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ABSTRACT 

This thesis explores evolution of gene order in chloroplasts, genome duplications 

in flowering plants, and the relationship between phylogenetic position, polyploidy, and 

gene numbers. Comparisons of chloroplast gene orders in inferred ancestral and extant 

green algae and land plants, together with simulations under a neutral evolution model, 

indicate that gene order is under strong selection possibly resulting from an advantage for 

co-transcription of neighboring genes. We also show that genome duplications occurred 

in many lineages of flowering plants, and that basal angiosperm species express more 

genes in flowers than do derived eudicot and monocot species. The project illustrates 

how novel statistical approaches, applied to the rapidly growing database of expressed 

gene and genome sequences, can reveal mechanisms that underlie processes of genome 

evolution. 
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Chapter 1 

 

Evolution on the Genome Level 

A genome refers to a single set of chromosomes with all the genetic information. 

Haploid organisms, such as bacteria and organelles in eukaryote cells, usually contain 

one to many circular DNA molecules, which may be referred to as one chromosome (1). 

Most eukaryote cells contain two or more sets of chromosomes and thus they are from 

diploid or polyploid species. Changes of the genome between related species can be 

studied on multiple levels. On the DNA sequence level, a genome contains protein-

coding genes, RNA genes and non-coding DNA (2). Some regions may be single-copy 

and others duplicated through tandem duplication, segmental duplication and insertions 

of transposable elements. The entire genome may also be duplicated. On the gene 

expression (mRNA) level, different genes in the genomes are expressed according to the 

tissue and developmental stages. One can construct a phylogenetic tree of related 

organisms (or genes) based on DNA or protein sequences. With the advancement of 

genome sequencing, it is possible to construct whole-genome phylogenies using gene 

content and gene order data. On the other hand, evolutionary changes could be mapped 

onto a phylogenetic tree, leading to the inference of ancestral states (DNA, protein or 

other characters) and paths of evolution. In the following chapters I will focus on three 

aspects of genome evolution in a phylogenetic context, including gene order, genome 

duplication and expressed genes, illustrated by examples in algal and land plants, 

especially flowering plants.  For each study, I have developed new methods and applied 
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them to data generated from whole genome and EST sequencing projects. These 

principles of genome evolution are not limited to the species studied. It is expected that 

methods extension would be applicable to other genomes, but some of the biological 

interpretations may be different.  

First, I utilized complete chloroplast genomes to study gene order evolution and 

its consequences in a unicellular green alga. The chloroplast is the photosynthetic 

organelle in green plants and algae, and it contains a single circular genome, encoding 50 

~ 250 genes. In 1986, whole genome sequencing became a reality for plant organelles 

(3), 47 chloroplast genomes have been fully sequenced and publicly deposited.  Studies 

of individual genes or proteins provide rich sequences for target regions of the genome, 

but whole genome sequences offer another dimension of information that is only 

available with complete genome data.  Comparisons of gene content changes in 

chloroplast genomes generally indicate parallel gene losses during evolution of algae and 

land plant lineages (4). Gene order changes, due to inversions and transpositions, have 

been observed in chloroplast genomes (5). Phylogeny reconstruction of ancestral gene 

orders have been conducted on chloroplast data (6).  Chloroplast genomes are also unique 

in that most duplicate genes are located in the inverted repeats (IR), two identical regions 

in opposite orientations flanked by single copy regions (3). Chapter 2 describes a 

database of fully-sequenced chloroplast genomes, which provides tools to quickly 

identify and extract orthologous genes. I developed and used the prototype version of this 

database to extract orthologous protein sequences and constructed reference phylogenies 

for the chloroplast genomes studied in the next two chapters. Chapter 3 illustrates that the 

gene order changes in the evolution of an algal chloroplast genome may be under 
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selection for co-transcription of neighboring genes, resulting in clustered regions that 

were potential transcription units. The method used to reconstruct ancestral chloroplast 

genomes is detailed in the Appendix. 

Next, the evolutionary changes in plant nuclear genomes are explored in the 

context of genome duplication. It is possible to observe chromosome pairing under a 

microscope, so that long before DNA sequences were available, cytogenetic studies were 

conducted on many plant species. Many plants are found to be polyploid, and polyploid 

species are distributed among all major lineages of flowering plants (angiosperms), from 

basal angiosperms to derived monocots and eudicots (7). However, it was not until the 

whole genome sequence of the model flowering plant, Arabidopsis thaliana, became 

available that large segmental duplications within this genome were discovered (8). 

Further comparative studies suggest that perhaps this genome has undergone two or three 

rounds of duplication in the last 350 million years (9). The dates for the ancient whole 

genome duplications are still under debate (10). Due to the large size of nuclear genomes 

of most plant species, it is not yet practical to sequence their whole genomes. Expressed 

Sequence Tag (EST) sequencing provides an economical alternative to study the 

expressed fraction of a genome (11). Chapter 4 reports studies of genome duplication 

based on EST data. We collected EST sequences from basal angiosperm lineages, basal 

eudicots and basal monocots, and a few eudicot crop species. We further developed 

methods to test the presence of large-scale duplications based on the distribution of silent 

substitutions (Ks) for duplicated genes in these genomes. This method addressed the 

variation of EST sequencing quality and the errors in Ks estimates and tested observed 

distributions against an expected age distribution of duplicate genes based on a birth and 
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death process. Results from basal angiosperm lineages suggest that genome duplications 

may have been recurrent in the history of flowering plants, and perhaps correlated with 

the radiation of basal angiosperms, monocots and eudicots. 

Although EST sequences cover only a fraction of genes expressed, the gene 

expression profiles estimated from ESTs of floral cDNA libraries provided the first 

insight into the diverse sets of genes expressed in flowers of diverse lineages (12). 

Chapter 5 describes a comparison of the estimated numbers of expressed genes between 

flowers of some basal angiosperm species and selected eudicot and monocot species. The 

method has been specifically developed for EST sequences to correct for over-estimation 

of rare transcript due to sequence clustering errors (13), and statistically rigorous 

estimation of the total number of transcript species in the underlying library (14). The 

estimate of total number of genes (or unique transcript types) in the floral transcriptome 

is compared to empirical observations from whole-genome microarrays and simulations. 

Here the estimated total number of expressed genes is much larger in basal lineages, 

which could indicate a systematic and repeated reduction in gene coding content in more 

derived lineages even in the face of pervasive genome duplication. The difference in the 

inferred gene number is not explained by technical reasons such as EST clustering errors. 

This apparent reduction of expressed genes during flowering plant evolution has not been 

reported previously. An alternative mechanism that could also give rise to the observed 

pattern would be relaxed gene transcription regulation differences in basal angiosperms 

compared to derived angiosperm lineages. 

. 
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Lastly, I discuss the extension of genome evolution studies in animal lineages. 

The study of genome rearrangements could be applied to chromosome evolution in 

Drosophila (fruit fly) species and in eutherian mammals. The challenges lie in 

implementation of different operations (tandem duplications, chromosome fission and 

fusions) and the size of data which requires far more computation time. Genome 

duplications are also found in some vertebrates, including fishes and amphibians, 

Because of large number of alternative splicing forms, regulation of transcription and 

post-transcription modification may be more important in those genomes. Comparative 

studies in these organisms are needed to address that how different modes of evolution 

interact to shape the genomes. 
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Chapter 2 

 

ChloroplastDB: The chloroplast genome database 

Preface 

This manuscript has been published in Nucleic Acids Research. The authors are 

Liying Cui, Narayana Veeraraghavan, Alexander Richter, Kerr Wall, Robert K. Jansen, 

Jim Leebens-Mack, Izabela Makalowska and Claude W. dePamphilis. LC and KW 

designed the original database; NV, AR and IM continue to develop the public database, 

RKJ, JLM and CWD contributed to the annotation and corrections. LC wrote the 

manuscript and all authors suggested changes or edits, and approved the manuscript. 
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Abstract 

The Chloroplast Genome Database (ChloroplastDB) is an interactive, web-based 

database for fully sequenced plastid genomes, containing genomic, protein, DNA, and 

RNA sequences, gene locations, RNA-editing sites, putative protein families and 

alignments (http://chloroplast.cbio.psu.edu/). With recent technical advances, the rate of 

generating new organelle genomes has increased dramatically. However, the established 

ontology for chloroplast genes and gene features has not been uniformly applied to all 

chloroplast genomes available in the sequence databases. For example, annotations for 

some published genome sequences have not evolved with gene naming conventions. 

ChloroplastDB provides unified annotations, gene name search, BLAST and download 

functions for chloroplast encoded genes and genomic sequences. A user can retrieve all 

orthologous sequences and alignments with one search regardless of gene names in 

GenBank. This feature alone greatly facilitates comparative research on sequence 

evolution including phylogeny, changes in gene content, codon usage, gene structure, and 

post-transcriptional modifications such as RNA editing. Orthologous protein sets are 

classified by TribeMCL and each set is assigned a standard gene name. Over the next few 

years, as the number of sequenced chloroplast genomes increase rapidly, the tools 

available in ChloroplastDB will allow researchers to easily identify and compile target 

data for comparative analysis of chloroplast genes and genomes. 
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Introduction 

As the site in the eukaryotic cell where photosynthesis takes place, chloroplasts 

are responsible for much of the world's primary productivity, making chloroplasts 

essential to the lives of plants and animals alike. The oxygen in our atmosphere, all 

agricultural commodities, and fossil fuels such as coal and oil are "products" of 

photosynthesis (1). Other important activities that occur in chloroplasts (and several types 

of non-photosynthetic plastids) include the production of starch (2), certain amino acids 

and lipids (3,4), some of the colorful pigments in flowers (5), and key aspects of sulfur 

and nitrogen metabolism (6,7). 

All plastids studied to date contain their own distinct genomes derived from a 

cyanobacterial ancestor that was captured early in the evolution of the eukaryotic cell (8). 

Although much smaller than the nuclear genome, chloroplast genomes typically contain 

around 110-120 unique genes including conserved open reading frames annotated as ycf 

genes (hypothetical chloroplast open reading frame) (9). Additional possible coding 

regions are designated as ORFs (open reading frames). These are typically annotated with 

the number of amino acids encoded (e.g., ORF1995)(10). Some algae have retained a 

large chloroplast genome with more than 200 genes, whereas the plastid genomes from 

non-photosynthetic organisms may retain only a few dozen genes. 

Chloroplast gene sequences have been widely used as genetic markers for plant 

and algal phylogenetic studies for nearly two decades (11,12). Whereas one or a few 

genes have been the focus of study most of this time (rbcL, atpB, matK; but see studies 

by Graham and Olmstead (13,14)), rapid growth in the number of chloroplast genome 
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sequences is now making it possible for a wide range of phylogenetic issues to be 

addressed with genome scale data sets (15,16). For population-level studies, polymorphic 

regions for targeted sequencing can be identified through comparison of complete 

genome sequences for exemplar taxa (17). Chloroplast genome sequences are also being 

used to address a wide range of evolutionary questions about changes in gene content and 

gene order (18), the dynamics of insertion and deletion events (19), intergenomic gene 

transfer (20), and photosynthetic evolution (21). The development of genetic 

transformation of chloroplasts has been very exciting (22) and the list of target species 

will increase as the locations and flanking sequences for intergenic spacer regions are 

identified from an expanding number of chloroplast genome sequences (23). Genome-

scale functional analyses, including investigations of plastid transcriptomes and 

proteomes are also progressing rapidly (24). 

Several bioinformatic resources provide information on organelle genomes, and 

tools specific for these genomes have been developed (25). The standard repository for 

full genome sequences, the GenBank, EMBL and DDBJ nucleotide sequence databases, 

currently includes 44 complete plastid genomes sequenced since 1986. The NCBI 

GenBank genome section lists entire organelle genome sequences submitted to the 

database and reviewed by NCBI staff (26). GOBASE (27) also maintains a list of 

sequenced organelle genomes. A standardized nomenclature for plastid-encoded protein 

genes is available through the UniProt database (http://www.expasy.org/txt/plastid.txt). A 

web-based annotation tool, DOGMA, provides a graphical user interface to annotate draft 

and finished organelle genomes based on sequence similarity searches and RNA 

secondary structure prediction (28). The program GRAPPA has been used for 
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phylogenetic analysis of chloroplast gene order changes (29). A plastid gene order 

database was developed with uniform gene names for 32 plastid genomes (30). In 

addition, 500 primers are now available for targeted PCR amplification of sequences 

from chloroplast genomes (http://bfw.ac.at/200/1859.html).  

A prerequisite of future research is the accessibility of well-annotated, easy-to-use 

sequence data. However, several major limiting factors exist including flat file 

presentation of annotated organelle genomes, lack of standard data structure for relational 

databases, and non-uniform annotation quality. Errors in the annotation typically persist 

in the standard databases (for example, the gene rpl2 is annotated as rp12 in the Oryza 

sativa chloroplast DNA). As a heritage of early annotations, gene name variants, 

unidentified ycfs and ORFs, and unannotated genes are present in some genomes. Given 

the ubiquity of phylogenetic studies based on plastid gene sequences, the flat file format 

makes search and data retrieval cumbersome.  

RNA editing, a post-transcriptional process that alters specific RNA bases prior to 

translation, is common in the chloroplast genomes of some land plants (31). RNA editing 

can result in the creation of start codons and removal of stop codons, as well as making 

radical amino acid substitutions that would not be predicted based on the DNA sequence 

alone. Accurate genome annotation and inference of protein sequences often cannot be 

accomplished without knowledge of RNA editing sites (e.g., in the chloroplast DNA of 

Anthoceros formosae, Adiantum capillus-veneris, and Zea mays). The pace of new data 

generation and large-scale analyses demand a better integration of resources for 

chloroplast genome research. ChloroplastDB is a relational database with a user-friendly 

interface and tools to aid the analysis of chloroplast genome sequences.  
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Data Management and Organization 

ChloroplastDB was designed using a MySQL database structure. The tables in the 

relational database store data related to the genes, nucleotide sequences, and annotated 

protein sequences for coding sequences (CDS). The databases contain fully sequenced 

plastid genomes obtained from the NCBI RefSeq section 

(http://www.ncbi.nlm.nih.gov/genomes/static/euk_o.html). All genes, including protein-

coding genes, tRNA, rRNA, hypothetical open reading frames (ycf, ORF) were parsed 

and incorporated into the database (Figure 2-1). 
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Figure 2-1: ChloroplastDB overview. (A) Database structure and relationship of 

data tables. PK: primary key. FK: foreign key. (B) Data flow and filtering steps to ensure 

the high quality of data stored in the database. 
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The standard process for extracting and storing data was carried out as follows: 

1. A GenBank XML file containing a plastid genome sequence is downloaded. The 

XML format ensures better integrity of parsed data than GenBank flat files. 

2. Using in-house XML parsers written in Perl, the XML data is extracted, filtered 

through quality control steps and formatted properly. The cleaned data are stored 

in the database in a form conducive to efficient data transactions. 

3. Using the coordinates from the features (CDS, tRNA, rRNA, intron), the 

corresponding nucleotide sequence is extracted from the genome and stored in the 

database. The nucleotide coding sequences were used for sequence analysis using 

NCBI BLAST (v 2.2.10). 

4. In a few instances when a parsed sequence lacks appropriate annotation, the 

GenBank records are updated with expert annotations after automatic processing 

of the XML file. 

5. Three BLAST databases are created: one for the whole genome sequence from all 

organisms, a second for the annotated protein sequences of all organisms in the 

database, and a third for the generated nucleotide coding sequences from each 

organism. 

When new sequences are added to the database, the proteins are sorted into 

potentially orthologous sets or "tribes" using tribeMCL (32). First, a sequence similarity 

profile is obtained by all-against-all BLAST on the protein sequences at a threshold of 

1E-3. The BLAST output is fed to tribeMCL, which then generates a list of tribes 

representing protein families. This output is parsed and the tribes are updated in the 

database. 
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The quality control procedure is crucial in maintaining the integrity and accuracy 

of the extracted data. There appear to be some irregularities with the GenBank 

annotations. The genomic region spanning one gene and the gene features (CDS, tRNA, 

rRNA) share the same gene name. In case of overlapping and nested genes, the 

annotation for the second (or nested) gene could be attributed to the first gene, resulting 

in confusions. Also, there are instances where the gene names are not included in the 

feature description. We have avoided the problem by using the coordinates for each 

"gene" feature as the primary reference, and after that, the coordinates of other features 

are checked and assigned new gene names. For example, rps12 is a trans-spliced gene 

containing three exons in the angiosperm chloroplast genome. The first exon is located 

about 30kb upstream of the second exon, and on the opposite coding strand. The initial 

parsed record for the gene contained many other genes nested in the intron region. After 

the filtering step, those nested genes were dissociated from the name "rps12" and 

assigned to their appropriate names. If no gene name was found, the feature was deemed 

to be an "ophan" and assigned a local name (starting with "lcl_anno").  

When the GenBank annotation included RNA edited sites, both the location and 

type of edits were extracted from the record. The information was used to generate an 

edited pseudosequence that was stored with a list of edited sites. Just 38 genes with 541 

annotated, experimental verified sites from Anthoceros formosae and Physcomitrella 

patens are included in the current GenBank annotations. RNA editing has been reported 

in other plants including tobacco, maize and Adiantum chloroplast DNA. Because the 

GenBank record does not contain a standard feature to store the RNA editing 

information, some edited sites were not reported while others were reported as exceptions 
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since the protein sequence did not match conceptual translation of the protein coding 

gene. To maintain quality and consistency of the data, we report annotated locations and 

the edited mRNA sequence. 

The Choloroplast Genome Database Interface 

Web user interfaces, developed using Perl CGI scripts, interact with the above 

mentioned data repository and provide users with basic sequence analysis tools (Figure 2-

2). ChloroplastDB can be queried by gene name, and query results are returned in a table 

with links to individual genes. The BLAST similarity search was implemented for search 

against whole genome, extracted proteins, or extracted CDS. Sequences returned in 

BLAST searches can be exported to a fasta file. A user can also browse the list of 

organisms and all genes by specified subtypes (tRNA, rRNA, protein-coding) from each 

organism. The set of extracted genes vary from 56 in a non-photosynthetic parasitic plant, 

Epifagus virginiana, to 254 in the red alga Porphyra purpurea, including duplicate genes 

that are present in the genome. Tribes represent putatively orthologous genes across 

organisms, which can be downloaded to construct multiple sequence alignments. 

Together, these web interfaces provides a workbench for query, search, and sequence 

compilation and analysis. The various functions are seamlessly linked for a smooth user 

experience.  
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Figure 2-2: Examples of analysis using the ChloroplastDB web interface. (A) 

Homepage of the database. (B) Search results for the gene "rbcL". (C) The gene view 

page linked to search result for each gene, including mRNA editing information. (D) 

BLAST results, with options to download sequences from the BLAST search. (E) 

Putative orthologous gene set listed as "Tribes". (F) The organism page presents a 

summary of genomes and extracted features in the database for batch download. 
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How to use the Chloroplast Genome Database 

Gene Search 

The basic query page allows a user to search for individual gene of interest. For 

example, search of "rbcL" returns all rbcL gene entries, in which two copies are from 

Nephroselmis olivacea since they are duplicated and located in the inverted repeats. Each 

gene is then linked to a gene view page. The gene view displays the gene name, 

organism, coordinates on the genome, exon boundaries, and DNA or protein sequences. 

Annotated RNA edits are highlighted with colors for easy identification. 

BLAST 

Customized BLAST searches against nucleotide coding sequences, proteins or 

genomic sequences allows a researcher to quickly identify novel sequences, to construct 

alignments and to annotate chloroplast genes. The returned entries are linked to 

respective gene view page or the whole genome record in NCBI. Selected list of entries 

can be exported as fasta sequences. A user can also run BLAST against the Arabidopsis 

or rice proteome to identify nuclear encoded homologs of chloroplast genes. 

Tribes 

An important feature of this database is pre-computed orthologous protein sets, 

which could be used for phylogenetic analysis. The tribes presented a uniform, automatic 

classification of chloroplast proteins using MCL clustering on all-by-all BLAST search 

results. With few exceptions, all other tribes represent orthologous gene sets, and a 

standard name is displayed for each tribe according to the UniProt list of plastid and 

cyanelle genes. The paralogous psaA and psaB are highly similar duplicate genes 



20 

  

(BLAST E-value < 1.0E-150) which are grouped together in a single tribe. In contrast, 

rapidly evolving ycf1 genes are split into three tribes including seed plant, ferns plus 

bryophytes, and algal orthologs. Tribes also become a discovery tool for unannotated 

proteins. For example, ORF288 in hornwort, Anthoceros formosae, was sorted to the 

cysT tribe, together with an unannotated orthologous sequence from liverwort, 

Marchantia polymorpha. We also provide pre-computed protein and DNA alignments for 

each tribe. 

Whole genome comparison and batch sequence retrieval 

The plastid genomes from land plants, green algae, red algae and Apicomplexian 

represents a great range of diversity of the organelle genomes. The organism page 

presented direct link to the GenBank genome sequences, and ability to download genome 

sequences and genes by organisms. The user can use the downloaded sequence for 

organism specific analysis, or comparison for a specific type of sequences across 

organisms. 

