 software package 

(http://evolution.genetics.washington.edu/phylip.html) was used to build a neighbor-joining tree 

of synonymous codon usage distances. The tree was arbitrarily rooted at the branch leading to 

the locus 3 sequences of Petunia hybrida. 
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Positive selection analysis 

The program PAML4 was used to test for positive selection (Yang 2007). The branch-site model 

A compares a null hypothesis tree, where the branch under consideration is allowed to evolve 

without constraint (dN/dS = 1), to a tree where the same branch has a proportion of sites evolving 

under positive selection (dN/dS > 1) (Zhang et al. 2005). The branch leading to all copies from 

Solanum abutiloides was examined using this test.  A hierarchical Likelihood Ratio Test was 

used to compare these two models; twice the difference between the two log likelihood scores 

was compared to a χ2 distribution with 1 degree of freedom to reject the null hypothesis (p<0.05). 

When positive selection was detected, the Bayes empirical Bayes (BEB) procedure was used to 

estimate the posterior probability that a site evolved under positive selection. 

 

Phylogenetic patterns of synonymous and nonsynonymous substitutions 

The R package, markovjumps (http://www.stat.washington.edu/vminin/markovjumps/) (O’Brien 

et al. 2009), was used with default settings to calculate synonymous and nonsynonymous 

distances using robust counting for a codon alignment of the rbcS mature peptide. A 

phylogenetic tree was constructed from each set of distances using the neighbor joining function 

in the R package, APE v3.0-2 (Paradis et al. 2004). Significance was assessed with 1,000 

bootstraps by resampling with replacement entire codons from the alignment. Bootstrap values 

were summarized and mapped onto the neighbor joining tree using SumTrees (Sukumaran and 

Holder 2010). 
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Results 

Gene trees 

The ML tree inferred from the full rbcS coding sequence (Figure 1) reveals a pattern of 

concerted evolution where gene copies from different loci within the same species group 

together. Paralagous copies form species clades for Solanum abutiloides and Petunia hybrida. 

Paralogs in Petunia hybrida form a clade (96% bootstrap support) sister to all remaining 

sequences. Paralogs in Solanum abutiloides form a clade (98%) sister to a clade of locus 2 

sequences from Solanum dulcamara and S. jasminoides species (69% for the inclusive clade) 

and nested within a clade containing locus 2 sequences from Solanum and Jaltomata (68%). 

Other well-supported clades include the locus 2 sequences from the two Nicotiana species 

(96%), the locus 3 sequences from the two Nicotiana species (96%), and locus 1 sequences from 

Solanum species excluding Solanum abutiloides (81%). 

 The ML tree inferred from the transit sequence portion of rbcS (Figure 2) shows a pattern 

of relationships more consistent with orthologous relationships. Two main clades are 

identifiable: sequences from locus 1 (57%) are sister to the remaining sequences, which form 

two clades, a clade of locus 2 sequences (42%), including Solanum abutiloides and Petunia 

hybrida, and a clade of locus 3 sequences (26%).  Each clade includes the relevant sequences for 

both Petunia hybrida and Solanum abutiloides. These clades were used to label the putative 

locus for each rbcS copy (*). Other copies were identified to a locus by structural characteristics 

(locus 1: single copy with two introns, locus 2: copy with three introns, locus 3: tandemly 

repeated copies with two introns). 

 The ML tree inferred from the mature peptide portion of rbcS (Figure 3) reveals a 

topology similar to the analysis from the full peptide (Figure 1) such that paralogous sequences 
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often form clades. The sequences from Petunia hybrida form a clade (100%bp) sister to the 

remaining sequences. All sequences from Solanum abutiloides form a clade (99%) nested within 

a clade containing locus 2 sequences from Solanum and Jaltomata species (50%). Two clades of 

Nicotiana sequences for locus 2 (94%) and locus 3 (77%) are sister to each other (59%). The 

Nicotiana clade for both loci is placed within a poorly-supported clade of locus 2 sequences from 

Solanum and Jaltomata  and all the Solanum abutiloides sequences (25%). The locus 3 and locus 

1 sequences of Solanum and related genera form a clade (40%). Within this clade numerous 

species-specific clades are formed. Locus 3 sequences form a Jaltomata grandiflora clade 

(87%), a Solanum tuberosum clade (44%), a Solanum lycopersicum clade (68%), and a Solanum 

appendiculatum clade (71%). There is a locus 1 clade (45%) that includes sequences from four 

species of Solanum, but does not include other putative locus 1 sequences (i.e., locus 1 sequences 

identified using the transit peptide (Figure 2): Solanum herculeum 00.08 1*, S. phaseoloides 

00.20 1*, S appendiculatum 4 1*, S. abutiloides 06.19 1*, S. dulcamara 04.12 1*, S. 

appendiculatum 3 1*). 

 The NJ tree inferred from synonymous distances between sequences for the mature 

peptide portion of rbcS (Figure 4) reveals a general pattern where orthologous sequences form 

clades. Locus 2 sequences from Solanum and Nicotiana form a clade (28%). Two sub-clades are 

included within: all Nicotiana 2 sequences (92%) and all Solanum 2 sequences including 

paralogs from S. abutiloides (52%). Locus 1 and locus 3 sequences from Solanum, Jaltomata 

grandiflora, and Capsicum anuum form a clade (44%).  

The tree was rooted with Petunia hybrida locus 3 sequences to increase readability, but 

this clade could be grouped with the clade of Nicotiana locus 3 sequences (76%). The other two 

loci from Petunia hybrida form a clade (61%), as do the remaining sequences (65%) (Figure 4).  
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The NJ tree inferred from nonsynonymous distances between sequences for the mature 

peptide portion of rbcS (Figure 5) reveals a pattern of concerted evolution. Petunia hybrida 

sequences form a clade (100%) that was used to root the remaining sequences. A clade of all the 

S. abutiloides sequences (98%) is contained within a clade of locus 2 sequences from Solanum 

(46%).  

 

Topology testing 

Tree topologies from the two functional regions of rbcS were statistically different (p < 

0.0001) and each alternative topology was rejected from the other by the approximately unbiased 

test (Table 1).  

 

Testing for recombination between sequences 

Two methods were used to screen the aligned data for signals of recombination, GENECONV 

(Sawyer 1999) and the SBR/GARD method (Pond et al. 2006) for recombination detection as 

implemented on the Datamonkey webserver (Pond and Frost 2005). In the alignment for the full 

coding sequence for rbcS, SBR and GARD both identified a breakpoint near the junction 

between the nucleotides encoding the transit sequence peptide and the mature peptide (100% 

support for cAIC, BIC). Neither method found support for further breakpoints when applied to 

only the coding sequence for the mature peptide.  

GENECONV identified recombination between sequences from locus 3. On the full rbcS coding 

alignment, GENECONV identified no potential recombination. However, when the same 

analysis was conducted on genera specific groups of sequences and species specific groups of 
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sequences an inner fragment was identified starting in the third codon position of the 9th codon 

from the end of the transit sequence through all the codons for the mature peptide sequence 

between Solanum tuberosum 3a and 3c sequences (simulated P value = 0.015). Analyses of the 

alignment for the coding sequence of the mature peptide grouped by species identified an inner 

fragment for the full length of the coding sequence except for the last 25 codons between 

Solanum abutiloides 3.1 and 3.2 sequences (simulated P value = 0.027). GENCONV does not 

identify fragments when sequences are identical so many locus 3 sequences could not be tested.  

 

 

Codon usage 

 ENc is a general measure of codon bias with values that represent the number of equally 

used codons that would generate the same codon usage bias as the one observed. A common 

method to distinguish between codon bias and mutation bias is to compare the ENc (Wright 

1990) to GC3 content. ENc and GC3 values and four indices for nucleotide composition at third 

codon position synonymous sites (G3, C3, A3, and T3) were calculated using CodonW (Peden 

2000). Each third codon position synonymous site nucleotide index is the frequency observed 

proportional to the maximum possible usage of that nucleotide without changing amino acid 

composition (Peden 2000). Expected ENc (eENc) for a given GC3 content was calculated for 

each sequence along with the difference between the observed and expected values with respect 

to the expected values. When ENc approaches eENc values a codon bias is determined by the 

underlying mutational bias and without selection on codon usage.  

Values for ENc range between 37 – 55, average GC between 45-51% content 

(Supplementary Table 4).  Additional values of nucleotide composition at the 3rd codon position 
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for each sequence, as well as the four nucleotide indices (e.g., A3), and ENc and eENc with the 

difference between the two calculated as a percentage of eENc were calculated (Supplementary 

Table 4). Large differences between ENc and eENc implicate selection for codon usage affecting 

sequences. For rbcS sequences, (ENc – eENc)/eENc values ranged between 0.06 – 0.36 

(Supplementary Table 4). 

To further examine the level of selection on codon bias, an ML based codon substitution 

model, FMutSel, that models selection on synonymous codons was supported and the null model 

rejected with a p value < 0.0001 for both the HKY and GTR nucleotide substitutions models and 

dN/dS rate category models M0 (1 rate) and M3 (3 rates) (Table 4). Parameter estimates for 

proportion of negatively selected sites with selection coefficient greater than 2 (P-_|S| > 2) and 

average selection coefficient for negatively selected sites (mean S-) are listed in Table 2. 

Estimates differ more by nucleotide substitution model (GTR vs HKY) than between the 1 

dN/dS rate category model (M0) and the discrete rate model with three dN/dS estimates (M3).  

 For codon bias to drive the pattern of concerted evolution, different codons must be 

favored in separate lineages. To assess differences in codon usage bias, pairwise distances were 

calculated for codon usage in each sequence and clustered using the neighbor-joining method 

(Figure 4). Many sequences cluster by codon usage with other orthologous copies: sequences 

from locus 3 in Petunia hybrida cluster with a locus 3 sequence from Nicotiana tabacum, locus 3 

sequences from Solanum species cluster together, locus 2 sequences form a cluster of sequences 

from Nicotiana and Solanum species and another cluster of sequences from Solanum tuberosum 

and S. lycopersicum, locus 1 sequences from three Solanum species cluster together. Notable 

paralogous groupings are also evident: Jaltomata grandiflora locus 3 sequences form a cluster 

sister to the locus 1 sequence (Jgrandiflora_5, identified using the transit peptide (Figure 2)), 
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locus 1 and locus 2 sequences from Petunia hybrida cluster and are sister to a cluster of locus 3 

sequences from Nicotiana species, the transit peptide identified (Figure 2) locus 1 sequence 

(Sabutiloides_06.19) from S. abutiloides clusters with other Solanum locus 3 sequences, the 

locus 1 sequence from Solanum phaseoloides is sister to the locus 2 sequence from S. abutiloides 

and both are nested within a larger cluster of locus 2 sequences from Solanum and Nicotiana 

species, and locus 1 and locus 3 sequences from Solanum dulcamara cluster together. 

 

Separation of synonymous and nonsynonymous substitutions 

  

To investigate whether the unexpected similarity between rbcS sequences from Solanum 

abutiloides could have been affected by selection for the same amino acid sequence, 

synonymous (Fig. 4) and nonsynonymous (Fig. 5) neighbor joining trees were reconstructed 

separately. The synonymous substitution tree shows a pattern with orthologs generally clustering 

together. Locus 1 sequences from Solanum species, identified from the ML tree of the transit 

sequence (Fig. 1), form a monophyletic group (34%) nested within sequences of locus 3 from 

Solanum, Jaltomata, and Capsicum. Locus 3 sequences from Petunia form a monophyletic group 

(100%) and locus 3 sequences from both Nicotiana species form another monophyletic group 

(76%). Locus 2 sequences from Solanum and Jaltomata species are monophyletic (52%) and 

sister to the locus 1 and locus 3 sequences from Solanum abutiloides (52%). Locus 2 sequences 

from the two Nicotiana species are monophyletic (92%). 

 The neighbor joining tree of nonsynonymous substitutions shows a trend of paralogs 

clustering together (Fig. 6). Paralogs from Solanum abutiloides form a monophyletic group 

(98%) within a cluster of locus 2 sequences from other Solanum species. Paralogs from S. 
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muricatum form a monophyletic group (60%). Locus 1 and locus 3 sequences from Jaltomata 

grandiflora form a monophyletic group (46%). Both sequences from Capsicum annuum cluster 

together (100%). Paralogs from each Nicotiana species form monophyletic sister groups: N. 

tabacum sequences (18%), N. benthamania (17%). 

 

Positive selection 

 Topological incongruence between the synonymous substitutions tree and the 

nonsynonymous substitutions prompted an examination for positive selection. A test for positive 

selection was performed using the ML tree from the mature peptide coding sequence (Figure 3). 

The nonsynonymous/synonymous substitution rate ratio (dN/dS) is used to indicate natural 

selection at the protein level when dN/dS > 1, neutral evolution when dN/dS = 1, and purifying 

selection when dN/dS < 1. The results of tests for positive selection under different models are 

summarized in Table 3.  The Branch Site model A test implemented in PAML estimated a dN/dS 

value of 217.17 for the branch in Figure 3 shared by all paralogs in Solanum abutiloides (p < 

0.001). High BEB support for positive selection implicated four codons from the region 

encoding the mature pepetide (Table 3): position 75 (0.763 BEB), position 80 (0.926 BEB), 

position 81 (0.999 BEB), position 118 (0.898 BEB).  

Other evolutionary models, differing in parameterization for dN/dS rate variation, test for 

positive selection across all sites. Two comparisons indicate no improvement in fit when 

selection is estimated (Table 3). The first comparison was between the Nearly Neutral model 

(M1a), which models rates among sites as a portion under purifying selection (0<dN/dS<1) and 

under neutral evolution (dN/dS=1), and the Positive Selection model (M2a). The two additional 

parameters in M2a, which estimate a proportion of sites evolving under positive selection 
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(dN/dS>1), results in no improvement in fit (LRT: 0.00; p = 1.00). A second comparison of 

nested models evaluates a model incorporating dN/dS rates from a Beta distribution (M7). The 

additional parameters to model positive selection resulted in no better fit (LR: 0.007; p = 1.00).  

