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The plastid genomes of land plants are generally highly conserved in gene content 

and order, genome organization, and rates of sequence evolution; however, a few groups 

have experienced genomic change. The previously published sequence of Pelargonium X 

hortorum (Geraniaceae) reveals the largest, most rearranged plastid genome among land 

plants, and rate heterogeneity and genomic change have been documented in the monocot 

family Poaceae. Three initiatives were taken to characterize plastid genome evolution 

better in these groups. First, I estimate and compare genome-wide rates of sequence 

evolution in Geraniaceae genes relative to other angiosperms. An analysis of nucleotide 

substitutions for 72 plastid genes from 47 angiosperms, including nine Geraniaceae, 

shows that values of dN are accelerated in ribosomal protein and RNA polymerase genes. 

dN/dS, an indicator of selection, is significantly elevated in the same two classes of genes 

and ATPase genes. Second, I sequenced three additional Geraniaceae plastid genomes 
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(Erodium texanum, Geranium palmatum, and Monsonia speciosa) and compare these 

sequences to each other, P. X hortorum, and other rosids. Geraniaceae plastid genomes 

are highly variable in size, gene content and order, and base composition. The genome of 

M. speciosa is among the smallest land plant plastid genomes, and one copy of the IR 

region in E. texanum has been lost. Gene/intron loss and gene duplication are rampant in 

Geraniaceae plastid genomes, and a number of losses are phylogenetically inconsistent. 

To explain the unusual rates and patterns of genome evolution in Geraniaceae, I propose 

a model of aberrant DNA repair coupled with altered gene expression. Lastly, I 

characterize genome evolution in the family Poaceae and order Poales. There has been a 

recent surge in the availability of Poaceae sequences, but a comprehensive analysis of 

genome evolution had not been performed that included any non-grass Poales taxa. I 

present the sequence of Typha latifolia (Typhaceae), the first non-grass Poales sequenced 

to date, and I show that Poaceae plastid genomes exhibit increased genomic 

rearrangements and nucleotide substitutions. These analyses show the extent of lineage-

specific rate acceleration on the branch leading to Poaceae and deceleration during the 

diversification of the family. 
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Chapter 1. Introduction 

 

Land plant plastid genomes are generally highly conserved in gene order, gene 

content, genome organization, and rates of sequence evolution. Most have a quadripartite 

structure with two copies of a large inverted repeat (IR) separating two unequally sized, 

single-copy regions called the large and small single copy regions (LSC and SSC, 

respectively). Land plant plastid genomes generally range in size from 120 to 160 kb 

(kilobases) and usually contain 110-130 distinct genes (Raubeson and Jansen 2005; Bock 

2007). The majority of these genes (about 80) code for proteins and are mostly involved 

in photosynthesis or gene expression with the remainder encoding RNA (about 30) or 

ribosomal RNA (4) genes.  

A few groups of land plants have experienced plastid genome change, including 

the flowering plant families Geraniaceae (Geraniales) and Poaceae (Poales). The 

complete plastid genome sequence of Pelargonium X hortorum (Geraniaceae; Chumley 

et al. 2006) reveals the largest and most rearranged plastid genome identified to date; 

however, little is known about the plastid genomes from other genera in the family. In 

addition, plastid genomes of Poaceae (the grasses) are unusual both in their organization 

and rates of sequence evolution. Because of their economic importance, grass genomes 

are the subject of countless scientific studies, and a number of Poaceae plastid genomes 

are publicly available. Groups that have experienced genomic change present an 

opportunity to study rates and patterns of plastid genome evolution (Palmer 1990). The 
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evolution of land plant plastid genomes was the focus of my dissertation work, which 

was divided into three parts:  

Chapter 2)  characterizing rates of sequence evolution in Geraniaceae plastid 

genomes to show that they are experiencing unprecedented rates of 

sequence evolution,  

Chapter 3)  comparing and contrasting plastid genomes from each major genus 

within the family Geraniaceae, and 

Chapter 4)  presenting the plastid genome of Typha latifolia (Typhaceae, 

Poales), and characterizing genome evolution in the monocot 

family Poaceae and order Poales. 

 

Chapter 2 describes the results of a study characterizing rates of sequence 

evolution in Geraniaceae plastid genomes. Rates of nucleotide substitutions for protein-

coding genes in plant mitochondria and plastid genomes are generally lower than for 

nuclear protein-coding genes. Highly elevated rates of sequence evolution in Geraniaceae 

mitochondrial genomes have been reported (Parkinson et al. 2005), but rates in 

Geraniaceae plastid genomes had not been characterized. Analyses of nucleotide 

substitution rates for 72 plastid genes from 47 angiosperm taxa, including nine 

Geraniaceae, showed that values of dN were highly accelerated in ribosomal protein and 

RNA polymerase genes throughout the family (Guisinger et al. 2008). Furthermore, 

dN/dS was significantly elevated in the same two classes of plastid genes as well as in 

ATPase genes. A relatively high dN/dS ratio could be interpreted as evidence of two 

phenomena, namely positive or relaxed selection, neither of which is consistent with our 
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current understanding of plastid genome evolution in photosynthetic plants. These 

analyses were the first to use protein-coding sequences from complete plastid genomes to 

characterize rates and patterns of sequence evolution from a broad sampling of 

photosynthetic angiosperms, and they revealed unprecedented accumulation of nucleotide 

substitutions in Geraniaceae. To explain these remarkable substitution patterns in the 

highly rearranged Geraniaceae plastid genomes, I proposed a model of aberrant DNA 

repair coupled with altered gene expression. 

In Chapter 3 the plastid genome sequences of Erodium texanum, Geranium 

palmatum, and Monsonia speciosa are presented, with comparisons among the previously 

published Geraniaceae genome of Pelargonium X hortorum and with other rosid 

genomes. This study revealed that plastid genomes throughout the family are highly 

variable in size, gene content, and gene order. Base composition within protein-coding 

genes is also unusual, and GC content was higher in Geraniaceae sequences relative to 

the other rosids examined. Aside from the small genomes of nonphotosynthetic land 

plants and from most genomes that do not contain IR regions, the sequence of M. 

speciosa is among the smallest land plant plastid genome sequenced to date, while the 

genome of P. X hortorum is the largest. The length of the IR region was also shown to be 

highly variable. The IR in P. X hortorum was previously shown to be greatly expanded to 

76 kb, and this study revealed that one copy of the IR region has been lost in the genome 

of E. texanum and reduced in G. palmatum and M. speciosa. These genomes have 

experienced numerous gene and intron losses as well as gene duplications. Some of the 

gene and intron losses are shared throughout the family (such as loss of trnT-GGU and 

the introns of rps16 and rpl16); however, a number of losses are unique or are 
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inconsistent with the phylogeny of the family (for example, loss of the intron of trnG-

UCC). Geraniaceae plastid genomes contain a high frequency of large repeats relative to 

other rosids. Within each genome repeats are located at rearrangement endpoints, and 

many repeats shared among the four Geraniaceae genomes flank rearrangement endpoints 

family-wide. Both overall and coding GC content are higher in Geraniaceae plastid 

genomes relative to other rosids, and the percent that a particular codon is used per amino 

acid and the GC content at third position sites (GC3s) are significantly different for 

Geraniaceae sequences relative to other rosids. These data indicate that codon usage in 

Geraniaceae genes is driven by mutational biases, and biases increase GC content. 

Chapter 4 reports on the sequence of Typha latifolia, the first non-grass Poales 

plastid genome sequenced to date, and presents comparisons of genome organization and 

sequence evolution within Poales. There has been a recent surge in the availability of 

Poaceae plastid genome sequences, but a comprehensive comparative analysis of genome 

evolution had not been performed that included any related families in the Poales. My 

results confirmed that grass plastid genomes exhibit acceleration in both genomic 

rearrangements and nucleotide substitutions. Poaceae have multiple structural 

rearrangements, including three inversions, three genes losses (accD, ycf1, ycf2), the loss 

of introns from two genes (clpP, rpoC1), and expansion of the IR into both single copy 

regions. These rearrangements were restricted to the Poaceae, and the IR expansion into 

the SSC correlates with phylogenetic relationships within the family. Comparisons of 73 

protein-coding genes for 47 angiosperms including nine genera of Poaceae confirmed 

that the branch leading to Poaceae had significantly accelerated rates of change relative to 

other monocots and angiosperms. In contrast, rates of sequence evolution within grasses 
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were found to be lower, indicating a deceleration during diversification of the family. 

Overall there was a strong correlation between accelerated rates of genomic 

rearrangements and nucleotide substitutions in Poaceae, a phenomenon that has been 

noted recently throughout angiosperms. The cause of the correlation is unknown, but 

faulty DNA repair mechanisms have been suggested in other systems, including bacterial 

and animal mitochondrial genomes. 
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Chapter 2. Genome-wide analyses of Geraniaceae plastid DNA reveal 

unprecedented patterns of increased nucleotide substitutions 

 

Introduction 

Angiosperm plastid genomes are generally highly conserved in gene order, gene 

content, and organization (Raubeson and Jansen 2005). While the rates of nucleotide 

substitutions are highly variable in protein-coding genes of angiosperm nuclear genomes, 

rates in plastid genes are generally lower (Wolfe et al. 1987). Rates of nonsynonomous 

substitutions (dN), those that cause an amino acid change, are substantially lower than 

rates of synonymous substitutions (dS), those that do not cause an amino acid change. 

Aside from a recent report describing elevated dN for a single gene in Oenothera and 

lineages within Caryophyllaceae (Erixon and Oxelman 2008), plastid genes of 

photosynthetic plants are under strong purifying selection and the rapid accumulation of 

either dN or dS has not been described.  

The plastid genomes of nonphotosynthetic plants reveal accelerated rates of 

nucleotide substitutions in many protein-coding genes; furthermore, these genomes 

exhibit extensive gene loss and genome rearrangement (Wolfe et al. 1992; Funk et al. 

2007; McNeal et al. 2007a). However, analyses involving either few genes or few taxa 

for photosynthetic angiosperm plastid genomes generally reveal that modest rate 

variation is locus- and lineage-specific. A few groups of angiosperms have experienced 

lineage-specific rate variation, including the lineages leading to the grasses (Gaut et al. 

1993), pea (Wolfe et al. 1987), Gnetum (Wu et al. 2007), and Welwitschia (McCoy et al. 
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2008). The largest degree of locus-specific variation has been shown for genes encoding 

RNA polymerases, ATPases, and ribosomal proteins (Gaut et al. 1993; Logacheva et al. 

2007). In addition, location within the quadripartite plastid genome affects rate variation; 

genes encoded in the two single-copy regions exhibit higher rates than genes duplicated 

in the large inverted repeat (IR) regions (Perry and Wolfe 2002).  

Geraniaceae organellar genomes exhibit two unusual features. First, 

mitochondrial genomes show multiple, major shifts in dS, especially in the genus 

Pelargonium (Parkinson et al. 2005). Rapid increases have only been documented in two 

other plant lineages, Plantago (Plantaginaceae; Cho et al. 2004) and Silene 

(Caryophyllaceae; Mower et al. 2007). These studies showed that rates were not affected 

in nuclear or plastid genes, but few genes were examined. Correlation between rates of 

sequence evolution and genomic rearrangement has not been documented for plant 

mitochondrial genomes, but this relationship was shown in animal mitochondrial 

genomes (Shao et al. 2003; Xu et al. 2006). Second, Geraniaceae plastid genomes are 

structurally unusual. The plastid genome of Pelargonium X hortorum exhibits 

unprecedented levels of change in both gene order and content (Chumley et al. 2006). 

This genome also contains the largest IR, along with numerous dispersed repeats 

contributing to increased genome size and potential rearrangement hotspots. In addition, 

restriction site mapping studies revealed extensive rearrangements and gene/intron loss 

throughout the family, and in Erodium and Monsonia the loss or severe reduction of the 

IR (Price et al. 1990).  

A recent phylogenetic analysis of 81 plastid genes from 64 seed plants described a 

positive correlation between changes in gene order, gene/intron loss, and lineage-specific 
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rate acceleration (Jansen et al. 2007). Geraniaceae are an ideal group to study plastid 

genome evolution, because they are highly rearranged (Price et al. 1990; Chumley et al. 

2006). In this study, we examine rates and patterns of sequence evolution across 

Geraniaceae and provide evidence for major locus- and lineage-specific substitution rate 

increases. We also show a strong correlation between gene function and rates of 

nucleotide substitutions. We examine plastid sequence evolution at a genome-wide scale 

and show major increases in dN for protein-coding genes in the typically conserved 

plastid genomes of photosynthetic angiosperms. 

 

Materials and Methods 

Gene sequencing:  

To maximize sampling in major angiosperm clades, 47 taxa were chosen, 

including one previously published Geraniaceae plastid genome (Chumley et al. 2006) 

(Table 2.1). Complete or nearly complete draft sequences are available for eight 

additional Geraniaceae taxa (Table 2.2). Protocols for plastid isolation, RCA 

amplification, sequencing, and sequence assembly are previously described (Jansen et al. 

2005). Protein-coding sequences for 72 genes were used with several exclusions (Table 

2.3).  

Gene annotation and alignment: 

Genes were annotated using DOGMA (Wyman et al. 2004). Start and stop codons 

were determined based on similarity with known sequences following the bacterial and 

plastid genetic code. For highly divergent genes adjacent start/stop codons were used. 
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Amino acid sequences were aligned using MSWAT (http://mswat.ccbb.utexas.edu), 

manually adjusted, and used to constrain the nucleotide alignment.  

Phylogenetic analyses:  

MP analyses were performed using 100 random addition replicates and TBR 

branch swapping with the Multrees option using PAUP* Version 4.0b10 (Swofford 

2003). Four independent ML analyses were performed using GARLI and default settings 

(Zwickl 2006). Bootstrap values were generated using PAUP* and GARLI with 100 

replicates and the above settings. ML analysis were also performed on a set of 27 slowly 

evolving genes (including the individual gene rbcL and subunits of pet-, psa, and psb-

genes).  

Evolutionary rate estimation: 

Using the codon frequencies model F3x4, PAML’s codeml (Yang 2007) was used 

to estimate dN, dS, and dN/dS. Gapped regions were excluded using cleandata = 1 to 

avoid spurious rate inference. The phylogenetic tree generated using MP and ML was 

used as a constraint tree, but branch lengths were inferred using PAML. Using the 

method described by Yang (1998), a null model (H0; branch model = 0), where one dN/dS 

ratio was fixed across angiosperms, was compared to an alternative model (HA; branch 

model = 2), where the Geraniaceae clade was allowed to have a different dN/dS. 

Likelihood ratio tests (LRT) were used to test model fit. P-values were transformed 

according to Sokal and Rohlf (1995) (-log(P-value +1)), ranked, and plotted. Genes that 

encode subunits of a functional complex were grouped according to Matsuoka et al. 

(2002) and Chang et al. (2006). Statistical analyses were conducted using the R software 

package (http://www.r-project.org), and Bonferroni correction was employed. 
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Results 

Alignment and annotation of Geraniaceae gene sequences relative to sequences 

from other angiosperms revealed a number of genomic changes, including gene/intron 

loss, alternative start codons (see data matrix http://www.biosci.utexas.edu/ib/faculty/ 

jansen/lab/research/data_files/index.htm), and accelerated rates of sequence evolution. 

Our analyses included 72 genes (Table 2.3) from 47 angiosperms (Table 2.1). 

Phylogenetic analyses were performed on the 47-taxa, 72-gene data set of 58,998 

aligned nucleotide positions. Maximum parsimony (MP) and maximum likelihood (ML) 

methods were used to infer relationships (Geraniaceae only, Fig. 2.1; 47-taxa tree, Fig. 

2.2). A single tree was inferred using MP with a length of 109,664 steps, a consistency 

index (CI; excluding uninformative characters) of 0.3785, and a retention index (RI) of 

0.5897. Four ML analyses inferred the same tree topology (-lnL scores: µ = 607633.5555, 

σ = 0.001). The poorly supported clade including Geraniales and Myrtales is the sister 

group to the eurosids II. Although tree topologies were identical in MP and ML analyses 

and consistent with a recent angiosperm phylogeny (Jansen et al. 2007), relationships 

among Geraniales, Myrtales, eurosids I, and eurosids II are generally poorly understood 

(Hilu et al. 2003; Jansen et al. 2007; Zhu et al. 2007). ML analysis was performed for a 

smaller data set including 27 slowly evolving genes to confirm that relationships were not 

incorrectly inferred due to rapidly evolving genes, and this analysis resulted in a tree 

identical to full MP and ML analyses (Fig. 2.3). Relationships within Geraniaceae are 

consistent with well-accepted phylogenies (Price et al. 1990; Price and Palmer 1993; Fiz 

et al. 2008), and branches are resolved and strongly supported (Fig. 2.1). 
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Values of dN and dS were compared within Geraniaceae and between 

Geraniaceae and other angiosperms to reveal patterns of sequence evolution. Mean dN is 

higher in Geraniaceae relative to other angiosperms, and Wilcoxon rank sum tests show 

that values of dN are significantly different in Geraniaceae relative to other angiosperms 

(P < 0.001; Fig. 2.4). Values of dS are not significantly different (P = 0.085; Fig. 2.4). dN 

and dS are more strongly correlated (P < 0.001) in other angiosperms (Spearman’s rank 

correlation, rS = 0.876) than in Geraniaceae (rS = 0.738; Fig. 2.5). Rates for each gene 

group were compared to reveal patterns of substitutions (Fig. 2.4; post-hoc statistics in 

Tables 2.4 and 2.5). In general, values of dN are higher in Geraniaceae in comparison to 

other angiosperms, and comparisons revealed that ribosomal protein and RNA 

polymerase genes are the most significantly different relative to genes involved in 

photosynthesis. Values of dS exhibit similar yet weaker patterns of variation; large and 

small subunit ribosomal protein genes (rpl and rps, respectively) and psb genes being the 

most significantly different (both P < 0.001). Phylogenetic trees for rpl- and rps-genes 

with the highest values of dN and dS are shown in Fig. 2.6a-d (labeled trees shown in 

Figs. 2.7-2.12), and the long branches in the Geraniaceae clade (shaded) show the 

extreme rate acceleration. psaI and psaC have the highest values of dN and dS for 

photosystem I genes, respectively, and branch lengths show that these genes are not 

evolving faster relative to other angiosperms (Fig. 2.6e-f; labeled trees shown in Figs. 

2.7-2.12). Nucleotide substitutions were compared for Geraniaceae branches, and post-

hoc comparisons tested the significance of branch acceleration (Fig. 2.13, Tables 2.6 and 

2.7). These tests revealed a strong lineage-specific pattern of increases in dN and dS for 

the branches leading to Geraniaceae (branch 1) and the terminal taxon E. chrysanthum 
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(branch 10). However, these results also show that values of dN are greater overall for 

Geraniaceae branches relative to other angiosperms. 

Likelihood ratio tests were used to compare the fit of two models; H0, where 

values of dN/dS are not significantly different among angiosperms, and HA, where values 

of dN/dS are greater in Geraniaceae relative to other angiosperms (Table 2.8). Overall, 

HA is significantly different than H0 (P < 0.001; data not shown). Values of dN/dS for 

photosystem I and II genes are not significantly different between Geraniaceae and other 

angiosperms; however, values of dN/dS for ribosomal protein and RNA polymerase 

genes are in general significantly higher in Geraniaceae (Fig. 2.14). Three of four RNA 

polymerase genes (rpoB, rpoC1, and rpoC2) are the most significantly different, i.e., P-

values are the lowest, showing that HA fit these genes the best. The dN/dS value for the 

gene rpoA, though absent in Pelargonium, is not significantly different in the remaining 

Geraniaceae relative to other angiosperms. 

 

Discussion 

Accelerated rates of sequence evolution in Geraniaceae: 

Although photosynthetic angiosperm plastid genomes are generally conserved in 

gene order, content, and rates of sequence evolution for protein-coding genes, we report 

extensive nucleotide rate variation in gene sequences from complete plastid genomes in 

the flowering plant family Geraniaceae. This is the first genome-wide analysis to 

characterize rates and patterns of sequence evolution throughout photosynthetic 

angiosperm plastids. Accelerated rates of sequence evolution have rarely been reported in 

angiosperm plastid genomes, and elevated dN has only been shown for the plastid gene 
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clpP (Erixon and Oxelman 2008). We chose not to include clpP in our analyses, because 

we were unable to align either amino acid or nucleotide sequences, and determining 

intron/exon boundaries proved difficult. Misalignment would lead to erroneous inference 

of substitutions rates (Wong et al. 2008). 

Our study also provides evidence for locus- and lineage-specific patterns of rate 

variation in plastid protein-coding genes. To explain this extreme rate variation, we 

describe a model that involves faulty DNA repair and variable levels of gene expression. 

We argue that each of these factors alone cannot explain the rates and patterns of 

nucleotide substitutions. If faulty DNA repair alone explained the accumulation of 

substitutions, we would expect rate increases for all genes in these rearranged plastid 

genomes. Only Geraniaceae rpl-, rps-, and rpo-genes are accumulating substitutions at a 

significantly higher rate relative to other angiosperms. Moreover, if gene expression level 

alone explained substitution patterns, we would expect that rapidly evolving genes in 

Geraniaceae would not evolve any faster than the same genes in other angiosperms. Our 

data show that rpl-, rps-, and rpo-genes have higher values of dN, and values are 

significantly different in comparison to values for the same genes in other angiosperms. 

Plastid DNA repair:  

Pelargonium X hortorum contains the most highly rearranged angiosperm plastid 

genome sequenced to date (Chumley et al. 2006), and based on restriction site mapping 

studies, plastid genomes in other Geraniaceae are also highly rearranged (Price et al. 

1990). A significant positive correlation between rates of nucleotide substitutions and 

genome rearrangements was recently shown for plastid genomes (Jansen et al. 2007). 

Additionally, in highly rearranged arthropod mitochondrial genomes increased levels of 
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genomic rearrangement are positively correlated with higher rates of sequence evolution 

(Shao et al. 2003; Xu et al. 2006). We characterized rates of nucleotide substitutions by 

estimating dN, dS, and dN/dS in Geraniaceae plastid genomes relative to other 

angiosperms. Our analyses show that both dN (Fig. 2.4a) and dN/dS are significantly 

elevated in protein-coding genes, and this suggests that either positive selection or 

relaxed selection at nucleotide sites is acting on these genomes. We also show that there 

is a positive correlation between dN and dS in Geraniaceae and other angiosperm plant 

genomes (Fig. 2.5). These results suggest that selective constraints are coupled for both 

types of substitutions; however, there is a weaker constraint in Geraniaceae. In order to 

examine lineage-specific rate acceleration, we conducted tests to determine those 

branches within Geraniaceae that evolve at a faster rate. These data generally show that 

the branches leading to the most recent common ancestor of Geraniaceae and to E. 

chrysanthum are accumulating significantly higher values of dN and dS (Fig. 2.13). 

Although we only have sequence data for the P. X hortorum genome (Chumley et al. 

2006) and data from restriction site mapping studies (Price et al. 1990), there appears to 

be a strong correlation between genome rearrangements and rates of nucleotide 

substitutions. Completion and analysis of highly rearranged plastid genomes, including 

such groups as the Campanulaceae, Passifloraceae, Goodeniaceae, and additional 

Geraniaceae (see Chapter 3), will likely further support this correlation. 

Geraniaceae plastid genomes appear exceptional with respect to rates of evolution 

and to genomic change; we hypothesize that these phenomena reflect altered organellar 

DNA repair mechanisms throughout the family. Moreover, both plastid and 

mitochondrial genomes are affected. Generally, rates of sequence evolution in plant 
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mitochondrial genomes are low relative to rates in plastid and nuclear genomes (Wolfe et 

al. 1987; Soria-Hernanz et al. 2008), but mitochondrial genes within Plantago and 

Geraniaceae show up to 4,000-fold rate increases in dS (Cho et al. 2004; Parkinson et al. 

2005). These studies compared few plastid genes within these lineages. Based on 

Geraniaceae- and genome-wide analyses, our data indicate numerous instances of 

accelerated rates that were not detected in earlier studies. 

Several mechanisms explaining the correlation between genome rearrangements 

and rates of sequence evolution have been previously described, and it is possible that 

these mechanisms are responsible for rearrangement and accelerated rates in Geraniaceae 

plastid genomes. One mechanism involves homologs to the eubacterial recA gene. In E. 

coli, this gene is involved in homologous recombination and strand exchange and reduces 

deleterious mutations through efficient DNA repair. Extensive BLAST searches showed 

that recA homologs are found in plant and algal nuclear genomes (Lin et al. 2006), and 

the products of these genes are targeted to plastids (Cerutti et al. 1992) and mitochondria 

(Khazi et al. 2003) in Arabidopsis. It is now well accepted that plastids and mitochondria 

arose through endosymbiosis between eukaryotic cells and eubacterial cyanobacteria and 

proteobacteria, respectively (Bock and Timmis 2008). Furthermore, the transfer of 

organellar genes to the nucleus has been shown, and products of some of these genes are 

targeted back to plastids and mitochondria (Bock and Timmis 2008). The role of recA 

homologs in plant organellar genomes has not been determined. recA appears to be lost in 

animal and fungal genomes, and Lin et al. (2006) suggest that plant plastid and 

mitochondrial genomes are large relative to animal and fungal mitochondrial genomes 

due to recA-mediated recombination. Notably, Geraniaceae plastid genomes are highly 
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variable in size (Price et al. 1990; Chumley et al. 2006), and improper repair may lead to 

such extreme size variation. In addition to recA, other nuclear-encoded genes are 

involved in DNA repair (Johnson-Schlitz and Engels 2006; Hartung et al. 2007), and 

their expression has been shown in plastids (Saotome et al. 2006). For example, mutation 

of recQ14A resulted in increased homologous recombination and genomic 

rearrangements in Arabidopsis nuclear genomes (Bagherieh-Najjar et al. 2005). The 

presence and function of rec-genes in highly rearranged plastid genomes has not been 

tested, and mutations in organellar-targeted genes could result in improper homologous 

recombination or strand exchange leading to both genome rearrangements and increased 

substitution rates. 

Expression of plastid genes: 

Our data show that ribosomal protein and RNA polymerase genes exhibit 

significantly higher values of dN relative to genes involved in photosynthesis in 

Geraniaceae relative to other angiosperms (Figs. 2.4, 2.6, and 2.9). Within Geraniaceae, 

comparisons revealed patterns of rate variation across gene groups (Tables 2.4 and 2.5). 

Values of dN are broadly accelerated. On the other hand, only 3% of dS comparisons are 

significantly different, and these tests indicate that values of rpl- and rps-genes are 

significantly different relative to psb-genes. 

