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ABSTRACT 

 

Comparative sequence analyses were performed with members of the Solanaceae and the 

Brassicaceae. These studies investigated genomic organization, determined levels of 

microcolinearity, identified orthologous genes and investigated the molecular basis of 

trait differences. The first analysis was performed by comparison of tomato (Solanum 

lycopersicum) genomic sequence (119 kb) containing the JOINTLESS1 (J1) locus with 

orthologous sequences from two potato species, a diploid, Solanum bulbocastanum (800-

900 Mb, 2N=2X=24), and a hexaploid, Solanum demissum (2,700 Mb, 2N=6X=72). 

Gene colinearity was well maintained across all three regions. Twelve orthologous open 

reading frames were identified in identical order and orientation and included three 

putative J1 orthologs with 93-96% amino acid sequence identity in both potato species. 

Although these regions were highly conserved, several local disruptions were detected 

and included small-scale expansion/contraction regions with intergenic sequences, non-

colinear genes and transposable elements. Three putative Solanaceous-specific genes 

were also identified in this analysis. The second analysis was performed by comparison 

of a Thellungiella halophila (T. halophila) genomic sequence (193 kb) containing the 

SALT OVERLY SENSITIVE1 (SOS1) locus with the orthologous sequence (146 kb) in 

Arabidopsis thaliana (Arabidopsis). T. halophila is a halophytic relative of Arabidopsis 

thaliana that exhibits extreme salt tolerance.   Twenty-five genes, including the putative 

T. halophila SOS1 (ThSOS1), showed a high degree of colinearity with Arabidopsis genes 

in the corresponding region. Although the two sequences were significantly colinear, 
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several local rearrangements were detected which were caused by tandem duplications 

and inversions. Three major expansion/contraction regions in T. halophila contained five 

LTR retrotransposons which contributed to genomic size variation in this region. ThSOS1 

shares similar gene structure and sequence with Arabidopsis SOS1 (AtSOS1), including 

11 transmembrane domains and a cyclic nucleotide-binding domain.  Three Simple 

Sequence Repeats (SSRs) were detected within a 540 bp region upstream of the putative 

translational start site in ThSOS1.  The (CTT)n repeat is present in different copy 

numbers in ThSOS1 (18 repeats) and AtSOS1 (3 repeats). When present in the 5’ UTRs of 

some Arabidopsis genes, (CTT)n serves as a putative salicylic acid responsive element. 

These SSRs may serve as cis-acting elements affecting differential mRNA accumulation 

of SOS1 in the two species. 
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CHAPTER 1 

INTRODUCTION 

 

The research described in this dissertation focused on a comparative analysis of two 

important genomic regions around JOINTLESS1 and SALT OVERLY SENSITIVE1, in 

two dicot model systems. Comparative genomics can be used to elucidate the 

organization of one or more genomes or regions in comparison to a reference sequence 

and can detect shared and diversified features between each region. In addition, 

comparative genomics allows the identification of functional sequences based on the 

assumption that conserved sequences are under evolutionary constraint. Although plant 

genomes are complex and vary in size, they often exhibit extensive conservation of gene 

content and order, especially among evolutionarily related species. Unlike genes, 

repetitive elements exhibit a lack of conservation between genomes and can play a 

predominant role in genome size variation and genomic rearrangement. In this chapter, I 

will discuss the major features of plant genomes, factors affecting plant genome size 

variation, whole genome sequencing of major plant species, the use of comparative 

genomics to better understand plant genomes and the importance of tomato (Solanum 

lycopersicum) and salt cress (Thellungiella halophila) as new model organisms.  

 

PLANT GENOME ORGANIZATION 

The typical structure of angiosperm genomes can be depicted as genes scattered in a 

linear order across multiple chromosomes. Protein-coding genes have exons which are 
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translated into protein sequences with or without introns that are spliced out during RNA 

processing. In most cases, the sequence and size of exons are well conserved between 

homologous genes, while those of introns are highly variable. Most genes are located in 

the euchromatic regions that are separated by intergenic regions. In contrast, repetitive 

elements are more abundant in heterochromatic regions. Repetitive elements are 

especially predominant in centromeres and telomeres, but can also be found in intergenic 

and genic regions (Kumar and Bennetzen 1999).  

          One of the most striking features across the plant kingdom is genome size variation, 

with sizes ranging from 38 megabases (Mb) in Cardamine amara to 87,000 Mb in 

Fritillaria assyriaca (Bennett and Leitch 1995). Moreover, genome size is not 

proportional to gene number. For example, Arabidopsis thaliana (Arabidopsis) is 

estimated to contain approximately 25,000 genes in its 125 Mb of genome (Arabidopsis 

Genome Initiative, AGI 2000), while Oryza sativa (cultivated rice) contains ~ 38,000 

genes in a genome over three-times larger in size (389 Mb; International Rice Genome 

Sequencing Project (IRGSP) 2005). The primary factors responsible for the dramatic 

range in genome size are transposable element proliferation and genome duplication. For 

example, approximately 10%, 35% and 80% of the Arabidopsis (GS=125 Mb), rice 

(GS=389 Mb) and maize (GS=2,300 Mb) genomes, respectively, are composed of 

transposable elements (San Miguel et al. 1996; San Miguel et al. 1998). Whole genome 

sequencing of Arabidopsis revealed that greater than 60% of the genome was duplicated 

and these duplicated regions occurred in pairs, pointing to the occurrence of an ancient 

polyploidization event (AGI 2000). The Arabidopsis genome contains ~11,000 different 
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types of genes out of a total of ~25,498 protein-coding genes (AGI 2000), illustrating the 

impact of polyploidization on the increase in gene families. Therefore, characterization of 

genome composition and identification of mechanisms controlling genome size variation 

are critical to understand how these changes contribute to the present status of any 

genome. In this context, transposable elements and genome duplication, the two major 

factors influencing genome size variation and organization, are discussed.  

 

Transposable elements 

Transposable elements are groups of DNA sequences that are able to transpose between 

non-homologous sites in a genome.  Transposable elements are described as autonomous 

or non-autonomous based on whether they encode genes for their own transposition. 

Transposable elements are also classified into two groups, class I and class II, based on 

their modes of transposition.  

          Class I elements are called retroelements. Retroelements transpose through reverse 

transcription of an RNA intermediate and are found in eukaryotes.  Therefore, the 

original copies are maintained and their RNA transcripts are reverse transcribed into 

DNAs that integrate into new positions across the genome. Retroelements are classified 

into long terminal repeat (LTR) retrotransposons and non-LTR retroposons. LTR 

retrotransposons are grouped into four major lineages, Ty1/copia, BEL, DIRS and 

Ty3/gypsy, based on reverse transcriptase phylogeny (Malik et al. 2000). Two major 

types of LTR retrotransposons, Ty1/copia and Ty3/gypsy, have been found in plants 

(Kumar and Bennetzen 1999; Bennetzen 2000; Casacuberta and Santiago 2003; Kidwell 



 14 

2005). The size of LTR retrotransposons varies from several hundred base pairs (bp) to 

over 10 kilobases (kb). LTR retrotransposons have a pair of LTRs of several hundred to 

several thousand bases in length that flank the internal coding region. Two LTRs in a pair 

are direct repeats and flanked by small (4-6 bp) target site duplication (TSD) sequences 

that are generated upon insertion (Kumar and Bennetzen 1999; Bennetzen 2000; Kidwell 

2005). LTRs contain primer binding sites (PBS), a polypurine tract (PPT) and have a 

5’TG—CA3’ sequence structure, all of which are required for replication and 

transposition (Kumar and Bennetzen, 1999; Bennetzen 2000; Kidwell 2005). LTR-

retroelements also contain internal coding sequences that are required for transposition, 

including gag and pol which contains protease (PR), reverse transcriptase (RT), RNaseH 

(RH) and integrase (INT) (Figure 1-1) (Kumar and Bennetzen 1999; Bennetzen 2000; 

Kidwell 2005). The copia and gypsy lineages are distinguished by the order of their 

coding domains in the pol gene. The order of the domains in the Ty1/copia type 

polyprotein pol gene is PR, INT, RT and RH, while the order of the domains in the 

Ty3/gypsy type polyprotein pol gene is PR, RT, RH and INT. 

          LTR retroelements can also be classified as autonomous and non-autonomous. 

Autonomous LTR retroelements encode all the proteins that are required for transposition. 

Non-autonomous LTR retroelements lack all or some of the coding regions required for 

transposition and thus cannot transpose by themselves. However, some non-autonomous 

retroelements with large copy numbers have been detected, implying that they may be 

transposed with the assistance of autonomous partners. Terminal repeat retrotransposons 

in miniature (TRIM) and large retrotransposon derivative (LARD) elements (Kalendar et 
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Figure 1-1. Major structures of transposable elements (Redrawn from Kindwell 2005). 

TSD (tandem site duplication); LTR (long terminal repeat); gag (group-specific antigen); 

prt (protease); pol (polymerase); RT (reverse transcriptase); EN (endonuclease); (A)n 

(poly A tail); TIR (terminal inverted repeat); Rep (replication initiator protein); SSB 

(single-stranded DNA binding protein)  
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al. 2004; Vitte et al. 2007) are examples of non-autonomous LTR retroelements. Both 

elements have LTR pairs, but internal coding domains are almost completely absent in 

TRIMs while internal coding regions are replaced by conserved non-coding domains in 

LARDs (Kalendar et al. 2004). TRIMs have been identified in rice, maize, Arabidopsis, 

Brassica, and in members of the Solanaceae. LARD elements include Dasheng (Jiang et 

al. 2002), Spip and Squiq elements which have been found in rice (Vitte et al. 2007). 

          Non-LTR retroelements include two major types, long interspersed nuclear 

elements (LINEs) and short interspersed nuclear elements (SINEs). Intact LINEs encode 

the gag protein which is involved in intracellular packaging of the RNA transcript, the 

endonuclease (EN) which assists integration into the genome and the reverse 

transcriptase (RT) that copies RNA into cDNA (Kumar and Bennetzen 1999; Bennetzen 

2000; Kidwell 2005). LINEs are flanked by short direct duplications of target DNA. 

Unlike LINEs, SINEs are non-autonomous and unable to transpose by themselves. SINEs 

are 100-300 bp in size, lack introns and have poly A tails at their 3’ ends because they are 

usually derived from mature RNAs (Kumar and Bennetzen 1999; Bennetzen 2000; 

Kidwell 2005).  Because they do not encode proteins required for their own transposition, 

they must use trans-acting polymerase and integrase.  

          Class II elements are members of DNA transposons which include Ac/Ds, 

Spm/dspm, and Mutator families and were first describe by Barbara McClintock (1950) 

(Bennetzen 2000). DNA transposons range from several hundred bp to 10 kb in length. 

Typical DNA transposons have terminal inverted repeats (TIRs). Most autonomous DNA 

transposons have open reading frames (ORFs) that are required for transposition, flanked 



 17 

by TIRs (Figure 1-1) (Bennetzen 2000; Kidwell 2005). DNA transposases from a 

particular family recognize TIRs from the same family resulting in interaction and 

leading to transposition (Bennetzen 2000). Miniature inverted repeat transposable 

elements (MITEs) are another DNA element with no coding sequence in the internal 

region but which are flanked by TIRs (Wessler et al. 1995; Bennetzen 2000). MITEs are 

very small in size, ranging from 100 to 500 bp (Kidwell 2005). Helitrons are a recently 

discovered class of DNA transposons that do not contain TIRs. The typical structure of a 

Helitron has a 5’TC and a 3’CT[A/G][A/G] with 16-20 bp of a palindrome structure 

upstream of the 3’ CT [A/G][A/G] sequence (Feschotte and Wessler 2001; Kapitonov 

and Jurka 2001; Kapitonov and Jurka 2007). Helitrons have been found in Arabidopsis 

(Tempel et al. 2007; Hollister and Gaut 2007), rice (Kapitonov and Jurka 2001; 

Kapitonov and Jurka 2007) and maize (Lal et al. 2003; Lai et al. 2005).  

          LTR retrotransposable elements have been shown to be important factors in 

genome size expansion in eukaryotes (Bennetzen 2000). LTR retrotransposon 

amplification is not equally active across species; it ranges from high activity in some 

species to undetectable activity in others. In some instances, a few LTR retrotransposon 

families were amplified within a relatively short evolutionary time period as was the case 

in the wild Oryza species, O. australiensis in which a few LTR retrotransposon families 

were amplified over three million years (Piegu et al. 2006). In contrast, in maize, a large 

number of different LTR retrotransposon families were amplified over five to six million 

years (San Miguel et al. 1996; Bennetzen 2000).  
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         In addition to genome size variation, LTR retrotransposons have been shown to be 

involved in genome rearrangements. In yeast, various Ty retroelements serve as sources 

of homology for unequal recombination (Williamson 1983). In Drosophila, both LTR 

retrotransposable and DNA transposable elements mediate unequal recombination 

between the elements at different chromosomal sites, resulting in genomic reconstruction 

(Lim et al. 1994). In plants, the presence of rearranged structures of LTR 

retrotransposable elements in Arabidopsis, rice and maize indicated that unequal 

homologous recombination events had occurred in these genomes and suggested that 

these events might be associated with genomic rearrangements (Devos et al. 2002; Ma et 

al. 2004; Ma et al. 2005).  

          In addition to affecting genome size and organization, transposable elements have 

been shown be involved in the formation of chimeric genes as demonstrated with 

Mutator-like DNA elements (MULEs) and Helitrons. In 2004, Jiang et al. (2004) 

described the identification of over 3,000 Pack-MULEs that were distributed across the 

rice genome. These Pack-MULEs contained small gene fragments with partial exons and 

introns. Twenty three percent of the Pack-MULEs contained gene fragments from 

different rice genes, and at least 5% were found to be expressed based on the presence of 

full length cDNA sequences. Helitrons are also known to contain small sequence 

insertions from multiple genes as seen in the 18 kb Helitron found in the maize Sh2 gene 

that contained gene fragments from 12 genes (Lai et al. 2003). Like Pack-MULEs, the 

presence of transcripts from Helitrons that contained multiple gene fragments indicated 

that these DNA transposons have potential for generation of new genes.  
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Genome and gene duplication  

Genome and gene duplication can occur by several mechanisms- polyploidization, 

segmental duplication and tandem gene duplication. Polyploidization is classified into 

autopolyploidization and allopolyploidization based on genome origin. Autopolyploidy 

occurs when all chromosomes from a diploid plant are doubled. Allopolyploid is a 

genomic state defined by the combination of two or more complete chromosome sets in a 

single nucleus (Tate et al. 2005). Polyploidy can occur by several routes (Tate et al. 2005; 

Chen 2007). Autopolyploidy can occur from an error in meiosis that results in unreduced 

gametes (diploid), rather than haploid gametes. For example, autotetraploids are 

produced when two unreduced gametes fuse, representing four copies of the genome in a 

nucleus. Autopolyploids are often reproductively successful because they still have 

homologous chromosomes and can form bivalents during meiosis. However, 

autopolyploids can often no longer produce fertile progeny when crossed with a diploid 

progenitor because the triploids are unable to form bivalents due to the lack of 

homologous chromosome pairs. As a result, autopolyploids are reproductively isolated 

from diploid progenitors. Allopolyploids can occur via interspecific hybridization 

followed by chromosome doubling, via fertilization of unreduced gametes or by 

interspecific hybridization between two autopolyploids. Though some animals exhibit 

polyploidy, it is much more common in plants. Polyploidy is thought to be rare in animal 

because polyploidy can disrupt dosage compensation that is required for genetic balance 

between genders for genes found on fully functional sex chromosomes (Orr 1990).  
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          Polyploidization can also affect the structure of a genome. The presence of nine 

inter-genomic translocations in allopolyploid tobacco (Kenton et al. 1993), five inter-

genomic translocations in Avena maroccana and 18 arrangements in Avena sativa were 

reported (Leitch and Bennett 1997; Soltis and Soltis 1999; Wendel 2000). The synthetic 

allopolyploid Brassica napus showed major rearrangements within five generations 

(Song et al. 1995). Polyploidization can also generate immediate impacts on phenotypic 

changes. For example, change in flowering time in B. napus was shown to be associated 

with genomic rearrangements by polyploidization (Schranz and Osborn 2000).  

          The ancestors of many diploid plant species were once polyploids; however, during 

the course of evolution, diploidization occurred with extensive genome rearrangements 

and chromosomal breakage and fusion. Such species are termed ―paleo-polyploids‖ 

(Wolfe 2001; Adams and Wendel 2005).  Today, almost all angiosperms are predicted to 

have undergone polyploidization sometime in their ancestry. Arabidopsis is a well known 

example of a paleo-polyploid (Wolfe 2001). Dot-matrix analysis of the Arabidopsis 

genome showed that it contained many duplicated regions across the genome and these 

regions were found in pairs (Paterson et al. 2000; Wolfe 2001). This data supports the 

idea that the Arabidopsis genome underwent at least one round of polyploidization. A 

comparative study between Arabidopsis and tomato around the ovate locus suggested that 

there had been two rounds of whole genome duplication in Arabidopsis (Ku et al. 2000). 

The rice genome is also known to have undergone an ancient polyploidization event 

(Paterson et al. 2004).   
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          Segmental duplication can be defined as the duplication of large DNA segments 

within a genome. Although the precise mechanism of segmental duplication is unknown, 

one possible mechanism has been suggested based on an extensive study of the yeast 

genome. Koszul et al. (2004) showed that most revertant strains resulted in the 

spontaneous duplication of large DNA segments, both intra- and inter-chromosomal, 

ranging from 41 to 655 kb in size. The types of sequence breakpoints and superposition 

with the DNA replication map indicated that segmental duplication appeared to be the 

result of errors in DNA replication (Koszul et al. 2004).  

          Tandem gene duplication is a genomic state where two or more copies of a gene 

are positioned adjacent to each other (Taylor and Rae 2005). The major mechanism 

leading to the formation of tandem duplication events is unequal crossing-over between 

homologous chromosomes or through unequal sister chromatid exchange. A well known 

example is the rDNA cluster that encodes ribosomal RNA. This cluster is organized into 

thousands of copies in a long tandem array in many eukaryotic genomes (Cronn et al. 

1996). Tandem duplication is also an important mechanism for the duplication of protein-

coding genes. Such duplications can sometimes lead to neofunctionalization or 

subfunctionalization (Taylor and Raes 2005). Neofunctionalization occurs when one copy 

acquires a beneficial mutation that leads to a new function. Subfunctionalization occurs 

when two copies retain complementary subfunctions of an ancestral gene. For example, 

in the case where an ancestral gene carries function A and B, after duplication, one copy 

loses function A retaining function B, while a second copy loses function B but retains 

function A  (Taylor and Raes 2005). Subfunctionalization occurs not only in protein-



 22 

coding regions, but also in non-coding regulatory sequences, resulting in diversity in 

expression patterns, rather than in gene function. Thus, gene duplication can lead to an 

increase in gene number, as well as in diversity of gene functions (Taylor and Raes 2005).  

 

WHOLE GENOME SEQUENCING AND GENOME ANNOTATION 

Availability of the complete genome sequence of an organism serves as an excellent 

research platform to study functional and evolutionary biology. Since not all organisms 

are amenable for whole genome sequencing and functional studies, information from 

model organisms is important in that it can facilitate discovery of genes and prediction of 

gene function in related species. Specifically, whole genome sequences derived from 

model organisms are important resources for comparative genomics with inter- and intra-

specific sequences, which allows intensive study of the evolution of genome structure 

and size, patterns of gene and genome duplication and the dynamics of genes and 

transposable elements. Genome annotation follows whole genome sequencing and 

provides the coordinates of many genomic features including genes and transposable 

elements.  In addition, genome annotation can facilitate positional cloning and functional 

analysis of biologically relevant genes or genomic regions.  

 

Whole genome sequencing strategies 

There are two general approaches for whole genome sequencing: clone-by-clone (CBC) 

sequencing and whole genome shotgun (WGS) sequencing. The major difference 

between the two strategies is that the CBC strategy requires a tiling path that provides 
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information on the physical order of large genomic clones before sequencing their 

subclones, while the WGS approach simply breaks the genome into unordered small 

pieces for sequencing and then assembles them based on computer algorithms (Weber 

and Myers 1997). Although the two strategies have specific advantages and 

disadvantages, they can also be used in combination.  

          The CBC approach was supported by adopting a BAC cloning (Shizuya et al. 

1992) and Sequence Tag Connector (STC) strategy (Venter et al. 1996). In the STC 

strategy, Bacterial Artificial Chromosome (BAC) end sequences (BES) or STCs are 

generated and arrayed across the genome. These arrayed BESs create a map which is 

used to determine the interrelationships of the individual BAC clones through their STCs 

as overlapping BAC clones are sequenced (Figure 1-2) (Mahairas et al. 1999; Siegel et al. 

1999). The first step of the CBC approach is to generate one or more genomic libraries, 

10-20 genome equivalents, with insert sizes between 100-300 kb using the BAC or P1-

derived artificial chromosome (PAC) cloning systems. The next step is generation of a 

minimal tile path (MTP) by selection of BAC or PAC clones which form a continuous 

sequence spanning a whole chromosome by aligning overlapping regions. The original 

BAC/STC system used the sequence of ―seed‖ BACs to help select the next pair of 

minimally overlapping BACs to sequence. The process is repeated over and over until a 

complete genome is sequenced. Currently, MTPs can be selected before using STCs 

alone, if a comparative reference genome sequence is available, or by the generation of a 

physical map of fingerprinted BAC clones. Once a tiling path is chosen, individual BAC 

clones are shotgun sequenced, assembled and finished. Overlapping finished BACs are  



 24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. STC strategy (Redrawn from Siegel et al. 1999) 
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then assembled to generate pseudomolecules that represent each chromosome.   