Future Prospects 

Over the next few years, the growth of full organelle genome sequences will 

provide new opportunities for whole-genome comparative analyses. Cross-species 

investigations of genome-wide structural evolution, context-specific substitution 

processes (33), RNA editing, gene regulation and gene function will be more tractable for 

organelle genomes than much larger and more complex nuclear genomes. Organelle 

genomes may be an ideal proving ground for methods of analysis being developed to 
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understand genome and gene order evolution. The mission of ChloroplastDB is to 

promote comparative analyses of plastid genomes by addressing the community need for 

better, uniform annotation, quick sequence retrieval and homology search tools. The 

functionality of ChloroplastDB will grow as new genomes and alignments and other 

analyses are added, gene clustering techniques are improved,  and visualization tools with 

gene order browsers are developed.  
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Chapter 3 

 

Adaptive evolution of chloroplast genome structure inferred using a parametric 

bootstrap approach 
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Abstract 

Background Genome rearrangements influence gene order and configuration of 

gene clusters in all genomes. Most chloroplast DNAs (cpDNAs) share a highly conserved 

gene content and with notable exceptions, a largely co-linear gene order. Conserved gene 

orders may reflect a slow intrinsic rate of neutral chromosomal rearrangements, or 

selective constraint. It is unknown to what extent observed changes in gene order are 

random or adaptive. We investigate the influence of natural selection on gene order in 

association with increased rate of chromosomal rearrangement. We use a novel 

parametric bootstrap approach to test if directional selection is responsible for the 

clustering of functionally related genes observed in the highly rearranged chloroplast 

genome of the unicellular green alga Chlamydomonas reinhardtii relative to ancestral 

chloroplast genomes. 

Results Ancestral gene orders were inferred and then subjected to simulated 

rearrangement events under the random breakage model with varying ratios of inversions 

and transpositions. We found that adjacent chloroplast genes in C. reinhardtii were 

located on the same strand much more frequently than in simulated genomes that were 

generated under a random rearrangement processes (increased sidedness; p <0.0001). In 

addition, functionally related genes were found to be more clustered than those evolved 

under random rearrangements (p < 0.0001). We reported evidence of co-transcription of 

neighboring genes, which may be responsible for the observed gene clusters in C. 

reinhardtii cpDNA. 
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Conclusions Simulations and experimental evidence suggest that both selective 

maintenance and directional selection for gene clusters are determinants of gene orders in 

chloroplasts. 

Background 

 The influence of genotype on phenotype is not limited to the coding of peptides 

and functional RNAs by nucleotide sequences. An organism’s phenotype is also affected 

by the chromosomal arrangement of genes and the interaction of gene products. 

Comparative genomics has revealed a number of gene clusters and chromosomal 

segments that have remained intact over hundreds of millions of years (1). Selection for 

clustering of co-transcribed genes has been hypothesized to influence gene order within 

bacterial and organelle genomes where gene clusters typically encode multiple 

components of a functional pathway (2). For example, the ribosomal proteins are encoded 

by similar operons in archaebacteria, eubacteria and plastids (3). In eukaryotic genomes, 

co-expression of neighboring genes is significantly associated with the functional roles of 

the genes (such as housekeeping genes or genes in the same metabolic pathway) (4,5). 

One way that those genes become clustered is through tandem duplication, which usually 

results in functionally related genes being adjacent. On the other hand, unrelated genes 

may also be brought together through chromosome rearrangements (recombination, 

inversion and transposition). Unless selection is acting to maintain or promote gene 

clusters, gene orders in genomes subjected to rearrangements should become randomized 

with respect to function or co-expression profiles. Significant clustering has been inferred 
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using permutation tests that compare observed physical distances between pairs or blocks 

of co-expressed or functionally related genes to a null distribution constructed from 

randomized gene orders (4,5). However, this approach is limited since the evolutionary 

history of the genome was not considered. When comparing gene orders among related 

species, it is possible to estimate the ancestral genome and to simulate a null distribution 

for changes in gene order using a model. This evolutionary approach can be used to 

directly test the influence of selection on genome structure, that is, whether present-day 

genome structure has been influenced by directional selection for clustering of 

functionally related genes. 

Small genomes, especially those of organelles and bacteria, are well suited to 

global comparisons of gene order. Like eukaryotic genomes, they are subject to structural 

changes such as inversion, transposition or translocation, as well as gene loss and (more 

rarely) gene gain. Chloroplast DNAs in most land plants share a highly conserved gene 

content and similar gene orders (6). Most cpDNAs include two identical regions in 

opposite orientations called the inverted repeat (IR), flanked by large single copy (LSC) 

and small single copy (SSC) regions. The IRs generally contain the bacterial-like rRNA 

gene clusters, and the genes involved in photosynthesis (photosystem I/II, cytochrome 

b6/f, and ATP synthase) are arranged similarly in chloroplast and cyanobacterial genomes 

(2,3,7). Despite these well characterized patterns, it is unknown to what extent the 

conserved gene order reflects a slow intrinsic rate of neutral chromosomal 

rearrangements, rather than selection against alternative gene orders. A model of neutral 

rearrangement of gene order is required to formally test whether gene orders evolve 

under natural selection which prefers some gene arrangements over others. 
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Nadeau and Taylor first proposed a model for the neutral evolution of gene order 

in comparisons of mouse and human chromosomes (8). This “random breakage model” 

provides a null hypothesis for the evolution of gene order. It assumes a random 

distribution of break points and allows all possible gene orders without restrictions.  

The random breakage model has been used to infer organismal phylogenies from 

gene order data (9). The gene order difference can be measured using the inversion 

distance, which is the minimal number of inversions necessary to transform one gene 

order to the other. Currently, the most accurate heuristic approach is implemented in the 

GRAPPA software (10), which is generally suitable for small taxon sets because the 

algorithm scores inversion medians for all nodes iteratively across all possible 

phylogenies. Algorithms for genomes with arbitrary rearrangements, a few deletions and 

duplications have been developed (11), and the capacity of GRAPPA can be scaled up 

with the disc-covering method (DCM) to potentially very large data sets (12).  

The random breakage model does not account for recombination hotspots, which 

have been reported from human-mouse genome comparisons (13). However, at this time 

it may be difficult to model these hotspots, because the precise locations of reused 

breakpoints are unknown due to insufficient resolution of gene orders and potential errors 

in homology assessment given the scale of eukaryotic chromosomes (14). Thus, the 

fragile breakage model (13), as an alternative to the random breakage model, has not 

been well established. 

Whereas gene order is generally conserved among land plant cpDNAs, very little 

synteny is observed between land plant cpDNAs and those of the chlorophytic green 

algae Chlamydomonas reinhardtii (15,16) and Chlorella vulgaris (17). The increased 
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rearrangement rate is associated with the invasion by a large number of short dispersed 

repeat elements, especially in C. reinhardtii (15) and C. vulgaris (16). The large number 

of rearrangements provides an excellent opportunity to test whether natural selection has 

preferred some changes in gene order more likely than others. Here we present novel 

statistics and parametric tests that lead us to reject the models of random rearrangement 

in favor of directional selection for clustering of functionally related genes in C. 

reinhardtii cpDNA. We also present experimental evidence that adaptive evolution of 

chloroplast genome structure could be driven by the advantage of concerted regulation 

conferred by polycistronic transcription. 

Results 

Functional clusters are not randomly distributed  

We compared gene orders of representative cpDNAs from land plants, including 

tobacco (Nicotiana tabacum, [GenBank:NC_001879]) (18) and liverwort (Marchantia 

polymorpha, [GenBank:NC_001319]) (19), a charophytic green alga (Chaetosphaeridium 

globosum [GenBank:NC_004115]) (20), chlorophytic green algae (Nephroselmis 

olivacea [GenBank:NC_000927] (21), C. vulgaris [GenBank:NC_001865] (17), C. 

reinhardtii [GenBank:BK000554] (16)), a green flagellate alga with uncertain affinities 

(Mesostigma viride [GenBank:NC_002186]) (22), and the plastid of Cyanophora 

paradoxa [GenBank:NC_001675] (23) (Figure 3-1) (Additional file 1, Additional file 3). 

To measure the genome structure in terms of clustering by chromosome locations and by 

gene function, we defined "sided blocks" as contiguous genes coded on the same strand 
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of the plastid chromosome, and "functional clusters" as blocks of functionally related 

genes (see Methods). The randomness in the observed distribution of shared genes in 

chloroplast genomes with respect to gene function was assessed using a Kolmogorov-

Smirnov test. The null hypothesis was rejected in all seven cpDNAs investigated (p-

values in Table 3-1). While this test suggests some degree of functional clustering in all 

chloroplast genomes, it does not take into account the phylogenetic relationship of these 

organisms, so it is unclear whether functional clustering in chloroplast genomes is a 

legacy of genome organization in of an bacteria-like ancestor, or the product of selection 

on gene order in the face of genome rearrangements. 

§The test statistic Dn measures whether the distribution of functionally related genes is 

random in gene clusters. Total 85 shared genes between seven cpDNAs were included 

 Table 3-1: The Kolmogorov-Smirnov test of gene clustering by the functional category

in cpDNAs § 

cpDNA Dn (p-value) 

 Translation 

and 

transcription 

Photosystem I 

and II 

Electron 

Transport 

ATP 

synthase 

Chlorella  0.214(.6418) 0.488(.0066) 0.750(.0000) 0.833(.0000) 

Chlamydomonas  0.198(.6866) 0.473(.0060) 0.780(.0000) 0.769(.0000) 

Nephroselmis 0.209(.6207) 0.484(.0046) 0.703(.0000) 0.846(.0000) 

Mesostigma 0.275(.2786) 0.549(.0008) 0.769(.0000) 0.846(.0000) 

Chaetosphaeridium 0.242(.4388) 0.484(.0046) 0.714(.0000) 0.846(.0000) 

Marchantia 0.341(.0986) 0.473(.0060) 0.714(.0000) 0.846(.0000) 

Nicotiana 0.264(.3283) 0.473(.0060) 0.769(.0000) 0.846(.0000)  
 



32 

  

 

(Continued) Representative cpDNAs from land plants and green algae are arranged to 

reflect their phylogenetic relationships. The scale bar indicates 20 kb. Each genome is 

 

 Figure 3-1: Extensive rearrangement in Chlamydomonas reinhardtii and Chlorella

vulgaris cpDNAs. 
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linearized and drawn as a grey bar. Genes are drawn as colored rectangles and with those 

encoded on the positive strand above the genome bar. Colored lines connect the 

homologs included in this study and the functional category is shown by specific colors. 

Abbreviations: Cre, Chlamydomonas reinhardtii, Cvu, Chlorella vulgaris, Nol, 

Nephroselmis olivacea, Mvi, Mesostigma viride, Cgl, Chaetosphaeridium globosum, 

Mpo, Marchantia polymorpha, Nta, Nicotiana tabacum.  

Extensive rearrangements from the ancestral chloroplast genome to C. 

reinhardtii 

In order to investigate evolutionary changes of gene order, we constructed a 

phylogeny of seven representative cpDNAs and rooted with the sequence of C. paradoxa 

(23). Maximum parsimony, neighbor joining and maximum likelihood analyses of an 

alignment of 50 concatenated protein sequences including a total of 19,836 aligned sites 

(Additional file 2), all yielded identical fully resolved topologies with high bootstrap 

support (Figure 3-2A). Mesostigma was placed as a basal charophyte lineage in one 

previous analysis (24). The unrooted phylogeny of seven cpDNAs (Figure 3-2B) is 

congruent with the alternative placement of Mesostigma either as a basal charophyte (24) 

or basal to both charophyte and chlorophyte lineages (22). This tree was used as the 

reference phylogeny for gene order inference. 
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We scored the gene orders of 85 genes shared in the seven genomes (Gene orders 

in the additional file 3). Then we used modified versions of GRAPPA (11,25) to compute 

the inversion distance between ancestral nodes and each terminal node (Figure 3-2B; see 

Methods). The branches leading to two chlorophytic green algae, C. reinhardtii and C. 

vulgaris, are much longer than the branches leading to the other taxa. Many more steps 

were inferred on the C. reinhardtii lineage relative to the C. vulgaris lineage. Gene 

duplications or deletions were mapped before scoring the ancestral genomes with 

 

 

 Figure 3-2: The phylogeny of cpDNAs. (A) The cpDNA phylogeny based on analysis of 

50 concatenated proteins. The phylogeny includes major green plant and algal lineages 

and the outgroup Cyanophora. The bootstrap support values from maximum 

parsimony/neighbor joining/maximum likelihood analyses are labeled near each node. 

(B) Estimated inversion distances considering 85 common genes on the cpDNA 

phylogeny. There is an increase of rearrangements on branches leading to C. reinhardtii. 

and C. vulgaris, from a common ancestor indicated by an arrow. 
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inversions and not counted as rearrangements. IRs were present in all inferred ancestral 

nodes and one copy was lost in C. vulgaris. Ancestral gene orders were scored on all the 

phylogenies using a two-step approach (see Methods). Due to the computational time 

limit (the full search for ancestral gene orders may require months), we stopped scoring 

all possible ancestral gene orders with the data set after 25 days and took the best scored 

ancestral gene orders at that time (Additional file 4).  

The cpDNAs of two land plants, N. tabacum and M. polymorpha, were separated 

by 7 inversions estimated based on the data set. One large inversion (~ 30kb) in the LSC 

region has long been recognized to separate the two genomes (26). Additional gene order 

rearrangements are directly observable through comparison of gene order files for the two 

species (see additional file 5 for the sequences of gene order rearrangements). Using 

GRAPPA, all rearrangements were inferred as inversions, but the total number of 

inversion events estimated by GRAPPA may be greater than the true (but unknown) 

mixture of inversions and transpositions because one transposition could result in the 

same change in gene order as two or three inversions. 

Increased order in the genome structure after rearrangements 

Two genomic structural characteristics were measured: the propensity of adjacent 

genes to be clustered on the same strand (using the sidedness index Cs) and the clustering 

of functionally related genes (using the functional cluster index, Cf) (see Methods). Both 

indices were calculated for the inferred ancestral gene orders and extant daughter 

lineages. Among land plants and charophytes, the inferred sidedness among ancestral 

genomes was similar to extant lineages, however, among the chlorophytes an opposite 

trend was observed, especially in the C. reinhardtii lineage (Additional file 3). The large 
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number of rearrangements in the C. reinhardtii cpDNA lineage resulted in dramatically 

increased sidedness relative to the inferred most recent common ancestor of C. 

reinhardtii and C. vulgaris (Cs ancestor = 0.6966, Cs observed = 0.8710;  Figure 3-3A). 

A small increase of Cs was found in the N. olivacea lineage and there was almost no 

change in the lineage leading to C. vulgaris. A large increase was also observed in the 

functional clustering index, Cf, for C. reinhardtii (Cf ancestor= 0.01674, Cf observed = 

0.03397; Figure 3-3B), whereas the trend was less profound in other lineages (Additional 

file 3). Thus, even if the ancestral genome already had a "sided" structure, sidedness 

increased with genome rearrangements as the C. reinhardtii chloroplast genome evolved. 

The inferred increase in sidedness and functional clustering in the face of the large 

number of rearrangements on the lineage leading to C. reinhardtii might be adaptive if 

such increases were not expected under random rearrangements.  
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To test the null hypothesis that the changes in Cs and Cf were consequence of 

random genome rearrangements rather than a consequence of directional selection (H0: 

random rearrangement; HA: constraints in rearrangements), we simulated random 

 

 

 Figure 3-3: Comparison of sidedness and functional cluster indices in C. reinhardtii 

cpDNA to those of simulated genomes. (A)The sidedness index Cs observed in C. 

reinhardtii (indicated by an arrow) is significantly larger than Cs of gene orders simulated 

under the random breakage model (inversion only) and the estimated ancestral genome 

indicated in Figure 3-2B. (B) The functional cluster index Cf for C. reinhardtii (indicated 

by a solid horizontal line) is greater than that for the inferred ancestral genome (dashed 

line), in contrast to the decrease predicted by three sets of simulations under the random 

breakage model. Models 1, 2 and 3 specified the inversion/transposition ratios to be 1:0, 

10:1 and 1:1, respectively, in simulations with 10,000 replicates. The box section of the 

box plot indicates the first quartile, median and the third quartile of the distribution. 
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rearrangements starting with the inferred ancestral genome along the branch leading to C. 

reinhardtii. Although inversions are the most abundant type of rearrangement in cpDNAs 

(27), we also considered the contribution of transpositions and simulated genomes under 

three inversion to transposition ratios, while the total number of rearrangements was 

fixed according to the branch length inferred using GRAPPA (Figure 3-2B). Three 

simulations with 10,000 replicates were conducted with inversion to transposition ratios 

of 1:0, 10:1 and 1:1 under the random breakage model. The mean Cs values for the three 

sets were 0.5929, 0.6084 and 0.5948, respectively, and the 95% confidence intervals were 

(0.5056, 0.6742), (0.5281, 0.6854) and (0.5169, 0.6742), respectively. All datasets 

simulated under the random breakage model showed a significant decrease of sidedness 

from the ancestral level (p<0.0001). In contrast, the Cs value calculated for C. reinhardtii 

increased significantly to 0.8710 (Figure 3-3A), greatly exceeding the sidedness that 

would be expected in a genome that had undergone this much evolutionary change 

relative to its ancestor. Simulations using inferred ancestral genomes for land plant 

lineages (e.g., N. tabacum) also strongly reject the null hypothesis of random 

rearrangements (results not shown). 

Given the large number of rearrangements observed in C. reinhardtii, Cf was also 

predicted to decrease significantly under the random breakage model, but Cf did not 

decrease in the cpDNA of C. reinhardtii (Figure 3-3B). The simulations with three 

models described above (all inversions, a small fraction of transpositions, and equal 

inversions and transpositions) all yielded a large decrease in clustering as expected (the 

observed Cf in C. reinhardtii was 0.03397, and the 95% confidence intervals for Cf in 

simulated genomes were 0.00744-0.01401, 0.00812-0.014299 and 0.0750-0.01418, 
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respectively). When transposition was included in simulations, decreases of Cf were on a 

similar scale to the inversion-only simulations, and no increase of Cf occurred in the 

simulated data sets. Taken together, these results indicate that the remarkable increase in 

sidedness and functional clustering observed in C. reinhardtii cpDNA has not been the 

outcome of solely chance events. Instead, the strong deviation from the range of 

outcomes expected under various random breakage models implies that the genome 

structure is the outcome of a directional selective process.  

The increased level of organization in C. reinhardtii cpDNA was associated with 

both maintenance of ancestral clusters and growth of new clusters. There were six 

conserved blocks containing 19 of the 85 genes shared between the C. reinhardtii and the 

C. vulgaris cpDNAs. These blocks include concentrations of genes from a single 

functional category, such as ribosomal proteins (rpl23-rpl12-rps19, rpl16-rpl14-rps8), 

photosystem II (psbL-psbF, psbB-psbT-psbN-psbH), translation apparatus (rrn16- trnI-

GAU - trnA-UGC -rrn23-rrn5), and ATP synthase subunits (atpF-atpH). Moreover, a 

number of small clusters of functionally related genes inferred in the ancestral genome 

were brought together in C. reinhardtii ("rearranged clusters" in Figure 3-4B). These 

include transcription/translation genes (trnH-M-F; rpl/rps; rps3-rpoC2), electron 

transport genes (petA-petD), and photosynthetic genes (psbD-psaA exon 2-psbJ) (Figure 

3-4B). The new clusters contributed to the increase of Cf in the C. reinhardtii chloroplast 

genome. 
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Coordinated expression of genes in functional clusters 

Co-transcription of several clusters shown in   Figure 3-4B has been previously 

documented, including psbD-psaA exon 2-psbJ-atpI (28), psbF-psbL (29), petA-petD 

(30), and psbM-psbZ (31). Co-transcription of rpl and rps genes have been found in land 

 

 Figure 3-4:  Selected functional clusters from C. reinhardtii cpDNA. (A)Evidence for 

co-transcription of the genes rpl36-rpl23-rpl2-rps19. The gel was loaded with total RNA 

from wild-type cells, and shows new evidence for co-transcription (see text). The top left 

lane is an over-exposure of the rpl36 gel. Transcripts 1 and 2 (3.5 and 3.3 kb) are 

tricistronic rpl36-rpl23-rpl2, transcript 3A (2.5 kb) is rpl36-rpl23, and transcript 3B (2.5 

kb) is probably rpl2-rps19. Single gene transcripts are labeled “mono”. (B)Rearranged 

functional clusters, which were absent from the inferred common ancestor of C. 

reinhardtii and C. vulgaris, were identified in C. reinhardtii (genes connected by bold 

black lines). Cyan lines connect conserved clusters retained from the ancestor cpDNA. 