We suggest that a second factor, variable levels of gene expression, affects rates 

of sequence evolution in Geraniaceae plastid genomes. It has been shown that variation in 

nucleotide substitutions is correlated with expression levels, where genes that are highly 

expressed evolve at a lower rate, such as those reported in E. coli, S. cerevisiae, and 

Drosophila (Shields et al. 1988; Sharp 1991; Drummond et al. 2006). Moreover, for 
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plastid genes of the liverwort Marchantia polymorpha and the angiosperm Nicotiana 

tabacum, Morton (1994) described a correlation between expression levels and increased 

dN and dS. The expression levels of Geraniaceae plastid genes have not been quantified, 

but it is known that proteins accumulate to different levels in plastids. Available data 

gathered from barley seedlings showed that there was accumulation of Rubisco, 

photosystem I and II, and α and β ATPase proteins (Klein et al. 1988; Mullet 1988). 

Notably, genes encoding these highly accumulated proteins correspond to low values of 

dN, dS, and dN/dS in our analyses (see Figs. 2.4, 2.6, and 2.14), and it appears that 

expression level and rates of sequence evolution are also negatively correlated in 

Geraniaceae plastid genes. Genome-wide estimation of expression levels in Geraniaceae 

genes are needed to better understand the relationship between expression levels and rates 

of nucleotide substitutions. 

Transcription of plastid genes in most land plants is shared by two RNA 

polymerases, the plastid-encoded polymerase (PEP) and the imported nuclear-encoded 

polymerase (NEP). Early models suggested that transcription of photosynthetic genes 

was controlled by PEP, while housekeeping genes were transcribed by NEP 

(Hajdukiewicz et al. 1997). More recent work has challenged this model, and plastid 

maturity, plant developmental stage, and post-transcriptional regulation are implicated in 

a biologically complex pattern of gene transcription (Legen et al. 2002; Krause et al. 

2003; Cahoon et al. 2004; Hanaoka et al. 2005). Nonetheless, if gene expression is 

correlated with gene transcription, rates of sequence evolution could be due to variable 

transcription by these polymerases. It is notable that one genus of Geraniaceae, 

Pelargonium, has lost a functional copy of the PEP gene rpoA; however, rpoA-like ORFs 
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were found dispersed throughout the plastid genome (Chumley et al. 2006). rpoA was 

transferred from the plastid genome to the nuclear genome in a moss (Sugiura et al. 2003) 

and in the nonphotosynthetic angiosperm Cuscuta (Krause et al. 2003), but little is known 

about rpoA in Pelargonium and other Geraniaceae (Palmer et al. 1990a; Palmer et al. 

1990b; Downie et al. 1994). In the case of Cuscuta, loss of rpoA and rpoB results in a 

change from PEP- to NEP-based promoter sequences in the rrn16 gene (Krause et al. 

2003). Control of transcription was taken over by the nucleus, and it is possible that this 

has also occurred in Pelargonium. 

Geraniaceae RNA polymerase genes rpoB, rpoC1, and rpoC2 are accumulating 

an unusual amount of nonsynonymous substitutions, indicating either positive or relaxed 

selection (Fig. 2.14). Aside from Pelargonium, other Geraniaceae genomes appear to 

contain a functional plastid-encoded rpoA gene, but the other PEP subunits are rapidly 

accumulating nonsynonymous substitutions. It is possible that rpoA was transferred to the 

nucleus early in the evolution of Geraniaceae. Models of organellar gene loss require 

gene duplication and transfer prior to loss. Functional loss of rpoA may have only 

occurred in Pelargonium, but a nuclear transfer event in the evolution of Geraniaceae 

could result in strong selective pressure and high levels of substitutions in the other 

subunits of the plastid-encoded polymerase. Substitutions in a nuclear-encoded rpoA in 

Geraniaceae would then incur compensatory substitutions in rpoB, rpoC1, and rpoC2 in 

order to maintain the function of the polymerase. Indeed in the nuclear-encoded rpoA of 

the moss Physcomitrella patens, substitutions are numerous and show a strong bias 

towards nuclear codon use (Sugiura et al. 2003). Alternatively, we can not exclude the 

possibility that in the plastid genome of Pelargonium the rpoA-like ORFs identified by 
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Chumley et al. (2006) are actually highly divergent functional genes, and compensatory 

substitutions in other subunits of the polymerase result. Notably, expression data from 

plastids suggests that rpoA may be functional (P. Kuhlman and J. D. Palmer, personal 

communication).  

This study provides evidence for unprecedented increases in nucleotide 

substitutions in angiosperm plastid genomes, and we use protein-coding sequences from 

complete plastid genomes to characterize rates and patterns of sequence evolution in the 

plastids of photosynthetic angiosperms. We report extreme accumulation of dN in 

ribosomal protein and RNA polymerase genes, and these data provide evidence for 

relaxed selection or positive selection that is unique among photosynthetic angiosperm 

plastid genomes. In addition, this study provides evidence that angiosperm plastid 

genomes contain a high degree of locus- and lineage-specific rate variation, and plastid 

genomes are far more dynamic than previously described. Our observations are consistent 

with earlier models of plastid sequence evolution (Muse and Gaut 1994), which indicated 

that rates of both dS and dN vary across lineages, rates of dS are relatively homogenous 

across loci, and rates of dN vary extensively across plastid genomes. However, our 

observations are the first to show the magnitude of rate variation among plastid loci and 

angiosperm lineages. 

 Geraniaceae plastid genomes provide the rare opportunity to examine anomalous 

plastid sequence evolution and to model genomic changes. Our model involves improper 

DNA repair leading to genome rearrangement and increased nucleotide substitutions and 

possible transcriptional control of plastid genes by the nucleus leading to altered 

expression and increased nucleotide substitutions. Completed sequences for additional 
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highly rearranged Geraniaceae and angiosperm plastid genomes and characterization of 

genes involved in DNA repair in Pelargonium and other Geraniaceae are needed to better 

understand the highly accelerated substitution patterns in this family. In addition, 

expression data are needed to correlate rates of nucleotide substitutions with levels of 

gene transcription. 
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Table 2.1.  GenBank accession numbers for 47 taxa included in analyses.  

Taxon GenBank Accession Numbers 
Acorus americanus NC_010093 

Amborella trichopoda NC_005086 
Arabidopsis thaliana NC_000932 
Atropa belladonna NC_004561 
Buxus microphylla NC_009599 

Calycanthus floridus NC_004993 
Citrus sinensis NC_008334 
Coffea arabica NC_008535 
Cucumis sativus NC_007144 
Daucus carota NC_008325 

Dioscorea elephantipes NC_009601 
Drimys granadensis NC_008456 

Elaeis oleifera EU016883-EU016962 
Erodium chrysanthum EU922029-EU922091 

Erodium texanum EU922092-EU922163 
Eucalyptus globulus NC_008115 

Geranium carolinianum EU922164-EU922234 
Geranium macrorrhizum EU922235-EU922306 

Geranium palmatum EU922307-EU922378 
Glycine max NC_007942 

Gossypium hirsutum NC_007944 
Illicium oligandrum NC_009600 
Ipomoea purpurea NC_009808 

Lactuca sativa NC_007578 
Manihot esculenta NC_010433 

Medicago truncatula NC_003119 
Monsonia speciosa EU922379-EU922450 

Monsonia vanderietiae EU922451-EU922522 
Morus indica NC_008359 

Nicotiana tabacum NC_001879 
Nuphar advena NC_008788 

Oryza sativa NC_001320 
Panax schinseng NC_006290 

Pelargonium cotyledonis EU922523-EU922593 
Pelargonium X hortorum NC_008454 
Phalaenopsis aphrodite NC_007499 
Platanus occidentalis NC_008335 
Populus trichocarpa NC_008235 

Ranunculus macranthus NC_008796 
Saccharum officinarum NC_006084 

Solanum tuberosum NC_008096 
Spinacia oleracea NC_002202 
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Triticum aestivum NC_002762 
Typha latifolia DQ069337-DQ069702, 

EU017296-EU017315 
Vitis vinifera NC_007957 

Yucca schidigera DQ069337-DQ069702, 
EU016681-EU016700 

Zea mays NC_001666 
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Table 2.2.  Status of Geraniaceae plastid genome sequencing. 

Species Name 
No. of 

Contigs 
Largest 

Contig (bp) 

IR information 
(PCR confirmation 
needed) 

Erodium texanum                   1 131,812 Absent (see Ch. 3) 
 
Erodium chrysanthum 8 37,800 unknown 
 
Geranium carolinianum 10 56,075 unknown 
 
Geranium macrorrhizum 4 70,351 unknown 
 
Geranium palmatum 1 155,794 11,436 (see Ch. 3) 
 
Monsonia speciosa 1 128,787  7,313 (see Ch. 3) 
 
Monsonia vanderietiae 8 53,711 unknown 
 
Pelargonium cotyledonis 2 81,829 unknown 
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Table 2.3.  Genes sampled for 47 taxa. E.chrysanthum = Erodium chrysanthum, 
G.carolinianum = Geranium carolinianum, P.hortorum = Pelargonium X hortorum, 
P.cotyledonis = Pelargonium cotyledonis. Missing data and gene exclusions are described 
below *.   
 

Gene Name Taxa With Missing Data 
atpA None 
atpB None 
atpE None 
atpF None 
atpH None 
atpI None 
ccsA None 
cemA None 
matK None 
ndhA Phalaenopsis, E.chrysanthum 
ndhB Phalaenopsis 
ndhC Phalaenopsis, E.chrysanthum 
ndhD Phalaenopsis, E.chrysanthum 
ndhE Phalaenopsis, E.chrysanthum 
ndhF Phalaenopsis 
ndhG Phalaenopsis, E.chrysanthum 
ndhH Phalaenopsis, E.chrysanthum 
ndhI Phalaenopsis, E.chrysanthum 
ndhJ Phalaenopsis, E.chrysanthum 
ndhK Phalaenopsis, E.chrysanthum 
petA None 
petB None 
petD None 
petG None 
petL None 
petN None 
psaA None 
psaB None 
psaC None 
psaI None 
psaJ None 
psbA None 
psbB None 
psbC None 
psbD G.carolinianum 
psbE None 
psbF None 
psbH None 
psbI None 
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psbJ None 
psbK None 
psbL None 
psbM None 
psbN None 
psbT None 
psbZ None 
rbcL None 
rpl14 None 
rpl16 None 
rpl2 None 

rpl20 None 
rpl22 Glycine, Gossypium, Medicago 
rpl23 Spinacia 
rpl32 Populus 
rpl33 None 
rpl36 None 
rpoA P.hortorum, P.cotyleonis 
rpoB None 

rpoC1 None 
rpoC2 None 
rps11 None 
rps12 None 
rps14 None 
rps15 None 
rps16 Dioscorea, Medicago, Populus 
rps18 None 
rps19 None 
rps2 None 
rps3 None 
rps4 None 
rps7 None 
rps8 None 

  
* Two genes, clpP and infA, were excluded, because we were unable to align either 
amino acid or nucleotide sequences. Additionally, some genes are missing from various 
genomes. The majority of the NADH dehydrogenase genes (ndhA, ndhC, ndhD, ndhE, 
ndhG, ndhH, ndhI, ndhJ, and ndhK) are missing in E. chrysanthum. Incomplete genome 
sequences result in missing data for psbD in G. carolinianum and 24 nucleotides of rbcL 
in E. chrysanthum. In addition, a functional copy of the RNA polymerase gene rpoA is 
missing in P. cotyledonis (M. Guisinger, unpublished) and P. X hortorum (Chumley et al. 
2006). Previously published intron losses that were either confirmed in our study or 
found in additional taxa included the loss of the introns in rpl16 and rps16 in all 
Geraniaceae (Downie and Palmer 1992b; Campagna and Downie 1998; Chumley et al. 
2006) and in rpl2 in M. speciosa and M. vanderietiae (previously Sarcocaulon 
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vanderietiae) (Downie et al. 1991). The loss of the rpoC1 intron in E. chrysanthum has 
not been previously described. Genes that contain internal stop codons, and are therefore 
shortened in the alignment, include atpE in M. speciosa and M. vanderietiae, ndhB and 
ndhF in E. chrysanthum, rpl22 in G. palmatum, rpl23 in G. palmatum and G. 
macrorrhizum, rpoB in G. macrorrhizum, and rpoC1 in G. carolinianum. 
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Table 2.4.  Pair-wise Wilcoxon rank sum tests for values of dN across gene groups within Geraniaceae (see Materials and 
Methods for grouping of genes). Shaded cells show P-values significant after Bonferroni correction (α = 0.05). 
 
dN Individual Gene or Gene Group 
Gene(s) atp ccsA cemA matK ndh pet psa psb rbcL rpl rpo 
ccsA 0.0034 - - - - - - - - - - 
cemA < 0.0001 0.0001 - - - - - - - - - 
matK 0.0010 1.0000 0.0041 - - - - - - - - 
ndh 1.0000 0.0011 < 0.0001 0.0003 - - - - - - - 
pet 0.0062 < 0.0001 < 0.0001 < 0.0001 0.0002 - - - - - - 
psa < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 1.0000 - - - - - 
psb < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0013 0.4091 - - -  
rbcL 0.0002 0.0001 < 0.0001 < 0.0001 0.0002 1.0000 1.0000 1.0000 - - - 
rpl < 0.0001 1.0000 0.0012 1.0000 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 - - 
rpo < 0.0001 1.0000 0.0009 1.0000 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 1.0000 - 
rps < 0.0001 1.0000 0.0085 1.0000 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.1979 1.0000 
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Table 2.5.  Pair-wise Wilcoxon rank sum tests for values of dS across gene groups within Geraniaceae (see Materials and 
Methods for grouping of genes). Shaded cells show P-values significant after Bonferroni correction (α = 0.05).  
  
dS Individual Gene or Gene Group 
Gene(s) atp ccsA cemA matK ndh pet psa psb rbcL rpl rpo 
ccsA 0.4120 - - - - - - - - - - 
cemA 1.0000 1.0000 - - - - - - - - - 
matK 1.0000 1.0000 1.0000 - - - - - - - - 
ndh 1.0000 0.1311 1.0000 1.0000 - - - - - - - 
pet 1.0000 0.0698 1.0000 0.9165 1.0000 - - - - - - 
psa 1.0000 0.3760 1.0000 1.0000 1.0000 1.0000 - - - - - 
psb 1.0000 0.0417 0.9244 0.6271 1.0000 1.0000 1.0000 - - - - 
rbcL 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 - - - 
rpl 0.8840 1.0000 1.0000 1.0000 0.0283 0.0109 0.4348 < 0.0001 1.0000 - - 
rpo 1.0000 1.0000 1.0000 1.0000 1.0000 0.9881 1.0000 0.2601 1.0000 1.0000 - 
rps 0.1511 1.0000 1.0000 1.0000 0.0013 0.0009 0.0531 < 0.0001 1.0000 1.0000 1.0000 
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Table 2.6.  Pair-wise Wilcoxon rank sum tests for values of dS for branches within Geraniaceae. Branch labels are found in 
Fig. 2.13. Shaded cells show P-values significant after Bonferroni correction (α = 0.05).  
 

dS Branch 

Branch 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

2 0.0001 - - - - - - - - - - - - - - - 

3 <0.001 0.0133 - - - - - - - - - - - - - - 

4 <0.001 0.0538 1.0000 - - - - - - - - - - - - - 

5 <0.001 0.0014 1.0000 1.0000 - - - - - - - - - - - - 

6 <0.001 <0.001 1.0000 1.0000 1.0000 - - - - - - - - - - - 

7 0.0003 1.0000 0.0244 0.0984 0.0046 <0.001 - - - - - - - - - - 

8 <0.001 <0.001 0.2111 0.3515 0.6520 1.0000 <0.001 - - - - - - - - - 

9 <0.001 <0.001 0.0044 0.0191 0.0350 0.4998 <0.001 1.0000 - - - - - - - - 

10 1.0000 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 - - - - - - - 

11 <0.001 1.0000 0.0812 0.3305 0.0094 0.0003 1.0000 <0.001 <0.001 <0.001 - - - - - - 

12 <0.001 0.0148 1.0000 1.0000 1.0000 1.0000 0.0244 0.5356 0.0127 <0.001 0.0523 - - - - - 

13 <0.001 <0.001 0.0017 0.0079 0.0167 0.2613 <0.001 1.0000 1.0000 <0.001 <0.001 0.0056 - - - - 

14 <0.001 <0.001 0.2613 0.4517 0.8406 1.0000 <0.001 1.0000 1.0000 <0.001 <0.001 0.5309 1.0000 - - - 

15 <0.001 <0.001 0.7205 0.9713 1.0000 1.0000 <0.001 1.0000 1.0000 <0.001 <0.001 1.0000 0.7205 1.0000 - - 

16 <0.001 1.0000 1.0000 1.0000 0.4517 0.0094 1.0000 <0.001 <0.001 <0.001 1.0000 0.7921 <0.001 <0.001 <0.001 - 

17 <0.001 0.0003 1.0000 1.0000 1.0000 1.0000 0.0015 1.0000 0.5356 <0.001 0.0026 1.0000 0.2672 1.0000 1.0000 0.0147 
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Table 2.7.  Pair-wise Wilcoxon rank sum tests for values of dN for branches within Geraniaceae. Branch labels are found in 
Fig. 2.13. Shaded cells show P-values significant after Bonferroni correction (α = 0.05). 
 

dN Branch 

Branch 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

2 1.0000 - - - - - - - - - - - - - - - 

3 0.0004 1.0000 - - - - - - - - - - - - - - 

4 0.0024 1.0000 1.0000 - - - - - - - - - - - - - 

5 0.0001 0.4998 1.0000 1.0000 - - - - - - - - - - - - 

6 <0.0001 0.0568 1.0000 1.0000 1.0000 - - - - - - - - - - - 

7 1.0000 1.0000 1.0000 1.0000 1.0000 0.1143 - - - - - - - - - - 

8 <0.0001 0.0106 1.0000 1.0000 1.0000 1.0000 0.0279 - - - - - - - - - 

9 <0.0001 0.0005 0.1553 1.0000 1.0000 1.0000 0.0017 1.0000 - - - - - - - - 

10 1.0000 0.2027 0.0001 0.0001 <0.0001 <0.0001 0.2137 <0.0001 <0.0001 - - - - - - - 

11 0.6511 1.0000 1.0000 1.0000 1.0000 0.4531 1.0000 0.0672 0.0065 0.0562 - - - - - - 

12 0.0025 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.6396 0.0005 1.0000 - - - - - 

13 <0.0001 0.0002 0.1468 0.6230 0.7382 1.0000 0.0009 1.0000 1.0000 <0.0001 0.0041 0.2752 - - - - 

14 <0.0001 0.0327 1.0000 1.0000 1.0000 1.0000 0.0949 1.0000 1.0000 <0.0001 0.2963 1.0000 1.0000 - - - 

15 <0.0001 0.0730 1.0000 1.0000 1.0000 1.0000 0.1792 1.0000 1.0000 <0.0001 0.5485 1.0000 1.0000 1.0000 - - 

16 0.0847 1.0000 1.0000 1.0000 1.0000 0.5029 1.0000 0.0724 0.0029 0.0118 1.0000 1.0000 0.0026 0.3397 0.6511 - 

17 0.0003 0.6308 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0001 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
 
 

 

 



 31 

Table 2.8.  Negative log likelihood scores used in likelihood ratio tests (LRT) to test the 
fit of model HA to H0. Glyc = Glycine, Med = Medicago, Gossy = Gossypium, Phal = 
Phalaenopsis, Echrys = Erodium chrysanthum, Pel = Pelargonum X hortorum, Pcoty= 
Pelargonium cotyledonis, Pop = Populus, Spin = Spinacia, Diosc = Dioscorea, Gcaro = 
Geranium carolinianum. 

        
Taxa 

Included 
Gene 
Name -lnL H0 -lnL HA  2*(H0-HA) P-value d.f. Bonferroni 

all rpoB 30845.4641 30659.6961 371.5360 0.0000 1 0.0000 
all rpoC1 16928.0848 16701.3552 453.4591 0.0000 1 0.0000 
all rpoC2 49377.1243 49262.4918 229.2651 0.0000 1 0.0000 
all rps11 5150.0430 5076.7273 146.6314 0.0000 1 0.0000 
all rps2 8053.3952 7952.3144 202.1616 0.0000 1 0.0000 
all rps3 10462.9379 10408.0313 109.8131 0.0000 1 0.0000 
all cemA 10539.6248 10501.8909 75.4677 0.0000 1 0.0000 
all atpE 3354.0640 3325.6529 56.8223 0.0000 1 0.0000 
all rpl14 3853.4849 3826.0317 54.9064 0.0000 1 0.0000 
all rps4 5889.9077 5867.5889 44.6376 0.0000 1 0.0000 
all atpB 12795.6739 12775.5249 40.2979 0.0000 1 0.0000 
all rps8 5271.8554 5257.7698 28.1712 0.0000 1 0.0000 
all atpF 5801.0679 5788.2812 25.5733 0.0000 1 0.0000 
all rps19 3566.1481 3553.4543 25.3875 0.0000 1 0.0000 
all rps18 2476.7328 2464.3268 24.8119 0.0000 1 0.0000 
all rps15 2916.0309 2904.8897 22.2823 0.0000 1 0.0000 
all atpH 1783.8555 1772.7967 22.1177 0.0000 1 0.0000 
all rpl36 1175.2563 1164.6501 21.2123 0.0000 1 0.0000 
all rps12 2344.5476 2335.4152 18.2649 0.0000 1 0.0000 

no Glyc,Med,Gossy rpl22 1337.9096 1329.0802 17.6588 0.0000 1 0.0000 
no Phal, Echrys ndhA 12458.2546 12450.0763 16.3567 0.0001 1 0.0072 

all petD 3817.5277 3809.8413 15.3729 0.0001 1 0.0072 
no Phal, Echrys ndhG 6359.7186 6352.4323 14.5726 0.0001 1 0.0072 

all atpA 15118.3301 15111.3373 13.9856 0.0002 1 0.0144 
all rps7 2988.2488 2981.2917 13.9142 0.0002 1 0.0144 

no Phal, Echrys ndhD 16468.8854 16461.9620 13.8467 0.0002 1 0.0144 
all rpl16 4204.1510 4197.8957 12.5107 0.0004 1 0.0288 

no Phal, Echrys ndhH 11863.8184 11857.9901 11.6565 0.0006 1 0.0432 
all petA 10034.6283 10029.0822 11.0920 0.0009 1 0.0648 

no Phal, Echrys ndhK 5982.6134 5977.2846 10.6576 0.0011 1 0.0792 
all ccsA 12220.6267 12215.6045 10.0444 0.0015 1 0.1080 

no Pel, Pcoty rpoA 11459.8231 11454.9034 9.8395 0.0017 1 0.1224 
all petB 4913.6811 4908.8644 9.6333 0.0019 1 0.1368 
all rps14 3128.3874 3123.8029 9.1691 0.0025 1 0.1800 

no Phal, Echrys ndhE 3143.4456 3138.9944 8.9024 0.0028 1 0.2016 
no Phal, Echrys ndhC 3036.0586 3031.6405 8.8361 0.0030 1 0.2160 

all psbB 12542.2190 12538.4331 7.5718 0.0059 1 0.4248 
all petN 549.3180 545.7272 7.1817 0.0074 1 0.5328 
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no Phal, Echrys ndhI 4315.1437 4311.6213 7.0449 0.0079 1 0.5688 
all psbT 641.0695 637.7282 6.6826 0.0097 1 0.6984 
all rbcL 12890.5450 12887.5740 5.9420 0.0148 1 1.0000 
all petG 732.1408 729.2326 5.8164 0.0159 1 1.0000 
all psaB 16112.5066 16109.7271 5.5591 0.0184 1 1.0000 
all psbI 860.0936 857.4286 5.3300 0.0210 1 1.0000 

no Phal ndhF 2941.1020 2938.5093 5.1852 0.0228 1 1.0000 
all rpl2 5366.2976 5363.7847 5.0259 0.0250 1 1.0000 
all rpl20 5252.5669 5250.2576 4.6186 0.0316 1 1.0000 

no Pop rpl32 2300.1382 2298.1576 3.9610 0.0466 1 1.0000 
no Phal ndhB 1208.2257 1206.2558 3.9397 0.0472 1 1.0000 

no Phal, Echrys ndhJ 4441.4858 4439.8892 3.1933 0.0739 1 1.0000 
all atpI 6633.9899 6632.4017 3.1764 0.0747 1 1.0000 
all matK 21033.6178 21032.3196 2.5964 0.1071 1 1.0000 
all rpl33 2748.6607 2747.4057 2.5099 0.1131 1 1.0000 
all psbZ 1492.3624 1491.4649 1.7951 0.1803 1 1.0000 
all psbE 1561.7736 1560.8801 1.7869 0.1813 1 1.0000 
all psaA 16841.1913 16840.3392 1.7043 0.1917 1 1.0000 
all psbC 10735.0652 10734.3395 1.4513 0.2283 1 1.0000 

no Spin rpl23 836.0069 835.2962 1.4214 0.2332 1 1.0000 
all psbN 742.7416 742.1411 1.2010 0.2731 1 1.0000 

no Diosc,Med,Pop rps16 1361.1748 1360.6133 1.1230 0.2893 1 1.0000 
all psbJ 958.3703 957.9172 0.9062 0.3411 1 1.0000 

no Gcaro psbD 7049.3826 7048.9460 0.8732 0.3501 1 1.0000 
all psaC 1878.3671 1877.9475 0.8392 0.3596 1 1.0000 
all psbH 2524.8681 2524.5500 0.6362 0.4251 1 1.0000 
all psaJ 1262.9889 1262.6891 0.5996 0.4387 1 1.0000 
all psbF 732.6367 732.4236 0.4263 0.5138 1 1.0000 
all psbL 562.9720 562.8376 0.2688 0.6042 1 1.0000 
all psbA 6815.2708 6815.1778 0.1860 0.6663 1 1.0000 
all psbM 817.2205 817.1431 0.1549 0.6939 1 1.0000 
all psbK 1910.3696 1910.3685 0.0022 0.9627 1 1.0000 
all psaI 1048.1031 1048.1026 0.0010 0.9743 1 1.0000 
all petL 947.8021 947.8021 0.0000 0.9958 1 1.0000 
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Fig. 2.1.  ML tree of Geraniaceae taken from 72-gene, 47-taxa analysis (Fig. 2.2). All 
nodes had 100% ML and MP bootstrap support.  
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Fig. 2.2.  ML tree inferred from 72 genes from 47 taxa (-lnL µ = 607633.5555, σ = 
0.001). Bootstrap values for ML and MP, respectively, are shown at nodes. When ML 
and MP values are the same, only one value is reported.  
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Fig. 2.3.  ML tree inferred from 27 slowly evolving genes for 47 taxa (-lnL = 
125333.7228). ML bootstrap values are shown at nodes.  Genes included petA, petB, 
petD, petG, petL, petN, psaA, psaB, psaC, psaI, psaJ, psbA, psbB, psbC, psbD, psbE, 
psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ and rbcL and were chosen 
based on Wolfe et al. (1987) and Moore et al. (2007). 
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Fig. 2.4. Boxplots of the number of (a) nonsynonymous (dN) and (b) synonymous (dS) substitutions for individual Geraniaceae 
genes or groups of genes (see Materials and Methods). Wilcoxon rank sum tests were used to show that values for Geraniaceae 
dN were significantly higher than for other angiosperms (P < 0.001), whereas values of dS were not significantly different (P = 
0.085). The horizontal line is the mean value of dN or dS in Geraniaceae. For each gene group, the box represents values 
between quartiles, dotted lines extend to minimum and maximum values, outliers are shown as circles, and the thick, black 
lines show median values. Asterisks show values for gene groups that are statistically different (P < 0.05 after Bonferroni 
correction; data not shown) than the values for same gene group in other angiosperms. See Tables 2.4 and 2.5 for post-hoc 
statistics. 
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Fig. 2.5.  Correlation between dN and dS for the Geraniaceae (△) and other angiosperms 
(). Spearman’s rank correlation rho (rS) is significant (P < 0.001) for both Geraniaceae 
and angiosperms. Correlation coefficients were compared using Fisher’s Z transformation 
to show that there is a stronger correlation between dN and dS in the other angiosperms 
compared to Geraniaceae (P < 0.001). 
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Fig. 2.6.  ML trees for the fastest evolving large subunit ribosomal (a-b), small subunit 
ribosomal (c-d), and photosystem I genes (e-f). Labeled trees are shown in Figs. 2.7-2.12. 
Branch length is defined as the number of nucleotide substitutions per codon. The 
Geraniaceae clade is highlighted within each tree to show locus- and lineage-specific rate 
acceleration. Asterisks show the branch leading to grasses, a group known for lineage-
specific rate acceleration (Gaut et al. 1993). 
 