 In the WGS approach, nuclear DNA from the entire genome is sheared to 

construct whole genome shotgun libraries, usually 2-3 and 5-10 kb libraries, which are 

then sequenced to 6 to 8X genome coverage. The data is then assembled in multiple 

stages to generate a whole genome shotgun assembly. 

 This CBC approach using the BAC/STC system has several major advantages: 1) 

the BAC cloning system was shown to be much more robust than the yeast artificial 

chromosome system for the analysis of large eukaryotic genomes, 2) the STC strategy 

potentially reduces sequencing costs by helping to determine a minimum tiling path of 

overlapping BACs that can be used for sequencing (Yu and Wing 2004), and 3) the final 

sequence is generally of a much higher quality than WGS assemblies. In addition the 

majority of repetitive elements are sequenced and assembled in their correct locations. 

The major disadvantage of the CBC approach is that it requires advanced preparation of 

numerous reagents (i.e. BAC libraries, physical maps, STCs, MTPs etc.) which are quite 

expensive and time consuming to generate. In contrast, the only requirement for the WGS 

approach is genomic DNA. The major disadvantage of the WGS approach is that the 

quality of DNA is not as good as that in the CBC method and is generally considered as 

―draft‖ sequence containing numerous ―holes‖ and, in general, missing the repetitive 

sequences in the main assemblies.     

 

Whole genome sequencing of Arabidopsis and rice 
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Arabidopsis was the first model plant whose genome was completely sequenced (AGI 

2000). Arabidopsis was an ideal candidate for whole genome sequencing because it has a 

relatively small genome size (125 Mb), a high density genetic map, a short generation 

time, is easily transformed and has a large community of scientists performing basic 

research. The Arabidopsis genome sequencing project was launched in 1996 using the 

CBC approach. Restriction fragment fingerprinting analysis of BAC clones, hybridization, 

or Polymerase Chain Reaction (PCR) of sequence-tagged sites and hybridization and 

Southern blotting were used to assemble the physical maps of Arabidopsis Columbia 

ecotype (AGI 2000). The resulting maps were combined with the genetic map and served 

as a basis for assembling sets of contigs into sequence-ready tiling paths. End sequences 

of 47,788 BAC clones were used for extension of contigs from anchored BACs. Ten 

contigs were assembled from 1,569 large insertion clones and the sequencing was 

performed from selected clones with the accuracy rate between 99.99 and 99.999 %. 

Chromosomes 2 and 4 were sequenced in 1999, and chromosomes 1, 3 and 5 were 

sequenced in 2000.  

Annotation of the whole Arabidopsis genome by AGI (2000) revealed 25,498 

genes encoding 11,000 different types of proteins. Based on the initial annotation by AGI, 

the average gene size was 2,013 bp and the average gene density was 4,480 bp per gene. 

The average exon size was 251 bp with an average exon number of 5.2 and an average 

intron size of 168 bp. Approximately 69% of annotated genes were assigned to functional 

categories; however, the rest of annotated genes were of unknown function. The whole 

genome sequence of Arabidopsis provided a complete view of chromosome organization 
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and provided clues to the evolutionary history of this species. The Arabidopsis genome 

appeared to undergo polyploidization and segmental duplication as well as tandem gene 

duplication. Using direct alignment of chromosome sequences and searches for tracks of 

conserved gene orders, large segmental duplication was detected. The data showed that 

24 large duplicated segments of 100 kb or larger were present in the Arabidopsis genome, 

comprising 58% of the genome (AGI 2000). Also, the Arabidopsis genome contains 

1,528 tandem arrays carrying 4,140 genes, containing up to 23 repeated members in an 

array (AGI 2000) and comprising approximately 17% of genes in the genome. These 

types of duplication led not only to increases in gene number and genome size, but also to 

generation of multi gene families and functional redundancy. The Arabidopsis genome 

also contains transposable elements, both LTR retrotransposable and DNA transposable 

elements, which make up 10% of the genome (AGI 2000). Overall, transposon-rich 

regions were found in relatively gene-poor regions. In Arabidopsis, class I (2,109) and 

class II (2,203) elements were found to exist in similar numbers (AGI 2000). 

          Rice (Oryza sativa) was the second plant genome that was completely sequenced. 

Rice was selected because it is the world’s most important food crop, feeds half the world 

population and is a model system for monocot biology. Additional attributes that make 

rice a model organism include the fact that it has the smallest genome of all the cereals 

(389 Mb compared to maize (2,300 Mb), barley (5,300 Mb) and wheat (16,000 Mb)), has 

a high density genetic map, is easily transformable and has a large international research 

community. Rice (O. sativa, ssp. japonica cv. Nipponbare) was sequenced using a CBC 

approach and its finished sequence was released by the IRGSP in November 2004 
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(IRGSP 2005). A total of 3,401 BAC and PAC clones, which resulted in tenfold sequence 

coverage, were sequenced, assembled, ordered and finished with less than one error per 

10,000 bases (IRGSP 2005). PCR and sequencing of 10 kb plasmids and 40 kb fosmid 

clones were used to fill most of the physical gaps. Fosmids are bacterial F-plasmid-based 

single copy vectors that provide high stability (Kim et al. 1992). Annotation of the 

sequence predicted a total of 37,544 protein-coding genes. The average gene size was 

2,699 bp and the average gene density was 9,900 bp per gene. The average exon size was 

254 bp with an average exon number of 4.7 and an average intron size of 413 bp with an 

average intron number of 3.7. Approximately 61% (22,840) of predicted rice genes could 

be matched with ESTs or full length cDNAs and approximately 52% (19,675) of proteins 

could be matched with SwissProt database (IRGSP 2005) entries. Approximately 71% 

(26,837) of the predicted rice proteins have been found as homologues in the predicted 

Arabidopsis proteome. Reciprocal searches showed that 89.9% (26,004) of Arabidopsis 

proteins have homologous counterparts in the rice proteome (IRGSP 2005). About 60% 

of the rice genome is segmentally duplicated, in addition to the 14% of genes that exist in 

tandem arrays (IRGSP 2005). Approximately one-third of the rice genome was found to 

be composed of transposable elements, which were particularly enriched in chromosomes 

8 (38.0%) and 12 (38.3%). The analysis revealed that class II elements outnumbered class 

I elements. Although most class I elements were located in gene-poor, heterochromatic 

regions, some class II elements, such as Tourist, Mariner and class I elements like LINEs, 

were found in gene-rich regions (IRGSP 2005).  
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Genome annotation 

Annotation is critical because it identifies biologically significant information from 

uncharacterized genomic sequences. Annotation involves two steps: structural annotation 

and functional annotation (Aubourg and Rouze 2001). Structural annotation is used to 

identify the coordinates of various biological features such as gene and transposable 

elements using two approaches, intrinsic (or ab initio) and extrinsic annotation. Intrinsic 

annotation predicts genes using gene model programs based on the features of genes that 

are empirically characterized. The start and stop codons, exons and splice sites are 

considered in these gene predictions. Extrinsic annotation identifies exons and genes 

through sequence similarity with known cDNA or EST sequences. Major errors that 

occur during intrinsic annotation are gene splitting and merging which may be caused by 

very long introns and very short intergenic regions that complicate the proper 

identification of gene structures. A major disadvantage of extrinsic annotation is the 

limitation in retrieval of transcripts. In order to produce more high quality annotation, 

both intrinsic and extrinsic annotation methods are combined, along with manual editing.  

Functional annotation assigns putative biochemical functions to genes. Protein 

sequences from predicted genes are deduced and compared to protein databases. 

Biochemical functions are assigned to predicted genes based on significant sequence 

similarity with proteins of known function. Four categories of genes are based on the   

following definitions: (1) A gene indicates that an annotated gene with the same name 

and a known protein function has perfect sequence identity with the predicted gene; (2) a 

putative protein means that the predicted gene has significant sequence similarity with a 
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known protein in any species; (3) an unknown protein indicates that there is some EST 

support for the sequence but that it does not have sequence similarity with any known 

proteins; (4) a hypothetical gene indicates that the sequence of the predicted gene was 

identified only using a gene model program.  

          Genome annotation is an ongoing process because databases and gene prediction 

software are continuously expanding and improving. In addition, genome annotation can 

be very inconsistent because individual sequencing centers generate heterogeneous 

results for gene structure and number due to the use of different criteria for annotation, 

different gene prediction models and databases. For example, the Arabidopsis genome 

was sequenced in 2000 (AGI 2000), but annotation is still continuing. To provide better 

annotation consistency for Arabidopsis, the Arabidopsis genome was reannotated using a 

common set of programs and databases by The Institute of Genomic Research (TIGR, 

http://www.tigr.org/) in collaboration with The Munich Information Center for Protein 

Sequences (MIPS, http://mips.gsf.de/proj/plant/jsf/index.jsp). The  TIGR annotation 

pipeline processed a complete set of BAC sequences representing the Arabidopsis tiling 

path (Wortman et al. 2003) through utilization of gene prediction models (Genscan, 

Genemark and Glimmer) and homology analysis with databases. These databases 

included Arabidopsis cDNAs and ESTs, TIGR gene indices for Arabidopsis and other 

plants, non-redundant amino acid databases from public sources and SwissProt. Updated 

results are released twice a year to the Arabidopsis Information Resources (TAIR, 

http://www.arabidopsis.org/) and the Genome Division of the National Center for 

Biotechnology (NCBI, http://www.ncbi.nlm.nih.gov/). The most recent update is TAIR 

http://mips.gsf.de/proj/plant/jsf/index.jsp
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release 7 and annotation statistics are available at 

(http://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/annotatio

n_data.jsp). 

When the rice genome was completed in 2005 by the IRGSP, the initial 

publication used an automated annotation pipeline at TIGR which consisted of multiple 

gene prediction programs (Fgenesh, Genemark, Genscan and GlimmerM), homology 

analysis with EST databases from TIGR plant gene indices and non-redundant plant 

protein databases (Ouyang et al. 2007). Since this initial annotation, both TIGR in the 

USA and the Rice Annotation Project (RAP) in Japan have been continually reannotating 

the genome using more sophisticated software, updated databases as well as manual 

curation. Updated annotations are released yearly with the most recent versions being 

Release 4 from TIGR and Build 4 from RAP (RAP 2008) (annotation statistics are 

available at http://rice.tigr.org/tdb/e2k1/osa1/pseudomolecules/info.shtml and 

http://rapdb.dna.affrc.go.jp/). Gramene (http://www.gramene.org/ ) (Ware et al. 2002) is a 

useful resource for displaying rice genome annotation, for providing all rice sequences, 

for comparative maps to other cereal genomes and for homology search tools.  

 

COMPARATIVE GENOMICS 

The whole genome sequence of an organism can be considered as a complete genetic 

map, because genes are encoded within the DNA and the order of the DNA is known in 

the sequenced genome (Hardison 2003). Although analysis of genome sequence can 

provide information on genome structure, an individual genome provides less 

http://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/annotation_data.jsp
http://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/annotation_data.jsp
http://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/annotation_data.jsp
http://rice.tigr.org/tdb/e2k1/osa1/pseudomolecules/info.shtml
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information on genome function. It is through comparative genomics that distinctions 

between functional sequence and non-functional (or neutral sequence) can be revealed. 

Comparative genomics is based on the assumption that functional sequences are subject 

to selective constraint during evolution, and therefore sequence changes are much slower 

in functional sequences than in non-functional sequences, resulting in sequence 

conservation between species (Miller et al. 2004). A common sequence that is shared 

between two species implies that these sequences were derived from a common ancestor 

and retained in the current two species (Hardison 2003). As a result, species with closer 

evolutionary relationships have a tendency to exhibit a higher level of sequence 

conservation. Comparative genomics uses reference genome sequences from model 

organisms to predict the role of sequences in non-model organisms. This prediction is 

empirically tested or integrated with known data. The major goals of comparative 

genomics are discussed below.  

 

Analysis of synteny 

During evolution, chromosomal rearrangements can disrupt the conservation of ancestral 

synteny between species. As a result, more closely related species generally have a higher 

level of synteny in their genomes, while distantly related species have less conservation 

due to more rearrangements (Nadeau and Sankoff 1998). The analysis of synteny is used 

to identify orthologous relationships between genomic regions and to facilitate the 

isolation of orthologous genes (Schmidt 2000). Patterns of conserved and disrupted 

synteny can also be used to interpret phylogenetic relationships between species. 
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Detection of conservation of synteny has been made by comparative macro (>1 Mb) or 

micro (<1 Mb) colinearity analyses via genetic mapping and DNA sequencing (Schmidt 

2000), respectively.  

Comparative genetic mapping has been a powerful tool for the analysis of synteny 

at the chromosome level. The first comparative mapping studies in dicots were performed 

with the Solanaceous crop species tomato, potato and pepper. A comparative tomato-

potato map revealed extensive conservation of marker composition and order, as well as 

the presence of five chromosomal inversions (Bonierbale et al. 1988; Gabhardt et al. 

1991; Tanksley et al. 1992). In the tomato-pepper comparison, a high level of 

conservation of marker composition was detected; however, marker order was not well 

conserved, revealing a minimum of 22 chromosome breakages caused by inversions and 

translocations (Tanksley et al. 1988; Livingstone et al. 1999). The first comparative 

genetic mapping study in monocots was performed by Hulbert et al. (1990) to test the use 

of maize RFLP markers for genetic mapping in sorghum, and to investigate whether 

maize markers can hybridize to the genomes of other grass species (sorghum, foxtail 

millet, Johnson grass and sugarcane). Hybridization patterns and signal strength of maize 

probes were similar in sorghum, but weaker in the other species. In 1995, Moore et al. 

published a pioneering study that demonstrated the syntenic relationships among the 

major cereal crops of the Poaceae – rice, maize, sorghum, triticale, sugar cane and foxtail 

millet. Nineteen syntenic segments, or linked chromosomal blocks, were found to be 

conserved across the cereal genomes with different arrangements (Moore et al. 1995). In 

the Brassicaceae, a dicot family that includes Arabidopsis and its relatives Arabidopsis 
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lyrata, Brassica rapa and Capsella rubella, 24 chromosomal blocks have been identified 

that are shared across the family regardless of chromosome numbers (Schranz et al. 2006). 

These results suggest that genomes represent reshuffled ancestral linkage blocks at least 

within the family.  

Microcolinearity analysis provides genomic analysis at higher resolution when 

compared to macro mapping which relies on recombination frequency and genomic 

distribution of genetic markers. Thus, microcolinearity analysis provides more direct 

evidence of synteny, and can detect smaller syntenic perturbations. Pioneering work on 

microcolinearity in plants was first performed in the grasses. One of the earliest studies 

was a microcolinearity analysis around the sh2-a1 homologous region in maize, rice and 

sorghum (Chen et al. 1997). A comparison of gene structures of sh1 and a1 among the 

three species revealed that coding sequences were more conserved than intron sequences. 

A comparison of intergenic regions between sh1 and a1 showed more than a six-fold 

increase in size in maize relative to rice and sorghum. This data indicated that the three 

genomes had conserved gene content and order, but extensive differences in size and 

sequence of intergenic regions. With improvements in sequencing technologies and the 

availability of dicot and monocot reference genome sequences, a wealth of 

microcolinearity analyses in various regions in monocots (Dobkovsky et al. 2001; 

Ramakrishna et al. 2002a; Ramakrishna 2002b; Ilic et al. 2003; Ma et al. 2005) and dicots 

(Ku et al. 2000; Mao et al. 2001; Carvell et al. 1998; Gao et al. 2005; Huang et al. 2005; 

Town et al. 2006; Kim et al. 2007; Grover et al. 2007) have been performed. Most of 

these analyses revealed that microsyntenic genomic organization was much more 
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dynamic than previously thought based on macro scale analyses. These changes, detected 

from comparative sequence analyses of orthologous regions, included inversions, tandem 

duplications and expansions/contractions. These small genomic rearrangements were 

frequently detected even in the comparison of closely related species (Bennetzen 2000; 

Bennetzen 2007).  

 

Improvement of gene prediction 

The analysis of synteny at the DNA sequence level has been an important tool to 

accurately predict the structure of genes. Gene prediction can be performed in several 

ways. The ab initio method refers to de novo gene prediction based only on the 

information provided by an individual DNA sequence (Guigo et al. 1992; Burge and 

Karlin 1997; Majoros et al. 2004; Korf 2004). Ab initio methods use gene prediction 

algorithms that are dependent on training datasets composed of experimentally confirmed 

gene models. Ab initio methods are most effective when the training sets are established 

from the species being evaluated. This method exhibits high sensitivity (a measure of the 

ability to detect true positives), but low specificity (a measure of ability to detect false 

positives) (Windsor and Mitchell-Olds 2006). Evidence-based methods use empirical 

data sets (e.g. full-length cDNA sequence, EST sequence or protein sequence) to improve 

gene prediction (Hubbard et al. 2002). This method provides a high degree of specificity 

but low sensitivity. In addition, this method does not work well for the detection of low-

abundance transcripts and novel genes (Windsor and Mitchell-Olds 2006). This limitation 

can be overcome by using additional information from multiple species. For example, 
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Yamada et al. (2003) predicted approximately 1,400 new genes from unannotated 

genomic regions of the Arabidopsis genome using a combinatorial approach with 

Arabidopsis full-length cDNA data and ESTs from additional species like Brassica, rice 

and wheat. Sequence-similarity-based methods use comparative approaches (Cooper et al. 

2003; Eddy 2005). This method is powerful because it provides both higher sensitivity 

and specificity (Windsor and Mitchell-Olds 2006). Moreover, this method is applicable 

for both coding and non-coding sequences. Similarity-based methods are based on the 

assumption that the evolution of functional sequences is constrained by selection and 

non-functional sequences are free to evolve neutrally (Windsor and Mitchell-Olds 2006). 

Therefore, sequences that are conserved in interspecific comparisons appear to be 

biologically significant. The utility of this method is affected by the number of species 

compared and their evolutionary distance. The conserved unannotated regions in 

Arabidopsis were detected by sequence-similarity based on the use of partial genomic 

sequences from Brassica oleracea (Ayele et al. 2005; Katari et al. 2005). This analysis 

identified 300 gene models and was followed by a transcriptional assay which showed 

that 27% of the predicted genes were actually transcribed.  

 

Identification of conserved non-coding sequences  

Comparative sequence analysis is also a powerful tool for computational identification of 

conserved non-coding sequences (Hardison 2000; Ludwig 2002; Lenhard et al. 2003; 

Wray 2007). The ―phylogenetic footprinting‖ method (Duret and Bucher 1997; 

Blanchette and Tompa 2002; Zhang and Gerstein 2003; Dickmeis and Mueller 2005) uses 
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comparative sequence analysis to detect regulatory elements in orthologous regulatory 

sequences across multiple species. Phylogenetic footprinting is performed with the 

premise that functional elements tend to evolve slower than non-functional sites due to 

selective pressure. Therefore, significantly well-conserved regions, especially among 

distantly related species, are highly likely to be functional. However, comparison among 

evolutionarily distantly related species can miss recent changes in DNA sequence and 

thus make it difficult to detect conserved non-coding sequences that are specific to 

particular lineages. The ―phylogenetic shadowing‖ method (Boffelli et al. 2003), a variant 

of phylogenetic footprinting, was developed to identify lineage-specific conserved 

sequences using multiple closely related species. Using phylogenetic shadowing, 

conserved regulatory sequences were identified (Loots et al. 2000; Pennacchio et al. 

2001; Hong et al. 2003: Steiper et al. 2006). However, detecting regulatory elements has 

both statistical and biological constraints (Gibson and Muse 2002). The statistical 

limitation results from the small (6-10 bp) size of regulatory elements. Considering that 

the expected frequency of n-base sequence is 4
n
, a specific 6-base sequence can be found 

every 4,096 bp in the genome. Therefore, false positives can be easily found. To 

distinguish statistically significant sites from random sequences, several programs 

implemented with statistical models are used. The biological constraint is based on the 

fact that transcriptional regulation behaves in a context-dependent manner. For example, 

the same pattern of transcription can be generated by different transcription factors, and 

not all genes with the same profile will share a particular motif. Also, the same 
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transcription factor can be involved in the generation of a wide variety of expression 

profiles. As a result, an empirical assay is critical to confirm functional significance.  

 

NEW DICOT MODEL ORGANISMS FOR COMPARATIVE STUDIES 

Model organisms provide essential tools that can be used to address fundamental 

questions in biology and evolution. Information from model organisms can be used to 

facilitate gene discovery or prediction in related species. For example, in the Poaceae, the 

rice genome has been a useful reference genome to identify genes or to study genome 

evolution in related species via a comparative approach (Bennetzen and Freeling 1993; 

Laurie and Devos 2002; Devos 2005; Bennetzen 2007). Until recently, Arabidopsis and 

rice have been the major model plants with comprehensive batteries of tools and 

resources that have been used for biological research. However, these two model 

organisms are not always the best systems for addressing specific fundamental questions, 

for example, the biology and evolution of cotton fiber development. Recent 

breakthroughs in genomics have now made it possible to generate draft genome 

sequences for virtually any organism. For example, Medicago truncatula (2N=16; 500 

Mb) has been a model plant for the study of symbiosis and for comparative studies in the 

Fabaceae. Medicago genome sequencing was launched in 2002, and a first draft of ~160 

Mb of genomic sequence was released in 2005 with approximately 25,000 predicted 

genes (Young et al. 2005; Sato et al. 2007). Black cotton wood (Populus trichocarpa) 

(2N=38; 500 Mb) has served as a model for forest species. Its whole genome was 

sequenced with annotation of 45,000 protein-encoding genes (Tuskan et al. 2006). 
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Grapevine (Vitis vinifera) (2N=38; 504 Mb) has also recently been identified as a model 

for fruit tree biology and its genome was sequenced and annotated to contain 29,585 

protein-coding genes (Velasco et al. 2007).  