The genes are displayed in the coding direction, and from top to bottom relative to their 

order in the genome. The exception is psbN, which is on the opposite strand relative to 

other genes shown (psbT-B-N-H). A scale bar of 1 kb is shown below and at the left of 

each gene cluster.  
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plant chloroplasts (32). We documented co-transcription for an additional novel 

functional cluster, shown in Figure 3-4A. Using RNA gel blots, tricistronic transcripts of 

rpl36-rpl23-rpl2 and possibly dicistronic rpl2-rps19 species could be detected. Taken 

together, it appears that the clusters of functionally related genes observed in the C. 

reinhardtii cpDNA may be frequently co-transcribed. 

Discussion 

By reconstructing the ancestral gene order in chloroplast genomes and simulating 

genome rearrangements, we have been able to formally test and reject the null hypothesis 

that the chloroplast genome of C. reinhardtii has evolved through random rearrangements 

of an ancestral genome. The observed gene order of C. reinhardtii cpDNA deviates 

strongly from the degree of sidedness and clustering expected under a random breakage 

model. The cpDNA of Euglena gracilis also has a high degree of sidedness (33), 

however, the asymmetry of its coding strand is concentrated in one-half of the genome, 

and is associated with GC content, which could be influenced by asymmetrical 

replication of the chromosome (33). In the C. reinhardtii cpDNA, the sidedness is not 

associated with GC content and we hypothesize that it is driven by co-transcription of 

genes in a functional cluster. Whereas some clusters of co-transcribed genes such as the 

ribosomal proteins (rpl23-rpl2-rps19, rpl16-rpl14-rps8) were maintained in both C. 

reinhardtii and C. vulgaris, novel clusters clearly formed in the C. reinhardtii lineage 

(Figure 3-4B). 
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Co-transcription of neighboring genes in the C. reinhardtii chloroplast is a widely 

documented phenomenon (28-31). We demonstrated that in addition to the ribosomal 

protein clusters, global analyses support the elevated level of clustering of other 

functionally related genes. The aggregate of genes in clusters include most essential 

genes involved in translation and transcription, and some photosynthetic genes. 

Coordinated transcription may play a crucial role in the regulation of plastid gene 

expression in response to light or circadian rhythms (34,35). It is also possible that some 

clusters contain cis-elements, similar to the artificial polydeoxyadenosine sequences (36), 

which enhances transcription efficiency. Moreover, most of the putative co-transcription 

units are not conserved across chlorophytes. Therefore, the majority of functional clusters 

observed in C. reinhardtii represent new gene arrangements rather than ancestral 

conservation. 

In the chloroplast gene order phylogeny (Figure 3-2B), the C. reinhardtii lineage 

resides on a long branch compared to the C. vulgaris lineage, and both genomes are more 

rearranged than that of N. olivacea, relative to the common ancestral genome of the three 

chlorophyte lineages. The elevated rate of chloroplast genome rearrangement in C. 

reinhardtii is associated with invasion of short repeat sequences, which heavily populate 

the non-coding regions, increasing the total length of the intergenic regions compared to 

C. vulgaris cpDNA by one-third (16). Although simple sequence repeats are common to 

microbial genomes (37), such elements are rare in most sequenced chloroplast genomes. 

Within the Chlamydomonas genus (Chlorophyceae), C. reinhardtii and C. gelatinosa 

cpDNAs exhibit a prevalence of repetitive DNA and a high degree of gene order 

variation compared to the C. moewusii/C. pitschmannii lineage (15,38,39). The sister 
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lineage to C. reinhardtii in our study, C. vulgaris (Trebouxiophyceae), contains 

numerous cpDNA repeat sequences. Besides chlorophyte algae, members of angiosperm 

families, including Campanulaceae (40), Fabaceae (41,42) and Geraniaceae (43), also 

contain repeat elements in rearranged cpDNAs, albeit of a much lower copy number (40-

43). These repeat elements may act as molecular “grease” that facilitates non-

homologous recombination and creates a pool of diverse genome structures subject to 

selective retention. Future investigations will test whether the increased rates of 

rearrangement in plastid genomes with dispersed repeats typically lead to increased 

sidedness and functional clustering as we infer for C. reinhardtii. 

Gene order changes reflect relatively rare evolutionary events and are expected to 

result in much less homoplasy than substitution events in nucleotide or protein sequences 

over a deep time scale (44). Phylogeny reconstruction using GRAPPA is highly accurate 

even for divergent genomes (45), and thus the ancestral gene orders inferred in our study 

contained sufficient phylogenetic information. The only other software for genome 

rearrangement phylogeny, BADGER (46), performed much worse on this data set (results 

not shown). GRAPPA usually inferred unique ancestral gene orders on many data sets we 

tested. Furthermore, analyses on simulated data have shown that the inferred gene orders 

almost scored as good as true ancestral gene orders (47). In our simulation tests of three 

genomes with 85 genes each, and the branch lengths of 50, 20 and 20 (roughly 

corresponding to the branches leading to C. reinhardtii, C. vulgaris and N. olivacea; see 

Methods), the average score for ancestral gene orders computed by GRAPPA was only 

about 7% less than the true scores. In practice, we observed that the less optimal gene 

orders generally required more rearrangements. Therefore, it is quite likely that any error 
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in our estimation of ancestral gene order has resulted in a downward bias in the inferred 

number of rearrangements on the branch leading to C. reinhardtii. Increasing the number 

of rearrangements on this branch would only lead to a more certain rejection of the 

neutrality of rearrangements.  

The accuracy of ancestral genome reconstruction also depends on the degree of 

divergence among extant taxa and taxon sampling. For example, accurate reconstruction 

of ancestral genomes at the mammalian CFTR locus was achieved at the DNA level (48). 

The high-quality reconstruction was attributed to a dense sampling of syntenic genome 

sequences from eutherian mammals, and the lack of gene order rearrangement at the 

locus. Because the C. reinhardtii cpDNA is one of the most rearranged chloroplast 

genomes sequenced to date, we included all available chlorophyte chloroplast genomes 

for evolutionary distance estimation and ancestral gene order reconstruction.  The 

accuracy of our ancestral gene order estimation may improve with inclusion of additional 

chlorophyte plastid gene orders as they become available, but we do not foresee a 

substantial reduction in the inferred number of rearrangements separating C. reinhardtii 

and C. vulgaris from their common ancestor.  

Inversions are thought to be much more common than transpositions in 

chloroplast genome evolution (27), and our estimation of ancestral genome order was 

made with the assumption that all rearrangements were inversions. However, we did 

consider the contribution of inversions and transpositions under different scenarios in the 

simulation from the ancestral genome. It should be noted that there is not a unique 

phylogeny distance measure using transposition only, because computationally one 

transposition is equivalent to two or three inversions (49). For this reason, we designed 
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our simulations to allow for various ratios of inversion and transposition events. The 

result of our simulation study does not vary significantly. 

The GRAPPA-IR algorithm was developed to account for the inverted repeat (IR) 

region found in most plastid genomes (25). The IR region seems to evolve at a slower 

rate in both nucleotide sequence and gene order than the single copy regions, and 

frequent intra-molecular recombination homogenizes the two copies (50). The most 

conserved gene set in the IR region is the rRNA operon. In IR-containing green plastids, 

the order of rRNA genes are conserved, but the IR boundaries can vary greatly even 

within one genus (51). IR may restrict rearrangements that cross the single copy regions 

and thus concentrate gene order changes within single copy regions. However, this 

constraint of IR on genome rearrangements was lost in the C. reinhardtii/C. vulgaris 

lineage. We inferred that the loss of one IR occurred in the C. vulgaris lineage following 

divergence from the C. reinhardtii lineage. Notably, both lineages have undergone 

extensive rearrangements since their divergence from a common ancestor, and the only 

conserved clusters seem to be the translational apparatus (rRNA genes and the ribosomal 

protein cluster). In either genome, genes that typically reside together in the LSC region 

have often been scrambled and scattered. When comparing the ancestral genome to the C. 

vulgaris gene order, there was no distinction of LSC and SSC regions although many 

large clusters were still shared (Additional file 4). If there were constraints on the 

breakpoint locations, as experimentally identified in bacterial inversion mutants (52), it 

would limit the possible paths of evolution, and these constraints on the ancestral gene 

orders would increase the number of rearrangements relative to the estimations derived 

from GRAPPA. Therefore, as discussed above, our approach of detecting strong 
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deviation from expectation is conservative in that the number of rearrangements may be 

underestimated.  

Recent studies of plant, animal and fungal genomes have shown that genes 

involved in the same pathways or genes sharing similar expression patterns are often 

spatially clustered (1,5,53). In eukaryotes, the operon structure has only been 

demonstrated in the nematode Caenorhabditis (54). Comparative analyses of yeast 

genomes indicate that rearrangements brought together duplicate genes forming the DAL 

cluster involved in allantoin metabolism (55). In this study, we demonstrated that positive 

selection for increased clustering has influenced gene order in the chloroplast genome. 

Gene clusters, as opposed to separated genes, permit polycistronic transcription and thus 

fewer transcriptional regulation units. Co-transcription may be facilitated by close 

spacing of genes in cpDNA because transcription termination is inefficient (56). 

Although post-transcriptional RNA processing often creates multiple single-gene 

transcripts, co-transcription foments an initial stoichiometric accumulation of RNA 

corresponding to each gene in a cluster. Thus, large clusters can be advantageous in 

coordinating gene expression on this level. Experimental approaches are necessary to 

understand whether these gene clusters function as operons. Because chloroplast primary 

transcripts are heavily processed – as just one example, the psbB cluster in maize 

accumulates as at least 15 distinct mRNA species with varying translational capacities 

(57) – direct analysis of the functional advantages of clustering in chloroplasts is 

challenging. Indeed, Chlamydomonas may be a special case, since unlike land plants it 

has a single rather than multiple RNA polymerases (58). This situation does not allow 

differential expression by promoter selectivity, and may therefore serve as a selective 
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force that favors physical grouping of genes rather than evolution of promoter sequences 

of dispersed genes. 

Conclusions 

In conclusion, we infer that gene order in the C. reinhardtii plastid genome 

evolved in a non-random fashion and hypothesize that genome structure has been 

influenced by directional selection acting on variation generated by an increased rate of 

genome rearrangement. Co-transcription of novel clusters of functionally related genes 

could convey advantages in response to environmental and developmental cues. Our 

results provide strong evidence that genetic responses to natural selection occur at the 

level of genome organization. By estimating the ancestral gene order and simulating 

rearrangements under a null model, we provide a formal demonstration that the 

chloroplast genome of C. reinhardtii has been shaped by natural selection. Although the 

model of natural selection on gene order is yet to be developed, application of our 

methods to sequences of additional chlorophyte plastid genomes would help to improve 

the accuracy of the ancestral genome reconstruction and inferred branch lengths. 

Experimental tests of strains with engineered gene orders may be possible in the future. 

The complex process of gene duplication and loss in bacterial and eukaryotic nuclear 

genomes is a challenge to reconstruct the ancestral gene order. Still, the development of 

new comparative tools (59) gives us hope that the type of analysis presented in this paper 

will soon be applicable to eukaryotic genomes. 
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Methods 

Functional cluster of chloroplast genes  

We defined a “functional cluster” as contiguous genes encoded on one strand 

from one of the following categories: transcription/translation, photosystem I and II, 

electron transport (cytochrome b6/f complex), and ATP synthase (See additional file 1). 

Kolmogorov-Smirnov test of random clusters 

A random cluster consists of genes from any functional category. The n=85 genes 

shared in the seven chloroplast genomes shown in  Figure 3-1 were divided into 11 equal 

sized blocks of rj=7 genes and one block of 8 genes so that the block sizes and number of 

blocks are equal. If mij genes were from the functional category i (total Ti genes) in the jth 

block, the observed cumulative frequency was ui = miji
rj . The Kolmogorov-Smirnov 

test measures the deviation of the observed ui from the expected from the random 

breakage model (13). The test statistic Dn was calculated for each functional category 

separately. 
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Phylogeny of chloroplast genomes 

Alignments of 50 proteins shared in the 8 chloroplast genomes shown in  Figure 

3-2A were concatenated into one data matrix (Additional file 2). 1,000 bootstrap 

replicates were conducted on the data set using PAUP* 4.0b10 with maximum parsimony 

and using MEGA with neighbor-joining methods and the Poisson-corrected distance. 

Maximum likelihood analysis with 100 bootstrap replicates was performed using 
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PHYLIP3.6 with JTT distance and gamma = 0.5. GRAPPA was not used to construct the 

reference phylogeny.  

Inferring ancestral gene orders 

The ancestral gene order was inferred from the gene orders of extant genomes on 

the best-scored tree following two steps. First, the gene contents for the LSC, SSC and IR 

regions of ancestral genomes of IR-containing cpDNAs were inferred based on 

parsimony. Changes in gene copy number due to IR expansion or contraction were 

considered the last step of gene order changes, and thus the gene contents of ancestral 

genomes were determined. The ancestral gene orders on the phylogeny for five genomes 

(excluding C. vulgaris and C. reinhardtii) were computed using GRAPPA-IR (25), which 

is a modified version of GRAPPA that  scores rearrangements independently within LSC, 

SSC or IR. Second, the chlorophyte algal gene orders (the extant chloroplast gene orders 

of N. olivacea, C. reinhardtii, C. vulgaris and the inferred ancestral genome of N. 

olivacea from step one) and the gene order of M. viride were used for the inference of the 

common ancestral gene order of C. vulgaris and C. reinhardtii. The data set contains 

duplicated trnV-UAC and trnG-GCC in C. vulgaris, trnE-UUC and psbA in C. 

reinhardtii and three trans-splicing psaA exons in C. reinhardtii. The IR regions 

contained rRNA genes in the same order and orientation in each genome except that one 

copy was lost in the lineage leading to C. vulgaris. To score the genomes with gene 

duplications and deletions, multiple data sets were created each containing genomes with 

equalized gene contents by the following assignment rules: one copy of each duplicate 

genes outside the typical IR was chosen; the IR region lost in C. vulgaris was inserted to 

all possible locations in that genome. Preferably, we should test all these datasets (3,936 
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total) with inversion medians, however, such computation on one dataset alone will take 

more than a month. To overcome this limitation, these datasets were computed using 

breakpoint medians, and the assignment yielded the shortest tree was chosen for a full 

evaluation by GRAPPA. Because the gene contents of LSC and SSC in C. reinhardtii 

were different from other chloroplast genomes in the study, we allow free rearrangements 

such that genes in LSC or SSC could commute across the IR.  

Ancestral gene order simulation 

A set of simulation experiments were conducted to evaluate the accuracy of 

ancestral genome reconstruction with long branches. Three genomes with 85 genes each 

were generated from a defined ancestral gene order, and the branch lengths (inversion 

distances) were 50, 20 and 20, respectively. The true gene order score was 90 (equals the 

tree length). The scores were computed for inferred ancestral gene orders by GRAPPA 

and compared to the true score. The experiment was repeated on 30 data sets. 

Random genome rearrangement simulation 

Gene orders were simulated under the assumption that the rearrangements involve 

random breakpoints placed between genes. Initial gene orders were set based on the 

inferred ancestral gene orders estimated. Random rearrangement operations on the initial 

genomes were performed for the number of replicates according to the number of 

rearrangements inferred by GRAPPA. The parameters input to the model were the ratios 

of inversion and transposition (1:0, 10:1, 1:1) to test the sensitivity of the findings to the 

specific rearrangement model. The simulated genomes had identical gene content but 

scrambled gene orders relative to those observed in extant genomes, with the exception 

that inverted repeats were maintained. Test statistics (below) were calculated for each 
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simulated replicate of 10,000 total and the frequency distributions were used to test the 

null hypothesis of random rearrangement. 

Sidedness index (Cs) 

We designed the sidedness index (Cs) to measure the degree to which neighboring 

genes are clustered on the same strand (side) of the chromosome. A "sided block" 

includes only adjacent genes on one strand, and the number of sided blocks in a genome 

is designated as nSB, while the total number of genes is n. Cs is defined as 

Cs = (n-nSB)/(n-1). 

When Cs reaches the maximum of 1, all genes are located on one side. If every 

gene resides on the strand opposite its neighbors, Cs approaches a minimum of zero.  

Functional cluster index (Cf) 

We divided a genome of total n genes to J sided blocks (r1, r2,…, rJ). In a block, 

we assigned genes to functional categories. Let the numbers of genes in the ith functional 

category and the jth block be mij, the functional cluster index Cf is 
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A larger value of Cf indicates that functionally related genes are more clustered 

into blocks. 

RNA analysis 

Wild-type CC-124 cells were grown in Tris-Acetate-Phosphate medium [67] 

under continuous light to mid-log phase. RNA was isolated from 10 mL of cells as 

previously described (60). For filter hybridization, 5 g of total RNA was fractionated in 

1.2% agarose and 6% formaldehyde gels, transferred to nylon membranes, and probed 
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with gene-specific PCR products labeled by random priming according to Church and 

Gilbert (61).  
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Additional Files 

Additional file 1 – Gene coding and functional categories.  

The gene rps12 was coded as 55 and 74 in the cases when the first exon 

and the second exon are separated by other genes.   

Gene Code Functional Category 
atpA 9 ATP synthase 
atpB 39 ATP synthase 
atpE 38 ATP synthase 
atpF 10 ATP synthase 
atpF 11 ATP synthase 
atpH 12 ATP synthase 
atpI 13 ATP synthase 
petA 43 electron transport 
petB 61 electron transport 
petD 62 electron transport 
petG 49 electron transport 
petL 48 electron transport 
ccsA 85 Other 
cemA 42 Other 
clpP 56 Other 
rbcL 40 Other 
ycf1 82 Other 
psaA 31 photosystem I and photosystem II 
psaB 30 photosystem I and photosystem II 
psaC 86 photosystem I and photosystem II 
psaJ 52 photosystem I and photosystem II 
psbA 2 photosystem I and photosystem II 
psbB 57 photosystem I and photosystem II 
psbC 24 photosystem I and photosystem II 
psbD 23 photosystem I and photosystem II 
psbE 47 photosystem I and photosystem II 
psbF 46 photosystem I and photosystem II 
psbH 60 photosystem I and photosystem II 
psbI 6 photosystem I and photosystem II 
psbJ 44 photosystem I and photosystem II 
psbK 5 photosystem I and photosystem II 
psbL 45 photosystem I and photosystem II 
psbM 19 photosystem I and photosystem II 
psbN 59 photosystem I and photosystem II 
psbT 58 photosystem I and photosystem II 
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psbZ 26 photosystem I and photosystem II 
ycf4 41 photosystem I and photosystem II 
rpl14 67 transcription/translation 
rpl16 68 transcription/translation 
rpl2 71 transcription/translation 
rpl20 54 transcription/translation 
rpl23 72 transcription/translation 
rpl32 83 transcription/translation 
rpl36 65 transcription/translation 
rpoA 63 transcription/translation 
rpoB 17 transcription/translation 
rpoC1 16 transcription/translation 
rpoC2 15 transcription/translation 
rps11 64 transcription/translation 
rps12 55 transcription/translation 
"rps12, exon2" 74 transcription/translation 
rps14 29 transcription/translation 
rps18 53 transcription/translation 
rps19 70 transcription/translation 
rps2 14 transcription/translation 
rps3 69 transcription/translation 
rps4 32 transcription/translation 
rps7 73 transcription/translation 
rps8 66 transcription/translation 
rrn16 75 transcription/translation 
rrn23 78 transcription/translation 
rrn5 79 transcription/translation 
trnA-UGC 77 transcription/translation 
trnC-GCA 18 transcription/translation 
trnD-GUC 20 transcription/translation 
trnE-UUC 22 transcription/translation 
trnF-GAA 35 transcription/translation 
trnfM 28 transcription/translation 
trnG-GCC 27 transcription/translation 
trnH-GUG 1 transcription/translation 
trnI-GAU 76 transcription/translation 
trnK-UUU 3 transcription/translation 
trnL-UAA 34 transcription/translation 
trnL-UAG 84 transcription/translation 
trnM-CAT 37 transcription/translation 
trnN-GUU 81 transcription/translation 
trnP-UGG 51 transcription/translation 
trnQ-UUG 4 transcription/translation 
trnR-ACG 80 transcription/translation 
trnR-UCU 8 transcription/translation 
trnS-GCU 7 transcription/translation 
trnS-UGA 25 transcription/translation 
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trnT-UGU 33 transcription/translation 
trnV-UAC 36 transcription/translation 
trnW-CCA 50 transcription/translation 
trnY-GUA 21 transcription/translation 
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Additional file 2 – Protein alignment matrix. 

Text file, with a NEXUS format data matrix of concatenated proteins from seven 

chloroplast genomes and the outgroup, Cyanophora paradoxa. Data file omitted. 

Additional file 3 – The gene order data set.  

The file contains gene orders of seven chloroplast genomes, computed Cs and Cf 

indices, and the inferred rearrangement phylogeny. 

