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ABSTRACT 
 
 
Rice is one of the most important crops in the world and is the first whose genome was 

completely sequenced. This landmark accomplishment placed O. sativa as a leading 

model in plant biology, especially for cereals. The genus Oryza includes 23 species, two 

of them independently domesticated in Asia and Africa. Wild species of Oryza contain a 

reservoir of useful agronomical traits which could be exploited for the benefit of rice 

agriculture, which is facing global problems as other crops, mainly due to a rampant 

increase in the human population and progressive deterioration of soils and water 

supplies. The Oryza Mapping Alignment Project has opened great opportunities to tap the 

genetic potential encapsulated in these species. Four BAC libraries generated from the 

African species of Oryza: O. barthii, O. glaberrima (AA genome), O. punctata (BB 

genome) and O. brachyantha (FF genome) were fully characterized and shown to provide 

enough coverage to represent their respective genomes. BAC clones from these libraries 

were fingerprinted and end-sequenced to assemble physical maps that were heavily 

manually edited using the sequence of O. sativa as a reference genome. The physical 

maps showed high coverage for all the species across all chromosomes. Both, BAC 

libraries and physical maps were used to investigate synteny and structural variation. The 

four species show high colinearity to the reference genome, although synteny 

perturbations were detected, including contractions, expansions, and putative inversions 

and translocations, which potential have an important impact in the evolution of these 

species. 
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INTRODUCTION 
 
 

Rice is one of the most important crops in the world. The United States Department 

of Agriculture statistics (http://www.fas.usda.gov/psdonline/psdHome.aspx) indicate that 

global rice production and consumption reached in 2008, 662 and 432 millions of tons 

respectively.  Asia produced 91% and consumed 89% of these totals. Rice agriculture is 

facing the impact of a fast growing population, pests and diseases, water shortages, 

indiscriminate use of fertilizers and pesticides, and lower soil quality (Zhang, 2007) 

which imposes enormous challenges to the sustainable production of rice for future 

generations. 

Rice is the first crop whose genome has been sequenced (IRGSP, 2005). This effort, 

not only constitutes an important landmark in long history of rice research, but also 

places rice as a central model in plant biology, especially for cereals. Indeed, comparative 

genomic studies in the Poaceae place the rice genome sequence as a central core 

(Bennetzen and Ma, 2003; Paterson et al., 2003; Paterson et al., 2004; Salse et al., 2004; 

Devos, 2005; Paterson et al., 2005; Wei et al., 2007; Salse et al., 2008) of all comparative 

genomics analyses. 

The genus Oryza includes 24 species. Two species are domesticated: O. sativa and 

O. glaberrima, and originated in Asia and Africa, respectively. The remaining species are 

considered "wild" and display diverse phenotypic and agronomic traits that are 

potentially useful for crop improvement (Brar and Khush, 1997; Khush, 1997; Khush and 

Brar, 2002; Brar and Khush, 2003). The genus Oryza is currently divided into 10 genome 
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types, including diploid and tetraploid species (Aggarwal et al., 1997; Khush, 1997; Ge et 

al., 1999; Lu, 1999; Vaughan et al., 2003). The genus displays a wide range of 

geographical distribution with representation on almost all the continents. The genus also 

shows a high level of endemism with species confined to islands and archipelagos.  

Africa holds the richest composition of Oryza diversity with species belonging to the AA, 

BB, BBCC, CC and FF genome types (Bao and Jackson, 2007). Ge et al. (1999) 

developed what is now considered the best phylogeny of the genus in correlation with the 

genome types indicating that the most basal genomes of the genus are the GG, HHJJ and 

FF. The current geographical distribution of the wild species of Oryza is incongruent with 

this phylogeny, especially with the only species in the FF genome type, O. brachyantha. 

Indeed this species is placed by Terrell et al. (2001) in a subgenus. 

The Oryza Map Alignment Project (OMAP), funded by the U.S.A. National Science 

Foundation, emerged as a solid platform for comparative genomics at genus level (Wing 

et al., 2005). A core component of this project was the construction and evaluation of 

bacterial artificial chromosome libraries (Ammiraju et al., 2006) from species 

representing the accepted genomes of the genus. BAC clones of these libraries were 

fingerprinted and end sequenced to build robust physical maps aligned to the rice (O. 

sativa) reference genome sequence. This dissertation is derived from these valuable 

OMAP resources. 

Rice science has a long history and numerous contributions covering diverse topics, 

but there is a significant gap of information on the African species of Oryza, compared to 

their Asian counterparts. It is also remarkable that the scientific community is now 
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turning its attention to the untapped genetic potential of these species, especially O. 

glaberrima, a species domesticated independently in the Niger river basin, which 

constitutes the center of a different rice culture (Linares, 2002). 

This dissertation is focused on comparative genomics among four African species of 

Oryza: O. barthii Chev., O. glaberrima Steud., O. punctata Kotschy ex Steud., and O. 

brachyantha Chev. & Roehr. representing three genomes types: AA (the first two 

species), BB and FF respectively. My dissertation addresses the following questions: 

1. How representative are the BAC libraries of the genomes of the four African 

Oryza species?  

2. Which is the level of chromosome coverage displayed by the physical maps and 

how well they correlate with the chromosomal complement in each of the species? 

3. Which is the level of colinearity of each of the genomes of the four African Oryza 

species with respect to the rice reference genome sequence? 

4. Can the heavily manually edited physical maps and BAC end sequences be used to 

detect structural variation amongst the four African Oryza species relative to the rice 

reference genome sequence? 
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CHAPTER 1: THE TAXONOMY, PHYLOGENY AND 
BIOGEOGRAPHY OF ORYZA 

 
 
Rice is an important crop which is subject of intensive research efforts covering different topics. I 
present a comprehensive review on rice literature, covering taxonomy, biogeography, and phylogeny. 
The biogeography of Oryza is a controversial topic. Current species distribution, especially looking at 
the genome groups, indicates that Africa is the continental mass holding higher diversity in members 
of the genus, including one of the accepted ancient genomes (FF- O. brachyantha). It is also 
remarkable that Asian archipelagos and islands show high endemism for some species of the genus. 
Finally, I present the opportunities provided to the rice scientific community created by the Oryza 
Map Alignment Project. 
 
 
 

1.1. The importance of the genus Oryza 
 

Cereals are fundamental crops for humankind. These “former” grasses have evolved 

with man, in different geographical areas, to become major sources of calories for human 

nutrition and animal feed. Rice ranks top among the cereals, as a staple food for people in 

several countries, mainly in Asia (Table 1.1), where it is also an essential cultural icon; as 

maize is in Mesoamerica. According to the International Rice Research Institute 

[www.irri.org] (2007), almost half of the world population (currently more than 6.5 

billion) depends on this crop. Further, rice provides worldwide one fifth of the calories 

required for a normal human diet; reaching one third in Asia. Rice is mainly cultivated in 

highly overpopulated areas with high levels of poverty (Figure 1.1). It is also an 

important crop in developed countries such as United States and China where production 

reaches the highest yields and levels of efficiency. 

 

 



19 
 

 

 

 

 

 

Table 1.1. World production and nutrition statistics for the major cereal crops. 
 

Area Yield Production Seed Cal/day Prot/day

Ha Hg/Ha Mt Mt Number g

Maize 147,017,069 47,072 692,034,184 6,049,969 152.7 3.7

Wheat 216,172,024 28,980 626,466,585 33,846,332 518.0 15.3

Rice 153,511,755 40,040 614,654,895 17,242,014 541.9 10.1
Barley 56,472,661 24,484 138,267,192 9,420,380 8.0 0.2

Sorghum 42,685,302 13,344 56,957,314 909,625 32.7 1.0

Millet 35,919,206 7,608 27,328,924 851,937 33.3 0.9

Oats 11,798,148 20,826 24,571,370 3,217,773 2.9 0.1

Rye 6,632,661 22,670 15,036,523 1,793,859 7.4 0.2

PRODUCTION NUTRITION
Crop

 
 

Information from FAOSTAT data (2006) [http://faostat.fao.org/faostat/] 
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Figure 1.1. Distribution of human population (density) and rice cultivation areas. 
 

Map courtesy from www.theodora.com/maps.  
Dark blue areas represent the most populated areas in the world, decreasing to lighted ones as less 
populated. Area between the yellow lines marks the approximate boundaries of the geographical 
distribution where rice is cultivated. 
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All these figures clearly explain the importance of rice and justify the massive 

investment in research on this crop. Rice is the first crop to have its genome completely 

sequenced, which is considered a major landmark in plant biology (IRGSP, 2005). 

The genus Oryza contains two domesticated species: O. glaberrima from Africa and 

O. sativa from Asia (now distributed on all the continents). It also includes several wild 

species, which are considered valuable phyto-resources for the improvement of 

commercial cultivars as a natural source of desirable agronomical traits (Table 1.2). 

Hajjar and Hodgkin (2007) indicate that 12 traits in rice cultivars have been improved by 

the introgression of genes from wild species (seven associated with pest and disease 

resistance, three for abiotic stress, and one for male sterility). Brar and Khush (1997) 

reported introgression lines with resistance to the yellow stem borer from O. ridleyi and 

tungro virus from O. officinalis. These authors also mentioned efforts for developing 

introgression lines from crosses using O. brachyantha, O. granulata, O. minuta and O. 

rufipogon. Improvements in plant tissue culture and embryo rescue techniques allows one 

to bypass the fertility barriers observed in inter-specific crosses, thereby facilitating 

introgression from wild species (Brar and Khush, 1997; Khush and Brar, 2002).  

As summarized on table 1.2, the four species I investigated in this study, O. barthii, 

O. glaberrima, O. punctata and O. brachyantha, harbor potentially desirable agronomical 

traits for the improvement of Asian and African cultivated rice, including resistance to 

both biotic and abiotic factors.   
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Table 1.2. Selected useful traits for rice cultigens observed in wild species of Oryza. 
 