 



 39 

 
 
Fig. 2.7.  ML tree from codeml of nonsynonymous (dN) substitutions for the gene rpl32-
dN. The same trees shown in Fig 2.6, but taxa names are shown here. 
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Fig. 2.8.  ML tree from codeml of synonymous (dS) substitutions for the gene rpl20-dS. 
The same trees shown in Fig 2.6, but taxa names are shown here. 
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Fig. 2.9.  ML tree from codeml of nonsynonymous (dN) substitutions for the gene rps18-
dN. The same trees shown in Fig 2.6, but taxa names are shown here. 
 



 42 

 
 
Fig. 2.10.  ML tree from codeml of synonymous (dS) substitutions for the gene rps18-dS. 
The same trees shown in Fig 2.6, but taxa names are shown here. 
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Fig. 2.11.  ML tree from codeml of nonsynonymous (dN) substitutions for the gene psaI-
dN. The same trees shown in Fig 2.6, but taxa names are shown here. 
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Fig. 2.12.  ML tree from codeml of synonymous (dS) substitutions for the gene psaC-dS. 
The same trees shown in Fig 2.6, but taxa names are shown here. 
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Fig. 2.13.  Boxplots of the number of (a) synonymous (dS) and (b) nonsynonymous (dN)  substitutions for Geraniaceae 
branches. Branches are labeled as in the tree in (a). The solid horizontal line indicates the mean value of dN or dS for 
Geraniaceae branches, while the dashed horizontal line indicates dN and dS in other angiosperms. For each branch label, the 
box represents values between quartiles, dotted lines extend to the minimum and maximum values, outliers are shown as 
circles, and the thick black lines show median values. Asterisks indicate branches that are significantly different (Wilcoxon 
rank sum tests; P < 0.05 after Bonferroni correction) than the average value of dN (µ = 0.009412) or dS (µ= 0.06898) for other 
angiosperms. Post-hoc statistics are shown in Tables 2.6 and 2.7.
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Fig. 2.14.  Plot of ranked –log P-values for each gene from likelihood ratio tests (LRT). 
P-values were determined by comparing two models H0 and HA. Corrected P-values were 
ranked and plotted. The vertical line shows a P-value cut-off, and genes appearing to the 
right of the vertical line have a significantly higher dN/dS in Geraniaceae relative to other 
angiosperms. Genes that encode subunits of a functional complex were grouped 
according to Matsuoka et al. (2002) and Chang et al. (2006). 
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Chapter 3. The Impact of Repeat DNA and Increased GC Content on 

Plastid Genomes in the Flowering Plant Family Geraniaceae 

 

Introduction 

Comparisons among the approximately 120 embryophtye (land plant) plastid 

genomes available on GenBank (http://www.ncbi.nlm.nih.gov/genomes/Genomes 

Group.cgi?opt=plastid&taxid=3193) show that genome size, gene content, gene order, 

and rates of sequence evolution are generally conserved. Most plastid genomes have a 

quadripartite structure with two copies of a large inverted repeat (IR) separating two 

unequally sized, single-copy regions called the large and small single copy regions (LSC 

and SSC, respectively). Land plant plastid genomes generally range in size from 120 to 

160 kb (kilobases) and usually contain 110-130 distinct genes (reviewed in Raubeson and 

Jansen 2005 and Bock 2007). The majority of these genes (about 80) code for proteins 

and are mostly involved in photosynthesis or gene expression with the remainder being 

transfer RNA (about 30) or ribosomal RNA (4) genes.  

GC content is also highly conserved in the plastid genomes of land plants and is 

typically in the range of 30-40% (reviewed in Bock 2007), and GC content is lower in 

non-coding intergenic regions than in coding regions. The strong AT bias is reflected in 

codon usage, where an A or T is preferred in the third position of synonymous codons 

(Shimada and Sugiura 1991). This is in contrast to GC content and codon bias in land 

plant nuclear genomes; Liu and Xue (2005) found that GC content in nuclear protein-

coding genes ranges from 45-58%, and there was a very strong bias (upwards of 70%) for 
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a G or C at third positions. Directional mutation pressure driven by GC content 

influences both codon usage and amino acid composition (Mitreva et al. 2006). 

A few groups of land plants have experienced plastid genomic change, and the 

most notable examples are in the alga Chlamydomonas (Maul et al. 2002), the conifer 

Pinus (Wakasugi et al. 1994), and several angiosperm lineages, including Campanulaceae 

(Cosner et al. 2004; Haberle et al. 2008), Fabaceae (Milligan et al. 1989; Cai et al. 2008), 

Geraniaceae (Palmer et al. 1987; Chumley et al. 2006), and Lobeliaceae (Knox and 

Palmer 1998; Knox and Palmer 1999). Three remarkable evolutionary phenomena are 

associated with organellar genomes of Geraniaceae. First, the mitochondrial genomes 

show multiple, major shifts in rates of synonymous substitutions (Parkinson et al. 2005), 

especially in the genus Pelargonium. Such rapid increases in rates have only been 

documented in two other plant lineages, Plantago (Plantaginaceae; Cho et al. 2004) and 

Silene (Caryophyllaceae; Mower et al. 2007). Second, rates of nucleotide substitutions 

are accelerated in Geraniaceae plastid genomes, especially in ATPase, ribosomal protein, 

and RNA polymerase genes (Guisinger et al. 2008). Third, plastid genomes of 

Geraniaceae exhibit an incredible diversity of genomic changes, including genome size 

variability, an increase in the size and number of dispersed repeats, changes in gene 

order, and loss and duplications of genes (Chumley et al. 2006; Price et al. 1990). 

Geraniaceae plastid genomes have undergone multiple and extreme contractions and 

expansions of the IR, resulting in genomes with both the smallest (missing or 

undetectable; Price et al. 1990) and largest (75 kb; Chumley et al. 2006) IRs among all 

land plants. Slight variability in the size of IR regions among land plants is due to 

expansion and contraction of IR boundaries into single copy regions (Goulding et al. 
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1996; Perry and Wolfe 2002); however, expansion of the IR region into the LSC region 

in Pelargonium X hortorum is unprecedented, and the IR regions are three times larger 

than those generally found in land plants. The complete genome sequence of P. X 

hortorum also revealed an unprecedented accumulation of dispersed repeats, and these 

repeats are often associated with changes in gene order and repeated losses and 

duplications of genes, including the loss of the genes accD, rpoA, and trnT-GGU (Palmer 

et al. 1987; Chumley et al. 2006).  

The unusual features exhibited by Geraniaceae organellar genomes make this an 

ideal family to study plastid genome evolution. The family is comprised of approximately 

800 species in 5 genera, namely Erodium, the monotypic genus California, Geranium, 

Monsonia (circumscribed with Sarcocaulon; Albers 1996), and Pelargonium. Aside from 

data gathered from restriction site mapping studies (Palmer et al. 1987; Price et al. 1990) 

and from the complete plastid genome sequence of P. X hortorum (Chumley et al. 2006), 

relatively little is known about these genomes. The goals of the current study are to: 1) 

characterize plastid genomes from the other major genera in the family, 2) compare and 

contrast genome size and gene content relative to each other and to other representative 

rosid plastid genomes, 3) examine the extent of repetitive DNA with an emphasis on the 

role that repeats might play in genome rearrangement, and 4) characterize codon usage 

and tRNA use in Geraniaceae plastid genomes relative to other rosid genomes. The last 

goal is particularly relevant given the loss of the tRNA trnT-GGU in P. X hortorum 

(Palmer et al. 1987; Chumley et al. 2006).  
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Materials and Methods 

Taxon sampling and sample preparation: 

Based on previous phylogenies of the family (Price and Palmer 1993; Parkinson 

et al. 2005; Guisinger et al. 2008), taxa were chosen from each additional major clade in 

the family Geraniaceae (the sequence of Pelargonium X hortorum was previously 

published; Chumley et al. 2006). Protocols for plastid isolation, RCA amplification, 

sequencing, and sequence assembly are previously described (Jansen et al. 2005) but are 

briefly summarized here. Plastids were isolated using high salt wash buffers in 

combination with a sucrose gradient technique. Prior to extraction, plants were placed in 

the dark for 1-2 days to reduce starch levels. Approximately 10 gm of fresh, young leaf 

tissue were homogenized in ice-cold isolation buffer at 4ºC. The homogenate was then 

filtered through four layers of cheesecloth followed by filtration through Miracloth to 

remove large debris. The filtrate was centrifuged and pellets were resuspended in ice-cold 

wash buffer. The suspension was then loaded onto a sucrose step gradient and centrifuged 

so that plastids banded at the gradient interface. The plastids were removed, washed, 

pelleted, and resuspended three to four times to yield a high concentration of plastids 

before a final resuspension in wash buffer. 

Genome amplification, sequencing, and finishing: 

Plastid DNA was amplified using rolling circle amplification (RCA; Qiagen 

GmbH, Hilden, Germany) utilizing bacteriophage Phi29 polymerase and random 

hexamer primers (Dean et al. 2001). A restriction enzyme digest and visualization with 

ethidium bromide on 1% agarose gels were used to determine the relative quality and 

quantity of plastid DNA. Amplified DNA was sent to The Department of Energy Joint 
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Genome Institute (Walnut Creek, CA) for high-throughput sequencing. The DNA was 

sheared into approximately 3 kb fragments using a Hydroshear device (Gene 

Machines, Genomic Solutions, Ann Arbor, Michigan, USA), and the fragments were 

enzymatically end-repaired for cloning into plasmid vectors. Fragments were separated 

using Pulse Field Gel Electrophoresis (PFGE), ligated into pUC18 vector, and 

transformed into E. coli to create plasmid libraries. Clones were robotically picked and 

plated, and sequenced using pUC18 forward and reverse primers. Reads were assembled 

using Phred (Ewing and Green 1998), trimmed for low quality end and vector sequences, 

and assembled using either Phrap (Ewing et al. 1998) or Arachne (Batzoglou et al. 2002). 

Quality of the sequence assembly as verified using Consed (Gordon et al. 1998). 

Generally the genomes had 6-12 fold coverage, but gaps and areas of low coverage were 

amplified using PCR and sequenced at The University of Texas at Austin. Additional 

sequences were generated for a minimum of 2-fold coverage and a consensus quality 

score of Q40 or greater. 

Gene annotation and alignment: 

Genes were annotated using DOGMA (Wyman et al. 2004). Start and stop codons 

were defined based on similarity with known sequences following the genetic code table 

11 (The Bacterial, Archaeal, and Plant Plastid Code). The first adjacent start and stop 

codon was used for highly divergent genes. Blastn and Blastx (default parameters) on 

NCBI’s website along with NCBI’s ORF Finder (open reading frame finder; 

http://www.ncbi.nlm.nih.gov/projects/gorf/) were used to locate divergent protein-coding 

genes. In order to locate divergent tRNA genes, two programs were employed, tRNA 

Finder (http://greengene.uml.edu/programs/FindtRNA.html) and tRNAscan-SE 
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(http://lowelab.ucsc.edu/tRNAscan-SE/). Sequence similarity was determined using the 

Geneious software package (http://www.geneious.com) and default parameters. Circular 

and linear genome maps were drawn using GenVision software (http://www.dnastar.com/ 

products/genvision.php).  

Repeat analyses: 

Repetitive DNA was identified using the command line version of Blastn (default 

parameters). A copy of the IR region was removed for plastid genomes with two copies. 

Repeats within each genome were identified in the four Geraniaceae sequences, including 

P. X hortorum (NC_008454), and nine additional rosid taxa; Arabidopsis (NC_000932), 

Citrus (NC_008334), Cucumis (NC_007144), Eucalyptus (NC_008115), Glycine 

(NC_007942), Gossypium (NC_007944), Morus (NC_008359), Populus (NC_008235), 

and Vitis (NC_007957). Repeats shared in Geraniaceae plastid genomes were generated 

by performing Blastn searches (default parameters) of repeats greater than 30 bp in G. 

palmatum against the other Geraniaeae sequences. Geranium palmatum was chosen for 

its repeats, because it contains the highest frequency and largest repeats. The identity of 

these repeats was determined using Blastn and Blastx (default parameters) searches on 

the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Codon usage: 

Codon usage in the four Geraniaceae plastid genomes was compared to usage in 

two other representative rosids, Arabidopsis and Eucalyptus. For protein-coding 

sequences, the total number of codons used and the percent codons used per amino acid 

were determined using the Sequence Manipulation Suite (Stothard 2000). The effective 

number of codons (ENC) used for each genome was estimated by using the method of 
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Novembre (2002), and the third position GC content was determined by using CodonW 

(http://codonw.sourceforge.net/). The predicted curve of ENC and GC3s was plotted using 

Wright’s equation (Wright 1990) as corrected by Novembre (2002). Gene groups were 

categorized according to gene function or subunits that form a functional protein 

complex, following Guisinger et al. (2008). Statistical analyses were performed by using 

the R software package (http://www.r-project.org), and correction for multiple 

comparisons was employed using the Benjamini and Hochberg method (1995), which 

controls for the false discovery rate, i.e., the expected proportion of false discoveries 

amongst the rejected hypotheses. 

 

Results 

Characteristics of geraniaceae plastid genomes: 

Table 3.1 summarizes the general features of Geraniaceae plastid genomes and 

two related rosids, and more specific characteristics of each genome will be described 

below. Relative to other rosids, Geraniaceae plastid genomes are highly variable in terms 

of size, ranging from roughly 129 kb in Monsonia speciosa to nearly 218 kb in 

Pelargonium X hortorum. Genome size variability is largely due to the size of the IR 

region; it is missing in Erodium texanum, reduced to 7 kb in M. speciosa, moderately 

reduced to 11 kb in Geranium palmatum, and greatly expanded to 76 kb in P. X 

hortorum.  

Gene content is also variable in Geraniaceae plastid genomes. The typical rosid 

plastid genome contains 112 different genes, but Geraniaceae have experienced a number 

of gene losses resulting in a range of 106 to 109 different genes per genome. The four 
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rRNA genes (rrn4.5, rrn5, rrn16, and rrn23) are conserved, yet losses of both protein-

coding and tRNAs are shown. Intron loss is identified for one tRNA (trnG-UCC) and for 

protein-coding genes, and a number of gene and intron losses and gene duplications are 

shared throughout the family (Fig. 3.1). 

Overall GC content is higher in Geraniaceae plastid genomes relative to 

Arabidopsis and Eucalyptus, and this correlates with an increased GC content in coding 

regions. Overall GC content averages 35.4% in the other rosids and 39.4% in 

Geraniaceae. Coding GC content averages 38.0% in the other rosids and 41.8% in 

Geraniaceae. Both percent coding sequence and percent protein-coding sequence per 

genome are reduced in Geraniaceae relative to Arabidopsis and Eucalyptus. 

Genome organization in Erodium texanum: 

The plastid genome of E. texanum is small (130,812 bp), and there is only one 

copy of the IR region remaining (Fig. 3.2 and Table 3.1). Erodium texanum shares two 

gene losses with P. X hortorum (accD and trnT-GGU) and four additional gene losses 

(ycf1, ycf2, trnK-UUU, and trnG-GCC). In the cases of ycf1 and ycf2, there is insufficient 

intergenic space for these typically large genes (in Arabidopsis 5 and 7 kb, respectively). 

The gene trnG-GCC is missing in E. texanum, and this gene is also missing in both M. 

speciosa and G. palmatum (Table 3.1). Pair-wise sequence similarity between trnG-GCC 

in P. X hortorum and Arabidopsis is low (62.7%), and it is possible that a divergent copy 

of the gene exists in E. texanum and the other Geraniaceae plastid genomes. For the gene 

trnK-UUU, divergent copies of exon 1 and exon 2 (respectively, 83.8% and 63.9% 

sequence similarity relative to Arabidopsis) are adjacent to the gene matK, and these are 

annotated as pseudogenes. As well, the gene trnT-UGU is highly divergent relative to 
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Arabidopsis (82.2%) and to the other Geraniaceae (ranging from 80.8-83.6% sequence 

similarity), and this gene is also annotated as a pseudogene. Several introns are missing in 

E. texanum relative to the ancestral genome organization of other rosids. The ribosomal 

protein genes rpl16 and rps16 are missing introns. In addition, the first intron of the gene 

clpP is missing, and exons 1 and 2 are joined. 

 A number of genes are duplicated in E. texanum. A 93 bp insertion of atpA is 

inserted in the rRNA operon, and this duplication was confirmed by PCR and 

sequencing. It differs from the functional copy by 7 bp (92.5% sequence similarity). The 

entire clpP gene is duplicated, and both copies are identical to each other. A small (112 

bp, 92.0% sequence similarity) duplication of ndhA borders genes that are found in the 

SSC region in P. X hortorum; this could represent a remnant of an ancestral IR region. 

All three exons of the transpliced gene rps12 are duplicated. Two copies of the 5’ exon 

are identical, and one copy lies within the typically conserved clpP-rps12-rpl20 operon. 

Both exons of the 3’ portion of rps12 are also duplicated. The longer exon is 232 bp in 

length, and the copies are nearly identical to the homologous sequence in Arabidopsis 

(97.7%). The short exon is only 26 bp in length; however, the two copies of this exon 

differ by two bases and are 88.5% and 96.2% similar to the homologous exon in 

Arabidopsis. The gene rpl33 is duplicated in E. texanum, and the copies are identical to 

each other. As well, the third exon of the hypothetical gene ycf3 is duplicated, and the 

duplication is nested in the disrupted S10 operon. trnI-CAU is duplicated, and both copies 

are identical to each other. Also, trnfM-CAU is duplicated five times across the E. 

texanum plastid genome, and all copies are different from one another (Fig. 3.3).  
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Genome organization in Geranium palmatum: 

The sequence of Geranium palmatum is the size of a typical land plant plastid 

genome (155,794 bp); however, the IR region is relatively small (11,436 bp) (Fig. 3.4 and 

Table 3.1). In terms of gene losses, ycf1 and ycf2 appear to be missing. As is the case 

with ycf1 in E. texanum, there is insufficient intergenic space for this typically large gene 

(5 kb in Arabidopsis), and Blastx searches do not return matches to the gene. Three 

fragments of ycf2 are identified, and they are 78, 168, and 498 bp long. The gene 

fragments are annotated as pseudogenes, because of the high number of stop codons. As 

with the other Geraniaceae, trnT-GGU appears to be missing, and similar to E. texanum 

and M. speciosa trnG-GCC is missing (Fig. 3.1). The gene trnV-UAC appears to be 

missing in G. palmatum. trnA-UGC is typically part of the rRNA operon; however, the 

first exon is not detectable. The introns of rpl16 and rps16 are missing. The intron of 

trnG-UCC is lost, and we found that it is also missing in M. speciosa (Fig. 3.1). In 

addition, a functional copy of the gene clpP is reported missing and is annotated as a 

pseudogene, because only the second and third exons are identified using Blastx searches. 

These exons are highly divergent relative to the homologous sequences in Arabidopsis 

(64.7% and 65.2%). As well, the intron separating the second and third exons is absent. 

The plastid genome of G. palmatum is especially unique given the high number of 

gene duplications. A 120 bp fragment of atpF is duplicated and annotated as a 

pseudogene, and it contains several stop codons. Two identical 93 bp duplications of 

rpl16 are detectable, and these share 86.0% sequence similarity with the full-length copy 

(414 bp). In addition, fragments of both exons of the ribosomal protein gene rpl2 are 

duplicated in G. palmatum. The first exon of the functional copy is 391 bp long, and it is 
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duplicated twice (97 bp at 91.2% similarity and 395 bp at 92.9% similarity). The second 

exon of the functional copy is 434 bp long, and it is also duplicated twice (392 bp at 

95.0% similarity and 439 bp at 89.9% similarity). Excluding copies duplicated by the IR 

region, rpl22 is identified four times in G. palmatum. The full-length copy is 444 bp long, 

and three additional fragments of the gene are also annotated. The smallest of these 

fragments is 156 bp long and shares 94.5% sequence similarity to the corresponding 

sequence in the full-length copy. An additional fragment is duplicated two more times; 

these identical fragments are 273 bp long and share only 80.7% sequence similarity 

relative to the full-length copy. A small subunit ribosomal protein gene, rps3, is also 

partially duplicated in this genome. The full-length copy is 693 bp long, and two identical 

fragments of 222 bp (94.6% sequence similarity relative to the full-length copy) are also 

annotated.  

Duplications of tRNAs are identified throughout the plastid genome of G. 

palmatum. A notable duplication of a tRNA involves trnG-UCC. As described above, the 

intron is lost in this gene. Sequence that shares homology to the second intron found in 

most land plant plastid genomes is repeated; however, sequence matching the first exon is 

not detectable in the vicinity of the second intron copy. The repeat is 49 bp long and 

shares 93.9% sequence similarity to the full-length copy. In addition, the first exon of 

trnI-GAU is 37 bp in length and is duplicated three times; each repeat is also 37 bp in 

length, and sequence similarity relative to the functional copy ranges from 86.5-89.2%. 

trnV-GAC is duplicated three times; however, it is difficult to determine the functionality 

of these copies. The copies differ from those of other Geraniaceae trnV-GAC genes and 

from each other, and they range from 84.7-86.1% sequence similarity to the homologous 
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gene in Arabidopsis. trnS-GCU is 89 bp in length, and a 42 bp fragment is duplicated in 

G. palmatum. As mentioned above, the first exon of trnA-UGC is missing in this genome; 

however, the second exon is duplicated. One copy is identical to all other Geraniaceae 

sequences, but the other copy is only 94.3% similar to the first copy. Additional 

duplications of tRNA genes in G. palmatum include a fragment of trnQ-UUG (11 bp 

shorter than the full-length copy and 93.5% similar) and a tandem duplication of trnfM-

CAU (one copy is 87.0% similar with a 3 bp insertion relative to the other copy; Fig. 3.3). 

Duplications of rRNA genes are extensive throughout the plastid genome of G. 

palmatum. Excluding duplications in the IR region, the gene rrn4.5 is duplicated. The 

full-length copy is 103 bp long, and the pseudogene has an eight bp deletion resulting in 

92.2% pair-wise sequence similarity. rrn5 is identified three times, excluding copies 

duplicated by the IR. Given the proximity to functional copies of other rRNA genes and 

to the conservation of rRNA genes in an operon throughout land plants, one copy of the 

gene is annotated as a functional copy. The additional copies range from 95.9-98.3% 

sequence similarity to the functional copy, and they are annotated as pseudogenes. The 

rrn16 gene is the most duplicated gene in Geraniaceae plastid genomes (Fig. 3.5). Eight 

copies are distributed across the plastid genome of G. palmatum, excluding copies 

duplicated by the IR. Two identical rrn16 genes appear to be functional based on 

sequence length and similarity to other rosids (93.7% similar to the homologous gene in 

Arabidopsis), and all other fragments are labeled as pseudogenes. The smallest fragment 

of the gene is only 69 bp long, but it shares the highest sequence similarity to the full-

length sequence (97.1%). Other fragments are 180 to 266 bp long and range in similarity 

from 79.0-83.6%, and no two pseudogenes are identical. Sequences of the rRNA gene 
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rrn23 are also repeated throughout G. palmatum. The full-length copy is duplicated by 

the IR, and four additional fragments are identified and annotated as pseudogenes. All of 

these fragments match part of the first 80 bases of the full-length copy. Two identical 

fragments are only 49 bp long and are 93.9% similar to the full-length copy, and the other 

two nearly identical fragments are 73 and 74 bp long and are 83.3% and 83.5% similar, 

respectively. 

Another notable gene is rpl23; this large subunit ribosomal protein gene is only 

102 bp long in G. palmatum, while homologous genes in Arabidopsis and P. X hortorum 

are 282 bp (90.2% similar) and 270 bp (85.3% similar) long, respectively. The depth of 

reads for this region is good (10-fold coverage), and it possible that this gene is either 

truncated or nonfunctional. 

Genome organization in Monsonia speciosa: 

The plastid genome of Monsonia speciosa is among the smallest found in any 

photosynthetic land plant sequenced to date (128,787 bp; Fig. 3.6 and Table 3.1). It 

contains a relatively small IR region (7,313 bp) and only 74 protein-coding genes. The 

overall GC content is high (40.2%) relative to other rosids (35.4%; average of 

Arabidopsis and Eucalyptus) and to other Geraniaceae (39.1%; average of the other three 

sequences), and this is also reflected in the high GC content of coding regions (42.8%). 

 Like the plastid genomes of the other Geraniaceae, M. speciosa has experienced a 

number of gene and intron losses. accD and trnT-GGU are lost from all Geraniaceae (Fig. 

3.1), and extensive Blast searches do not reveal the presence of these genes in M. 

speciosa. This genome also shares gene losses with E. texanum and G. palmatum, namely 

ycf1, ycf2, and trnG-GCC (Table 3.1). In the case of ycf1, there is insufficient intergenic 
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space for this typically large gene (5 kb in Arabidopsis), and Blastx searches do not 

return hits to the gene. A large fragment of ycf2 (2,421 bp) is identified and annotated as 

a pseudogene; the sequence has many internal stop codons and a low sequence similarity 

to ycf2 in Arabidopsis and P. X hortorum (64.4% and 64.6%, respectively). Furthermore, 

the gene is nearly 7 kb in most rosids, and only 5 kb of intergenic space is left between 

the adjacent genes of the pseudogene. As in E. texanum and G. palmatum, trnG-GCC 

appears to be missing or highly divergent. Similar to cases in E. texanum and G. 

palmatum clpP, is annotated as a pseudogene. The sequence in M. speciosa appears to be 

missing the first exon of the gene, and Blastx searches do not return matches to the 

homologous gene region in other angiosperms. In addition, the second intron is lost, i.e., 

the second and third exons are joined. As described for the plastid genome of G. 

palmatum, trnG-UCC is missing the intron that is typically found throughout plastid 

genomes (Fig. 3.1). In addition, introns from the ribosomal protein genes rpl2, rpl16, and 

rps16 are lost. 