Gene orders 
>cv Chlorella                                                    
-42  -2  86  -10  -11  -12  -13  -14  -33  6  -7  75  
76  77  78  79  -24  -23  25  28  22  54  53  50  -51  
52  55  73  41  -3  -26  -1  -8  -36  -44  -45  -46  -
47  -36  84  -62  -61  -56  -27  19  -21  34  -60  59  
-58  -57  31  30  -35  -4  -5  80  81  85  83  82  -18  
17  16  15  40  29  27  37  -20  -32  -38  -39  -49  -
48  -43  9  -63  -64  -65  -66  -67  -68  -69  -70  -
71  -72                     
>cr Chlamydomonas                                                
43  62  80  51  5  22  -18  -33  -9  -54  -25  -50  -
56  -84  -61  65  72  71  70  68  67  66  31  27  32  
75  76  77  78  79  -2  -7  -38  -73  -29  -19  -26  -
85  -34  -31  -22  -60  59  -58  -57  -20  -63  -14  -
53  -41  -47  -37  -17  -17  46  45  49  69  15  21  4  
30  -8  -40  10  6  42  12  11  64  3  2  -79  -78  -
77  -76  -75  -39  -82  55  -52  -13  -44  -31  -23  
24  1  28  35  86  48  81  -16  -36       
>no Nephroselmis                                                 
29  34  4  84  -19  37  2  39  38  -62  -61  -63  -64  
-65  -66  -67  -68  -69  -70  -71  -72  -10  -11  -12  
-13  -56  -1  -36  8  -18  17  16  15  14  28  23  24  
-50  -51  52  55  73  41  42  43  48  49  3  5  35  27  
-44  -45  -46  -47  -53  -32  -9  -54  20  -22  -26  
25  -60  59  -58  -57  -33  -7  -6  -21  31  30  -40  
75  76  77  78  79  80  85  -81  86  83  82  81  -85  
-80  -79  -78  -77  -76  -75  40       
>mv Mesostigma                                                   
23  24  -2  -56  57  58  -59  60  61  62  -63  -64  -
65  -66  -67  -68  -69  -70  -71  -72  -40  39  38  37  
-8  -9  -36  -10  -11  -12  -13  -14  -15  -16  -17  
18  7  -6  -5  -4  31  30  29  28  3  35  -1  -19  -44  
-45  -46  -47  -27  -26  25  -20  54  -53  -52  51  50  
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55  73  41  42  43  48  49  -22  -21  34  -32  33  75  
76  77  78  79  80  86  81  -85  -82  -83  84  -80  -
79  -78  -77  -76  -75  -33           
>cg Chaetosphaeridium                                            
74  73  19  -18  17  16  15  14  13  12  11  10  -9  -
8  -3  -4  5  6  -7  -62  -61  -60  59  -58  -57  56  
55  54  -53  -52  51  50  -49  -48  29  28  -21  -22  
1  36  35  37  -38  -39  40  41  42  43  -44  -45  -46  
-47  -27  -26  25  -24  -23  -2  -32  -33  34  31  30  
20  -63  -64  -65  -66  -67  -68  -69  -70  -71  -72  
75  76  77  78  79  80  -81  -83  84  85  -86  -82  81  
-80  -79  -78  -77  -76  -75         
>mp Marchantia                                                   
55  73  19  -18  17  16  15  14  13  12  11  10  -9  -
8  7  -6  -5  4  3  2  1  -20  -21  -22  23  24  -25  
26  27  -28  -29  -30  -31  -32  -33  34  35  -36  37  
-38  -39  40  41  42  43  -44  -45  -46  -47  48  49  
-50  -51  52  53  -54  -56  57  58  -59  60  61  62  -
63  -64  -65  -66  -67  -68  -69  -70  -71  -72  75  
76  77  78  79  80  -81  83  84  85  -86  -82  81  -80  
-79  -78  -77  -76  -75           
>nt Nicotiana                                                    
-1  -2  -3  -4  5  6  -7  8  9  -10  -11  -12  -13  -
14  -15  -16  -17  18  -19  -20  -21  -22  23  24  -25  
26  27  -28  -29  -30  -31  -32  -33  34  35  -36  37  
-38  -39  40  41  42  43  -44  -45  -46  -47  48  49  
-50  -51  52  53  -54  -55  -56  57  58  -59  60  61  
62  -63  -64  -65  -66  -67  -68  -69  -70  -71  -72  
-73  -74  75  76  77  78  79  80  -81  82  83  84  85  
-86  81  -80  -79  -78  -77  -76  -75  74  73  72  71 
 

Cs for the data set 

>cv Chlorella   0.7093 
>cr Chlamydomonas       0.8710 
>no Nephroselmis        0.7742 
>mv Mesostigma  0.7582 
>cg Chaetosphaeridium   0.7174 
>mp Marchantia  0.6703 
>nt Nicotiana   0.6875 
 

Cf for the data set (x1E-3) 

>cv Chlorella   19.51 
>cr Chlamydomonas       33.97 
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>no Nephroselmis        19.64 
>mv Mesostigma  22.58 
>cg Chaetosphaeridium  23.16 
>mp Marchantia  19.43 
>nt Nicotiana   19.93 
 

Inferred rearrangement phylogeny 

1. Step 1, 5 IR-containing genomes 
Tree length=78  
(no:24,(mv:16,(cg:4,(mp:0,nt:7):9):18):0); 
2. Step 2, loss of IR occurred in C. vulgaris. nop, 
the inferred parent of N. olivacea in Step 1. 
Tree length = 144  
(cv:43,((cr:60,(nop:1,mv:15):13):3,no:9):0); 
3. Resolved with the reference tree  
(mv:16,(no:12,(cv:43,cr:60):0):12,(cg:4,(mp:0,nt:7):9)
:18)); 
 

Additional file 4 – Comparison of gene clusters.  

This file shows gene clusters shared (in brackets) between the inferred ancestral 

genome of C. reinhardtii and C. vulgaris to the cpDNA of C. vulgaris and N. olivacea. 

>ancestral gene order of C. reinhardtii and C. 
vulgaris (p-cr-cv) 
1   -3   -6  -21  [ 31   30] -40  [75  76  77   78  
79]   80  -86   81  -85  -84  [82   83][ -79 -78 -77 -
76  -75]   29   34  -56    5   35   22  -20   54    9   
32    2   [39   38] [ -62  -61][ -60   59  -58  -57 ] 
-33   -7  -27  -26   25 [-63  -64  -65  -66  -67  -68  
-69  -70  -71  -72 ][ -10  -11  -12  -13 ]  -14 [ -15  
-16  -17   18]  -19   37 [ -24  -23 ]  -28    4   -8   
36  -53  -50  -51  [52   55   73   41]   42  [43   48   
49][ -44  -45  -46  -47] 
>C. vulgaris (cv) 
-42  -2  86  [-10  -11  -12  -13]  -14  -33  6  -7  
[75  76  77  78  79]  [-24  -23]  25  28  22  54  53  
50  -51  [52  55  73  41]  -3  -26  -1  -8  -36  [-44  
-45  -46  -47]  -36  84  [-62  -61]  -56  -27  19  -21  
34 [-60  59  -58  -57] [31  30] -35  -4  -5  80  81  
85  [83  82][-18  17  16  15]  40  29  27  37  -20  -
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32 [ -38  -39][-49  -48  -43]  9  [-63  -64  -65  -66  
-67  -68  -69  -70  -71  -72]                     
>N. olivacea (no) 
29  34  4  84  -19  37  2  [39  38][-62  -61][-63  -64  
-65  -66  -67  -68  -69  -70  -71  -72][-10  -11  -12  
-13] -56  -1  -36  8 [-18  17  16  15] 14  28 [ 23  
24]  -50  -51 [52  55  73  41] 42 [43  48  49] 3  5  
35  27 [-44  -45  -46  -47]  -53  -32  -9  -54  20  -
22  -26  25 [-60  59  -58  -57] -33  -7  -6  -21  [31  
30]  -40 [75  76  77  78  79] 80  85  -81  86 [83  82] 
81  -85  -80 [-79  -78  -77  -76  -75] 40       
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Additional file 5 – Inversions separating N. tabacum and M. polymorpha cpDNA. 

The inversion distance between the chloroplast 
DNAs of Marchantia polymorpha (mp) and Nicotiana 
tabacum (nt) is 7.  To illustrate the sequence of 
gene order changes,  the genomes are represented 
in a condensed form as following: 

  gene 19-->1 is renamed as gene 1 
  gene -20-->-54 is renamed as gene 2 
  gene 55 is renamed gene 3 
  gene -56-->-72 is renamed gene 4 
  gene -73-->-74 is renamed gene 5 
  gene 75-->-81 is renamed gene 6 
  gene 82 is renamed gene 7 
  gene 83-->-86 is renamed gene 8. 
So the dataset becomes: 
mp 
3 -5 -1 2 4 6 8 -7 
nt 
1 2 -3 4 5 6 7 8 
These two genomes can be divided into two parts, i.e., 
gene 1-5 corresponding to LSC, gene 6-8 corresponding 
to IR-SSC. They two parts can be viewed as independent 
to each other. 
 
1. To translate (6 8 -7) into (6 7 8), there are two 
ways: 
flip 8 in mp, then flip (-8 -7), i.e. 
   (6  8 -7) 
-->(6 -8 -7) 
-->(6  7  8) 
Alternatively, flip (8 -7) in mp, then flip -8. 
   (6  8 -7) 
-->(6  7 -8) 
-->(6  7  8) 
2. There are many choices to translate (3 -5 -1 2 4) 
into (1 2 -3 4 5), 
The total number of possible ways are around 1000. One 
of the possible scenarios is: 
    (3 -5 -1  2  4) 
--> (3 -5  1  2  4) 
--> (3 -5 -2 -1  4) 
--> (3 -5 -4  1  2) 
--> (3 -2 -1  4  5) 
--> (1  2  3  4  5) 
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The total sequences are any combination of the above 
two parts. 
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Chapter 4 

 

Widespread genome duplications throughout the history of flowering plants 
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thoughtful comments and helped writing the manuscript. AA conducted the genome size 

measurements. CWD designed and supervised the study. 



67 

  

Abstract 

Genomic comparisons provide evidence for ancient genome-wide duplications in 

a diverse array of animals and plants. We developed a birth-death model to identify 

evidence for genome duplication in EST data, and applied a mixture model to estimate 

the age distribution of paralogous pairs identified in EST sets for species representing the 

basal-most extant flowering plant lineages. We found evidence for episodes of ancient 

genome-wide duplications in the basal angiosperm lineages including Nuphar advena 

(Nymphaeaceae), and the magnoliids, Persea americana (Lauraceae), Liriodendron 

tulipifera (Magnoliaceae) and Saruma henryi (Aristolochiaceae). In addition, we detected 

independent genome duplications in a basal eudicot Eschscholzia californica 

(Papaveraceae) and the basal monocot Acorus americanus (Acoraceae), both of which 

were distinct from duplications documented for ancestral Poaceae and core eudicot 

lineages. In gymnosperms, we found equivocal evidence for ancient polyploidy in 

Welwitschia mirabilis (Welwitschiaceae) and no evidence for ancient polyploidy in Pinus 

(Pinaceae), although gymnosperms generally have much larger genomes than the 

angiosperms investigated. Cross-species sequence divergence estimates suggest that 

synonymous substitution rates in the basal angiosperms are less than half those 

previously reported for core eudicots and members of the Poaceae. The lower substitution 

rate allows inference of older duplication events. We hypothesize that evidence of an 

ancient duplication observed in the Nuphar data may represent a genome duplication in 

the common ancestor of all or most extant angiosperms (except Amborella).  
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There are 2 supplemental tables for the manuscript. Teri Solow and Lukas Muller 

provided the EST sequence assembly for eight species (Acorus americanus, Amborella 

trichopoda, Eschscholzia californica, Liriodendron tulipifera, Nuphar advena, Persea 

americana, Saruma henryi, and Welwitschia mirabilis), now available through the Plant 

Genome Network (http://pgn.cornell.edu/). 

Introduction 

Gene duplication has long been recognized to be a major force in evolution (1). 

Genome doubling as a consequence of polyploidy has had a profound influence on the 

evolutionary history of extant lineages. Ohno proposed that whole-genome duplications 

occurred in the early history of all vertebrates (1). While the hypothesis of whole-genome 

duplication in the earliest vertebrates has been somewhat controversial (2-5), ancient 

polyploidy is supported by genetic and genomic investigations of individual gene 

families as well as large syntenic chromosomal segments (6-9). The importance of 

genome duplication in the evolution of amphibians (10) and the yeast Saccharomyces 

cerevisiae has been more widely accepted (3,11,12).  

Polyploidy is known to be common in many plant lineages (13-15). The 

angiosperms in particular have been the subject of considerable speculation regarding the 

frequency of polyploidy. Classic studies estimated that 30% to 50% of angiosperms are 

polyploids (13,16,17), and more recently most if not all extant angiosperms have been 

implicated as ancient polyploids (18-20). These inferences were based on comparisons of 

nuclear DNA content (C-value) or genome size, across a broad spectrum of species. 
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However, the rapid reduction of duplicate genes after polyploidization can drastically 

shrink genome size and gene content following genome duplication (1,21,22). Despite the 

small size of the Arabidopsis thaliana genome (157 Mb)(23), recent investigations have 

revealed two or more rounds of genome duplications (24-26). Analysis of the rice 

genome also suggested ancient polyploidy in the early history of the grass family 

(Poaceae) (27,28) It now appears that perhaps all major lineages of eukaryotic genomes 

possess considerable numbers of duplicate genes that may have resulted from genome 

duplications (1,29). 

Whole-genome duplication, tandem gene duplication and segmental duplication 

all generate paralogous gene pairs. For species with complete genome sequences, such as 

Arabidopsis, rice and now Populus, it is possible to differentiate whole genome 

duplications from segmental and tandem gene duplications by mapping chromosomal 

locations of duplicate genes or blocks of genes (25-27,30,31). Lynch and Conery (29) 

proposed a genomic scale approach to estimate the age of gene duplication events and the 

fate of resulting paralogous gene pairs by evaluating the frequency distribution of per site 

synonymous divergence levels (Ks) for pairs of duplicate genes. After gene duplication, 

some paralogs will be silenced, and eventually be eliminated, while many of the 

preserved paralogs may be subject to changes in DNA sequence or gene expression 

leading to sub- or neofunctionalization (32-34).  

Synonymous substitutions are largely immune to the strong selective pressures 

that greatly impact the rate of protein divergence (29,35)., and when corrected for 

multiple substitutions that occur in highly diverged sequences, these nearly neutral 

substitutions in protein-coding regions can be used as a proxy for the amount of time that 
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has passed since gene duplication. A genome-wide duplication event results in a sudden 

increase in the frequency of paralogous pairs. Evidence of past genome duplications can 

be seen as peaks in the distribution of Ks values for sampled paralogous pairs (29,36,37). 

This method does not depend on genomic positional information, and can be applied to 

any species for which there are moderately large EST sets.  Identification of duplicated 

blocks of genes in genome sequences, however, provides much stronger evidence of 

ancient polyploidy, and average Ks values [or Ka (24)] can be used to date the origin of 

duplicated blocks.  Using the large amount of DNA sequences generated by EST and 

genome sequencing projects, Blanc and Wolfe (36) investigated 14 model plant species 

(mostly crop species with known recent polyploid history), finding spikes in the 

distribution of older paralogous pairs (with higher Ks values) in 9 species. Schlueter et al. 

(37) advanced the analysis of Ks distributions by applying a finite mixture model (38) to 

sets of paralogous pairs identified in large EST databases for 8 major crop species, 

including soybean, Medicago, tomato, potato, maize, Sorghum, rice and barley, and 

inferred multiple independent genome duplications in Fabaceae, Solanaceae, and Poaceae 

over the last 14-60 million years. In general this method is only suitable for duplicated 

genes with similar codon usage, because Ks is affected by the codon usage bias (39,40). 

All of the plants previously investigated using Ks distributions (36,37) belonged to 

either derived monocot (a single family, the Poaceae) or eudicot lineages. Most of the 

species examined were either crop species or close relatives, where a predisposition to 

polyploidy might have increased the chances of having traits important for domestication 

and agriculture [but see (41)]. Until recently, there has been very little sequence data for 

phylogenetically pivotal taxa representing the basal lineages of the eudicots, monocots or 
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all angiosperms, and the genome histories of these lineages are poorly understood. Here 

and throughout this paper we use the term “basal” as shorthand when referring to a 

lineage that is sister to a larger clade containing all other members of a particular group. 

An understanding of ancient genome duplication in the basal-most angiosperm lineages is 

especially important in understanding the role of polyploidy in the origin and early 

diversification of flowering plants (42-44). We utilize sets of 9000 to 10,000 ESTs 

generated for a number of species representing these basal lineages (45) to assess the 

frequency of ancient genome duplications across all major extant angiosperm lineages 

(Table 1) and evaluate whether these data can elucidate the timing of ancient genome 

duplication events in early angiosperm history.  

To facilitate the interpretation of Ks distributions, we have modeled the gene 

birth-and-death process with and without genome-wide duplication events. Our model 

provides a predicted age distribution for any sample of duplicate genes while accounting 

for empirical estimation errors in Ks. The model was used to generate predicted Ks 

distributions for sets of paralogous pairs under the null hypothesis that the gene births and 

deaths occurred at constant rates. Null distributions were modeled using parameter values 

and error corrections estimated for each data set (see METHODS). When the null 

hypothesis of a constant birth-and-death process was rejected, the log-transformed Ks 

distribution for each taxon was analyzed using a mixture model to identify 

subpopulations of paralogous pairs generated through one or more large scale duplication 

events (37,38). Our results provide evidence of ancient polyploidy throughout the major 

angiosperm lineages, and support the possibility that a genome-scale duplication event 

occurred prior to the rapid diversification of flowering plants (46). 
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Results 

Model parameters and their influence on the observed age distribution of 

paralogs  

To add statistical rigor to the interpretation of Ks distributions for paralogous 

pairs, we modeled the expected age and Ks distributions under a constant rate birth-death 

model (see METHODS). Whereas recent studies have shown that evidence of 

paleopolyploidy is often (but not always) discernible in Ks plots for paralogous pairs 

(36,37,47), the accumulation of single gene duplications, variation in the rates of gene 

death, and error in Ks estimates have not been studied quantitatively. We take a modeling 

approach to account for the rate of gene death, the time since gene (or genome) 

duplication, and the error in Ks estimates in analyses of paralogous pairs. Our null model 

assumes gene birth and death are independent events, each with a constant rate over time. 

Under this model, the expected age distribution for paralogous pairs is a declining 

exponential with a decay parameter corresponding to the rate of gene death. Ks 

distributions derived from simulations under this model are influenced by the random 

nature of nucleotide substitution and error in Ks estimation. In order to formally test for 

deviation from a constant rates model using empirical data, we generate a null 

distribution for the frequency of Ks values using parameters estimated from the data for 

the rate of gene death and the error in Ks estimation. 

Our model was also used to simulate Ks distributions for paralogous pairs arising 

from a mixture of single gene duplications and ancient polyploidy events. Empirical 

estimates of variation in Ks were based on analyses of Arabidopsis thaliana paralogous 

pairs. Figure 4-1 shows Ks distributions for data simulated with different rates of gene 
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death and different times since the genome duplication event. These Ks distributions 

contain two components; the first one is always a declining exponential distribution 

corresponding to "background" single gene duplications, and the second component 

represents paralogous pairs arising from a polyploidy event. Very recent genome 

duplications may be obscured by background gene duplications when the modal Ks 

values do not appear as distinct peaks. Conversely, increases in the number of gene 

deaths and variance in Ks with time render older genome duplications less detectable than 

younger events, and we were not able to detect a significant duplication signal for events 

with an expected Ks of 1.5 (Figure 4-1 C,F,I). High gene death rates also eroded the 

impact of genome duplications on Ks distributions (Figure 4-1 G-I). These results 

corroborate previous evidence that ancient genome duplication events are not always 

detectable in analyses of Ks distributions (36,48). 
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Evidence of genome duplications in diverse lineages of flowering plants 

 

 

Figure 4-1: Effect of gene death rate and time of genome duplication on the Ks 
distribution for paralogs. A single genome duplication was simulated, where the time 
since duplication (corresponding to Ks = 0.5 in A, D, and G, 1.0 in B, E, and H, or 1.5 in 
C, F, and I) was indicated by a star. The death rate of duplicate pairs ( ) increases from 
the top row to the bottom row (  = 0.67 for A, D, G, as estimated from Arabidopsis data, 
1.34 for B, E, H, and 2.68 for C, G, I). In each plate, the observed frequency of paralogs 
from the background gene duplication was plotted with a dashed line, while the 
distribution deriving from the genome duplication was plotted with a dotted line. The Ks 
distribution of all paralogs was drawn with a solid line. 
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Model validation: duplications detected in eudicots. EST sets from 

Arabidopsis thaliana, Glycine max (soybean) and Solanum lycopersicum (tomato) were 

used to validate our test of the constant-birth-death-rate model. The genome duplication 

histories for these species have been elucidated in several previous analyses (24,26,49-

52). To make these analyses comparable to analyses of the other EST sets in this study, 

we randomly sampled sets of 6000 unigenes, or about 10,000 ESTs, from a much larger 

set of available ESTs for each of these taxa (see METHODS). 