 

 

Discussion 

 

We have developed a framework to examine the mechanisms of concerted evolution by 

sequencing the three rbcS loci in species of increasing phylogenetic distance from tomato and 

potato. Our phylogenetic approach identified significant evidence of concerted evolution in 

Solanum abutiloides, a species of moderate genetic distance from tomato and potato, while 

copies in more distantly related species do not exhibit this pattern among all loci. We speculate 

that we have uncovered evidence of concerted evolution that is either specific to the S. 

abutiloides lineage or has simply progressed to a degree that allows identification.  

The homogenization pattern among rbcS copies in Solanum abutiloides supports the 

selection hypothesis (Pichersky et al. 1986). Two results are important for this conclusion, 1) a 

test for positive selection identifies shared nonsynonymous codons in exon 3 of all three S. 

abutiloides loci that contribute to an estimated dN/dS ratio > 1 along the branch leading to these 

copies, and 2) separate phylogenetic analyses of synonymous and non-synonymous substitutions 

indicates the latter to be driving the similarity between the locus 2 sequence and its paralogs in S. 

abutiloides. Since non-synonymous substitutions encode the differences in amino acid sequence 

upon which selection acts, we infer that selection is the mechanism driving homogenization 

between copies in this lineage. 
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No support was found for the gene conversion hypothesis (Meagher et al. 1989) acting 

between paralogous loci, although, gene conversion is supported between tandemly repeated 

copies of rbcS at locus 3 in Solanum lycopersicum, S. tuberosum, and S. abutiloides. Scans of the 

alignment of rbcS sequences for significant clustering of silent substitutions failed to identify any 

regions of suspected gene conversion between sequences from different loci. Recombination 

break point analysis uncovered breaks between the transit and mature portions of the rbcS 

peptide. This breakpoint signal can reasonably be attributed to differences in selective 

constraints. There was no signal of recombination within the mature peptide coding region 

between loci. 

Other potential mechanisms for homogenization were not supported. ENc indices and a 

ML codon analysis support a general codon bias within the coding sequence for the mature 

peptide, however, the bias appears to be more similar for orthologous loci than between 

paralogous loci as demonstrated by codon usage pairwise distances that generally resulted in 

clusters of orthologous clades. For example, codon usage for the locus 2 sequence in Solanum 

abutiloides (Sabutiloides_rbcS_2) is much more similar to locus 2 sequences from other 

Solanum species than to its own paralogs at other loci (Figure 6). If codon usage bias was driving 

concerted evolution then sequences from different loci should cluster together by species. No 

paralog clades were inferred from codon usage similarity analysis. Despite support for selection 

upon codon usage and strong departure from equal codon usage, similarity in codon usage is 

higher between sequences at the same locus in different lineages than among copies at different 

loci within a particular lineage. Selection does affect synonymous codons usage among rbcS 

sequences but results in biases that are more similar between orthologs and does not contribute to 

homogenization between paralogs in a species. 
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Recombination and codon bias are two mechanisms shown to be acting on rbcS 

sequences that can mislead subsequent analyses. Recombination can cause errors in analyses of 

detection for positive selection (Anisimova et al. 2003). For this rbcS dataset, evidence for 

recombination is limited to the tandemly repeated copies at locus 3. One breakpoint was inferred 

within the coding sequences between the transit and mature peptides and all subsequent analyses 

relied only on the coding region for the mature peptide. Furthermore, rates for synonymous 

substitutions can be reduced in highly expressed genes (Sharp and Li 1987) and rbcS exhibits a 

codon bias that constrains estimates for both of the rates in the dN/dS ratio. Comparisons 

between dN and dS are still valid when selection acts on synonymous substitutions, however, 

because the ratio is a contrast between the two rates before and after selection acts on the protein 

sequence (Yang and Nielsen 2008). Additionally, codon usage bias is not species specific, 

orthologous sequences are generally more similar in codon usage than paralogous sequences and 

a separate analysis of synonymous and nonsynonymous substitutions results in different 

topologies. The nonsynonymous substitutions support the grouping of paralogs in Solanum 

abutiloides and thus support the conclusion that selection on the amino acid sequence is the 

mechanism driving the pattern of concerted evolution. 

Amino acids homogenized by positive selection among copies from Solanum abutiloides 

may be adaptive. The four residues with highest posterior probability all reside in exon 3 (Table 

3). Of these four residues, the middle two are part of the α-helix B structure. The contribution of 

the small subunit α-helix B in the functioning of rubisco remains unknown, but the structure 

determines rubisco aggregation in the pyrenoids within algae (Meyer et al. 2012).  

The transit portion and the mature peptide portion of the rbcS coding region provide 

contrasting evidence for the source of the unique, extra intron locus (locus 2) in Solanaceae and 
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may implicate ancestral recombination between loci. The transit sequence for locus 2 is more 

closely related to locus 3 (the tandem repeat locus) than locus 1 (the singleton locus) (Figure 2). 

While substitution trends in the coding region of the mature peptide indicate a closer relationship 

between locus 1 and locus 3 copies (Figure 3). However, Petunia sequences display more 

similarity between locus 1 and locus 2 than either loci do to locus 3 copies (Figures 2 and 3). 

These observations could indicate a relaxation of purifying selection at locus 2 such that copies 

independently acquire more changes, a common indicator of subfunctionalization. 

This study demonstrates an aspect of multigene family evolution that should worry 

researchers using gene copies to infer species phylogeny. As depicted in the tree figures, 

orthologous sequences from different loci can lead to inferences of differing species relationships 

due to the differing rates of concerted evolution between species. Gene tree, species tree 

discordance has been well described (Maddison 1997; Slowinski and Page 1999)(Maddison 

1997), but among gene copies undergoing sporadic concerted evolution the propensity for 

discordant topologies is virtually guaranteed.  

Selection is inferred to act upon rbcS sequences. Purifying or negative selection plays a 

role in maintaining sequence similarity, although it is unable to homogenize paralogs. Selection 

on codon usage must also be acting on rbcS gene sequences, but no evidence was found to 

suggest it as a force for homogenization. Positive selection is supported as a mechanism acting to 

homogenize the paralogs within Solanum abutiloides and may also be important for increasing 

similarities among paralogs in other related lineages. The differences between gene trees inferred 

using only synonymous substitutions and  only nonsynonymous substitutions support the 

selection hypothesis since only the latter infer close relationships between rbcS paralogs within a 

species. 
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While gene conversion remains an appealing hypothesis to explain patterns of concerted 

evolution, the role of selection in homogenization should not be relegated to an afterthought. 

Strong negative selection combined with selection for codon usage may decrease the rate of 

synonymous substitution to such a degree that may obscure all but the strongest signals of 

positive selection.  
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Supplementary Table 1. Voucher information for study taxa. 
Taxa Authority Plant info/Voucher 
Solanum abutiloides (Griseb.) Bitter & Lillo R.G. Olmstead S-73 (WTU) 
Solanum appendiculatum Dunal Mexico, G. Anderson 1401 (CONN) 
Solanum dulcamara L. Ann Arbor, Michigan, USA, no voucher 
Solanum herculeum Bohs Morocco, Jury 13742 (WTU) 
Solanum jasminoides Paxton Bogota, Estrada, R.G.Olmstead S-86 (WTU) 
Solanum lycopersicum L. Territorial Seed#TM784, Var=sweetie cherry 

tomato, Pat Reeves 23 
Solanum muricatum Aiton G. Anderson 1461 (CONN) 
Solanum phaseoloides Pol. donated by Lynn Bohs 
Solanum tuberosum L. USW 1718 ????? 
Jaltomata grandiflora (Robinson and Greenmann) 

D'Arcy, Mione & Davis 
Mexico, Michoacan, Davis 1114 (MO) 
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Supplementary Table 2. Primers designed for PCR amplification of rbcS copies. 

Primer Location Locus primer sequence, 5’-3’ 

1 exon 1 all CAATGGCTTCCTCwrTnnTnTCCTC 

2 exon 3b all GGCTTGTArGCrATGAAACTGATrC 

3 exon 1 3 CCCTGTTTCAAGGAAGCAAAACC 

4 exon 1 3 GGACTTrAGkCCAGTGAAGGG 

5 exon 1 all AACCTTGACATTACyTCCmTTGC 

6 exon 3b all ATGAAACTGATrCACTGCACTTGACG 

7 5' UTR 2 GATTAmyGAGGTGCTTACACG 

8 exon 3b 2 CCCTTCTGGCTTGTAGGC 

9 5' UTR 2 AATTGTATAATGTTATCAAGAACCAC 

10 exon 3b/3' UTR 2 TCCTAATATGAAACTTAGTAkCCTTC 
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Supplementary Table 3. Collection numbers, primers and clones for each rbcS sequence. 
 

Genus species locus name primer F primer R clones Identical to ref synonyms 

Solanum abutiloides 1 06.19 9 10 D    

  2 2.1 13 16 6    

  3 3.1 1 2 23    

    9 10 D    

    5 6 1    

  3 3.2 1 2 14    

Solanum appendiculatum 1 3 9 10 3    

  1 4 9 10 2    

  3 1 9 10 5    

    5 6 1    

  3 2 9 10 5    

Solanum dulcamara 1 04.2 1 2 23    

    9 10 4    

  2 2.1 15 16 13    

  3 04.1 1 2 23    

Solanum herculeum 1 00.08 9 10 6    

Solanum jasminoides 2 1 13 16 6    

   2 13 16 7    

Solanum lycopersicum 1 X05982     Sugita et al. 
1987 

 

  2 X05983     Sugita et al. 
1987 

 

  3a M13544    X05984 Pichersky et al. 
1986 

 

  3b D11112    X05985 Sugita et al. 
1987 

 

  3c X05986     Sugita et al. 
1987 

 

Solanum muricatum 1 1 9 10 4    

  2 2 13 16 25    

Solanum phaseoloides 1 00.20 9 10 5    

  2 2 13 14 23    

Solanum tuberosum 1 X69763     Fritz et al. 
1993 

 

  2 1 13 16 4    

  2 2 13 16 5 X69759 Fritz et al. 
1993 

 

  3a X69760     Fritz et al. 
1993 

 

  3b X69761     Fritz et al. 
1993 

 

  3c X69762     Fritz et al. 
1993 

 

Jaltomata grandiflora 1 5 9 10 4    

  2 5 9 10 6    

  3 1 9 10 5    

  3 2 9 10 18    

  3 3 9 10 9    

  3 4 9 10 2    

Capsicum annuum 1 SGNU19
6104 

    Bombarely et 
al.  2011 
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  3 SGNU19
6105 

   AF065615 Bombarely et 
al.  2011 

 

Nicotiana benthamania 2 2480353
2 

   25197092, 
25267005, 
24894358 

  

  2 2479748
5 

   24997047   

  3 2521278
2 

      

Nicotiana tabaccum 2 c5644       

  2 c133569       

  2 c21998    X02353   

  3 c103243      TSSU3-2 

  3 c126816       

  3 c126805    c182925   

  3 c12773    X53426  NySS41 

Petunia hybrida 1 cd611       

  2 X03820     Tumer et al.  
1986 

ssu301, 
ssu8 

  3 X03821     Tumer et al.  
1986, Dean et 
al.  1987 

ssu511, 
ssu11a 

  3 cd231       

  3 cd112       

  3 cd911       

  3 cd491       
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Supplementary Table 4. Codon composition at 3rd position and ENc values. 
(separate excel doc) 
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Table 1. Alternative topologies and P values from the approximately unbiased test. 
!
Tree! Comparison!tree! P!value!
Transit!peptide!tree! Transit!peptide!tree! 1.000!
! Mature!peptide!tree! 0.000!
Mature!peptide!tree! Transit!peptide!tree! 0.000!
! Mature!peptide!tree! 1.000!
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Table 2. Selection on synonymous substitutions among different models. HKY and GTR 
nucleotide substitution models with 1 dN/dS rate category (M0) and 3 dN/dS rate categories 
(M3). Proportion of negatively selected sites with selection coefficient > 2 (P-_|S| > 2) and 
average selection coefficient for negatively selected sites (mean S-). 
Rate 
model 

M LR p-value dN/dS P-_|S|>2 mean S- 

hky 0 257.64 <<0.0001 0.14 0.24551 -1.78 
hky 3 232.43 <<0.0001 p:   0.51  0.30  0.19 

w:   0.00  0.12  0.74 
0.20121 -1.74 

gtr 0 267.60 <<0.0001 0.13 0.99797 -9.44 
gtr 3 257.87 <<0.0001 p:   0.65  0.33  0.02 

w:   0.01  0.35  2.17 
0.99973 -11.58 
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Table 3. Estimates of positive selection using 5 PAML models. 
Model ts/tv dN/dS lnL LR p-

value 
Foreground 
dN/dS 

Selected sites 

M1a 1.633 p: 0.828  0.172  
w: 0.051  1.000 

-3586.37     

M2a 1.633 p: 0.828  0.061  
0.111 
w: 0.051  1.000  
1.000 

-3586.37 0 1.000   

M7 (beta) 1.370 p: 0.100  0.100  
0.100  0.100  
0.100  0.100  
0.100  0.100  
0.100  0.100 
w: 0.000  
0.00002  
0.00039  
0.00251  0.010  
0.030  0.076  
0.170  0.349  
0.685 

-3550.45     

M8 
(beta&w>1) 