 Gene duplication is also a feature of the plastid genome of M. speciosa; however 

this genome has not experienced the extent of sequence duplication that we show for 

other Geraniaceae. A 777 bp fragment of ndhA is duplicated at the IR/SSC boundary as is 

a 1,506 bp fragment of rrn23 at the IR/LSC boundary; both are annotated as 

pseudogenes. A small fragment (70 bp) of rrn16 is duplicated, and this fragment is 

adjacent to the clpP pseudogene. trnV-GAC is adjacent to the rrn16 pseudogene, and an 

identical copy of this tRNA is located adjacent to the functional copy of rrn16 elsewhere 

in the genome. Both copies of trnV-GAC are annotated as functional copies, because 

functionality could not be determined here. Lastly, trnfM-CAU is duplicated three times 
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in the sequence of M. speciosa (Fig. 3.3). Based on sequence similarity to other 

Geraniaceae and to Arabidopsis and Eucalyptus homologs, we annotate one copy as 

functional. An additional fragment of the gene is only 51 bp in length and pair-wise 

sequence similarity to the functional copy is 96.1%. A third full-length copy of the gene 

is identified, and it shares 98.6% sequence similarity to the functional copy. 

Repetitive DNA in Geraniaceae plastid genomes: 

Repeated DNA within 13 representative rosid genomes, including the four 

Geraniaceae, was identified by performing Blastn searches of each genome against itself. 

Repeats were binned according to size and plotted (Fig. 3.7). While other rosid plastid 

genomes contain many small (15-29 bp) repeats, Geraniaceae plastid genomes contain a 

higher number of large repeats (> 100 bp). The plastid genome of M. speciosa contains 

the fewest large repeats, while G. palmatum has a higher frequency of large repeats. The 

percent repetitive DNA per sequence was also computed for the 13 genomes (Fig. 3.8). 

The sequence of M. speciosa is only 4.8% repetitive DNA, but the sequences of E. 

texanum, G. palmatum, and P. X hortorum contain a high frequency of repeats (17.8%, 

26.9%, and 17.5%, respectively).  

In order to investigate patterns of shared repeats, among the Geraniaceae plastid 

genomes, Blastn searches of repeated DNA sequences found in each genome were 

performed against all Geraniaceae genome combinations (Fig. 3.9 and Table 3.2). These 

searches revealed that Geraniaceae plastid genomes share a high degree of sequence 

similarity, and the extent to which shared repeats are associated with genome 

rearrangement was also examined. Repeats greater than or equal to 30 bp in length 

identified in the plastid genome of G. palmatum were numbered from 1 to 82 and were 
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identified using Blastn and Blastx searches on the NCBI website (Table 3.3). These 

searches reveal that large repeats with low E-values generally match Geraniaceae or other 

rosid plastid sequences, and many repeats match IR intergenic spacers, including rRNA 

operon intergenic spacers. A number of large hits correspond to G. palmatum genes and 

pseudogenes. For example, repeats ID-1 and ID-34 match the rps3 pseudogene, while 

repeat ID-9 matches the rps3 gene itself. Hits with the lowest sequence length and 

highest E-values match both eukaryotic and prokaryotic sequences, but they generally 

return no significant similarity in Blastx searches. These repeats are probably unique 

DNA sequence in the plastid genome of G. palmatum. 

 The degree to which these 82 repeats are associated with genome rearrangement 

in G. palmatum and in the other Geraniaceae plastid genomes was investigated (Fig. 

3.10). We first numbered the genes in the order in which they appear in a representative 

rosid sequence from 1 to 113 (Table 3.4), and we plotted the distribution of these genes in 

the four Geraniaceae genomes. Some gene orders are consistently maintained relative to 

the reference, for example, the conserved block of genes numbered 15-25 (Fig. 3.10) is 

found in all four Geraniaceae. Likewise, genes numbered 103-110 (Fig. 3.10) are also 

conserved. We then plotted the distribution of the 82 repeats against the G. palmatum 

genome (black histogram below colored blocks). As is shown in the circular genome map 

for G. palmatum (Fig. 3.4), repetitive DNA flanks rearrangement endpoints. Moreover, 

when we plotted matches to the 82 G. palmatum repeats against the other Geraniaceae 

plastid genomes, we find that these sequences often flank rearrangement endpoints 

family-wide. For each genome, squares containing numbers show the relative location of 

Blastn hits to the G. palmatum repeats. Fragments of rps3, rpl2, trnfM-CAU, and an 
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intergenic spacer (repeat ID-79) are specifically identified, and they are located at 

rearrangement endpoints throughout Geraniaceae plastid genomes.  

Codon usage: 

The total number of codons used and the percent that these codons were used per 

amino acid were determined for protein-coding genes in four Geraniaceae and two 

additional representative rosid plastid genomes. Despite the loss of tRNAs, the total 

number codons used is not significantly different for the Geraniaceae relative to other 

rosids (Table 3.5); however, the percent that a particular codon is used for each amino 

acid shows a number of significant differences in the Geraniaceae relative to the other 

rosid sequences (Table 3.6). For example, the amino acid glycine is encoded by four 

codons (GGA, GGC, GGG, and GGT) and the codon, GGC, is used on average 1.63 

times more frequently in Geraniaceae genes than in Arabidopsis and Eucalyptus genes. 

The tRNA coding for the GGC codon (trnG-GCC) is lost or is highly divergent in E. 

texanum, G. palmatum, and M. speciosa. Similarly, the codon for serine, AGC, is used on 

average 1.71 times more frequently in Geraniaceae sequences, and this tRNA (trnS-

GCU) is duplicated in G. palmatum. Twenty of sixty-four differences are significant, but 

only some of these differences correspond to tRNA loss or duplication in Geraniaceae 

plastid genomes. 

In general, codons with a higher AT content are used more often in plastid 

genomes than in nuclear genomes (Shimada and Sugiura 1991), and we show a similar 

trend in our analyses (Table 3.6). This trend is especially strong for A and T use in 

synonymous third position sites. Of the 10 most frequently used codons in Arabidopsis, 

all end in either an A or T, and of the 20 most frequently used codons in Arabidopsis, all 
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but two end in either an A or T. On the other hand, of the 10 (and 20) least used codons 

in Arabidopsis, all but two end in either a G or C. When multiple codons encode an 

amino acid, codons ending in an A or T are nearly always used more often than those 

ending in a G or C. In Arabidopsis, the only exception is for leucine; where the order of 

codon preference is TTA > CTT > TTG > CTA > CTC > and CTG. The same trend 

follows for Geraniaceae sequences with several exceptions. For proline, both E. texanum 

and M. speciosa use the codon CCC more frequently than CCA. For serine, E. texanum, 

G. palmatum, and M. speciosa use the codon TCC more frequently than the codon TCA. 

On average, Geraniaceae use the codon for TCC 1.24 times more frequently and the 

codon TCA 0.85 times less frequently relative to the other rosid sequences. 

In order to investigate codon usage variation, mutational biases, and 

compositional biases among genes, the effective number of codons (ENC) and GC 

content at synonymous third position sites (GC3s) were calculated for protein-coding 

sequences in Arabidopsis, Eucalyptus, and the four Geraniaceae. Wilcoxon rank sum 

tests were used to detect differences in the distributions of the values of Geraniaceae 

genes relative to rosids. For ENC, we detect no significant difference (P = 0.210); 

however, for GC3s distributions are significantly different (P < 0.001). The mean value of 

GC3s for Geraniaceae genes is 0.294, while the mean value of GC3s for other rosids is 

0.240 (data not shown). ENC was plotted against GC3s to detect codon usage variation, 

and Wright’s equation (Wright 1990) was superimposed on each graph. Fig. 3.11 shows 

the ENC/GC3s plot for Geraniaceae genes relative to other rosid genes. In general, most 

points for both Geraniaceae and the other rosids fall above Wright’s curve. On the other 

hand, Geraniaceae genes more often fall on or below the curve. We also plotted ENC and 
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GC3s for the six individual genomes and for genes in functional groups (Fig. 3.12). 

Although differences are not statistically testable, a higher number of points fall below 

the curve in Geraniaceae plastid genomes. The genome of M. speciosa appears to show 

the strongest pattern of deviation from the curve.  

 

Discussion 

Our previous work showed that protein-coding sequences of ATPase, ribosomal 

protein, and RNA polymerase genes are highly accelerated throughout the Geraniaceae 

(Guisinger et al. 2008); however the extent of genome change was generally unknown. 

We sequenced the plastid genomes of Erodium texanum, Geranium palmatum, and 

Monsonia speciosa in an effort to characterize plastid genomes from each major genus in 

the family. Comparisons with the previously published genome of Pelargonium X 

hortorum and with other rosids show that Geraniaceae plastid genomes have experienced 

an unprecedented degree of genomic change, including variability in the length of the IR 

region, gene and intron loss, gene and sequence duplication, and codon usage. 

 We show that the IR region is missing in the genome of E. texanum and greatly 

reduced in G. palmatum and M. speciosa relative to typical land plant IR regions. The 

sequence of G. palmatum is the size of a typical land plant plastid genome despite having 

a relatively short IR region – it is 11,436 bp long, less than half of those found in most 

land plants. In contrast, the IR region in P. X hortorum is greatly expanded (three times 

larger) relative to those of most land plants. While the presence of IR regions in plastid 

genomes is typical, exceptions have been shown. Some algae (Reith 1995; Wakasugi et 

al. 1997) and several land plant plastid genomes (Palmer and Thompson 1982; Milligan 
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et al. 1989; Cai et al. 2008) do not contain IR regions, and this indicates that the IR is not 

an essential feature for plastid genome function or maintenance. Early mapping studies 

suggested that the conifers did not contain an IR (Strauss et al. 1988; Raubeson and 

Jansen 1992); however, subsequent work by Tsudzuki et al. (1992) for black pine (Pinus 

thunbergii) revealed the presence of a 495 bp IR that contains only trnI-CAU and the 3' 

end of psbA. Most genomes that have lost one copy of the IR exhibit extensive gene order 

rearrangements, and it is thought that the presence of the IR plays an important role in 

stabilizing the plastid genome (Palmer and Thompson 1982). The genomes of Medicago 

and some legumes that lost the IR region are an exception and have only one inversion, 

two intron losses, and one gene loss (Saski et al. 2005). 

 Geraniaceae genomes have experienced numerous gene and intron losses. The 

loss of the introns in rpl2, rpl16, and rps16 were previously described in other 

Geraniaceae and were confirmed in our analyses (Downie et al. 1991; Downie and 

Palmer 1992a; Campagna and Downie 1998; Chumley et al. 2006). Some gene and 

introns losses are consistent with the phylogeny of the family, but some have been lost 

independently (Fig. 3.1). Perhaps the most notable intron loss is from trnG-UCC; the 

intron in this gene is typically conserved in land plant plastid genomes. We determine 

that this intron is missing in the plastid genomes of G. palmatum and M. speciosa; 

however it is not missing in P. X hortorum (Chumley et al. 2006) nor in E. texanum. This 

would suggest that the losses are evolutionarily independent in G. palmatum and M. 

speciosa plastid genomes given the Geraniaceae phylogeny in which Geranium is more 

closely related to Erodium than to Monsonia (Fig. 3.1; Price and Palmer 1993; Parkinson 

et al. 2005; Guisinger et al. 2008). Transfer RNA intron loss is common in the plastid 
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genomes of parasitic plants (Taylor et al. 1991; Wimpee et al. 1992; Lohan and Wolfe 

1998; McNeal et al. 2007a; McNeal et al. 2007b), including the loss of the trnG-UCC 

intron in the highly reduced, nonphotosynthetic land plant plastid genomes of Cuscuta 

(Funk et al. 2007; McNeal et al. 2009). While intron loss has been repeatedly shown for 

protein-coding genes of land plants (for a detailed list see Jansen et al. 2007), this is the 

first reported case of intron loss in a photosynthetic land plant tRNA. Although we are 

unable to determine the mechanism of trnG-UCC intron loss, retrotransposition (reverse 

transcription of an RNA transcript) has been shown to result in intron loss; here cDNA 

recombines with the primary DNA whereby the intron is spliced out (Dujon 1989). 

 While most rosids, including Arabidopsis and Eucalyptus (used in our 

comparisons), are highly conserved in terms of genome organization and share the same 

gene order as basal angiosperms (Raubeson et al. 2007). Geraniaceae plastid genomes 

exhibit extensive gene order change. Rearrangement in plastid genomes is thought to 

occur only by inversion (Palmer 1991); however, given the extent of gene order changes 

in Geraniaceae genomes, it is also possible that transposition may have occurred. 

Footprints, i.e., small flanking inverted repeats, of a transposable element would confirm 

such an event. The high number of small repeats identified throughout rosid plastid 

genomes (Fig. 3.7) indicates that such an event would not be limited to Geraniaceae 

plastid genomes. Furthermore, the invasion of transposable elements has never been 

shown for land plants. Only one case has been documented in plastid genomes, the now-

degenerate “Wendy” element of the alga Chlamydomonas (Fan et al. 1995). 

Geraniaceae plastid genomes contain a high frequency of large repeats relative to 

other rosids. A similar pattern was shown for the highly unusual and rearranged plastid 
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genomes of Trifolium (19.5% of this genome is comprised of repeat DNA; Cai et al. 

2008) and Trachelium (Haberle et al. 2008). The percent repetitive DNA per genome is 

unprecedented in G. palmatum (26.9%), and this is in stark contrast to the other rosid 

genomes, where repetitive DNA content ranges from 1.7% in Vitis to 6.2% in Glycine 

(Table 3.1). In contrast, the percent repetitive DNA in M. speciosa (4.8%) is similar to 

that of other the rosids examined. We show that Geraniaceae plastid genomes contain a 

high frequency of repeats located at rearrangement endpoints, and we also show that 

repeats shared among Geraniaceae genomes often flank rearrangement endpoints family-

wide. In a pattern similar to that found in the plastid genomes of Campanulaceae, 

repetitive DNA is identified as duplications of protein-coding genes and pseudogenes 

(e.g. rps3, rpl2, and rpl22), transfer RNA genes (e.g. trnG-UCC and trnfM-CAU), and 

intergenic spacers of both single copy and IR regions (Cosner et al. 1997; Haberle et al. 

2008). 

Repeats are associated with rearrangement endpoints throughout land plants; 

Douglas-fir (Tsai and Strauss 1989), rice (Shimada and Sugiura 1989), wheat (Howe 

1985; Quigley and Weil 1985; Ogihara et al. 1988), Pelargonium (Palmer et al. 1987; 

Chumley et al. 2006), Trifolium (Milligan et al. 1989; Cai et al. 2008), Campanulaceae 

(Cosner et al. 1997; Haberle et al. 2008), Oleaceae (Lee et al. 2007), and Asteraceae 

(Kim et al. 2005; Timme et al. 2007). Especially in the cases of Pelargonium, Trifolium 

(Fabaceae), and Trachelium (Campanulaceae), the most highly rearranged plastid 

genomes contain a high frequency of large (>100 bp) repeats. As well, positive 

correlations between the number of repeats and the degree of rearrangement was shown 

in algal plastid genomes (Maul et al. 2002; Pombert et al. 2005; Pombert et al. 2006). In 
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Geraniaceae plastid genomes, we show that the size and number of repeats also correlates 

to the degree of genome rearrangement; M. speciosa contains the fewest large repeats and 

is the least rearranged, while G. palmatum contains the highest frequency of large repeats 

and is the most rearranged. Although we are unable to determine the exact mechanisms 

of genome reorganization, the pattern of repeats associated with rearrangement endpoints 

indicates that they play an important role here. For Pelargonium (Chumley et al. 2006), 

Trachelium (Haberle et al. 2008), and wheat (Howe et al. 1988) repeats associated with 

rearrangement endpoints were suggested to be subject to intra- and intermolecular 

recombination resulting in both genome rearrangement and gene duplication. Additional 

studies have also shown that there is a positive correlation between the ratio of inverted 

repeats to direct repeats and the extent of genome rearrangement in bacterial genomes 

(Achaz et al. 2003). 

 Intra- and intermolecular recombination of land plant plastid DNA has been 

demonstrated. An early study by Palmer (1983) showed that flip-flop recombination of 

the IR regions results in two equimolar populations of molecules that differ with respect 

to the orientations of the single copy regions. In rice, small direct- and indirect-repeats 

(<15 bp) were shown to recombine and result in deletion of plastid DNA, including 

coding regions (Kanno et al. 1993; Kawata et al. 1997). Intermolecular recombination 

between tRNAs was also shown to result in gene order change in rice (Hiratsuka et al. 

1989). More recently, recombination during the creation of transgenic and transplastomic 

lines resulted in unintended genome rearrangement (Rogalski et al. 2006; Gray et al. 

2009). Furthermore, gene conversion mediated by intermolecular recombination was 
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shown to maintain the relatively low mutation rate generally found in plastid genomes 

(Khakhlova and Bock 2006). 

 Given the high number of tRNA losses in Geraniaceae plastid genomes, codon 

usage was investigated. While 32 tRNAs are needed to decode protein-coding genes, the 

typical land plant plastid genome only contains 30 tRNAs. Through a process termed 

'four-way wobble' or ‘Superwobble’ these 30 tRNAs are sufficient to read all codons 

(Jukes and Osawa 1990; Osawa et al. 1992; Rogalski et al. 2008). We show tRNA 

content to vary from 26 to 29 tRNAs in Geraniaceae plastid genomes. Despite tRNA loss, 

the effective number of codons (ENC) does not differ significantly in Geraniaceae genes 

in comparison to the other rosids. We do, however, show that GC content in codon third 

positions (GC3s) is significantly different in Geraniaceae genes. 

Plots of ENC against GC3s detect codon usage variation, and Wright’s equation 

(Wright 1990) superimposed on each graph is used to visualize variation. Although this 

plot does not allow for statistical analysis (Novembre 2002), it does allow for qualitative 

interpretation of the data. Genes with codon usage patterns are determined by GC 

content, are predicted to fall on or just below the bell-shaped curve. In general, points for 

both Geraniaceae and the other rosids fall above Wright’s curve. This would suggest that 

plastid genes are subject to strong mutational biases probably driven by selection. In 

contrast to the other rosids, Geraniaceae genes more often fall on or below the curve. 

This indicates that codon choice in Geraniaceae genes is also driven by mutational biases 

due to increased GC content. We show that the function of the gene does not seem to 

strongly affect codon usage. One possible exception is for ribosomal protein sequences of 

the plastid genome of M. speciosa. Here, a higher frequency of points fall below the 
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curve, and this is probably due to the high GC content of protein-coding genes (42.8%) in 

this genome. These data also support our hypothesis that increased GC content affects 

biases in codon usage in Geraniaceae genes. 

Guisinger et al. (2008) proposed a model of aberrant DNA repair to explain 

accelerated rates of nucleotide substitutions in Geraniaceae plastid protein-coding genes. 

Previous studies have shown that mutations to genes involved in homologous 

recombination result in increased genomic rearrangements in Arabidopsis nuclear 

genomes (Bagherieh-Najjar et al. 2005). In E. coli, products of recA reduce mutations by 

efficiently repairing DNA strand breaks during homologous recombination and strand 

exchange. recA homologs are not only found in plant and algal genomes (Lin et al. 2006), 

but products of recA are targeted to plastids (Cerutti et al. 1992) and mitochondria (Khazi 

et al. 2003) in Arabidopsis. Homologs to the bacterial gene recA appear to be lost In 

animal and fungal genomes, and Lin et al. (2006) suggest that plant plastid and 

mitochondrial genomes are large relative to animal and fungal mitochondrial genomes as 

a result of recA loss. Although the role of recA homologs in plant plastids and 

mitochondria has not been examined, it is possible that mutations in organellar-targeted 

genes involved in DNA repair could result in increased nucleotide substitutions and 

genome rearrangement. The highly unusual patterns of genome evolution seen in 

Geraniaceae plastids could be due to such mutations and aberrant DNA repair. In 

addition, these genomes are accumulating a higher GC content relative to other rosids, 

and the data presented here demonstrates that both genes and intergenic spacers are 

deviating from base composition conservation. The patterns of accelerated rates of 

nonsynonymous substitutions (dN) reported in Geraniaceae plastid gene sequences 
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(Guisinger et al. 2008), increased genome rearrangement, and increased GC content, 

especially at third position sites, can be explained by relaxed selection resulting from 

improper DNA repair. 
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Table. 3.1.  Plastid genome characteristics for two representative rosids in comparison to the four Geraniaceae. 
 
Genome Characteristic Arabidopsis a Eucalyptus b Pelargonium c Erodium  Geranium Monsonia 
Size (bp) 154,478 160,286 217,942 130,812 155,794 128,787 
LSC length (bp) 84,170 89,012 59,710 123,444 84,903 115,173 
SSC length (bp) 17,780 18,488 6,750 7,368 48,019 6,301 
IR length (bp) 26,264 26,393 75,741 - 11,436 7,313 
Length of genome (only 1 copy of IR) 128,214 133,893 142,201 130,812 144,358 121,474 
# of different genes d 112 112 109 106 105 106 
# of different protein-coding genes d 78 78 76 75 75 74 
# of different tRNAs d 30 30 29 27 26 28 
# of different rRNAs d 4 4 4 4 4 4 
# of different genes duplicated by IR d 16 16 39 0 6 8 
# of different genes with introns d 18 18 16 14 13 13 
Overall %GC Content d 35.1% 35.7% 39.2% 39.5% 38.5% 40.2% 
Coding %GC Content d 38.5% 37.5% 40.9% 42.2% 41.2% 42.8% 
% Coding d 58.4% 56.2% 52.6% 48.3% 43.1% 51.2% 
% Protein-coding d 53.1% 51.2% 47.7% 42.9% 38.4% 45.4% 
% rRNA d 3.5% 3.4% 3.3% 3.5% 3.3% 4.0% 
% tRNA d 1.8% 1.7% 1.6% 1.9% 1.4% 1.8% 
 
Genes Missing d 

 
- 

 
- 

 
accD, rpoA, 
trnT-GGU 

 
accD, ycf1, 
ycf2, trnK-
UUU, trnT-
GGU, trnG-

GCC 

 
clpP, ycf1, ycf2, 

trnG-GCC, 
trnV-UAC, trnT-

GGU, trnA-
UGC 

 
accD, clpP, 
ycf1, ycf2, 
trnG-GCC, 
trnT-GGU,  

 
Introns Missing d 

 
- 

 
- 

 
rps16 f, rpl16 e 

 
trnK-UUU g,     

clpP (missing 1 
intron),         

rps16 f, rpl16 e 

 
trnG-UCC, clpP 

g, trnV-UAC g,  
rps16 f, rpl16 e 

 
trnG-UCC, 

clpP (missing 1 
intron) g, rps16 
f, rpl16 e, rpl2 h 
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Gene Duplicated (all or partial) relative 
to Arabidopsis and Eucalyptus 

- - rpl33, trnfM-
CAU, rps14, 
rrn16, rpl23, 
rps11, petD, 
rpoB, rpoC1 

atpA, clpP, 
ndhA, rps12, 
rpl33, ycf3, 
trnI-CAU, 

trnfM-CAU 

atpF, rpl16, 
rpl2, rpl22, 
rps3, rrn16, 

rrn23, rrn4.5, 
rrn5,           

trnA-UGC, 
trnfM-CAU, 
trnG-UCC,  
trnI-GAU,  
trnQ-UUG, 
trnS-GCU, 
trnV-GAC 

ndhA, rrn16, 
rrn23,      

trnfM-CAU, 
trnV-GAC 

 
 
 
 
a - Arabidopsis thaliana NC_000932, trnS-UGA on NCBI is 628 bp long, but we used only 92 bp based on  
sequence similarity with other rosids 
b - Eucalyptus globulus NC_008115       
c – Pelargonium X hortorum NC_008454, Chumley et al. (2006) reported that 15 genes contain introns in P. X hortorum,  
but we calculate 16 
d - Pseudogenes excluded and one copy of IR removed 
e - Shown for P. X hortorum and Erodium chamaedryoides (Downie and Palmer 1992; Campagna and Downie 1998) 
f - Shown for P. X hortorum (Chumley et al. 2006) 
g - due to missing gene       
h - Downie et al. (1991)       
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Table. 3.2.  Shared repeats among the four Geraniaceae plastid genomes. Blastn searches of repeat DNA sequences found in 
each genome were performed against all Geraniaceae genome combinations. 
 
 Repeat Size (bp) 
Genome Comparisons 15-29 30-49 50-99 100-199 200-499 500-999 1000-1999 >2000 Total # 
Pelargonium & Erodium 219 51 39 28 42 17 13 10 419 
Pelargonium & Geranium 172 53 47 48 46 13 22 10 411 
Pelargonium & Monsonia 337 40 48 21 33 17 19 9 524 
Erodium & Geranium 222 60 41 32 39 17 15 15 441 
Erodium & Monsonia 291 41 38 23 28 19 17 12 469 
Geranium & Monsonia 207 47 56 39 47 18 12 12 438 
Pelargonium, Erodium, Geranium 632 64 54 47 48 12 13 5 875 
Pelargonium, Geranium, Monsonia 812 63 54 39 44 20 17 5 1054 
Pelargonium, Erodium, Monsonia 1105 49 54 26 42 14 12 4 1306 
Erodium, Geranium, Monsonia 971 77 63 40 46 18 16 6 1237 
All Four Geraniaceae 325 22 36 21 8 8 11 0 431 
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Table 3.3.  Blastn and Blastx hits to the 82 repeats greater than or equal to 30 bp (base 
pairs) found in the plastid genome of G. palmatum. The repeats are numbered 1 to 82 
(ID), and the length of the G. palmatum repeat, description of the hit, E-value, and 
percent identity are shown for each. 
 