Species Genome Reference
O. granulata GG 28
O. meyeriana GG 28
O. glaberrima AA 27
O. rufipogon AA 28
O. barthii AA 25,28
O. glaberrima AA 19,28
O. longistaminata AA 25,28
O. meriidionalis AA 25
O. nivara AA 25
O. rhizomatis CC 25,28
O. australiensis EE 28
O. glaberrima AA 27,28
O. brachyantha FF 28
O. coarctata HHKK 9,12
O. punctata BB/BBCC 4
O. granulata GG 28
O. meyeriana GG 28
O. glaberrima AA 27,28
O. rufipogon AA 28

Species Genome Reference
O. grandiglumis AA 28
O. alta CCDD 28
O. latifolia CCDD 28
O. barthii AA 1,2,3
O. glaberrima AA 14,29
O. glumaepatula AA 25,27,28
O. nivara AA 26
O. rufipogon AA 25,26,27
O. glumaepatula AA 25,28
O. meriidionalis AA 25
O. rufipogon AA 25,27
O. rhizomatis CC 25,28
O. schlechteri HHKK 28

A) Morphological - Physiological

Aerobic soil

Aluminum (in soil)

Drought

Iron (in soil)

Environmental  stress

Soil Acidity

Trait

Biomass production

Reproductive barriers / CMS

1. ABIOTIC (Resistance / Tolerance)

2. BIOTIC

Laterite soil (Fe, Al, Ni)

Saline soil

Shade

Elongation ability

Rhizomatous
 

 



23 
 

 

Disease Pathogen Species Genome Reference
O. barthii AA 5,25,28
O. longistaminata AA 25,27,28
O. rufipogon AA 25,28
O. minuta BBCC 16,24,25,27
O. officinalis CC 13,27,28
O. latifolia CCDD 27,28
O. australiensis EE 27,28
O. brachyantha FF 27,28
O. granulata GG 28
O. ridleyi HHJJ 28

Bacterial Leaf Streak Xanthomonas  oryzae  pv. orizycola O. barthii AA 5
O. barthii AA 5
O. longistaminata AA 8
O. nivara AA 25
O. minuta BBCC 27,28
O. longiglumis HHJJ 28
O. ridleyi HHJJ 28

Brown Spot Dreschslera oryzae O. barthii AA 5
Grassy Stunt Virus ICTVdB Virus Code : 00.069.0.01.003 O. nivara AA 25,27,28

O. minuta BBCC 25,27,28
O. barthii AA 5
O. rufipogon AA 6
O. punctata BB/BBCC 6
O. eichingeri CC 6
O. officinalis CC 6
O. alta CCDD 6
O. latifolia CCDD 6
O. rufipogon AA 21,27,28
O. officinalis CC 21
O. ridleyi HHJJ 21
O. rufipogon AA 17,18
O. officinalis CC 18
O. rhizomatis CC 17
O. brachyantha FF 17
O. ridleyi HHJJ 18
O. rufipogon AA 17
O. rhizomatis CC 17
O. brachyantha FF 17
O. glaberrima AA 28
O. eichingeri CC 25

Sclerotium oryzae

Tungro Virus

Tungro Virus (bacilliform) ICTVdB Virus Code : 00.015.0.04.001

Stealth blight Rhizoctonia solani

Tungro Virus (spherical) ICTVdB Virus Code : 00.065.0.02.001

Blast Magnaporthe grisea

Bacterial Blight Xanthomonas  oryzae  pv. oryzae

Stem rot

Yellow mottle virus
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Common name Species Species Genome Reference
O. longistaminata AA 28
O. rufipogon AA 28
O. punctata BB/BBCC 23,25,28
O. minuta BBCC 25,27,28
O. eichingeri CC 28
O. officinalis CC 10,13,23,25,27,28
O. latifolia CCDD 10,23,27,28
O. australiensis EE 20,22,27,28
O. longiglumis HHJJ 28
O. barthii AA 25,28
O. minuta BBCC 25,28
O. eichingeri CC 28
O. officinalis CC 18,25,28
O. ridleyi HHJJ 18

Leaf-folder Cnaphalocrocis medinalis O. brachyantha FF 15,28
O. glaberrima AA 28
O. longistaminata AA 28
O. nivara AA 11
O. rufipogon AA 11
O. minuta BBCC 11
O. officinalis CC 11
O. brachyantha FF 11
O. ridleyi HHJJ 28

Striped stemborer Chilo suppresalis O. alta CCDD 28
Thrips Stenchaetothrips biformis O. officinalis CC 25
Weeds O. glaberrima AA 27,28

O. eichingeri CC 28
O. officinalis CC 13,25,27,28
O. grandiglumis AA 7
O. nivara AA 7
O. punctata BB/BBCC 7
O. minuta BBCC 7
O. officinalis CC 7
O. alta CCDD 7
O. latifolia CCDD 7
O. australiensis EE 7
O. brachyantha FF 7
O. ridleyi HHJJ 7,28
O. longistaminata AA 27
O. brachyantha FF 28

Zigzag leafhopper Recilia dorsalis O. punctata BB/BBCC 25,28

C) Resistance to pests

Scirpophaga incertulasYellow stemborer

Stemborer Chilo  sp.

White-backed planthopper Sogatella furcifera

Whorl maggot Hydrellia philippina

Green Leafhopper Nephotettix  sp.

Nematodes

Brown Planthopper Niloparvata ludens

 

 

References: [1] Nayar (1968), [2] Chu (1970), [3] Chu and Oka (1970), [4] Sasahara et al. (1982), [5] Devadath (1983), 
[6] Figoni et al. (1983), [7] Heinrichs et al. (1985), [8] Vales (1985), [9] Bal and Dutt (1986), [10] Jungtsung et al. 
(1986), [11] Chaudhary and Khush (1990), [12] Flowers et al. (1990), [13] Jena and Khush (1990), [14] Sakamoto et al. 
(1990), [15] Ramachandran and Khan (1991), [16] Amante-Bordeos et al. (1992), [17] Kobayashi et al. (1993a), [18] 
Kobayashi et al. (1993b), [19] Furuya et al. (1994), [20] Ishii et al. (1994), [21] Kobayashi et al. (1994), [22] Multani et 
al. (1994), [23] Velusamy et al. (1995), [24] Mariam et al. (1996), [25] Brar and Khush (1997), [26] Hoan et al. (1997), 
[27] Khush and Brar (2002), [28] Brar and Khush (2003), [29] Heuer and Miezan (2003). 
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The availability of molecular genetic resources, including rich collections of genetic 

markers and maps, has allowed the identification of numerous QTL and beneficial genes 

from the wild relatives of rice. This has changed the approach from “looking to the 

phenotype” to “looking to the genes” (Tanksley and McCouch, 1997).  In this sense, 

studies on wild Oryza species are not only important from a practical perspective, but 

also because they open the possibility of explaining the evolution and biogeography of 

this important genus. 

The acceptance of the genetic value of wild Oryza species allowed the collections of 

different species and accessions from diverse locations, which are expertly maintained at 

the Rice Germplasm Center (http://www.irgcis.irri.org:81/grc/irgcishome.html) at the 

International Rice Research Institute in the Philippines (Vaughan et al., 1991) and at the 

National Institute of Genetics, Japan, which are accessible thru Oryzabase 

(http://www.shigen.nig.ac.jp/rice/oryzabase/top/top.jsp).  Currently a growing collection 

of wild rice species and hybrid crosses are under development at the Arizona Genomics 

Institute, University of Arizona (Tucson, Arizona, USA).  

1.2. The taxonomy and phylogeny of Oryza at supra-generic level 
 

The first occidental documentation of rice is an illustration by Pietro A. Mattioli in 

1558, which later in 1571 provided its first botanical description. It is considered that 

Aristotle was the first author to mention rice as Oryze, and one of his disciples, 

Theophrastus (Theopharsus), as Oryzon (Oruzon). The current name Oryza was given by 

Linnaeus in his “Species Plantarum” (Stockholm, 1753) with a short note on O. sativa 

(Rozhevits, 1931; Porteres, 1956a). 
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Rice belongs to the family Poaceae (also known as Gramineae) [phylum 

Streptophyta: subphylum Streptophytina: class Liliopsida: subclass Commelinidae: order 

Poales] which groups 700 genera and approximately 10,000 species (GPWG, 2001). This 

family of plants is geographically ubiquitous. In fact; one third of  the world’s dry land is 

covered by some species of grass (Mathews et al., 2000). Poaceae is considered a 

monophyletic taxon, whose sister family is Joinvilleaceae (Campbell and Kellogg, 1987). 

The subdivision of the family above the genus level (subfamilies and tribes) is very 

controversial, mainly because of the huge number of members and their diversity. The 

taxonomy and phylogeny of this family have been studied using a wide range of traits, 

including morphological, biochemical and DNA sequences (King and Ingrouille, 1987; 

Mathews et al., 2000; Michelangeli et al., 2003), resulting eight reviews by different 

authors between 1946 and 2001 (GPWG, 2001). Differences among these classifications 

mainly changed the number of accepted subfamilies and tribes, but do not affect the 

generic level. 

Clayton and Renvoize (1986), and later Watson and Dallwitz (1992), included Oryza 

under the subfamily Bambusoideae, tribe Oryzeae. Tzvelev (1989) placed the same tribe 

and genus under Pooidae, one of the two subfamilies he accepted, indicating that the tribe 

Oryzeae is nearest to the “bambusoid” grasses. Clayton (1981) concurred with the former 

author,  thereby placing  Oryzae close to the bamboo allies, from which modern bamboos 

evolved. Under the revision of the Grass Phylogeny Working Group, Oryzeae is placed 

under the subfamily Ehrhartoideae. This subfamily includes approximately 120 species 

and is considered a member of the BEP (Bambusoideae + Ehrhartoideae + Pooideae) 
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clade. The subfamily is phylogenetically well supported by molecular and morphological 

data (GPWG, 2001; Salamin et al., 2002) .  