Model validation: duplications detected in eudicots. EST sets from 

Arabidopsis thaliana, Glycine max (soybean) and Solanum lycopersicum (tomato) were 

used to validate our test of the constant-birth-death-rate model. The genome duplication 

histories for these species have been elucidated in several previous analyses (24,26,49-

52). To make these analyses comparable to analyses of the other EST sets in this study, 

we randomly sampled sets of 6000 unigenes, or about 10,000 ESTs, from a much larger 

set of available ESTs for each of these taxa (see METHODS). 

To determine whether inference of genome-wide duplication events depends on 

the method of synonymous substitution estimation, we compared four methods of Ks 

estimation, including the original Nei-Gojobori (NG) method (53), the modified Nei-

Gojobori (modified NG) method (54), the Goldman and Yang maximum likelihood (ML) 

method (55), and the YN00 (YN) method (56). Results were similar across all Ks 

estimation procedures in analyses of the Arabidopsis data set (Figure 4-2A). Analyses of 

replicate subsamples from the Arabidopsis unigenes gave very similar results to analyses 

of all paralogous pairs (Figure 4-2B)(29,30,47), suggesting that 6000 unigenes are 

sufficient for estimating Ks distributions for the other species in this study (Table 4-2).  
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Figure 4-2: Ks distribution from a sample of Arabidopsis unigenes and the diagnostic test 

according to the constant birth-death model (null model). A. Ks estimates from four 

methods show strong agreement. ML: maximum likelihood method by Goldman and 

Yang. NG: Nei-Gojobori method. mNG: modified Nei-Gojobori method. YN: Yang and 

Nielsen method. These sample sizes are comparable to the unigenes available for the 

species sequenced in this study. B. Ks distributions for paralogs from four replicate 

unigene samples of 6000 sequences each. C. The density plot of observed Ks distribution 

and simulated data based on the null model with parameter  = 0.67. D. The Quantile-

Quantile plot of observed and expected Ks values shows the poor fit of the null hypothesis 

that gene birth and death rates are constant (p<<0.0001). 
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We estimated the rate parameter for Arabidopsis data (  = 0.67) assuming a 

constant-birth-death model (the null model) and tested the expected distribution against 

the observed distribution using a chi-squared test (Figure 4-2C). The null model was 

rejected (p << 0.0001), and the Quantile-Quantile plot showed obvious deviation from 

the expected distribution of Ks values (bootstrap Kolmogorov-Smirnov test, p<<0.0001) 

(Figure 4-2D). Next, we applied the mixture model to estimate the median age (in Ks 

equivalent unit) of duplicate genes from recent or older duplication events (Table  4-3). 

This analysis, using ML distances, identifies two significant components, a background 

component with median Ks = 0.2889, and a prominent second component including 79% 

of the paralogous pairs with a median Ks  = 0.7510 that corresponds to the polyploidy 

peak detected by Blanc and Wolfe (36). Similar results were obtained when the YN, NG, 

and modified NG Ks estimates were used, so only ML distance estimates are reported for 

all other analyses since they are typically less biased with lower error, especially for more 

divergent sequences (56).  We obtained similar results to those reported in previous 

studies (36,37), with much smaller subsamples of ESTs (Figure 4-2B).  

We next analyzed public EST sets from selected libraries of soybean and tomato. 

Soybean ESTs were sampled from flower, young seedling, root and other vegetative 

tissue libraries. Mixture model analysis suggests that 71% of the paralogs were likely to 

arise from a large-scale duplication (Table  4-3), which appears as a significant peak in 

the Ks distribution with estimated median Ks = 0.6705 (Figure 4-3A). This species is a 

relatively recent tetraploid (36,37,51,57). Thus many of the duplicate pairs assigned to 

the first component in the mixture model are likely derived from polyploidization rather 

than background single gene duplications.   
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Results for tomato also suggest large-scale duplications which account for over 

90% of paralogs. Moreover, the distributions for paralogous gene pairs sampled from two 

tissue sources (floral vs. non-floral organs) were similar (Figure  4-3B,C), and in 

 

 

Figure 4-3: Ks distributions of paralogs in selected angiosperm species, with overlaying 

fitted density from mixture model analysis, suggesting paleopolyploidy in eudicots and 

monocots. Each fitted line indicates a subpopulation in the mixture. Green, the first 

component, corresponds to the paralogs from background gene duplications; other colors 

indicate the estimated median Ks for ancient duplications. Blue, Ks<0.5; black, 

0.5<Ks<1.0; yellow, Ks >1.0. A. Glycine max (soybean). B-C, Solanum lycopersicum 

(tomato), data from floral tissue (B) and non-floral tissue (C). D. a basal eudicot, 

Eschscholzia californica (California poppy). E. a basal monocot, Acorus americanus. 



79 

  

agreement with previous analyses based on all duplicate gene pairs in this species 

(median Ks = 0.277 and 0.632) (37). Together, our tests found strong signals of deviation 

from the null model, and as expected, mixture model analyses suggest ancient polyploidy 

events in Arabidopsis, Glycine and Solanum.  Further, our results suggest that unbiased 

Ks distributions can be obtained from as few as 6000 unigenes sampled from complex 

cDNA libraries derived from developing floral organs. 

Ancient polyploidy in a basal eudicot. Eschscholzia californica (California 

poppy, Papaveraceae) is a member of Ranunculales, the sister lineage to all other 

eudicots (58-61). Analysis of the Ks distribution of 149 pairs of Eschscholzia paralogs 

rejected the constant birth-and-death model (P<<0.0001) and two components in the 

distribution were identified by the mixture model. The second component dominated the 

distribution, with 89% of the duplicate pairs (Figure 4-3C), providing the first strong 

evidence of probable ancient genome duplication in a basal eudicot.  Phylogenetic 

analyses of duplicated AGAMOUS and AP3 homologs (44,62,63) suggest that this 

duplication event occurred after the split between Ranunculales and core eudicots. Thus, 

the genome-wide duplication event evident in the Eschscholzia paralogous pairs was 

probably independent of the genome duplications that have been inferred from analyses 

of the Arabidopsis genome (24,26,47). 

Basal monocot. Acorus americanus (Acoraceae, Acorales) represents the sister 

lineage to all other monocots (58-61,64,65). Three components were identified in the 

paralogous pairs by the mixture model approach. The second component, accounting for 

33% of all duplicates, was shown as a sharp peak in the Ks distribution, while the third 

component, containing 65% of the duplicates, appeared as a broader peak (Figure 4-3E). 
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Based on the distinct modes observed in raw Ks distribution, we hypothesize that the 

second and third components estimated in the mixture model represent two distinct large-

scale duplication events. This hypothesis will be tested in future phylogenetic analyses of 

well-sampled gene families. 

Magnoliids. Both shared and lineage-specific genome duplications were inferred 

from analyses of unigenes from three magnoliid species: Liriodendron tulipifera 

(Magnoliaceae, Magnoliales), Persea americana (Lauraceae, Laurales) and Saruma 

henryi (Aristolochiaceae, Piperales). A total of 92 paralogous pairs were detected in the 

Liriodendron unigene set. The constant birth-death model was rejected (p<0.001), and a 

mixture of two components was identified in the Ks distribution, with the second 

component being dominant (Figure 4-4A). The null birth-death model was also rejected 

in the Persea americana (avocado) analysis (p<<0.0001) with 196 paralogous gene pairs. 

The optimal mixture model also included two components very similar to those seen for 

Liriodendron (Figure 4-4B; Table  4-3). 
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Figure 4-4: Ks distributions of paralogs and orthologs among magnoliids, suggesting 

independent duplications and possibly shared genome duplication events in Laurales 

(Persea) and Magnoliales (Liriodendron). A-C. The distribution in (A) Liriodendron, (B) 

Persea and (C) Saruma, with fitted lines based on the mixture model analysis. D. The Ks 

distribution for Liriodendron and Persea, without scaling for rate differences between 

lineages. E. Ks distribution for paralogs in Liriodendron after rate calibration (= adj.), 

compared with that of Persea, suggesting recent independent duplication and older 

shared genome scale duplications. F. Ks distribution for orthologs of two magnoliids 

species. Ltu, Liriodendron; Pam, Persea; She, Saruma. G. Phylogeny of one 

representative orthologous gene set used for relative rate estimate. The branch length 

shows the estimated relative rate of synonymous evolution in respective species. 
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To determine whether the duplication events inferred from the Ks distributions of 

Liriodendron and Persea represented events in a common ancestor, we first computed the 

median Ks of putatively orthologous gene pairs (total 408 pairs identified as reciprocal 

best hits in BLAST searches) and compared the median Ks for orthologs with Ks values 

for paralogous pairs within each species. The Ks distribution of putative ortholog pairs 

showed a single major component (median = 0.8057, variance = 0.0858;  Figure 4-4F), 

which was slightly older than the probable genome duplication observed in Persea 

(median = 0.6464, variance = 0.1197)(p<0.0001, Wilcoxon test). The timing of the 

duplication event inferred from the Liriodendron Ks distribution (median = 0.7616, 

variance = 0.1328) relative to the divergence of the Persea and Liriodendron lineages 

was ambiguous (p = 0.35), and direct comparison of the Persea and Liriodendron Ks 

distribution may be confounded by unequal substitution rates. 

To account for variation in synonymous substitution rates between the Persea and 

Liriodendron lineages, we aligned putatively orthologous genes from Liriodendron, 

Persea and Saruma and estimated Ks values for each lineage on a phylogeny. We 

examined 19 putative orthologous gene sets in the three species with alignments of at 

least 400 base pairs for all taxa (see METHODS) and found that the synonymous 

substitution rate on the lineage leading to Liriodendron was slower on average than the 

rate on the lineage leading to Persea. For example, in the tree for the orthologous set 

shown in Figure 4-4G, the branch length (in Ks units) for the branch to Persea is 1.31 

times the branch to Liriodendron. The ratio of synonymous substitutions on the Persea 

branch relative to the Liriodendron branch ranged from 0.86 to 2.68, and the ratio was 

greater than one in 16 of 19 cases. When Liriodendron paralog Ks values were multiplied 
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by the median branch-length ratio, 1.29, the peak in the scaled Liriodendron Ks 

distributions matched an older, but non-significant peak in the Persea Ks distribution 

(Figure 4-4E). Taken together, these analyses suggest that the prominent peak in the 

Liriodendron Ks distribution (median = 0.82) represents a duplication event in the 

common ancestral genome of Magnoliales and Laurales that was not identified as a 

distinct component in the mixture model for the Persea Ks distribution.  In line with the 

comparison of Ks values for Persea paralogs and putative Liriodendron-Persea orthologs, 

we interpret the dominant peak in the Persea Ks distribution to represent a genome-scale 

duplication event that occurred after the divergence of Magnoliales and Laurales.  This 

hypothesis needs to be tested with additional data. 

Saruma henryi is a member of Piperales, which is sister to the Magnoliales and 

Laurales clade (58-61). The Ks distribution of Saruma paralogs showed a distinct peak 

with median Ks = 0.7927 (Figure 4-4C; Table  4-3). This is lower than the median Ks for 

202 Saruma – Liriodendron ortholog pairs (0.9555, p=0.0001) and the median Ks for 254 

putative Saruma – Persea ortholog pairs (1.0121, p<0.0001; Figure 4-4F). We therefore 

surmise that the peak in the Ks distribution of Saruma paralogous pairs represents a large-

scale duplication in Piperales after divergence from the Magnoliales and Laurales 

lineages.  

Basal-most angiosperms. Amborella trichopoda (Amborellaceae) and the water 

lilies (Nymphaeales) are either successive sister lineages to all other extant angiosperms 

or together form a clade that is sister to the rest of the angiosperms (60,66,67). The Ks 

distribution for a total of 69 Amborella paralogous pairs appeared to follow an 

exponential distribution, but the uniform birth-death process was rejected (p < 0.01; 
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Figure 4-5A). However, the mixture model analysis only identified one component 

containing all of the gene pairs (Table 4-3). The Nymphaeales are represented in this 

study by Nuphar advena. A total of 138 paralogous pairs were identified and the resulting 

Ks distribution did not fit the constant birth-death model (p < 0.01). Three mixture 

components were estimated from the Ks distribution. The second component, accounting 

for 56% of the paralogous pairs, provided strong evidence for ancient polyploidy in the 

history of the Nuphar genome (Figure 4-5B). The third component, with a median Ks of 

1.3273, may represent the oldest genome duplication to be detected in analyses of Ks 

distributions. The median Ks for the third component was not distinguishable from the 

median Ks value for putative Amborella – Nuphar orthologs (Figure 4-5C)(median 

Ks[orthologs] = 1.24, variance 0.1918, based on 113 putatively orthologous sequence 

pairs; p = 0.05, two-sample t test on the logKs[orthologs] and logKs[third component of 

Nuphar paralogs]). Therefore, the third component in the Nuphar Ks distribution may 

correspond to a polyploidy event that occurred at approximately the time of the 

divergence between the Amborella and Nuphar lineages (see DISCUSSION below). 
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Gymnosperms. We obtained 52,527 unigenes for Pinus taeda (loblolly pine) 

from PlantGDB (68), and a random sample of 6000 unigenes was drawn to match the 

sample size for other species we investigated. The Ks distribution showed a clear 

monotonous decay of paralogs with increasing age and no detectable sign of genome 

duplication in the recent history (p = 0.16; Figure 4-5D). The frequency distribution for 

 

 

Figure 4-5: Ks distributions suggest possible genome duplications in basal angiosperms, 

no evidence for genome duplication events in some gymnosperm species. A. Ks 

distribution in Amborella, a basal-most angiosperm. No significant large-scale 

duplication is detected. B. Three distinct components in the Ks distribution for Nuphar, 

also a basal-most angiosperm, suggest at least two large-scale duplications in the genome. 

C. Ks distribution for putative orthologs between Amborella and Nuphar. D. Pinus taeda 

(loblolly pine) paralogous pairs follow the null model (METHODS). E. Ks distribution 

for paralogs in a gymnosperm Welwitschia. The second component based on the mixture 

model analysis suggests possible continuous duplications in the genome history. 
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all paralogous pairs was essentially identical. The analysis of Pinus pinaster yielded a 

similar exponential distribution (Table 4-3).  

The constant-birth-death model was rejected for Welwitschia (p < 0.01), and a 

mixture analysis of the Ks distribution identified two components (Figure 4-5E). The 

second component, corresponding to the heavy right hand tail of the distribution, may 

represent one or more ancient duplication events, or a reduced rate of gene death for older 

duplicates.  

Discussion 

While previous studies using Ks distributions provided significant insights into 

genome duplications (29,32,36,37), we introduced a model-based statistical test of 

deviation from a constant rate of gene birth and death.  The test accounted for estimation 

error in Ks values. The birth-death model developed here for duplicated genes is a natural 

extension of stochastic birth and death models that have been widely used in population 

genetics, population dynamics and phylogenetic analysis of gene families (69). 

Simulations based on this model have allowed us to investigate how specified death rates 

and duplication time result in Ks distributions with (or without) secondary peaks or heavy 

tails (e.g., Figure  4-1). This model can be extended to incorporate variable rates of gene 

birth or death over time, and to the extreme, an instant burst of gene birth corresponding 

to a whole-genome duplication. Although we could not exclude partial and segmental 

duplications, the model has been validated with genomes with known duplication history 

and such whole-genome events were most likely to be detected. 
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We found that three major factors influence the frequency and observed 

divergence of paralogous pairs arising from genome-wide duplications. Time since the 

duplication event, the rate of gene death, and the background rate of gene birth all 

influence the observed Ks distribution at present time. Very recent genome duplication 

events are associated with Ks values for the resulting paralogous pairs that are 

indistinguishable from those of background single-gene duplications using EST data. For 

example, polyploidy is not clearly evident in the Ks distribution for hexaploid wheat 

because there has been little divergence among the parental or homeologous gene copies, 

and the range of divergence for allelic variants were not distinct from paralogs arising 

from recent gene duplications (36). At the same time, evidence of very ancient genome 

duplications is eroded as synonymous substitutions reach saturation and variance in Ks 

increases. This may be the case in Ks plots for wheat, maize, rice, and barley, in which 

evidence for a genome duplication event some 50-60 million years ago (mya) in the 

common ancestor of all major grain lineages has been obscured (36,48). Detection of 

very old duplication events in Ks distributions is especially difficult in species with high 

synonymous substitution rates. Conversely, evidence for the oldest detectable genome-

wide duplications will be found in Ks distributions for species with the slowest 

substitution rates (see below). 

Concurrent expansion of a few gene families could lead to moderate deviations 

from the null model. This is especially true if ancient duplication events are 

overrepresented in the set of sampled paralogous pairs, or if major adaptive radiations of 

individual gene families preceded or accompanied the radiation of members of the 

lineage under study. In this study, we avoided over counting of ancient gene duplications 
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by constraining genes to be included in only one paralogous pair. Our analysis of 

duplicated Arabidopsis genes verified that this approach produced Ks distributions similar 

to those of previous studies that implemented more elaborate corrections for gene family 

expansions (47). Moreover, sampled paralogous genes were not particularly biased 

towards large gene families. Whereas most sampled duplicate genes belonged to the 

housekeeping functional categories, such as protein synthesis, proteolysis and energy 

metabolism, none of the duplicate gene sets were dominated by a single gene family.  

Several transcription factor families were also identified in our paralog pairs, but again no 

family accounted for more than a few percent of the duplicate gene pairs.  

Our results for Persea (Lauraceae) and Liriodendron (Magnoliaceae) corroborate 

previous evidence of ancient polyploidy from isozyme studies (70).  Soltis and Soltis 

(1990) found that 25-29% of the loci investigated were duplicated in both families, and 

hence could have arisen via polyploidy. All members of Magnoliaceae examined shared 

the very same isozyme duplications (PGI, TPI, 6PGD) while the Lauraceae species 

shared a different suite of isozyme duplications (PGM, TPI, 6PGD, GDH). These were 

interpreted as evidence for independent paleopolyploid events occurring very early in the 

evolutionary history of Magnoliaceae and Lauraceae. The Persea and Liriodendron 

paralogous genes suggest polyploidy in a common ancestor at least 100 mya (71) 

followed by a second round of polyploidy in the Persea lineage (Figure 4-4E), but this 

hypothesis must be tested with analyses of additional gene family phylogenies. If this 

scenario is correct, the duplicated isozyme loci observed in the Magnoliaceae and 

Lauraceae may have arisen from a polyploidy event that predated the separation of the 

two families (72). 
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Over time, the accumulation of nucleotide substitutions can become saturated, and 

therefore lineages with slow synonymous substitutions rates will allow a longer view into 

genome history relative to lineages with faster substitution rates. It is estimated that the 

synonymous substitution in palm (2.61 x 10
-9

 synonymous substitutions/per year) (73) is 

only about half of the rate reported for grasses, eudicots (29) and grass-eudicot 

comparisons (74). We infer a similarly slow substitution rate for other basal angiosperms 

based on the Magnoliales – Laurales divergence as a calibration point. We estimated a 

synonymous site divergence of Ks = 0.7 for Liriodendron and Persea ortholog pairs 

(Figure 4-4F). Using a divergence date estimate of ca. 116 mya for the Magnoliales - 

Laurales split (71), we estimate an average synonymous substitution rate of 3.02 x 10
-9

 

synonymous substitutions/per year. The low substitution rate in Liriodendron and Persea 

may be explained in part by their longer generation times relative to model eudicot and 

grass species.  

We found that the median for the oldest component in the Nuphar Ks distribution 

is close to the median Ks for putative Amborella-Nuphar orthologs (median Ks = 1.24; 

Figure 4-5C). This level of divergence is compatible with the synonymous divergence for 

the very early duplication in Arabidopsis (i.e.,  duplication) (26,42 ,47). Direct dating of 

the early Nuphar peak based on the Ks data is challenging because of uncertainty in the 

branching relationships between Amborella, Nuphar, and the rest of the angiosperms, and 

the possibility of additional rate variation as were seen for magnoliids. We adopted two 

approaches to date the earliest event in Nuphar. First, using an Amborella-Nuphar 

ortholog divergence of 1.24 and a calibration range of 134–165 mya (67) gives a rate of 

4.66 to 3.79 10
–9

 substitutions per silent site per year. Therefore, Ks = 1.33 would predict 



90 

  

an age range between 143-173 mya for the split between these two lineages. An 

alternative calculation, using the magnoliid calibration of   3.02 10
-9

 substitutions per 

silent site per year, leads to an estimate of 220 mya for the divergence of lineages leading 

to Amborella and Nuphar. 