ID Length 
(bp) 

Blastn Hit E-value Identity bp  
(%) 

Blastx Hit E-value Identity 
bp (%) 

1 3691 plastid IR intergenic  (but see 
blastx) 

0 1762/1898 
(92%) 

ribosomal protein 
S3 [Geranium 
palmatum] 
(pseudogene) 

2.00E-
49 

98/110 
(89%) 

2 1135 plastid IR intergenic  0 1050/1153 
(91%) 

hypothetical 
chloroplast RF68 
[Medicago 
truncatula] 

2.00E-
31 

47/54 
(87%) 

3 1112 plastid IR intergenic  (rpl2 
pseudogene) 

0 604/691 
(87%) 

ribosomal protein 
L2 [Geranium 
palmatum] 

4.00E-
39 

50/68 
(73%) 

4 697 plastid IR intergenic  7.00E-
52 

139/152 
(91%) 

chloroplast 
hypothetical 
protein [Zea mays] 

5.00E-
07 

28/43 
(65%) 

5 623 plastid IR intergenic  5.00E-
110 

433/562 
(77%) 

unknow protein 
[Oryza sativa 
(japonica cultivar-
group)] 

1.00E-
13 

34/54 
(62%) 

6 480 plastid IR intergenic  0 461/490 
(94%) 

hypothetical 
protein Eucalyptus 
globulus  

7.00E-
26 

36/37 
(97%) 

7 466 plastid IR intergenic  4.00E-
52 

139/152 
(91%) 

chloroplast 
hypothetical 
protein [Zea mays] 

2.00E-
07 

28/43 
(65%) 

8 441 G. palmatum rpl2 gene 
(genic = exon2) 

0 435/435 
(100%) 

ribosomal protein 
L2 [Geranium 
palmatum] 

2.00E-
48 

144/144 
(100%) 

9 433 G. palmatum rps3 gene 
(genic) 

3.00E-
92 

206/215 
(95%) 

ribosomal protein 
S3 [Geranium 
palmatum]  

1.00E-
30 

64/71 
(90%) 

10 356 P. patens predicted protein 
(PHYPADRAFT_223264) 

0.098 28/30 (93%) No significant 
similarity found   

NA NA 

11 319 tRNA-Gly (trnG) gene and 
trnG-trnT intergenic  

3.00E-
32 

240/345 
(69%) 

No significant 
similarity found   

NA NA 
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12 312 Lactobacillus helveticus DPC 
4571 

0.002 45/55 (81%) No significant 
similarity found   

NA NA 

13 310 plastid IR intergenic  3.00E-
52 

139/152 
(91%) 

chloroplast 
hypothetical 
protein [Zea mays] 

2.00E-
07 

28/43 
(65%) 

14 302 trnS-GCU and trnG-trnS 
intergenic  (genic) 

3.00E-
14 

90/118 (76%) unnamed protein 
product [Candida 
glabrata] 

3.1 15/29 
(51%) 

15 295 G. palmatum rpl2 gene 
(pseudogene) 

1.00E-
131 

286/301 
(95%) 

ribosomal protein 
L2 [Geranium 
palmatum] 

3.00E-
31 

51/54 
(94%) 

16 293 G. macrorrhizum rpl22 gene 
(pseudogene) 

3.00E-
83 

242/287 
(84%) 

ribosomal protein 
L22 [Geranium 
macrorrhizum] 

6.00E-
29 

71/97 
(73%) 

17 293 G. macrorrhizum rpl22 gene 
(genic) 

3.00E-
83 

242/287 
(84%) 

ribosomal protein 
L22 [Geranium 
macrorrhizum]  

6.00E-
29 

71/97 
(73%) 

18 286 Zebrafish DNA sequence 
from clone DKEY-156H23 

5.00E-
17 

133/181 
(73%) 

No significant 
similarity found   

NA NA 

19 270 plastid intergenic  region 2.00E-
116 

254/266 
(95%) 

unnamed protein 
product [Vitis 
vinifera] 

9.00E-
14 

58/66 
(87%) 

20 256 plastid IR intergenic  2.00E-
52 

139/152 
(91%) 

chloroplast 
hypothetical 
protein [Zea mays] 

4.00E-
07 

28/39 
(71%) 

21 254 plastid intergenic  region 1.00E-
87 

203/215 
(94%) 

unnamed protein 
product [Vitis 
vinifera]    

3.00E-
11 

29/33 
(87%) 

22 239 plastid 23S ribosomal RNA-
trnA intergenic  

1.00E-
16 

55/57 (96%) chloroplast 
hypothetical 
protein [Zea mays] 

0.057 17/24 
(70%) 

23 236 plastid 23S ribosomal RNA-
trnA intergenic  

6.00E-
15 

52/54 (96%) chloroplast 
hypothetical 
protein [Zea mays] 

0.17 16/23 
(69%) 

24 226 plastid IR intergenic  2.00E-
08 

40/42 (95%) No significant 
similarity found  

NA NA 
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25 225 plastid IR intergenic  9.00E-
38 

180/236 
(76%) 

unknown protein 
[Prunus dulcis] 

0.003 19/24 
(79%) 

26 201 plastid IR intergenic  1.00E-
80 

190/202 
(94%) 

unnamed protein 
product [Vitis 
vinifera]  

8.00E-
09 

25/29 
(86%) 

27 200 G. palmatum rpl22 gene 
(pseudogene) 

9.00E-
12 

54/61 (88%) ribosomal protein 
L22 [Geranium 
palmatum]  

5.4 16/21 
(76%) 

28 199 plastid intergenic  region 2.00E-
69 

184/207 
(88%) 

unknow protein 
[Oryza sativa 
(japonica cultivar-
group)] 

2.00E-
12 

27/32 
(84%) 

29 198 plastid 23S ribosomal RNA-
trnA intergenic  

2.00E-
14 

48/48 (100%) chloroplast 
hypothetical 
protein [Zea mays] 

0.17 16/20 
(80%) 

30 195 plastid 23S ribosomal RNA-
trnA intergenic  

1.00E-
09 

41/42 (97%) No significant 
similarity found  

NA NA 

31 195 plastid 23S ribosomal RNA-
trnA intergenic  

3.00E-
11 

42/42 (100%) No significant 
similarity found  

NA NA 

32 194 plastid IR intergenic  1.00E-
09 

41/42 (97%) Tim44-like domain 
containing protein 
[Brugia malayi] 

9.3 17/50 
(34%) 

33 182 plastid IR intergenic  2.00E-
24 

74/78 (94%) chloroplast 
hypothetical 
protein [Zea mays] 

0.011 18/25 
(72%) 

34 177 G. palmatum rps3 gene 
(pseudogene) 

2.00E-
56 

165/191 
(86%) 

ribosomal protein 
S3 [Geranium 
macrorrhizum] 

6.00E-
06 

30/47 
(63%) 

35 153 plastid 23S ribosomal RNA-
trnA intergenic  

6.00E-
12 

46/48 (95%) chloroplast 
hypothetical 
protein [Zea mays] 

4.2 14/21 
(66%) 

36 152 Human DNA sequence from 
clone RP3-500L14 

5.4 29/33 (87%) No significant 
similarity found  

NA NA 

37 151 ribosomal protein L2 (rpl2) 
gene, partial cds 

5.4  29/33 (87%) No significant 
similarity found  

NA NA 
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38 148 No significant similarity 
found 

0.43 28/31 (90%) No significant 
similarity found  

NA NA 

39 144 Thermoanaerobacter sp. 
X514, complete genome 

4.00E-
07 

87/117 (74%) No significant 
similarity found  

NA NA 

40 135 No significant similarity 
found 

4.6 29/33 (87%) No significant 
similarity found  

NA NA 

41 127 No significant similarity 
found 

0.35 44/57 (77%) No significant 
similarity found  

NA NA 

42 127 plastid IR intergenic  (rpl2 
pseudogene) 

8.00E-
41 

113/124 
(91%) 

ribosomal protein 
L2 [Geranium 
palmatum] 

2.00E-
08 

29/33 
(87%) 

43 122 Clostridium perfringens 
SM101, complete genome 

0.027 40/46 (86%) No significant 
similarity found  

NA NA 

44 117 B. floridae hypothetical 
protein 
(BRAFLDRAFT_131456) 

1.1 31/37 (83%) No significant 
similarity found  

NA NA 

45 79 No significant similarity 
found 

2.1 27/31 (87%) No significant 
similarity found  

NA NA 

46 69 No significant similarity 
found 

5.8 22/23 (95%) No significant 
similarity found  

NA NA 

47 67 No significant similarity 
found 

1.6 27/31 (87%) No significant 
similarity found  

NA NA 

48 63 Lotus japonicus genomic 
DNA 

2.00E-
05 

38/43 (88%) No significant 
similarity found  

NA NA 

49 62 G. palmatum rpl22 gene 
(genic) 

5.00E-
13 

55/62 (88%) ribosomal protein 
L22 [Geranium 
palmatum] 

7.4 16/20 
(80%) 

50 62 G. palmatum rpl22 gene 
(pseudogene) 

5.00E-
13 

55/62 (88%) ribosomal protein 
L22 [Geranium 
palmatum]  

7.4 16/20 
(80%) 
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51 61 plastid IR intergenic  3.00E-
21 

59/59 (100%) plastid 
hypothetical 
protein LeviCp069 
[L. virginicum]  

0.046 18/19 
(94%) 

52 57 plastid 23S ribosomal RNA-
trnA intergenic  

3.00E-
20 

57/57 (100%) chloroplast 
hypothetical 
protein [Zea mays] 

0.003 19/19 
(100%) 

53 57 plastid IR intergenic  2.00E-
17 

55/57 (96%) chloroplast 
hypothetical 
protein [Zea mays] 

0.13 17/19 
(89%) 

54 56 plastid trnG gene and trnG-
trnT intergenic  

0.002 38/45 (84%) No significant 
similarity found  

NA  NA 

55 55 trnfM-trnG intergenic  2.00E-
17 

53/55 (96%) ORF46e [Pinus 
koraiensis] 

5.1 15/18 
(83%) 

56 54 Penstemon campanulatus 
trnT-trnL  and trnL gene 

0.007 41/49 (83%) No significant 
similarity found  

NA NA 

57 49 Oryza sativa (japonica 
cultivar-group) genomic 
DNA 

0.17 21/21 (100%) No significant 
similarity found  

NA NA 

58 48 Oryza sativa (japonica 
cultivar-group) genomic 
DNA 

0.16 21/21 (100%) No significant 
similarity found  

NA NA 

59 48 Lotus japonicus genomic 
DNA 

0.16 21/21 (100%) No significant 
similarity found  

NA NA 

60 48 Oryza sativa (japonica 
cultivar-group) genomic 
DNA 

0.16 21/21 (100%) No significant 
similarity found  

NA NA 

61 48 Pan troglodytes BAC clone 
CH251-656L19  

2.5 19/19 (100%) No significant 
similarity found  

NA NA 

62 46 plastid atpB-rbcL  4.00E-
11 

43/45 (95%) No significant 
similarity found  

NA NA 

63 46 Vitis vinifera, whole genome 
shotgun sequence 

0.15 21/21 (100%) No significant 
similarity found  

NA NA 
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64 44 C. briggsae hypothetical 
protein CBG02621 

0.55 20/20 (100%) No significant 
similarity found  

NA NA 

65 43 Drosophila pseudo-obscura 
GA29143  

0.53 20/20 (100%) No significant 
similarity found  

NA NA 

66 42 plastid 23S ribosomal RNA-
trnA intergenic  

4.00E-
14 

42/42 (100%) No significant 
similarity found  

NA NA 

67 41 plastid IR intergenic  8.00E-
06 

37/40 (92%) No significant 
similarity found  

NA NA 

68 41 plastid IR intergenic  8.00E-
06 

37/40 (92%) No significant 
similarity found  

NA NA 

69 41 plastid IR intergenic  2.00E-
06 

32/33 (96%) No significant 
similarity found  

NA NA 

70 40 Zebrafish DNA sequence 
from clone CH211-194H19  

1.00E-
04 

32/34 (94%) No significant 
similarity found  

NA NA 

71 40 plastid IR intergenic  1.00E-
10 

39/40 (97%) No significant 
similarity found  

NA NA 

72 39 plastid IR intergenic  3.00E-
05 

36/39 (92%) No significant 
similarity found  

NA NA 

73 38 Brevibacillus brevis NBRC 
100599 DNA, complete 
genome 

6.5  21/22 (95%) No significant 
similarity found  

NA NA 

74 38 plastid IR intergenic  1.00E-
04 

35/38 (92%) No significant 
similarity found  

NA NA 

75 37 plastid trnG gene and trnG-
trnT intergenic  

7.00E-
09 

36/37 (97%) No significant 
similarity found  

NA NA 

76 36 plastid psaA to trnS-GGA 1.00E-
10 

36/36 (100%) No significant 
similarity found  

NA NA 
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77 34 Mus musculus BAC clone 
RP23-359J6  

0.32 20/20 (100%) No significant 
similarity found  

NA NA 

78 34 Synthetic construct Homo 
sapiens gateway clone 

1.3 19/19 (100%) No significant 
similarity found  

NA NA 

79 34 plastid IR intergenic  1.00E-
09 

34/34 (100%) No significant 
similarity found  

NA NA 

80 33 plastid trnS-trnC intergenic  5.00E-
09 

33/33 (100%) No significant 
similarity found  

NA NA 

81 33 Bacillus licheniformis ATCC 
14580, complete genome 

1.2 19/19 (100%) No significant 
similarity found  

NA NA 

82 32 Paramecium tetraurelia 
hypothetical protein 

0.28 23/24 (95%) No significant 
similarity found  

NA NA 
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Table 3.4.  Genes numbered 1 to 113 in the order in which they appear in a representative 
rosid plastid genome. 
 
Gene Number 
trnH-GUG 1 
psbA 2 
trnK-UUU 3 
matK 4 
rps16 5 
trnQ-UUG 6 
psbK 7 
psbI 8 
trnS-GCU 9 
trnG-UCC 10 
trnR-UCU 11 
atpA 12 
atpF 13 
atpH 14 
atpI 15 
rps2 16 
rpoC2 17 
rpoC1 18 
rpoB 19 
trnC-GCA 20 
petN 21 
psbM 22 
trnD-GUC 23 
trnY-GUA 24 
trnE-UUC 25 
trnT-GGU 26 
psbD 27 
psbC 28 
trnS-UGA 29 
psbZ 30 
trnG-GCC 31 
trnfM-CAU 32 
rps14 33 
psaB 34 
psaA 35 
ycf3 36 
trnS-GGA 37 
rps4 38 
trnT-UGU 39 
trnL-UAA 40 
trnF-GAA 41 
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ndhJ 42 
ndhK 43 
ndhC 44 
trnV-UAC 45 
trnM-CAU 46 
atpE 47 
atpB 48 
rbcL 49 
accD 50 
psaI 51 
ycf4 52 
cemA 53 
petA 54 
psbJ 55 
psbL 56 
psbF 57 
psbE 58 
petL 59 
petG 60 
trnW-CCA 61 
trnP-UGG 62 
psaJ 63 
rpl33 64 
rps18 65 
rpl20 66 
rps12_5end 67 
clpP 68 
psbB 69 
psbT 70 
psbN 71 
psbH 72 
petB 73 
petD 74 
rpoA 75 
rps11 76 
rpl36 77 
rps8 78 
rpl14 79 
rpl16 80 
rps3 81 
rpl22 82 
rps19 83 
rpl2 84 
rpl23 85 
trnI-CAU 86 
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ycf2 87 
trnL-CAA 88 
ndhB 89 
rps7 90 
rps12_3end 91 
trnV-GAC 92 
rrn16 93 
trnI-GAU 94 
trnA-UGC 95 
rrn23 96 
rrn4.5 97 
rrn5 98 
trnR-ACG 99 
trnN-GUU 100 
ndhF 101 
rpl32 102 
trnL-UAG 103 
ccsA 104 
ndhD 105 
psaC 106 
ndhE 107 
ndhG 108 
ndhI 109 
ndhA 110 
ndhH 111 
rps15 112 
ycf1 113 
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Table 3.5. The total number of times codons were used was determined using the Sequence Manipulation Suite (Stothard 
2000). Sequences from all protein-coding genes in each genome were used except where gene loss has occurred (Table 3.1). P-
values were computed using Wilcoxon rank sum tests by comparing the combined raw data for each amino acid for the other 
rosids (Arabidopsis and Eucalyptus) to the combined raw data for Geraniaceae, and no significant differences were found. P-
values were adjusted using the Benjamini and Hochberg method (1995). (i) indicates an initiation codon and asterisks indicate 
stop codons. Rows in bold show gene/intron loss or gene duplications (see footnotes for each). 
 

Codon 
Anti-

Codon Code 
Amino 
Acid Arabidopsis Eucalyptus Erodium Geranium Monsonia Pelargonium P-value 

TAA UUA * Ter 47 45 39 38 33 36 0.406 
TAG CUA * Ter 19 17 16 16 17 21 0.967 
TGA UCA * Ter 12 16 20 21 24 19 0.387 

GCA a UGC A Ala 340 343 307 322 297 325 0.803 
GCC GGC A Ala 188 194 215 219 248 235 0.460 
GCG CGC A Ala 130 138 155 137 178 171 0.477 
GCT AGC A Ala 590 576 509 499 493 584 0.594 
TGC GCA C Cys 66 65 66 68 67 67 0.594 
TGT ACA C Cys 203 201 143 154 134 169 0.460 
GAC GUC D Asp 161 164 197 173 196 237 0.460 
GAT AUC D Asp 704 739 484 490 463 640 0.469 
GAA UUC E Glu 928 928 659 667 593 851 0.460 
GAG CUC E Glu 268 292 251 238 286 359 0.460 
TTC GAA F Phe 409 434 322 327 334 463 0.665 
TTT AAA F Phe 968 858 699 730 694 856 0.828 

GGA b UCC G Gly 628 639 510 497 479 547 0.460 
GGC c GCC G Gly 149 155 193 178 205 199 0.407 
GGG CCC G Gly 245 250 303 292 328 308 0.460 
GGT ACC G Gly 529 537 423 442 401 486 0.479 
CAC GUG H His 124 120 121 120 117 156 0.460 
CAT AUG H His 389 421 312 306 291 360 0.460 

ATA (i) UAU I Ile 624 602 420 463 415 535 0.460 
ATC (i) d GAU I Ile 341 377 294 287 294 389 0.954 
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ATT (i) AAU I Ile 1020 996 753 774 707 841 0.477 
AAA e UUU K Lys 997 909 663 663 625 962 0.895 
AAG CUU K Lys 263 288 236 223 283 423 0.406 
CTA UAG L Leu 316 329 254 265 290 336 0.951 
CTC GAG L Leu 150 154 156 123 163 186 0.460 

CTG (i) CAG L Leu 133 137 114 110 139 172 0.582 
CTT AAG L Leu 501 504 448 449 466 615 0.954 
TTA UAA L Leu 860 806 624 641 595 721 0.460 

TTG (i) CAA L Leu 433 471 400 400 379 506 0.650 
ATG (i) f CAU M Met 510 538 418 429 425 501 0.623 

AAC GUU N Asn 250 233 190 192 197 237 0.895 
AAT AUU N Asn 834 849 511 543 498 655 0.460 
CCA UGG P Pro 256 271 198 223 204 252 0.650 
CCC GGG P Pro 169 172 207 167 226 216 0.406 
CCG CGG P Pro 116 106 121 111 116 150 0.460 
CCT AGG P Pro 371 391 285 297 287 369 0.460 

CAA g UUG Q Gln 643 625 465 466 436 581 0.460 
CAG CUG Q Gln 168 172 167 165 180 198 0.623 
AGA UCU R Arg 376 411 286 274 299 414 0.641 
AGG CCU R Arg 126 155 130 123 153 187 0.460 
CGA UCG R Arg 309 340 229 238 254 293 0.460 
CGC GCG R Arg 102 81 115 118 123 133 0.387 
CGG CCG R Arg 98 75 90 86 108 119 0.460 
CGT ACG R Arg 299 312 246 237 238 312 0.479 

AGC h GCU S Ser 96 98 117 109 124 136 0.387 
AGT ACU S Ser 356 352 235 243 246 300 0.460 
TCA UGA S Ser 332 333 208 222 189 300 0.460 
TCC GGA S Ser 247 266 249 232 236 269 0.460 
TCG CGA S Ser 160 157 131 116 134 159 0.582 
TCT AGA S Ser 488 490 364 351 352 461 0.612 

ACA j UGU T Thr 372 367 275 297 255 324 0.469 
ACC k GGU T Thr 210 222 200 183 204 238 0.991 
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ACG CGU T Thr 116 118 107 93 119 128 0.811 
ACT AGU T Thr 476 477 349 386 347 466 0.484 

GTA m UAC V Val 452 481 401 420 397 417 0.479 
GTC n GAC V Val 146 144 169 150 154 196 0.460 
GTG (i) CAC V Val 171 182 165 145 153 186 0.635 

GTT AAC V Val 474 445 390 391 371 444 0.671 
TGG CCA W Trp 398 406 326 318 321 401 0.665 
TAC GUA Y Tyr 147 166 125 124 136 163 0.935 
TAT AUA Y Tyr 690 690 501 523 487 635 0.582 

 
 
 
a – Lost in Geranium 
b – Intron missing in Geranium and Monsonia; duplicated in Geranium 
c – Lost in Erodium, Geranium, and Monsonia 
d – Duplicated in Geranium 
e – Lost in Erodium 
f – Duplicated in Pelargonium, Erodium, and Monsonia 
g – Duplicated in Geranium 
h – Duplicated in Geranium 
j – Lost in Erodium 
k – Lost in all Geraniaceae 
m – Lost in Geranium 
n – Duplicated in Geranium and Monsonia  
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Table 3.6. The percent codon usage per amino acid was determined using the Sequence Manipulation Suite (Stothard 2000) for 
two representative rosids in comparison to the four Geraniaceae. Sequences from all protein-coding genes in each genome 
were used except where gene loss has occurred (Table 3.1). P-values were computed using Wilcoxon rank sum tests by 
comparing the combined raw data for each amino acid for the other rosids (Arabidopsis and Eucalyptus) to the combined raw 
data for Geraniaceae, and highlighted rows show where the distributions of the percent codon usage was different for the 
Geraniaceae relative to the other rosids. P-values were adjusted using the Benjamini and Hochberg method (1995). (i) 
indicates an initiation codon and asterisks indicate stop codons. Rows in bold show gene/intron loss or gene duplications (see 
footnotes for each). 

Codon 
Anti-

Codon Code 
Amino 
Acid Arabidopsis Eucalyptus Erodium Geranium Monsonia Pelargonium 

% Gerania-   
ceae /                

% Rosids  P-value               
TAA UUA * Ter 60.3% 57.7% 52.0% 50.7% 44.6% 47.4% 0.83 0.102 
TAG CUA * Ter 24.4% 21.8% 21.3% 21.3% 23.0% 27.6% 1.01 0.951 
TGA UCA * Ter 15.4% 20.5% 26.7% 28.0% 32.4% 25.0% 1.56 0.053 

GCA a UGC A Ala 27.8% 26.7% 28.0% 28.5% 26.1% 25.4% 0.99 0.677 
GCC GGC A Ala 13.3% 16.7% 18.6% 18.3% 20.1% 16.9% 1.23 0.015 
GCG CGC A Ala 8.7% 10.0% 11.5% 10.4% 13.9% 12.0% 1.28 0.165 
GCT AGC A Ala 49.1% 44.1% 40.7% 41.6% 39.9% 43.1% 0.89 0.032 
TGC GCA C Cys 16.9% 13.2% 20.0% 18.0% 25.9% 16.5% 1.33 0.228 
TGT ACA C Cys 53.6% 58.6% 46.7% 51.4% 43.0% 50.6% 0.85 0.112 
GAC GUC D Asp 17.7% 18.0% 26.7% 21.8% 25.2% 22.4% 1.35 0.016 
GAT AUC D Asp 73.3% 73.1% 64.0% 67.5% 64.1% 68.4% 0.90 0.015 
GAA UUC E Glu 72.8% 69.7% 66.8% 67.0% 63.7% 67.7% 0.93 0.015 
GAG CUC E Glu 18.3% 21.3% 26.6% 26.4% 28.2% 23.1% 1.32 0.005 
TTC GAA F Phe 26.5% 28.4% 29.7% 29.5% 33.1% 31.9% 1.13 0.228 
TTT AAA F Phe 72.2% 70.4% 69.0% 69.1% 65.5% 66.8% 0.95 0.228 

GGA b UCC G Gly 38.8% 37.2% 35.1% 34.5% 34.1% 34.3% 0.91 0.043 
GGC c GCC G Gly 8.4% 8.5% 13.7% 13.5% 14.4% 13.5% 1.63 < 0.001 
GGG CCC G Gly 18.6% 19.3% 21.6% 21.4% 24.0% 21.1% 1.16 0.025 
GGT ACC G Gly 31.6% 32.5% 28.3% 29.3% 26.2% 31.0% 0.90 0.180 
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CAC GUG H His 21.0% 18.7% 26.1% 26.0% 26.8% 25.8% 1.32 0.106 
CAT AUG H His 57.3% 60.8% 52.6% 52.7% 48.9% 54.4% 0.88 0.106 

ATA (i) UAU I Ile 32.2% 30.9% 28.4% 30.6% 29.3% 29.3% 0.93 0.279 
ATC (i) 

d GAU I Ile 16.0% 18.2% 19.7% 18.8% 20.9% 21.1% 1.18 0.156 
ATT (i) AAU I Ile 51.9% 51.0% 52.0% 50.6% 49.8% 49.7% 0.98 0.558 
AAA e UUU K Lys 73.0% 69.7% 66.4% 67.7% 62.0% 67.4% 0.92 0.016 
AAG CUU K Lys 16.7% 20.1% 22.9% 21.7% 25.9% 23.4% 1.28 0.016 
CTA UAG L Leu 14.1% 12.7% 12.8% 13.3% 15.3% 12.5% 1.00 0.906 
CTC GAG L Leu 7.2% 7.3% 9.1% 6.8% 7.6% 7.6% 1.07 0.037 

CTG (i) CAG L Leu 4.5% 6.7% 6.2% 6.6% 7.8% 5.8% 1.18 0.120 
CTT AAG L Leu 20.8% 21.2% 21.3% 20.6% 21.9% 22.0% 1.02 0.493 
TTA UAA L Leu 35.4% 34.5% 30.3% 31.8% 28.5% 29.7% 0.86 0.005 

TTG (i) CAA L Leu 18.0% 17.8% 20.3% 20.9% 18.9% 22.6% 1.16 0.180 
ATG (i) f CAU M Met 100.0% 98.7% 96.0% 98.7% 98.6% 98.7% 0.99 0.345 

AAC GUU N Asn 21.8% 21.2% 26.6% 24.7% 25.1% 21.7% 1.14 0.289 
AAT AUU N Asn 66.7% 67.3% 61.5% 63.3% 62.8% 66.5% 0.95 0.228 
CCA UGG P Pro 28.3% 27.5% 25.9% 28.5% 26.6% 26.9% 0.97 0.385 
CCC GGG P Pro 15.6% 14.3% 22.5% 17.1% 21.8% 19.3% 1.35 0.015 
CCG CGG P Pro 13.6% 12.2% 17.1% 16.6% 14.6% 16.8% 1.26 0.115 
CCT AGG P Pro 37.3% 39.6% 30.4% 32.3% 32.7% 33.0% 0.84 0.015 