The tribe Oryzeae includes 13 genera: Chicuscicloa, Hydroclhloa, Hygroryza, 

Leersia, Luziola, Maltebrunia, Oryza, Porteresia, Potamophila, Prosphythochloa, 

Rhynchoryza, Zizania and Zizaniopsis (Clayton and Renvoize, 1986; Tzvelev, 1989; 

Watson and Dallwitz, 1992).  Members of Oryzeae form a strongly supported 

monophyletic clade based on molecular phylogenies first using the nuclear MatK (Ge et 

al., 2002; Guo and Ge, 2005), and then the chloroplast trnL intron, the mitochondrial 

nad1 intron, and the nuclear Adh2 and GPA1 genes (Guo and Ge, 2005) which strongly 

support their taxonomical grouping regardless of the category assigned. Oryzeae is 

paraphyletic to Ehrharta and splits into two well supported clades, one including Oryza, 

Porteresia and Leersia and the other including the remaining genera (GPWG, 2001; Ge 

et al., 2002; Guo and Ge, 2005).  

Porteresia is the closer genus to Oryza. This is a monotypic taxon including P. 

coarctata which is subject of strong taxonomical controversy. This species was originally 

classified as O. coarctata by Roxburgh (1832). Morphological traits and habitat support 

its exclusion from Oryza (Tateoka, 1963b, 1964, 1965; Bal and Dutt, 1986; Dikshit et al., 

1993; Terrell et al., 2001; Jagtap et al., 2006). In contradiction to the morphological 

treatment, molecular phylogenies place Porteresia deeply inside the cluster of Oryza. 

Based on this observation Ge et al. (1999) propose its transfer back to this genus. The last 

revision of this species as Porteresia was provided by Dikshit et al. (1993), while the 
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most recent classification as Oryza came from Lu and Ge (2005). This debate is an 

example of the incongruence of species and gene phylogenies (Pamilo and Nei, 1988).  

The other genus member of Oryzeae is Leersia. This taxon is strongly supported as 

sister to Oryza by the cited morphological treatment and molecular phylogenies including 

the comprehensive revision of the Grass Phylogeny Working Group (GPWG, 2001). The 

genus Leersia groups 17 species [http://www.kew.org/data/grasses-db.html (Clayton et 

al., 2007)], and is distributed worldwide with nine species endemic from Africa, four 

from the Americas, two from Asia and, two ubiquitously distributed (Launert, 1965; 

Pyrah, 1969; Clayton et al., 2007). Based on morphology, three species from this genus 

were formerly included into Oryza, in close association with O. brachyantha  (Launert, 

1965).  Launert (1965), Pyrah (1969) and Terrell et al. (2001) provided evidence for the 

separation of these two close genera, accepting that they showed close morphological 

relationships. Their observations were corroborated by a molecular phylogeny study 

suggesting that both genera shared a common ancestor that diverged around 14 million 

years ago (Guo and Ge, 2005).  

1.3. The taxonomy, genome groups and phylogeny of the genus Oryza 
 

1.3.1. Delimitation of the genus Oryza and the species included on it 
 

Watson and Dallwitz (1992), and Clayton et al. (2007) treated in detail the 

morphological features characterizing the genus species of Oryza. Historically, the  

taxonomy of the genus was also addressed by Rozhevits (1931), Chevalier (1932), 

Tateoka (1963a), Chang (1985), Vaughan (1989), Vaughan (1994), Lu (1999), Vaughan 
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and Morishima (2003), Vaughan et al. (2003), and Sharma (2003).  The most recent 

inventory of Oryza species is provided by Bao and Jackson (2007). The described 

morphological variability among very closely related species addressed in all these 

revisions, easily explains the historical complexity in the taxonomical treatment of the 

genus; which is plagued with an extended list of synonymies and non valid species. Table 

2.1 illustrates this fact for the African species of Oryza considered in this study. 

Chang (1985) considered that the controversies and confusions in rice taxonomy are 

a result of: “[i] limited sampling and type specimens deposited in herbaria of various 

countries and continents (many of them lost), [ii] naming and renaming of the wild 

relatives of rice, [iii] typical specimens no longer available in nature as result of 

hybridization and introgression with cultivated rice, [iv] restricted sampling of naturally 

occurring populations, [v] errors in interpreting the biogeography and crop history, and 

[vi] failure to use a multidisciplinary approach to explore this complex subject”. Dr. 

Chang's expertise on rice is highly appreciated, although his postulates on point [v], are 

subject to discussion. 

Currently, it is accepted that genus Oryza includes 24 species. From those, 22 are 

considered wild (Bao and Jackson, 2007); named as O. alta, O. australiensis, O. barthii, 

O. brachyantha, O. eichingeri, O. glumaepatula, O. grandiglumis, O. granulata, O. 

latifolia, O. longiglumis, O. longistaminata, O. meridionalis,  O. meyeriana, O. minuta,  

O. neocaledonica, O. nivara, O. officinalis, O. punctata, O. rhizhomatis, O. ridleyi, O. 

rufipogon and O. schlechteri. The other two accepted species: O glaberrima and O. 

sativa, are domesticated species in Africa and Asia respectively. 
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Table 1.3. Synonymies for the African species of Oryza included in this study. 

 
 

Species a Author Year Acc b Synonymy Ref c

O. glaberrima 2
O. sativa 1,6
O. brachyantha 1
O.dewildemanii 4
O. longistaminata 1,4,11
O. madagascariensis 4
O. perennis 2,4
O. silvestris 4

O. barthii Hutch. & Daiz 1936 O. longistaminata 6
O. barthii 3
O. guineensis 4
O. barthii 1,3,6,11
O. mezii 3
O.stapfii 4

O. glaberrima Steud. 1855 1-12 1-6,8,11
O.guineensis Chev. 1932 O. brachyantha 2,4,6

O. barthii 6
O. brachyantha 1,2,6
O. breviligulata 1
O. glaberrima 2
O.sativa 1,6
O. minuta 2
O. sativa 6
O. schweinfurthiana 3,4
O. ubanghensis 6
O. minuta 2
O. punctata 6,11
O. stapfii 1
O. glaberrima 2
O. longistaminata 6
O. barthii 6
O.longistaminata 6
O. barthii 6,11
O.glaberrima 2
O. silvestris 1

O. ubanghensis Cehv. 1951 O. punctata 6

O. stapfii Roszhevits 1931 1-3

1914

Chev. & Roehr. 1914 1-4

1-12

O. silvestris Stapfii 1910

1913StapfiiO. silvestris

O. punctata Kotschy ex. Steud. 1854 1-12

1,2,111922Prod.O. schweinfurthiana

1922

O. mutica Lour. 1821

O. aristata

O. barthii

O. brachyantha

O. breviligulata

O. mezii Prod.

Blanco 1837

Chev. 1910 4-12

Chev. & Roehr.

 
 

 

LEGEND: [a] Species highlighted in bold are currently accepted by Bao and Jackson (2007),   

[b] Species accepted by the referred authors listed ahead,  [c] References [1]  Rozhevits (1931), [2] Chevalier (1932),  

[3] Chatterjee (1948), [4] Tateoka (1963a), [5] Chang (1985), [6] Vaughan (1989), [7] Vaughan (1994), [8] Lu (1999), 

[9] Vaughan and Morishima (2003), [10] Vaughan et al. (2003), [11] Sharma (2003) and [12] Clayton et al. (2007).  
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1.3.2. Sub-generic division of the genus Oryza 

 
The morphological variability described for species in the genus and the association 

(or uniqueness) of several characters among groups of (or single) species suggested the 

subdivision of Oryza in subgenera, series and species complexes. Rozhevits (1931) 

divided the genus into four sections: Sativa, Granulata, Coarctata and Rhynchoryza. Later, 

Chevalier (1932) based on the principle of priority in botanical nomenclature, changed 

the first three sections to Euoryza, Padia and Sclerophyllum respectively. The treatment 

from both authors is no longer valid because of the reclassification, removal and 

discovery of new species from Oryza. 

Tateoka (1962) divided the genus based on model species, including five complexes: 

Glaberrima, Latifolia, Meyeriana, Ridleyi and Sativa. His system of classification 

impacted further revisions, and is this first one accepting species complexes. A new step 

towards modern classification of Oryza was achieved by Sharma and Shastry (1965) who 

divided the genus into sections and series, considering: Angustifolia (series Brachyantha 

and Perrierianae), Oryza (series Australienses, Latifoliae, and Sativae) and Padia (series 

Meyerianae,  Ridleyanae and Schlechterianae).  

Vaughan (1989) made a revision in which two species (O. brachyantha and O. 

schlechteri) were ungrouped. The remaining accepted species were grouped into 

complexes meyeriana, officinalis, ridleyi and sativa. This division was criticized by Lu 

(1999) who agreed with the classification but indicated the lack of compliance with 

article 4.2 of the International Code of Botanical Nomenclature (Berlin, 1988, Vienna, 

2006), which does not accept a species complex as a subdivisional rank; but instead 
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subgenus, section and series (Greuter et al., 1988; McNeill et al., 2006). The same 

observation is valid for the classification of Sharma (2003), who used species complexes. 

Lu (1999) accepted the sections Padia and Oryza, with the same series as Sharma 

and Shastry (1965), but created the section Brachyantha (series Brachyanthae including 

only O. brachyantha). Thereafter, Vaughan et al. (2003) admitted section Oryza 

(including officinalis and sativa complexes), section Ridleyanae (with O. schlechteri 

ungrouped and the ridleyi complex), section Granulata (with granulata complex) and 

section Brachyantha in agreement with Lu (1999).  

The division of Oryza in subgenera was proposed by Terrell et al. (2001). Their 

classification resolved discrepancies from the previous systems, especially the treatment 

of O. brachyantha and O. schlechteri which were included into subgenera Brachyantha 

and Schlechteria, respectively. The third subgenus, Oryza included the remaining species, 

grouped in sections Oryza (series Oryza and Latifoliae), Padia and Ridleyanae. A caveat 

to this classification is the exclusion of newly discovered species and the treatment of the 

species included in the section Padia, reported by Lu (1999). Unfortunately, the 

advantages of this classification are not mentioned by Sharma (2003), Vaughan and 

Morishima (2003)  and Vaughan et al. (2003).  