This range of age estimates supports two alternative interpretations of the Nuphar 

and Amborella paralog Ks distributions.  The third component in the Nuphar Ks 

distribution may represent polyploidy in a common ancestor of all angiosperms (Figure 

6) in agreement with recent analyses of MADS-box gene families (44,75). This scenario 

would require that evidence of ancient polyploidy has been sufficiently eroded as to be 

undetected in analyses of EST samples from Amborella and other angiosperm species due 

to gene death and/or saturation of synonymous substitutions as discussed above.  For 

example, non-significant peaks around Ks = 1.5 in the Liriodendron and Persea Ks 

distributions (Figure 4-4A and 4-4B) may provide weak evidence of polyploidy early in 

angiosperm history.   Alternatively, the earliest duplication peak detected in the Nuphar 

analysis may trace back to a genome duplication in the common ancestor of Nuphar and 

all extant angiosperm lineages other than Amborella (Figure 4-6 Such a scenario would 

be consistent with the hypothesis that Amborella is sister to all other extant angiosperms 

(e.g., solid line on Figure 4-6), and the extremely low proportion of duplicate genes found 

in the Amborella unigene set. This scenario also would narrow the timing of a genome 

duplication to about 10 million years separating the branch points for Amborella and all 

other extant angiosperm lineages (67). As discussed above, however, there have been 

instances where known genome duplication events have not been detected in Ks 

distributions (Figure 4-1)(27,36), so lack of evidence for ancient polyploidy in the 
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Amborella Ks distribution does not exclude the possibility of polyploidy in an ancestral 

genome.  

While the genomic sequences have revealed evidence of polyploidy in the 

Poaceae and core eudicots, the secondary peaks found in paralog Ks distributions for 

representatives of virtually all major angiosperm lineages, support the notion that genome 

duplications are common in angiosperm history and gene birth and death are important 

 

  
 

Figure 4-6: Phylogenetic summary of paleopolyploidy events estimated by the mixture 

model approach and their distribution in angiosperm and gymnosperm lineages. Scaled 

graph in center with green Xs corresponding to median Ks of pairs from background gene 

duplications, while blue and black ovals indicate the median Ks of possible concentrated 

duplications in the history of the lineage. Phylogenetic tree at left shows likely placement 

of detected genome scale duplications. Uncertainty in phylogenetic timing of the 

duplication event is indicated with a wide oval that covers possible branch points 

compatible with the current Ks evidence. Hollow ovals indicate duplications identified in 

previous studies using paralogous genes or genomic data from those lineages. 
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processes in plant evolution (29). The evidence now supports the hypothesis proposed 

initially decades ago by Stebbins (13) that angiosperms have experienced repeated rounds 

of polyploidization throughout their evolutionary history. Many questions follow: How 

many polyploidy events separate different plant lineages? What is the typical fate of 

genes generated through these duplication events? And perhaps most intriguingly, have 

polyploidy events been important engines of angiosperm diversification. Genome scale 

sequencing of phylogenetically crucial angiosperm species would provide the data 

necessary to directly test whether the rapid diversification of flowering plants following 

the origin of the angiosperms (46) was associated with one or more polyploidy events. 

Methods 

EST sequencing and assembly EST sequences from floral cDNA libraries of 

seven species (Amborella trichopoda, spatterdock water lily [Nuphar advena], avocado 

[Persea americana], yellow poplar [Liriodendron tulipifera], wild ginger [Saruma 

henryi]), sweet flag [Acorus americanus], and California poppy [Eschscholzia 

californica]) are available through the Plant Genome Network (www.pgn.cornell.edu). 

cDNA library construction, EST sequencing and assembly were described previously 

(45). 

Public EST sets from selected libraries for Arabidopsis thaliana, soybean 

(Glycine max, Williams 82) and tomato (Solanum lycopersicum, cultivar TA496) were 

downloaded from GenBank dbEST section, trimmed using seqclean, and assembled 

using CAP3 with the percent identity parameter p = 90 and overlap length 40bp. 
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Arabidopsis thaliana ESTs were from four libraries (root, flower, green silique and two 

to six week above-ground organs). To minimize the allelic variations in the EST 

sequence collection, the unigenes were mapped to the Arabidopsis genome, and 

redundant unigenes matching the same genomic locus were discarded. Only the 

sequences that matched the protein coding regions were retained. From this screened 

unigene set, we drew replicate samples with 6000 unigenes in each sample. The sample 

size of 6000 Arabidopsis unigenes approximates the number of unigenes from new EST 

data sets we analyzed. To compare if library sources influence the estimates, we analyzed 

two samples of tomato ESTs, one from floral cDNA libraries and one from vegetative 

cDNA libraries. The soybean ESTs were sampled from cDNA libraries of flower, young 

seedling, root and other vegetative organs. Unigenes for gymnosperms Pinus taeda and 

Pinus pinaster were downloaded from PlantGDB (68), which were built with public 

ESTs from all libraries. For each species, we sampled 6000 unigenes for Ks analysis. 

Ks calculation for paralogs and orthologs: Paralogous pairs of sequences were 

identified from best reciprocal matches in all-by-all BLASTN searches. For datasets with 

trace files, we discarded bases with Phred (76,77) quality values lower than 20. Only 

sequence pairs with alignment lengths over 300 bp were used for Ks calculations. 

Translated sequences of unigenes generated by ESTScan (78) were aligned using 

MUSCLE v3.3 (79). Nucleotide sequences were then forced to fit the amino acid 

alignments. The Ks value for each sequence pair was calculated using the Goldman and 

Yang maximum likelihood method (55) implemented in codeml with the F3x4 model 

(80). In order to assess whether the shape of Ks distributions was dependent of the 

estimation procedure, the Nei-Gojobori method, the modified Nei-Gojobori method and 
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the YN00 method (56) were also applied on the Arabidopsis set. The Ks frequency in 

each interval size of 0.05 within the range [0, 2.0] was plotted.  

The age distribution of paralogs under a constant birth-death model (the null 

model). We modeled the birth and death of paralogs formed by gene duplications under a 

constant rate birth-death model in order to test whether an observed frequency 

distribution of Ks values indicates deviation from this process. The duplicate genes are 

generated by a Poisson process at rate , and the number of duplicate pairs decreases by 

age at an exponential rate . We can estimate the age distribution of surviving paralogs 

(survivors), total N, by considering the process as sampling gene birth over time [0, t], 

and decide if each birth was a survivor.  

The distribution for the number of survivors of age t is 

N(t) ~ Po exp( s)ds
0

t

( ) = Po( F(t)),  

where  = / , and F(t) = 1- exp(- t), the cumulative density function of 

exponential( ). From this we deduce that the population size N( ) = Po( ). Furthermore, 

the survivor's age distribution is an empirical distribution of a sample of exponentially 

distributed random variables, generated with the parameter . 

To obtain the estimate of the true age, we must consider the error of Ks with 

respect to the true age of paralogs. If the true age is T, then we can calculate Ks (with 

error) as: 

Ks = T + (s|t) z , 

where s|t is the standard error for Ks at T = t, and z is a standard normal random 

variable. The error can be estimated from the empirical standard error given by the 



95 

  

PAML software.  

The mean of s is expected to correlate with the time t, as older Ks estimates have 

larger variances. The conditional distribution of s can be approximated by 

exponential(2/t). The maximum likelihood estimate of the parameter  from the data was 

obtained using a grid-based method and a simulated sample under the null model were 

compared to the observed using a chi-squared test. A Quantile-Quantile plot (Q-Q plot) is 

used to visualize the difference of observed data and a simulated data set according to the 

null model. A strong deviation from the 45° line in the Q-Q plot suggests that the two 

distributions differ, and a bootstrap Kolmogorov-Smirnov test 

(http://sekhon.polisci.berkeley.edu/matching/ks.boot.html) was applied to compare the 

observed and expected Ks distributions. The modeling and simulation scripts are available 

from the author upon request. 

Finite mixture model of genome duplications. In order to explore further how 

genome-wide duplication events influence the age distribution of paralogs and Ks 

distributions, we defined the background duplication as gene duplication under the 

constant rate birth-death process, and a genome duplication as an instant spike of gene 

birth overlaid on top of the background. We modeled changes in the Ks distribution with 

increasing time since the duplication event, while assuming a constant rate of gene loss 

(death rate) and a constant background gene duplication rate (birth rate). Each simulation 

included a genome duplication (which led to new duplicates n) at time t. About 5% of 

duplicates were allowed to escape the death process. 

In all instances when we rejected the constant rates hypothesis, we surmised that 

the observed Ks distributions actually reflect a compound distribution generated by 
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variable birth and/or death rates from the time of duplication. For example a genome 

duplication event would generate an immediate spike in the birth of paralogs. Mixture 

models treat the distribution of interest as a mixture of a number of component 

distributions in various proportions. The EMMIX software is suitable for mixed 

populations where each component can be described by a Gaussian density (38)(see 

http://www.maths.uq.edu.au/~gjm/emmix/emmix.html for the Users’ Guide). Following 

Schlueter et al. (37), we model the log-transformed Ks distribution of paralogs (The actual 

distribution is a mixture of log transformed exponentials and normals). Observations with 

Ks<0.005 were excluded to avoid fitting a component to infinity (37). This truncation 

could also reduce the proportion of gene pairs attributed to the background duplication. 

We modeled the mixed populations with one to four components and repeated the EM 

algorithm 100 times with random starting values, as well as 10 times with k-mean start 

values. One restriction imposed on the variance structure of Ks is that variance increases 

with the mean according to the empirical estimates. The observed data could often be 

fitted to more than one component, with different means, variances and mixture 

proportions. The mixture model with the best fit was identified using the Bayesian 

Information Criterion (81). The mean and variance for each component (subpopulation of 

logKs values) for the selected model were back-transformed to the original scale for 

plotting and interpretation. 

Calibrating rate of synonymous substitution across lineages. When comparing 

Ks distributions among taxa, variation in the substitution rates among lineages must be 

taken into account. We used a phylogenetic approach to estimate lineage-specific 

synonymous substitution rates on branches leading to the magnoliids Liriodendron 
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tulipifera, Persea americana, and Saruma henryi. Orthologous genes from Arabidopsis 

thaliana, rice and the three magnoliid species were classified by InParanoid (82). Protein 

alignments of Arabidopsis and rice gene models (the TIGR Arabidopsis thaliana 

database, the TIGR rice database) were first constructed, then DNA alignments were 

forced to protein alignments by codon positions. A maximum likelihood tree was 

estimated using the HKY model in PHYML v.2.4.3 (83) for each putative ortholog set 

including at least 400 aligned nucleotide positions. A per site estimate of synonymous 

substitution (Ks) was then made for each magnoliid branch in gene phylogenies consistent 

with the organismal relationships ((Liriodendron, Persea) Saruma) using codeml in the 

PAML package (80). The ratio of Ks values on the Persea branch relative to the 

Liriodendron branch was then estimated for each gene. 
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Table 4-1: Genome sizes and base chromosome numbers for the angiosperm and 

gymnosperm species in this study. Relationships among the organisms and the major 

lineages are indicated in Figure 4-6. Source: KBG, Kew Botanical Garden Plant C-value 

databases. This study: DNA content determined by flow cytometry as described in (84). 

Scientific 

name 

Common 

name 

Family Group Genome 

size(Mbp) 

chromosome 

number (2n) 

Source 

Arabidopsis 

thaliana 

thale cress Brassicaceae rosid 157 10 KBG 

Glycine max soybean Fabaceae rosid 2205 40 KBG 

Solanum 

lycopersicum 

tomato Solanaceae asterid 1005 24 KBG 

Eschscholzia 

californica 

California 

poppy 

Papaveraceae Ranunculales 502 12 This 

study 

Acorus 

americanus 

sweet flag Acoraceae monocot 392 24 This 

study 

Liriodendron 

tulipifera 

yellow 

poplar 

Magnoliaceae magnoliid 1710 38 This 

study 

Persea 

americana 

avocado Lauraceae magnoliid 907 24 KBG 

Saruma 

henryi 

 Aristolochiaceae magnoliid 3014 52 This 

study 

Nuphar 

advena 

spatterdock 

water lily 

Nymphaeaceae basalmost 

angiosperm 

2772 34 This 

study 

Amborella 

trichopoda 

 Amborellaceae basalmost 

angiosperm 

870 26 KBG 

Pinus taeda loblolly 

pine 

Pinaceae gymnosperm 21658 24 KBG 

Pinus 

pinaster 

pine Pinaceae gymnosperm 23863 24 KBG 

Welwitschia 

mirabilis 

 Welwitschiaceae gymnosperm 7056 42 KBG 
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1
 Sampled from 6369 unigenes    

2
 Sampled from 52527 unigenes      

3
 Sampled from 8076 unigenes      

Table
 
4-2

: 
 Summary of EST data sets and paralogous pairs identified in this study. 

Scientific name ESTs Unigenes Pairs with 

Ks<2 

Source 

Arabidopsis thaliana  6000
1
 205 dbEST 

Glycine max 10046 6240 125 dbEST 

Solanum 

lycopersicum 

10028 5303 143 dbEST 

Eschscholzia 

californica 

9079 5713 178 PGN 

Acorus americanus 7484 4663 149 PGN 

Liriodendron 

tulipifera 

9531 6520 92 PGN 

Persea americana 8735 6183 196 PGN 

Saruma henryi 10273 6293 184 PGN 

Nuphar advena 8442 6205 138 PGN 

Amborella trichopoda 8629 6099 69 PGN 

Pinus taeda  6000
2
 276 PlantGDB 

Pinus pinaster  6000
3
 259 PlantGDB 

Welwitschia mirabilis 9776 6048 157 PGN  
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Table 4-3: Mixture model estimates for Ks distributions in each species. Initial tests 

against the null model (no genome duplication) were conducted, then a mixture analysis 

was applied to each species. The final mixture model was selected according to the 

Bayesian Information Criterion (BIC) and the restriction on the mean/variance structure 

for Ks (see METHODS). n, sample size; p, number of mixture components, -lnL, log 

likelihood for the mixture model. For each mixture model, the proportions (prop.) for 

each component (subpopulation) sum to 1. 

Scientific name n p lnL BIC median variance prop. 

Arabidopsis thaliana 202 2 -162.498 351.54 0.2889 0.0473 0.21 

     0.751 0.0777 0.79 

Glycine max 123 2 -147.358 318.78 0.1873 0.0398 0.29 

     0.6705 0.1066 0.71 

Solanum lycopersicum 

(floral) 

139 2 -118.607 261.89 0.0643 0.0066 0.09 

     0.7894 0.1021 0.91 

Solanum lycopersicum 

(non floral) 

119 2 -122.933 269.76 0.1857 0.0547 0.15 

     0.7885 0.1425 0.85 

Eschscholzia californica 178 2 -161.652 349.21 0.0871 0.0043 0.11 

     0.7098 0.087 0.89 

Acorus americanus 139 3 -103.568 246.61 0.0118 0.001 0.01 

     0.455 0.0046 0.33 

     0.5813 0.1309 0.65 

Liriodendron tulipifera 87 2 -94.046 210.42 0.1005 0.0121 0.14 

     0.7616 0.1328 0.86 

Persea americanus 186 2 -196.998 420.12 0.0234 0.0004 0.07 

     0.6464 0.1197 0.93 

Saruma henryi 146 2 -162.789 350.5 0.0913 0.0168 0.2 

     0.7927 0.1066 0.8 

Nuphar advena 134 3 -159.416 358.02 0.1746 0.0461 0.37 

     0.4291 0.0202 0.56 

     1.3273 0.0084 0.07 

Amborella trichopoda 49 1 -80.676 169.14 0.2698 0.1147 1 

Pinus taeda 227 1 -405.77 822.39 0.0839 0.0147 1 

Pinus pinaster 240 1 -373.135 757.23 0.2499 0.0819 1 

Welwitschia mirabilis 132 2 -181.128 386.67 0.1139 0.0271 0.35 

     0.9519 0.1374 0.65  
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Chapter 5 

 

Large number of genes expressed in flowers of basal angiosperms: inference from 

EST data  
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Abstract 

Gene expression in a tissue or organ is developmentally regulated. The 

reproductive structure in angiosperms, the flower, has been a focus of genetic and 

molecular biology studies which uncovered a regulatory network of transcription factors. 

However, the expression of all genes in flower development is not well defined. Early 

studies on tobacco implied perhaps several thousand RNA species were present in floral 

organs. ESTs from a broad range of flowering plants, especially recently generated from 

basal angiosperm flowers, provided rich information on gene expression distribution in 

flowes among phylogenetically early-diverging lineages. We develop a robust estimator 
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for the number of expressed genes that is implemented in the software ESTstat. The 

method corrects for EST clustering errors that usually lead to overestimation of the 

number of unique transcripts (unigenes) sequenced. The model plant Arabidopsis 

thaliana is estimated to express 8,000~11,000 genes during early flower development. 

We expand the estimate of total number of genes expressed in flowers to other eudicots, 

monocots and basal angiosperms. Basal angiosperms especially show a large number of 

distinct transcripts, and differential expression is found between male and female flowers 

of Amborella trichopoda. Compared with the genome duplication history, the number of 

gene expressed in flowers may be largely downsized in Arabidopsis while maintained in 

basal lineages. Also, libraries of early stage flowers are shown to contain more transcripts 

expressed at a low level than mature flowers, consistent with microarray experiments on 

different floral developmental stages. From the early stage developing flowers, we expect 

a large number of unique genes be discovered in future EST or cDNA sequencing. 

Key words: Gene number, EST, flower development 

Introduction 

Gene expression is highly regulated during development. In plants, gene 

expression regulation at the transcript level is shown to lead to tissue differentiation (1). 

As a complex structure, flowers include multiple organs; most commonly shared are 

sepals, petals, stamens (male reproductive organ) and carpels (female reproductive 

organ). Therefore, genes expressed in flowers should encompass broad functional 

categories including both basic metabolism and development. For example, several plant 
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MADS-box genes are shown to be specifically expressed in flowers and determine the 

floral organ identity in model organisms such as Arabidopsis thaliana, Antirrhinum 

majus (snapdragon), and petunia (2-4). Molecular and genetic studies of these model 

organisms identified a conserved genetic regulatory network involving transcription 

factors (such as MADS box, bZIP, zinc finger, homeobox, myb and AP2/EREBP domain 

proteins) (5-8), protein kinases (9,10), and transcription factor regulators (11,12). 

Expansion of these gene families have been linked to genome-wide duplication in some 

angiosperm lineages. Duplication of floral development genes, APETALA3 and 

APETALA1 was believed to accompany the origin of core eudicots (13). At least one 

round of genome duplication occurred in the Arabidopsis genomes since the core 

eudicots split from monocots, resulting in duplicate blocks in the genome (14,15). 

Genome duplication has likely expanded the set of genes expressed in flowers. The genes 

expressed in flowers are a result of regulation of a specific subset of genes in the genome. 

This study aims at estimation of the genes expressed in flowers, which we refer to as 

“gene number”. Under this premise, different transcript types from the same gene are 

included in our estimates of gene number.  

The earliest efforts to estimate the number of genes expressed in a tissue were 

based on solution hybridization experiments. Kamalay and Goldberg demonstrated that 

tobacco nuclear RNAs are under developmental control, and tissue specific mRNAs are 

found in both unique and shared RNA subsets between vegetative and reproductive 

tissues (16). They estimated that the mRNA complexity in floral organs (petal, anther and 

ovary) was about 3.2 10
4
 kb in each organ. If the average length of an mRNA is 1.6kb 
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(Average length of known cDNA in Arabidopsis), the result suggested about 20,000 

genes expressed in each organ. With little genetic information, the data implied a high 

complexity of expressed genes in floral organs. Multiple high-throughput methods for 

measuring gene expression have become available. ESTs (17) and microarrays (18) 

provide rich data on the diversity and expression levels of different transcripts in specific 

tissues. Notably the full genome sequence of a model eudicot plant, Arabidopsis thaliana, 

yielded a surprise in that the number of genes is larger than many of the animals (19). 

Full genome sequences for rice suggested even more genes present in the compact 

genome of that monocot species (20,21).  

However, the number of genes present in a genome does not necessarily 

determine the number of genes expressed in an organ. It has been shown by whole-

genome microarray experiments that a large fraction of the Arabidopsis genome is 

differentially expressed between organs (18,22). Meristem tissues and reproductive 

tissues such as young flower buds have more genes expressed at a lower level than 

mature, differentiated tissues (22). While the total gene number remains unknown until 

the genome is finished and fully annotated, compiled tissue cDNA libraries would allow 

estimates of the transcript pool for the genome. Estimates of unique transcripts based on 

any individual tissue may provide more specific knowledge of the toolkit used in the 

developmental process. 

We infer the extent of total genes expressed in various tissues or organs based on 

EST data. ESTs accumulated from cDNA libraries provide a suitable source of data to 

address the gene expression distribution in a wide range of organisms (23). We further 

compare the gene number estimates to that identified by microarray and by the genome 
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annotation using the Arabidopsis genome data. Because EST sequencing for most cDNA 

libraries is not exhaustive, a great majority of transcripts are not represented in the 

sequenced population. Simulations show that the downward bias may be mitigated by 

bootstrap confidence interval estimates. EST sequence cleaning and clustering also 

influences the accuracy of true gene expression level as measured by EST counts.  