CAA g UUG Q Gln 76.9% 74.1% 69.6% 70.2% 68.8% 74.6% 0.94 0.126 
CAG CUG Q Gln 14.1% 15.6% 18.4% 19.1% 21.8% 17.5% 1.29 0.138 
AGA UCU R Arg 25.2% 25.1% 23.7% 22.8% 22.9% 25.3% 0.94 0.419 
AGG CCU R Arg 8.8% 9.0% 11.0% 10.8% 12.0% 9.4% 1.21 0.113 
CGA UCG R Arg 23.7% 27.0% 24.0% 24.3% 24.7% 23.0% 0.95 0.172 
CGC GCG R Arg 6.4% 4.3% 8.9% 8.8% 9.3% 7.2% 1.60 0.015 
CGG CCG R Arg 6.1% 4.5% 6.5% 6.3% 7.5% 6.5% 1.26 0.106 
CGT ACG R Arg 26.0% 26.2% 22.0% 23.1% 19.7% 24.7% 0.86 0.320 

AGC h GCU S Ser 5.4% 4.7% 8.9% 8.3% 10.0% 7.5% 1.71 0.003 
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AGT ACU S Ser 23.5% 22.2% 18.4% 19.8% 19.6% 19.4% 0.84 0.052 
TCA UGA S Ser 20.2% 19.8% 16.9% 18.5% 13.8% 19.0% 0.85 0.115 
TCC GGA S Ser 14.5% 15.4% 18.6% 17.8% 19.3% 18.5% 1.24 0.015 
TCG CGA S Ser 7.5% 7.7% 11.0% 8.5% 10.4% 9.3% 1.29 0.138 
TCT AGA S Ser 27.7% 29.0% 26.2% 25.9% 25.6% 24.9% 0.90 0.165 

ACA j UGU T Thr 31.0% 29.0% 30.0% 29.0% 28.1% 28.1% 0.96 0.485 
ACC k GGU T Thr 17.2% 17.8% 19.5% 18.5% 21.0% 19.1% 1.12 0.383 
ACG CGU T Thr 8.1% 10.7% 11.0% 9.8% 12.4% 10.8% 1.17 0.915 
ACT AGU T Thr 42.5% 39.9% 39.5% 41.3% 37.2% 40.6% 0.96 0.453 

GTA m UAC V Val 37.5% 39.6% 32.9% 36.7% 34.6% 33.9% 0.89 0.043 
GTC n GAC V Val 11.5% 11.3% 15.0% 13.5% 14.9% 16.8% 1.32 0.032 
GTG (i) CAC V Val 12.4% 13.4% 17.2% 14.1% 17.5% 14.3% 1.23 0.357 

GTT AAC V Val 38.7% 34.4% 34.9% 35.8% 33.0% 35.1% 0.95 0.340 
TGG CCA W Trp 75.6% 76.9% 76.0% 72.0% 74.3% 75.0% 0.97 0.681 
TAC GUA Y Tyr 16.9% 16.6% 17.9% 16.1% 19.7% 16.8% 1.05 0.534 
TAT AUA Y Tyr 75.4% 75.8% 74.1% 77.3% 74.9% 75.3% 1.00 0.658 

 
a – Lost in Geranium 
b – Intron missing in Geranium and Monsonia; duplicated in Geranium 
c – Lost in Erodium, Geranium, and Monsonia 
d – Duplicated in Geranium 
e – Lost in Erodium 
f – Duplicated in Pelargonium, Erodium, and Monsonia 
g – Duplicated in Geranium 
h – Duplicated in Geranium 
j – Lost in Erodium 
k – Lost in all Geraniaceae 
m – Lost in Geranium 
n – Duplicated in Geranium and Monsonia  
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Fig. 3.1.  Phylogeny of the Geraniaceae with gene and intron losses and gene duplications 
mapped on the branches. The ultrametric tree is adapted from (Price and Palmer 1993; 
Parkinson et al. 2005; Guisinger et al. 2008). 
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Fig. 3.2.  Map of the plastid genome of Erodium texanum. The innermost ring shows the 
large single copy (LSC) and small single copy (SSC) regions, and the colored, interior 
ring details gene content and order. The outermost ring displays blocks of genes 
numbered in the order in which they appear in a typical rosid plastid genome, and the size 
and location of repeats are shown as histograms relative to the gene order.  
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Fig. 3.3.  Sequence alignment of the tRNA gene trnfM-CAU in Geraniaceae plastid 
genomes. The consensus and a histogram of sequence identity are displayed above 
individual sequences. Mismatches to the consensus are shown for each sequence. 
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Fig. 3.4.  Map of the plastid genome of Geranium palmatum. The innermost ring shows 
the large single copy (LSC), small single copy (SSC), and inverted repeat (IR) regions, 
and the colored, interior ring details gene content and order. The outermost ring displays 
blocks of genes numbered in the order in which they appear in a typical rosid plastid 
genome, and the size and location of repeats are shown as histograms relative to the gene 
order.   
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Fig. 3.5.  Sequence alignment of the rRNA gene rrn16 in the plastid genome of 
Geranium palmatum. The consensus and a histogram of sequence identity are displayed 
above individual sequences. Mismatches to the consensus are shown for each sequence. 
Two identical, full-length copies are the first displayed, and other sequences are ordered 
based on highest sequence similarity to the functional copies. The alignment from bases 
471-1410 was not displayed, because it contains only identical, full-length sequences. 
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Fig. 3.6.  Map of the plastid genome of Monsonia speciosa. The innermost ring shows the 
large single copy (LSC), small single copy (SSC), and inverted repeat (IR) regions, and 
the colored, interior ring details gene content and order. The outermost ring displays 
blocks of genes numbered in the order in which they appear in a typical rosid plastid 
genome, and the size and location of repeats are shown as histograms relative to the gene 
order.  
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Fig. 3.7.  Repeat size and frequency in four Geraniaceae plastid genomes relative to nine 
other representative rosids. Repeats were identified using Blastn searches (default 
parameters) of each genome against itself. Repeats were binned according to size; 15-29 
bp, 30-49 bp, 50-99 bp, 100-199 bp, and greater than 200 bp. 
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Fig. 3.8. Percent repetitive DNA per genome in four Geraniaceae plastid genomes 
relative to nine other representative rosids. Values were determined using Blastn searches 
(default parameters) of each genome against itself. Cai et al. (2008) determined that the 
genome of P. X hortorum was approximately 9% repetitive DNA; however, we 
calculated a value of 17.5%. 
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Fig. 3.9.  Venn diagram of shared repeats in Geraniaceae plastid genomes. Repeats 30 bp 
or greater are displayed for all genome combinations, including comparisons of the 
genome against itself. 
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Fig. 3.10.  Linear maps for the four Geraniaceae plastid genomes relative to a representative rosid reference genome. Genes 
were ordered from 1 to 113 in the reference and blocks of genes were colored. Gene order changes are displayed for each 
genome by the numbers above rearranged blocks of genes. We found 82 repeats greater than or equal to 30 bp in G. palmatum 
(Table 3.3), and the size and location of Blastn hits to these repeats are shown by black bars below each genome. Squares 
containing numbers display the relative location of the 82 G. palmatum repeats common to the other three Geraniaceae. We 
chose to highlight four of these repeats (ID-1, -3, -55, and -79), and colored circles show the location of these repeats. 
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Fig. 3.11.  The Effective Number of Codons plotted against GC content at third position 
sites (GC3s) for protein-coding genes in Geraniaceae (red triangles) and two other rosids 
(Arabidopsis and Eucalyptus; black circles). Wright’s equation (1990) was superimposed 
on the graph. 
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Fig. 3.12.  The Effective Number of Codons plotted against GC content at third position 
sites (GC3s) for protein-coding genes in two representative rosids plastid genomes in 
comparison to four Geraniaceae genomes. Genes groups were categorized according to 
gene function or subunits that form a functional protein complex. Wright’s equation 
(1990) was superimposed on each graph. 
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Chapter 4. Implications of the plastid genome sequence of Typha 

(Typhaceae, Poales) for understanding genome evolution in Poaceae 

 

Introduction 

The monocot order Poales comprises 16 families and approximately 18,000 

species (sensu APG II 2003), and relationships among families are generally well-

resolved and supported (Chase 2004; Graham et al. 2006). The largest family within the 

order, Poaceae (the grasses), has been the focus of many biological studies due to its 

ecological, economical, and evolutionary importance. Poaceae include species that are 

the primary source of nutrition for humans and grazing animals, e.g. bread wheat 

(Triticum aestivum), maize (Zea mays), rice (Oryza sativa), rye (Secale cereale), oats 

(Avena sativa), sorghum (Sorghum bicolor), sugarcane (Saccharum officinarum), and 

barley (Hordeum vulgare). Grasses have also received much attention as sources of 

biofuels (Carpita and McCann 2008; Rubin 2008). Furthermore, there is considerable 

interest in using plastid genetic engineering in the grasses for crop improvement and for 

producing biopharmaceuticals and vaccines (Verma and Daniell 2007). 

With its relatively small nuclear genome size and a high degree of gene synteny 

with other major cereal grasses, rice is commonly used as the model monocot plant 

system. The first draft of the rice nuclear genome (Indica group) was made available just 

two years after the completion of the Arabidopsis genome (Yu et al. 2002). Sequencing 

of 10 additional grass nuclear genomes is in progress, and these include giant reed 

(Arundo donax), barley, Brachypodium, maize, Miscanthus sinensis, rice, foxtail millet 
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(Setaria italica), sorghum, switchgrass (Panicum virgatum), and wheat (Garvin et al. 

2008; Rubin 2008). In addition, plastid genome sequences are currently available for 12 

grass genera; Brassicaceae is the only family that is more densely sampled (13 total). 

Unlike the highly conserved sequences of Brassicaceae, Poaceae plastid genomes have 

experienced several evolutionary phenomena, including accelerated rates of sequence 

evolution, gene and intron loss, and genomic rearrangements. For these reasons, Poaceae 

provide an excellent system to examine plastid genome evolution.  

The plastid genomes of land plants are generally highly conserved in terms of 

gene content, order, and organization (Palmer 1991; Raubeson and Jansen 2005; Bock 

2007). The genome is circular with a quadripartite structure composed of two copies of a 

large inverted repeat (IR) separated by large and small single copy regions (LSC and 

SSC, respectively). These genomes usually range in size from 120 to 160 kb and contain 

110 to 130 different genes. The majority of the genes, approximately 80, encode proteins 

involved in photosynthesis and gene expression and the remaining code for tRNAs and 

rRNAs. While rates of nucleotide substitutions are low in plastid genomes relative to 

nuclear genomes, a few lineages have experienced rate acceleration. Plastid genomes in 

the flowering plant family Geraniaceae exhibit extreme rate heterogeneity, and ribosomal 

protein, RNA polymerase, and ATPase genes were shown to evolve more rapidly than 

photosynthetic genes (Guisinger et al. 2008). Aside from this recent example, the first 

and best documented example of rate heterogeneity among photosynthetic angiosperm 

plastid genomes occurs for grass lineages (Gaut et al. 1993). Notably, the long-branch 

leading to the grasses has been shown to impede phylogenetic inference (Soltis and Soltis 

2004; Stefanovic et al. 2004), although Leebens-Mack et al. (2005) improved relationship 
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resolution among angiosperms using increased taxon sampling. Leebens-Mack et al. 

(2005) and other studies emphasize the importance of taxon sampling in phylogenetic and 

comparative genomic studies in order to accurately infer molecular evolutionary 

relationships, rates, and patterns (reviewed in Heath et al. 2008). 

Previous studies used methods that do not detect the extent of rate acceleration 

and genome evolution in grasses; relative rate test limited the number of taxa to three that 

were examined (Gaut et al. 1993; Muse and Gaut 1994) or more distant outgroups were 

used (Matsuoka et al. 2002; Chang et al. 2006; Bortiri et al. 2008). More comprehensive 

analyses using additional Poales plastid genome sequences are needed to understand 

better the patterns and causes of genome evolution in this group. There are three major 

goals in the current study. First, we present the complete plastid genome sequence of 

Typha latifolia L. (Typhaceae), the first non-grass Poales sequenced to date. Second, we 

characterize Poales genome organization and evolution using nine fully annotated grass 

plastid genomes. Third, we examine rates and patterns of sequence evolution within and 

between grasses relative to other monocot and angiosperm plastid genomes. Jansen et al. 

(2007) described a positive correlation between genomic changes (gene/intron loss and 

gene order changes) and lineage-specific branch length. In the current study, we use a 

genome-wide approach to test the degree and nature of rate acceleration, and we 

specifically examine genomic rearrangements and substitution patterns for the branch 

leading to the grasses. 
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Materials And Methods 

DNA source, plastid isolation, genome amplification, and sequencing: 

 Leaf material of Typha latifolia was field collected in Arizona (Arizona, Yavapai 

Co., R.C. Haberle 188, TEX). Plastids were isolated from 21 g of fresh leaves using the 

sucrose-gradient method (Palmer 1986), as modified by Jansen et al. (2005). They were 

then lysed and the entire plastid genome was amplified by Rolling Circle Amplification 

(RCA), using the REPLI-g™ whole genome amplification kit (Qiagen Inc., Valencia, 

CA, USA) following the methods outlined in Jansen et al. (2005). The RCA product was 

then digested with the restriction enzymes EcoRI and BstBI, and the resulting fragments 

were separated in a 1% agarose gel to determine the quality of plastid DNA. The RCA 

product was sheared by serial passage through a narrow aperture using a Hydroshear 

device (Gene Machines, San Carlos, CA, USA), and the resulting fragments were 

enzymatically repaired to blunt ends, gel purified, and ligated into pUC18 plasmids. The 

clones were introduced into E. coli by electroporation, plated onto nutrient agar with 

antibiotic selection, and grown overnight. Colonies were randomly selected and 

robotically processed through RCA of plasmid clones, sequencing reactions using 

BigDye chemistry (Applied Biosystems, Foster City, CA, USA), reaction cleanup using 

solid-phase reversible immobilization, and sequencing using an ABI 3730 XL automated 

DNA sequencer were performed. Detailed protocols are available at http://www.jgi.doe. 

gov/sequencing/index.html. 

Genome assembly and annotation: 

 Sequences from randomly chosen clones were processed using Phred and 

assembled based on overlapping sequence into a draft genome sequence using Phrap 
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(Ewing and Green 1998; Ewing et al. 1998). Quality of the sequence and assembly was 

verified using Consed (Gordon et al. 1998). In most regions of the genome we had 6–12-

fold coverage, but there were a few areas with gaps or low depth of coverage. PCR and 

sequencing at The University of Texas at Austin were used to bridge gaps and fill in areas 

of low coverage in the genome. Additional sequences were added until a completely 

contiguous consensus was created representing the entire plastid genome with a 

minimum of 2X coverage and a consensus quality score of Q40 or greater. The genome 

was annotated using DOGMA (Dual Organellar GenoMe Annotator; http://dogma.ccbb. 

utexas.edu; Wyman et al. 2004).  

Comparisons of gene content and gene order: 

 Gene content comparisons were performed using Multipipmaker (Schwartz et al. 

2003). Comparisons involved 10 Poales genomes, including Typha latifolia (current 

study) and nine grasses: Agrostis stolonifera (NC_008591), Brachypodium distachyon 

(NC_011032), Hordeum vulgare subsp. vulgare (NC_008590), Lolium perenne 

(NC_009950), Oryza sativa (NC_001320), Saccharum officinarum (NC_006084), 

Sorghum bicolor (NC_008602), Triticum aestivum (NC_002762), and Zea mays 

(NC_001666). Typha latifolia was used as the reference genome by including an exon 

file in the analysis. Gene orders were examined by pair-wise comparisons between all 10 

genomes using PipMaker (Elnitski et al. 2002). 

Genome and gene sampling: 

 Phylogenetic and evolutionary rate comparisons were performed for a total of 47 

taxa (Table 4.1), including nine grasses, one other member of the Poales (Typha latifolia, 

current study), and representatives from all major angiosperm clades. The plastid genome 
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of Oryza sativa Indica group is not completely annotated and was not included in our 

analyses. In addition, the genome of Festuca (NC_011713) and two recently published 

bamboo genomes (Bambusa NC_012927 and Dendrocalamus; Wu et al. 2009) were not 

included, because they were not publicly available at the time our comparisons were 

performed. Our analyses included seven non-Poales monocot genome sequences. 

Nonetheless, we chose not to include Phalaenopsis (Orchidaceae), because we wanted to 

include as many protein-coding genes in our analyses as possible, and all eleven ndh-

genes have been lost from this genome (Chang et al. 2006). Protein-coding sequences for 

73 genes were used with several exclusions (Table 4.2).  

Phylogenetic analyses: 

 Amino acid sequences were aligned using Multiple Sequence Web viewer and 

Alignment Tool (MSWAT, http://mswat.ccbb.utexas.edu) and manually adjusted, and the 

amino acid alignment was used to constrain the nucleotide alignment. Maximum 

parsimony (MP) and maximum likelihood (ML) analyses were performed using PAUP* 

version 4.10b10 (Swofford 2003) and GARLI version 0.942 (Zwickl 2006), respectively. 

MP analyses were performed with 100 random addition replicates and TBR branch 

swapping with the Multrees option. Non-parametric bootstrap analyses were performed 

for 100 replicates with 1 random addition replicate and TBR branch swapping with the 

Multrees option. Four independent ML analyses were performed using GARLI under the 

default settings, and bootstrap values were generated for 100 replicates and the default 

settings. Likelihood scores were obtained from PAUP*, because it is better at optimizing 

branch lengths on the final topology (Zwickl 2006). 
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Evolutionary rate estimation: 

 The program codeml implemented in the software package PAML (Yang 2007) 

was used to estimate nonsynonymous and synonymous substitution rates (dN and dS, 

respectively) and dN/dS. The ML tree generated above was used as a constraint tree, but 

branch lengths were generated in PAML. Control files were used with the following 

settings: CodonFreq=2 (codon frequency model F3x4), NSsites = 0 (no variation among 

sites for ω), cleandata = 1 (exclude gapped regions), fix_kappa = 0 (kappa to be 

estimated), and fix_omega = 0 (omega to be estimated). Using the method of Yang 

(1998), values of dN, dS, and dN/dS were generated. The null model (H0), where dN/dS 

was averaged and fixed across all taxa, was compared to two alternative models (H1 and 

H2). The H1 model allowed for two values of dN/dS across the tree; 1) dN/dS for the 

lineage leading to the grasses and 2) dN/dS for all other taxa. The H2 model allowed for 

three values of dN/dS across the tree; 1) dN/dS for the lineage leading to the grasses, 2) 

dN/dS for all other monocot branches, and 3) dN/dS for all other angiosperms. Likelihood 

ratio tests were used to test the fit of alternative models and model improvement, and 

correction for multiple comparisons used the Holm’s method (i.e., sequential Bonferroni 

correction; Holm 1979) and the False Discovery Rate method (Benjamini and Hochberg 

1995). Gene groups were categorized according to gene function or subunits that form a 

functional complex; values were respectively combined for atp-, ndh-, pet-, psa-, psb-, 

rpl-, rps-, and rpo-genes, according to Matsuoka et al. (2002), Chang et al. (2006), and 

Guisinger et al. (2008). Statistical analyses were conducted using the R software package 

(http://www.r-project.org), and correction for multiple comparisons was employed using 

Holm’s method (1979). 
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Results 

Size, gene content, and organization of the Typha plastid genome: 

  The complete Typha latifolia plastid genome is 161,572 base pairs (bp) in length 

(Fig. 4.1, Table 4.3). Each inverted repeat (IR) is 26,390 bp, and the two IR copies are 

separated by a LSC region of 89,140 bp and a SSC region of 19,652 bp. There are 131 

predicted coding regions, 113 of which are different, and 18 that are duplicated in the IR. 

The coding regions include 79 protein-coding genes, 30 tRNAs, and four rRNAs. The T. 

latifolia plastid genome has 57.1% coding sequence and a 33.8% GC content. Eighteen 

genes contain introns, including 12 protein-coding genes and six tRNAs. The IRs on the 

LSC boundaries include the duplication of trnH-gug and rps19 and extend 99 bp into the 

intergenic spacer regions between rps19 and psbA on the IRa/LSC boundary and rps19 

and rpl22 on the IRb/LSC boundary (Fig. 4.1, Fig. 4.2).  

Comparisons of genome organization of Poales: 

 The complete plastid genome sequences for nine genera of grasses (Hiratsuka et 

al. 1989; Maier et al. 1995; Ogihara et al. 2000; Asano et al. 2004; Saski et al. 2005; 

Bortiri et al. 2008) and T. latifolia (current study) enable a comparison of genome 

organization for two families of Poales (Poaceae and Typhaceae, Table 4.3). Gene and 

intron content among all 10 genomes are highly conserved with five differences between 

the grasses and T. latifolia. Relative to the early divering Poales T. latifolia, all grasses 

have lost introns in clpP and rpoC1, as well as the three genes accD, ycf1, and ycf2 (Fig. 

4.3A). In the case of gene losses, there has been a progressive degradation of the gene 

sequences, because differing lengths of residual sequence remain in several taxa (see 

arrows in Fig. 4.3A; Table 4.4; Appendix A). This is especially evident for ycf2, where 
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the first 200 bp of the gene is present and conserved in all of the grasses, and additional 

remnants of the last 2300 bp remain in various grasses. The length of residual ycf2 

sequence varies from 698 bp in Oryza to 2089 bp in Zea. The remnant sequences are 

conserved with pair-wise divergence ranging from 15.0 to 19.1% relative to T. latifolia. 

In the case of ycf1, the first 250 bp and the final 700 bp are present and conserved across 

the grasses. Unlike ycf2, the length of residual ycf1 sequence is conserved, ranging from 

837 to 867 bp but with higher levels of sequence divergence (23.4 to 25.6%). The pattern 

for accD is quite different, because there are few if any small remnants of this gene in 

grass plastid genomes, and those that do remain are more divergent (Table 4.4). 

 Gene order between the grasses and T. latifolia differs as a result of three 

inversions of 28 kb, 6 kb, and < 1kb (Fig. 4.4A). These inversions have been known for 

20 years from both gene mapping and genome sequencing (Howe et al. 1988; Hiratsuka 

et al. 1989; Doyle et al. 1992; Katayama and Ogihara 1993), and the two larger 

inversions overlap, making it possible to determine that the 28 kb inversion occurred 

prior to the 6 kb inversion (Hiratsuka et al. 1989; Doyle et al. 1992). Within the grasses, 

gene order is identical in all sequenced plastid genomes (Fig. 4.4B). 

 Alignment of the complete plastid genomes indicates that there is a high level of 

sequence divergence between T. latifolia and the nine grasses (Fig. 4.3A). Most of the 

divergent regions (shown in gray or white in Fig. 4.3A) represent the intron and gene 

losses, and intergenic regions are the least conserved, containing a few highly divergent 

regions with large indels. Sequence conservation among the nine grasses is much higher, 

and again intergenic spacer regions are the most divergent and contain a few large indels 

(shown in gray or white in Fig. 4.3B). 



 113 

 The IR in plastid genomes has four boundaries, IRb/LSC, IRb/SSC, IRa/LSC, and 

IRa/SSC, and there is variation in the extent of duplication of sequences at each of these 

boundaries in the Poales. All members of the order have expanded the IRb/LSC and 

IRa/LSC to add both trnH-gug and rps19 to the IR (Fig. 4.2). However, the extent of IR 

expansion into the intergenic spacer regions between rps19 to psbA and rps19 to rpl22 

varies from 34 to 99 bp among members of the Poales (Fig. 4.2). At the IR/SSC 

boundary, the grasses have expanded the IR to duplicate rps15, but expansion beyond 

rps15 varies within the family. In six of the nine genera IRa has expanded to duplicate 

173 to 209 bp of ndhH, whereas in the three genera Saccharum, Sorghum, and Zea, IRb 

has expanded to duplicate 29 bp of ndhF (Fig. 4.2). 

Phylogenetic relationships: 

 Phylogenetic analyses were performed on an aligned data matrix that included 47 

taxa of angiosperms and 73 protein-coding genes. The total length of the aligned data set 

was 57,603 nucleotides and the Nexus file is available at http://www.biosci.utexas.edu/IB 

/faculty/jansen/lab/research/data_files/JME-Poales.nex.htm. The MP analysis generated 

one most parsimonious tree with a length of 104,284, a consistency index (excluding 

uninformative characters) of 0.36, and a retention index of 0.62. The ML analysis 

resulted in a tree with –lnL = 568622.59691. The ML and MP trees were largely 

congruent with each other and with recent phylogenetic analyses based on complete 

plastid genomes (Jansen et al. 2007; Moore et al. 2007). The only topological differences 

occurred in the eurosid clade, and these were relatively minor (see inset in Fig. 4.5). 

There was strong bootstrap support in all but one node. Further description of results will 

be limited to monocots and especially Poales. There is strong support for the monophyly 
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of monocots (100% bootstrap values in both ML and MP trees). Acorus belongs to the 

earliest diverging lineage followed by Lemna, Dioscorea, Yucca, Elaeis, Musa, and 

finally the Poales, represented by T. latifolia (Typhaceae) and the nine genera of grasses 

(Poaceae). All of these monocot nodes have bootstrap values greater than 95% and most 

are 100% in both ML and MP trees. Within grasses all nodes except for one have strong 

bootstrap support of 100% in both ML and MP trees. The nine genera represent three of 

the 16 recognized subfamilies (sensu (GPWG 2001) of grasses (Ehrhartoideae, 

Panicoideae, and Pooideae), and the monophyly of each is strongly supported. The 

Ehrhartoideae are sister to the Pooideae, although support for this relationship is weak 

(54%) in the ML tree. 

 The distribution of 10 plastid structural rearrangements in the Poaceae is plotted 

on the ML tree (Fig. 4.5). Eight of these rearrangements (the loss of introns from two 

genes, three gene losses, and three inversions) occur on the branch leading to the grasses. 

The other two changes involve small expansions of the IR/SSC boundaries. The first IR 

expansion on the IRb/SSC boundary has duplicated 29 bp of ndhF, and this change is 

restricted to members of the subfamily Panicoideae. The second IR expansion occurs in 

the IRb/SSC boundary and has resulted in duplication of 173 to 209 bp of ndhH. This 

structural change provides further support for the sister relationship between the 

subfamilies Ehrhartoideae and Pooideae. The ycf2 gene has retained various sized 

remnant fragments ranging from 698 to 2089 bp (Table 4.4). The distribution of the sizes 

of these remnants is congruent with the phylogenetic tree; the largest fragments are in the 

early diverging Panicoideae lineage, and smaller fragments are present in the subfamilies 

Ehrhartoideae and Pooideae (Fig. 4.5).  
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Evolutionary rate comparisons: 

 Values of dN/dS, dN, and dS were compared within grasses and between grasses 

and other angiosperm plastid genomes. Individual gene trees indicate a rapid acceleration 

of nucleotide substitutions for the branch leading to the grasses (Fig. 4.6 A-C and F). 

Wilcoxon rank sum tests were used to determine that over all gene types values of dN and 

dS (both P < 0.0001) are significantly different for the branch leading to the grasses 

relative to all other branches (Table 4.5). However, values of dN/dS over all gene types 

are not significantly different (P = 0.0984). The phylogenetic trees in Fig. 4.6 A-F 

illustrate the degree of substitution variability for the branch leading to the grasses 

relative to other angiosperm branches. Both dN and dS are highly accelerated in the gene 

rpl32 (A-B), dN is high for the gene rps11 (C-D), and dS is relatively high for the gene 

psbJ (E-F).      