More recently, tomato (Solanum lycopersicum) and Thellungiella halophila (salt 

cress) have emerged as model species for whole genome sequencing. Tomato is an 

important species for developmental studies of climacteric fruit ripening (ripening 

associated with an upsurge of ethylene production) and pedicel abscission zones, while T. 

halophila is important for physiological studies of the genes giving rise to plant tolerance 

to abiotic stress. Two genes that play major roles in development and salt tolerance – 

JOINLTESS1 for pedicel abscission zone formation and SALT OVERLY SENSITIVE1 for 

salt tolerance; respectively, were chosen for microsynteny analysis in my dissertation. In 

the following paragraphs, I will provide a brief introduction of these two species and their 

strengths as model organisms, and will introduce the two loci I selected for microsynteny 

analyses.  

 

Solanum lycopersicum and the Solanaceae 

Tomato (Solanum lycopersicum) is the most extensively studied organism in the 

Solanaceae in terms of plant genetics and genomics due to its simple diploid genetics, 

short generation time, ability to be transformed, relatively small genome size and the 

availability of genetic and genomic resources (Barone et al. 2008). Tomato has 12 

chromosome pairs with a genome size of 960 Mb and contains approximately 35,000 

genes. Genetic and genomic resources include wild tomato species and mutant collections, 
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marker collections, recombinant inbred lines, BAC libraries and a physical map, 

TILLING and gene silenced lines and microarrays (Barone et al. 2008). For these reasons, 

tomato has been proposed as a reference species for the Solanaceae. The Solanaceae 

includes more than 3,000 species with diverse morphology and habitat adaptation. The 

Solanaceae includes many of the world’s most important agricultural crops including the 

tuber-bearing potato, the fruit-bearing tomato, pepper and eggplant and ornamental plants 

like petunia and tobacco (Mueller et al. 2005). Many of these crops have biological 

mechanisms or pathways that are not found in Arabidopsis and thus can serve as 

alternative model systems for plant biological research. For example, tomato is an 

important model plant for the study of fleshy fruit development/ripening and pedicel 

abscission zone development. In the evolutionary tree of flowering plants, the Solanaceae 

is anchored at a position that is distant from Arabidopsis, Medicago and rice (Figure 1-3) 

and the sequence information from the Solanaceae will allow comparative analysis for 

the discovery of conserved and diverse features of plant evolution. The Solanaceae is 

unique in that it does not appear to have undergone a large scale genome duplication 

event in the early radiation of this family (Solanaceae Genomics Network (SGN): 

http://www.sgn.cornell.edu/). Polyploidization in tetraploid tobacco and potato is a 

relatively recent event and diploid forms of these species are still present (SGN). Several 

studies have shown that euchromatic regions make up approximately 25% (220-250 Mb)  

of the tomato genome and that 90% of tomato genes are located in this region (Wang et al. 

2006). The remaining 75% of the genome is considered to be highly heterochromatic.  
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Figure 1-3. Phylogenetic position of the Solanaceae (Adopted from Solanaceae 

Genomics Network which modified a phylogenetic tree from Chase et al. 1993).  
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The euchromatic regions have an approximate gene density of one gene per 6.7 kb, 

whereas the gene density in the heterochromatic regions is about 10-100 times lower 

(Wang et al. 2006). Tomato genome sequencing was launched in November, 2003 with a 

10 year initiative called the International Solanaceae Genome Project (Shibata 2005).  

This project is led by an International Consortium of 10 countries (China, France, India, 

Italy, Japan, Korea, Spain, The Netherlands, The United Kingdom, and The United 

States).  The project adopted a clone-by-clone strategy: Fifteen-hundred seed BAC clones 

were anchored to the tomato genetic map (L. esculentum X L. pennellii F2 population) 

and serve as the basis for the extension of a minimum tiling path of BACs across the 

genome (Mueller et al. 2005). BAC end sequences and the physical map are being used 

to identify neighboring clones for correct extension from the seed BAC clones. It is 

expected that the information from the tomato genome sequencing project will have a 

significant impact in the field of comparative plant biology and evolution.  

 

Pedicel abscission zone development and JOINTLESS1 

Abscission is an important process by which plants shed organs to regulate development 

and growth. Abscission is a developmentally controlled program and is mediated by cell 

separation. This cell separation is due to a breakdown of the middle lamella region in the 

cell wall of the abscission zone, a narrow, specialized band of cells (Patterson 2001; 

Lewis et al. 2006). In jointed tomatoes (wild type), abscission zones are found in the 

middle of pedicels. Abscission is a botanically and evolutionarily favorable trait, but 

agriculturally it results in premature fruit drop and damage to fleshy fruits. Although the 
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physiology of fruit abscission has been well studied (Abeles 1973; Morgan 1984), the 

development of fruit abscission zones is poorly understood. Therefore, the first step in 

understanding mechanisms controlling fruit abscission zone development would be the 

identification of major genes that regulate abscission zone formation. Tomato has two 

spontaneous unlinked recessive mutations, jointless-1 and jointless-2 (Butler 1936; Rick 

1957) that completely suppress the formation of pedicel abscission zones. JOINTLESS1 

(J1) was fine mapped between RFLP markers TG523 and RPD158 on chromosome 11 

(Wing et al. 1994) and cloned in 2000 by Mao et al. by positional cloning. JOINTLESS2 

was fine mapped between markers CD22 and TG618 very close to the centromere on 

chromosome 12 (Budiman et al. 2004); as a result, positional cloning was abandoned.  

JOINTLESS1 was identified on a 119-kb Tomato BAC containing markers tightly 

linked to the J1 locus and was annotated as a MADS box transcription factor 

(LeMADSJ1) which is important for plant development (Mao et al. 2000). To establish a 

correlation between LeMADSJ1 and jointless1, PCR amplification of the MADS region 

was performed to generate a probe for hybridization to genomic DNA from wild type and 

the jointless1 mutant. Five restriction enzymes were tested and showed polymorphisms 

between the two lines, suggesting the involvement of a deletion in the jointless mutation 

(Mao et al. 2000). The region that included the deletion was amplified by PCR and was 

shown to be missing 958 bp of sequence in the 5’ region of LeMADSJ1 including 33 bp 

of the MADS domain. A full length LeMADSJ1 cDNA was obtained by PCR 

amplification from a wild-type tomato cDNA library and used for complementation and 

antisense suppression experiments. Overexpression of J1 in the mutant background 
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restored the wild-type phenotype, while transgenic plants with an antisense construct of 

the J1 cDNA under the control of the cauliflower 35 S promoter exhibited suppression of 

abscission zone development (Mao et al. 2000). These results indicate that J1 is 

necessary for the pedicel abscission development. LeMADSJ1 was identified as 4,845 bp 

(from start to stop codon) in size and contains eight exons and seven introns. LeMADSJ1 

encodes 242 amino acids of a MIKC type MADS box transcription factor which consists 

of four domains-M (MADS) box, I (Intervening) box, K (Keratin-like) box region and C-

terminal region. Availability of 119-kb of J1-containing tomato genomic sequence 

allowed comparative microsynteny analysis between tomato and closely related species 

in the Solanaceae and provided important information about gene and genome structure 

and evolution in this region.  

 

Thellungiella halophila and the Brassicaceae 

Thellungiella halophila is a salt-tolerant (halophytic) relative of Arabidopsis (a 

glycophyte or salt-sensitive plant) and has recently emerged as a model plant for the 

study of abiotic stress physiology (Bressan et al. 2001; Inan et al. 2004; Amtmann et al. 

2005; Griffith et al. 2007). T. halophila is self-fertile and has a short life cycle of 8-10 

weeks, which is similar to Arabidopsis (Bressan et al. 2001). T. halophila is diploid 

(2n=14) and its genome is 240 Mb in size, which is almost twice that of the Arabidopsis 

genome (Inan et al. 2004). Morphologically, T. halophila resembles Arabidopsis (Bressan 

et al. 2001) and has a flower structure composed of four sepals, four petals, six stamens 

and one pistil. T. halophila develops siliques like Arabidopsis, but they are slightly 
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shorter and contain longer seeds. T. halophila forms rosette leaves before bolting; the leaf 

morphology is a slightly different than that in Arabidopsis, with an elongated and serrated 

leaf shape in T. halophila.  

Physiologically, T. halophila is extremely different from Arabidopsis. Previous 

experiments analyzing growth in salt demonstrated that Arabidopsis failed to survive 

when grown in the presence of 500 mM NaCl, while T. halophila continued to grow and 

produced siliques (Inan et al. 2004). In studies analyzing growth in cold, it was found that 

Arabidopsis seedlings were killed when treated at -15 
o
C for 10 days following an 

acclimation at 4 
o
C for a week. When grown in the same conditions, T. halophila 

survived and grew normally when plants were taken out of the cold and returned to room 

temperature (Inan et al. 2004).  

T. halophila and Arabidopsis appear to be very similar at the gene level. A cDNA 

sequence comparison between T. halophila and Arabidopsis showed a 90-95% sequence 

identity (Taji et al. 2004). This high level of sequence homology made it possible to 

generate expression profiles of T. halophila transcripts using Arabidopsis cDNA 

microarrays. Under salt stress conditions (250 mM for 2 hours), only six genes were up-

regulated in T. halophila, while 40 genes were induced in Arabidopsis (Taji et al. 2004). 

In control conditions (no added salt), 83 genes were up-regulated in T. halophila, in 

comparison with Arabidopsis, including several abiotic stress-inducible genes (Taji et al. 

2004). These results indicate that stress-related genes in T. halophila are constitutively 

expressed, rather than induced after exposure to stress. While T. halophila is much more 

salt tolerant than Arabidopsis, no obvious morphological differences or alterations in 
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cellular metabolism related to salt tolerance have been detected in T. halophila (Taji et al. 

2004). Therefore, it has been hypothesized that salt tolerance in T. halophila results from 

regulatory changes in genes that are also found in glycophytes.  

Like Arabidopsis, T. halophila also belongs to the Brassicaceae. This family 

contains more than 3,350 species (Hall et al. 2002) including many important agricultural 

crops, including Chinese cabbage (B. rapa), broccoli (B. oleracea), rape seeds (B. napus) 

and black mustard (B. nigra). In spite of gene conservation, genome rearrangement and 

gene duplications are relatively common in Brassiaceae genomes, some of which are due 

to polyploidization events (Lagercrantz et al. 1996; Lagercrantz et al. 1998). In the 

evolutionary tree, the position of T. halophila is distinct from Arabidopsis (Figure 1-4) 

which is well separated from Brassica 15-24 MYA (Koch et al. 2000; O’Kane and Al-

Shehbaz 2003; Warwick et al. 2006). The T. halophila genome is currently being 

sequenced by the Department of Energy-Joint Genome Institute (DOE-JGI) using a 

whole genome shotgun sequencing approach (including shotgun, fosmid and BAC end 

sequence reads) to provide a 6-8X coverage of the genome. This whole genome sequence 

will be important for comparative studies among closely related species (including 

Arabidopsis) which address the evolutionary mechanisms that govern the broad range of 

adaptation in the Brassicaceae.  

 

Salt tolerance and SALT OVERLY SENSITIVE 1  
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Figure 1-4. Phylogenetic tree of the Brassiaceae. The parsimony method was used for the 

tree construction based on nuclear ribosomal internal transcribed spacer sequences 

(Adopted from Warwick et al. 2006). Bootstrap values over 50% were indicated above 

branches. 
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The build-up of salt in agricultural soils (soil salinity) is a growing problem that limits the 

growth and yield of important crop species worldwide. It has been estimated that up to 

20% of all agricultural land is severely affected by soil salinity (Flowers and Yeo 1995). 

Of great concern is the rapid increase of salt (largely sodium) in irrigated soils, 

particularly in arid and semi-arid environments. This problem is compounded by the 

inability of most crop plants (glycophytes) to adapt to the ionic, osmotic and oxidative 

stresses induced by elevated sodium levels (Chinnusamy et al. 2005). The magnitude and 

severity of this problem has stimulated research into the causes of glycophyte salt 

sensitivity as well as the basis of salt tolerance in halophytes. This research has provided 

insights into morphological, biochemical and physiological characteristics correlated with 

adaptations to salt stress (Tester and Davenport, 2003). For example, mechanisms of 

sodium uptake, extrusion and compartmentalization that mediate tolerance have been 

described (Zhu, 2003).  

          From studies in Arabidopsis focused on understanding mechanisms underlying salt 

stress signaling, the Salt Overly Sensitive (SOS) pathway was identified; this pathway is 

part of the mechanism that controls Na
+
 and K

+
 homeostasis and salt tolerance in 

Arabidopsis (Hasegawa et al. 2000a; Sanders 2000; Zhu 2001; Chinnusamy et al. 2004). 

In this pathway (Figure 1-5), a cytosolic calcium change generated by salt stress is sensed 

by SOS3, a calcium-binding protein (Liu and Zhu 1998). Once bound to calcium, SOS3 

physically interacts with and activates SOS2, a serine/threonine protein kinase, resulting 

in a SOS3/SOS2 complex. This SOS3/SOS2 complex mediates expression and activation 

of SOS1, a plasma membrane Na
+
/H

+
 exchanger. Activated SOS1 transports cytosolic  
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Figure 1-5. SOS pathway-mediated ion homeostasis regulation during salt stress (redrawn 

from Chinnusamy et al. 2004). Ca
2+ 

signals caused by excessive salt in the apoplast are 

perceived by the Ca
2+

 binding protein, SOS3. SOS3 activates the SOS2 kinase and the 

SOS3/SOS2 complex controls cytoplasmic Na
+
 levels by increased expression and 

activity of the transmembrane ion transporter SOS1 which transports cytosolic Na
+
 

outside of cells, by limiting entry of Na
+
 into the cytosol via inhibition of HKT1 activity 

and by activating NHX1 (Na
+
/H

+
 exchanger) which transports cytosolic Na

+
 into the 

vacuole.  
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Na
+
 out of cells in exchange for H

+
, preventing the build-up of toxic levels of Na

+
 in the 

cytosol. Thirteen mutant alleles of sos1 have been identified through ethane methyl 

sulfonate (EMS; sos1-1 through sos1-9), T-DNA insertion (sos1-10 and sos1-11) and fast 

neutron bombardment (sos1-12 and sos1-13) mutagenesis. Because the T-DNA insertion 

lines did not cosegregate with the sos1 mutant phenotype, positional cloning was 

undertaken for the EMS mutagenized lines (Shi et al. 2000). The SOS1 gene was 

identified as 6,076 bp (from start to stop codon) in size and contains 22 introns and 23 

exons. SOS1 encodes a 1,146 amino acid transmembrane protein that shares similarity 

with bacterial and fungal plasma membrane Na
+
/H

+
 exchangers. In the presence of 100 

mM NaCl, the growth of Arabidopsis sos1-1 mutant seedlings was severely arrested, 

while the sos1-1 mutant transformed with a Cauliflower Mosaic Virus promoter::SOS1 

(35S::SOS1) construct had wild-type growth on salt. The Arabidopsis SOS1 transcript is 

up-regulated by plant growth in NaCl, and this up-regulation is eliminated in the sos3 or 

sos2 mutants indicating that SOS1 expression is controlled by SOS3/SOS2 (Shi et al. 

2000). While investigations with Arabidopsis have led to discoveries that include the 

calcium-regulated SOS sodium extrusion pathway, the usefulness of Arabidopsis to 

further understand mechanisms underlying adaptations to salt is limited by its inability to 

tolerate sodium chloride (NaCl) at concentrations found in salt-affected fields (>50mM). 

          Molecular studies of halophytic plant species are more likely to uncover genes and 

pathways capable of increasing the salt tolerance of salt-sensitive crop plants. Studies 

with T. halophila provide the opportunity to determine if the increased salt tolerance 

found in halophytes is due to the presence of genes not found in glycophytes, differential 
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regulation of genes or other factors common to both glycophytes and halophytes or both 

(Zhu 2001). A comparison of SOS1 in T. halophila and Arabidopsis will form the basis 

for studies to uncover the molecular basis of salt tolerance. 

 

RESEARCH FOCUS 

My research focused on comparative sequence analyses in two dicot model systems to 

understand how conserved genomes generate developmental and physiological diversity. 

Specifically, my goals were to understand genetic modifications that increase diversity 

across species and to begin to use this information to understand how genetic 

modification can be used in agriculture for crop improvement. Two dicot models, the 

Solanaceae and the Brassicaceae were chosen to address these questions. In the 

Solanaceae, two species (tomato and potato) exhibit numerous important developmental 

differences (fleshy fruit development/ripening, tuber development, clonal reproduction) 

although the species are closely related evolutionary (~11 MYA). Previous comparative 

mapping studies indicated that the two genomes share similar content and order of 

markers and, at the chromosomal level, they differ only by five inversions (Bonierbale et 

al. 1988; Tanksley et al. 1992). This raised questions about the degree of conservation at 

the microsynteny level and whether significant genomic rearrangements or differences in 

molecular components are present in the two species. Two species in the Brassicaceae, 

Arabidopsis and T. halophila represent extremes in their response to growth in salt even 

though they belong to the same family. Previous studies (Taji et al. 2004) indicated that 

the two species appear to share similar genes and mechanisms for salt tolerance and that 
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modification in regulatory sequences might be responsible for the physiological 

differences. This raised questions about the molecular basis for the difference in salt 

tolerance and if SOS1, a major component in SOS pathway-mediated salt tolerance, can 

be used to test if genetic modification of common components can be used for 

agricultural improvement. Prior to the completion of whole genome sequencing of the 

tomato (Solanum lycopersicum) and T. halophila genomes, I performed locus-specific 

comparative sequence analyses to investigate molecular differences in traits, to identify 

orthologous genes, to determine gene colinearity and to investigate genomic organization. 

          In chapter 2, I described the use of comparative sequence analysis to investigate the 

degree of microsynteny in the tomato and potato genomes and to determine if there have 

been significant genomic rearrangements or evolution of different molecular components 

in these genomes. This analysis was also performed to show the utility of using a 

sequenced genome (tomato) as a tool for gene identification and synteny analysis in 

unsequenced genomes (two potato species). For this purpose, microsynteny analysis was 

performed comparing a 119 kb tomato sequence containing the JOINTLESS1 locus and 

its orthologous regions in two wild potato species, Solanum bulbocastanum and Solanum 

demissum. This analysis demonstrated extensive microcolinearity in the three species and 

a lack of significant genomic rearrangements except for small scale 

expansions/contractions. Conservation of gene colinearity facilitated the identification of 

putative JOINTLESS1 orthologues in the two potato species. Unlike gene colinearity, 

transposable elements showed diverse patterns. Genomic properties including average 

gene density, estimated total gene number, exon/intron size and number were 
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investigated and compared among three species. This analysis also detected three putative 

Solanaceous-specific genes, with putative CArG motifs which are binding sites for 

MADS box proteins (de Folter and Angenent 2006) and TRIM elements which were not 

found in the previous annotation of the 119 kb tomato BAC sequence. 

          In chapter 3, I performed comparative sequence analysis between T. halophila and 

Arabidopsis to investigate gene colinearity, to identify genomic components and to 

understand genome organization in T. halophila. In addition, I identified the putative 

SOS1 orthologue in T. halophila and examined molecular differences in the SOS1 

orthologues between the two species. A 193 kb T. halophila BAC containing the SOS1 

locus was sequenced, annotated and compared to its orthologous region in Arabidopsis. 

This analysis showed that overall gene colinearity was well maintained between the two 

species. However, the microstructure of the genome was highly dynamic, exhibiting 

various patterns of repetitive elements, small scale genomic rearrangements, the presence 

of non-colinear genes and gene fragments. This analysis showed the potential role of 

LTR retrotransposable elements in generating genome size variation between 

Arabidopsis and T. halophila. This analysis also identified putative cis-acting elements in 

the 5’ regulatory sequences of the T. halophila SOS1 gene that might be involved in the 

differential regulation of expression found in the two species.  

          In chapter 4, I discuss future directions and experiments based on the results from 

my comparative analyses.  
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CHAPTER 2 

COMPARATIVE SEQUENCE ANALYSIS AROUND THE JOINTLESS1 

ORTHOLOGOUS REGION AMONG THREE SOLANUM SPECIES 

 

ABSTRACT 

 

To investigate microsynteny and to identify orthologous genes, a sequence (119 kb) from 

tomato (Solanum lycopersicum) Bacterial Artificial Chromosome (BAC) Le240K04, 

containing the JOINTLESS1 locus, was compared to orthologous BAC sequences from 

two potato species, a diploid Solanum bulbocastanum (800-900 Mb, 2N=2X=24) and a 

hexaploid Solanum demissum (2,700 Mb, 2N=6X=72). Gene colinearity was well 

maintained across all three regions. Twelve orthologous open reading frames were 

identified in the identical order and orientation and included three putative JOINTLESS1 

orthologs with 93-96% amino acid sequence identity. Although these regions were highly 

conserved, several local disruptions were detected and included small-scale 

expansion/contraction regions with intergenic sequences, non-colinear genes and 

transposable elements.  Transposable elements were not conserved, except for Terminal-

Repeat Retrotransposons in Miniature elements which were inserted in the orthologous 

intron of a Kinesin motor protein-like gene in all three species. Three putative 

Solanaceous-specific genes were also identified in the tomato sequence. This analysis 

revealed that, even though tomato and potato diverged from a common ancestor over 

11.6 million years ago, the organization of this region has remained largely unchanged 
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during evolution. If this conservation is characteristic for these genomes, it is likely that 

the whole genome sequences that are now being generated for tomato and potato will 

serve as ideal resources for further comparative studies. 