The classifications discussed above have in common the classification of O. 

brachyantha and O. schlechteri as very peculiar species from the genus. This is in 

agreement with the observations of Launert (1965) and Naredo et al. (1993) about the 

morphology (mainly the spikelet) from both species compared with other members from 
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Leersia. Both species are interesting cases in the evolution of the genus and the tribe 

Oryzeae.  

1.3.3. Subdivision of the genus Oryza by genome groups 
 

The concept of genome coined by H. Winkler in 1920 as the basic monoploid 

chromosomal set of a species, achieved a different meaning with the work of H. Kihara 

on the cytogenetics of wheat. Kihara realized that the degree of meiotic synapsis in 

hybrids could be used as an index of similarity and relationship among species (Crow, 

1994). Genome types in the genus Oryza have been identified from the analyses of the 

bivalents at meiotic prophase I and the fertility of F1 progeny from interspecific hybrids 

among several species. These studies, to which R. Gopalakrishnam, C. H. Hu, T. 

Katayama and T. Morinaga made important contributions, are well summarized by 

Shastry (1966),  Nayar (1973) and Ogawa (2003). 

The rules for genome symbols in Oryza were established as a recommendation 

(included in appendix 2) from the Symposium on Rice Genetics and Cytogenetics held at 

IRRI in 1963 (I.R.R.I, 1964). This system of genome nomenclature suggests the use 

alphabetical capital letters (two for diploids and four for polyploids). In addition, 

superscripts are admitted for subdivisions of genomes from closely related species that 

exhibit differences in meiotic pairing and fertility. Currently, ten genome types are 

admitted in the genus (A – G, H and J) distributed by species as follows (Aggarwal et al., 

1997; Khush, 1997; Ge et al., 1999; Lu, 1999; Vaughan et al., 2003):  
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AA: O. nivara, O. rufipogon and O. sativa, and subgroups AgAg (O. glaberrima and 

O. barthii), AgpAgp (O. glumaepatula), AlAl (O. longistaminata) and AmAm (O. 

meridionalis); 

BB: O. punctata; 

CC: O. eichingeri, O. officinalis and O. rhizomatis; 

BBCC: O. minuta, O. malampuzhaensis and O. punctata (O. schweinfurthiana); 

CCDD: O. alta, O. grandiglumis and O. latifolia;  

EE: O. australiensis; 

FF: O. brachyantha; 

GG: O. granulata, O. meyeriana and O. neocaledonica; 

HHJJ: O. longiglumis and O. ridleyi; and, 

HHKK: O. schlechteri and Porteresia (O.) coarctata. 

The AA genome type, observed only in diploid species, is the most diversified, 

including the species from the series Oryza. The subgroups of this genome type are 

associated to limited geographical areas: basal AA (Asia, except O. sativa which in now 

distributed worldwide because of its domestication), AgAg and AlAl (Africa), AgpAgp 

(South America) and AmAm (Australia).  

The designation of genomes AA, BB, CC, BBCC, CCDD, EE and FF was based on 

cytological evaluation of hybrids as described above. The remaining accepted genomes 

are the result of molecular genetics experiments using total genomic DNA hybridization 

[GG and HHJJ] (Aggarwal et al., 1997) and HHKK by phylogenetic analysis of matK, 

Adh1 and Adh2 genes (Ge et al., 1999). A few years later, Gong et al. (2000) provided 
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cytological evidence supporting the GG genome analyzing hybrids between O. granulata 

and O. meyeriana.  

Four genome types (D, H, J and K) are observed in allopolyploid species, but their 

diploid counterparts are either extant (not yet discovered) or extinct (Ge et al., 1999). The 

genome subdivision of Oryza is confirmed by fingerprinting patterns (using several 

restriction enzymes) from amplicons of the Adh1 and Adh2 genes (Ge et al., 2001).  

All the cited studies agree in considering the F, G, H, J and K genome types as the 

most divergent in the genus. It is also remarkable that O. brachyantha is the only member 

included in the FF genome, which is grouped under the subgenus Brachyantha (Terrell et 

al., 2001). Abbadasi et al. (1998) demonstrated the homeology of the chromosomes of 

this species compared to O. sativa by a Genomic In Situ Hybridization (GISH) 

experiment on a hybrid among both species. In the same sense, O. schlechteri [subgenus 

Schlechteria (Terrell et al., 2001) is the only member from the genus with the HHKK 

genome. Aogarwai et al. (1996) also demonstrated the singularity of this genome using 

genomic DNA (digested with DraI) blots from several species probed with genomic 

DNA from O. schlechteri, resulting in obvious signal in the interspecific hybridization, 

but with two distinctive positive bands observed in accessions of O. brachyantha and P. 

coarctata. This also constitutes additional evidence about the large differentiation of both 

taxa compared to the other members of Oryza. 
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1.3.4. African species of rice and the phylogeny of the genus Oryza 

  
One of the first attempts at clustering the species of Oryza to explain their 

phylogenetic hierarchy came from the work of Morishima and Oka (1960), who used 

factor analysis including 42 morphological and physiological traits from 16 accepted 

species when the study was conducted (figure 1.2 a). They concluded that the species 

clustered into two groups: Sativa and Officinalis, although four species [O. australiensis, 

O. brachyantha, O. ridleyi and O. subulata (Rhynchoryza subulata)] did not group. In 

addition, they suggested the partitioning of the Sativa group in two subgroups including 

African and Asian species.  

Dally and Second (1990) identified 31 plastotypes, based on restriction patterns of 

chloroplast DNA from 247 accession of species from the subgenus Oryza, included in the 

AA, BB, BBCC, CCDD and EE genomes. They found that these plastotypes grouped into 

three clusters: AA + (BB + BBCC + CC + CCDD) + EE. The AA cluster (which grouped 

17 plastotypes) clearly showed subdivisions associated to geographical regions, with 

clear separation of Asian, Australian, American and African species of rice. The African 

species of Oryza grouped into two separate branches, one including sub-genome AgAg (O. 

barthii and O. glaberrima) and AlAl (O. longistaminata) + AgpAgp (O. glumaepatula, 

American). The plastotype k, shared by O. malampuzhaensis, O. minuta and O. punctata 

(diploid), is quite distinctive among the others, and was included in the second referred 

cluster. A study based, on the RFLP pattern from mitochondrial DNA (Abe et al., 1999), 

also demonstrated the clear separation of AA genome species from Oryza by 

geographical origin. 
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Figure 1.2. Examples of phylogenies of Oryza addressed in this section. 
 

LEGEND: [a] Morishima and Oka (1960), [b] Wang et al. (1992), [c] Ge et al. (1999), [e] Joshi et al. 
(2000), [f] Nishikawa et al. (2005). AA genome subtypes from section 1.3.3.  
Geographical region: Af: Africa, Am: America, As: Asia, Au: Australia, Aa: Austral-Asia. 
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The soluble protein profile from seeds of Oryza species belonging to the AA, CC, 

CCDD, FF, GG and HHJJ was used as a trait for phylogeny inference by Sarkar and 

Raina (1992). The authors demonstrated geographical differentiation among the AA 

genome species, as well as indicating that the unique pattern shown by O. brachyantha, 

placed this species distant from the others considered in their study. The differentiation of 

O. brachyantha is also clearly demonstrated by McIntyre et al. (1992) using 5S rRNA 

genes, where different accessions from the FF genome clustered by themselves. 

Wang et al. (1992) addressed the intra and inter-specific variability in Oryza using 

25 RFLP (restriction fragment length polymorphism) markers mapped on chromosomes 1, 

2, 3, 4, 6, 9, and 12 in O. sativa. These authors tested several accessions from species 

assigned to the AA, BB, BBCC, CC, CCDD, EE, FF, GG and HHJJ genomes. Their 

analysis corroborated previous results about differentiation in the AA genome, especially 

between the African types AgAg and AlAl. Contrary to other reports, they placed AgAg 

closer to AgpAgp rather than O. longistaminata.  The most uncertain observation on this 

phylogeny was the clustering of the FF genome with species from the AA group. They 

found, as expected, that O. punctata (BB), grouped with allotetraploid species from the 

BBCC genome (figure 1.2b). 

Ge et al. (1999) published the first phylogeny which included all the Oryza genomes 

currently admitted. This work corroborates previous findings for the Sativa and Latifolia 

series.  In this sense, they showed that clear subgroups for the AA genome species, based 

on geographical origin, provided sounder indications about closer phylogenetic 

relationships between the AA and BB genomes. Even thought the FF genome was still 
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considered a basal genome for the genus they considered O. granulata (GG) to be the 

most divergent genome in Oryza (figure 1.2c). 

Inter simple sequence repeat (ISSR) polymorphism analysis was used to approach 

the phylogeny of Oryza by Joshi et al. (2000). These authors found 87 genome/species 

specific markers and provided a tree topology quite similar to that reported by Ge et al. 

(1999). The major difference observed was in the positioning of the FF genome as the 

most basal, instead of the GG genome (figure 1.2d). The results were later confirmed by 

phylogenies generated using the gene encoding the 10 kDa prolamin protein from seeds 

(Mullins and Hilu, 2002, 2004). 

 The most recent phylogeny of the genus Oryza published is based on simple 

sequence repeats (SSR) and the flanking regions from chloroplast and mitochondrial 

genes (Nishikawa et al., 2005). This study included species from all the genomes except 

HHKK and corroborates in general the findings reported by Ge et al. (1999), especially 

the subdivision of AA genome species and their close relationship with the BB genome. 

This phylogeny placed O. brachyantha (FF) in an intermediate position compared to Ge 

et al. (1999) and Joshi et al. (2000) (figure 1.2e). 

The subdivision of the AA genome is confirmed by Bautista et al. (2001), Ishii et al. 