To understand rates and patterns of nucleotide substitutions better, average dN/dS, 

dN, and dS values per gene were plotted across the length of the plastid genome using the 

grass gene order (Fig. 4.7). Values for the branch leading to Poaceae, internal Poaceae 

branches, non-Poaceae monocot branches, and other angiosperm branches were 

compared. In general, substitution rates for the branch leading to grasses (shown as 

circles) are high relative to rates for all other branches. Although dN/dS and dN are highly 

variable across the genome, dS is broadly accelerated relative to values from other 

branches. For both dN and dS, values for the internal Poaceae branches (shown as “x”s) 

are lower across the genome relative to other branches. Aside from the branch leading to 

Poaceae, rates of sequence evolution in the IR region are low, a phenomenon previously 

described by Wolfe et al. (1987). Notably, for the branch leading to the grasses, the genes 
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cemA and rps7 exhibit dN/dS ratios greater than one (1.66 and 1.44, respectively); 

however, the raw values of dN and dS are not out of line. Likelihood ratio tests were used 

to test the fit of a null model to two alternative models (Table 4.6). Significant 

improvement in likelihood scores was found for a number of genes, and the majority are 

ATPase, ribosomal protein, and RNA polymerase genes. 

 Modest rate heterogeneity among gene types in angiosperm plastid genomes has 

been previously described (Gaut et al. 1993; Logacheva et al. 2007), and we used 

Wilcoxon rank sum tests to compare rates among branches for all genes and for genes 

encoding subunits of the photosynthetic apparatus, genes involved in gene expression, 

and genes involved in metabolism (Table 4.5). For the ratio dN/dS, the branch leading to 

Poaceae is elevated for subunits of the photosynthetic apparatus relative to all other 

branches, internal Poaceae, non-Poaceae monocot, and other angiosperm branches (all P 

= 0.0001). Values of dN/dS for genes involved in gene expression are significantly 

different in all comparisons; the result “na” is due to model parameters in PAML 

analyses. For subunits of the photosynthetic apparatus, dN is significantly different for 

the internal Poaceae branches relative to non-Poaceae monocots and other angiosperm 

branches (P < 0.0001). Values of dN are highly variable for genes involved in gene 

expression and metabolism (Table 4.5), and P-values are less than 0.0001 in all but two 

comparisons. A similar trend was found for values of dS for all gene groups; values of dS 

are significantly different (P < 0.0001) in all but four comparisons (Table 4.5). For all 

gene types, rates of sequence evolution are significantly similar in the non-Poaceae 

monocots and other angiosperm branches, and this likely reflects the relative extent of 

rate homogeneity among the majority of angiosperm plastid genomes. 
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The degree of rate acceleration for the branch leading to Poaceae for individual 

genes and gene groups was estimated (Tables 4.7-4.9). These results show that the branch 

leading to Poaceae is not significantly elevated for values of dN/dS (Table 4.7). However, 

values of dN for the branch leading to Poaceae are highly accelerated relative to internal 

Poaceae branches (P < 0.001) and moderately accelerated relative to the non-Poaceae 

monocot branches (P < 0.0056) (Table 4.8). The greatest degree of dN increase was 

found for the individual genes clpP and cemA, but ATPase (atp) and ribosomal protein 

genes (both large and small subunit; rpl and rps, respectively) are high relative to 

photosynthetic genes (psa, psb, and pet) (Table 4.8). In terms of values of dS, the branch 

leading to Poaceae is significantly accelerated relative to all other branches, and the 

degree of increase is consistent among genes and gene types (Table 4.9). For values of 

both dN and dS, the internal Poaceae branches indicate a strong degree of sequence 

conservation, and the branch leading to Poaceae is evolving on average ten- to twenty-

fold faster (P < 0.001) than internal Poaceae branches. 

 

Discussion 

Plastid genome organization and evolution: 

 Our survey of nine Poaceae plastid genomes and the sequence of Typha latifolia 

(Typhaceae) shows that genome organization and rates of sequence evolution are unusual 

in the Poaceae. Our analyses included the earliest diverging Poales lineage (Typhaceae), 

but the closest relatives of the Poaceae have not been sequenced. Doyle et al. (1992) 

surveyed for the distribution of inversions among Poales, and showed that changes were 

not confined to the Poaceae. Likewise, gene and intron losses may have a broader 
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distribution among Poales, and more data are needed to fully characterize Poales genome 

evolution. Nonetheless, Poaceae plastid genomes have experienced genomic change 

relative to T. latifolia and most other angiosperms. Based on our data, gene content in 

Poales plastid genomes is identical (Table 4.3) except for the loss of three genes (accD, 

ycf1, ycf2) in the Poaceae. The Festuca arundinacea plastid genome sequence on 

GenBank (NC_011713) apparently also lacks intact copies of the genes psbF, rps14, 

rps18, and ycf4, but these surprising gene losses should be confirmed. Although other 

differences can be found among the annotations of the published grass genomes, all are 

due to annotation errors, both for protein-coding genes and tRNA genes. The recently 

published Brachypodium genome reported 136 genes (Bortiri et al. 2008), but this 

included ycf68 in the IR that has been shown to be non-functional (Raubeson et al. 2007). 

Three other recently published Poaceae plastid genomes (Saski et al. 2007) also 

incorrectly identified 32 tRNAs instead of the 30 found in the other sequenced genomes.  

 Organization and evolution of Poaceae plastid genomes have been examined 

extensively in early studies using restriction site and gene mapping approaches (Howe 

1985; Quigley and Weil 1985; Bowman and Dyer 1986; Howe et al. 1988; Prombona and 

Subramanian 1989; Shimada and Sugiura 1989; Katayama and Ogihara 1993) and later 

based on complete genome sequences (Hiratsuka et al. 1989; Maier et al. 1995; Ogihara 

et al. 2000; Asano et al. 2004; Saski et al. 2007; Bortiri et al. 2008; Wu et al. 2009). 

These comparisons identified a number of unusual features, including the presence of 

three inversions in the LSC, the loss of introns from two genes (clpP and rpoC1), the loss 

of the three genes accD, ycf1, and ycf2, and expansions of the IR/SC boundaries to 

duplicate trnH-gug and rps19 on the IR/LSC boundary and rps15 on the IR/SSC 
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boundary. Furthermore, the phylogenetic distribution of some of these rearrangements 

has been examined by combining genome sequencing and PCR-based surveys (Doyle et 

al. 1992; Downie et al. 1996; Wang et al. 2008). Our comprehensive comparisons of the 

complete plastid genomes of nine Poaceae and T. latifolia confirm the presence of all of 

these genomic rearrangements. We will briefly review the conclusions from the above 

studies, and then highlight the novel aspects resulting from our comprehensive 

comparisons of sequences of nine published genomes and the related T. latifolia genome. 

 Among monocots most of the rearrangements identified in Poaceae plastid 

genomes appear to be restricted to this family, including the loss of introns from two 

genes, three gene losses, and the smallest of the three genome inversions. In most cases, 

losses of these same genes and introns have occurred independently elsewhere in 

angiosperms (Jansen et al. 2007), including four losses of accD, one loss of ycf1, two 

losses of both clpP introns, and numerous rpoC1 intron losses. In a survey of inversions 

for 12 of 16 families of Poales, the first and largest 28 kb inversion is shared by the two 

closely related families Joinvilleaceae and Restionaceae, and the second 6 kb inversion is 

present in the Joinvilleaceae, supporting its placement as sister to Poaceae (Doyle et al. 

1992). Expansions and contractions of the IR have been documented throughout 

angiosperm plastid genomes (Goulding et al. 1996; Wang et al. 2008). The expansion of 

the IR/LSC boundary in grasses to duplicate trnH-gug is characteristic of all monocots 

and some early diverging eudicots, but further expansion to include a complete 

duplication of rps19 is restricted to a more derived clade of monocots including 

Asparagales, Commelinales, Zingiberales, Arecales, and Poales (Wang et al. 2008). Our 

comparisons of nine plastid genomes of Poaceae confirm the expansion of the IR at the 
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IR/LSC boundary resulting in the duplication of both trnH-gug and rps19 and 

demonstrate that the endpoint of the IR is highly conserved with only 35 to 99 bp 

duplicated beyond rps19 (Fig. 4.2).  

 Expansion of the IR into the SSC region is much less common, and only a few 

angiosperm families exhibit this phenomenon, such as Campanulaceae (Cosner et al. 

1997; Knox and Palmer 1999; Haberle et al. 2008), Geraniaceae (Palmer et al. 1987; 

Chumley et al. 2006), and Polygonaceae (Aii et al. 1997; Logacheva et al. 2008). Earlier 

investigations of one or two plastid genomes of Poaceae (Hiratsuka et al. 1989; 

Prombona and Subramanian 1989; Maier et al. 1995) identified expansion of the IR into 

the SSC region resulting in the duplication of rps15. In the comparison of rice and maize, 

variation in the extent of expansion of the IR/SSC boundary beyond rps15 was examined 

(Maier et al. 1995). In maize, there was an additional expansion of IRb to duplicate 29 bp 

of ndhF, whereas in rice IRa expanded to duplicate 216 bp of ndhH. Our comparison of 

the IR/SSC boundaries among the nine sequenced Poaceae plastid genomes (Fig. 4.2) 

demonstrates that the pattern of expansion is congruent with phylogenetic relationships, 

with the IRb expansion restricted to the Panicoideae, and the IRa expansion shared by the 

subfamilies Ehrhartoideae and Pooideae. This structural feature supports the sister 

relationships between the latter two subfamilies, which is congruent with the tree based 

on nucleotide sequences (Fig. 4.5).  

 Based on comparisons of rice and maize plastid genome sequences, Maier et al. 

(1995) suggested that accD has been completely lost but that ycf2 represents different 

stages of gene deletion. This conclusion was supported by the fact that neither species 

had any residual sequence left for accD but that ycf2 has different sized residual 
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fragments in rice and maize. Our comparisons of the sequences of all three missing genes 

confirms that accD has been almost completely lost from all grasses, and three genera, 

Hordeum, Lolium, and Oryza, have small, highly divergent remnant sequences (Table 

4.4). The residual sequence in this gene does not correlate with phylogenetic relationships 

(Fig. 4.5). The situation in ycf2 is much more interesting based on the more extensive 

sampling reported here. For this gene, there are three distinct size classes of remnant 

sequences (698-700 bp, 1314-1413 bp, and 2061-2089 bp), and these sizes correlate with 

phylogenetic relationships among grasses. The largest remnant occurs in the earliest 

diverging panicoid clade, suggesting that there has been a progressive degeneration of 

ycf2 within grasses. The loss of ycf1 shows yet another pattern in which all nine Poaceae 

maintain a similar sized remnant sequence of the gene. In the case of both ycf1 and ycf2, 

the larger amount of residual sequence for these genes could be attributed to their 

presence in the IR, which is known to be more highly conserved than single-copy regions 

(Wolfe et al. 1987). A similar argument was made for the high level of sequence 

conservation of ycf15 and ycf68 (Raubeson et al. 2007). We do not know the extent of 

gene and intron loss on lineages more closely related to the Poaceae, and data gathered 

through future sequencing projects will certainly shed light on rates and mechanims of 

gene and intron loss in plastid genomes. 

Rates and patterns of sequence evolution in grass plastid genomes: 

 In the current study, we characterize rates and patterns of sequence evolution for 

angiosperm plastid genomes, and we specifically test the degree and nature of rate 

acceleration for the branch leading to Poaceae. Our results are consistent with early 

models of plastid genome evolution; rates of both dN and dS vary across lineages, rates of 
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dS are relatively homogeneous across loci, and rates of dN vary across loci (Muse and 

Gaut 1994). However, the degree of rate heterogeneity for the branch leading to Poaceae 

is highly unusual. Aside from a recent study demonstrating extreme rate heterogeneity in 

Geraniaceae genome sequences (Guisinger et al. 2008), accelerated rates of nucleotide 

substitutions are typically not found in photosynthetic angiosperm plastid genomes. 

Results from the current study indicate a high degree of positive or relaxed selection on 

the branch leading to Poaceae, and the genes cemA and rps7 exhibit dN/dS ratios greater 

than one (1.66 and 1.44, respectively). This ratio is often used as a measure of selective 

pressures with dN/dS = 1, > 1 and <1 indicating neutral mutation rates, positive selection, 

and purifying selection, respectively (Yang 1998). Additional analyses are needed to 

determine amino acid sites that may be under positive selection, and it should be noted 

that the models used in our analyses do not allow for heterogeneous dN/dS ratios among 

sites (Yang et al. 2000; Yang and Nielsen 2002). The results from likelihood ratio tests 

(Table 4.6) indicate that a number of genes are accumulating nonsynonymous mutations 

at a significantly high rate, suggesting that either positive or relaxed selection at 

nucleotide sites is acting on these genes. The majority of these are ATPase, ribosomal 

protein, and RNA polymerase genes. 

In addition to characterizing rates of sequence evolution for the branch leading to 

the grasses better, our results are generally consistent with other findings regarding grass 

plastid genome evolution. The individual genes clpP, cemA, and rpl32 seem to be 

evolving rapidly, photosynthetic genes are evolving slower than ribosomal protein genes 

and appear to be under stronger purifying selection, dN varies across loci, dS is uniform 

across loci, and substitution rates are accelerated for the grasses relative to other 
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angiosperms (Muse and Gaut 1997; Matsuoka et al. 2002; Chang et al. 2006). Although 

Chang et al. (2006) found that values of dS were not significantly different for the grasses 

relative to one other monocot (the orchid Phalaenopsis), we show that dS is significantly 

different between grass and other monocot branches. We chose to exclude the genome 

sequence of Phalaenopsis (Chang et al. 2006) from our analyses, because all 11 ndh-

genes have been lost. Furthermore, we were able to include plastid genome sequences 

from seven other monocots than the previously mentioned study. In our analyses, the 

branch leading to the Poaceae and internal Poaceae branches are compared separately, 

and only the branch leading to the Poaceae exhibits a significant amount of rate 

acceleration. Moreover, internal Poaceae branches are evolving at a slower rate than other 

branches in the phylogeny (Figs. 4.6 and 4.7). It appears that after a rapid burst in 

sequence evolution, rates decelerated in grass plastid genomes, and this deceleration 

occurred subsequent to grass diversification. Using increased taxon sampling and 

methods that detect the degree and nature of rate change on specific branches in a 

phylogeny, we are able to better characterize grass plastid genome sequence evolution. 

Factors affecting rates of sequence evolution in plastid genomes have been 

extensively examined. Speciation rates (Bousquet et al. 1992; Barraclough et al. 1996), 

generation time (Chang et al. 2006; Smith and Donoghue 2008), substitution and codon 

bias (Morton and Clegg 1995; Morton 2003), gene function (Matsuoka et al. 2002), gene 

copy number (genes duplicated in the IR evolve slower than single copy genes (Wolfe et 

al. 1987), and genome copy number (Khakhlova and Bock 2006) have been shown to 

influence substitution rates. However, a recent phylogenetic analysis of 81 plastid genes 

from 64 seed plants described a positive correlation between genomic rearrangements 
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and lineage-specific rate acceleration (Jansen et al. 2007). Furthermore, the highly 

rearranged plastid genomes of the plant family Geraniaceae exhibit the greatest degree of 

rate acceleration among photosynthetic angiosperms (Guisinger et al. 2008). As shown in 

Fig. 4.5, there are eight major structural changes on the branch leading to grasses, 

including the loss of inrons from two genes, three gene losses, and three inversions. We 

hypothesize that rates of sequence evolution may be correlated to genomic changes in 

grass plastid genomes. It should be noted that after the divergence of the grasses no major 

genomic changes occurred aside from minor expansions of the IR region, a very common 

process that accounts for size variation in plastid genomes throughout angiosperms 

(Goulding et al. 1996; Aii et al. 1997; Plunkett and Downie 2000) including the monocots 

(Wang et al. 2008).  

A correlation between genomic changes and rates of sequence evolution has been 

previously described for bacterial (Belda et al. 2005) and animal mitochondrial genomes 

(Shao et al. 2003; Xu et al. 2006). Mechanisms have been proposed to explain this 

correlation, and it is possible that similar mechanisms are responsible for the unusual 

evolution of grass plastid genomes. One mechanism involves homologs to the eubacterial 

gene recA. In E. coli, this gene is responsible for DNA repair during homologous 

recombination and strand exchange (Lin et al. 2006). Homologs of recA are found in 

plant and algal nuclear genomes (Lin et al. 2006), and gene products are localized to 

plastids and mitochondria in Arabidopsis (Cerutti et al. 1992; Cao et al. 1997; Khazi et al. 

2003). It is possible that genomic changes and accelerated rates of sequence evolution are 

the result of mutations in plastid-targeted rec-genes, although their presence and function 

in plastid genomes has not been thoroughly tested. 
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Conclusion 

In agreement with earlier studies using large data sets of morphological, 

anatomical, and single plastid gene sequence characters (Kellogg and Watson 1993; 

Barker et al. 1995; Clark et al. 1995) our study suggests that the grasses have experienced 

rapid molecular diversification relative to other monocots and to early diverging 

members of the Poales, i.e., Typha latifolia. This point was made well by Chase (2004) 

who noted that there is a pattern of small, “insignificant” sets of taxa sister to Poaceae. 

Graham et al. (2006) performed a phylogenetic analysis of 17 plastid protein-coding 

genes and included taxa from Poaceae, Typhaceae, and eight additional Poales families. 

Branch lengths for most members of the Poales were long except for the three earliest 

diverging families, including Typhaceae. These data would suggest that genomic changes 

and accelerated rates of sequence evolution may not be limited to the Poaceae only, and 

that a positive correlation between these two phenomena can be shown for lineages 

leading to the Poaceae. We emphasize that additional Poales genome sequences are 

needed to understand fully the evolution of Poales and Poaceae plastid genomes. 

Nonetheless, we show the extent to which plastid genomes within the Poaceae are 

experiencing rapid rates of genomic change and sequence evolution. We also show that 

the rates of plastid genome evolution for internal Poaceae branches have decelerated. 

Whatever the cause of rapid change in the branch leading to the grasses, subsequent 

deceleration indicates that the factors responsible may no longer be driving rapid rates of 

genome evolution in this family. 
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Table 4.1.  GenBank accession numbers for 47 taxa included in analyses.  

Taxon GenBank Accession Numbers 
Acorus americanus NC_010093 
Agrostis stolonifera 

Amborella trichopoda 
NC_008591 
NC_005086 

Arabidopsis thaliana NC_000932 
Atropa belladonna 

Brachypodium distachyon 
NC_004561 
NC_011032 

Buxus microphylla NC_009599 
Calycanthus floridus NC_004993 

Ceratophyllum demersum 
Citrus sinensis 

NC_009962 
NC_008334 

Coffea arabica NC_008535 
Cucumis sativus NC_007144 
Daucus carota NC_008325 

Dioscorea elephantipes NC_009601 
Drimys granadensis NC_008456 

Elaeis oleifera EU016883-EU016962 
Eucalyptus globulus NC_008115 

Glycine max NC_007942 
Gossypium hirsutum 

Hordeum vulgare subsp. vulgare 
NC_007944 
NC_008590 

Illicium oligandrum NC_009600 
Ipomoea purpurea NC_009808 

Lactuca sativa 
Lemna minor 

Lolium perenne 

NC_007578 
NC_010109 
NC_009950 

Manihot esculenta NC_010433 
Medicago truncatula NC_003119 

Morus indica 
Musa acuminata 

NC_008359 
EU016983-EU017063 

Nicotiana tabacum NC_001879 
Nuphar advena NC_008788 

Oryza sativa 
Oryza nivara 

NC_001320 
NC_005973 

Panax schinseng NC_006290 
Pelargonium X hortorum NC_008454 

Platanus occidentalis NC_008335 
Populus trichocarpa NC_008235 

Ranunculus macranthus NC_008796 
Saccharum officinarum NC_006084 

Solanum tuberosum 
Sorghum bicolor 

NC_008096 
NC_008602 
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Spinacia oleracea NC_002202 
Triticum aestivum NC_002762 

Typha latifolia To be submitted 
Vitis vinifera NC_007957 

Yucca schidigera DQ069337-DQ069702,  
EU016681-EU016700 

Zea mays NC_001666 
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Table 4.2.  List of 73 Genes. 

Gene Name Taxa With Missing Data 
atpA None 
atpB None 
atpE None 
atpF None 
atpH None 
atpI None 
ccsA None 
clpP 
cemA 

None 
None 

matK None 
ndhA None 
ndhB None 
ndhC None 
ndhD None 
ndhE None 
ndhF None 
ndhG None  
ndhH None  
ndhI None  
ndhJ None  
ndhK None  
petA None 
petB None 
petD None 
petG None 
petL None 
petN None 
psaA None 
psaB None 
psaC None 
psaI None 
psaJ None 
psbA None 
psbB None 
psbC None 
psbD None 
psbE None 
psbF None 
psbH None 
psbI None 
psbJ None 
psbK None 
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psbL None 
psbM None 
psbN None 
psbT None 
psbZ None 
rbcL None 
rpl14 None 
rpl16 None 
rpl2 None 

rpl20 None 
rpl22 Glycine, Gossypium, Medicago 
rpl23 Spinacia 
rpl32 Populus 
rpl33 None 
rpl36 None 
rpoA Pelargonium 
rpoB None 

rpoC1 None 
rpoC2 None 
rps11 None 
rps12 None 
rps14 None 
rps15 None 
rps16 Dioscorea, Medicago, Populus 
rps18 None 
rps19 None 
rps2 None 
rps3 None 
rps4 None 
rps7 None 
rps8 None 
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Table 4.3.  Comparison of major features of Typha and nine grass plastid genomes.  
 Typha Agrostis Brachypodium Hordeum Lolium Oryza Saccharum Sorghum Triticum Zea 

Size (bp) 161,572 136,584 135,199 136,462 135,282 134,525 141,182 140,754 134,545 140,384 

LSC length (bp) 89,140 80,546 79,447 80,600 79,972 80,592 83,048 82,688 80,348 82,352 

SSC length (bp) 19,652 12,740 12,668 12,704 12,428 12,335 12,544 12,502 12,791 12,536 

IR length (bp) 26,390 21,649 21,542 21,579 21,441 20,799 22,795 22,782 20,703 22,748 

Total number of 
genesa 

131 128d 128e 128d 128 128 128 128d 128 128 

Number of genes 
duplicated in IRb 

 
18 

 
18 

 
18 

 
18 

 
18 

 
18 

 
18 

 
18 

 
18 

 
18 

Number of genes  
with introns 

 
18 

 
16 

 
16 

 
16 

 
16 

 
16 

 
16 

 
16 

 
16 

 
16 

% GC content 33.8 37.4 37.5 37.3 37.2 37.9 37.4 37.4 37.2 37.4 

% codingc 57.1 53.6 55.5 56.7 55.1 55.6 54.0 52.1% 55.5 54.6 

 
a - only includes named genes and ycfs, not orfs; both ycf15 and ycf68 were not included based on comparisons reported in 
Raubeson et al. (2007). 
b - does not include rps12, which is split between the LSC and IR. 
c - includes protein-coding genes, tRNAs, and rRNAs. 
d - annotations for Agrostis stolonifera (NC_008591), Hordeum vulgare subsp. vulgare (NC_008590), Sorghum bicolor 
(NC_008602) in Saski et al. (2007) incorrectly included two extra tRNAs (trnM-cau between trnG-ucc and trnT-ggu; trnfM-
cau between trnR-ucu and rps14). These have been deleted in the calculation of number of genes. 
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e - Bortiri et al. (2008) reported 136 putatively functional genes; the difference in the number reported here is due to annotation 
errors in the Brachypodium distachyon (NC_011032) genome sequence. These have been deleted in the calculation of number 
of genes. 
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Table 4.4.  Variation in accD, ycf1, and ycf2 in Poales (length in bp/percent divergence relative to Typha). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Taxon accD ycf1 ycf2 

Typha 1509 bp 5508 bp 6882 bp 

Agrostis 0 bp 851 bp/24.3% 1380 bp/15.0% 

Brachypodium 0 bp 851 bp//24.1% 1412 bp/16.4% 

Hordeum 134 bp/30% 855 bp/24.0 % 1413 bp/16.3% 

Lolium 132 bp/32.5% 845 bp/23.4% 1314 bp/16.5% 

Oryza 253 bp/29.2% 845 bp/24.3% 698 bp/17.5% 

Saccharum 0 bp 863 bp/25.0% 2063 bp/18.3% 

Sorghum 0 bp 863 bp/25.1% 2061 bp/18.0% 

Triticum 0 bp 837 bp/24.1% 704 bp/17.6% 

Zea 0 bp 867 bp/25.6% 2089 bp/19.1% 
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Table 4.5.  Branch comparisons of dN/dS, dN, and dS for gene groups. P-values were generated using Wilcoxon rank 
sums tests and asterisks show significant values after correction for multiple comparisons using Holm's method, i.e., 
sequential Bonferroni correction (** α = 0.01, * α = 0.05). The value ‘na’ is due to model parameters in PAML. 
 