  

INTRODUCTION 

 

Whole genome sequence comparisons of model organisms have revealed that extensive 

genomic conservation exists between species. For instance, comparison of the human and 

mouse genomes, which diverged 75-100 million years ago (MYA), showed that ~99% of 

mouse genes have human homologs (Mouse Genome Sequencing Consortium 2002).  

Comparison of the Arabidopsis and rice genomes, which diverged 150-200 MYA, 

revealed that more than 80% of Arabidopsis genes are also found in the rice genome 

(IRGSP 2005). In addition, comparative mapping studies in Poaceae (Moore et al. 1995; 

Bennetzen and Freeling 1997) and Brassicaceae (Lysak et al. 2006; Schranz et al. 2006) 

revealed that species within the same family share similar numbers of chromosomal 

building blocks or linkage segments, indicating that genomes of different species are a 

result of reshuffled chromosomal building blocks. These findings raise the question as to 

how conserved genomes generate developmental diversity between species. Where there 

are significant differences in developmental or adaptive traits among closely related 

species, it is highly likely that genes responsible for these variations have been modified, 

resulting in phenotypic variation. The molecular mechanisms underlying developmental 

variation include changes in coding or non-coding regulatory sequences and/or genomic 
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rearrangements during evolution. Comparative genomics has been a useful tool for 

identification of these coding and non-coding regulatory sequences (Hardison et al. 1997; 

Pennacchio et al. 2001; Frazer et al. 2003; Boffelli et al. 2003; Nobrega and Pennacchio 

2003; Ureta-Vidal et al. 2003; Windsor and Mitchell-Olds 2006) and for investigations 

into genome structure and evolution (Chen et al. 1997; Bennetzen 2000; Schmidt 2000; 

Dubcovsky et al. 2001; Feuillet and Keller 2002; Bennetzen and Ma 2003; Rana et al. 

2004; Town et al. 2006).  

          The Solanaceae (Solanaceous family) contains more than 3,000 species with wide 

ranging developmental and adaptational variation (Mueller et al. 2005). Many 

agriculturally important crops belong to the Solanaceae, including tomato, potato, pepper, 

eggplant, and tobacco. Of them, tomato is considered to be a model for comparative 

genomics as it is diploid (2N = 24), has a relatively small genome (960 Mb), can be 

easily transformed, is self-fertile, has a diverse collection of mutants, has a dense 

molecular genetic map with over 1,500 markers and has a large research community 

working in both basic and applied areas (Mueller et al. 2005). A species closely related to 

tomato is potato which belongs to the genus Solanum, one of the largest genera in the 

Solanaceae. Tomato and potato genomes are known to have diverged from a common 

ancestor approximately 11.6 MYA (Moniz de Sa and Drouin 1996). Previous 

comparative genetic mapping studies showed that the two species share a common set of 

molecular genetic markers across 12 chromosomes and that the molecular genetic maps 

of tomato and potato are highly colinear except for five large inversions (Bonierbale et al. 

1988). In spite of this genomic conservation, tomato and potato are quite different 
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developmentally. For example, tomato plants bear edible fleshy fruits that are used for 

human consumption while potato plants produce inedible fruits which usually remain as 

small green berries containing the toxic glycoalkaloid, solanine (Coxon 1981). In 

addition, potato plants develop tubers, a modified stem important for nutrient storage and 

for clonal reproduction which are not found in tomato plants.  

          In this analysis, two potato species were chosen -- Solanum bulbocastanum and 

Solanum demissum. S. bulbocastanum is a diploid species with a genome size of 800-900 

Mb (Arumuganathan and Earle 1991; Song et al. 2000) and S. demissum is an 

allohexaploid with a genome size of 2,700 Mb (Kuang et al. 2005). These two potato 

species were chosen because: 1) S. bulbocastanum has a diploid genome with the same 

chromosome number as tomato; therefore, identification of orthologous regions in the 

two genomes should be relatively straightforward, 2) S. demissum is an allohexaploid and 

can serve as model for future analyses of homoelogous regions, 3) the inclusion of two 

potato species allows detection of recent molecular changes and identification of more 

definitively derived conditions and can suggest how such differences were generated and 

4) comparison of closely related genomes is important for improving gene annotation. In 

this context, tomato and its close relative, potato, emerge as important model organisms 

for the study of how common ancestral genomes generate developmental diversity 

between species.  

          Prior to whole genome comparisons of tomato and potato, locus-specific 

microsynteny analysis was undertaken to understand the features of these genomes. A 

119 kb tomato BAC sequence containing the JOINTLESS1 (J1) locus (Mao et al. 2001) 
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was used for the identification and comparison of orthologous regions in the two potato 

genomes. J1 belongs to the MADS box transcription factor family which is important for 

many developmental processes, including floral organ formation, flowering time and 

vegetative organ formation (Theissen et al. 2000). In tomato, J1 is responsible for 

development of the pedicel abscission zone which is important for fruit abscission and 

seed dispersal (Mao et al. 2000). Many potato species are also known to have pedicel 

abscission zones that contribute to potato berry abscission (Kardolus and Bezem 1998). 

The J1-containing euchromatic region in the tomato genome that was previously 

identified (Mao et al. 2000; Mao et al. 2001) served as a starting point for microsynteny 

analysis which focused on an investigation of the level of gene colinearity, the presence 

of significant genomic rearrangements and the identification of orthologous genes. This 

analysis revealed extensive conservation in gene colinearity between tomato and potato 

with only a few local expansion/contraction regions and a lack of conservation in 

composition of transposable elements. This analysis also identified putative J1 

orthologues from two potato species and three putative Solanaceous-specific genes.  

 

MATERIALS AND METHODS 

 

BAC clone selection and sequencing 

To identify regions orthologous to tomato BAC clone LEHBa0240K04 (GenBank 

accession number: AF275345), gene specific primer pairs were designed and used to 

PCR amplify the following genes. A 716 bp JOINTLESS1 cDNA without the MADS box 
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domain was amplified using gene specific primers (240K04-14F: 5’-

ACAAATTCTTGAGAGGCGTG-3’ and 240K04-14R: 5’-

TGGGAGACGAATACTTGAGA-3’). Two additional probes were prepared based on 

genes that are linked to the J1 locus in LEHBa0240K04 to amplify the corresponding 

region from potato and to provide more solid support for selecting the orthologous region. 

A 584 bp sequence from the first exon of a putative permease (previously known as 

240K04.01) was amplified from LEHBa0240K04 using gene specific primers (240K04-

01F: 5’-CACCCGGATTTTCCCTTAAT-3’ and 240K04-01R: 5’-

TCTTGGGCTAAGAGGACTGG-3’). A 1,303 bp sequence from an unknown gene 

(previously known as 240K04.09) was amplified from a cDNA clone using gene specific 

primers (240K04-09F: 5’-TATGGCTCACCCACCATTCT-3’ and 240K04-09-R: 5’-

GTTTGCGGAGTCTGATTTGG-3’). These probes were radiolabeled and used to screen 

Hind III BAC libraries of diploid potato (Solanum bulbocastanum, cultivar PT29) and 

hexaploid potato (Solanum demissum, cultivar PI161729) constructed by the Clemson 

University Genomics Institute (CUGI). Positive BAC clones were confirmed by gel blot 

hybridization with the same three probes used for BAC library screening. The largest 

BAC clones identified by all three probes were chosen for sequencing (SBPBa0032O24 

from S. bulbocastanum and SDPBA0841E06 from S. demissum). 

           The selected BAC clones were randomly sheared using a Hydroshear 

(GeneMachines), 2-5 kb fragments were selected and end-repaired DNA fragments were 

ligated into the pBlueScript KS+ vector (Stratagene) and transformed into E. coli to 

construct shotgun libraries as previously described (Grover et al. 2004). Inserts from the 
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shotgun clones were sequenced from both directions using T7 (5’-

TAATACGACTCACTATAGGG-3’) and T3 (5’-AATTAACCCTCACTAAAGGG-3’) 

primers, with ABI (Applied Biosystems) Big Dye Terminator 3.1 Chemistry on ABI 

3730 XL DNA sequencers. Base calling and quality assessments were performed using 

PHRED (Ewing and Green 1998; Ewing et al. 1998). Only base calls with a PHRED 

quality score of 30 or greater were used. For SBPBa0032O24 and SDPBA0841E06, 

1,935 and 1,822 reads, respectively, were assembled with PHRAP 

(http://www.phrap.org/) and edited with CONSED (Gordon et al. 1998) for graphic 

display of assembly and sequence finishing. Gaps were filled using a combination of a 

bacterial transposon-mediated method (Haapa et al. 1999) and primer walking as 

described previously (Luo et al. 2006). The final error rate for each BAC assembly was 

less than 1 in 10,000 bp. The final assemblies for SBPBa0032O24 and SDPBa0841E06 

were 127,829 bp and 139,106 bp in length, respectively.   

 

BAC sequence analysis and annotation 

For the BAC-to-BAC sequence alignment and analysis, Dotter (Sonnhammer and Durbin 

1995), ACT (Carver et al. 2005) and zPicture (Ovcharenko et al. 2004) were used. 

BLASTN, BLASTP, TBLASTN, BLASTX, BLAST2 

(http://www.ncbi.nlm.nih.gov/BLAST/) and BLASTZ (http://zpicture.dcode.org/) 

analyses were also used as necessary. To identify potential genes, the three BAC 

sequences were input into the FGENESH gene prediction program that was optimized 

with a tomato training set (http://sun1.softberry.com). Simultaneously,  the sequences 

http://www.phrap.org/
http://www.ncbi.nlm.nih.gov/BLAST/
http://zpicture.dcode.org/
http://sun1.softberry.com/
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were analyzed with a combination of BLAST programs using several sequence databases, 

including Solanum lycopersicum and Solanum tuberosum EST databases from TIGR 

(http://compbio.dfci.harvard.edu/tgi/plant.html), the non redundant protein database from 

NCBI (http://www.ncbi.nlm.nih.gov/Genbank/) and the Arabidopsis protein database 

from TAIR (ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/). The 

automated annotation results were retrieved in an XML file format for display and 

manual annotation editing using the Apollo Genome Annotation Curation Tool (Version 

1.6.5) (Lewis et al. 2002). When predicted genes matched ESTs from both tomato and 

Arabidopsis with an E-value less than E
-20

, they were annotated as putative genes. Gene 

predictions made only with FGENESH and open reading frames (ORFs) identified within 

transposable elements were not considered genes.  

Both DNA transposons and retrotransposons were identified by a combination of 

repeat database searches and structural confirmations. Three repeat databases were used 

in this analysis: the Arabidopsis Repeat Database and Other Plant Repeat Databases from 

the Genetic Information Research Institute (GIRI) 

(http://www.girinst.org/repbase/update/index.html) and the TIGR Solanaceae Repeat 

Database (ftp://ftp.tigr.org/pub/data/TIGR_Plant_Repeats/). Long Terminal Repeat 

(LTR) retrotransposable elements were identified by first finding pairs of duplicated 

regions as tentative LTRs within an element using a CROSS_MATCH script 

(www.phrap.org). The presence of internal coding sequences between two LTRs and 4-6 

bp of tandem direct repeats at 5’TG and 3’CA of the LTRs was used as an additional 

indicator for the presence of LTR retrotransposable elements. Simple sequence repeats 

http://compbio.dfci.harvard.edu/tgi/plant.html
http://www.ncbi.nlm.nih.gov/Genbank/GenbankOverview.html
ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/
http://www.girinst.org/repbase/update/index.html
ftp://ftp.tigr.org/pub/data/TIGR_Plant_Repeats/
http://www.phrap.org/
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(SSRs) were searched independently at the SPUTNIK server 

(http://cbi.labri.fr/outils/Pise/sputnik.html).  

 

Evolutionary analysis 

Functional constraints between orthologous genes were measured using a Ka/Ks test. A 

Perl script (written by Jason Stajich <jason@bioperl.org>)was used that takes a dataset 

of cDNA sequences, checks for stop codons, aligns them into translated sequences and 

turns the alignment into cDNA sequences. The cDNA sequences were used to estimate 

nonsynonymous (Ka) and synonymous (Ks) substitution rates using the Maximum 

Likelihood (ML) method with the PAML package (Yang 1997). LTR retrotransposable 

element insertion times were estimated using the distance between pairs of LTRs. DNA 

sequences from a pair of LTRs within an individual LTR retrotransposable element were 

aligned using ClustalW and the distance between them was estimated using the Kimura-

2-parameter model implemented in MEGA3 (Kumar et al. 2004). An average substitution 

rate of 1.3 X 10
-8

 mutations/site/year was used (Ma et al. 2004).   

 

RESULTS 

 

BAC-to-BAC sequence comparison  

To compare the overall genomic structure of a 119 kb region of the tomato genome 

containing the  JOINTLESS1 locus with its orthologous counterparts from two potato 

species, S. bulbocastanum and S. demissum¸ the sequences from BACs Sb32O24 

http://cbi.labri.fr/outils/Pise/sputnik.html
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(SBPBa0032O24; 127,829 bp) and Sd841E06 (SDPBA0841E06; 139,106 bp) were 

aligned with the tomato BAC sequence, Le240K04 (LEHBa0240K04; 118,813 bp) using 

a dotplot method. A high level of sequence conservation was observed among the three 

species (Figure 2-1). However, local disruptions were also found. Expansion/contraction 

regions of more than 2 kb were found in all three comparisons: Six regions from the 

Le240K04-Sb32O24 comparison (A-F in Figure 2-1), four regions from the Le240K04-

Sd841E06 (G-J in Figure 2-1) comparison and three regions from the Sb32O24-

Sd841E06 (K-M in Figure 2-1) comparison. These regions contained only intergenic 

sequences or those with either non-colinear genes or LTR retrotransposable elements 

(Table 2-1). Colinearity and its exceptions were investigated in greater detail with respect 

to genes and transposable elements. 

 

Gene prediction, conservation and structure 

To standardize the analysis of genome features across all three orthologous regions under 

investigation, I first re-annotated tomato BAC Le240K04 that had been previously 

annotated (Mao et al. 2001). Based on the new annotation, one additional gene (Le_B) 

was added and two polyprotein-encoding genes associated with retrotransposons were 

excluded from 15 genes in the previous annotation, resulting in a cumulative total of 14 

genes. Le_B was identified by its sequence homology with a tomato EST (Table 2-2). In 

wild potato, a total of 13 ORFs from Sb32O24 and 15 ORFs from Sd841E06 were 

identified, including putative JOINTLESS1 orthologues (Figure 2-2; Table 2-2). Twelve 

ORFs were colinear among the three species, with a high level of sequence similarity 
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Figure 2-1. Dotplot alignments of orthologous regions around the JOINTLESS1 locus 

among three Solanum BACs (S. lycopersicum (Le240K04), S. bulbocastanum (Sb32O24) 

and S. demissum (Sd841E06)). Expansion/contraction regions with over 2 kb difference 

are indicated as A-M.  
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Table 2-1. Size and content of expansion/contraction regions. Le indicates BAC 

Le240K04, Sb represents BAC Sb32O24 and Sd designates BAC  Sd841E06.  
 

Region Comparison Expansion Size (kb) Content

A Le/Sb Le 5 Intergenic and non-colinear gene

B Le/Sb Sb 3.6 Intergenic 

C Le/Sb Sb 2.1 Intergenic

D Le/Sb Sb 2.4 Intergenic

E Le/Sb Le 5.3 Le copia LTR retrotransposon

F Le/Sb Sb 2.9 Intergenic

G Le/Sd Le 4.9 Intergenic and non-colinear gene

H Le/Sd Sd 2 Intergenic

I Le/Sd Le 5 Le copia LTR retrotransposon

J Le/Sd Sd 2.7 Sd copia LTR retrotransposon

K Sb/Sd Sb 3.5 Intergenic

L Sb/Sd Sd 3 Intergenic

M Sb/Sd Sd 2.7 Sd copia LTR retrotransposon  
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 (average 89% amino acid similarity for 12 genes between Le240K04 and Sb32O24; 90% 

between Le240K04 and Sd841E06; 91% between Sb32O24 and Sd841E06), order and 

orientation. Sequence similarity between the two potato sequences (91%) was not much 

higher than the tomato-potato comparison (89% and 90%). Sd841E06 is one of the 

homoelogous regions from the S. demissum genome which is allohexaploid and it is 

possible that Sd841E06 and Sb32O24 are less conserved if they originated from different 

genome types. All of the colinear genes (genes 01-12) in the three species were also 

found in the Arabidopsis protein databases with an E-value less than E
-20

 except for gene 

02 and two non-colinear genes, Le_A and Le_B (Table 2-2).  

          The average gene density was 8,421 bp/gene in Le240K04, 10,040 bp/gene in 

Sb32O24 and 8,634 bp/gene in Sd841E06 (Table 2-3). The average gene size (from ATG 

to stop codon) was 4,540 bp in Le240K04, 5,722 bp in Sb32O24 and 5,087 bp in 

Sd841E06. The average amino acid (aa) size was 526 aa in Le240K04, 595 aa in 

Sb32O24 and 543 aa in Sd841E06. The average exon size was 252 bp in Le240K04, 241 

bp in Sb32O24 and 259 bp in Sd841E06. The average exon number was 6.3 per gene in 

Le240K04, 7.4 in Sb32O24 and 6.3 in Sd841E06. The average intron size was 560 bp in 

Le240K04, 616 bp in Sb32O24 and 650 bp in Sd841E06. The average intron number was 

5.3 per gene in Le240K04, 6.4 in Sb32O24 and 5.4 in Sd841E06 (Table 2-3). Therefore, 

the larger average gene size in Sb32O24 is due to the number of exons and introns, rather 

than to their size. To determine whether functional conservation had been maintained 

among the 12 colinear genes, a Ka/Ks test was performed. Synonymous versus 

nonsynonymous substitution ratios were less than 1 for all 12 colinear genes (Table 2-4) 
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Figure 2-2. Genomic organization of the orthologous region around the JOINTLESS1 

locus in three Solanum species. Genes 1-12 indicate colinear genes among three species. 

Genes A-B are non-colinear genes. Genes a-b are the additional genes that were 

annotated from the two potato BAC sequences.  
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Table 2-3. Genomic properties in three BACs: Le240K04, Sb32O24, and Sd841E06.  

Sequence composition S. lycopersicum S. bulbocastanum S. demissum

(Le240K04) (Sb032O24) (Sd841E06)

BAC sequence (bp) 118,813 127,829 139,106

Total gene number 14 13 15

Region used for gene density 117,900 120,479 112,238

Gene number used for gene density 14 12 13

Average gene density (bp/gene) 8,421 10,040 8,634

Average gene size (bp) 4,540 5,722 5,087

Average protein size (aa) 526 595 543

Average exon size (bp) 252 241 259

Average exon number per gene 6.3 7.4 6.3

Average intron size (bp) 560 616 650

Average intron number per gene 5.3 6.4 5.3  
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Table 2-4. Ratio of nonsynonymous (Ka) vs. synonymous (Ks) substitution rates in the 

12 orthologous genes. 

 

 
Sb vs. Le Sd vs. Le Sb vs. Sd

Sb Le Ka/Ks

sb01 le01 0.3305

sb02 le02 0.414

sb03 le03 0.2511

sb04 le04 0.2271

sb05 le05 0.2388

sb06 le06 0.5548

sb07 le07 0.3751

sb08 le08 0.2218

sb09 le09 0.2844

sb10 le10 0.0748

sb11 le11 0.2067

sb12 le12 0.5

Sd Le Ka/Ks

sd01 le01 0.362
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suggesting that they have been under negative selection and indicating functional 

conservation among these genes. 

          Putative JOINTLESS1 orthologous genes were identified and their amino acid 

sequences were aligned (Figure 2-3). An amino acid sequence similarity of 93% was 

found between LeMADSJ1 and SbMADSJ1, 96% between LeMADSJ1 and SdMADSJ1 

and 96% between SbMADSJ1 and SdMADSJ1. All three protein sequences had the 

typical structure of MIKC type MADS box genes, as previously reported for the tomato 

gene (Mao et al. 2000). All protein coding regions had the 60 aa MADS box motif 

responsible for DNA-binding in the N-terminal region, the 80 aa K-box domain that is 

involved in protein-protein interaction and the C-terminal region for higher order protein 

complex interactions (Figure 2-3). The MADS box regions among the three species were 

highly conserved with only one amino acid change from S to N at aa 59 detected in 

SdMADSJ1. The K-box region also showed a high level of conservation, with only four 

changes in amino acids across the three species. The C-terminal regions were relatively 

diversified in both sequence and length. The gene structure of J1 was also highly 

conserved with respect to exon number and size (Figure 2-4). However, intron size was 

highly variable, affecting gene size. The gene size for LeMADSJ1 was 4,845 bp, 7,620 bp 

for SbMADSJ1 and 5,328 bp for SdMADSJ1.  The highest match to both SbMADSJ1 and 

SdMADSJ1 using TBLASTN in the tetraploid potato (S. tuberosum) EST database at 

TIGR was TC141371 (6E
-102

; sequence similarity 97% for SbMADSJ1; 3E
-95

; sequence 

similarity 87% for SdMADSJ1). TC141371 was abundant in the cDNA library of 

developing tuber. This finding indicates that J1 might be involved in tuber development 
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Figure 2-3. Amino acid sequence alignment among three JOINTLESS1 orthologs. Four 

functional domains typical of MIKC-type structures are indicated (MADS box, I-box, K-

box and C-terminal). 
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Figure 2-4.  Gene structure comparison of JOINTLESS1 orthologues among three 

Solanum species. Black box indicates exons and solid line indicates introns.  
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in potato.  