We compare the expressed gene numbers in flower libraries among derived and 

basal angiosperm lineages (24). Results indicate that genomes of basal lineages may 

express more genes than known in model organisms, however, the estimates do not 

correlate with genome size or genome duplication history of flowering plant lineages 

(25). Multiple biological interpretations, including heterozygosity, alternative splicing, 

non-genic transcript, and broader expression of gene family members, may have 

contributed to the number of genes expressed in basal angiosperm flowers.  

Methods 

EST sequence assembly 

EST sequences from floral cDNA libraries were obtained from GenBank 

nucleotide section for Arabidopsis thaliana (flower buds), tomato (four libraries, 

including 0-3mm flower buds, 3-8mm buds, 8mm buds to preanthesis, and open flowers), 

soybean (flower buds, less than 3mm), grape (pre-bloom to nectary stage flower), barley 

(male and female inflorescence), rice (mixed stage panicle). ESTs from other species 

(California poppy, asparagus, Liriodendron tulipifera, Persea americana, Saruma henryi, 

Nuphar advena and Amborella trichopoda) were generated by the Floral Genome Project 
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(24). Only directional cloned and sequenced libraries were selected so that a data set 

contains all 5' ESTs or all 3' ESTs. Sequences were trimmed using seqclean to remove 

polyA tracks, vector sequences and contaminate sequences. Subsequently they were 

separated by the sequencing directions and assembled using CAP3 (26) at percent 

identity P = 90 and length overlap O = 40. The assembly criterion was chosen based on 

comparisons of assembled Arabidopsis thaliana unigenes under various assembly rules to 

the genome annotation (27). To evaluate the influence of clustering stringency on the 

gene number estimates, we also constructed EST clusters for one Arabidopsis data set at 

P = 85, 90, 95 and 97.5.  

EST clustering and gene number estimation 

A unigene is a consensus sequence derived from EST clusters, which may not 

always correspond to a unique gene in the genome due to assembly errors. If only one 

EST is captured, the unigene is called a singleton. Non-overlapping ESTs from the same 

cDNA could be assembled into different unigenes. This is a major source of error for 

assembling 5' ESTs, and we call it the ISO error (for insufficient overlap error). To obtain 

a more accurate representation of gene expression levels captured by ESTs, we developed 

a correction method and implemented in ESTstat (27,28).  

We are seeking to estimate the total number of genes expressed, which we call the 

gene number N. The EST count X follows a zero-truncated Poisson mixture distribution. 

We obtained the penalized maximum likelihood solution for the mixture distribution 

(details in (29)). A bootstrap sampling of gene clusters based on c provides the 

confidence intervals (29).  

Simulation based on microarray data 
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Data from three experiments using Affymetrix ATH1 GeneChip on Arabidopsis 

thaliana flowers (ATGenExpress_29, Col-0, inflorescence stage 1-6 flower; 

ATGenExpress_46, shoot apex, inflorescence; and X. Zhang experiment, wild type 

inflorescence(22)) were obtained and normalized with the Robust Multi-array Average 

(RMA) and Microarray Suite 5.0 (MAS5.0) methods. After normalization, the average 

intensity values on the chip were treated as the true expression level of each gene. The 

distribution of intensity values was used to generate sample EST counts with the total 

sample size S fixed. That is, for each gene, the number of ESTs sampled is 

( )PoissonX
i

~  and the tuning parameter =
S

N
Intensityi .  

Two sets of simulations were conducted. First, repeated sampling of 10,000 ESTs 

from the same library was conducted to compare the variation of the gene number 

estimates. Next, variable sample sizes were compared. Five samples were generated from 

the expression profile represented by a microarray experiment and the sample sizes 

ranged from 5000 to 50,000.  

Classification of unigenes to PlantTribes 

The PlantTribes database (http://www. floralgenome.org/planttribes/) contains 

putative gene families for Arabidopsis and rice clustered using TribeMCL (30). Unigenes 

from five basal angiosperm species were assigned to the tribes according to the top 

BLAST hit of Arabidopsis or rice proteins with the E value cutoff at 1E-10.  
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Results 

EST clustering stringency affects gene number estimates 

For the same EST set, the gene number estimates are robust within a range of EST 

clustering stringencies, although the observed gene cluster profiles vary (Table 5-1). As 

the stringency increases, ESTs from similar genes or genes with common domains are 

less likely to be clustered together, and long contigs may split into smaller clusters, which 

could lead to a significant increase in observed singletons. For the Arabidopsis flower 

ESTs, the number of unigenes identified increases by 8% and the observed singletons by 

12% when the clustering stringency P increases from 85 to 97.5. Although the point 

estimate of gene number increases, the 95% confidence intervals still largely overlap 

within the range (8000, 11000), suggesting that the gene number estimate is robust. When 

the clustering stringency is so high that it leads to extreme false separation of ESTs from 

the same gene, the estimates become less reliable.  

On the other hand, the most influential error is not dependent on the clustering 

stringency alone, but the overlap of ESTs in a cluster. The ISO error results in an 

overestimate of rare unigenes, especially the number of singletons. After mapping the 

EST clusters to the Arabidopsis genome, we estimated that the ISO error was around 5% 

for 3' ESTs at clustering stringency P= 85 and 90, and increased to 13% at P = 95. This 

problem is most serious in clustering 5' ESTs, where partially degraded transcript may 

constitute a large fraction of the cDNA pool. We estimated that most data sets of 5 'ESTs 

contained about 10% singletons that should be clustered into larger contigs, but the error 

could be as high as 25%. ESTstat attempts to correct the error before estimation of the 
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gene number (see Figure 5-1). Without this correction step, the number of rare 

transcripts would be over estimated, and the subsequent estimate of gene number would 

be inflated.  

Adequate sample size required for robust estimates 

To evaluate the sample size effect on the gene number estimates, we simulated 

cDNA libraries with transcript abundance levels following those from one microarray 

experiment on Arabidopsis wild type flowers (stage 1-6) (22). From 100 repeated 

samples, the median estimated number of expressed genes is 14452 and the 95% 

confidence interval (C.I.) is (12249, 17061). This estimate agrees with the number of 

genes labeled “present” according to the MAS 5.0 normalization method (14748), and 

roughly corresponds to the number of genes with expression value > 50 (14127) out of 

22,746 gene elements represented on the chip. It suggests that a sample size of 10,000 

yields reliable estimates for the expressed genes in the floral tissue. At this sample size, 

the interval estimates agree with independent whole-genome array experiments.  

We also compared the estimates based on different EST sample sizes using 

simulation data (Figure 5-2). The gene expression levels are derived based on three 

independent microarray experiments containing flower or inflorescence tissue. EST 

clusters are randomly drawn to reach the sample sizes of 5000 to 30000. Most bootstrap 

gene number estimates overlap within the range of 10,000 to 22,000. Simulations based 

on inflorescence and shoot apex microarray data also yield similar results (not shown). 

The estimator is designed to reach high accuracy under various distribution assumptions. 

Different from unbiased maximum likelihood estimator, the NPMLE result in a 

downward bias in order to reduce the variance. In other words, an unbiased ML estimator 
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may under some situations lead to much larger estimates (in the millions), which is 

unrealistic for the model flowering plants in this study.  By controlling for sample size 

and EST clustering stringency, the results for diverse flower EST libraries become 

comparable.  

Estimates of genes expressed in flowers and other tissues 

We can estimate the gene number for multiple tissues and even whole plants by 

combining the EST data from well-differentiated tissues. When pooling flowers and non-

flower tissues, such as roots and young shoots, we obtained that in each two-source 

combination, there are about 20,000 genes expressed (Table 5-2). The florally expressed 

genes contribute to 50%~60% of the genes expressed in the tissues combined. It suggests 

that a large fraction of the genes in the pooled tissues are only preferentially expressed in 

one source, which agrees with previously reported results from microarray experiments 

(22). When all three types of tissues were pooled (flower, root and shoot), we estimated 

that the total number of expressed genes is about 29,000, close to the predicted protein-

coding genes in the whole genome (TIGR Arabidopsis genome release 5.0). 

Theoretically, the proportions of ESTs contributed by each library do not bias the result, 

because the pooled set represents a different mixture distribution from each subset. 

However, the estimates increased to much more than 30,000 when we pooled over 

150,691 ESTs from five sources (flower, root, shoot, leaf and green silique). This is 

likely in part to be due to the presence of alternatively spliced transcripts that do not 

cluster together in unigene construction (27), and due to the presence of a low frequency 

of genomic fragments that have passed through the cDNA cloning process. We 
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considered that the sample was not representative of the true expression levels for genes 

in the genome. The increase of clustering errors resulted in much higher fraction of rare 

transcripts such that the correction method based on a single library is not sufficient.  

Expressed gene numbers among angiosperm flowers 

The number of expressed genes from flowers of eudicot and monocot species lies 

in a consistent range similar to the Arabidopsis estimate, with exceptions of California 

poppy, a basal eudicot, and rice (Table 5-3). We especially collected the EST data from 

young flowers when possible, which include mostly the early stage buds. These include 

cDNA libraries from Arabidopsis, soybean, California poppy, barley and asparagus. 

Tomato, grape and rice ESTs were derived from mixed stage flowers. Based on the 

mixture distribution, we estimated the fractions of genes with high, intermediate, and low 

expression levels to be around 75%, 18% and 7% in young Arabidopsis flowers. There 

appears to be some difference of the proportions and estimated levels of each population 

of transcripts among species. For example, in tomato and grape flower libraries, most 

genes are expressed at medium levels and few at very low levels (Figure 5-3).  

For most basal angiosperms we found that the numbers of expressed genes are 

much larger (Table 5-4), about 50% to one time more than those of derived eudicots, 

when controlling for the sample sizes. In the basalmost angiosperm Amborella, it was 

estimated that more genes are expressed in male flowers than in female flowers, suggest 

possible sex difference in gene expression. These libraries all represent the early stage of 

flower development. Results also show that these tissues express most genes at a low 

level (Figure 5-3), so that the total numbers of unigenes after EST clustering are 

relatively high.  
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Discussion 

This study analyzes expressed gene numbers in flowers of a broad range of 

angiosperms. With shallow sampling of total transcript pools by EST sequencing, the rare 

transcripts are most influential in the gene number estimate. Although the small sample 

size leads to negative bias of the gene number estimate (25), we showed that when the 

sample size of 10,000 ESTs is used across libraries, the results are robust and 

comparable. Also, results based on independent samples of ESTs from different species 

do not suggest strong correlation of EST sample sizes and the gene number estimates. 

Therefore, those estimated with a large number of transcripts are not due to difference in 

sample sizes.  

EST sequencing and clustering quality are important factors in determining the 

accurate level of genes expressed. The clustering error correction model uses both EST 

read length and estimated cDNA length (inferred from EST contigs). We use the quality 

score model based sequence assembly (generated by CAP3) and average read lengths do 

not appear to correlate with gene number estimates. The estimates based on public data 

sets do not contain quality information so that clustering errors in data from sources other 

than data from the Floral Genome Project (24) may be higher. 

Library preparation techniques also may influence the total pool of transcripts 

represented. The most serious source of bias that could result in significant increase of 

“false” transcripts is genomic sequence contaminants. Although we do not have direct 

measure of genomic DNA contamination in the cDNA library, chloroplast and 

mitochondrial DNAs can be used to estimate the degree of foreign DNA in the mRNA 
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preparation. In the libraries surveyed, less than 1% of clones yield significant matches to 

chloroplast or mitochondrial DNA. These clones are not over represented in singletons. 

The majority of sequences do not come from genomic sources and the EST sequences 

represent true transcripts.  

Alternative splicing may lead to several variants of the same genes expressed, 

which could result in an increase of estimated gene numbers. The degree of alternative 

splicing is low in plants. It is estimated to be 6% in Arabidopsis and 16% in rice in a 

survey based on full length cDNAs mapped to the Arabidopsis and rice genomes (31), 

but for most plant species, the frequency will not be known until long genomic sequences 

become available. By our definition, splicing variants that fail to cluster will be counted 

as different genes, and included in our estimates of expressed gene number.  

The sampling scheme for different plants may contribute to different 

representation of transcript pools in a cDNA library. For highly inbred lines, such as 

Arabidopsis, ESTs from the same gene are generally clustered together. For other 

outcross species sampled from the wild, if the plants are highly heterozygous and allele 

divergence exceed 10%, some alleles will appear as separate clusters, and total gene 

number estimate may be inflated. It is unknown how common it is for allelic divergence 

to be so high that ESTs from different alleles do not cluster. 

It is surprising that with similar sample depth and clustering approach, the basal 

angiosperms consistently recorded a large number of transcripts expressed in the floral 

tissue. The genome sizes of the species studied range from 125 Mb (Arabidopsis 

thaliana) to over 5000 Mb (barley). Except for soybean, a diploidized tetraploid (32), 
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most species are diploid, and some have had possible whole-genome duplications since 

the origin of major lineages of angiosperms (25,33). There is an apparent lack of 

correlation between the genome size measurements and the gene number expressed in 

flowers. In cereals, the large genome sizes is mainly due to proliferation of repeat 

elements, including LINEs, SINEs, and retrotransposons (34). Expressed transposable 

elements may have contributed to the pool of transcripts in basal angiosperms and rice. 

Their transcription activities may lead to regulatory changes during development (35). 

While shared polyploidy events may be responsible for genome size increases in some 

lineages, the reduction of genome sizes is significant in the model organisms, 

Arabidopsis and rice, compared to closely related lineages (36). Thus, the decrease of 

expressed genes in eudicots is more likely a product of differential gene regulation than 

simple reduction of genomes since past genome duplication.  

Previous studies suggest that perhaps most angiosperm species have had 

polyploidy history (33). Compared to the basal angiosperm lineages (Amborella, Nuphar 

and magnoliids: Liriodendron, Persea), eudicot and monocot species probably had 

genome duplications that were independent from most of those detected in basal 

angiosperm lineages (25). However, duplicate genes may have been eliminated at a lower 

rate due to the low rate of substitutions estimated from basal angiosperms compared to 

eudicots and grasses (37). The dynamic gene birth and death in the genome, combined 

with the genome duplication history, shapes the difference in potential gene space of 

basal angiosperms and derived lineages. In addition, duplicated floral development genes 

originated in eudicots (13,38,39) suggest that functional differentiation exists between 

these paralogs, which may lead to finer temporal regulation of the transcripts, instead of 
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increase of total transcripts. The expression pattern of MADS box genes in different 

flowering plant lineage support that the same gene set are expressed in a broader range of 

organs in basal lineages than in the derived eudicots (12).  

The distribution of putative protein families for the unigenes from basal 

angiosperm species was compared to 29142 putative protein families in Arabidopsis and 

rice genome, classified in the PlantTribes database. We identified tribes which contain at 

least one member from the basal angiosperm species, while 261 and 231 lack any 

Arabidopsis or rice member, respectively. Most genes in these families have not been 

functionally characterized. Domain searches identified several F-box proteins, zinc finger 

proteins, and proline-rich extensins. One tribe is found with similarity to Arabidopsis 

extensin, and the Arabidopsis protein is expressed in flower buds and bolted flowers (40). 

Several groups of LTR-retrotransposon proteins which are absent from Arabidopsis are 

found in ESTs, and similar findings were reported in cereal species (41). It is possible 

that the basal angiosperm species contain a large gene set and many genes are activated 

in flower development, while derived lineages either have lost some gene sets, or have 

evolved more control over timing and location of gene expression, including exclusion of 

transposable elements.  

We report that over 10,000 genes are expressed in most species, which may 

represent common developmental programs in flowers. The flower is a complex 

reproductive structure regulated by internal and external signals (42,43). Diverse classes 

of genes are required to complement the structural and functional roles involved in flower 

development in addition to basic metabolism. In the floral meristem, genes in floral 

induction and organogenesis, cell division and expansion are highly active. After floral 
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organs are determined, genes in constructing specific structure such as nectary and 

pigment synthesis are expressed in those organs. During the late stages, genes involved in 

meiosis and post meiotic development of male and female gametophytes are expressed 

more abundantly (22). The cDNA libraries constructed from floral tissues often consists 

of different stages of flowers and the cutoff stages may not be equivalent in 

developmental stages. For species with single flowers, such as Nuphar, we sampled 

single flower buds, which would contain more large buds than the source for Arabidopsis 

libraries made from inflorescences of very young buds. Thus, the Nuphar library may 

contain more genes required for late stages of flower development.  

In addition, transcription activity in non-genic or inter-genic regions could 

contribute to the estimated gene numbers. Yamada et al. (44) reported active transcription 

in previously defined intergenic regions for Arabidopsis, and some active anti-sense 

transcripts for known genes using whole-genome tiling arrays. Most of the transcription 

activity was detected in annotated gene regions or verified to be ORFs. If the frequency 

of non-genic transcript in other flowering plants is higher than that of Arabidopsis, it may 

be due to difference in transcription regulation, or an increased precision of transcription 

control in derived eudicot and monocot species.  

From estimates of gene numbers for individual tissues and pooled sets, we may 

detect differentiation among gene expression profiles between related structures. It is 

possible that the large number of genes estimated genes in the male flowers of Amborella 

compared to in the female flowers include sex-specific regulators, and other genes that 

are specific to the male structure. Due to the sample size for these two libraries, the gene 
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number estimates are quite conservative. Still, the difference in total transcript diversity is 

clearly supported based on the similar sampling depth in either library.  

From flower cDNA libraries of basal angiosperm, eudicot and monocots, we 

uncovered rich diversity of transcripts especially in basal angiosperms. Our method 

provides guidance for sampling size and gene discovery in EST sequencing projects. 

According to our estimate, double sequencing efforts for these targeted tissue libraries 

that have potential large number of genes could lead to more gene discovery than 

comparatively sequencing similar number of ESTs from another tissue. 

 



124 

 

Figures 

 

 

 

 Figure 5-1: Flowchart of data processing. The ISO error correction and gene number

estimation are implemented in the software ESTstat. 
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 Figure 5-2: The relationship of sample size and estimate bias in simulations based on 

three microarray experiments on Arabidopsis flower/inflorescence tissue. Source, stage 

1-6 flower. The sample size is labeled on the left Y axis and the gene number estimates 

(point estimate and the bootstrap 95% confidence interval) are labeled for each sample 

size. It shows that the gene number estimates stabilize when the total sample size reaches 

10000. 
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 Figure 5-3: Distribution of transcripts by expression levels in different floral libraries. 

The expression levels are estimated by the Poisson parameter in the mixture distribution. 

Shades of gray indicate the expression levels from low (dark) to high (bright). 
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Tables 

 

 

 

 Table 5-1: Relationship of EST clustering stringency (percent identity) and the gene 

number (N) estimated from a flower bud cDNA library
a
 of Arabidopsis thaliana. 

Percent Identity Total Unigenes Singletons N 95% C.I. 

85 2461 1743 8797 (7182,11240) 

90 2494 1778 9069 (7629, 11061) 

95 2567 1859 10119 (8724, 11918) 

97.5 2653 1957 11899 (9664, 14130)  
a. Total ESTs n=5710. 

 Table 5-2: Estimated total transcripts from multiple tissues of Arabidopsis thaliana. 

Tissue Total ESTs Total Unigenes N 95% C. I. 

flower + root 18788 7371 16262 (16136, 21951) 

root + shoot 23695 9067 18864 (18510, 23293) 

shoot + flower 16018 6683 18064 (16276, 23539) 

whole plant 40597 12281 29625 (23359, 31621)  
 

 Table 5-3: Number of genes detected and expressed in flowers of eudicot and monocot 

species. 

Species Total ESTs Total Unigenes N 95% C. I. 

tomato  12740 5732 12701 (11760, 15965) 

soybean 9036 4690 12366 (11246, 15246) 

grape 6495 3744 10041 (8656, 12724) 

California poppy 9079 5164 15272 (12688, 18907) 

barley 8604 4240 11041 (9952, 13965) 

rice (mixed stage) 16205 7065 15931 (15134, 18871) 

asparagus 7362 3709 10124 (7882, 11410)  
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Concluding Remarks 

Here I would like to summarize some future directions or extensions of the 

methods/results from chapters 3-5. In general, the study of genome evolution on two 

major levels: gene order and genome duplication can be applied to almost all organisms 

with several related genome sequences available.  

The methods I have developed for ancestral genome reconstruction was used on 

chloroplast genomes only. It may be extended to eukaryotic genomes. To do so, the 

genome rearrangement algorithm needs to address following challenges: 

1. Multi-chromosome data which involve chromosome fusion, es. This is 

implemented in GRIMM/MGR. 

2. Segmental duplication and overlapping genes probably should be considered as a 

unique unit in rearrangements. This occurrence of overlapping genes is frequent for 

Drosophila pseudoobscura and Drosophila melanogastor homologous chromosome I 

tested(Jijun Tang, Stephen Schaeffer, personal communication). It requires an automatic 

processing of “gene” or orthologous segments from draft sequences. 