1.370 p: 0.100  0.100  
0.100  0.100  
0.100  0.100  
0.100  0.100  
0.100  0.100  
0.00001 
w: 0.000  
0.00002  
0.00039  
0.00251  0.010  
0.030  0.076  
0.170  0.349  
0.685  1.000 

-3550.45 0.007 1.000   

Branch sites, 
model A 

1.630   10.88 0.001 217.17 75 F 0.763 
80 A 0.926 
81 T 0.999 
118 Y 0.898 
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Figure 1. ML tree for the full coding sequence from rbcS. Bootstrap support values are shown as 
percentages above branches. Sequences are labeled with a single letter abbreviation for genus 
followed by species epithet, sequence identifier, and locus identity. ‘*’ are used to indicate 
sequences that have been identified based on transit sequence similarity and have not been 
identified by intron structure or location with other tandem repeats. 
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Figure 2. ML tree for the coding sequence of the rbcS transit peptide. Bootstrap support values 
are shown as percentages above branches. 
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Figure 3. ML tree for the coding sequence of the rbcS mature peptide. Bootstrap support values 
are shown as percentages above branches. 
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Figure 4. Neighbor joining tree of robust synonymous distances from the coding sequence of the 
rbcS mature peptide. Bootstrap support values are shown as percentages to the right of nodes. 
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Figure 5. Neighbor joining tree of robust nonsynonymous distances from the coding sequence of 
the rbcS mature peptide. Bootstrap support values are shown as percentages to the right of nodes. 
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Figure 6. Neighbor joining tree of pairwise distances of codon usage. Solanum abutiloides copies 
are indicated by arrows.  
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Chapter 2: Evolution of a novel intron in Solanaceae!
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Introduction 

 

Among land plants and green algae, the gene encoding the small subunit of Rubisco, rbcS, is 

encoded in the nucleus by 2-12 gene copies, with coding regions usually interspersed with two 

introns in homologous locations (Akazawa et al. 1984). Within Solanaceae, a unique locus of 

rbcS contains a novel, third intron. To explore the origin of this novel intron Solanaceae lineages 

were sampled for rbcS copies to better understand the phylogenetic distribution of species 

containing this locus. In addition, through comparisons of the novel intron from diverse 

Solanaceae species, evolutionary processes are identified that may have contributed to the 

origination of the intron.  

 

Mechanisms of intron gain 

Many mechanisms have been suggested to explain the formation of new introns (Yenerall and 

Zhou 2012). The best-supported mechanism for intron gain is through the tandem duplication of 

an exonic sequence containing a protosplice site, AGGT (Yenerall and Zhou 2012). In addition 

to indirect evidence from many different lineages, tandem duplication is the only mechanism that 

has been shown to generate a functional intron in vivo (Hellsten et al. 2011).   

 

Less support exists for other proposed mechanisms of intron gain (Yenerall and Zhou 2012). 

Transposons may contribute to intron gain after insertion into a protosplice site if preexisting 

spice sites or ones originating during insertion allow spliceosome removal after transcription to 
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prevent coding sequence change (Giroux et al. 1994). Preexisting introns from another gene or 

from paralogous gene copies may also contribute to intron gain by inserting into a protosplice 

site. Preexisting introns are thought to move to a new gene by transposition of a spliced intron 

into an mRNA which is subsequently reverse transcribed and recombines with the original gene 

to cause insertion (Tarrío et al. 1998). Paralogous gene copies may provide another source for 

preexisting introns to move through gene conversion into a novel location (Hankeln et al. 1997). 

Introns are also throught to be created through repair of double-strand breaks. Non-homologous 

end joining may insert novel sequences into genes that by chance can be removed by the 

spliceosome (Li et al. 2009).  

 

rbcS introns among land plants and green algae 

Homologous locations for two introns are conserved for rbcS across land plants (Table 1). rbcS 

copies from a moss - Physcomitrella patens, lycophyte - Selaginella moellendorfii (Banks et al. 

2011), fern - Pteris vittata (Hanania and Zilberstein 1994) conifer - Larix laricina (Hutchison et 

al. 1990), and numerous flowering plants (Dean et al. 1989) possess introns at shared locations. 

Within flowering plants, monocots exhibit differential loss of one intron. Within some grasses, 

the second intron is missing and all copies possess a single intron located at the same first intron 

position in other land plant rbcS genes (Sasanuma and Miyashita 1998). In the duckweed, Lemna 

gibba, rbcS copies lack the first intron and contain one intron at the identical position where 

other land plant rbcS copies contain the second intron (Silverthorne et al. 1990). 
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Among green algae, rbcS intron positions tentatively support a single shared splice site for the 

first intron position found in land plant rbcS (Yamazaki et al. 2005). A two-intron rbcS copy in 

Nannochloris bacillaris shares the first intron splice site with land plant rbcS genes (Yamazaki et 

al. 2005). Green algae also contain three-intron rbcS copies in N. bacillaris, Dunaliella 

tertiolecta, and Chlamydomonas reinhardtii (all Chlorophyceae, belonging to the most remote 

branch of green algal phylogeny from land plants; (Leliaert et al. 2012)) that sometimes differ by 

up to 15 base pairs in intron location; these are not homolous to any land plant intron positions . 

The absence of introns in cyanobacterial rbcS genes, combined with the evidence that some 

green algae have a third intron (although not in the same exact location as in Solanaceae) led to 

the proposal that exon shuffling followed by intron loss in some lineages (e.g., monocots) could 

support the possibility that a three-intron rbcS copy arose in the algae-land plant ancestor 

(Wolter et al. 1988). This scenario requires a shifting in splice sites over time, a homologous 

relationship between the three-intron algal copy and the one in Solanaceae, and independent loss 

of the three-intron rbcS copy in every other land plant lineage so far examined. Parallel intron 

gains at identical positions have been found in other genes and may be expected based on the 

nucleotide preferences for intron splice sites (Tarrío et al. 2003). Thus, a hypotheses of common 

ancestry for the third intron dating to the earliest ancestor of extant green algae and land plants, 

seems untenable.  

 

During the evolution of green plants, rbcS was transferred from the chloroplast to the nucleus 

(Palmer 1985). Nuclear rbcS copies encode a protein consisting of a transit peptide region and 

the mature peptide for the small subunit of Rubsico. The transit peptide functions in import into 
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the chloroplast and is removed from the mature peptide during or after transport (Chua and 

Schmidt 1978). As with other transit peptides, the transit peptide sequences for rbcS vary 

substantially more than those encoding the mature peptide encoding region, although a nine 

amino acid segment near the middle is well conserved and is necessary for interaction with 

components of the chloroplast membrane (Mishkind et al. 1985). The mature peptide encoded by 

rbcS forms the small subunit of Rubisco. Eight small subunits interact with eight large subunits, 

encoded by the chloroplast gene rbcL in the chloroplast, to form the enzyme responsible for CO2 

fixation during photosynthesis, ribulose-1,5-bisphosphate carboxylase/oxygenase (Dean et al. 

1989).  

 

rbcS introns in Solanaceae 

Within Solanaceae, three-intron rbcS copies have been identified from Solanum, Nicotiana, and 

Petunia. Solanum and Nicotiana fall within the well-supported “x=12” clade (Olmstead et al. 

2008). Petunia (Petunieae), along with several other lineages (Cestroideae and Benthamielleae, 

Goetzeoideae and Duckeodendron, Schizanthus, Schwenckieae) form a poorly resolved basal 

grade relative to the X=12 clade (Olmstead et al. 2008; Särkinen et al. 2013).  

 

To circumscribe the phylogenetic origin of the three-intron rbcS copy, Solanaceae species in 

these basal clades were examined for rbcS copies by PCR, cloning, and sequencing. DNA 

sequences from the novel intron in taxa containing the three-intron rbcS copy were examined for 

evidence of processes associated with intron gain.  
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Evidence for the absence of a specific genetic locus by PCR can be misleading due to divergence 

at the sites targeted by primers for amplification. However, rbcS sequences identified from many 

different taxa have been shown to undergo concerted evolution such that copies within a taxon 

are more similar to each other than to copies from other taxa (Pichersky et al. 1986; Meagher et 

al. 1989; Miller et al. in prep.). The homogenization of rbcS copies suggests that PCR primers at 

coding regions able to amplify one rbcS copy from a taxon should also successfully amplify 

other copies present in the taxon.  

 

 

Materials and methods 

Sequences sampled 

Twelve species of Solanaceae were sampled for copies of rbcS: Browallia speciosa, Cestrum 

nocturnum, Duckeodendron cestroides, Goetzea elegans, Jaltomata darcyana, Jaltomata 

paneroi, Jaltomata procumbens, Jaltomata ventricosa, Nicotiana plumbaginifolia, N. tabacum, 

Schizanthus pinnatus, Schwenckia glabrata (Appendix 1). Available rbcS sequences from public 

databases were downloaded as follows: five genomic sequences from GenBank 

(www.ncbi.nlm.nih.gov/) (Benson et al. 2012) for both Solanum lycopersicum and S. tuberosum, 

and sequences from Solanum abutiloides, S. appendiculatum, S. dulcamara, S. herculeum, S. 

jasminoides, S. muricatum, S. phaseoloides and Jaltomata grandiflora (Miller et al. in prep.). 
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NCBI’s BLAST (Altschul et al. 1990) was used with different species-specific cDNA sequences 

of rbcS (GenBank: KC176707, X01722) to identify genomic sequences in Capsicum annuum (Jo 

et al. 2011), Nicotiana benthamiana (GenBank: GCA000723945), N. sylvestris (GenBank: 

GCA000393655), and N. tomentosiformis (GenBank:!ASAG01000000). Resulting sequences 

were compared to rbcS exons to identify intron structure and copies were compared pairwise to 

identify unique copies. Three Capsicum annuum Genome v0.3 scaffolds containing unique and 

complete copies of rbcS were retained and four Nicotiana sylvestris unplaced genomic scaffolds 

containing unique and complete 2-intron and 3-intron rbcS copies were included. One full length 

Petunia hybrida unigene from Sol Genomics Network (SGN) (www.solgenomics.net) 

(Bombarely et al. 2011) and five Petunia hybrida sequences from GenBank that were unique and 

full copies were included in further analysis. From the sister group of Solanaceae, 

Convolvulaceae, one Ipomoea batatas (CB329919) mRNA based sequence from GenBank was 

also included (Appendix 1).  

 

DNA extraction, PCR, and sequencing 

Total genomic DNA was extracted from field-collected, silica-gel dried tissue using the modified 

2x CTAB method (Doyle and Doyle 1987) and purified using Wizard minicolumns (Promega, 

Madison, Wisconsin, USA). The polymerase chain reaction (PCR) was performed to amplify 

various regions of the nuclear gene for the small subunit of ribulose bisphosphate carboxylase 

oxygenase (rbcS). PCR was conducted in 25 µL volumes with annealing temperatures of 48–

60°C using primers from Supplementary Table 1. Amplified rbcS products were either gel 
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isolated or cloned before direct sequencing. For gel isolation, bands were separated on a 1% 

agarose gel and purified using the Promega Wizard SV Gel and PCR Clean-up System 

(Promega, Madison, Wisconsin, USA). Otherwise, rbcS products were cleaned by precipitation 

from a 20% polyethylene glycol 8000/NaCl solution and washed with 70% EtOH prior to 

cloning. PCR products were cloned using the TOPO TA Cloning Kit for Sequencing (Invitrogen, 

Carlsbad, CA, USA) and 8-48 clones were PCR amplified with vector primers for direct 

sequencing. Both strands were sequenced using either DYEnamic ET Terminator (GE 

Healthcare, Piscataway, NJ, USA) or BigDye Terminator v3.1 (Applied Biosystems Inc, Foster 

City, CA, USA) cycle sequencing kits on ABI model 377 or 3100 automated DNA sequencers. 

Sequence data were proofed, edited, and contigs assembled using Sequencher v.4.7 (Gene Codes 

Corp., Ann Arbor, MI, USA). Sequences were grouped by similarity and consensus sequences 

were constructed from clones that differed by less than 1%. 

PCR of mitochondrial sequences 

Primers for amplification of the mitochondrial tRNA-Ile gene were designed from gene flanking 

regions based upon the Nicotiana tabacum mitochondrial genome, GenBank accession 

BA000042 (Supplementary Table 1) and used to amplify mitochondrial sequences from 

Jaltomata procumbens and Solanum lycopersicum (Appendix 1). 
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Phylogenetic analyses 

Sequences were manually aligned using the program MacClade 4.08 OSX (Sinauer Associates, 

Inc, Sunderland, MA, USA). Introns could not be aligned across species nor between loci within 

the same species and were removed before further analysis. Phylogenetic analyses were 

performed using a maximum likelihood inference method. DT-Model Select (Minin et al. 2003) 

and jModelTest 2 (Darriba et al. 2012) were used to determine the best-fit model of sequence 

evolution. For the full coding region the SYM model (6 rates of nucleotide substitution, equal 

nucleotide frequencies) with discrete gamma distributed rate variation and a proportion of 

invariable sites was indicated as the best-fit to the data. The HKY model (2 rates of nucleotide 

substitution, estimated nucleotide frequencies) with discrete gamma distributed rate variation 

(Yang 1994) model of sequence evolution was indicated as the best-fit to the data for the coding 

region for the transit sequence and the TVMef model (variable transversion rates and equal 

transition rates, equal nucleotide frequencies) with discrete gamma distributed rate variation and 

a proportion of invariable sites was indicated as the best-fit for the coding region of the mature 

rbcS peptide by both the Akaike Information Criterion and Bayesian Information Criterion. 