 

Repeat identification 

I identified seven transposable elements in Le240K04 accounting for 7,115 bp or 6% of 

the Le240K04 BAC sequence. These included two retrotransposable elements and five 

DNA transposable elements. Sb32O24 contained a greater variety of 12 transposable 

elements, however, they accounted for only 2% (2,998 bp) of the BAC sequence. 

Sd841E06 contained three elements, including two retrotransposable elements and one 

DNA transposon which made up 3% (3,156 bp) of the Sd841E06 BAC sequence (Table 

2-5).  

        In Le240K04, a 5,533 bp Ty1/copia type LTR retrotransposable element was located 

in the intergenic region between Le10 and Le11 and had a typical structure of an LTR 

retrotransposon, including a 5’TG—CA3’ sequence that flanked the LTRs, 5 bp tandem 

duplication sites (GTTTT) and internal coding sequences. The pair of LTRs was 276 bp 

in length and shared 97% sequence identity. Using the sequence divergence between 

pairs of LTRs, the insertion time of this element was estimated as 1 MYA. In Sd841E06, 

2,673 bp of a Ty3/gypsy type LTR retrotransposon was detected in intron 6 of Sd12. This 

element was flanked by 5 bp tandem duplication sites (CCCAG) and had 226 bp LTR 

pairs that shared 100% sequence identity, indicating that this retrotransposon inserted into 

the S. demissum genome quite recently (< 1 MYA). Considering an estimated divergence 

time for tomato and potato of 11.6 MYA (Moniz de Sa and Drouin 1996), these two LTR 

transposable elements appear to have inserted subsequent to speciation. 
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Table 2-5. Composition of transposable elements in three BACs: Le240K04, Sb32O42, 

and Sd841E06. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transposable elements S. lycopersicum S. bulbocastanum S. demissum

(Le) (Sb) (Sd)

Number Size (bp) Number Size (bp) Number Size (bp)

I. Retrotransposons

   I-1. LTR retrotransposons

         Ty1 Copia type 1 5,533 1 2,673

         Ty3 Gypsy type

   I-2. Non LTR retrotransposons

         LINE-like 1 1,024

         SINE-like 3 433

   I-3. TRIM 1 342 1 246 1 246

II. DNA transposons

        Alien 1 175

        hAT 1 654

        Harbinger 2 135

        SONATA 2 330 3 331

        TAPIR 3 910 1 237

Total size of repeat elements (bp) 7 7,115 12 2,998 3 3,156

Percentage of repeats in the BAC 6% 2% 3%
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          Terminal-Repeat Retrotransposons in Miniature (TRIM) elements are a relatively 

newly discovered group of LTR retrotransposons that have been found in both monocots 

and dicots (Witte et al. 2001). TRIM elements have terminal direct repeat sequences that 

range from 100-250 bp and contain 100-300 bp of internal domain. The internal domains 

lack coding sequence that is necessary for transposition. I found TRIM elements that 

were in orthologous locations in gene 12 (putative Kinesin) in all three species. A 342 bp 

TRIM element was detected in Le12, a 334 bp element in Sb12, and a 334 bp element in 

Sd12. The TRIM element in Le12 had a 5 bp (ATAAT/A) tandem site duplication (TSD) 

and 112 bp and 130 bp terminal direct repeat sequences (TDR) that flanked a 100 bp 

internal sequence. The TRIM elements in both Sb12 and Sd12 contained a 5 bp TSD 

(G/TAAAT), a pair of 130 bp TDR sequences that flanked 74 bp internal sequence. Both 

potato TRIM elements shared 96% DNA sequence identity, while the tomato TRIM 

element shared 85% DNA sequence identity with both potato species. 

          The Tomato Anionic Peroxidase Inverted Repeat (TAPIR) belongs to a foldback 

transposon class of elements. Mao et al. (2001) reported the presence of a TAPIR in the 

5’ upstream sequence of the JOINTLESS1 locus, suggesting that TAPIR might be 

responsible for the deletion mutation in joinless1 upon its transposition. In my analysis, 

association of TAPIR with the J1 locus was not detected in either potato species. Instead,  

Sd841E06 had one TAPIR-like structure between Sd02 and Sd03. No TAPIR-like 

structure was found in Sb32O24.  

          Simple Sequence Repeats (SSRs) were searched for based on the criteria described 

in Materials and Methods. Le240K04 was found to contain the following repeats: six 
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(AT)n, two (TG)n, one (GA)n and one (GTT)n. Sb32O24 contained three (AT)n and 

Sd841E06 had four (AT)n, one (AC)n, one (TC)n, two (ATT)n, one (TGA)n and one 

(TAT)n. Thus, Sd841E06 had more types of SSRs than the other two species. 

Dinucleotide (AT)n was dominant in the composition of SSRs in all three species (Table 

2-6), which is consistent with previous studies in tomato and potato (Broun and Tanksley 

1996; Mao et al. 2001).  

 

Non-colinear genes 

Two non-colinear genes, Le_A and Le_B, were identified in my analysis (Figure 2-2 and 

Table 2-2). Both Le_A and Le_B were located between Le02 and Le03 in Le240K04. 

Orthologous sequence with Le_A could not be detected in either potato sequence by 

TBLASTN. Le_B was found as two copies in a tandem array with the first copy encoding 

a complete ORF, whereas the second copy was a partial sequence that does not represent 

a complete ORF (Figure 2-2). Orthologous sequence of Le_B was also found in 

Sd841E06 in a tandem array similar to what was identified in Le240K04. The first copy 

contained a complete ORF, but the second copy contained multiple stop codons. Traces 

of two copies of Le_B were detected by a TBLASTN analysis in Sb32O24; however, 

they were found as partial sequences and no longer formed complete ORFs.  Both Le_A 

and Le_B were annotated as ―unknown genes.‖ The Simple Modular Architecture 

Research Tool (SMART: http://smart.embl-heidelberg.de/) was used to identify the 

presence of four transmembrane domains in Le_B. However, no significant detection of 

known protein motifs was observed in Le_A. Le_A and Le_B have significant EST 

http://smart.embl-heidelberg.de/
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Table 2-6. Composition of simple sequence repeat (SSR) in three BACs: Le240K04, 

Sb32O24, and Sd841E06.  

 
Simple sequence repeats Le240K04 Sb32O24 Sd841E06

(SSRs) (S.lycopersicum ) (S.bulbocastanum ) (S.demissum )

Number Size (bp) Number Size (bp) Number Size (bp)

         Dinucleotide 9 210 4 92 6 130

         Trinucleotide 1 24 1 18 5 105

         Tetranucleotide 1 24 1 28 1 24

Total number of SSRs 11 6 12

Total size of SSRs (bp) 258 138 259  
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matches in the Solanaceae databases of tomato, potato and tobacco, but no match was 

found in the Arabidopsis database (Table 2-7). 

 

DISCUSSION 

 

Gene colinearity was well maintained but was also disrupted locally by non-colinear 

genes  

I investigated the extent of gene colinearity across three orthologous Solanaceae regions 

based on homology, order, orientation and physical distance. Twelve genes out of 13 in 

Sb32O24, and 12 out of 16 genes in Sd841E06 were colinear with those in Le240K04, 

sharing sequence homology, gene order and orientation. All 12 colinear genes were found  

within a similar physical distance between 112 to 120.5 kb among the three species 

(Table 2-3). Putative JOINTLESS1 orthologues were identified in this analysis, and 

revealed a high level of conservation in both sequence and gene structure. In addition to 

colinear genes, two non-colinear genes (Le_A and Le_B) were also found in Le240K04. 

The origin of Le_A remains in question. It was difficult to determine whether Le_A was 

inserted into the tomato genome or deleted from the potato genomes. Unlike Le_A, the 

process of non-colinearity of Le_B was relatively definitive because the pattern of change 

was observed across the three species. It is highly likely that gene B was present in the 

orthologous location in all three species and, after tandem duplication, the second copy 

appears to have been lost in Le240K04 and Sd841E06, while both copies were lost in 

Sb32O24.  Thus it is highly likely that gene loss facilitated non-colinearity. However,  
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Table 2-7. EST and genomic database search for three putative Solanaceous-specific 

genes.  

 
Databases Le02 Le_A Le_B

Protein size (amino acid) 116 135 174

Function Unknown Unknown Unknown

Tomato EST (TIGR/NCBI) BW690515 (100%) NP1427426 (100%) TC177312 (100%)

TBLASTN (S. lycopersicum ) (S. lycopersicum ) (S. lycopersicum )

Tomato BACs (SGN) 1 copy > 2 copies 1 copy

TBLASTN (<E-20)

Arabidopsis protein (TAIR) No hit No hit No hit

BLASTP (<E-10)

Arabidopsis genome (TAIR) No hit No hit No hit

TBLASTN (<E-10)

EST_others (NCBI) CV505997 (97%) N/A EH618035 (74%)

TBLASTN (<E-20) (S. tuberosome ) (N. tabacum )

(Except for tomato)  
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gene loss in Sb32O24 at the orthologous position represents a relaxation of selective 

constraints, suggesting the possibility of redundant copies in other locations in the 

genome. Gene loss that caused non-colinearity has been reported in the comparison 

between the Brassica oleracea and Arabidopsis genomes (Town et al. 2006). Considering 

that both the B. oleracea and Arabidopsis genomes underwent ancient polyploidization 

events, gene loss could be relatively common in these species (Town et al. 2006).  

 

Estimation of total gene number in tomato and two potato species 

The euchromatic portion of the tomato genome is estimated to contain approximately 

35,000 genes based on the analysis of a 518 kb region containing 77 genes in the 

euchromatic region (Wang et al. 2006) as well as an EST unigene set. (Van der Hoeven et 

al. 2002). If I perform a similar extrapolation using only the JOINTLESS1 region of 

tomato, I obtain an estimate of 28,500 genes for the euchromatic portion of the tomato 

genome. The difference in gene number (35,000 vs. 28,500) resulted from different gene 

densities in the regions investigated. Gene density in the previous study was 6.7 kb/gene 

(Wang et al. 2006) which is higher than 8.4 kb/gene in this analysis. This estimation was 

made for euchromatic regions. If heterochromatic regions are included, the total gene 

number will increase, although gene density is relatively lower in heterochromatic 

regions in the tomato genome (56 kb/gene: Wang et al. 2006). If it is assumed that the 

euchromatic portions of the two wild potato genes are similar to tomato, 225 Mb for 

diploid S. bulbocastanum and 675 Mb for hexaploid S. demissum, then the estimated gene 

counts for these species are 22,410 and 78,179, respectively. Although estimating total 
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gene content in a genome based on the analysis of single genomic regions needs to be 

evaluated cautiously, it should be noted that gene density in the three species investigated 

in my analysis was highly conserved. Conservation of gene density over 11.6 million 

years of evolution may indicate that my estimates of total gene content accurately reflect 

the total gene count in various Solanaceae species. However, more comparative gene 

density information will be required to support or refute such a hypothesis. 

 

Composition and location of the majority of transposable elements were not 

conserved  

Unlike gene colinearity, the composition of transposable elements was highly variable 

among the three species around the J1 locus. Even the two potato species showed a lack 

of conservation of transposable elements with regard to types, numbers and locations. 

Transposable elements have been known to play a major role in genome size variation in 

plants (San Miguel et al. 1996; Zhang and Wessler 2004). The percentage of transposable 

elements were 6% of Le240K04 and 2% of the Sb32O24 and Sd841E06 BAC sequences. 

Compared to previous estimates of 10-15% repetitive elements in the tomato genome 

(Ganal et al. 1988; Budiman et al. 2000), the composition was relatively low (6%) in the 

J1 region.  

          Previous analysis of the 5’ upstream region of the wild-type JOINTLESS1 locus 

revealed the presence of a 309 bp TAPIR foldback DNA transposable element (Mao et al. 

2001). The jointless1 mutant was shown to contain a 958 bp deletion in this region, 

including 232 bp of the TAPIR element, 611 bp of promoter, 78 bp of 5’ untranslated 
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region and 37 bp of the first exon of J1. My analysis of the two orthologous potato 

regions showed that the TAPIR element found in wild-type tomato was not present. 

Therefore, it appears that the insertion of the TAPIR element in wild-type tomato 

occurred after tomato-potato speciation. Since this 5’ flanking region of JOINTLESS1 

appears to important for abscission zone formation in tomato, I compared 1,000 bp of 

orthologous 5’ upstream sequence from the start codon across the two potato species and 

wild-type tomato using BLASTZ, after removal of the TAPIR sequence. The comparison 

of the potato orthologous sequences (C in Figure 2-5) showed about 91% sequence 

identity over the first 869 bp and virtually no sequencing identity between the last 131 bp 

the flanking sequence. When the tomato sequence was compared with both potato 

sequences, sequence conservation was only seen over the first 626 bp (79% identity) and 

891 bp (79% identity) of the Sb and Sd sequences, respectively (A and B in Figure 2-5). 

This sequence conservation analysis suggests that the sequences located in the first 626 

bp of 5’ upstream sequence may be important for the control of abscission zone 

development in all three species and thus warrant further investigation at the functional 

level. Within the 1 kb 5’ upstream sequences, putative CArG motif consensus sequences, 

which are known to serve as binding sites for MADS box transcription factors, were 

detected. Many MADS box genes are known to contain CArG motif consensus sequences, 

with a major core sequence of CC[A/T]6GG or C[A/T]8G (de Folter and Angenent 2006). 

In this analysis, all three species contained C[A/T]8G type motifs. Within 1 kb upstream 

from the start codon, two CArG motifs were detected in LeMADSJ1 (-190 to -181; -757 

to -748) and SbMADSJ1 (-211 to -202; -336 to -327) and three motifs in SdMADSJ1 (-
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195 to -186; -305 to -296; -470 to -461). C[A/T]8G is the preferential binding site for the 

Arabidopsis MADS box gene, AGAMOUS-LIKE 15 (AGL15) (Tang and Perry 2003). 

AGL15 is known to be expressed during embryogenesis (Heck et al. 1995; Perry et al. 

1996). AGL15 targets AGL15 itself, showing that AGL15 expression is autoregulated 

(Zhu and Perry 2005). The AGL15 gene was shown to contain two C[A/T]8G  motifs and 

one modified CC[A/T]4NNGG motif within 1,200 bp 5’ upstream from the start codon 

(Zhu and Perry 2005). Finding the same, or similar, motifs in the 5’ UTRs of J1 and its 

orthologues suggests that they may autoregulate their own gene expression, or could be 

regulated by homologs of AGL15. Interestingly, one of two putative CArG motifs in 

LeMADSJ1 was located within the TAPIR1 element which resides in the 5’ untranscribed 

upstream region of LeMADSJ1 (Figure 2-5). In the two potato sequences, all putative 

CArG motifs were found within 500 bp from the start codon sites (Figure 2-5). The 

function of putative CArG motifs needs to be determined experimentally. 

          TRIM elements are members of the LTR retrotransposon class of transposable 

elements and were not found in a previous analysis of the tomato JOINTLESS1 region 

(Mao et al. 2001). TRIM elements are non-autonomous because they do not contain 

internal domains that are required for transposition. Therefore, it is highly likely that 

transposition of TRIM elements requires transposition-related proteins encoded by other 

retrotransposons (Witte et al. 2001). Insertion of TRIM elements into coding regions has 

previously been detected in Solanaceae and Fabaceae ESTs, but is relatively rare in 

Arabidopsis and rice. Examples include a glycolate oxidase in tomato, a nucleic acid 

binding domain/leucine-rich repeat-like protein in potato and a P450-like protein in  
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Figure 2-5. Alignment of 1 kb 5’ upstream sequences from JOINTLESS1 among three 

Solanum species. The wild-type JOINTLESS1 region, including the TAPIR1 element, 

5’UTR region and the JOINTLESS1 exon1, is shown as a blue bar. The deleted region in 

the jointless1 mutation is shown as a pink bar and each bar contains the size in bp. The 

black line between the TAPIR1 and the first exon of JOINTLESS1 indicates the 5’ 

upstream sequence between them. 1 kb 5’ upstream sequence from J1 after removal of 

TAPIR1 sequence was aligned with 1 kb 5’ upstream sequences of Sb and Sd. A: 

alignment between Sb_1kb and Le_1kb; B: alignment between Sd_1kb and Le_1kb; C: 

alignment between Sb_1kb and Sd_1kb; +1: transcriptional start site; ATG: translational 

start codon. Location of putative CArG box consensus sequences of C[A/T]8G are 

indicated with stars.  
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Medicago trunculata. TRIM elements were also detected in introns and promoter regions 

in Solanaceae and Fabaceae. For example, TRIM elements were inserted in intron 6 of a 

potato urease gene, in intron 9 of the nodulin-25 gene in Medicago sativa and in the 

promoter region of a potato proteinase inhibitor II gene and a chalcone isomerase gene in 

Phaseoulus vulgaris (Witte et al. 2001). It has also been reported that TRIM elements can 

serve as target sites for retrotransposon insertion in Solanaceae and maize (Witte et al. 

2001). Thus, TRIM elements appear to actively contribute to genome reconstruction.  

In my analysis, I identified three TRIM elements that shared a high level of sequence 

similarity (85-96%) and that were inserted in the same position within the genes encoding 

putative Kinesin motor proteins. TRIM elements were located in intron 12 of Le12 and 

Sb12, and in intron 11 of Sd12. Although my annotation resulted in a different number of 

total exons in each gene, the two exons flanking the TRIM elements in each species 

showed similar size and sequence, indicating that intron 11 of Sd12 and intron 12 in Le12 

and Sb12 can be considered as orthologous locations. This observation indicates that the 

TRIM element appears to have inserted before tomato-potato divergence, unlike other 

transposable elements detected in my analysis. The presence of TRIM elements in introns 

may affect the splicing of the host genes. 

 

Putative Solanaceous-specific genes were observed 

Genes similar to Le_A and Le_B and Le02, were not identified in Arabidopsis even after 

an exhaustive search of the Arabidopsis EST and protein databases, or the Arabidopsis 

whole genome annotation (Table 2-7). However, ESTs with 100% sequence similarity in 
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tomato to 74% in other Solanaceae species were detected. This result raises the question 

as to whether these genes are Solanaceous-specific. To investigate whether any of these 

genes were members of a gene family, I searched the Solanaceae Genomic Network 

(SGN) server using TBLASTN against the tomato BAC sequence database and could 

only identify Le_A as being a member of a gene family, showing more than two copies 

across different chromosomes. Le02 and Le_B were only found as single copy genes 

using a similar analysis. Further analysis using DNA hybridization will confirm the copy 

number of these genes in the genome. Although the functions of these three genes remain 

to be determined, Le_A and Le_B mRNA accumulation appears to be associated with 

fruit development and ripening in tomato and with flower and leaf senescence in 

tobacco.Le02 mRNA accumulation appears to be associated with root and fruit 

development in tomato and with flower and tuber development in potato. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 88 

CHAPTER 3  

COMPARATIVE SEQUENCE ANALYSIS AROUND THE SALT OVERLY 

SENSITIVE1 ORTHOLOGOUS REGION IN THELLUNGIELLA HALOPHILA 

AND ARABIDOPSIS THALIANA 

 

ABSTRACT 

 

Thellungiella halophila, a salt tolerant member of the Brassicaceae, is emerging as a 

model plant to study plant adaptation to growth in salt. We sequenced and annotated a 

193 kb T. halophila Bacterial Artificial Chromosome clone containing a putative SALT 

OVERLY SENSITIVE1 (SOS1) locus and compared the sequence to the orthologous 146 

kb region of the Arabidopsis genome on chromosome 2. Twenty-seven genes were 

identified.  Of them, 25 genes, including the putative T. halophila SOS1 (ThSOS1) 

showed a high degree of colinearity with Arabidopsis genes in the corresponding region. 

Although the two sequences were significantly colinear, several local rearrangements 

were detected which were caused by tandem duplications and inversions. Three major 

expansion/contraction regions in T. halophila contained five LTR retrotransposons which 

contributed to genomic size variation in this region. ThSOS1 shares similar gene structure 

and sequence with Arabidopsis SOS1 (AtSOS1), including 11 predicted transmembrane 

domains and a cyclic nucleotide-binding domain.  Three Simple Sequence Repeats 

(SSRs) were detected within a 540 bp region upstream of the putative translational start 

site in ThSOS1.  The (CTT)n repeat is present in different copy numbers in ThSOS1 (18 
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repeats) and AtSOS1 (3 repeats). These SSRs may act as cis-acting elements affecting 

differential mRNA accumulation of SOS1 in the two species. 