(2001), Cheng et al. (2002), Park et al. (2003), Ren et al. (2003), Zhu and Ge (2005) and 

Duan et al. (2007). These studies are based on different molecular markers from nuclear, 

chloroplast and mitochondrial genomes. Meiotic analyses of Asian - Australian (Lu et al., 

1997) and Asian – American and Australian – American (Lu et al., 1998) hybrids show 

compatibilities among these sub-genome types.  These observations were consistently 
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corroborated by all the referred phylogenies, which also clearly showed their close 

evolutionary relationship with the BB genome. 

The above phylogenies however, do not place the FF genome in a consistent 

phylogenetic position. The most tenuous placement provided by Wang et al (1992) can 

most likely be explained by an unusual sequence conservation observed in some of the 

loci studied between both the AA and FF genomes, that was not found in the remaining 

species studied. Regardless of this odd observation, there is consensus when considering 

O. brachyantha as one of the most divergent species in the genus. This idea is also well 

supported by the taxonomic treatment discussed in previous sections.   

Another interesting observation emerging from the phylogenies discussed above is 

the multiple placement of African genomes/species in its branches among the different 

hypotheses discussed. This observation suggests that there is a contradiction between the 

phylogeny and biogeography of the genus. This later topic is addressed below.   

1.4. The biogeography of Oryza: Evidence and controversy 

The diversity in Oryza is not limited to its morphology and genome organization. It 

is also represented in the geographical distribution of the species, which is closely 

associated to its genome types. Wild Oryza species are distributed in Central and South 

America, Central and South Africa, South Asia, Oceania and Northern Australia (fig. 1.3). 

This genus is rich in endemic species, which are restricted to islands [e.g. O. rhizomatis 

(fig. 1.3b), and O. neocaledonica (fig. 1.3e)], archipelago [e.g. O. minuta (fig 1.3c) and O. 

meyeriana (fig. 1.3e)] or to limited regions in continental masses such as O. 

malampuzhaensis (fig. 1.3c) in India. Other species have wide ranges in America, Africa 
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and Asia. Interestingly, the AA genome, which seems to be the most recently evolved (as 

indicated in the phylogenies discussed above), shows the most diverse geographical 

distribution. Sub-genomes of AA have limited geographical ranges confined to America 

(AgpAgp), Africa (AgAg and AlAl), Asia (AsAs) and Australia – New Guinea (AmAm) as 

shown in Figure 1.3a. Species grouped under CCDD are exclusive to America [fig. 1.3c] 

(Chang, 1985; Vaughan, 1994; Vaughan and Morishima, 2003; Bao and Jackson, 2007). 

Chang (1976), based on multiple evidence from different authors, suggested 

Gondwanaland as the origin of the ancestors of cultivated Oryza. He recognized as a 

limitation for his hypothesis the uncertainty about the geological records from this huge 

former supercontinent. A few years later, Chang (1985) published his famous map 

showing the distribution of known Oryza genomes with respect to the main Gondwana 

landmasses, which after continental drift resulted in the present day configuration of 

earth’s continental and island areas (Chang, 1985).  

This vicariance based hypothesis was accepted by Khush (1997) and Nanda  (2003), 

and was revisited by its original author in studies addressing diversity and distribution of 

species in the genus (Chang, 2003).  
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Figure 1.3. Geographic distributions of wild species of the genus Oryza by genome types. 
 

LEGEND: Distribution of [a] AA genome, [b] BB and CC genomes, [c] BBCC and CCDD genomes, [d] EE, FF and 

HHKK genomes, [e] GG genome and [f] HHJJ genome.  

Distribution data from Chang (1976), Vaughan (1994), Vaughan and Morishima (2003), Australian Government (2005) 

and Bao and Jackson (2007). 
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According to this Chang (1976, 1985, 2003) concluded that Africa has the richest 

diversity of Oryza species with six genomes (AgAg, AlAl, BB, CC, BBCC and FF) 

followed by India (AA, CC and BBCC). These land masses were once connected by 

modern Madagascar to which he erroneously assigned the BBCC species (Only O. 

longistaminata and diploid O. punctata are reported on this island). America harbors 

genomes AcuAcu (later AgpAgp, after elimination of O. cubensis) and CCDD; while 

Australia contains the AA (AmAm) and EE genomes. The species included in the GG, 

HHJJ and HHKK genomes (which are considered the most basal in different 

phylogenies) are endemic from landmasses or islands geologically associated with India 

and Australia (Figure 1.3).  

The advent of the “molecular revolution” and it implications on evolutionary biology 

by the use of molecular clocks has provided new tools for dating past evolutionary events 

and also for exploring the mechanisms and processes of evolution (Bromham and Penny, 

2003). The ecological and agricultural importance and the diversity observed in Poaceae 

has resulted in numerous investigations addressing divergence times across different 

taxonomic ranks by several authors (Table 1.4). 

 

 

 

 



44 
 

 

 

Table 1.4. Published estimated times of divergence for selected monocot taxa. 

 

Taxa Gene MYA Period Division Ref 
Acoraceae rbcL 134.0 Cretaceous Hauterivian 7 
Core Monocots rbcL 131.0 Cretaceous Hauterivian 7 
Reistonaceae rbcL 96.0 Cretaceous Cenomanian 7 
Joinvilleaceae rbcL 90.0 Cretaceous Turonian 7 
Poaceae rbcL 89.0 Cretaceous Coniacian 7 
Bambusa Ecdeiocolea rbcL 70.0 Cretaceous Maastrichtian 4 
Bambusa Joinvillea rbcL 70.0 Cretaceous Maastrichtian 4 
Triticum Zea 18s rRNA 60.0 Paleocene Selandian 1 
BEP clade PACCAD clade rbcL, atpB 55.0 Paleocene Selandian 5 
Hordeum Zea rbcL, atpB 50.0 Eocene Ypresian 2 
BEP clade Panicoideae ndhF, rbcL 50.0 Eocene Ypresian 6 
Ehrhartoideae Pooideae ndhF, rbcL 46.0 Eocene Lutetian 6 
Bambusa Oryza rbcL, atpB 45.0 Eocene Lutetian 5 
Arundo Zea rbcL, atpB 44.0 Eocene Lutetian 5 
Oryzeae Ehrharta Adh2, GPA1 35.0 Oligocene Priabonian 9 
Oryza + Leersia Other Oryzeae Adh2, GPA1 20.0 Miocene Burdigalian 9 
Oryza Leersia Adh2, GPA1 14.0 Miocene Langhian 9 
Oryza - AA Oryza - FF various 10.0 Miocene Tortonian 10 
Other Oryza Oryza - GG Adh2, GPA1 8.0 Miocene Tortonian 9 
Oryza - AsAs Oryza - (AgAg + AmAm) Adh2, GPA1 2.0 Pliocene   9 
O. rufipogon O. longistaminata phytochrome 0.7 Pleistocene   3 
O. sativa  O. glaberrima various 0.6 Pleistocene   8 
O. sativa japonica O. sativa indica various 0.4 Pleistocene   8 

 

LEGEND: MYA: Million years before present.  Geologic Period / Division from the International Commission of 

Stratigraphy [http://www.stratigraphy.org].   

Ref (References): [1] Chao et al. (1984), [2] Zurawski and Clegg (1987), [3] Barbier et al. (1991), [4] Bremer (2000), 

[5] Bremer (2002), [6] Gaut (2002), [7] Janssen and Bremer (2004), [8] Ma and Bennetzen (2004),  [9] Ge et al. (2005), 

and [10] Zhang et al. (2007). 
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Many of these estimations rely on the assumed divergence times between 

Angiosperms and Bryophytes [350 – 450 MYA], Monocots – Dicots [100 -140 MYA] 

and Zea – Triticum [50 – 70 MYA] (Wolfe et al., 1987) and the average rate of 

synonymous substitutions at the Adh1 – Adh2 genes in grasses (Gaut et al., 1996). The 

most significant fossil evidence associated with these taxa are reported by Litke (1968) 

[cited by Stebbins (1981)] which traced Oryzeae (based on leaf epidermis in coal) back to 

the late Eocene (40 -56 MYA), Crepet and Feldman (1991) for grass spikelets in the 

Paleocene – Selandian [55 MYA], and Linder (1987) for grass and palm pollen in the 

Paleocene – Danian [65 MYA].  

Estimations of divergence time from sequence data are based on the molecular clock 

hypothesis and the neutral theory of molecular evolution, which predict a linear 

relationship between the number of changes in amino acids from homologous proteins 

from two species and the time of divergence of those species. This translates into a 

uniform rate of substitutions in nucleotides and amino acids at a constant rate per year 

(Ayala, 1999, 2000; Doyle and Gaut, 2000; Bromham and Penny, 2003). In general, 

some sampled genes meet the former assumption, but other show variable substitution 

rates among different lineages (Wolfe et al., 1987; Gaut et al., 1996; Gaut et al., 1997; 

Ayala, 2000; Bromham and Penny, 2003). In addition, these estimations are subject to 

other constraints like: (i) the effect of the orthology assumptions, which can mislead the 

results (Gaut et al., 1996); (ii) the availability of fossils for calibration, (iii) the effect of 

extrapolation beyond the calibration range (Gaut et al., 1996; Bromham and Penny, 2003), 

(iv) the effect of generation time of the organisms involved in the analysis (which 
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accelerates the rate of mutation and fixation), (v) the effective population size (inversely 

related to fixation time), and (vi) the action of natural selection [mainly on mutations that 

became favorable in new environments (Ayala, 1999)]. New methods have been 

developed to relax the rate constancy in combination with calibration based on fossil 

records [reviewed by Magallon (2004) and Heads (2005)]. 