Gene Groups Branch Comparisons dN/dS dN dS 
Branch leading to Poaceae vs. All other branches 0.0984 < 0.0001** < 0.0001** 
Branch leading to Poaceae vs. Internal Poaceae 0.0872 < 0.0001** < 0.0001** 
Branch leading to Poaceae vs. Non-Poaceae monocots 0.0904 < 0.0001** < 0.0001** 
Branch leading to Poaceae vs. Other angiosperms 0.1103 < 0.0001** < 0.0001** 
Internal Poaceae vs. Non-Poaceae monocots na < 0.0001** < 0.0001** 
Internal Poaceae vs. Other angiosperms 0.6577 < 0.0001** < 0.0001** 

All 73 Genes 

Non-Poaceae monocots vs. Other angiosperms 0.7123 0.8426 0.6613 
Branch leading to Poaceae vs. All other branches 0.0001** 0.2746 < 0.0001** 
Branch leading to Poaceae vs. Internal Poaceae 0.0001** 0.0053* < 0.0001** 
Branch leading to Poaceae vs. Non-Poaceae monocots 0.0001** 0.6835 < 0.0001** 
Branch leading to Poaceae vs. Other angiosperms 0.0001** 0.4589 < 0.0001** 
Internal Poaceae vs. Non-Poaceae monocots na < 0.0001** < 0.0001** 
Internal Poaceae vs. Other angiosperms 0.0116 < 0.0001** < 0.0001** 

Photosynthetic Apparatus                          
(psa-, psb-, and pet-genes) 

Non-Poaceae monocots vs. Other angiosperms 0.0223 0.2702 0.9622 
Branch leading to Poaceae vs. All other branches < 0.0001** < 0.0001** < 0.0001** 
Branch leading to Poaceae vs. Internal Poaceae < 0.0001** < 0.0001** < 0.0001** 
Branch leading to Poaceae vs. Non-Poaceae monocots < 0.0001** < 0.0001** < 0.0001** 
Branch leading to Poaceae vs. Other angiosperms < 0.0001** < 0.0001** < 0.0001** 
Internal Poaceae vs. Non-Poaceae monocots na < 0.0001** < 0.0001** 
Internal Poaceae vs. Other angiosperms < 0.0001** < 0.0001** < 0.0001** 

Genes Expression                                           
(rpl-, rps, and rpo-genes) 

Non-Poaceae monocots vs. Other angiosperms < 0.0001** 0.1513 0.5967 
Branch leading to Poaceae vs. All other branches 0.0123 < 0.0001** < 0.0001** 
Branch leading to Poaceae vs. Internal Poaceae 0.0411 < 0.0001** < 0.0001** 
Branch leading to Poaceae vs. Non-Poaceae monocots 0.0427 < 0.0001** < 0.0001** 
Branch leading to Poaceae vs. Other angiosperms 0.0065 < 0.0001** < 0.0001** 
Internal Poaceae vs. Non-Poaceae monocots na < 0.0001** < 0.0001** 
Internal Poaceae vs. Other angiosperms 0.1186 < 0.0001** < 0.0001** 

Photosynthetic Metabolism                                          
(atp- and ndh-genes) 

Non-Poaceae monocots vs. Other angiosperms 0.1574 0.7511 0.8547 
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Table 4.6.  Likelihood ratio test results comparing a null model (M0), where dN/dS was 
averaged and fixed across all taxa, was compared to alternative models (M2 = H1 or H2).  
The H1 model allowed for two values of dN/dS across the tree; 1) dN/dS for the lineage 
leading to the grasses and 2) dN/dS for all other taxa. The H2 model allowed for three 
values of dN/dS across the tree; 1) dN/dS for the lineage leading to the grasses, 2) dN/dS 
for all other monocot branches, and 3) dN/dS for all other angiosperms. P-values 
generated using a Chi-square test were corrected for multiple comparisons. For model H1 
and gene psaI, the likelihood score was not improved, and statistics are shown as “na”. 
 

Model gene -lnL Mo -lnL M2 |2(M2M0)| chisquare Holm's Sig? FDR Sig? 
H1 atpA 14549.4607 14544.9208 9.0797 0.0026 0.1809 no 0.0443 yes 
H1 atpB 12547.8069 12547.1893 1.2353 0.2664 1.0000 no 0.5402 no 
H1 atpE 4033.4731 4030.4754 5.9954 0.0143 0.8893 no 0.0821 no 
H1 atpF 5277.3253 5277.3222 0.0061 0.9376 1.0000 no 0.9972 no 
H1 atpH 1542.0753 1542.0751 0.0002 0.9874 1.0000 no 0.9972 no 
H1 atpI 6359.2398 6357.7713 2.9370 0.0866 1.0000 no 0.2642 no 
H1 ccsA 11800.0174 11799.3355 1.3639 0.2429 1.0000 no 0.5065 no 
H1 cemA 5862.5762 5861.0988 2.9548 0.0856 1.0000 no 0.2642 no 
H1 clpP 7103.8350 7103.8349 0.0001 0.9925 1.0000 no 0.9972 no 
H1 matK 23794.7348 23794.4198 0.6299 0.4274 1.0000 no 0.6567 no 
H1 ndhA 12652.9298 12650.1543 5.5509 0.0185 1.0000 no 0.0821 no 
H1 ndhB 5793.8304 5791.0280 5.6047 0.0179 1.0000 no 0.0821 no 
H1 ndhC 2981.2663 2981.1833 0.1660 0.6837 1.0000 no 0.9146 no 
H1 ndhD 16309.8368 16306.4283 6.8170 0.0090 0.5869 no 0.0721 no 
H1 ndhE 3058.3244 3058.2114 0.2259 0.6346 1.0000 no 0.8740 no 
H1 ndhF 30438.7639 30438.6034 0.3209 0.5710 1.0000 no 0.8174 no 
H1 ndhG 6271.6461 6271.6178 0.0566 0.8119 1.0000 no 0.9560 no 
H1 ndhH 12550.3051 12550.3051 0.0000 0.9972 1.0000 no 0.9972 no 
H1 ndhI 4436.6864 4436.6732 0.0263 0.8711 1.0000 no 0.9936 no 
H1 ndhJ 4386.0366 4386.0365 0.0000 0.9950 1.0000 no 0.9972 no 
H1 ndhK 5904.5070 5904.4545 0.1048 0.7461 1.0000 no 0.9382 no 
H1 petA 9670.6219 9670.2174 0.8091 0.3684 1.0000 no 0.6437 no 
H1 petB 4257.0730 4254.3278 5.4903 0.0191 1.0000 no 0.0821 no 
H1 petD 3677.1806 3676.9641 0.4330 0.5105 1.0000 no 0.7606 no 
H1 petG 675.0865 673.6535 2.8661 0.0905 1.0000 no 0.2642 no 
H1 petL 941.2063 940.4492 1.5144 0.2185 1.0000 no 0.4764 no 
H1 petN 484.3396 484.3022 0.0747 0.7846 1.0000 no 0.9390 no 
H1 psaA 16402.1928 16402.1926 0.0004 0.9844 1.0000 no 0.9972 no 
H1 psaB 15517.1720 15517.0961 0.1519 0.6967 1.0000 no 0.9146 no 
H1 psaC 1949.7068 1949.3530 0.7077 0.4002 1.0000 no 0.6567 no 
H1 psaI 860.7205 861.6385 1.8359 na na na na na 
H1 psaJ 1267.7475 1267.3462 0.8026 0.3703 1.0000 no 0.6437 no 
H1 psbA 6046.1035 6045.3574 1.4922 0.2219 1.0000 no 0.4764 no 
H1 psbB 11988.6020 11987.6421 1.9199 0.1659 1.0000 no 0.4055 no 
H1 psbC 9127.9229 9123.8353 8.1751 0.0042 0.2845 no 0.0443 yes 
H1 psbD 6798.9338 6793.0655 11.7366 0.0006 0.0435 yes 0.0149 yes 
H1 psbE 1515.8372 1514.3620 2.9505 0.0858 1.0000 no 0.2642 no 
H1 psbF 661.7862 660.5838 2.4048 0.1210 1.0000 no 0.3270 no 
H1 psbH 2290.1614 2290.1141 0.0947 0.7583 1.0000 no 0.9382 no 
H1 psbI 779.2557 778.9404 0.6307 0.4271 1.0000 no 0.6567 no 
H1 psbJ 967.1450 967.1075 0.0749 0.7843 1.0000 no 0.9390 no 
H1 psbK 1950.1508 1949.1106 2.0803 0.1492 1.0000 no 0.3890 no 
H1 psbL 530.6139 529.6575 1.9129 0.1666 1.0000 no 0.4055 no 
H1 psbM 798.3743 795.5476 5.6533 0.0174 1.0000 no 0.0821 no 
H1 psbN 729.9069 728.1722 3.4694 0.0625 1.0000 no 0.2282 no 
H1 psbT 579.4653 578.6692 1.5920 0.2070 1.0000 no 0.4723 no 
H1 psbZ 1380.5466 1380.4795 0.1342 0.7141 1.0000 no 0.9146 no 
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H1 rbcL 13090.2899 13087.5170 5.5458 0.0185 1.0000 no 0.0821 no 
H1 rpl14 3532.0618 3530.6242 2.8753 0.0899 1.0000 no 0.2642 no 
H1 rpl16 4036.8670 4036.4912 0.7515 0.3860 1.0000 no 0.6553 no 
H1 rpl2 4251.3534 4250.7981 1.1105 0.2920 1.0000 no 0.5761 no 
H1 rpl20 4368.6150 4368.5967 0.0365 0.8485 1.0000 no 0.9832 no 
H1 rpl22 2242.1238 2242.1225 0.0026 0.9594 1.0000 no 0.9972 no 
H1 rpl23 1335.0728 1332.0024 6.1409 0.0132 0.8322 no 0.0821 no 
H1 rpl32 1658.1920 1658.0653 0.2535 0.6146 1.0000 no 0.8629 no 
H1 rpl33 2568.0421 2567.6349 0.8144 0.3668 1.0000 no 0.6437 no 
H1 rpl36 1011.7678 1011.3041 0.9273 0.3356 1.0000 no 0.6437 no 
H1 rpoA 9781.2767 9780.8495 0.8544 0.3553 1.0000 no 0.6437 no 
H1 rpoB 30165.9992 30165.6902 0.6180 0.4318 1.0000 no 0.6567 no 
H1 rpoC1 20343.7118 20339.5421 8.3394 0.0039 0.2677 no 0.0443 yes 
H1 rpoC2 47295.7462 47294.8620 1.7683 0.1836 1.0000 no 0.4323 no 
H1 rps11 3965.4299 3962.9663 4.9272 0.0264 1.0000 no 0.1072 no 
H1 rps12 1794.6132 1790.8260 7.5744 0.0059 0.3907 no 0.0540 no 
H1 rps14 2754.6162 2754.6117 0.0090 0.9245 1.0000 no 0.9972 no 
H1 rps15 3304.1684 3296.2534 15.8300 0.0001 0.0050 yes 0.0025 yes 
H1 rps16 1211.5081 1209.1641 4.6880 0.0304 1.0000 no 0.1167 no 
H1 rps18 1333.8792 1333.8092 0.1400 0.7083 1.0000 no 0.9146 no 
H1 rps19 3263.3710 3259.2186 8.3048 0.0040 0.2689 no 0.0443 yes 
H1 rps2 7026.9111 7026.5764 0.6695 0.4132 1.0000 no 0.6567 no 
H1 rps3 7918.0843 7918.0798 0.0090 0.9242 1.0000 no 0.9972 no 
H1 rps4 5364.2260 5364.0360 0.3800 0.5376 1.0000 no 0.7849 no 
H1 rps7 1908.6501 1907.3857 2.5289 0.1118 1.0000 no 0.3138 no 
H1 rps8 4995.5458 4992.2170 6.6575 0.0099 0.6319 no 0.0721 no 
H2 atpA 14549.4607 14532.7850 33.3514 0.0000 0.0000 yes 0.0000 yes 
H2 atpB 12547.8069 12544.2441 7.1256 0.0284 1.0000 no 0.0900 no 
H2 atpE 4033.4731 4023.6062 19.7337 0.0001 0.0034 yes 0.0005 yes 
H2 atpF 5277.3253 5275.6055 3.4395 0.1791 1.0000 no 0.3632 no 
H2 atpH 1542.0753 1539.4663 5.2179 0.0736 1.0000 no 0.1733 no 
H2 atpI 6359.2398 6359.0661 0.3473 0.8406 1.0000 no 0.8766 no 
H2 ccsA 11800.0174 11797.2087 5.6175 0.0603 1.0000 no 0.1572 no 
H2 cemA 5862.5762 5847.7158 29.7208 0.0000 0.0000 yes 0.0000 yes 
H2 clpP 7103.8350 7086.7854 34.0993 0.0000 0.0000 yes 0.0000 yes 
H2 matK 23794.7348 23793.5300 2.4097 0.2997 1.0000 no 0.4698 no 
H2 ndhA 12652.9298 12651.6282 2.6031 0.2721 1.0000 no 0.4514 no 
H2 ndhB 5793.8304 5787.4545 12.7519 0.0017 0.1021 no 0.0089 yes 
H2 ndhC 2981.2663 2980.6888 1.1549 0.5613 1.0000 no 0.6504 no 
H2 ndhD 16309.8368 16308.6911 2.2914 0.3180 1.0000 no 0.4805 no 
H2 ndhE 3058.3244 3057.2951 2.0586 0.3573 1.0000 no 0.5114 no 
H2 ndhF 30438.7639 30438.1756 1.1766 0.5553 1.0000 no 0.6504 no 
H2 ndhG 6271.6461 6270.5146 2.2629 0.3226 1.0000 no 0.4805 no 
H2 ndhH 12550.3051 12547.2463 6.1177 0.0469 1.0000 no 0.1269 no 
H2 ndhI 4436.6864 4436.6056 0.1616 0.9224 1.0000 no 0.9484 no 
H2 ndhJ 4386.0366 4380.9524 10.1683 0.0062 0.3531 no 0.0266 yes 
H2 ndhK 5904.5070 5903.8403 1.3333 0.5134 1.0000 no 0.6247 no 
H2 petA 9670.6219 9669.4261 2.3916 0.3025 1.0000 no 0.4698 no 
H2 petB 4257.0730 4256.3556 1.4348 0.4880 1.0000 no 0.6038 no 
H2 petD 3677.1806 3676.3617 1.6377 0.4409 1.0000 no 0.5707 no 
H2 petG 675.0865 672.5666 5.0399 0.0805 1.0000 no 0.1836 no 
H2 petL 941.2063 939.7702 2.8722 0.2378 1.0000 no 0.4277 no 
H2 petN 484.3396 484.0245 0.6302 0.7297 1.0000 no 0.7951 no 
H2 psaA 16402.1928 16401.2526 1.8804 0.3906 1.0000 no 0.5379 no 
H2 psaB 15517.1720 15517.1369 0.0702 0.9655 1.0000 no 0.9655 no 
H2 psaC 1949.7068 1940.4938 18.4261 0.0001 0.0064 yes 0.0007 yes 
H2 psaI 860.7205 859.3596 2.7219 0.2564 1.0000 no 0.4353 no 
H2 psaJ 1267.7475 1266.9391 1.6167 0.4456 1.0000 no 0.5707 no 
H2 psbA 6046.1035 6044.9009 2.4051 0.3004 1.0000 no 0.4698 no 
H2 psbB 11988.6020 11987.1999 2.8042 0.2461 1.0000 no 0.4277 no 
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H2 psbC 9127.9229 9122.2454 11.3550 0.0034 0.2019 no 0.0167 yes 
H2 psbD 6798.9338 6796.2360 5.3956 0.0674 1.0000 no 0.1695 no 
H2 psbE 1515.8372 1514.3125 3.0495 0.2177 1.0000 no 0.4182 no 
H2 psbF 661.7862 661.2720 1.0285 0.5979 1.0000 no 0.6820 no 
H2 psbH 2290.1614 2289.7760 0.7707 0.6802 1.0000 no 0.7639 no 
H2 psbI 779.2557 778.5143 1.4829 0.4764 1.0000 no 0.5996 no 
H2 psbJ 967.1450 963.3114 7.6672 0.0216 1.0000 no 0.0752 no 
H2 psbK 1950.1508 1949.3305 1.6406 0.4403 1.0000 no 0.5707 no 
H2 psbL 530.6139 530.3754 0.4770 0.7878 1.0000 no 0.8335 no 
H2 psbM 798.3743 796.8982 2.9521 0.2285 1.0000 no 0.4277 no 
H2 psbN 729.9069 728.9223 1.9693 0.3736 1.0000 no 0.5244 no 
H2 psbT 579.4653 577.1776 4.5754 0.1015 1.0000 no 0.2245 no 
H2 psbZ 1380.5466 1380.2856 0.5219 0.7703 1.0000 no 0.8269 no 
H2 rbcL 13090.2899 13086.2545 8.0709 0.0177 0.9723 no 0.0679 no 
H2 rpl14 3532.0618 3528.4254 7.2729 0.0263 1.0000 no 0.0874 no 
H2 rpl16 4036.8670 4029.8772 13.9797 0.0009 0.0571 no 0.0056 yes 
H2 rpl2 4251.3534 4251.3009 0.1050 0.9489 1.0000 no 0.9620 no 
H2 rpl20 4368.6150 4366.4803 4.2693 0.1183 1.0000 no 0.2540 no 
H2 rpl22 2242.1238 2238.2266 7.7944 0.0203 1.0000 no 0.0741 no 
H2 rpl23 1335.0728 1331.9818 6.1820 0.0455 1.0000 no 0.1269 no 
H2 rpl32 1658.1920 1656.7839 2.8162 0.2446 1.0000 no 0.4277 no 
H2 rpl33 2568.0421 2566.1449 3.7943 0.1500 1.0000 no 0.3128 no 
H2 rpl36 1011.7678 1010.9565 1.6225 0.4443 1.0000 no 0.5707 no 
H2 rpoA 9781.2767 9780.2168 2.1198 0.3465 1.0000 no 0.5059 no 
H2 rpoB 30165.9992 30137.2868 57.4247 0.0000 0.0000 yes 0.0000 yes 
H2 rpoC1 20343.7118 20333.9383 19.5471 0.0001 0.0037 yes 0.0005 yes 
H2 rpoC2 47295.7462 47278.7657 33.9610 0.0000 0.0000 yes 0.0000 yes 
H2 rps11 3965.4299 3945.2198 40.4201 0.0000 0.0000 yes 0.0000 yes 
H2 rps12 1794.6132 1787.7233 13.7798 0.0010 0.0621 no 0.0057 yes 
H2 rps14 2754.6162 2751.9772 5.2779 0.0714 1.0000 no 0.1733 no 
H2 rps15 3304.1684 3300.8594 6.6180 0.0366 1.0000 no 0.1067 no 
H2 rps16 1211.5081 1208.1935 6.6291 0.0363 1.0000 no 0.1067 no 
H2 rps18 1333.8792 1333.5584 0.6416 0.7256 1.0000 no 0.7951 no 
H2 rps19 3263.3710 3255.6861 15.3698 0.0005 0.0290 yes 0.0031 yes 
H2 rps2 7026.9111 7021.3363 11.1496 0.0038 0.2200 no 0.0173 yes 
H2 rps3 7918.0843 7905.6840 24.8005 0.0000 0.0003 yes 0.0000 yes 
H2 rps4 5364.2260 5362.5587 3.3346 0.1888 1.0000 no 0.3724 no 
H2 rps7 1908.6501 1904.2218 8.8568 0.0119 0.6683 no 0.0484 yes 
H2 rps8 4995.5458 4994.9441 1.2034 0.5479 1.0000 no 0.6504 no 
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Table 4.7.  The degree of rate acceleration for the ratio of nonsynonymous to synonymous substitutions (dN/dS) on the branch 
leading to Poaceae relative to other branches in the phylogeny. Asterisks show P-values that are significant after correction for 
multiple comparisons using Holm's method, i.e., sequential Bonferroni correction (** α = 0.01, * α = 0.05). 
 

Gene name/ 

gene group 

Leading  

to Poaceae 

Internal  

Poaceae 

Increase 

dN/dS 

Other 

monocots 

Increase 

dN/dS 

Others 

Angiosperms 

Increase 

dN/dS 

atp 0.2678 0.1077 2.49 0.1077 2.49 0.0985 2.72 

ccsA 0.2234 0.1945 1.15 0.1945 1.15 0.2481 0.90 

cemA 1.6600 0.2016 8.23 0.2016 8.23 0.3203 5.18 

clpP 0.6711 0.1513 4.44 0.1513 4.44 0.3187 2.11 

matK 0.3096 0.3502 0.88 0.3502 0.88 0.3820 0.81 

ndh 0.1652 0.1483 1.11 0.1483 1.11 0.1281 1.29 

pet 0.0149 0.0790 0.19 0.0790 0.19 0.0780 0.19 

psa 0.0607 0.1137 0.53 0.1137 0.53 0.1336 0.45 

psb 0.0532 0.1025 0.52 0.1025 0.52 0.0776 0.69 

rbcL 0.0391 0.0963 0.41 0.0963 0.41 0.0889 0.44 

rpl 0.3400 0.1655 2.05 0.1655 2.05 0.2034 1.67 

rps 0.5426 0.1766 3.07 0.1766 3.07 0.1923 2.82 

rpo 0.3207 0.1553 2.07 0.1553 2.07 0.1853 1.73 

Average 

P-value 

0.3591 

 

0.1571 

 

2.0879 

P = 0.2642 

0.1571 

 

2.0879 

P = 0.2642 

0.1888 

 

1.6155 

P = 0.5114 
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Table 4.8. The degree of rate acceleration for nonsynonymous substitutions (dN) on the branch leading to Poaceae relative to 
other branches in the phylogeny. Asterisks show P-values that are significant after correction for multiple comparisons using 
Holm's method, i.e., sequential Bonferroni correction (** α = 0.01, * α = 0.05). 
 

Gene name/ 

gene group 

Leading    

to Poaceae 

Internal 

Poaceae 

Increase 

dN 

Other 

monocots 

Increase 

dN 

Others 

Angiosperms 

Increase 

dN 

atp 0.0424 0.0018 23.02 0.0073 5.83 0.0069 6.16 

ccsA 0.0540 0.0049 11.06 0.0244 2.21 0.0249 2.17 

cemA 0.1715 0.0040 42.70 0.0141 12.19 0.0238 7.21 

clpP 0.2117 0.0025 85.63 0.0085 25.05 0.0197 10.76 

matK 0.0900 0.0114 7.88 0.0386 2.33 0.0378 2.38 

ndh 0.0378 0.0030 12.49 0.0109 3.47 0.1281 0.30 

pet 0.0026 0.0016 1.64 0.0054 0.48 0.0053 0.48 

psa 0.0107 0.0019 5.54 0.0073 1.47 0.0068 1.58 

psb 0.0099 0.0022 4.40 0.0055 1.81 0.0043 2.30 

rbcL 0.0128 0.0026 4.84 0.0069 1.86 0.0064 2.00 

rpl 0.0962 0.0040 24.30 0.0108 8.92 0.0130 7.42 

rps 0.0784 0.0032 24.43 0.0106 7.39 0.0120 6.56 

rpo 0.0656 0.0041 15.96 0.0116 5.68 0.0146 4.51 

Average 

P-value 

 

0.0680 

 

 

0.0036 

 

 

20.2983 

P < 0.001** 

 

0.0124 

 

 

6.0537 

P = 0.0056* 

 

0.0233 

 

 

4.1396 

P = 0.0378 
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Table 4.9. The degree of rate acceleration for synonymous substitutions (dS) on the branch leading to Poaceae relative to other 
branches in the phylogeny. Asterisks show P-values that are significant after correction for multiple comparisons using Holm's 
method, i.e., sequential Bonferroni correction (** α = 0.01, * α = 0.05). 
 

Gene name/ 

gene group 

Leading to 

Poaceae 

Internal 

Poaceae 

Increase 

dS 

Other 

monocots 

Increase 

dS 

Other 

angiosperms 

Increase 

dS 

atp 0.1868 0.0179 10.44 0.0679 2.75 0.0718 2.60 

ccsA 0.2416 0.0251 9.63 0.1255 1.93 0.1003 2.41 

cemA 0.1033 0.0199 5.18 0.0698 1.48 0.0743 1.39 

clpP 0.3155 0.0164 19.23 0.0559 5.64 0.0617 5.11 

matK 0.2907 0.0327 8.90 0.1101 2.64 0.0990 2.94 

ndh 0.2280 0.0244 9.34 0.0872 2.62 0.0858 2.66 

pet 0.1847 0.0190 9.74 0.0676 2.73 0.0653 2.83 

psa 0.2004 0.0199 10.06 0.0686 2.92 0.0649 3.09 

psb 0.1875 0.0188 9.99 0.0527 3.56 0.0571 3.28 

rbcL 0.3270 0.0276 11.85 0.0716 4.57 0.0720 4.54 

rpl 0.2773 0.0246 11.27 0.0715 3.88 0.0820 3.38 

rps 0.1652 0.0195 8.49 0.0690 2.39 0.0693 2.38 

rpo 0.2085 0.0250 8.33 0.0740 2.82 0.0778 2.68 

Average 

P-value 

 

0.2243 

 

 

0.0224 

 

 

10.1888 

P < 0.001** 

 

0.0763 

 

 

3.0708 

P < 0.001** 

 

0.0755 

 

 

3.0230 

P < 0.001** 
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Fig. 4.1.  Gene map of the Typha latifolia plastid genome. Thick lines on the inner circle 
indicate the extent of inverted repeats (IRa and IRb). Numbers on the inner circle show 
coordinates in kb. Genes on the outside of the map are transcribed in the clockwise 
direction, and genes on the inside are transcribed in the counterclockwise direction. 
Genes containing introns are indicated with an asterisk.  
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Fig 4.2.  Extent of the inverted repeat (IR) in 10 Poales plastid genomes. Selected genes or portions of genes are indicated by 
gray boxes above or below the genome. 
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Fig 4.3.  Multipip analyses (Schwartz et al. 2003) showing overall sequence similarity of 
plastid genomes based on complete genome alignment. Levels of sequence similarity are 
indicated by black (75-100%), gray (50-75%), and white (< 50%). A, Comparison of 10 
members of Poales, using Typha latifolia as the reference genome. Arrows indicate 
gene/intron losses and deletions; partial duplication of ycf1 is due to IR expansion. B, 
Comparison of 9 Poaceae genomes using Hordeum vulgare as the reference genome. 
Arrows indicate deletions; 995 bp deletion is present twice because it is in the IR. 
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Fig 4.4.  Percent Identity Plot (Elnitski et al. 2002). A, Typha latifolia compared to Hordeum vulgare. Numbers along the x-
axis indicate the coordinates for Typha and along the y-axis for Hordeum. INV = inversion. B, Hordeum vulgare compared to 
Zea mays. Numbers along the x-axis indicate the coordinates for Hordeum and along the y-axis for Zea
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Fig 4.5.  ML tree of 47 taxa for 73 protein-coding genes (-lnL = 568622.59691). MP 
analysis was generally congruent, but topological differences are shown in the inset. 
Bootstrap values are shown at nodes for ML/MP; and only one statistic is reported where 
values are the same except in the eurosid clade where ML values are shown on the full 
tree and MP values are on the inset. The Poales clade is shaded and genomic changes 
within Poales are indicated by black bars. Subfamilies sampled are shown (EHR = 
Ehrhartoideae, POO = Pooideae, PAN = Panicoideae). 
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Fig. 4.6.  Sample trees from codeml analyses showing rate acceleration (dN or dS) for 
three plastid genes. A-B, large subunit ribosomal protein L32. C-D, small subunit 
ribosomal protein S11. E-F, photosystem II protein J
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Fig. 4.7.  Average dN/dS, dN, and dS values per gene plotted across the length of the plastid genome using the grass gene 
order. Values for the branch leading to Poaceae (circles), internal Poaceae branches (”x”s), non-Poaceae monocot branches 
(triangles), and other angiosperm branches (squares) were compared. For values of dN/dS, black squares show both non-
Poaceae monocot and other angiosperm branches due to PAML model parameters. Scales for each plot are different.
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Appendix A.  Alignment of accD, ycf1, and ycf2 in Poales (Typha and 
nine additional Poaceae genomes). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 148 



 149 



 150 



 151 



 152 



 153 



 154 



 155 



 156 



 157 



 158 



 159 



 160 



 161 



 162 



 163 



 164 



 165 



 166 



 167 



 168 



 169 



 170 



 171 



 172 



 173 



 174 



 175 



 176 



 177 



 178 



 179 



 180 



 181 



 182 



 183 

 

Fig. A.  Alignment of accD, ycf1, and ycf2 in Poales (Typha and nine additional Poaceae 
genomes). 
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