 

INTRODUCTION 

 

Thellungiella halophila, a relative of Arabidopsis and a member of the Brassicaceae, has 

recently been identified as a model for understanding plant adaptation to growth under 

saline conditions. T. halophila has numerous attributes that make it an excellent model 

plant for studies of salt tolerance, the most important of which is its ability to grow in 

extremely high salt concentrations. Additional attributes include a small diploid genome 

of 240 Mb (2n=14; Inan et al. 2004), a short and self fertile life cycle and an ability to be 

transformed by floral dipping with Agrobacterium. T. halophila’s salt tolerance as well as 

its evolutionary relationship to Arabidopsis and the agronomically important members of 

the Brassicaceae have made it an excellent candidate for whole genome sequencing. 

Excess salt in the soil affects the growth of most plants in several ways.  Uptake of 

sodium ions alters the balance of sodium and potassium in cells and reduces potassium-

based metabolic activity (Pessarakli 1999).  The build-up of salt in the soil also alters the 

soil water potential making it difficult for the plant to continue to take up water required 

for sustained growth (Pessarakli 1999).  T. halophila, a halophyte, can survive in growth 

conditions with higher concentrations of salt than sea water; conditions that inhibit the 

growth of its salt-sensitive (glycophytic) relative Arabidopsis as well as the growth of 

most crop plants (Inan et al. 2004). While the mechanisms used by T. halophila to protect 
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salt-sensitive metabolic processes are unknown, its lack of specialized morphological 

structures, such as salt glands or bladders, suggests that its salt tolerance must come, in 

part, from altered mechanisms found in salt-sensitive plants (Taji et al. 2004).  

Membrane transporters have been shown to be important components of salt 

tolerance mechanisms due to their regulation of ion homeostasis. A well-defined pathway 

for regulation of ion homeostasis during salt tolerance in Arabidopsis is the SALT 

OVERLY SENSITIVE (SOS) pathway (Chinnusamy et al. 2004). In this pathway, a 

calcium-binding protein, SOS3, perceives a change in intracellular calcium induced by 

salt stress.  As a calcium sensor, SOS3 binds calcium and then binds to and activates 

SOS2, a serine-threonine protein kinase. The SOS3-SOS2 kinase complex, in turn 

increases the expression and the activity of SOS1, a plasma membrane Na
+
/H

+
 exchanger 

(antiporter; Shi et al. 2000; Qiu et al. 2002). Activated SOS1 functions to transport 

cytosolic sodium out of the cell, reducing the cellular build-up of toxic levels of sodium 

(Chinnusamy et al. 2004).  While little is known about the function of SOS1 in T. 

halophila, SOS1 is present in this halophyte and is expressed even in the absence of salt 

stress (Taji et al. 2004). An important question that remains is whether ThSOS1 is critical 

for the increased salt tolerance found in T. halophila relative to what is found in 

Arabidopsis.  If ThSOS1 is critical for salt tolerance, it will be important to determine if 

this increased tolerance is due to constitutive ThSOS1 expression (Taji et al. 2004), to 

altered ThSOS1 regulation and/or to altered cellular and subcellular ThSOS1 localization.  

Comparative genomics identifies biologically significant regions of a genome based 

on the assumption that important functional sequences are conserved during evolution 
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due to functional constraints. Human-mouse genomic sequence comparisons led to the 

successful identification of unannotated genes (Pennacchio et al. 2001). For example, the 

Apo lipoprotein A5 (APOA5) gene was discovered based on a high level of sequence 

conservation between the species. Further functional study of APOA5 in a knock-out 

mouse showed that it is an important determinant in regulation of triglyceride levels in 

plasma (Pennacchio et al. 2001). Human-mouse genomic sequence comparisons also 

uncovered conserved regulatory sequences. For example, these comparisons identified a 

highly conserved 401 bp non-coding sequence within a genomic interval carrying the 

gene cluster containing interleukin-4, -5 and -13 (Loots et al. 2000). Subsequent deletion 

of this non-coding sequence from mice resulted in abnormal expression of all three 

interleukins (Loots et al. 2000; Mohrs et al. 2001).  

Comparative genomics has also been an important tool for positional cloning of genes 

particularly in organisms with large genomes and which lack genetic maps. Comparisons 

of reference genome sequences from smaller genomes (like Arabidopsis and rice) with 

sequences from larger genomes (in species like Brassica rapa, maize and wheat) have 

been used to clone genes and to develop molecular genetic markers. For example, the 

sequences of five circadian-associated genes in Arabidopsis (Arabidopsis Pseudo-

Response Regulator; APRR) were used as queries against a local database of Bacterial 

Artificial Chromosome (BAC) End Sequences of Brassica rapa. Orthologous APRR 

genes were identified in Brassica rapa by sequencing and annotation of candidate BAC 

clones selected by in silico mapping. The R3a disease resistance gene in potato was also 

isolated by comparative genomics using tomato genomic sequence (Huang et al. 2005). 
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The conserved colinearity of genetic markers flanking the R3a locus between the tomato 

and the potato genomes was used to identify the R3a orthologous region in potato. 

Comparative genomics has also been an important tool for determining and 

unraveling the evolutionary history of whole genomes or genomic regions. After 

completion of sequencing of the Arabidopsis genome in 2000, comparisons were 

performed between the Arabidopsis genome and various Brassica species, including 

important crops such as cabbage, rapeseed and broccoli. The results showed a general 

conservation of gene content and colinearity, but also extensive chromosomal 

rearrangements (Cavell et al. 1998; Gao et al. 2004; Kowalski et al. 1994; Lagercrantz 

1998; Lukens et al. 2003; Ryder et al. 2001). Comparative analyses between Arabidopsis 

and related species like T. halophila which have novel traits, should provide additional 

information on genetic variation within the Brassicaceae and ultimately insight into the 

origin of this variability.  

Evolutionary studies have shown that Arabidopsis and Brassica split from a common 

ancestor approximately 14.5-20.4 MYA (Yang et al. 1999).  T. halophila forms a distinct 

clade from other members of the Brassicaceae, implying that T. halophila originated 

from a different lineage after divergence from a common ancestor of Arabidopsis (Koch 

et al. 2000; Warwick et al. 2002). Recently, a family-wide phylogenetic relationship in 

the Brassicaceae, based on chloroplast ndhF genes, assigned 338 genera into 25 tribes 

(Al-Shehbaz et al. 2006). Of them, 14 groups were assigned into three monophyletic 

lineages (Lineage I-III). T. halophila was assigned to lineage II, which is separated from 

lineage I where Arabidopsis and its relatives are found (Schranz et al. 2007). These 
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results suggest that salt tolerance might have originated from a unique lineage distinct 

from the Arabidopsis lineage. This distinct evolutionary history of T. halophila within the 

Brassicaceae provides an important comparative system with which to understand 

relatively recent genomic diversification. 

In this study, I sequenced and annotated a 193 kb T. halophila BAC clone containing 

the putative SOS1 locus and compared the sequence to the orthologous 146 kb region of 

the Arabidopsis genome on chromosome 2. This comparative sequence analysis allowed 

me to identify putative ThSOS1-specific cis-acting elements as a potential trait 

differences between the two species, to determine the complete structure of the T. 

halophila SOS1 gene and to provide insight into the structure and organization of the T. 

halophila genome. 

 

MATERIALS AND METHODS 

 

BAC clone selection and sequencing 

To obtain a BAC clone containing the ThSOS1 locus, two regions of a putative ThSOS1 

gene were used as probes. The first probe (1,513 bp) was generated using T. halophila 

genomic DNA as a template and primers designed to the Arabidopsis SOS1 gene 

(AtSOS1) and included 201 bp of the first exon and 1,312 bp of upstream sequence. The 

second probe (1,405 bp) was a gene specific probe derived from the 3’ end of a ThSOS1 

cDNA and was designed to distinguish ThSOS1 from the rest of the Na
+
/H

+
 exchanger 

gene family members in Arabidopsis. These probes were radio-labeled with 
32

P and used 
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to probe colony hybridization filters derived from a HindIII BAC library from T. 

halophila (accession Shandong) constructed by the Arizona Genomics Institute 

(www.genome.arizona.edu). Eleven BAC clones were identified from this screen and 

confirmed by colony PCR with ThSOS1-specific primers. The eleven BAC clones were 

end sequenced using standard protocols (Luo et al. 2006) and the derived sequences were 

used to select a BAC clone (THSBa0001B18) that was predicted to contain the ThSOS1 

gene approximately in the middle of the BAC, based on BLAST searches against the 

Arabidopsis genome. DNA from the THSBa0001B18 BAC clone was randomly sheared 

using a Hydroshear (GeneMachines) end-repaired and size-selected 2-5 kb inserts were 

ligated into the pBlueScript KS+ vector (Stratagene) to construct a shotgun library as 

previously described (Grover et al. 2004). Shotgun clones were bi-directionally 

sequenced using T7 (5’-TAATACGACTCACTATAGGG-3’) and T3 (5’-

AATTAACCCTCACTAAAGGG-3’) primers with ABI (Applied Biosystems) Big Dye 

Terminator 3.1 Chemistry on ABI 3730 XL automated DNA sequencers. Base 

identification and quality assessments were made using PHRED (Ewing and Green 1998; 

Ewing et al. 1998). Shotgun reads (2,252 reads) were assembled with PHRAP 

(http://www.phrap.org/) and edited with CONSED (Gordon et al. 1998) for graphic 

display of assembly and for sequence finishing. Sequence gaps were filled using a 

combination of bacterial transposon-mediated (Haapa et al. 1999) and primer walking 

methods as described previously (Luo et al. 2006). The final sequence assembly had an 

error rate of less than 1 in 10,000 bp. 

 

http://www.genome.arizona.edu/
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BAC sequence analysis and annotation 

Software programs Dotter (Sonnhammer and Durbin 1995), PipMaker (Schwartz et al. 

2000) and ACT (Carver et al. 2005) were used for the THSBa0001B18 BAC-to-

Arabidopsis genome sequence alignment and analysis. BLASTN, BLASTP, TBLASTN, 

BLASTX and BLAST2 analysis were also used as required 

(http://www.ncbi.nlm.nih.gov/BLAST/).  

For gene annotation of THSBa0001B18 (193,021 bp), a gene prediction program and 

EST and protein databases were used. For gene prediction, FGENESH with the 

Arabidopsis training set (http://sun1.softberry.com) was chosen. Refinement of gene 

structure used the Arabidopsis EST databases from The Institute for Genomic Research 

(TIGR) (http://compbio.dfci.harvard.edu/tgi/plant.html) and The Arabidopsis Information 

Resource (TAIR) (ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/), in 

addition to the Arabidopsis full-length cDNA collection (Seki et al. 2002). For functional 

annotation, protein databases obtained from SwissProt (http://www.ebi.ac.uk/swissprot/), 

The National Center for Biotechnology Information (NCBI, 

http://www.ncbi.nlm.nih.gov/Genbank/) and TAIR were used. Repeat elements were 

identified using Arabidopsis and other plant repeat databases from the Genetic 

Information Research Institute (GIRI, http://www.girinst.org/repbase/update/index.html). 

The automated annotation results were retrieved in an XML file for display and manual 

annotation in the Apollo Genome Annotation Curation Tool (Version 1.6.5) (Lewis et al. 

2002). When predicted genes matched additional EST databases from species other than 

http://www.ncbi.nlm.nih.gov/BLAST/
http://sun1.softberry.com/
http://compbio.dfci.harvard.edu/tgi/plant.html
ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/|
http://www.ebi.ac.uk/swissprot/
http://www.ncbi.nlm.nih.gov/Genbank/GenbankOverview.html
http://www.girinst.org/repbase/update/index.html
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Arabidopsis with an E-value less than E
-20

, they were considered actual genes. 

Hypothetical genes and transposons were not considered as genes.  

          Both DNA transposons and retrotransposons were identified by a combination of 

repeat database searches and structural confirmation. Long terminal repeat (LTR) 

retrotransposable elements were identified by finding pairs of duplicated regions as 

tentative LTRs using CROSS_MATCH (www.phrap.org). Identification of internal 

coding sequences between two LTRs and 4-6 bp of tandem direct repeats at the 5’TG and 

3’CA regions of LTRs were used as signatures of LTR structures. Simple sequence 

repeats (SSRs) were searched for separately using the SPUTNIK server 

(http://cbi.labri.fr/outils/Pise/sputnik.html). 

 

Evolutionary analysis 

Investigation of functional constraint between orthologous genes was performed using a 

Ka/Ks test. A Perl script (written by Jason Stajich <jason@bioperl.org>)was used that 

takes a dataset of cDNA sequences, checks for the absence of stop codons, aligns them in 

translated sequences, returns the alignments into cDNA sequences to estimate 

nonsynonymous (Ka) and synonymous (Ks) substitutions using Maximum likelihood 

(ML) methods of the PAML package (Yang 1997). Divergence time between T. 

halophila and Arabidopsis was estimated using the Ks values of 17 orthologous gene 

pairs which were calculated based on the PAML package. A mutation rate of 1.5 X 10
-8

 

mutations/site/year was used as described by Koch et al. (2000). Phylogenetic trees were 

built using amino acid sequences from coding regions. The neighbor joining method with 

http://www.phrap.org/
http://cbi.labri.fr/outils/Pise/sputnik.html
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the Poisson correction model was used in MEGA3 with Bootstrap values of 1,000.  

Insertion times of LTR retrotransposable elements were estimated based on the distance 

between pairs of LTRs. DNA sequence from both LTRs from individual LTR 

retrotransposable elements were aligned using ClustalW and the distance between them 

was estimated using the Kimura-2-parameter model implemented in MEGA3 (Kumar et 

al. 2004). For estimation of LTR insertion time, the average substitution rate of 1.3 X 10
-8

 

mutations/site/year was used (Ma et al. 2004). 

 

RESULTS 

 

Overall sequence comparison of the SOS1 orthologous region in Arabidopsis and T. 

halophila 

To investigate the genome structure of the SOS1 locus and its surrounding region in T. 

halophila, we sequenced BAC THSBa0001B18 (193,021 bp), identified by hybridization 

of a ThSOS1 probe to a T. halophila BAC library (Wing et al. unpublished). The 

orthologous region on chromosome 2 of Arabidopsis was 146,312 bp in size. The overall 

GC content in this region was 35% in T. halophila and 33% in Arabidopsis which were 

similar to an overall GC content of 35.5% reported for chromosome 2 of Arabidopsis 

(Arabidopsis Genome Initiative 2000). To investigate the overall colinearity of these two 

regions, the T. halophila BAC sequence was aligned to the orthologous Arabidopsis 

sequence using a dotplot alignment program. As shown in Figure 3-1, a high level of 

conservation was observed between the two species; however, several local genome  
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Figure 3-1. Dotplot alignment between T. halophila BAC (THSBa0001B18) and 

Arabidopsis (AT_Chr2_SOS1). Expansion/contraction regions with over 5 kb difference 

are indicated as I-III. Non-colinear regions with genomic rearrangements that include 

coding sequences are designated as A-D.  
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rearrangements, which disrupt the linear pattern, were detected. Most of these disruptions 

were due to expansions/contractions, duplications and inversions (Figure 3-1; Table 3-1).  

 

Gene prediction and gene structure 

A total of 27 genes from T. halophila and 30 genes from Arabidopsis were predicted in 

the two regions based on gene prediction, full-length cDNAs, ESTs and homology 

searches (Figure 3-2, Table 3-2). Predicted genes were defined from the translational start 

codon to the stop codon. All genes or their encoded proteins showed E-values of less than 

E
-17

 based on sequence similarity analyses of Arabidopsis ESTs and proteins using 

TBLASTN and BLASTP, respectively. In addition, sequence similarity with 

corresponding ESTs (detected by TBLASTN with E-values less than E
-10

) from distantly 

related species including rice (Oryza sativa) was used as additional evidence to support 

the gene model predictions. The average gene density in the SOS1 region was 7.1 kb per 

gene for T. halophila and 4.9 kb for Arabidopsis (Table 3-3). The gene density calculated 

for the Arabidopsis SOS1 region was very close to the whole genome estimate of 4.4 kb, 

thereby resulting in a total gene estimate of 26,819 genes (Swarbreck et al. 2007). To 

estimate the gene number for the T. halophila genome, I divided its genome size by the T. 

halophila gene density resulting in a gene count of 33,576 genes, approximately 6,800 

more genes than in Arabidopsis.  

          The average gene size was 2,321 bp for T. halophila and 2,073 bp for Arabidopsis 

while the average peptide size was 442 amino acids (aa) in T. halophila and 420 aa in 

Arabidopsis. Data for Arabidopsis in the SOS1 region were consistent with values from 
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Table 3-1. Types and content of local genomic rearrangements.  

 
Region Size Genomic rearrangement T. halophila A. thaliana

(kb) (THSBa0001B18) (AT_Chr2_SOS1 )

I 14.7 Expansion/contraction LTR retrotransposon

Intergenic sequence

II 24.6 Expansion/contraction LTR retrotransposon

MuDR

Intergenic sequence

III 8.5 Expansion/contraction LTR retrotransposon LINE

Intergenic sequence

A Inversion Putative F-box protein Putative F-box protein

B Duplication Putative transporter Putative transporter

C Inversion Putative zinc finger protein Putative zinc finger protein

D Duplication Putative protease Putative protease

Total 47.8  
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Figure 3-2. Genomic organization around the SOS1 orthologous region in T. halophila 

and Arabidopsis. Genes 11a-b, 17a-b and 19a-f represent tandemly duplicated genes. 16-

1 and 16-2 indicate two ORFs that comprise gene 16. LTR, LTR retrotransposon; SINE, 

short interspersed transposable element; LINE, long interspersed transposable element; 

MuDR, Mutator-like DNA transposon; Hel, Helitron; hAT, hAT DNA transposon; SSR, 

simple sequence repeat.  
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Table 3-2. Predicted genes in T. halophila BAC (THSBa0001B18) and their putative 

functions. 

 
T.halophila A.thaliana Protien ID E-value EST E-value Putative Function

(THSBa0001B18) (AT_Chr2_SOS1 ) (TAIR) (BlastP) (TIGR) (TBlastN)

Th01 (+) At01 (+) AT2G01900 0 NP453365 3.00E-179 Putative phosphatase

Th02 (+) At02 (+) AT2G01905 2.00E-88 NP316548 1.50E-104 Cyclin-like protein

Th03 (+) At03 (+) AT2G01910 0 TC309417 1.20E-264 Putative microtubule-associated protein

Th04 (-) At04 (-) AT2G01913 9.00E-37 G455324 1.00E-33 Unkown

At_a (-) AT2G01918 DR375525 1.60E-63 Putative oxygen-evolving protein

At_b (+) AT2G01920 TC290869 8.00E-149 Putative clathrin assembly protein 

Th05 (-) At05 (-) AT2G01930 3.00E-45 TC287952 3.80E-44 Unknown

Th06 (+) At06 (+) AT2G01940 1.00E-160 NP454009 5.50E-151 Putative C2H2-type zinc protein

Th07 (-) At07 (-) AT2G01950 0 TC280442 0 Brassinosteroid receptor-like protein 

At_c (+) AT2G01960 TC292944 3.40E-136 Unknown

Th08 (-) At08 (-) AT2G01970 0 TC281906  1.60E-288 Putative endomembrane protein

Th09 (+) At09 (+) AT2G01980 0 TC280438 0 Putative Na+/H+ antiporter

Th10 (-) At10 (-) AT2G01990 6.00E-88 TC294935 2.70E-95 Unknown

Th_A (+) NP213651 2.90E-70 Putative valyl-tRNA synthetase

At11a (-) AT2G02000 Putative glutamate decarboxylase 

Th11 (-) At11b (-) AT2G02010 0 TC285159 1.70E-257 Putative glutamate decarboxylase 

Th12 (+) At12 (+) AT2G02020 0 NP454013 9.10E-246 Putative peptide transporter 

Th13 (-) At13 (+) AT2G02030 2.00E-93 NP454621 4.80E-76 Putative F-box protein

Th14 (+) At14 (+) AT2G02040 0 TC282657 0 Putative peptide transporter 

Th15 (+) At15 (+) AT2G02050 2.00E-48 TC300355 4.90E-45 Putative NADH dehydrogenase

Th16-1 (+) At16 (+) AT2G02060 4.00E-62 TC292642 3.20E-61 Putative Myb DNA binding protein

Th16-2 (+) AT2G02060 1.00E-159 TC288470 1.00E-161 Unknown

Th17a (+) At17a (+) AT2G02070 0 TC282096 4.80E-225 Putative C2H2-type zinc protein

Th17b (-) At17b (-) AT2G02080 0 TC284559 8.90E-201 Putative C2H2-type zinc protein

            Th_B (+)        4.00E-82 NP454621  4.80E-76 Putative F-box protein

Th18 (+) At18 (+) AT2G02090 0 TC281396 0 Putative helicase

Th19a (+) At19a (+) AT2G02100 5.00E-24 TC304635 5.90E-22 Putative protease inhibitor 

Th19b (+) AT2G02100 5.00E-23 TC304635 2.00E-21 Putative protease inhibitor 

At19b (+) AT2G02120 Putative protease inhibitor 

At19c (+) AT2G02130 Putative protease inhibitor 

At19d (+) AT2G02135 Putative protease inhibitor 

Th19c (+) At19e (+) AT2G02140 4.00E-20 TC298941 4.40E-19 Putative protease inhibitor 

Th19d (+) At19f (+) AT2G02147 5.00E-18 TC304635 1.70E-17 Putative protease inhibitor 

Th20 (-) At20 (-) AT2G02150 0 TC313458 0 Putative PPR repeat protein

(+), sense orientation; (-), antisense orientation; Th, T. halophila; At, Arabidopsis. Numbers 1-20 represent 

colinear genes. Duplicates are indicated as a-f. Genes 16-1 and 16-2 make up gene 16. Non-colinear genes 

are indicated as A-C. Gene size indicates genomic sequence from ATG to stop codon.  
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Table 3-3. Genomic properties of the T. halophila and Arabidopsis sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence composition T. halophila A. thaliana A. thaliana

(THSBa0001B18) (AT_Chr2_SOS1 ) (Whole genome)

BAC sequence (bp) 193,021 146,312 125,000,000

Total gene number 27 30 26,819

Average gene size (bp) 2,321 2,073 2,221

Average gene density (bp/gene) 7,148 4,877 4,440

Average exon size (bp) 251 251 268

Average exon number per gene 5.3 5 5.2

Average intron size (bp) 231 201 165

Average intron number per gene 4.3 4 4.2

Sequence composition T. halophila A. thaliana A. thaliana

(THSBa0001B18) (AT_Chr2_SOS1 ) (Whole genome)

BAC sequence (bp) 193,021 146,312 125,000,000

Total gene number 27 30 26,819

Average gene size (bp) 2,321 2,073 2,221

Average gene density (bp/gene) 7,148 4,877 4,440

Average exon size (bp) 251 251 268

Average exon number per gene 5.3 5 5.2

Average intron size (bp) 231 201 165

Average intron number per gene 4.3 4 4.2
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the whole genome which indicated 4.4 kb per gene, an average gene size of 2,221 bp and 

an average predicted protein length of 517 aa (TAIR 7 release, Swarbreck et al. 2007). 