Analyses with partitions of the transit and mature coding regions and without partitions were 

performed for the designated models and the GTR+I+G  model. For partitioned analyses, subset 

specific rates were estimated (e.g., GARLI setting: subsetspecificrates = 1). AIC scores from 

each model were compared and the GTR+I+G model, partitioned with subset specific rates, was 

indicated as the best-fit and used in subsequent analyses (Supplementary Table 2).  

Maximum likelihood (ML) analyses were performed using the program GARLI version 

2.0 (Zwickl 2006) on the CIPRES Science Gateway teragrid server (Miller et al. 2010). Forty 
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searches were performed under default parameters (including four categories of discrete 

approximation of gamma-distributed rate heterogeneity, starting trees created by stepwise-

addition with 50 attachment branches evaluated for each taxon, branch-length optimization 

started at 0.5, reduced 20 times to a minimum of 0.01). To verify convergence, 20 searches were 

started from stepwise-addition trees and 20 from random trees. Free model parameters were 

estimated for each search replicate and automatically terminated after 20,000 generations without 

improvement in the topology score. Bootstrap analysis was conducted with 396 (Felsenstein 

1985) replicates and were performed with the same parameters as above, but with two replicates 

per search and all starting trees created by stepwise-addition. Each pseudoreplicate was 

automatically stopped after 10,000 generations without improvement in the topology score and 

bootstrap proportions were calculated by computing a majority rule consensus tree with 

SumTrees (Sukumaran and Holder 2010).  

Trees were rooted with sequences from Convolvulaceae, the sister group to Solanaceae 

(Olmstead et al. 2000; The Angiosperm Phylogeny Group 2009). Trees were visualized using the 

program FigTree (Rambaut 2009). 

 

Identification of sequences within intron 3 

rbcS intron 3 sequences were compared to intron sequences at other rbcS copies by BLAST 

search and were screened for repetitive elements in Repbase Update 

(http://www.girinst.org/repbase/) through the Censor web server  (Jurka et al. 2005). Potential 

MITEs were identified using MUST v.1 with default settings except to include clusters with 
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similarity >0.5 (Chen et al. 2009). Previously identified MITES were found by BLAST search on 

the P-MITE database (http://pmite.hzau.edu.cn/django/mite/) (Chen et al. 2014). 

 

Repeat sequences within intron 3 

Intron 3 sequences were searched for tandem repeats using the Tandem Repeats Database 

(Gelfand et al. 2007). Repeats of similarity >60% between species were clustered using Tandem 

Repeat Finder with the CCA algorithm and Eucledian tables (Gelfand et al. 2007). The multi-

sequence alignment of tandem repeats from Jaltomata grandiflora and Solanum phaseoloides 

was pruned to remove short repeat copies <70 bases in length. The region from Jaltomata 

grandiflora corresponding to the end of exon 3a and flanking intron sequence (residues: 1716-

1863) was added to the alignment using MAFFT v.7 (Katoh and Frith 2012).  Alignment was 

manually edited in SeaView v.4 (Gouy et al. 2010). A phylogenetic tree was inferred with the 

BIONJ algorithm and HKY correction with 200 bootstrap runs and rooted with the repeat added 

from Jaltomata grandiflora (J. grandiflora 1) (Gascuel 1997). Inverted repeats were identified 

within intron 3 using the Inverted Repeat Finder with default alignment parameters (match:2, 

mismatch: 3, indels: 5), a minimum score of 25, and options chosen for: a third alignment going 

inward and continuing to search for larger intervals at nearby centers (Gelfand et al. 2007).  
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Results 

rbcS copies from land plants and green algae 

Among land plants, rbcS introns occur in homologous locations (Table 1). Except for 

Solanaceae, every lineage includes only 2-intron copies (Table 1). Intron 1 occurs between the 

2nd and 3rd amino acids of the mature peptide in phase 0 and intron 2 occurs between the 47th  and 

48th  amino acids of the mature peptide in phase 0. In addition to 2-intron copies, Solanum, 

Nicotiana, and Petunia have 3-intron rbcS sequences. Intron 3 separates the nucleotides of the 

codon for the 65th amino acid of the mature peptide in phase 2 (i.e., the intron separates the first 

two bases from the last base of the codon) (Table 1). Previously published estimates for the 

number of rbcS copies within a species range from 2-22 (Table 1). The fern, Pteris vittata, 

contains at least four rbcS copies each with two introns (Hanania and Zilberstein 1994). Among 

monocots, Lemna gibba has five copies with one intron at the position homologous to other land 

plants intron 2 (Silverthorne et al. 1990). Lineages of grasses contain a single intron at a position 

homologous to other land plants intron 1: at least 12 copies in Triticum aestivum (Sasanuma and 

Miyashita 1998), five copies in Oryza sativa (Sakai et al. 2013), and at least 10 copies in Zea 

mays (Dean et al. 1989). Both introns have been identified in six rbcS copies from Musa 

acuminata (Thomas-Hall et al. 2007). Within eudicots, lineages within the rosids and asterids 

have rbcS copies with two introns: four copies in Arabidopsis thaliana (Lamesch et al. 2011), 

five copies in Gossypium hisutum (Paritosh et al. 2013),  and four copies in Pisum sativum 

(Coruzzi et al. 1984). Within Solanaceae 2-intron and 3-intron rbcS copies have been identified: 

four 2-intron copies and one 3-intron copy in Solanum lycoperiscum (Sugita et al. 1987), four 2-
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intron copies and two 3-intron copies in Nicotiana sylvestris (Sierro et al. 2013), and five 2-

intron copies and one 3-intron copy in Petunia hybrida (Dean et al. 1987). 

 

Green algae possess 2-intron and 3-intron rbcS sequences (Table 1). The 2-intron copies in 

Nannochloris bacillaris have a first intron after the 2nd amino acid of the mature peptide in a 

position homologous to intron 1 in land plants (Yamazaki et al. 2005). The 2-intron N. bacillaris 

copies possess a second intron that splits the codon for the 11th amino acid in phase 2 (Table 1). 

This intron occurs in a homologous site to the first intron among the green algae 3-intron copies 

(Yamazaki et al. 2005). The 3-intron copies from N. bacillaris and Chlamydomonas reinhardtii 

have intron 2 after the 33rd and in the 37th amino acids of the mature peptide, respectively 

(Yamazaki et al. 2005). C. reinhardtii intron 3 and Dunaliella teriolecta intron 2 both occur after 

the 66th amino acid; intron 3 in N. bacillaris occurs after the 69th amino acid. The D. teriolecta 

intron 3 occurs after the 108th amino acid. 

 

rbcS 3-intron copies 

Three-intron rbcS copies were isolated from Cestrum nocturnum with intron positions 

homologous to the three-intron copies in Solanum, Nicotiana, and Petunia. No other three-intron 

copies were identified in other species from the unresolved clade of “X=12,” Petunieae, 

Schwenckieae, Benthamielleae, and Cestroideae. 
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Within Cestroideae, one 2-intron copy and three unique 3-intron copies were identified from 

Cestrum nocturnum. Two of the three 3-intron copies differ at 16 of 1,133 bases and may be 

alleles or a very recent duplication. In Browallia speciosa, a 2-intron copy and two copies 

lacking intron 1 were identified (Appendix 1). One of the two copies lacking intron 1 contains 

three stop codons within exon 3 and may represent a pseudogene that would produce a truncated 

peptide sequence if expressed (B. speciosa copy 2b). In Schwenckieae, three 2-intron copies and 

one copy lacking introns were identified from Schwenckia glabrata (Appendix 1). In more 

divergent lineages at the base of the unresolved clade, a single two-intron copy was found in 

Duckeodendron cestroides, five 2-intron copies were identified from Goetzea elegans, and three 

2-intron copies identified from Schizanthus pinnatus (Appendix 1). 

 

Introns from all rbcS copies possess the “GT-AG” consensus splicing signal. Introns 1 and 2 are 

both phase 0 with the intron positioned between codons. Intron 3 from Solanum, Jaltomata, 

Nicotiana, Petunia, and Cestrum are phase 2 with the intron positioned between the second and 

third positions of the codon.  

 

Phylogenetic analyses of rbcS copies 

A phylogenetic tree for the full coding sequence of rbcS  was inferred by maximum likelihood 

(Figure 1).  One clade of 3-intron rbcS copies from Jaltomata, Nicotiana, and Solanum was 

recovered (20%) containing subclades comprising sequences from each genus: Jaltomata (98%), 

Nicotiana (90%), Solanum (24%). Three 2-intron rbcS copies from Solanum abutiloides were 
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expected due to concerted evolution (Miller et al. in prep.). The 3-intron rbcS copies from 

Petunia and Cestrum both form clades with 2-intron copies of the same species. Species-specific 

clades were found for paralogous copies within six species. The three Cestrum nocturnum 3-

intron copies form a clade (51%) included within a clade of all Cestrum copies (43%). rbcS 

copies form clades for Petunia (50%), Browallia speciosa (97%), and Schwenckia glabrata 

(66%). Copies from Goetzea elegans form a clade (88%) sister to the Duckeodendron cestroides 

copy (20%). A clade of copies from Schizanthus pinnatus (100%) is resolved at the base of the 

tree (Figure 1).  

 

A phylogenetic tree of 3-intron rbcS sequences and 2-intron copies from species without a 3-

intron copy in Solanaceae was inferred by maximum likelihood (Figure 2). A clade of copies 

from Schizanthus pinnatus (99%) is resolved as sister to the remaining copies in Solanaceae 

(37%). The Duckeodendron cestroides copy diverges next with weak support (14%) and is 

followed by the clade of all Goetzea copies (84%). Copies from the X=12 clade (including 

Nicotiana, Capsicum, Jaltomata, and Solanum) form a clade with Schwenckia, Petunia, Cestrum, 

and Browallia copies (28%). Capsicum annuum copies form a clade (79%) that diverges first 

from the remaining copies (13%). Copies from Jaltomata, Solanum, and Nicotiana form a clade 

(24%) composed of two main subclades: Nicotiana (93%) and Solaneae (66%). The Solaneae 

comprise two subclades: Jaltomata (99%) and Solanum (36%). Schwenckia, Petunia, Cestrum, 

and Browallia copies form a clade (5%) containing subclades for copies from each genus: 

Schwenckia (100%), Cestrum (74%), and Browallia (94%) (Figure 2). 
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A 2-intron copy from Nicotiana tabacum (E) is more similar to 3-intron copies than to other 2-

intron copies (Figure 1-2). In addition to high coding sequence similarity, both introns in the 2-

intron copy share high similarity to the first two introns from other Nicotiana 3-intron sequences. 

An alignment of N. sylvestris (KD950247) and N. tabacum (E) contained 17 mismatched bases 

and three gaps. 

 

Phylogenetic analysis of the transit coding sequence, which have been shown previously to 

exhibit little or no concerted evolution (Miller et al., in prep), identified three primary clades of 

rbcS copies (Figure 3). Clade 1 sequences are all 2-intron copies and include sequences from 

Solanum and Petunia that were previously identified as rbcS locus 1 copies (Turner et al. 1986; 

Sugita et al. 1987). Clade 2 sequences are identifiable by the presence of most of the three-intron 

copies (Figure 3). Clade 3 sequences are mostly 2-intron copies and include sequences from 

Solanum, Petunia, and Nicotiana that were previously identified as copies from rbcS locus 3 

(Turner et al. 1986; Sugita et al. 1987; Dean et al. 1989; Chapter 1). 

 

rbcS copies cluster into three clades based on locus with three exceptions (Figure 3). Goetzea 

sequences form a grade of relationships at the base of the tree; the clade of 3-intron sequences 

(Clade 2) contains a 2-intron sequence from Nicotiana tabacum (E) (Figure 3); and, the clade of 

2-intron copies (Clade 3) contains the 3-intron copies from Cestrum (Figure 3).  
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Elements identified within rbcS intron 3 

No significant BLAST hits for intron 3 sequences and other rbcS introns were found. Sequence 

elements were identified within intron 3 including a full mitochondrial gene and partial copies of 

transposon sequences (Table 2). Three elements were identified with similarity to different super 

families of class II transposons (cut and paste transposons) (Feschotte and Pritham 2007): one 

CACTA-like element (Wicker et al. 2003), one hAT-like element (Rubin et al. 2001), and one 

previously identified MITE belonging to the MULE family (Chen et al. 2014) (Table 2). Four 

elements were identified with similarity to types of class I transposons (use an RNA 

intermediary) with long terminal repeats (LTR): three Ty1-copia-like elements and one Ty3-

gypsy-like element (Wilhelm and Wilhelm 2001) (Table 2).  

 

Repeats were identified as either inverted repeats (Table 3) or tandem repeats (Table 4). Three 

short inverted repeats of 18-24 bases were identified; one pair with 24 inverted bases in S. 

muricatum at position 1587-2219, and two nested pairs of 18 inverted bases from S. tuberosum at 

position 1735-1975 and 1845-1892 (Table 2). One long repeat of 116 bases was found in 

Solanum lycopersicum at position 1623-1869 (Table 3). Tandem repeats within rbcS intron 3, 

which score >100, cluster into two groups: one group occurs only within Jaltomata and one is 

present in both Solanum and Jaltomata (Table 4). The Jaltomata specific tandem repeat contains 

2-4 copies of a 94-97 base repeat unit (Table 4). The second tandem repeat group contains a 

repeating tract of ~170bp that spans the last 23 bases of rbcS exon 3a and ~150 bases of flanking 

intron sequence. The repeat structure and nucleotide sequence are similar between Solanum and 
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Jaltomata, although, J. grandiflora contains 3.4 tandemly repeated copies and S. phaeoloides 

contains 2.4 tandemly repeated copies.  

 

The Solanum and Jaltomata group of tandem repeats were numbered sequentially so that the 

most 5’ unit, which spans the 23 bases at the end of rbcS exon 3a and  150 flanking intron bases, 

is labeled copy 1. Copies 2 and 3 are the tandem repeat units replicated at the 3’ end of copy 1. 