3. The operations between eukaryote chromosomes could be very large. Some 

simplifications are necessary to remove trivial problems and to speed up the computation. 
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Jijun Tang proposed adding “artificial genomes” to the data set to reduce branch lengths 

(personal communication). There still needs more theory development and tests in this 

area. Also, since eukaryote genomes are organized in chromosome domains, gene 

expression regulation mechanisms are different from chloroplast genomes (1). The 

clustering of genes in the eukaryote genomes is more likely related to shared cis 

elements. 

Cases of whole genome duplications have been reported in teleost fishes, 

amphibian and yeast (2-4). The frequency of polyploidy species in vertebrates is much 

lower than in flowering plants, but the availability of sequenced genomes that are rich in 

orthologous sequences will enable comparison of fine scale duplications (perhaps most 

tandem duplications) and will help define the fate of duplicate genes. Currently, 

assumptions on the background birth-death process have not been directly linked to the 

biological evidence. 

On the study of gene expression, the estimation method could be applied to much 

richer sources of tag sequencing and gene expression data other than ESTs. It will be 

necessary to redesign the clustering error correction because the sources of error may be 

different. Correlation between different technologies needs to be established so that the 

expression level detected by one approach can be used to compare to the other. 

The expression and regulation of floral genes in basal angiosperms is still largely 

unknown. The phylogenetic inference is promising for retained duplicate genes in basal 

lineage vs. derived lineages based on gene number estimates. Furthermore, a thorough 

survey of the expression of paralogous genes (not necessarily flower development 

regulators) would help to identify what contributes to maintaining duplicated genes and 
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what leads to reduction of genes after duplication. Ideally, the gene space discovery from 

a few basal angiosperm species would complement the largely well studied Arabidopsis 

genome and enable functional studies in other species.  

The chloroplast genomics project and the Floral Genome Project have brought 

together opportunities for cross-disciplinary training when I am enrolled in the Biology 

Program at Penn State. The bioinformatics tool kit developed through these projects 

would also benefit other research and perhaps lead to new research opportunities.  
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Inferring ancestral chloroplast genomes with duplications 

Preface 

This manuscript appears as Tech Report TR-CS-2005-08 at Department of 

Computer Sciences, University of New Mexico, Albuquerque. Original authors are 

Liying Cui, Jijun Tang, Bernard M. E. Moret and Claude W. dePamphilis. LC collected 

the data, designed the test and wrote the manuscript. JT developed the source code, 

simulations and wrote relevant part of the manuscript. BMEM contributed to the 

algorithm development. CWD contributed to writing the manuscript and discussions. 
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Abstract 

Motivation: Genome structural evolution is shaped by gene rearrangements and 

gene content changes, including gene duplications, insertions and deletions. Ancestral 

genome reconstruction based on whole-genome alignments has been limited to cases 

where few deletions or duplications can be assumed. Since conserved large duplicated 

regions are present in many chloroplast genomes, the inference of such duplication event 

is needed in reconstruction of ancestral chloroplast genomes. 

Results: We apply GRAPPA-IR, a modified GRAPPA algorithm, to reconstruct 

ancestral chloroplast genomes from divergent land plants and green algae. The 

reconstructed ancestral genomes contain inverted repeats (IRs), which supports that 

conservation of the feature in chloroplast evolution. IR expansion has contributed 

primarily to gene content changes in these genomes, opposing to gene loss or transfer to 

nuclear genomes in land plants. On the contrary, single gene duplications outside IRs are 

inferred to be independent and do not constrain the genome rearrangements. 

Availability: The C source code for GRAPPA-IR is available upon request. 

Contact: jtang@cse.sc.edu 
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Introduction 

Mutations in a genome consist of not only base pair level changes but also events 

that alter the chromosome structure, such as inversions, duplications and deletions (1,2). 

Gene order phylogeny was first proposed by David Sankoff (3); this algorithm using 

breakpoint distance was implemented in BPAnalysis software, and applied to animal 

mitochondrial genomes (4). It was not able to uniquely map the gene order changes and 

usually produced several tie trees, i.e., equally parsimonious trees regarding the 

optimization criterion. The inversion distance and inversion median were introduced to 

improve the phylogenetic accuracy, and the algorithm has been implemented in the 

software GRAPPA (5). Extensive simulations showed that inversion medians were 

superior to breakpoint medians and the trees returned were more accurate using either 

distance-based or parsimony methods (6,7). Currently, GRAPPA (version 2.0) is able to 

estimate the phylogeny and true inversion medians using genomes with equal gene 

content (5,8). A scaled-up version, DCM-GRAPPA, is able to estimate the gene-order 

phylogeny with apparently high accuracy for thousands of genomes, thus greatly 

increasing the power of genome phylogeny using large datasets (9). Part of the code for 

GRAPPA has been integrated into GRIMM to apply to multi-chromosomal genomes, such 

as human and mouse (10).  

Biologists are interested in simultaneous inference of ancestral genomes and the 

genome phylogeny from a set of known genomes. Ancestral genome reconstruction has 

advanced significantly since whole genome sequences became available. Comparisons of 

orthologous chromosomal segments showed heterogeneous rates of evolution of the X 
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chromosome in human, mouse and rat (11). However, on the genome level the 

evolutionary change of genome structure is less well understood. The reconstruction was 

most successful in regions where  few rearrangements happened for the assemblage of 

species that radiated within a short evolutionary period (12,13). Tandem duplications 

appear to have occurred frequently in mammalian genomes, which altered the gene copy 

number but did not change the gene order of an orthologous segment (e.g., the alpha 

globin cluster) (14). Organelle genomes, on the other hand, exhibit high diversity of 

genome rearrangements including inversions, transpositions and non-tandem 

duplications. The inversion model is close to the biological process of genome 

rearrangements, and inversion medians can be regarded as ancestral gene orders. Still, 

reconstruction of ancestral organelle genome presents two challenges. 

1. The algorithm needs to handle large segment duplications and single gene duplication 

or deletions.  

2. The algorithm needs to compute phylogeny that includes heterogeneous branch 

lengths with high accuracy since the rate of genome rearrangements could vary 

significantly among lineages. 

The gene order data of fully sequenced chloroplast genomes provide excellent 

opportunity for developing and testing new algorithms. Chloroplast genomes have 

undergone significant downsizing from a free-living cyanobacteria-like ancestor (15) 

while the genome structure has been maintained. Typical land plant and green algal 

chloroplast genomes are circular single chromosomes consisting of 60 -150 genes, which 

encode proteins, tRNAs, rRNAs and hypothetical open reading frames. Most chloroplast 

genomes consist of four distinct parts: two duplicated regions (inverted repeats, IRs) 
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separated by a large single copy (LSC) and a small single copy (SSC) region. One 

common characteristic of the chloroplast IR is the presence of three rRNA genes (rrn5, 

rrn16 and rrn23), which are homologous to the cyanobacterial rrn operon. The 

chloroplast gene order of land plants is mostly conserved, except for elevated level of 

rearrangements in specific lineages (16-19). The gene content of these chloroplast 

genomes vary greatly, largely due to the expansion and contraction of the IR at the IR-SC 

boundaries; this “ebb and flow” of the IR boundary has been observed even within a 

genus (20,21). Chloroplast genomes of green algae (charophyte and chlorophyte algae) 

also contain more variations of gene order and some are highly rearranged (22).  

Previously we reported an GRAPPA algorithm to infer gene order phylogeny 

using data sets with a limited number of deletions, but no duplication is allowed (23). 

Here we develop a new algorithm that allows for the large duplication resulting in a 

quadripartite structure (e.g., LSC-IR-SSC-IR) in chloroplast and other IR containing 

genomes. The assumption of the new approach is that inversions do not occur across 

inverted repeats, because the genome structure will be disrupted by such inversions that 

"flip" the repeats from inverted to the same orientation. We also test the performance of 

the new algorithm compared to the original algorithm when duplicate genes are excluded. 

Methods 

The Dataset 

Chloroplast genomes representing major lineages of land plants and green algae 

were selected and gene orders were extracted, all of which share the quadripartite 
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structure. The organisms include Nicotiana tabacum (tobacco, nt), Psilotum nudum 

(whisk fern, pn), Marchantia polymorpha (liverwort, mp), Chaetosphaeridium globosum 

(a charophyte green alga, cg), Nephroselmis olivacea (a chlorophyte green alga, no) and 

Mesostigma viride (a photosynthetic protist, mv). A reference phylogenetic tree was 

constructed using the maximum parsimony method with 50 concatenated proteins 

(Figure A-1). The reference tree is the same as the phylogeny by Lemieux et al. (24) in 

which Mesostigma  basal to other green plants. 

We extracted 70 unique genes from the six genomes. Actual number of genes 

included in each genome ranges from 73 to 80 due to duplicated genes in the IR. The 

gene set includes 62 characterized protein-coding genes, 10 tRNAs (identified by amino 

acid anticodons) and a hypothetical conserved open reading frame (ycf1). The encoding 

reflects the order and orientation of genes in the genome. The location of multi-exon 

genes was determined by the first exon. In one case (psbD-psbC), the order of 

 

Chaetosphaeridium.cg

Marchantia.mp

Nicotiana.nt

Psilotum.pn

Nephroselmis.no

Mesostigma.mv  

Figure A-1:  The reference phylogeny of chloroplast genomes from land plants and green 

algae. 
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overlapping genes was determined by the position of the start codon. The data set was 

then applied to a two-stage analysis to estimate ancestral gene orders. 

Mapping Gene Contents in the Ancestral Genomes 

We first consider the case when the gene content for each region of the genome 

(LSC, SSC and IR) is relatively conserved. When the genome is on a leaf (i.e., it is an 

extant taxon and its gene order is known), the gene content for the LSC, SSC and IR 

regions can be determined through direct observation. However, the gene contents for the 

same region among the genomes may not be identical. We can only estimate the gene 

content for each region of the ancestral genomes based on the assumption that all 

evolutionary events that alter the gene order are rare and that concurrent (i.e., parallel) 

changes in two children are less likely than a change in the parent. Thus, at each internal 

node, for a given region, when the regional gene contents for the two children are known, 

we face three possibilities of assigning a gene to the region: 

1. If both children have gene g in the same region, then the parent had g in that region; 

otherwise, both children need to expand (or shrink) IRs and include g in that region, 

with a very low probability. 

2. If neither child has g, then g is most likely absent in the parent. However, the parent 

may have g in that region, with a very low probability. 

3. If g is located in different regions between the children, then it could be in either 

region of the parent. The two choices are equally likely without further information 
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from the phylogeny. If the tree is rooted, we use the gene content in the evolutionary 

path to break the tie; otherwise, we are left with an undetermined outcome for g.  

If a gene is undetermined in some internal node, it may become resolved using an 

iterative improvement algorithm similar to the core algorithm in GRAPPA itself. The 

same method was used (23) for data sets with unequal gene content:  

1. For each sibling pair of leaves, if a gene appears in the same region at both children, 

we place it in the same region at the parent (an internal node); if the gene appears in 

different region at the leaves, we mark its status as undetermined in the parent. 

2. Starting from an arbitrary root, we carry out a depth-first search of the tree to 

propagate resolutions according to our standard rule — if two neighbors have the 

gene presented in the same region, the node will have it in that region too — and thus 

to resolve undetermined states through look-ahead and cost propagation. 

Using the method above, we were able to determine the most likely gene contents 

for each possible tree (105 trees in this case). The estimated gene content for the internal 

nodes of the reference tree is presented in Figure A-2. 
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Reconstruct Ancestral Gene Orders 

From the observation of gene content mapping, the IR appears to be mostly 

conserved among land plants. We hypothesize the evolution of chloroplast genome 

structure as the following two steps: 

1. The circular genome was divided into regions and inversions occurred in each region 

independently. No inversion spanning IR is allowed. 

2. Once a segment from single copy regions was copied twice and joined to existing 

IRs, the new genomes with longer IRs propagated. Alternatively, a segment was 

spliced out from IR and joined the single copy region, and the new genome with 

smaller IRs propagated.  

 

 

Figure A-2:  Estimated gene contents for IR (in black) and SSC regions (in red). 



144 

  

One should notice that the above two steps could happen several times along each 

edge. IR expansion is responsible for most gene duplications. Based on this assumption, 

we could infer the possible evolutionary process from the internal node of Int2 to nt and 

Int1 to no, shown in Figure A-3 . This is a case of IR expansion. 

For example, on the path that Int2 was transformed to nt, the segment (-64 -65 -

66) annealed with the original IR (67 68 69 -70) to form a new IR. If we remove the 

duplicates from the resulting IR, the gene contents of Int2 and nt would be identical. 

From the observation above, we can further simplify the gene content of IR and SSC so 

that in the evolutionary path IR regions for all genomes (leaves and internal) contain gene 

(67 68 69), and the SSC regions contain gene (70 71 72 73). The simplified gene content 

map is shown in Figure A-4 . 

 

  

Figure A-3: The inferred gene content evolution process from Int2 to nt (left) and Int1 to no 

(right). Only IR (in square brackets) and SSC (in red) are shown. 

… … [67 68 69] -70 71 -72 -73 [70 -69 -68 -67] 

… … -35 67 68 69 71 -70 72 73 [70 -69 -68 -67] 

[-35 67 68 69 71 -70] 72 73 [70 -71 -69 -68 -67 35] 

… … [67 68 69 -70] 71 -72 -73 [70 -69 -68 -67] 

… … -64 -65 -66 67 68 69 -70 71 -72 -73 [70 -69 -68 -

[-64 -65 -66 67 68 69 -70] 71- 72 -73 [70 -69 -68 -67 
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By our observation, the movement of SC genes to IR is common, so that the 

additional rule is used to uniquely determine the gene order when duplicates exist in one 

child. If one gene in the IR of one child has been determined to belong to SC in the parent 

node, then the duplication of that gene was due to IR expansion in the child. Two gene 

orders are created, each containing one of the duplicate copies. On the other hand, if one 

IR gene in the parent is moved to SC region in the child, the “ancestral” IR gene is 

inserted to all possible locations in IR of the child to create multiple data sets. This 

operation treats duplicate genes at the boundaries of IR and SC as the last step towards 

the observed gene orders in the evolutionary path. Then it is possible to reduce the 

problem to all leaf genomes of equal gene content (or with deletions). 

 

 

Figure A-4:  The revised gene content for each region (only IR and SSC are shown). 
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We then reconstructed the phylogeny after the gene contents of ancestral genomes 

were determined. Since the gene contents are reduced to equal after the simplification 

step, it is feasible to use GRAPPA to infer an inversion phylogeny after removing 

duplicate genes. However, each region may reflect a conflict history, although unlikely, 

which could lead to unresolved phylogeny. Thus, we develop a new method, called 

GRAPPA-IR, which estimates inversions bounded by the boundary of IRs. 

The new method still uses the exhaustive approach: to score a tree, it needs to 

solve the median problems of three genomes iteratively until no improvement can be 

found. However, this method differs from GRAPPA in the way it solves the median 

problems. 

For three given genomes G1, G2 and G3, solving the median problem is to find a 

genome G0 that can minimize the sum of distances from itself to three given genomes. 

Since inversions do not cross IR boundaries, thus inversions in each region (LSC, SSC  

or IR) occur independently from other regions. In other words, the median problem can 

be divided into three sub-median problems, each of which is constructed from genes in 

the same region of the genome G1, G2 and G3. The sub-median problems can be solved 

separately using available inversion median solvers. 

Simulations 

We set out to test the accuracy of GRAPPA-IR by simulations. For this purpose, 

we generated datasets of 6 and 10 genomes and chose genomes of 78 genes (70 genes in 

the LSC, 5 in the SSC and 3 in the IR), roughly in the range of our dataset described in 
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the paper. We chose a large range of evolutionary rates r, the expected number of 

evolutionary events along an edge. We used r in the range of 4 — 10, which means that 

the actual number of inversions along each edge is sampled from a uniform distribution 

on the set {1,2,…,2r}. Given the model tree, we assigned the identity gene order to the 

root, and randomly generated gene order for each node based on the edge length and the 

gene order of its parent, with the assumption that inversions can not cross the IR 

boundaries. For each combination of parameter settings, we simulated 10 datasets and 

averaged the results. 

Given an inferred tree (reconstructed phylogeny), we can assess the topological 

accuracy in terms of false positives and false negatives (25) with respect to the true tree. 

If an edge in the true tree is missing in the inferred tree, this edge is then called a false 

negative (FN). Similarly, a false positive edge (FP) appears in the inferred tree, but not in 

the true tree. The FP and FN rates are the number of false positives and false negatives 

divided by the number of edges (of non-zero length) in the true tree. 

We compared the GRAPPA-IR to the original GRAPPA. We considered all trees 

with the minimum score given by both methods and took their strict consensus. 

Therefore, the trees returned by both methods need not to be fully resolved and they tend 

to have somewhat better rates for false positives than for false negatives.  Thus we report 

FN rates rather than FP rates or a single Robinson-Foulds score (25). Figure A-5 shows 

simulation results. It indicates that when the evolutionary rate r <10, GRAPPA-IR is 

more accurate than GRAPPA.  
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Results 

We evaluate all trees for the six genomes using the new method. The best score 

returned is 76 after 100 min of computation on a PIV 3.4GHz workstation. The best tree 

agrees with the reference tree (Figure A-6). All the other trees are clearly worse, with 

scores no less than 78.  

 

 

Figure A-5:  False negative rates for GRAPPA-IR (solid line) and GRAPPA (dashed line) 

as a function of evolutionary rate r on the simulated datasets. A. 6 genomes. B. 10 

genomes. The horizontal line indicates 5% error, a typical threshold of acceptability for 

accuracy in phylogenetic reconstruction (26) 
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We also test the data set with original GRAPPA, ignoring the region boundaries. 

The inference allows inversions to occur across IR and single copy regions. The best 

obtained has the same score of 76, yet the topology (Figure A-7) is very different from 

the result of the previous test and is in conflict with the reference tree. 

 

 

Figure A-6:  The best tree returned by GRPPA-IR. The topology is the same as the 

reference tree. 

 

 

Figure A-7:  The best tree obtained by GRAPPA without duplicate genes and SC/IR 

boundaries, which is different from the reference tree. 
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Discussion 

Ancestral Gene Cluster 

We are able to reconstruct ancestral gene orders from chloroplast genomes of land 

plants , green algae and a flagellate protist, which were separated by at least 450 million 

years of evolution (27). The ancestral chloroplast genomes of land plants and algae 

contain IRs, which is consistent with the hypothesis that the IR is a feature derived early 

in the chloroplast endosymbiosis (28).  In addition, the ancestral IR contains the same 

gene content as that of Mesostigma, supporting that Mesostigma chloroplast genome 

encodes several ancestral gene clusters (24). By comparison of ancestral gene orders to 

the extant genomes, it is possible to test formally the evolutionary force of gene order 

changes. For example, maintenance of ancestral gene clusters may be related to function 

or transcriptional advantage, and thus these gene clusters are under constraints in the face 

of genome rearrangements. 

IR and Genome Stability 

The gene content of the IR varies across land plants, even in a single genus or 

family (20). It is known that homologous recombination is frequent between the two 

copies of IR. In a single chloroplast, hundreds of copies of chloroplast DNA co-exist as 

circular monomer, dimer and linear chromosomes (29). In the cellular endosymbiosis 

environment, the selection on accuracy of replication may have been relaxed to the 

degree that unequal recombination and replication slippage contribute to the expansion or 

shrinkage of IRs. On the other hand, the intra-molecular recombination process should 
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homogenize the sequences of the two IRs and thus the particular IR size and the gene 

content are maintained. The two counteracting phenomena may have played important 

roles in shaping the current diversity of chloroplast genome gene orders.  

We found that incorrect gene order phylogenies were recovered without 

consideration of the IR boundary information. This strongly suggests that maintenance of 

IRs is necessary in the evolution of chloroplast genomes in most of the cases. We propose 

that IR provides an insulation mechanism that stabilizes the genome structure, and the 

genes in single copy regions do not commute across the IR. This agrees with the 

observation that gene rearrangements are more frequent in chloroplast genomes without 

IR (30). However, some genomes with residual IRs but infrequent gene movements 

between single copy regions compared to related lineages do not conform to the 

hypothesis (17). Future experimental studies on highly rearranged chloroplast genomes, 

for example, in the green alga Chlamydomonas lineage, may shed light on the 

maintenance of IR and genome rearrangements. 

Comparison to Other Methods 

Extensive tests show that trees returned by GRAPPA are superior to those returned 

by other gene-order phylogeny methods. The closely related package of Pevzner's group, 

MGR (31), is the only one that approaches its accuracy. GRAPPA-IR is mostly suitable 

for small data sets with insulated inversions, while for eukaryote genomes more efficient 

algorithms needs to be developed to estimate much more rearrangements. For example, 

duplications and deletions are considered frequent as shown by the reconstruction of one 

1.1 Mb region in the eutherian mammal ancestor (12). A combination of disc-covering 
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and other approaches may scale up the capability to infer ancestral gene order for large 

genomes (9,32). 

Conclusions 

We implement a new method to infer ancestral gene orders with duplications.  

Tests on a real data set show accurate recovery of the genome phylogeny as well as fast 

inference of ancestral gene orders. It provides new insight into the chloroplast genome 

evolutionary process. 
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