Our data showed that T. halophila has a larger average gene size, but smaller protein size 

in this region than what is found in the orthologous region in Arabidopsis. The average 

exon number was 5.3 per gene in T. halophila and 5 per gene in Arabidopsis. The 

average exon size was 251 bp in both species, which is smaller than the average exon size 

of 268 bp calculated using the whole Arabidopsis genome (Swarbreck et al. 2007). The 

average intron number was 4.3 per gene in T. halophila and 4 per gene in Arabidopsis. 

Since the 5’ UTR and 3’UTR regions of each gene were not defined in my annotation, 

only introns found within an open reading frame (ORF) were considered. The average 

intron size was 231 bp in T. halophila and 201 bp in Arabidopsis. These values were 

greater than the average intron size of 165 bp calculated using the whole Arabidopsis 

genome (Swarbreck et al. 2007). This comparison indicates that intron size is the primary 

component of gene size variation between Arabidopsis and T. halophila. 

In Arabidopsis, gene At16 is annotated as a single gene based on supporting EST 

evidence (TC282705). However, my annotation of this orthologous region in T. halophila 

resulted in the prediction of two separate ORFs, Th16-1 and Th16-2. At present, I do not 

have any EST evidence from T. halophila to support the fusion of Th16-1 with Th16-2 

into a single ORF. A pair of annotated ORFs similar to Th16-1 and Th16-2 was also 

found on chromosome 1 of Arabidopsis (AT1G14600 and AT1G14950). It is, therefore, 

possible that At16 may have been incorrectly annotated as a single gene or, visa versa 

that Th16-1 and Th16-2 were mis-annotated as two separate genes. Evidence to support 
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either of these possibilities must await T. halophila EST data that will become available 

from the Department of Energy-Joint Genome Institute (DOE-JGI) in 2008. 

Transmembrane proteins, including ion transporters, peptide transporters and 

receptors play important roles in mediating communication in compartmentalized cellular 

environments. The presence of multiple genes with transmembrane domains in this 

region was predicted using the Simple Modular Architecture Research Tool (SMART). In 

T. halophila, eight genes, Th07, Th08, Th09, Th12, Th14 and Th19a-c, were shown to 

contain transmembrane domains. In Arabidopsis, At07 (AT2G01950), At_c 

(AT2G01960), At08 (AT2G01970), At09 (SOS1, AT2G01980), At12 (AT2G02020), 

At14 (AT2G02040) and At19a-At19f (AT2G02100-AT2G02147) were shown to have 

transmembrane domains. At07 (AT2G01950) was predicted to encode a brassinosteroid 

receptor-like protein and At08 (AT2G01970) a putative endomembrane protein. At09 

(AT2G01980) encodes a Na
+
/H

+
 antiporter while At12 (AT2G02020) and At14 

(AT2G02040) were annotated as putative peptide transporters and At19a-At19f 

(AT2G02100-AT2G02147) as putative protease inhibitors. In the Arabidopsis genome, 

30% of the 27,855 genes were annotated as encoding transmembrane proteins (Haas et al. 

2005). Whether there were evolutionary forces that maintained transmembrane encoding  

gene clusters around the SOS1 locus remains to be determined.  

 

Repeat identification 

Both LTR retrotransposable and DNA transposable elements were identified in the two 

species (Table 3-4). Five intact LTR retrotransposable elements were identified in T. 
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halophila based on both homology searches against the Arabidopsis repeat database and 

structural identification. Structural identification included the following features: 

homology between LTR pairs, the presence of 5’TG—CA3’ in the beginning and end of 

an LTR, identification of 5 bp tandem duplication insertion sites and internal coding 

sequences.  LTRs 1, 2, 4 and 5 (Figure 3-2) were annotated as copia-type 

retrotransposons of 4,754 bp, 4,507 bp, 6,429 bp and 4,808 bp in size, respectively. LTR1 

and LTR2 reside between Th13 and Th14. LTR4 is located between Th19b and Th19c, 

and LTR5 resides between Th19d and Th20. LTR3 was annotated as 8,839 bp of gypsy-

type LTR retrotransposon and is located between Th17b and Th_B. All five intact LTR 

retrotransposons were detected in intergenic regions and contributed to the disruption of 

microcolinearity. A 4,622 bp Mutator-like DNA transposon (MuDR)-like structure was 

found between Th17b and LTR3. This structure included 123 bp of 5’ and 3’ Terminal 

Inverted Repeats (TIRs) with 95% sequence identity and 9 bp of target site duplications 

(TTATTTTAT) flanking the TIRs. A Pfam program search showed that this MuDR-like 

structure contained a MuDR domain that encodes a transposase for Mutator transposable 

elements.  

In contrast, Arabidopsis appears to have a completely different repertoire of repeat 

elements in the SOS1 orthologous regions. First, no intact LTR retrotransposons were 

identified. However, two types of non-LTR retrotransposons were identified. A 177 bp   

SINE (Short Interspersed Nuclear Element)-like structure was detected between At04 

(AT2G01913) and At_a (AT2G01918) and a 7,731 bp LINE (Long Interspersed Nuclear 

Element)-like element was found between At19a (AT2G02100) and At19b (AT2G02120).       
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Table 3-4. Composition of transposable elements in T. halophila BAC      

(THSBa0001B18) and its orthologous region in Arabidopsis.   

 
Transposable elements T. halophila A. thaliana Location

Number Size (bp) Number Size (bp)

I. Retrotransposons 5 29,337 2 7,908

   I-1. LTR retrotransposons

         Ty1 Copia type 4 20,498 Intergenic

         Ty3 Gypsy type 1 8,839 Intergenic

   I-2. Non LTR retrotransposons

         LINE 1 7,731 Intergenic

         SINE 1 177 Intergenic

Percentage in the BAC 15.20% 5.40%

II. DNA transposons 1 4,622 4 4,811

         MuDR 1 4,622 Intergenic

         Helitron 3 4,280 Intergenic

         hAT 1 531 Intergenic

Percentage in the BAC 2.40% 3.30%

Total number of transposons 6 6

Total size of transposons (bp) 33,959 12,719

Percentage of repeats in the BAC 17.60% 8.70%  
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In addition, two types of DNA transposons were found – one hAT and three Helitrons. 

The hAT-like structure was found between At03 (AT2G01910) and At04 (AT2G01913). 

In the hAT-like structure, 8 bp target site duplications were detected (TG/AAATACG). 

The three Helitrons were detected using homology-based searches in combination with 

structural confirmation. All three elements had conserved termini of 5’-TC and CTAG-3’ 

and were inserted into AT target sites without any duplication. A 2,074 bp Helitron 

(Helitron1) inserted between At16 (AT2G02060) and At17a (AT2G02070) had an 18 bp 

palindromic structure (TCCGCGGTATACCGCGGA) in the 11 bp upstream of the 3’ 

terminus. A 350 bp Helitron (Helitron2) inserted between At17a (AT2G02070) and 

At17b (AT2G02080) also had an 18 bp palindromic structure 

(CCCGCGGTAAATTGCGGG) in the 11 bp upstream from the 3’ terminus. A 1,856 bp 

Helitron (Helitron3) was inserted between At19d (AT2G02135) and At19e (AT2G02140) 

and contained a palindromic structure (CCTGCGGTATACCGCGG) in the 12 bp 

upstream from the 3’ terminus.  

The presence of five LTR retrotransposons and one MuDR in T. halophila 

suggests that these elements inserted in the present location after speciation. To 

determine if this is the case, we dated the insertion times of these LTR retrotransposons. 

At the time of insertion, the two LTRs of an intact LTR retrotransposon are assumed to 

be identical. Based on calculations of sequence divergence between two LTRs of an 

element, the insertion times were estimated. The insertion times of LTR1, LTR3, LTR4 

and LTR5 were 1.39 MYA, 0.47 MYA, 1.17 MYA and 1.14 MYA, respectively. The 

insertion time of LTR2 appeared to be most recent based on 100% sequence identity 
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between a pair of LTRs and, therefore, could not be dated. All of the transposable 

elements identified in this analysis were located in intergenic regions in both T. halophila 

and Arabidopsis. The total size of transposable elements was 33,959 bp in T. halophila 

and 12,719 bp in Arabidopsis. This made up 17.6 % of the region studied in T. halophila 

and 9% of the corresponding region in Arabidopsis. 

 

SSR analysis 

SSR composition was analyzed using the Arabidopsis Simple Sequence Repeat Database 

and SPUTNIK program. In T. halophila, a total of 42 SSRs were found between and 

within genes, including four mononucleotides, 25 dinucleotides, 12 trinucleotides and 

one hexanucleotides (Table 3-5). Dinucleotide SSRs were the major SSRs, and accounted 

for more than half of the total SSRs found in T. halophila. Thirty out of 42 SSRs in T. 

halophila were found in intergenic regions, including two SSRs in LTR retrotransposons, 

six SSRs in exons and six SSRs in introns. In Arabidopsis, a total of 20 SSRs were 

detected, including one mononucleotide, 11 dinucleotides, and eight trinucleotides. 

Dinucleotide SSRs were also the major SSRs in Arabidopsis. Ten SSRs were found in 

intergenic regions, eight SSRs in exons and two SSRs in introns. Both T. halophila and 

Arabidopsis had the majority of their SSRs in intergenic regions. Of them, two sets of 

SSRs with similar flanking sequences in orthologous positions were detected. The 

TC/GA repeat in the intergenic region between gene 05 and gene 06 contained nine 

repeats in T. halophila and eight repeats in Arabidopsis. The CAA/TTG repeat in the 

third exon of gene 17a (C2H2 zinc finger protein) contained 13 repeats in T. halophila 
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Table 3-5. Composition of simple sequence repeats (SSRs) in T. halophila BAC 

(THSBa0001B18) and its orthologous region in Arabidopsis.   

 
T. halophila A. thaliana

Simple sequence repeats

         Mononucleotide 4 1

         Dinucleotide 25 11

         Trinucleotide 12 8

         Hexanucleotide 1

Location

        Intergenic 30 10

        Exon 6 8

        Intron 6 2

Total number of SSRs 42 20  
Mononucleotide SSR >15 bp; dinucleotide SSR >14 bp; trinucleotide SSR >15 bp; hexanucleotide SSR 

>24 bp. 2 mismatches are allowed per 24 bp. Intergenic indicates location outside of the open reading  

frame (ORF). Exons and introns are within the ORF.  
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and 15 in Arabidopsis. The SSRs identified in both species can potentially be employed 

as molecular genetic markers for future genetic studies.  

 

Colinearity and its disruption  

As shown in Figure 3-2 and Table 3-2, the T. halophila genomic region I analyzed shared 

significant colinearity in terms of gene content, order and orientation across the entire 

region relative to the orthologous region in Arabidopsis. Of the 27 predicted genes from 

T. halophila and 30 from Arabidopsis, I was able to identify 20 sets of orthologous genes. 

The 6 genes from T. halophila (four copies from Th19a-Th19d; putative protease 

inhibitor-encoding genes and two copies from Th17a and Th17b; putative C2H2-type 

zinc protein-encoding genes) and ten from Arabidopsis (two copies from At11a and 

At11b; putative glutamate decarboxylase-encoding genes, six copies from At19a-At19f; 

putative protease inhibitor-encoding genes and two copies from At17a and At17b; 

putative C2H2-type zinc protein-encoding genes) that were tandemly duplicated 

(repeated head-to-tail orientation) or linked in mutually inverted orientation (genes 17a 

and 17b) were classified as members of the same orthologous gene set, regardless of their 

copy number. To determine orthologous relationships, phylogenetic trees of these 

duplicated genes (gene 11, 17 and 19) were constructed (Figure 3-3). All but one of the 

twenty sets of orthologous genes, gene 13, had the identical orientation.  

          Even though the two sequenced regions were highly conserved, there were several 

disruptions to this conservation, including the presence of transposable element 

insertion/deletions, non-colinear genes and gene duplications and inversions. 
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Figure 3-3. Phylogenetic relationship of duplicated genes. The rice protein that produced 

the best hit based on BLASTP analysis was chosen as an outgroup for phylogenetic 

analysis of ORF11 (a) and ORF17 (b) duplicates.  The three rice proteins with <E
-10

 

based on BLASTP were selected for phylogenetic analysis of ORF19 duplicates (c).  
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Transposable element insertion in three regions was found to be the most significant 

cause of colinearity disruption and genome size variation between the two species (Figure 

3-1). Region I contained two copia-type LTR retrotransposable elements. Region II 

carried one gypsy-type LTR retrotransposable element and one MuDR DNA transposon, 

while Region III included two copia-type LTR retrotransposons. The total size of these 

three regions was 47.8 kb (Table 3-1), which was similar to the 46.7 kb difference in the 

two orthologous regions.  

 Two non-colinear genes were identified in T. halophila (Th_A and Th_B) and three 

in Arabidopsis (At_a, At_b, and At_c). Th_A was predicted as a Valyl t-RNA synthetase-

encoding gene and Th_B as an F-box protein-encoding gene. At_a (AT2G01918) was 

annotated as a putative oxygen-evolving protein-encoding gene, At_b (AT2G01920) as a 

Clathrin assembly protein-encoding gene and At_c (AT2G01960) as a transmembrane 

protein-encoding gene with unknown function. Th_A was located between Th10 and 

Th11 (Figure 3-2, Table 3-2) and Th_B was located between Th17b and Th18. Both At_a 

and At_b were detected between At04 and At05 (Figure 3-2, Table 3-2) and At_c was 

found between At07 and At08. To explore the possibility that orthologous counterparts of 

these genes exist as partial genes which cannot be detected by gene prediction programs, 

TBLASTN was performed against the Arabidopsis genome sequence. However, no traces 

of any partial genes were detected. A similar search was made using the T. halophila 

sequence, using the amino acid sequences of At_a, At_b and At_c via TBLASTN. In the 

T. halophila sequence, a gene fragment of At_a was found while gene fragments of At_b 

and the At_c were not detected. To investigate whether non-colinear genes in T. 
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halophila were present in other locations in the Arabidopsis genome, the Arabidopsis 

protein database was searched using BLASTP. Two copies of Th_A (Valyl t-RNA 

synthetase) homologues were found on chromosome 1 in Arabidopsis (AT1G14010, 1E
-

41
 and AT1G27160, 8E

-34
). Th_B (F-box protein) was found in multiple copies in the 

Arabidopsis genome. The two genes with highest homology to Th_B were AT2G02030 

(2E
-89

) and AT2G05600 (3E
-69

). Therefore, homologues of Th_A and Th_B were shown 

to exist in other locations in the Arabidopsis genome. Since the T. halophila genome has 

not yet been sequenced, I was unable to determine whether homologues of non-colinear 

Arabidopsis genes reside in other parts of the T. halophila genome.  

Inversions and duplications were also shown to contribute to conservation disruption. 

1.3 kb in Region A had an inversion (Figure 3-1) that contained a gene encoding a 

putative F-box protein in the sense orientation in Arabidopsis but in the antisense 

orientation in T. halophila (Table 3-2). 25.9 kb in Region B contained duplications 

(Figure 3-1) with two copies of putative peptide transporter genes identified in both 

species. 11.5 kb in Region C contained duplicated genes that were inverted in both 

species; two copies of putative zinc finger protein genes were present in the inverted 

array. 27.6 kb in Region D contained a tandem array of duplicated genes encoding 

putative protease inhibitors; the two species had different numbers of duplications in this 

region with four copies in T. halophila and six copies in Arabidopsis (Table 3-2).  

 

Evolutionary analysis of functional conservation and divergence time 
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To determine if functional conservation had been maintained between orthologous genes 

in these two related species, a Ka/Ks test was performed. Of the 20 sets of genes, those 

with sequence identity over 80% in both cDNA and amino acid composition were 

selected for further evolutionary analysis. Gene pairs with unclear orthology between the 

two species, such as the gene 19 duplicates, were excluded. A total of 17 orthologous 

gene sets were used in this analysis for Ka/Ks tests and estimation of divergence time of 

the two species. The Ka/Ks ratios for all 17 gene pairs were less than 1 (Table 3-6) 

indicating that functional conservation was maintained between these orthologous pairs. 

The approximate divergence time of T. halophila and Arabidopsis was estimated between 

10-14 MYA in this region (Table 3-6) which is reasonably consistent with earlier 

divergence estimates of between 15-24 MYA (Koch et al. 2000; O’Kane and Al-Shehbaz 

2003; Warwick et al. 2006). To determine whether any selection was imposed on protein-

coding sequences of paralogous genes, Ka/Ks tests among paralogous genes were 

performed for genes 11, 17 and 19. Their Ka/Ks ratios were also less than 1 (Table 3-7), 

implying functional conservation in paralogous pairs.  

 

Structure comparison of ThSOS1 with AtSOS1 

Because the SOS1 gene is a major determinant of salt tolerance in Arabidopsis, extensive 

comparative analysis of the SOS1 genes from T. halophila and Arabidopsis was 

performed. First, to confirm orthology between ThSOS1 and AtSOS1 (NHX7), a 

neighbor joining phylogenetic tree was constructed using eight members of the NHX 

family from Arabidopsis and ThSOS1 with a bootstrap value of 1,000 (Figure 3-4).  
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Table 3-6. Ratio of nonsynonymous (Ka) vs. synonymous (Ks) substitution rates in 17 

orthologous genes and estimated divergence time. 
 

 

T. halophila A.thaliana Ka/Ks Divergence time

(MYA)

Th01 At01 0.212 10.26

Th02 At02 0.201 12.28

Th03 At03 0.1385 10.4

Th04 At04 0.3554 9.44

Th06 At06 0.156 11.87

Th07 At07 0.0713 15.11

Th08 At08 0.0327 12.78

Th09 At09 0.2857 10.42

Th10 At10 0.3201 9.93

Th11 At11b 0.0559 13.75

Th12 At12 0.1039 14.96

Th14 At14 0.0378 14.13

Th15 At15 0.157 12.76

Th17a At17a 0.1474 7.43

Th17b At17b 0.1356 11.61

Th18 At18 0.1147 10.06

Th20 At20 0.1753 13.07

Mean 11.78

SD 2.11  
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                           Table 3-7.  Sequence divergence between paralogous pairs. 

 
Sequence1    Sequence2       Ka/Ks 

at11a       at11b           0.1062

at17a          at17b            0.3616

th17a         th17b             0.3257

th19a         th19b             0.1319

at19b         at19a           0.2443

at19b           at19c           0.4372

at19a          at19c            0.167  
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ThSOS1 clustered with AtSOS1 (NHX7) and was separated from all other Arabidopsis 

NHX gene family members, indicating that ThSOS1 was orthologous to AtSOS1. The 

ThSOS1 gene (from the ATG to the stop codon) was 6,267 bp in length and encoded a 

predicted protein sequence of 1,146 aa, while AtSOS1 was 6,076 bp long and encoded a 

predicted 1,146 aa protein (Figure 3-5). Both genes had the same total exon size of 3,441 

bp, but had different total intron sizes of 2,826 bp for ThSOS1 and 2,635 bp for AtSOS1, 

indicating that the 191 bp gene size difference was due to differences in intron size. Both 

genes had 23 exons with an average size of 150 bp. Average intron sizes were 129 bp in 

ThSOS1 and 120 bp in AtSOS1. Peptide sequence identity was 83% and cDNA sequence 

identity was 87%.  

The three main domains that are important for AtSOS1 function were also found in 

ThSOS1. According to Pfam analysis, ThSOS1 contained the Na
+
/H

+
 exchange domain 

from amino acids 31 to 444, 11 transmembrane domains (Figure 3-6) (amino acids 50-69; 

86-105; 123-142; 155-174; 191-120; 136-155; 184-203; 221-239; 257-276; 293-312; 

325-343) and a cyclic nucleotide-binding domain (amino acids 758-843).  