The 2.4 copies in S. phaseoloides include one copy with nucleotides within rbcS exon 3a (copy 

1) and one similar copy tandemly repeated within the intron; the 2.4 copies identified from J. 

grandiflora are all intron located such that the tandem repeat unit lacks the copy spanning part of 

exon 3a (i.e., copies 2 and 3 were identified) (Table 4). Phylogenetic relationships were 

determined by neighbor joining for the two full-length copies from S. phaseoloides (copies 1-2) 

and the two full-length copies from J. grandiflora (copies 2-3) along with the additional J. 

grandiflora copy encompassing the end of exon 3a (copy 1) (Figure 4). Copies from S. 

phaseoloides form a clade with 85% support and copies spanning only intron sequence from J. 

grandiflora  (copies 2 and 3) form a clade with 75% support (Figure 4). Copy 2 and 3 from J. 

grandiflora are more similar to copies from S. phaseoloides than they are to copy 1 from J. 

grandiflora (Figure 4).  

 

A MITE search identified many elements in intron 3 overlapping with elements identified as 

insertion sequences, inverted repeats, or tandem repeats (Table 5). Transposon-like elements 

from Jaltomata darcyana and Solanum abutiloides (Table 2) overlap with regions identified as 

putative MITEs (Table 5). The mitochondrial gene copy insertion from J. procumbens at position 
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1985-2230 (Table 2) is flanked by two putative MITE elements at positions 1795-1961 and 

2304-2412 (Table 5). Putative MITEs from Solanum muricatum and S. tuberosum (Table 5) 

include regions identified as inverted repeats (Table 3). Regions implicated as putative MITES 

(Table 5) were also identified as tandem repeats: one from Jaltomata darcyana, both repeat 

cluster types from J. grandiflora, one from J. paneroi, and one from Solanum phaseoloides 

(Table 4).  

 

 

 

Discussion 

Phylogenetic relationships among 3-intron rbcS copies 

A 3-intron rbcS copy was identified in Cestrum nocturnum. Along with the copy already known 

from Petunia, these were the only 3-intron copies found in any of the basal Solanaceae lineages 

examined. The 3-intron copy has only been found in species within the unresolved clade 

containing “x=12,” Petunieae, Schwenckieae, Benthamielleae, and Cestroideae, but three species 

within this clade appear to lack the 3-intron copy: Capsicum annuum, Schwenckia glabrata, and 

Browallia speciosa. 

 

Lack of evidence for a 3-intron copy from Schwenckia and Browallia does not rule out the 

possibility one exists in these lineages and may be identified by future studies. However, 
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numerous rbcS copies were identified for each lineage and every copy was identified repeatedly 

using different PCR primers suggesting all copies were sampled (Chapter 3) unless 3-intron 

copies in these lineages have diverged substantially from the two-intron copies (Appendix 1). 

Published sequences from Capsicum annuum also indicate the absence of a 3-intron copy, which 

would suggest its loss in Capsicum and perhaps elsewhere in Solanaceae.  

 

Despite possible independent loss of the 3-intron copy, the presence/absence of an rbcS three-

intron copy may prove a useful marker to support relationships at the base of the Solanaceae tree. 

The 3-intron rbcS tree (Figure 2) lacks satisfactory support, but topology is consistent with 

previous studies indicating a close relationship between the X=12 clade and Browallia, Cestrum, 

Petunia, and Schwenckia to the exclusion of Schizanthus, Goetzea, and Duckeodendron 

(Olmstead et al. 2008; Särkinen et al. 2013).  

 

The presence of so many identifiable sequence elements is somewhat surprising for an intron. 

Intron 3 lengths range from 73 bases in one Cestrum nocturnum copy (3i.a) and one Nicotiana 

tabacum (C) copy to 867 bases in Jaltomata procumbens. Long introns and sequences with many 

mutational triggers, such as repeats and inversions, are often targets for various mutational 

events that may lead to length and sequence changes (Kelchner 2000). Furthermore, insertions 

and excisions by transposable elements increase recombination through repair of double stranded 

breaks that can contribute to further length changes through repair by non-homologous end 

joining (Buchmann et al. 2012). Evidence for these processes in intron 3 potentially explain the 

high sequence divergence between closely related species (Table 2-5). 
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rbcS copies lacking introns 

Although mechanisms for intron gain remain elusive, evidence for intron loss is dominated by 

evidence for a recombination mechanism involving cDNA reverse transcribed from the mRNA 

of the gene containing the intron (Roy and Gilbert 2005).  The one-intron rbcS copies within 

Browallia (lacking intron 1), the Schwenckia sequence lacking all introns, and the 2-intron 

Nicotiana tabacum sequence nearly identical to 3-intron copies could all be evidence of intron 

loss at existing loci through recombination with a cDNA copy or, alternatively, may be evidence 

of new duplicated copies created by insertion after removal of one intron instead of 

recombination. The recombination mechanism is thought to more frequently remove 3’ introns 

due to recombination with partially reverse transcribed mRNA molecules such that the cDNA 

would trend towards partial copies lacking 5’ ends.  

 

rbcS intron 3 sequence elements 

Numerous types of transposable elements (TEs) were identified in rbcS intron 3 (Table 2-5) that 

may act to affect intron length and nucleotide sequence through transposition of gene sequences 

(Lisch 2009) or through the double strand breaks (DSBs) produced by their arrival or subsequent 

activity (Buchmann et al. 2012). Deletions within autonomous TEs produce truncated versions 

identified as miniature inverted-repeat transposable elements (MITEs) (Jiang et al. 2004). MITEs 
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were identified in most rbcS intron 3 sequences (Table 5). The frequency of these putative 

elements is surprising, but MITEs have been found to insert often and amplify in copy number 

through cross mobilization (Jiang et al. 2004; Zhang and Wessler 2004)(Zhang and Wessler 

2004)  

 

Inverted repeats can also initiate DSBs that initiate repair mechanism (Bi and Liu 1996; 

Stankiewicz and Lupski 2002). The inverted repeats in rbcS intron 3 may stimulate DSBs (Table 

3). Repeat units as short as 13 bases with 8bp linkers can be targeted by recombinase which will 

result in either excisions or inversions based on inverted repeat sequence orientation (Turan and 

Bode 2011).  

 

DSBs caused by repetitive DNA and/or TEs initiates recombination-based repair (Puchta 2005). 

Repair by a single-strand annealing mechanism will create deletions of a few bases in DNA and 

repair by a synthesis dependent strand annealing mechanism can insert filler DNA and produce 

duplications of  a few – hundreds of bases (Puchta 2005; Buchmann et al. 2012). The filler DNA 

may be inserted from any genomic source by non-homologous end joining (Puchta 2005). 
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Origin of the novel intron 

Among the mechanisms of proposed intron gain, the rbcS intron 3 exhibits a potential source for 

a protosplice site (AGGT) immediately 5’ of the intron at the end of exon 3a, the same region 

tandemly repeated within Solanum phaseoloides and Jaltomata grandiflora, which may support 

the tandem duplication hypothesis (Yenerall and Zhou 2012).  

 

Evidence for acquisition of a preexisting intron was not found through sequence similarity 

between rbcS intron 3 and other rbcS introns (Hankeln et al. 1997; Tarrío et al. 1998). The lack 

of evidence may suggest little, since there is also little similarity between intron 3 sequences 

among genera.  

 

Evidence for TEs within rbcS intron 3 in many lineages supports the possibility of intron gain by 

co-option of a transposon (Giroux et al. 1994). Additionally, the presence of so many elements 

associated with the creation of DSBs and the presence of a full length mitochondrial gene insert 

from Jaltomata procumbens may support insertion of the original intron by non-homologous end 

joining (Li et al. 2009). 

 

Evidence for independent and recent mechanisms acting within the intron is not evidence for the 

origin of the intron. Ongoing TE activity and recombination have most likely obliterated any 

evidence for a mechanism triggering the origination of the novel intron, however, it is possible 

the ongoing mechanisms producing the identifiable sequence elements have persisted since the 

intron originated. 
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The origin of the 3-intron locus may be independent from the origin of the extra intron; either a 

previously existing 2-intron locus gained an intron or the extra intron was inserted during a 

duplication event that simultaneously created a new locus with 3-introns. Phylogenetic 

relationships between copies of the transit coding sequence indicate 3-intron copies to share a 

more recent common ancestor with the 2-intron copies from locus 3 than from locus 1 (Figure 3).  

 

Conclusion 

Among land plants, rbcS copies contain two well-conserved intron positions (Table 1). Unique 

3-intron rbcS copies are found in lineages at the base of the Solanaceae. The presence/absence of 

this novel intron may provide support for resolving relationships among lineages at the base of 

the Solanaceae. A number of independent losses and duplications of the 3-intron copies, which 

are indicated by phylogenetic analyses, may limit the utility of using this intron to support deep-

branching relationships at the base of the Solanaceae, however, the rapid divergence in intron 

sequence between copies may prove useful for examining relationships within a genus.  

 

Identification of possible TEs and a mitochondrial gene insertion within the novel intron suggest 

ongoing mechanisms of TE insertion and/or recombination repair leading to the insertion of filler 

DNA in many lineages. These processes may be linked such that TE insertion/excision increases 

the frequency of recombination repair, which subsequently provides opportunities for further 

DNA insertions and drives a fast rate of intron sequence divergence between genera. 
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Figure 1. ML tree of Solanaceae rbcS sequences. Copies have two introns (black) and three 
introns (pink). Bootstrap support values are shown as percentages above branches. 
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Figure 2. ML tree of Solanaceae 3-intron rbcS sequences (rbcS locus 2). Species lacking 3-intron 
copies are represented by all 2-intron copies available. Copies have two introns (black) and three 
introns (pink). Bootstrap support values are shown as percentages above branches. 
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Figure 3. ML tree of rbcS transit sequences. Clade 1 and Clade 3 sequences have 2 introns 
(black); Clade 2 sequences have three introns (pink). 
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Figure 4. NJ tree of tandem repeats identified from Jaltomata grandiflora and Solanum 
phaseoloides rbcS intron 3. The tandem repeat unit includes 23 bases from the end of exon 3a 
and over 150 intron bases. Tandem repeats are numbered sequentially with 1: exon 3a and bases 
from flanking intron, 2: repeat immediately 3’ of copy 1, 3: repeat immediately 3’ of copy 2. 
Bootstrap support values are shown as percentages above branches. 
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Table 1. Intron number and positions for rbcS among land plants and green algae. Among land 
plants, introns occur in homologous locations: intron 1 occurs between the 2nd and 3rd amino 
acids of the mature peptide in phase 0, intron 2 occurs between the 47th  and 48th  amino acids of 
the mature peptide in phase 0, and intron 3 separates the nucleotides of the codon for the 65th 
amino acid of the mature peptide in phase 2. 
 
Lineage 

 
Species 

 
copies 

------introns----- 
no.    1     2     3 

 
GenBank accession: 

moss Physcomitrella patens - 2 + +  ABEU01009194, 
ABEU01009192, 
ABEU01010557 

lycophyte Selaginella 
moellendorfii 

- 2 + +  ADFJ01003544, ADFJ01001130 

fern Pteris vittata 4+ 2 + +  X77813, X98414 

conifer Larix laricina - 2 + +  X16039 

monocots        

      Alismatales Lemna gibba 5 1  +  X17230, X17231, X17232, 
X17233, X17234 

   commelinids        

      Poales Triticum aestivum 12+ 1 +   AB020941, AB020957, 
AB020958, AB042064-8 

 Oryza sativa 5 1 +   Os04g0658300, Os11g0707000, 
Os12g0274700, Os12g0291100, 
Os12g0292400,  

 Zea mays 10+ 1 +   Y00322 

      Zingiberales Musa acuminata 6 2 + +  DQ088090-9 

eudicots        

    rosids        

      Brassicales Arabidopsis thaliana 4 2 + +  NM105379, NM123204, 
NM123203, NM123202 

      Malvales Gossypium hirsutum 5 2 + +  JN608783, JN608788, 
JN608790, JN608791, JN608792  

      Fabales Pisum sativum 4 2 + +  X00806, X04333, X04334 

    asterids        

      Asterales Helianthus annuus - 2 + +  Y00431 

      Lamiales Erythranthe guttata - 2 + +  APLE01009767, 
APLE01007204  

      Gentianales Coffea arabica - 2 + +  AJ419827 

      Solanales Solanum lycopersicum 4 2 + +  X05982, X05986, D11112, 
M13544 

 Solanum lycopersicum 1 3 + + + X05983 

 Nicotiana sylvestris 4 2 + +  X53426, KD954442, 
KD959040, KD967399, 
KD975324 

 Nicotiana sylvestris 2 3 + + + KD950247, KD973493 

 Petunia hybrida 5 2 + +  X03821, X12987 

 Petunia hybrida 1 3 + + + X03820 

green algae 
(Chlorophyta) 

       

      Chlorellales Nannochloris 2 2 +   AB125312-3 
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bacillaris 