 Based on molecular clock data, Vaughan et al. (2005) proposed an alternative 

hypothesis to the Gondwana vicariance supporting the biogeography of Oryza by long 

distance dispersal. These authors consider Austral – Asia as the center of origin of the 

genus (assuming the current distribution of the most basal genomes in the phylogenies), 

and speculate about different dispersal paths resulting in the current distribution. Their 

analysis included only species grouped under the subgenus Oryza (Terrell et al., 2001), 

mainly the AA genome species. Long distance dispersal does not account for the current 

distribution of O. longistaminata, O. meridionalis and O. glumaepatula [figure 1.3a] as 

the most extreme examples, with the clustering pattern observed in different phylogenies 

targeting this genome group [figure 1.2] (Wang et al., 1992; Ge et al., 1999; Joshi et al., 

2000; Nishikawa et al., 2005; Duan et al., 2007). It is still remains obscure as to why the 

AA genome type that emerged most recently is the most diverse in species composition 

and geographical distribution. The previously discussed phylogenies (section 1.3.4) 

clearly indicate the divergence among species included in this genome type. 

An important omission in Vaughan et al's. (2005) hypothesis are the CCDD genome 

species restricted to Central, South America and the Caribbean. These polyploid species 
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exhibit relationships with Asian (CC) and Australian (EE) species (Cordesse et al., 1992; 

Wang et al., 1992; Fukui et al., 1997; Ge et al., 1999; Joshi et al., 2000; Li et al., 2000, 

2001; Bao and Ge, 2004; Nishikawa et al., 2005; Lan et al., 2006). Although no DD 

species have been discovered, the described phylogenies and GISH observations are not 

clearly explained by a long distance dispersal event(s) taking into consideration the habits 

of the involved species, and the diversity observed in the continent. Finally, the exclusion 

of O. brachyantha [FF, subgenus Brachyantha  (Terrell et al., 2001)] and O. schlechteri 

[HHKK, subgenus Schlechteria (Terrell et al., 2001)] from the scenario proposed by 

Vaughan et al (2005) leads to the most contradictory point. While molecular phylogenies 

support their inclusion in Oryza as basal genomes, the morphology as discussed before 

creates taxonomic confusion, especially in the case of O. brachyantha which were 

resolved with their inclusion into Oryza sensu Terrell  et al. (2001).  

Long distance dispersal is a weak argument to explain the disruption in the 

distribution of the FF and GG genomes which were the first to diverge from a common 

ancestor. The center of origin of Oryza proposed by Vaughan et al. (2005) clearly 

indicated a very early migration toward Africa which raises more questions about the 

current distribution.  This suggests that later lineages of Oryza, after this split, should 

have migrated back to Asia, and then again to Africa, to explain the rich composition of 

most recently evolved genomes present in this continent, which are related to their Asian 

counterparts as  discussed in section 1.3.4. Dispersal is a wide spread phenomenon 

occurring with nearly all organisms and is defined as the unidirectional movement of 

individuals away from their place of birth. In plants, long distance dispersal is mostly 
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passive, mainly by seed or other dispersal units by vectors such as animals, wind and 

water (Levin et al., 2003; Nathan, 2006). Long distance dispersal of plants, mainly by 

seeds was modeled mathematically by Levin et al. (2003).  

Long distance dispersal is accepted as an alternative to the vicariance in 

biogeography. Thorne (1973) compared the flora of tropical Africa, America and Austral-

Asia, concluding that vicariance cannot be excluded as a factor explaining the current 

distributions, although this does not discard the impact of long distance dispersal to 

address the observed disruption in geographical distributions for some taxa, mainly at the 

family level. The author suggested “amphi-Atlantic” and “amphi-Pacific” pathways, 

including islands and land bridges. This analysis was extended by Renner (2004) who 

proposed that transport by surface sea currents could have been responsible for successful 

dispersals in either direction, as in the effect of winds. This author diminished the impact 

of birds as vectors in transoceanic dispersal.  

Birds cannot be excluded as vectors for long distance dispersal. Routes of 

transoceanic migration have been summarized by Williams and Williams (1990), 

including north, eastern and western Atlantic, the Gulf of Mexico, the Arctic, and 

northern, eastern, central and western  Pacific and Indic migration paths. Alimentary and  

habitat of migrant birds are expected to constraint the impact on floral distribution, as 

addressed by Renner (2004).  Birds as dispersal vectors are considered by Vaughan et al.  

(2005), especially to explain the distribution disruption of O. eichingeri present in Africa 
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and Sri Lanka, although there is no indication about which zoochory mechanism is 

associated to them.  

Zoochory is also suggested by Vaughan et al. (2005) while considering buffaloes and 

elephants as dispersal agents. There is no indication if these vectors were considered 

based on the faunistic correspondence between Africa and Asia represented by genera 

Syncerus (Africa) and Bubalus (Asia) in Bovidae, and genera Loxodonta (Africa) and 

Elephas (Asia) in Elephantidae. No mechanism of zoochory is indicated for them. It 

remains to be proved if the long awn phenotype exhibited by several Oryza species is 

involved in epizoochory or if the lemma and palea provide enough protection for seed 

viability after passing the digestive tract of an herbivore in a mechanism of endozoochory. 

There are no published records about migration of Syncerus and Bubalus 

between/towards Africa and/or Asia. Phylogenetic studies on Bovidae placed those 

genera into a monophyletic clade diverging approximately 9 - 10 MYA (Hassanin and 

Ropiquet, 2004), a time coincident with the divergence of the basal genome of Oryza 

[(Zhang et al., 2007), Table 1.4], which favors the idea of these species as vectors in long 

distance dispersal. This phylogeny places the most ancestral bovini around 14 MYA. In 

contrast, paleontological evidence date early bovini by at least 8.9 MYA in Asia, south of 

the Himalayas (Pakistan), irradiating to Africa via the Arabic peninsula at the time of 

expansion of C4 grasses to lower latitudes (Bibi, 2007a, b). Assuming an Asian origin of 

the clade, it is possible to admit that the emigrating ancestors from current species 

contributed to the long distance dispersal of early Oryza in the path suggested by 
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Vaughan et al. (2005), although this does not explain the distributional disruption of the 

most ancestral genomes of the genus, as discussed above; because animal migration 

should have left a transitional range in their distribution, in which some taxa could have 

became extinct.   

The phylogeny of elephantids (based on the cytochrome b mitochondrial gene), 

including genera Loxodonta, Mammuthus (extinct) and Elephas, placed the first two 

genera in a monophyletic clade. The divergence time of this clade from Elephas is 

estimated at 9.4 – 9 MYA (Thomas et al., 2000).  As in bovids, this divergence time 

matches the radiation of Oryza. Yang et al. (2006) using the same gene, obtained a 

phylogenetic tree in which mammoth and Asian elephants cluster together independently 

from the African elephant. These authors do not dismiss the value of the previous work, 

based on low bootstrap support; but do not exclude a possible trichotomy and do not 

estimate a divergence time. Nonetheless, the oldest fossils for these three taxa have been 

found in Africa (Thomas et al., 2000). This fact is consistent with the inclusion of this 

mammal family into the Afrotheria clade, an African endemic group including the 

proboscidian, which is well supported by molecular and morphological phylogenies 

(Hedges, 2001; van Dijk et al., 2001; Redi et al., 2007; Tabuce et al., 2007). If elephants 

are considered vectors for Oryza dispersal, the path of migration does not support that 

suggested by Vaughan et al. (2005). In addition, like in bovids, this vector does not 

support disruption in the distribution of the basal genomes of Oryza. 
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The effect of long distance dispersal of hydrophytes is well documented and does not 

exclude the influence of continental drift and birds as dispersal vectors (Les et al., 2003). 

Strict hydrophytes are widely distributed and show low differentiation. These facts are 

explained as the result of selective advantage provided by clonal propagation, long 

distance dispersal of sexual propagules and local dispersal of asexual clones, in which 

birds are considered to play an important vector role and high ecological plasticity 

(Santamaria, 2002; Santamaria and Klaassen, 2002). While wild species of Oryza cannot 

be considered strict hydrophytes, the habits of some of them match the features described 

by the former authors. For example, there are descriptions of floating mats of O. alta and 

O. glumaepatula (Bao and Jackson, 2007) in rivers for two American species, which 

demonstrates the capacity of some Oryza species to be dispersed by hydrochory. There is 

no documentation of floating rice on saline water and it is not know if the species can 

survive the osmotic stress produced by high salinity from the ocean waters in such 

dispersal, if occurred. In fact, the only halophyte reported from the tribe is P. coarctata 

(Bal and Dutt, 1986; Dikshit et al., 1993; Jagtap et al., 2006). 

Anemochory is another documented mechanism of plant dispersal (Soons, 2006; 

Vittoz and Engler, 2007) which cannot be discarded for Oryza, especially by boleochory 

associated with seed shattering and recurrent typhoons in the Austral-Asian region. This 

mechanism does not explain the dispersal among Africa and Asia or vice versa, but is 

sufficient for the islands and main-lands affected by this kind of meteor. 
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Prasad et al. (2005) reported fossil grasses in the form of phytoliths preserved in 

coprolites that were ascribed to titanosaur sauropods from the late Cretaceous period 

(Maastrichtian, dated 65 - 70 MYA). Four of the described taxa are included in the BEP 

clade, suggesting that the grasses diversified much earlier than currently estimated. 

Kellogg (2001) firmly claimed that “dinosaurs did not eat grasses”, supporting her 

conclusion with the oldest known pollen fossil on record. These new findings provide 

evidence that contradict Kellogg’s hypothesis. Based on detailed analysis of these newly 

discovered taxa, Prasad et al. (2005) postulated that various lineages from Poaceae had 

spread in the late Cretaceous as a result of either vicariance or dispersal, and that the BEP 

and PACCAD clades were present in Gondwana before the Indian subcontinent broke its 

connection with the former landmass. These fossil records should therefore be included 

in future studies of these clades for calibrating purposes.  