The only significant structural difference between the two genes was the presence of 

three SSRs in the 5’ upstream region of ThSOS1. (TCA)8, (CTT)18 and (TA)12 were 

identified within 540 bp upstream of the ThSOS1 putative translational start site (Figure 

3-5). No distinct SSRs were identified in the corresponding region in AtSOS1, but a 

(CTT)3 repeat was detected in the 5’ UTR of AtSOS1. The potential biological 

significance of these SSRs will be discussed below. 
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Figure 3-4. Phylogenetic relationship between T. halophila SOS1 (ThSOS1) and eight 

members of the Arabidopsis NHX (Na
+
/H

+
 antiporter) gene family. Arabidopsis SOS1 

(AtSOS1) is NHX7. Oryza sativa SOS1 (OsSOS1) was used as an outgroup. 
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Figure 3-5. Gene structure comparison of ThSOS1 and AtSOS1. Exons are indicated as 

filled boxes and introns are represented as lines. Location of SSRs in the 5’UTR of 

ThSOS1 and the first exon of AtSOS1 are indicated.  
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ThSOS1       MATVIEAVMPYRLLEDETGSPEG------ESSPVDAVLFVGMSLVLGIASRHLLRGTRVP 

AtSOS1       MTTVIDATMAYRFLEEATDSSSSSSSSKLESSPVDAVLFVGMSLVLGIASRHLLRGTRVP 

             * *** * * ** **  * *         ******************************* 

 

ThSOS1       YTVALLVIGIALGSLEYGTHHNLGKLGHGIRIWNEINPELLLAVFLPALLFESAFSMEVH 

AtSOS1       YTVALLVIGIALGSLEYGAKHNLGKIGHGIRIWNEIDPELLLAVFLPALLFESSFSMEVH 

             ******************  ***** ********** **************** ****** 

 

ThSOS1       QIKRCLGQMVLLAGPGVLISTFCLASLVKLTFPYDWDWKTSLLLGGLLSATDPVAVVALL 

AtSOS1       QIKRCLGQMVLLAVPGVLISTACLGSLVKVTFPYEWDWKTSLLLGGLLSATDPVAVVALL 

             ************* ******* ** **** **** ************************* 

 

ThSOS1       KELGASKKLSTVIEGESLMNDGTAIVVFQLFLKMVMGHSSGWSSIITFLIRVALGAVGIG 

AtSOS1       KELGASKKLSTIIEGESLMNDGTAIVVFQLFLKMAMGQNSDWSSIIKFLLKVALGAVGIG 

             *********** ********************** **  * ***** **  ********* 

 

ThSOS1       IAFGIASVLWLKFIFNDTVIEITLTIAVSYFAYYTAQEWAGASGVLTVMTLGMFYAAFAR 

AtSOS1       LAFGIASVIWLKFIFNDTVIEITLTIAVSYFAYYTAQEWAGASGVLTVMTLGMFYAAFAR 

              ******* *************************************************** 

 

ThSOS1       TAFKGDSQRSLHHFWEMVAYIANTLIFILSGVVIAEGILDSDKIAYQGSSWGYLFLLYLY 

AtSOS1       TAFKGDSQKSLHHFWEMVAYIANTLIFILSGVVIAEGILDSDKIAYQGNSWRFLFLLYVY 

             ******** *************************************** **  ***** * 

 

ThSOS1       IQLSRCVVVGVLYSFLCRVGYGLDWKEAIILVWSGLRGAVALSLSLSVKQSSGNSFLSTE 

AtSOS1       IQLSRVVVVGVLYPLLCRFGYGLDWKESIILVWSGLRGAVALALSLSVKQSSGNSHISKE 

             ***** *******  *** ******** ************** ************  * * 

 

ThSOS1       TGTMFIFFTGGIVFLTLIVNGSTTQFALRLLRMDGLPASKIRILDYTKYEMLNKALQAFE 

AtSOS1       TGTLFLFFTGGIVFLTLIVNGSTTQFVLRLLRMDILPAPKKRILEYTKYEMLNKALRAFQ 

             *** * ******************** ******* *** * *** *********** **  

 

ThSOS1       DLGDDEELGPADWPTVESYISSLKDSEGEQVHP-HSGSKPGNLDHTSLKDIRIRFLNGVQ 

AtSOS1       DLGDDEELGPADWPTVESYISSLKGSEGELVHHPHNGSKIGSLDPKSLKDIRMRFLNGVQ 

             ************************.**** **  *.*** *.** .******:******* 

 

ThSOS1       AAYWEMLDEGRISESTANILMRSVDEALDHISTEPLCDWRGLKSHVKFPGYYNFLHSKII 

AtSOS1       ATYWEMLDEGRISEVTANILMQSVDEALDQVSTT-LCDWRGLKPHVNFPNYYNFLHSKVV 

             * ************ ****** *******  **  ******** ** ** ********   

 

ThSOS1       PGKLVIYFAVDRLESACYISAAFLRAHTIARQQLYDFLGESNIGSTVIKESETEGEEAKE 

AtSOS1       PRKLVTYFAVERLESACYISAAFLRAHTIARQQLYDFLGESNIGSIVINESEKEGEEAKK 

             * *** **** ********************************** ** *** ******  

 

ThSOS1       FLEKVRSSLPQVLRVVKTKQVTYSVLSHLLDYIQNLEKIGLLEEKEIAHLHDAVQTGLKK 

AtSOS1       FLEKVRSSFPQVLRVVKTKQVTYSVLNHLLGYIENLEKVGLLEEKEIAHLHDAVQTGLKK 

             ******** ***************** *** ** **** ********************* 

 

ThSOS1       LLRNPPIVKLPKLSDLITSHPLSGALPSAICEPLKHSKKETMKLRGVTLYKEGSKPTGVW 

AtSOS1       LLRNPPIVKLPKLSDMITSHPLSVALPPAFCEPLKHSKKEPMKLRGVTLYKEGSKPTGVW 

             *************** ******* *** * ********** ******************* 

 

ThSOS1       LIFDGIVKWKSKGLSNNHSLHPTFSHGSTLGLYEVLTGKPYMCDVITDSVVLCFFINSER 

AtSOS1       LIFDGIVKWKSKILSNNHSLHPTFSHGSTLGLYEVLTGKPYLCDLITDSMVLCFFIDSEK 

             ************ **************************** ** **** ****** **  

 

ThSOS1       ILSYVQSDSTIEDFLWKESALVLLKLLRPQTFEKVPMHELRALVSAESSKQTTYVSGESI 

AtSOS1       ILSL-QSDSTIDDFLWQESALVLLKLLRPQIFESVAMQELRALVSTESSKLTTYVTGESI 

             ***  ****** **** ************* ** * * ******* **** **** **** 

 

ThSOS1       EIDHNSVGLLLEGFIKAVGIQEELLIASPAALLHSNENQSFRNSSEASGILRVSFSRQAA 

AtSOS1       EIDCNSIGLLLEGFVKPVGIKEELISS-PAALSPSNGNQSFHNSSEASGIMRVSFSQQAT 

             *** ** ******* * *** ***    ****  ** **** ******** ***** **  

 

ThSOS1       RYSVETRARVIIFNHGAFGAHRTLQRKPSTLASPRATSSDHQLKRSASKEHRGLMRWPEN 

AtSOS1       QYIVETRARAIIFNIGAFGADRTLHRRPSSLTPPRSSSSD-QLQRSFRKEHRGLMSWPEN 

              * ****** **** ***** *** * ** *  **  *** ** **  ******* **** 
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ThSOS1       IYKAEQEEEMNGKTLNLSERAMQLSIFGSTENLYKRSVSFGGLNNNKAQDNLSYKKLPST 

AtSOS1       IYAKQQQE-INKTTLSLSERAMQLSIFGSMVNVYRRSVSFGGIYNNKLQDNLLYKKLPLN 

             **   * *  *  ** *************  * * *******  *** **** *****   

 

ThSOS1       SAQGLFSAKSEGSMATTKQVESRKFVSQLPPLAASAESSSRRETMAEESSDDEDEGIIVR 

AtSOS1       PAQGLVSAKSESSIVTKKQLETRKHACQLPLKGESSTRQNTMVESSDE--EDEDEGIVVR 

              **** ***** *  * ** * **   ***    *            *   ****** ** 

 

 

ThSOS1       IDSPSTIVFRNDV 

AtSOS1       IDSPSKIVFRNDL 

             ***** ******  

 

 

Figure 3-6. Amino acid sequence alignment of ThSOS1 and AtSOS1. Eleven predicted 

transmembrane domains are shaded in gray. The Na
+
/H

+
 exchanger domain is in blue and 

the cyclic nucleotide-binding domain is in red.  
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DISCUSSION 

 

Gene colinearity was generally well conserved around the SOS1 orthologous region 

but a few exceptions were observed.  

Analysis of gene homology, order, orientation and physical distance for a single 

orthologous region of the T. halophila and Arabidopsis genomes revealed that they share 

a high degree of colinearity. First, both regions contained 20 putative genes that shared a 

high level of sequence similarity (<E
-20

) in both amino acid and cDNA sequence. Second, 

these 20 genes were in the same order (colinear) in the two species. Third, the 

transcriptional orientation of all 20 genes was the same except for gene 13 which had an 

opposite transcriptional orientation. Fourth, all 20 genes were organized within a similar 

physical space (146 kb) in both species (excluding the intergenic regions containing 5 

LTR retrotransposable elements in T. halophila).  

         In spite of the conservation of gene colinearity, the comparative analysis revealed 

the presence of two non-colinear genes in T. halophila and three in Arabidopsis. For 

example, an orthologue of Th_A (Valyl t-RNA synthetase) in T. halophila was absent in 

the SOS1 orthologous region in Arabidopsis (chromosome 2), but was present in a 

paralogous region on chromosome 1 of Arabidopsis. Another non-colinear gene in T. 

halophila, Th_B encodes an F-box protein and F-box homologues are present as many 

copies throughout the Arabidopsis genome. In Arabidopsis, At_a (AT2G01918), At_b 

(AT2G01920) and At_c (AT2G01960) were identified as non-colinear genes. The 

presence of orthologous genes for these three non-colinear genes in the T. halophila 
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genome is not known; however, if either gene contributes to the survival of the species, 

then either or both genes are likely to be present in the T. halophila genome. Among 

these non-colinear genes, I identified a highly degraded gene fragment of At_b 

(AT2G01920, Clathrin assembly protein-encoding gene) in the orthologous position of 

the T. halophila sequence. Therefore, it appears that gene disruption by an unknown 

mechanism has also influenced the evolution of this region. It will be interesting to 

determine if a redundant copy of At_b exists somewhere else in the T. halophila genome.  

 

LTR retrotransposons were major contributors to local size variation around the 

SOS1 orthologous region in T. halophila. 

Retrotransposable elements have been shown to affect genome structure and evolution in 

a number of ways leading to genome size variation, genome rearrangement and changes 

in the regulation of gene expression (Kumar and Bennetzen 1999). I identified five LTR 

retrotransposons in the T. halophila genome and none in Arabidopsis. All of these 

elements were located in intergenic regions and accounted for 15.2 % of the total BAC 

sequence (Table 3-4).  The genome size of T. halophila is approximately 240 Mb, which 

is approximately twice that of Arabidopsis (125 Mb). LTR retrotransposons have been 

involved in plant genome size variation due to their copy-and-paste mode of transposition 

via RNA intermediates (Kumar and Bennetzen 1999). In the grass family, LTR 

retrotransposons were estimated to make up 14% of the rice genome (430 Mb, Jiang et al. 

2004), 50-60% of the maize genome (2,500 Mb, Meyers et al. 2001) and over 70% of the 

barley genome (4,800 Mb, Vicient et al. 1999). In the Brassicaceae, Class I elements, 
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which include both LTR retrotransposons and non-LTR retrotransposons, comprise 14% 

of the B. oleracea genome (600 Mb) and 4% of the Arabidopsis genome (125 Mb, Zhang 

and Wessler 2004). Though the average gene size in T. halophila was slightly larger than 

in Arabidopsis, this difference did not appear to make a significant contribution to the 

overall genomic increase. Rather, the average gene density was significantly lower in T. 

halophila indicating that the intergenic regions were responsible for the genomic increase. 

Therefore, these five LTR retrotransposons in T. halophila were major contributors to the 

size increase found in the SOS1 region. The insertions of five non-orthologous LTR 

retrotransposons in the T. halophila genome were estimated to have taken place less than 

1.5 MYA. Considering estimates from this analysis that Arabidopsis and T. halophila 

shared a common ancestor approximately 11.8 MYA (Table 3-6) prior to speciation, the 

expansion of the T. halophila genomic sequence around the SOS1 locus appears to have 

taken place via insertion of LTR retrotransposons after its divergence from Arabidopsis. 

Previous studies with the grasses also showed that insertions of LTR retrotransposons 

into genomes were relatively recent events, estimated to have occurred less than six 

million years ago (San Miguel et al. 1998; Ma and Bennetzen 2004). Moreover, 

retrotransposon insertion that contributed to genome expansion appears to be caused by 

sudden bursts, rather than gradual processes. San Miguel et al. (1998) reported that 

retrotransposon amplification that contributed to 1,200 - 2,400 Mb of maize genome 

expansion occurred within the last three million years. Piegu et al. (2006) showed that 

three types of retrotransposons contributed to the doubling of the EE genome of Oryza 

australiensis three million years ago. Based on the finding that approximately 15.2% of 
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the T. halophila sequence around the SOS1 locus is composed of LTR transposable 

elements, estimates of the contribution of LTR transposable elements to the whole T. 

halophila genome would be ~36.5 Mb (240 Mb X 0.152).   

        

ThSOS1 shares similar gene structure and functional domains with AtSOS1 but 

exhibits a different pattern of 5’ UTR elements in its non-coding region. 

ThSOS1 has a similar gene structure to AtSOS1 and contains 11 predicted transmembrane 

domains and a cyclic nucleotide binding site, indicating that ThSOS1 likely performs a 

function similar to AtSOS1. One feature that distinguished the two SOS1 genes was the 

presence of several SSRs in the 5’ upstream region of ThSOS1. Among three SSRs found 

within 540 bp of 5’ upstream sequence (Figure 3-5), the (CTT/GAA)n repeat contains 

sequence similar to the TCA-element (TCATCTTCTT) that has been known to serve as a 

binding site for salicylic acid-inducible proteins in plants (Goldsbrough et al. 1993). In 

addition, Zhang et al. (2006) reported that 70-80% of CTT/GAA-associated genes in 

Arabidopsis appeared to be regulated by salicylic acid and that an increased number of  

(CTT/GAA) repeats appeared to be associated with level of mRNA accumulation. 

(CTT)18 was identified in the 5’ upstream region 49 bp from the ThSOS1 translational 

start site. AtSOS1 and OsSOS1 also have CTT repeats in the 5’UTR, but with very short 

units of (CTT)3 and (CTT)4, respectively. The large number of CTT repeats appears to be 

a ThSOS1-specific feature that might affect differential accumulation of ThSOS1 

transcripts. Whether (CTT)n affects synthesis or stability of transcripts needs to be 

determined experimentally. To date, SSRs in plants have been mainly used for marker 
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applications, although a few examples of functional SSRs have been reported (Bao et al. 

2002; Hulzink et al. 2002). This study has identified an SSR as a possible cis-acting 

element with the potential to differentially regulate SOS1 in T. halophila and Arabidopsis. 

Additional SSRs, (TA)n and (TCA)n repeats associated with ThSOS1 may also be 

potential cis-acting elements.  
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

As an initial step toward understanding how morphological and physiological diversity 

arise between the genomes of evolutionarily related species, I used a comparative 

genomics approach to investigate conservation and diversification of genomic features in 

two important plant families, the Solanaceae and the Brassicaceae. 

          In the Solanaceae, I compared a 119 kb region of cultivated tomato genomic 

sequence containing J1 (known to control pedicel abscission zone formation) with two 

orthologous regions in diploid (S. bulbocastanum) and hexaploid (S. demissum) potato. 

My analysis showed that, even though potato and tomato diverged from a common 

ancestor approximately 11.6 MYA, gene content, order and orientation were well 

maintained. In contrast, but not unexpectedly, the transposable element content was not 

conserved. These results suggest that the upcoming tomato and potato whole genome 

sequences will be extremely important reference genomes for other agronomically 

important Solanaceous species such as pepper, petunia, eggplant and tobacco. Because 

genome sequences can be used to identify regulatory regions through comparative 

analyses, I aligned a 1 kb region 5’ of J1 for the three species. There was a high level of 

sequence similarity among the three sequences over a 626 bp region indicating that this 

region might be important for regulation of pedicel abscission zone formation. A 

regulatory sequence typically contains clusters of transcription factor binding sites of 6-

12 bp in size which can be difficult to distinguish from non-functional intergenic 
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sequences if compared sequences are highly conserved. It was not possible to identify 

these functional non-coding regulatory elements in the tomato and potato sequences I 

compared; additional orthologous sequences from multiple species with various 

evolutionary distances within the Solanaceae will be needed. After narrowing down 

conserved sequences using multiple species comparisons, database searches to known 

transcription binding factors can be performed to predict putative regulators of J1.  

MADS box proteins have been shown to bind to CArG motifs and many MADS box 

genes contains this motif in their 5’ upstream sequences (Mueller and Nordheim 1991; 

Schwarz-Sommer et al. 1992; Shiraishi et al. 1993; Huang et al. 1993; de Folter and 

Angenent 2006). The presence of CArG motifs in 5’ upstream sequences of LeMADSJ1, 

SbMADSJ1 and SdMADSJ1 indicates that these genes might be regulated by MADS box 

genes. Identification of upstream regulators using a yeast one hybrid system might 

identify specific MADS box genes that are involved in the regulation of J1 gene 

expression.  

          My analyses also identified putative Solanaceous-specific genes with unknown 

functions, Le02, Le_A, and Le_B in tomato, and their counterparts or partial sequences in 

the two potato species. The identification of lineage-specific genes is important because it 

can provide clues about the genetic mechanisms responsible for lineage-specific 

phenotypes. Confirmation of copy number in the genome, the presence of transcripts, 

analyses of expression patterns and functional studies of these genes should be goals for 

future studies. The availability of the Tomato Targeting Induced Local Lesions IN 

Genomes (TILLING; http://tilling.ucdavis.edu/index.php/) resource allows functional 
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studies based on reverse genetic approaches. An alternative approach for functional 

analysis would be to generate RNAi lines, but the approach has limitations in that some 

constructs do not completely knock-out gene transcription (Duxbury and Whang 2004).  

          The allohexaploid potato (S. demissum) is an important plant for the study of 

homoelogous genome evolution. Further comparative analysis of the homoelogous 

regions containing J1 in S. demissum will provide new information about genome 

structure and evolution of homoelogous genomes, particularly whether and how 

polyploidization affected genomic rearrangements. Homoelogous BACs can be 

distinguished by fingerprinting followed by DNA hybridization with J1-specific probes. 

Polyploidization inevitably produces gene duplication, so the question arises if there are 

three copies of J1 present in the allohexaploid and, if so, whether their expression 

patterns and functions are similar. Duplicated genes can contribute to gene redundancy 

but also can undergo subfunctionalization or neofunctionalization, serving as resources 

for functional diversity. Single strand conformation polymorphism analysis (cDNA-

SSCP) can be used to distinguish transcripts from duplicated genes based on changes in 

gel motility from conformational changes of single strand cDNA (Cronn and Adams 

2003). This method could be used to investigate the presence/absence or differential 

expression patterns between homoelogous J1 genes. Ultimately, functional conservation 

can be tested by complementation analysis of homoelogous genes in the jointless1 mutant 

of tomato. 

          In the Brassicaceae, I compared a 193 kb BAC clone containing the SOS1 gene, 

which is known to regulate ion homeostasis in Arabidopsis, with the orthologous region 



 131 

in Arabidopsis.  My analysis showed that gene colinearity was well conserved; however, 

the region underwent a number of structural changes including expansions and 

contractions, a tandem duplication and an inversion. In particular, I identified five LTR 

retrotransposons in expansion regions of the T. halophila genome that were the major 

components responsible for size variation between T. halophila and Arabidopsis over the 

sequence analyzed. In the future, it will be important to determine if the genome size 

difference between T. halophila (240 Mb) and Arabidopsis (125 Mb) is due to a 

proliferation of transposable elements, or a whole genome duplication event or a 

combination of both. The fact that gene colinearity was found to be so highly conserved 

between T. halophila and Arabidopsis suggests that the Arabidopsis reference genome 

sequence will serve as excellent guide to aid in the assembly of the forthcoming T. 

halophila whole genome shotgun assembly. 

          Comparison of the SOS1 gene structures from two related species revealed a high 

level of sequence similarity and conserved exon/intron structure. However, I was able to 

identify three different SSR patterns within the 540 bp 5’ upstream regions of both genes. 

Among them, (CTT)n is a well known salicylic acid responsive element (Goldsbrough et 

al. 1993) which has been found in the 5’UTRs of many Arabidopsis genes (Zhang et al. 

2006). In ThSOS1, 18 copies of the CTT unit were present, while only three copies were 

found in AtSOS1. To determine whether (CTT)n affects differential synthesis or stability 

between ThSOS1 and AtSOS1, constructs containing different copy numbers of the CTT 

unit fused with a reporter gene or SOS1 coding region under the native SOS1 promoter 

could be introduced into Arabidopsis. Transcriptional synthesis could then be tested using 
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nuclear run-on assays, while mRNA stability could be tested via the use of transcription 

inhibitor treatment followed by quantitative RT-PCR. If a correlation between CTT 

repeats and differential mRNA accumulation is detected, the next step would be to 

determine if there is a correlation between CTT repeats and salt tolerance by 

investigating plant growth patterns under salinity and control conditions.  
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