 Nannochloris 
bacillaris 

1 3    AB125314 

      Chlamydomonadales Dunaliella teriolecta 2 3    AY530155-6 

 Chlamydomonas 
reinhardtii 

2 3    X04471-2 
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Table 2. Sequences elem
ents from

 rbcS intron 3 in Jaltom
ata and Solanum

 identified by sim
ilarity. N

ucleotide position of elem
ent 

starting position w
ithin full-length rbcS sequence (From

) and ending position (To) indicated w
ith length of sequence elem

ent 
(Size).  Sequence elem

ent identified from
 R

epbase U
pdate library (Sequence) w

ith starting position (From
) and ending position 

(To) identified. C
lass of elem

ent listed according to R
epbase U

pdate (C
lass), C

lass I transposons use an R
N

A
 interm

ediate and 
C

lass II transposons are cut and paste D
N

A
 elem

ents. Sim
ilarity calculated betw

een species sequence and sequence elem
ent (Sim

), 
a sim

ilarity score over the ratio of m
ism

atches to transitions (S/M
m

:Ts) and B
LA

ST score (Score) are listed for each species. The 
sequence from

 J. procum
bens w

as identified by B
LA

ST search and the sequence from
 S. lycoperiscum

 identified by B
LA

ST 
search of the P-M

ITE database. 
Species 

From
  

T
o  

size 
Sequence 

From
  

T
o  

C
lass  

Sim
  

S/M
m

:T
s  

Score 
 

J. darcyana  
1069 

1160 
91 

EN
SPM

-6_ZM
  

11350 
11437 

II: C
A

C
TA

  
0.78 

2.6 
272 

(B
ao and Jurka 

2008) 
J. darcyana  

1405 
1509 

104 
G

ypsy-23_V
V

-I  
1581 

1689 
I: LTR

/G
ypsy  

0.72 
1.2 

269 
(Jaillon et al. 
2007) 

J. grandiflora  
1953 

1998 
45 

C
opia-65_M

ad-I  
49 

100 
I: LTR

/C
opia  

0.81 
1.2 

232 
(Jurka 
2010)Jurka 2010 

J. procum
bens  

1767 
1790 

23 
EnSpm

1_H
V

  
9339 

9363 
II: C

A
C

TA
  

1.00 
99.0 

234 
(B

ao and Jurka 
2008) 

J. procum
bens  

1985 
2230 

245 
m

t_tR
N

A
-Ile 

120950 
121195 

N
icotiana tabacum

 
com

plete 
m

itochondrial 
genom

e (B
A

000042) 

0.99 
 

438 
 

S. abutiloides  
1856 

1939 
83 

TO
R

TL1  
9538 

9620 
I: LTR

/C
opia  

0.80 
2.5 

358 
(D

araselia et al. 
1996) 

S. abutiloides  
1986 

2020 
34 

C
opia-8_PD

-I  
1691 

1729 
I: LTR

/C
opia  

0.89 
1.0 

212 
(Jurka 
2012)Jurka 2012 

S. dulcam
ara  

2064 
2109 

45 
hA

T-4_EPa  
905 

953 
II: hA

T  
0.81 

2.0 
208 

(K
ojim

a and 
Jurka 2012) 

S. lycoperisum
 

1913 
2047 

279 
SQ

372025426 
1 

279 
II: M

ITE/M
utator-

like 
1.00 

 
456 

(C
hen et al. 

2014) 
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Table 3. Inverted repeats identified from
 intron 3 in Solanum

. Sequence position listed for first (Left) and second (R
ight) repeat 

units.  
Sequence 

L
eft 

L
ength 

R
ight 

L
ength 

L
oop size 

%
M

atch 
%

Indel 
Score 

S. m
uricatum

 
1585 

1608 
24 

2197 
2220 

24 
588 

87.5 
0.0 

33 
S. tuberosum

 
1735 

1752 
18 

1958 
1975 

18 
205 

88.9 
0.0 

26 
S. tuberosum

 
1845 

1862 
18 

1875 
1892 

18 
12 

100.0 
0.0 

36 
S. lycopersicum

 
1624 

1742 
119 

1755 
1870 

116 
12 

78.2 
2.5 

102 
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Table 4. Tandem
 repeats identified from

 intron 3. Each repeat is sum
m

arized by size in nucleotides (Length), num
ber of repeats 

(C
opies), percent m

atch (%
M

atch), percent indels (%
Indel), B

LA
ST Score, and the position (Start, End) and length (A

rray) of all 
identified copies. A

m
ong the elem

ents w
ith score >100, tw

o clusters are found: a Jaltom
ata specific cluster of repeats of ~95 bases 

and a longer repeat over 180 bases long w
ithin Solanum

 phaseoloides and Jaltom
ata grandiflora.  

 Sequence 
L

ength 
C

opies 
%

M
atch 

%
Indel 

Score 
Start 

E
nd 

A
rray 

S. phaseoloides 
182 

2.4 
93 

2 
601 

2291 
2713 

423 
J. grandiflora 

184 
2.4 

90 
4 

509 
1805 

2237 
433 

J. darcyana 
94 

3.0 
92 

2 
388 

1241 
1524 

284 
J. ventricosa 

97 
3.0 

92 
4 

394 
1306 

1595 
290 

J. paneroi 
95 

2.9 
92 

3 
358 

1766 
2041 

276 
J. grandiflora 

94 
2.8 

93 
2 

382 
2244 

2505 
262 

S. m
uricatum

 
17 

2.1 
91 

2 
45 

2180 
2214 

35 
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Table 5. M
ITEs identified in rbcS intron 3 from

 Solanum
, Jaltom

ata, N
icotiana, Petunia, and C

estrum
. Elem

ents from
 each 

species are sum
m

arized by position in sequence (Start, End) and length (Length), w
ith direct repeat size (D

R
), size (TIR

) and 
percent m

atch (%
M

atch) of term
inal inverted repeat listed. 

 Sequence 
Start 

E
nd 

L
ength 

D
R

 
T

IR
 

%
M

atch 
S. tuberosum

 b - 2 
1737 

1973 
237 

2 
13 

92.31 
S. tuberosum

 a - 2 
1737 

1973 
237 

2 
13 

92.31 
S. lycopersicum

 X
05983 - 2 

1580 
1858 

279 
5 

10 
90.00 

S. jasm
inoides b - 2 

1475 
1587 

113 
2 

9 
88.89 

S. phaseoloides - 2 
2436 

2584 
149 

30 
9 

88.89 
S. phaseoloides - 2 

2624 
2744 

121 
6 

8 
87.50 

S. m
uricatum

 - 2 
1600 

1994 
395 

5 
9 

88.89 
S. dulcam

ara - 2 
1690 

1886 
197 

2 
11 

90.91 
S. dulcam

ara - 2 
1913 

2047 
135 

19 
9 

88.89 
S. abutiloides - 2 

1853 
2033 

181 
2 

10 
90.00 

J. grandiflora - 2 
1758 

1952 
195 

2 
10 

90.00 
J. grandiflora - 2 

2285 
2393 

109 
2 

12 
91.67 

J. paneroi - 2 
1293 

1456 
164 

2 
11 

90.91 
J. paneroi - 2 

1833 
1997 

165 
30 

10 
90.00 

J. ventricosa - 2 
849 

1012 
164 

2 
11 

90.91 
J. ventricosa - 2 

1039 
1180 

142 
16 

9 
88.89 

J. ventricosa - 2 
1209 

1389 
181 

5 
10 

90.00 
J. ventricosa - 2 

1472 
1580 

109 
5 

11 
90.91 

J. darcyana - 2 
919 

1114 
196 

2 
10 

90.00 
J. darcyana - 2 

1303 
1466 

164 
29 

9 
88.89 

J. procum
bens - 2 

1795 
1961 

167 
5 

10 
90.00 

J. procum
bens - 2 

2304 
2412 

109 
6 

11 
90.91 

N
. tabacum

 X
02353 - 2 

1662 
1802 

141 
4 

10 
90.00 

N
. sylvestris K

D
950247 - 2 

727 
867 

141 
4 

9 
88.89 

N
. sylvestris K

D
973493 - 2 

843 
982 

140 
4 

9 
88.89 



  
 

88 

N
. tabacum

 C
 - 2 

1557 
1697 

141 
4 

10 
90.00 

N
. plum

baginifolia M
36685 - 2 

1673 
1800 

128 
2 

8 
87.50 

N
. plum

baginifolia - 2 
1532 

1660 
129 

2 
8 

87.50 
P. hybrida X

03820 - 2 
1590 

1698 
109 

3 
8 

87.50 
C

. nocturnum
 3a - 2 

460 
566 

107 
2 

11 
63.64 

C
. nocturnum

 3b1 - 2 
913 

1019 
107 

11 
10 

60.00 
C

. nocturnum
 3b2 - 2 

902 
1015 

114 
11 

10 
60.00 
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Supplem
entary Table 1. Prim

ers used to am
plify rbcS copies w

ithin Solanaceae.  
Prim

er 
L

ocation 
L

ocus 
prim

er sequence, 5’-3’ 

1 
exon 1 

all 
C

A
A

TG
G

C
TTC

C
TC

w
rTnnTnTC

C
TC

 

2 
exon 3b 

all 
G

G
C

TTG
TA

rG
C

rA
TG

A
A

A
C

TG
A

TrC
 

3 
exon 1 

3 
C

C
C

TG
TTTC

A
A

G
G

A
A

G
C

A
A

A
A

C
C

 

4 
exon 1 

3 
G

G
A

C
TTrA

G
kC

C
A

G
TG

A
A

G
G

G
 

5 
exon 1 

all 
A

A
C

C
TTG

A
C

A
TTA

C
yTC

C
m

TTG
C

 

6 
exon 3b 

all 
A

TG
A

A
A

C
TG

A
TrC

A
C

TG
C

A
C

TTG
A

C
G

 

7 
5' U

TR
 

2 
G

A
TTA

m
yG

A
G

G
TG

C
TTA

C
A

C
G

 

8 
exon 3b 

2 
C

C
C

TTC
TG

G
C

TTG
TA

G
G

C
 

9 
5' U

TR
 

2 
A

A
TTG

TA
TA

A
TG

TTA
TC

A
A

G
A

A
C

C
A

C
 

10 
exon 3b/3' U

TR
 

2 
TC

C
TA

A
TA

TG
A

A
A

C
TTA

G
TA

kC
C

TTC
 

 !
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Supplem
entary Table 2. Phylogenetic m

odel com
pared by A

IC
 score. G

TR
+I+G

 m
odel, partitioned w

ith subset specific rates w
as 

indicated as the best-fit and used in subsequent analyses. C
olum

n labels are abbreviated as partition of data as 0 (none) and 
separate transit and m

ature coding regions (1): p, link m
odels param

eter in G
arli: l; subset specific rates are estim

ated (=1) or not 
(=0): s; substitution m

odel (2
nd m

odel below
 1

st): M
odel; num

ber of param
eters: #P; subset rate m

ultiplier for each partition: S1, 
S2; substitution rates: A

C
, A

G
, A

T, C
G

, C
T, (G

T = 1); nucleotide frequencies: A
, C

, G
, T; alpha shape param

eter for discrete 
gam

m
a rate heterogeneity distribution: a; proportion of invariable sites: I. 

 
p 

l 
s 

M
odel 

#P 
lnL

 
A

IC
 

S1 
S2 

A
C

 
A

G
 

A
T

 
C

G
 

C
T

 
A

 
C

 
G

 
T

 
a 

I 

1 
1 

1 
SY

M
+I+G

 
8 

-8232.466367 
16480.9 

1.21 
0.90 

2.38 
4.64 

2.46 
1.45 

5.93 
0.25 

0.25 
0.25 

0.25 
0.84 

0.23 
0 

- 
- 

SY
M

+I+G
 

7 
-8232.000311 

16478.0 
 

 
2.39 

4.44 
2.43 

1.42 
5.95 

0.25 
0.25 

0.25 
0.25 

0.85 
0.24 

1 
1 

1 
G

TR
+I+G

 
11 

-8231.663331 
16485.3 

1.12 
0.94 

2.11 
3.91 

2.11 
1.30 

5.61 
0.27 

0.25 
0.24 

0.24 
0.85 

0.24 
0 

- 
- 

G
TR

+I+G
 

10 
-8230.919246 

16481.8 
 

 
2.21 

4.05 
2.24 

1.43 
6.01 

0.27 
0.24 

0.25 
0.24 

0.85 
0.24 

1 
0 

0 
H

K
Y

+G
 

11 
-8227.189436 

16476.4 
- 

- 
1.00 

3.19 
1.00 

1.00 
3.19 

0.27 
0.30 

0.15 
0.28 

0.45 
- 

 
 

 
TV

M
ef+I+G

 
 

 
 

- 
- 

2.45 
4.79 

2.21 
1.43 

4.79 
0.25 

0.25 
0.25 

0.25 
0.99 

0.27 
1 

0 
1 

H
K

Y
+G

 
12 

-8221.165544 
16466.3 

1.29 
0.86 

1.00 
3.27 

1.00 
1.00 

3.27 
0.28 

0.30 
0.15 

0.28 
0.48 

- 
 

 
 

TV
M

ef+I+G
 

 
 

 
 

 
2.41 

4.80 
2.22 

1.52 
4.80 

0.25 
0.25 

0.25 
0.25 

0.99 
0.30 

1 
0 

0 
G

TR
+I+G

 
20 

-8219.08944 
16478.2 

- 
- 

1.66 
4.04 

2.22 
1.12 

5.68 
0.26 

0.29 
0.20 

0.26 
0.55 

0.11 
 

 
 

G
TR

+I+G
 

 
 

 
 

 
2.49 

4.02 
2.17 

1.63 
6.00 

0.28 
0.22 

0.27 
0.24 

1.03 
0.28 

1 
0 

1 
G

TR
+G

 
20 

-8213.173434 
16466.3 

1.30 
0.86 

1.55 
4.43 

2.19 
1.10 

5.21 
0.25 

0.31 
0.18 

0.27 
0.46 

 
 

 
 

G
TR

+I+G
 

 
 

 
 

 
2.36 

3.88 
1.99 

1.55 
5.64 

0.28 
0.22 

0.27 
0.23 

1.00 
0.30 

1 
0 

1 
G

TR
+I+G

 
21 

-8211.601096 
16465.2 

1.29 
0.86 

1.49 
4.20 

2.15 
1.08 

5.10 
0.25 

0.31 
0.18 

0.27 
0.47 

0.00 
 

 
 

G
TR

+I+G
 

 
 

 
 

 
2.40 

3.82 
2.04 

1.52 
5.69 

0.28 
0.22 

0.27 
0.23 

1.04 
0.30 
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Appendix 

Taxa and vouchers for species sampled. Species, geographic origin (specific to collection if 

known or general for species), collector and collection number (herbarium), DNA sequence 

identifier (no. clones identified for each unique copy). 