The process of disruption of Gondwana started in the Cretaceous period [120-110 

MYA] and finished with its current configuration around the Pliocene [5.3 MYA] (Smith 

and Hallam, 1970; Scotese, 2004). There are several important floristic events associated 

to this former continent that need to be taken into consideration: (a) monocots emerged in 

West Gondwana  (Raven and Axelrod, 1974);  (b) Commelinaceae, as expected, are well 

represented in this area as in Asia (Raven and Axelrod, 1974); (c) the oldest fossil from 

Poales date to the late Cretaceous, and the order is linked to West Gondwana (Linder, 

1987; Bremer, 2000, 2002; Janssen and Bremer, 2004); and (d) basal lineages of Poaceae 

are linked to Africa and South America [West Gondwana] (GPWG, 2001; Bremer, 2002). 
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The finding of Vonhueneites papillosum and Matleyites indium associated to 

Bambusoideae and Ehrhartoideae respectively, and the linkage of the second species to 

Oryzinae, close to Leersia and Oryza (Prasad et al., 2005), has a dramatic impact on the 

biogeography of the genus Oryza, supporting, under a modified view, the refuted 

vicariance hypothesis from Chang (1976, 1985). The current distribution of Leersia, 

sister taxa to Oryza, suggests a bias toward an African origin of the tribe and genus. Half 

of the 18 accepted species endemic to Africa, three to Asia, four to America (North and 

South), and two species ubiquitously distributed, suggest a parallel path of distribution of 

sister taxa (Launert, 1965; Clayton et al., 2007). 

All the above elements support an African – Indian (or Western Gondwana 

territories, before fractured) origin of the ancestor of Oryza and Leersia, in which 

dispersal should not be excluded, but with shorter distances among the land masses and 

islands, according to the land bridge model of dispersal (Zhou et al., 2006) [figure 1.4]. 

Overall, the arrival of the current continental configuration of earth was a long and slow 

progressive movement of land masses with fluctuations in climate (Scotese et al., 1999; 

Scotese, 2004). 
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Figure 1.4. Paleo-geography of Oryza and Oryzinae. 
 

LEGEND: A. Genome distribution as depicted by Chang (1985). B. Western center of Oryza (light oval). Fossil record 

location in India (blue dot) [Prasad et al., 2005]. Red arrows indicate possible migration routes. C. Near present 

distribution of rice genomes. Proposed center of origin from Vaughan et al. (2005) marked with a blue dot. Maps 

generated using Plate Tectonic Reconstructions (http://www.odsn.de/). 
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This scenario fits the FF – GG genomes conflict discussed above with the 

documented floral migration from Africa to Australasia via Madagascar and India in the 

Cretaceous, and the massive floral extinction that occurred in Africa associated with 

climatic changes related to ocean currents (Raven and Axelrod, 1974). 

Given the data and logic discussed above, the most parsimonious path to explain the 

phylogeny of Oryza (section 1.3.4) would be to accept a more western origin of radiation, 

plus additional migration paths and steps. I should note that the African origin of rice was 

first postulated by Roshevits in 1931. In addition, this scenario also supports the possible 

colonization of rice in South America, via the former Australia – Antarctica – South 

America path, associated to other taxa (Raven and Axelrod, 1974; Sanmartin and 

Ronquist, 2004), in times where the climate was warmer for those areas. The polyploidy 

observed in all South American species should have predated the speciation event from 

which O. alta, O. grandiglumis and O. latifolia.  

1.5. The Oryza Map Alignment Project (OMAP) 

The Oryza Map Alignment Project (OMAP) [www.omap.org] was funded by 

National Science Foundation [NSF] grants with the aim to develop a within genus 

comparative genomics platform for the genus Oryza. The primary objectives were to: 1) 

develop high coverage bacterial artificial chromosome (BAC) libraries for 11 Oryza 

species representing all genome types; 2) fingerprint and end-sequence these libraries; 3) 

generate phase I and II physical maps and align the maps to the O. sativa reference 
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genome sequence; 4) use this resource to study the evolutionary and crop biology of the 

genus (Wing et al., 2005; Ammiraju et al., 2006).  

OMAP is the first large scale project using the high information content fingerprinting 

(HICF) technique for building physical maps (Luo et al., 2003), with a minimum 10 fold 

coverage of the genome size of the selected species. The fingerprinted clones were also 

end sequenced (BES), providing more than 930 Mb of high quality sequences submitted 

to GenBank (Kim et al., 2008). These BESs were used to align the assembled 

fingerprinted clones to the twelve pseudomolecules of O. sativa, used as reference for 

editing each species FPC project, in the absence of dense genetic maps for these species 

(Wing et al., 2005; Kim et al., 2008).  The physical map of O. punctata (BB genome) was 

the first fully edited map published (Kim et al., 2007) which demonstrates the validity of 

the OMAP hypothesis. This work predicted a large inversion on chromosome 8 by BES 

alignments to the reference genome, which was later experimentally confirmed by FISH 

(fluorescence in situ hybridization). The BESs generated by OMAP also allowed the 

characterization of miRNA (micro RNA), SSR and SNV (single nucleotide repeats and 

variation respectively) for some of the wild species included in the project (Kim et al., 

2008). SSRs and SNVs are currently being used for the construction of genetic maps for 

these species (Paul Sanchez and Dave Kudrna, personal communication). 

The study of transposable elements in Oryza is one of the major contributions of the 

resources created by OMAP. The mining of these elements from BESs was reported by 

Ammiraju et al. (2006) and Kim et al (2008), who demonstrated their role in the 
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variability of the genome size in the species of the genus. This conclusion was also 

supported by Zuccolo et al. (2007) by the analysis of random sheared DNA libraries from 

the same accessions included in the project.. Three retrotransposons (RIRE1, Kangorou 

and Wallabi) were found to have "exploded" in O. australiensis after speciation (0.5 – 3 

MYA) resulting in an increase of the genome of this species by more than 600 Mb (Piegu 

et al., 2006).  Ammiraju et al. (2007) found that the genome size of O. granulata also 

increased post-speciation by the proliferation of the Gran3 element (22 % of the genome), 

which is closely related to Wallaby, in a family coined by these authors the RWG (RIRE-

Wallaby-Gran3) family. Roulin et al. (2008) suggested horizontal transfer of 

RIRE1among several species of wild rice, mainly O. australiensis (donor), O. minuta and 

O. granulata; based on high similarity of the element among the species. This 

challenging conclusion fits the biogeography scenario discussed above (section 1.4). 

Horizontal transfer is only possible if the species are sympatric, which is not the case for 

the modern species considered in their study; but does not exclude that such spatial 

relationships existed for their ancestors in an ancient area as previously discussed above. 

 The physical maps derived from the OMAP initiative have supported other NSF 

funded projects directed to explore new avenues in comparative genomics. The project 

“Sequencing of Chromosome 3 short arms from the AA, BB, CC, BBCC genomes of 

wild relatives of rice for comparative functional and evolutionary genomics” [Award 

0638541] is currently in progress, although more than 900 whole BAC sequences from O. 

glaberrima (AA), O. punctata (BB), O. officinalis (CC) and O. minuta (BBCC) are 

deposited in GenBank. Another related project in progress entitled “Comparative 
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genomics of a rice centromere” [Award 0603927] aims to compare the centromere of 

chromosome 8 among the six diploid model species from OMAP. Ma et al. (2007) 

demonstrated, based the analysis of the centromeric region of chromosome 8 in O. 

brachyantha, that it arose in its current location 7 – 9 MYA, expanded (O. brachyantha is 

the smallest genome in Oryza with the lowest content of TE), and then was rearranged by 

an inversion after the CC genome lineage emerged (base on a comparison between O. 

officinalis and O. sativa).  

A weak side of OMAP is the exclusion of an outgroup species, mainly a diploid from 

genus Leersia, which limits the ability of using its resources in a deeper and richer 

phylogenetic context. The high acceptance and use of the resources and data generated 

from this project by the scientific community will likely support new genomic research 

projects in which L. tisserantii will be included. 

1.6. Concluding remarks 

Rice is an important crop that feeds a large segment of the human population. This 

fact has led to intensive research efforts covering a wide spectrum of topics. The wild 

relatives of domesticated rice provide potentially useful genes for crop improvement.  

The taxonomy of Oryza is quite controversial, mainly because of the overuse of 

unnecessary synonymies. Significant progress was achieved on this subject in the last 

century when new species were discovered, and a simple classification scheme is now in 

place. The biogeography of rice is also under debate with two theories in place: one based 
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on vicariance in association to a Gondwana pattern of distribution of rice genomes, which 

is in contradiction with the accepted divergence time for the genus based on  molecular 

phylogenies. The other theory, based on long distance dispersion, was proposed as an 

alternative to the first but fails to explain the global distribution of the genus.  The finding 

of fossil records in India provides evidence that the tribe in which Oryza is included is 

older than previously estimated, and therefore provides stronger evidence in support of 

Chang’s hypothesis (Chang, 1976, 1985), without excluding the role of dispersal. The 

distribution of wild species of Oryza shows a high level of endemism, confined to islands 

and archipelagoes, but also to wide continental areas in which Africa has higher diversity 

accompanied with the sister genus to rice, Leersia. All combined evidence suggests a 

different center of origin of rice as proposed by Vaughan (2005) which could be moved 

to a western position in concordance with the fossil record.  

Finally, the OMAP project is the first genus wide initiative in plant genomics which 

open the opportunity of studying a genus in depth. This project has provided numerous 

public resources for rice research opening opportunities for international cooperation, and 

is the foundation for my dissertation.  
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CHAPTER 2:  THE FOUNDATION OF OMAP: THE BACTERIAL 
ARTIFICIAL CHROMOSOME LIBRARY RESOURCE 

 
 

Bacterial artificial chromosome libraries are an essential component for genomic research. The 
quality control analysis of 12 genomic BAC libraries supporting the Oryza map alignment project 
(OMAP) was published in Genome Research in 2006 (Appendix A). I include two addenda with data 
associated with this paper after its publication addressing genome sizing of two African species: O. 
glaberrima and O. barthii, and the quality analysis of the O. barthii BAC library. Genome size 
estimations were carried out by flow cytometry with DAPI. DNA content of O. barthii IRGC 105608 
and O. glaberrima IRGC 96717 was 0.88 and 0.82 pg/2C respectively. These values suggest a genome 
size of  382.3 ± 7.9 and 357.7 ± 4.2 Mb for each of the accession in the same order. These estimations 
are corrected to the genome size of the reference genome O. sativa ssp. japonica, reported by the 
International Rice Genome Sequencing Project. The quality assessment of a BAC library developed 
for the wild African species Oryza barthii, indicates an estimated average insert size of  124.8 ± 1.6 kb, 
suggesting an empirical coverage of 12 genome equivalents. This coverage was validated by 
hybridization experiments, including 11 loci from different chromosomes. The library also contains 
minimal DNA organelle contamination (3.5 %), also corroborated by end sequencing of randomly 
selected clones. Sequence information also provided an initial characterization of the repeat content 
in this species.   
 