Browallia speciosa (Hook.), South America, Olmstead S.0416  (BIRM), a (8), b (6), c (11); 

Cestrum nocturnum (Hook.), South America, Olmstead S.0416  (WTU), 2i.a (12), 3i.a (9), 2i.b 

(4), 3i.b1 (7), 3i.b2 (16); Duckeodendron cestroides (Kuhlm.), Brazil, Ribeiro 1189 (K),  (23); 

Goetzea elegans (Wydl.), Puerto Rico, Olmstead  (WTU), a1 (4), a2 (5), b1 (3), b2 (6), c (3); 

Jaltomata darcyana (Mione), Costa Rica, T. Mione & L. Yacher 694 (NY, CR, MO), ; 

Jaltomata paneroi (Mione & S. Leiva), Peru, Cajamarca, Mione et al. 705 (CCSU); Jaltomata 

procumbens (Cav.) J.L. Gentry , Costa Rica, T. Mione & L. Yacher 692 (CCSU); Jaltomata 

ventricosa (Baker) Mione, Peru, La Libertad, T. Mione, S. Leiva G. & L. Yacher 712 (DNA 

only); Jaltomata grandiflora (B.L. Rob. & Greenm.) D’Arcy, Mione, & T. Davis, Mexico, 

grown from Davis 1114 (MO), Mione 454 (COLO, CONN, MEXU, VT), 2, 00.12, 0633, 0767, 

0807, 0248; Nicotiana plumbaginifolia (Viv.), 0, Olmstead S-54 (WTU); Nicotiana tabacum 

(L.), in cult. , no voucher  0 (0), B04, E, F, B05, C, D; Solanum abutiloides (Griseb.) Bitter & 

Lillo, 0, Olmstead S-73 (WTU), 11c (5), 0019 (1), 0621 (2), 0624 (8), 0821 (4), 0835 (3), 0839 

(5), down3 (1), up3 (1); Solanum appendiculatum (Dunal), 0, Greg Anderson  1401 (CONN), 

b1 (19), b2 (3), b3 (2), 0013 (1), down3 (1), up3 (1), a (18); Schizanthus pinnatus (Ruiz & 

Pav.), Chile, Olmstead S-72 (WTU), long (3), short.a (5), short.b (14); Schwenckia glabrata 

(Kunth), Venezuela , C. Benitez de Rojas 3992 (MO), long (11), processed (3), mid (16), short 
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(8); Solanum dulcamara (L.), U.S.A., no voucher, 0005, 0450, 0455, 0987, 0993, 2, 0008 (1); 

Solanum jasminoides (Paxton), Bogota, Olmstead  S-86 (WTU), 2a, 2b; Solanum muricatum 

(Aiton), 0, Greg Anderson 1461 (CONN), 0006, 2; Solanum phaseoloides (Pol.), 0, Lynn Bohs 

0 (0), 0020, 2; Solanum tuberosum (L.), 0, Olmstead 1610 (WIS), 2a, 2b. 

 
!
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Chapter 3: How many is enough? A simple method to statistically determine when to 
stop sequencing PCR clones when the goal is to obtain all unique gene copies 
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Introduction 

The evolutionary importance of gene duplication has long been recognized (Ohno 1970), and 

recent genome studies have illustrated a high rate of duplication and deletion occurring within 

populations (Kidd et al. 2008; Conrad et al. 2010). Among humans, 74% of genomic variation at 

the nucleotide level is attributed to copied or deleted genome sequences (Levy et al. 2007). Copy 

numbers for many genomic regions vary to such a large degree that they may impact gene 

function more than point mutations (Korbel et al. 2008; Schlattl et al. 2011). The fact that 

duplication and deletion determine so much of the functional variation within populations may 

be a recent insight, and the importance these processes contribute to the differences between 

species has never been better understood.  

Between closely related plant species, investigations into copy number variation parallel the 

findings within humans. Among 80 strains of Arabidopsis thaliana, thousands of differences in 

copy number exist between coding regions (Cao et al. 2011). In maize, hundreds of genes vary in 

copy number and thousands are found to be absent in one inbred line compared to another 

(Springer et al. 2009; Swanson-Wagner et al. 2010). From these types of studies, it has become 

clear that even between closely related species the difference in number of gene copies for most 

genes is unknown. 

Despite awareness of the high rate of duplication and deletion within genomes, researchers 

examining gene copies generally fail to ascertain any sampling confidence for the number of 

gene copies identified. The most common sampling strategy begins with polymerase chain 

reaction (PCR) to amplify members of a gene family, and then cloning to isolate unique 
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sequences (Howarth and Donoghue 2009; Schenk et al. 2009; Inda et al. 2010). A convenient 

number of the resulting colonies are then sequenced to identify different gene sequences. The 

number of screened colonies is rarely reported and when it is, there is often no apparent attempt 

to determine statistically whether the sampling scheme was adequate ((Howarth and Donoghue 

2009; Schenk et al. 2009; Inda et al. 2010). We have followed this same strategy and ignored the 

issue a few times in our own research (Chapters 1-2). To find a better method that acknowledges 

the importance of copy number variation, we propose a simple method that identifies a suitable 

sampling strategy. We begin by summarizing the hazard for any analysis performed without 

thorough sampling, and then briefly summarize the literature concerning sampling, before 

demonstrating a simple strategy that that allows for some simple guidelines for researchers to 

determine when to stop searching for new sequences. 

A classic problem associated with gene families is identifying gene orthology between species. 

Correct orthology determination is critical to accurately infer gene trees and the subsequent 

identification of species trees (Maddison 1997). Repeated rounds of gene duplication and loss 

will confound identification, but the first difficulty is in obtaining all of the copies in each 

genome. If some copies remain unobserved, comparing sequence similarity between sets of gene 

copies may identify orthology incorrectly. 

Well-developed statistical estimators are rarely employed to estimate the number of gene copies 

present in a species. Estimates of the size of the very large gene family for olfactory receptors are 

a notable exception ((Glusman et al. 2000; Steiger et al. 2008). Variant sequences not yet 

identified in the human genome have also been estimated (Ionita-Laza et al. 2009). Many 
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software tools are available to estimate unseen numbers when sampling is extensive (Chao and 

Shen 2010; Wang 2011; Bunge et al. 2012).  

For genes families with fewer copies there are few statistical tools available. A Next-Gen 

sequencing method (Galan et al. 2010) included a means to determine genotype confidence 

levels by incorporating the probability of finding artifactual sequence variants and estimating the 

minimum number of total sequence variants that need to be found to ensure a 0.001 probability 

of missing only one variant. Another study (Reeves and Olmstead 2003) identified a correlation 

between the total number of sequences amplified by degenerate primers and the number of 

unique sequences isolated. Huang and Weir (Huang and Weir 2001) applied three estimators to 

calculate the number of unsampled alleles in a population. All of these studies estimate the 

number of unseen copies from large sample sizes. This study uses computer simulation on very 

small sample sizes to inform decisions on when to stop searching for the sequences that have not 

yet been seen.  

Adequate sampling in a search for an unknown total is a question applicable to many different 

disciplines. For DNA samples, techniques for determining the number of alleles in a population 

(Huang and Weir 2001) and the number of copies impacting dosage effects of human disease 

(Fernandez-Jimenez et al. 2011) addresses a similar question. However, no method examines this 

question in terms of unique copies of a genetic locus that have duplicated and undergone 

divergence. Distinguishing divergence between alleles at one locus and gene copies at divergent 

loci is difficult to quantify and further complicated by the potential for PCR- and sequencing-

based differences. In this study, both alleles and PCR/sequencing based differences are assumed 
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to produce differences that do not exceed more than 1% difference between sequences and create 

unique sequences that are similar enough to each other to be recognized (Box 1). 

Determining the number of unique copies of a particular gene that are present in an organism is 

important for understanding gene diversity and evolution, however, doing so is not a trivial 

matter. Since R. A. Fisher estimated the number of species in a population (Fisher et al. 1943), 

assessing strategies for estimating species richness has remained an active research question in 

statistics and ecology.  

Numerous methods have been developed to estimate species numbers and they can be divided 

into at least five main categories: extrapolation from abundance curves and parametric and 

nonparametric approaches under both frequentist and Bayesian frameworks. These methods all 

extrapolate from the observations in a sample to estimate the number of unobserved individual 

types in a population with an unknown number of types. A common weakness for most methods 

is in underestimating the true number of unique species but most of the estimation procedures 

approach the true number as sample size increases.  

These methods can be applied to gene families to estimate the total number of unique gene 

copies based upon the number found in an initial sample. Subtracting the number of copies found 

from this estimate would thereby provide an indirect means for guiding the molecular biologist 

wishing to know when to stop sampling. More direct methods exist that can also be grouped into 

each of the same five main categories, that focus, not on estimating species numbers, but on 

estimating how many new species will be observed after a second sample is taken. These 

resampling methods can be applied to gene families to estimate the probability of finding any 
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previously unobserved copies in an additional sample. Below, we review these five categories by 

focusing on the underlying principle used by many of the more successful nonparametric 

methods of sample coverage.  

Species accumulation curves are a plot of species number versus a measurement of sampling, 

such as area, biomass, time, or individuals. This technique has been used to extrapolate estimates 

for species numbers for entire populations (Smith and Grassle 1977; Colwell and Coddington 

1994).  The species accumulation curve is not based on any statistical theory and the results are 

sensitive to whichever model is used to fit the curve (Smith et al. 2009). Since many models fit 

the curve equally well it is unclear which should be used (Smith et al. 2009).  

Parametric methods, first developed by Fisher (Fisher et al. 1943), most often use the frequentist 

framework and commonly employ maximum likelihood estimation (MLE) with a statistical 

distribution to model the probabilities of observing different species. Fisher (Fisher et al. 1943) 

used a gamma distribution to model the Poisson parameter for distributions of observed types of 

butterfly species, but many other statistical distributions have been employed (Bulmer 1974; Ord 

and Whitmore 1986; Sichel 1986; Lloyd and Yip 1991; Coull and Agresti 1999). The same types 

of distributions can be used as priors under the Bayesian framework (Lewins and Joanes 1984; 

Rodrigues et al. 2001; Barger and Bunge 2008). However, whichever statistical framework is 

used, parametric approaches suffer from two difficulties: model inadequacy and parameters in 

the model that need to be estimated along with the estimate for total species number. No 

parametric models have been found that have broad applicability, nor good behavior as sample 

size decreases (Bunge and Fitzpatrick 1993). 
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Nonparametric approaches better meet the criteria of good predictors in that as sample size 

increases the estimator approaches the true value and has low bias (Boneh et al. 1998). Many 

nonparametric methods exist (Good and Toulmin 1956; Efron and Thisted 1976; Burnham and 

Overton 1978; Chao 1984; Agresti 1994; Boneh et al. 1998; Solow and Polasky 1999; Chao and 

Shen 2004). Common to many of these methods (Good and Toulmin 1956; Chao 1984; Chao and 

Shen 2004) is a reliance on the frequency counts of rare species. Rare species, especially those 

found only once, sometimes called the frequency of singletons, is an important aspect of sample 

coverage that is statistically better understood than species estimation.  

Sample coverage is an estimate of the sum of frequencies of the species observed in the sample. 

For example, sample coverage close to 1.0 indicates that all species with appreciable frequencies 

have already been sampled. The key component to sample coverage methods is the premise that 

if sampling has been thorough then most gene copies should have been discovered more than 

once. When sampling has not been thorough and many gene copies are sampled only once, then 

these estimators will predict that many undiscovered copies remain. 

The first coverage estimator used the number of species found once, f1 (the frequency of 

singletons), and the number of samples, n, to estimate the coverage, C (Good 1953): 

Ĉ = 1 - f1/n. 

This estimate of sample coverage (Ĉ) is very efficient even when compared to more complex 

nonparametric estimators (Esty 1986). In general, coverage estimators have the double benefit of 

being easy to calculate and have been shown to have better estimation properties than MLE of 
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the species number (Darroch and Ratcliff 1980). Additionally, Esty (Esty 1986) found coverage 

estimators to be less sensitive to nonrandom sampling and concluded they should be preferred to 

MLE of the species number. 

Other successful nonparametric estimators rely on sample coverage. An estimator developed by 

Chao (1984) has been shown to perform at least as well as other approaches and is applicable to 

a wide variety of situations (Bunge et al. 1995; Walther and Moore 2005). This estimator is 

based on the frequency of singletons and the number of species found twice (frequency of 

double) to predict species number (Chao 1984). Estimators like the Chao 1984 are most efficient 

for larger sample sizes and behave unpredictably with sample sizes less than 100.  

A PCR/cloning simulation was used to explore the utility of these estimators when sample sizes 

are less than 50. The lack of a satisfactory method that functions well with such small sample 

sizes led to the development of a set of guidelines for researchers to determine when sampling 

can be expected to have identified all unique gene copies. 

Methods 

 

A computer simulation was used to generate data similar to that produced by a PCR/cloning 

sampling strategy. For a given number of unique gene copies, N, and a given sample size, s, 

samples were simulated with individuals within a sample determined from a vector of 

probabilities, v. The vector of probabilities were either all equal, such that for N = 4, v = [0.25 

0.25 0.25 0.25] or the vector of probabilities was randomly produced from two symmetric 
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Dirichlet distributions to incorporate potential PCR/cloning fluctuations resulting in different 

probabilities for finding each copy. The first distribution with concentration parameter 10 

assigned more uniform probabilities while still allowing for minimal fluctuations. The second 

distribution with a concentration parameter of 5 assigned values to v with greater differences 

between individual probabilities.  

 

For each simulation, the number of unique copies found was recorded as well as the number of 

times a unique sequence was found just once, f1.  

 

To find a minimum sample size that identified every copy for a given N, simulations were started 

and sample size increased by one until a sample size was achieved such that 99% of simulations 

with that sample size produced the number of unique copies equal to the true copy number N. 

For each N, we used 100,000 simulations to determine whether a particular sample size achieves 

the desired 99% threshold. 

 

The same procedure was used with 100 non uniform probabilities drawn from the more uniform 

Dirichlet distribution and another 100 drawn from the less uniform Dirichlet distribution. 

  

A parametric bootstrap-like test was developed using f1 as a test statistic. We start with data 

obtained with one PCR experiment and record the number of unique copies (Nobs) and f1 for this 

experiment. This number of unique copies found is used as the starting point for successive 

iterations of a bootstrap procedure. We simulate B realizations of the PCR experiment with equal 
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probabilities. For each bootstrap iteration, we record the number of unique copies found and f1. 

The bootstrap distribution of the number of unique copies found and f1 is then compared to the 

starting PCR simulation to determine whether the existence of more copies is likely. The 

bootstrap procedure is repeated with the true number of copies set to Nobs, Nobs+1, …, Nobs+k for 

some small number k (e.g., k=3).  

 

 

Results 

 

The sample size necessary to find every copy increases as the number of unique gene copies rises 

and as differences in probabilities of finding copies increase When each copy is sampled with 

equal probability, there is a 99% probability that a sample size of 16 clones will contain all three 

unique sequences within a gene family (Figure 1). Sampling 28 clones will insure identification 

for five unique loci and searching through 56 clones will find every copy in a ten member gene 

family 99% of the time (Figure 1). 

 

When each unique locus is not sampled with uniform probability, the number of clone samples 

needed to find every copy increases (Figure 1). Under nearly uniform probabilities that each 

unique copy is represented in a sample, an average of 20 clones should be screened to find all 

three unique loci, 36 samples will contain all five unique copies, and 76 samples will contain 

each of ten copies 99% of the time (Figure 1a).  
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As sampling probabilities become less uniform, the average number of copies needed to find 

each locus remains the same but the variance increases (Figure 1b).  

 

For a given sample size, a parametric bootstrap simulating 1,000 samples (B) for progressively 

higher numbers of unique copies produced a distribution of found copies and f1. Comparisons 

between these results indicate whether further sampling is necessary (Figure 2 and 3). Two 

examples illustrate the procedure to determine whether more copies likely remain unidentified. 

 

A PCR simulation was used to represent possible results from a search of 16 clones. The 

simulation produced four unique copies with one copy found only once (f1. = 1). Sample 

coverage is estimated as Ĉ = 1 - 1/16 = 0.9375.  

 

To determine whether every unique copy was found, these results were compared to distributions 

from a bootstrap test. A parametric bootstrap with 1,000 iterations, simulated with n = 16 and 

four true unique copies (N = Nobs), produced a distribution of found copies and f1. When the true 

number of unique copies is four, each unique copy is identified with high frequency and f1 = 1 in 

200 simulations (Figure 2a). The bootstrap distribution is consistent with the original sample, so 

finding four unique copies when four exist is expected. 

 

However, in 1,000 bootstrap iterations, when the true number of unique copies is five (N = 

Nobs+1), each unique copy is identified with high frequency and f1 = 1 in nearly 400 simulations, 
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but four unique copies are identified in 10% of the simulations (Figure 2b). The bootstrap 

distribution is consistent with a potential fifth unique copy missing from the original sample.  

 

When the number of unique copies is six in the bootstrap test (N = Nobs+2), each unique copy is 

identified with high frequency, but only five copies are found in 300 simulations, and only four 

copies are occasionally found (Figure 2c). f1 is frequently 0-2 and three singletons are observed 

with low frequency (Figure 2c). The bootstrap distribution is not consistent with a potential sixth 

copy missing from the original sample, although, the results in the original sample are seen when 

six copies exist in approximately 25 (2.5%) of the 1,000 bootstrap simulations (Figure 2c). 

 

When the number of unique copies is seven (N = Nobs+3), each unique copy is identified with high 

frequency. However, fewer copies are also frequently found and f1 varies between 0-4 (Figure 

2d). The bootstrap test for seven copies resulted in fewer than 10 simulations (<1%) where four 

unique copies were found and indicates that the original sample is unlikely to have missed three 

additional copies. 

 

The bootstrap test (k=3) indicates the four unique copies identified in the original sample may 

represent all unique copies, but 100 of 1,000 simulations had one additional unique copy (Figure 

2b) and fewer than 10 of another 1,000 simulations had two additional unique copies. More 

samples should be collected to rule out the potential presence of additional unique copies.  
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The same parametric bootstrap procedure was performed for a situation when 16 clones were 

sampled and five unique copies were found (Figure 3). Comparisons to the bootstrap 

distributions indicate that the original sample may have missed identifying up to three unique 

copies and more clones should be sampled. 

 

 

Discussion 

 

In general, studies reporting gene copy numbers lack a statistical framework to report confidence 

in sampling strategy. The dearth of methods inspired this investigation into a statistical method 

to determine sampling confidence for gene family studies. PCR simulations were performed to 

identify the number of samples necessary to find every copy with 99% confidence. A researcher 

now can easily identify the number of samples necessary to confidently sample all of the copies 

in a small to moderately sized gene family (Figure 1).  

 

A parametric bootstrap procedure was performed to determine whether each unique copy was 

identified after a search for gene copies is completed. Researchers can compare the number of 

unique copies found and the number of singletons (f1) for the number of samples screened to 

distributions of these values under the possibility that more copies remain unidentified. In the 

example where four copies are identified, it is possible that another unseen copy exists (Figure 

2b), although probably not more than five (Figure 2c-d), and more samples should be screened. 
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In the example where five copies are identified in 16 clones, it is probable that more unseen 

copies exist since five copies are often identified when the true number of unique copies is six or 

seven (Figure 3).  

Estimators of coverage based upon values such as f1 are unreliable for determining coverage 

reliably when sample sizes are small since a range of values are found at high frequencies. 

However, the value of f1 combined with the number of copies found can contribute to informing 

a researcher whether more sampling is necessary.  

It is our hope that researchers will report the number of clones sampled and the frequency of 

copies found only once when publishing results from studies on sequences of gene families. 

These values can be compared to distributions from the parametric bootstrap test to determine 

whether further sampling is warranted. 

The guidelines reported from the PCR/cloning simulations should be viewed conservatively. 

When PCR/cloning reactions are performed in the lab numerous challenges may artificially raise 

or lower the number of unique copies present in the sample (Box 1). These simulations attempt 

to incorporate some of the variability inherent in PCR and cloning by allowing non-uniform 

probabilities for each locus to be sampled, but researchers should incorporate strategies like 

pooling separate PCRs, limiting template concentrations, and keeping cycle numbers low (Box 

1). The results highlight how even moderate differences in the probability each locus is 

represented in a sample can drastically increase the number of sample clones that must be 

screened for unique sequences. 
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Figure 1. Sample size needed to reach 99% probability that all unique copies are identified in 
100,000 simulations. For each number of unique loci, the sample size of clones needed to find all 
unique copies is depicted on a logarithm scale.  Each unique copy is sampled with equal 
probability (red dots) or non uniform probabilities (boxplots). Each boxplot reflects 100 draws 
from two Dirichlet distributions, a: more uniform probabilities for sampling each unique copy, 
and b: less uniform. 
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Figure 2. Parametric bootstrap test of 1,000 simulations showing the frequency of found copies 
and number of singletons where the true number of unique copies equals a: 4, b: 5, c: 6, d: 7.  
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Figure 3. Parametric bootstrap test of 1,000 simulations showing the frequency of found copies 
and number of singletons where the true number of unique copies equals a: 5, b: 6, c: 7, d: 8.  
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Box 1. Summary of challenges and methods to improve the PCR/cloning sampling strategy. 

Polymerase Chain Reaction (PCR) is commonly used to obtain members of a gene family. New 

methods utilizing Next-Generation Sequencing can more thoroughly sample members of large 

gene families (Cronn et al. 2012) but separating actual variants present in the sample from 

variants created during sequencing remains a challenge (Beerenwinkel et al. 2012). For low-copy 

number genes, PCR sampling is still the most common means to examine gene copies. The 

strategy most often employed utilizes PCR to amplify multiple templates simultaneously using 

the same primer pair. PCR products are then cloned to separate them and then sequenced 

individually. Two well-documented issues arise when multiple templates are amplified together 

in PCR and affect the number of unique PCR products differently: sequence artifacts and PCR 

bias (Thompson et al. 2002). 

Sequence artifacts 

Sequence artifacts are novel sequence types produced during PCR that do not occur in the 

original template. Only 60% of Taq amplified products retain their starting DNA sequence 

(Kobayashi et al. 1999). New sequence types can be created through misincorporation of 

nucleotides by DNA polymerase or through PCR. Simple methods have been shown to reduce 

these types of sequence artifacts. Enzymes with proof reading ability, such as Pfu polymerase, 

can be used with Taq polymerase (Kobayashi et al. 1999) or alone to reduce the number of 

misincorporated nucleotides (Shafikhani 2002).  

Two types of recombinant sequence types can form during PCR. Chimera molecules are formed 

through in vitro recombination when DNA polymerase falls off the template before completely 
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extending the new DNA molecule in a cycle of PCR. The partially extended molecule can then 

anneal to a heterologous template molecule in the next cycle and be extended to form a single 

stranded chimera molecule that represents a new product not present in the template genome 

(Scharf et al. 1988; Bradley and Hillis 1997; Wang and Wang 1997). The percentage of chimeric 

molecules increases with template number (Wang and Wang 1997). Lengthening extension 

times, reducing PCR cycles, and insuring high primer concentrations relative to product have 

been shown to reduce the formation of chimera molecules (Wang and Wang 1997; Qiu et al. 

2001; Thompson et al. 2002). A second type of recombinant sequence may form during PCR 

from heteroduplex products. Heteroduplex molecules are formed during the later cycles of PCR 

when two different single stranded DNA molecules anneal to produce a hybrid or heteroduplex 

DNA molecule (Borriello and Krauter 1990; Thompson et al. 2002). If the heteroduplex DNA is 

cloned into a host with mismatch repair (such as the commonly used DH5α strain of E. coli) then 

mosaic sequences can be formed through in vivo recombination artificially elevating the number 

of unique sequence types in the clone library (Shafikhani 2002). Heteroduplex molecules can be 

separated through a re-extension method before cloning (Saitoh and Chen 2008). Re-extension is 

a simple protocol modification that eliminates heteroduplex molecules through a single cycle of 

PCR employing a 30 minute extension step (Saitoh and Chen 2008). 
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PCR bias 

Two general types of PCR bias can occur to decrease the number of observable gene copies: 

PCR selection and PCR drift. Intrinsic differences between templates cause PCR selection by 

preferentially amplifying one or more copies over others. Selection for certain copies over others 

is evident when multiple reactions are run in parallel. Reducing the concentration of starting 

genomic DNA and/or reducing the number of PCR cycles can minimize the effects of PCR 

selection (Wagner et al. 1994). PCR drift occurs when stochastic processes in early PCR cycles 

lead to differences in product concentrations between identical reactions. Running several 

independent reactions and pooling the products can reduce the variation caused by PCR drift 

(Wagner et al. 1994). 

 

Cloning 

PCR products containing more than one sequence type must be cloned in order to determine the 

nucleotide sequence. Choosing the number of clones to sequence is a trade-off between 

satisfactory sampling and cost or time. Unfortunately, cloning is also a stochastic process where 

template length and composition can affect cloning efficiency. Differing lengths and nucleotide 

structures may limit incorporation into the cloning vector and affect the final distribution in the 

sample of sequences represented in the bacterial colonies (Invitrogen product information: 

http://tools.invitrogen.com/content/sfs/appendix/Cloning_Trans/PCR Cloning 

Considerations.pdf).  
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DNA sequencing and copy identification 

Determining the DNA sequence of the cloned fragments first requires amplification by either 

bacterial miniprep or by PCR. Both methods amplify a single cloned product for direct 

sequencing. The initial template may contain previously incorporated errors, however, this last 

amplification process uses only one template (assuming the colony grew from a bacterium 

without a heteroduplex insert) and does not suffer from most of the challenges discussed above.  

Unique sequence types are identified by alignment after DNA sequencing. Typically, a 1% cut-

off is used to cluster sequences by similarity so that misincorporated nucleotides do not falsely 

increase the count of unique sequences (Acinas et al. 2005). For environmental sampling, 

chimeras can be identified using software programs like Bellerophon (Huber et al. 2004), that 

rely on partial tree analysis to identify sequence changes that substantially alter sequence 

relationships.  However, this type of analysis has the potential to falsely implicate actual gene 

copies present in the genome that have recently undergone gene conversion.  

These challenges to PCR surveys of gene copies are ignored at the researcher’s peril. Some 

processes, like PCR bias, can prevent the amplification of copies and lead to underestimation of 

diversity in sequence types. Other processes leading to chimeras or heterduplexes may 

artificially increase the number of unique sequence types among the PCR products and obscure 

the true number of unique genomic copies. All of these well-described challenges need to be 

addressed by researchers amplifying numerous gene copies.  