2.1. Introduction 
 

Rice is one of the most import cereals in the world with global consumption 

estimated in the order of 423,006,000 metric tons. Eighty-nine percent of total rice is 

consumed in Asia, a geographical region with the highest population and poverty levels, 

with several countries reporting this cereal as the source of more than one third of total 

consumed calories (FAO, 2006).  

Contemporary agriculture faces major challenges such as explosive demographic 

growth and climatic change, and water shortages that negatively impact plant growth and 

yield. It is now imperative that new agricultural practices and resources allowing higher 

yields, better adaptation to the impact of the global warming and reduced aggression to 

the environment be introduced (Gregory et al., 2005; Gilani and Nasim, 2007; 

Hendrickson et al., 2008; Furuya and Kobayashi, 2009; Murchie et al., 2009). Achieving 



61 
 

 

sustainable rice production worldwide requires solutions to severe incidences of pests and 

diseases, indiscriminate use of pesticides and fertilizers, water shortages and drought, and 

cultivation on marginal lands (Balasubramanian et al., 2007; Bouman et al., 2007; Zhang, 

2007).  

The wild species of Oryza are a natural and untapped reservoir of potentially useful 

traits and genes that can contribute to the improvement of commercial rice varieties [table 

1.2] (Brar and Khush, 1997; Khush and Brar, 2002; Brar and Khush, 2003; Hajjar and 

Hodgkin, 2007). The Oryza Map Alignment Project (OMAP) [www.omap.org] emerged 

as a powerful project, with high international acceptance, the generated genomic 

resources that in the long run will allow us to characterize, understand and exploit the 

beneficial agronomical traits contained within the genus Oryza (Wing et al., 2005). 

The first major objective of OMAP was to construct and characterized a set of high 

quality BAC libraries from 11 wild species of Oryza and the African domesticated rice O. 

glaberrima. This work is reported in Appendix A of my dissertation and was published in 

Genome Research as "The Oryza Bacterial Artificial Chromosome Library Resource: 

Construction and Analysis of 12 Deep-Coverage Large-Insert BAC Libraries that 

Represent the 10 Genome Types of the Genus Oryza" (Ammiraju et al., 2006).  This 

project generated public genomic resources, like complete libraries, clones, and imprinted 

filters that were made available through the Arizona Genomics Institute’s BAC Resource 

Center (http://www.genome.arizona.edu/orders/).  The described methodology was later 

used to include other wild rice species (i.e. O. barthii) and elite Chinese cultivars (data 

not published). I was one of three co-first authors on this paper and contributed the 
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detailed characterization of these libraries, performing the hybridization experiments that 

made possible the estimation of the genome coverage for such libraries, using one unique 

probe for each of the 12 rice chromosomes. I also performed the in silico "extended 

analysis" using the BESs of clones for each species and aligning them to the genomic 

regions from which the probes were selected. Finally, I also contributed to writing and 

editing the manuscript. 

I also include two addenda that complement the paper which were generated after 

publication. The first addendum addresses the assessment of genome sizes from 

accessions of O. barthii and O. glaberrima for which I performed the analysis of the data 

generated by Dr. David Galbraith laboratory (The University of Arizona, Tucson, AZ.)  

In the second addendum, I provide the detailed characterization of the O. barthii BAC 

library constructed by Angelina Angelova and Nicholas Sisneros at AGI , to whom I do 

appreciate for allowing me to use their raw data. This library is the backbone for the 

physical map of this species and its description is also included in my dissertation. In the 

assessment of the quality of this BAC library, I determined the coverage estimation, 

including the hybridization results, and analyzed the data obtained from random BAC 

end sequence (BES). 
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2.2.  Addendum 1: Estimation of the genome size of Oryza barthii and O. glaberrima 
 

2.2.1. Introduction 
 

Accurate determination of genome sizes from species under investigation is an 

important parameter currently used in diverse studies including ecology, systematics and 

evolutionary biology (Galbraith et al., 1983; Bennett et al., 2000; Bennett and Leitch, 

2005; Kron et al., 2007). This parameter is critical for the correct assessment of the 

coverage of genomic libraries (Ammiraju et al., 2006). In this study, I report the genome 

sizes for two accessions of African species of Oryza.  

2.2.2. Methods 
 

We sampled young leaves from Oryza barthii (IRGC 105608) and O. glaberrima 

(IRGC 96717). Tissue was prepared for flow cytometry analysis following methods 

described by Galbraith et al. (1983) and Ammiraju et al. (2006). Chicken red blood cells 

(2.33 pg/2C) and O. sativa ssp. japonica cv. Nipponbare nuclei (0.91 pg/2C) were used 

as internal standards for a double calibration procedure, first rice to chicken, then the 

samples in question to rice. Conversion factors from Bennett et al. (2000) [1 pg DNA = 

0.965 X 109 bp] and Dolezel et al. (2003) [1 pg DNA = 0.978 X 109 bp] were used for 

low and high range estimations respectively. A final correction of the genome size of the 

target species was performed to adjust the data to the estimated size of the O. sativa cv. 

Nipponbare RefSeq [389 Mb] (IRGSP, 2005). 
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2.2.3. Results 
 

DNA content for the accessions O. barthii IRGC 105608 and O. glaberrima IRGC 

96717 was estimated at 0.88 and 0.82 pg DNA/2C respectively (table A1). These values 

were obtained from the double calibration to the chicken blood cell standard (2.33 pg/2C) 

and O. sativa ssp. japonica cv. Nipponbare (0.90 pg/2C), which does not differ from the 

values referred by Ammiraju et al. (2006) and Miyabayashi et al. (2007). Using the 

conversion factors from Bennett et al. (2000) and Dolezel et al. (2003), the genome size 

from O. barthii accession ranged between 425 - 431 Mb and the O. glaberrima accession 

between 396 - 401 Mb. Observed DNA content for the reference genome O. sativa 

yielded a size range between 436 - 442 Mb, which is greater than the accurate size 

estimate of 389 Mb based genome sequencing (IRGSP, 2005). By adjusting the genome 

size of the reference genome to 389 Mb the genome sizes of O. barthii 105608 and O. 

glaberrima 96717 drop to 376 - 381 Mb and to 349 - 353 Mb respectively. Table A1.1 

also includes previous estimations of DNA content for these species, as well as recent 

data generously provided by Dr. K. Arumuganathan (personal communication). It is 

noteworthy to observe that there were significant differences in values among accessions 

and laboratories. Based on the flow cytometry data included in this table, the adjusted 

average genome size of O. barthii 105608 is 382.3 ± 7.9 Mb and 357.7 ± 4.2 Mb for O. 

glaberrima 96717.  Inter-specific values do not differ significantly (Kolmogorov-

Smirnov test (DN=0.8333, KS=1.2910, p=0.07714), a result compatible with the signal 

histograms when nuclei from both species were mixed (figure A1.1). 

 



65 
 

 

 

 

Table 2.1. Genome size estimations for O. barthii, O glaberrima and O. sativa. 
 

 

 

LEGEND: [1] Method: FC/PI: Flow cytometry - Propidium Iodine, FC/DAPI: Flow cytometry - DAPI  (4',6-
6diamidino-2-phenylindole), MS/F: Micro-spectrophotometry - Feulgen. [2] 1pg DNA = 965 Mb (Bennett et al., 2000). 
[3] 1 pg DNA = 978 Mb (Dolezel et al., 2003). [4] Accessions not included in OMAP. [5] Personal communication. [6] 
Adjusted data to reference genome [389 Mb] (IRGSP, 2005). 

 

 

 

 
 

Species CV/ Accession Author Method (1) pg/2C Mb (2) Mb (3)

Uozu et al (1997) FC/PI 0.91 419.8 439.1

Miyabayashi et al. (2007) FC/DAPI 0.91 419.8 439.1

THIS STUDY FC/DAPI 0.90 435.9 441.7

Arumuganathan et al. (5) FC/PI 0.93 447.4 453.5

Adjusted values (6) 0.80

Not informed Iyengar and Ken (1978) MS/F 1.37 495.7 502.4

Miyabayashi et al. (2007) FC/DAPI 0.94 453.6 459.7

Adjusted values (6) 399.2 404.5

THIS STUDY FC/DAPI 0.88 424.8 430.5

Adjusted values (6) 373.8 378.8
Arumuganathan et al. (5) FC/PI 0.85 411.5 417.0

Adjusted values (6) 362.1 367.0
Miyabayashi et al. (2007) FC/DAPI 0.95 458.4 464.6

Adjusted values (6) 403.4 408.8

Not informed Iyengar and Ken (1978) MS/F 1.03 659.2 668.1

Martinez et al. (1994) FC/PI 0.75 359.5 364.3

Adjusted values (6) 316.4 320.6

Uozu et al (1997) FC/PI 0.87 419.8 425.4

Adjusted values (6) 369.4 374.4

THIS STUDY FC/DAPI 0.82 396.0 401.4

Adjusted values (6) 348.5 353.2
Arumuganathan et al. (5) FC/PI 0.85 411.5 417

Adjusted values (6) 362.1 367.0

14 IRRI acc (4)

O. glaberrima
W0085 (4)

IRGC 96717

389.0

O. sativa Nipponbare

W0698 (4)

IRGC 105608

O. barthii
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Figure 2.1 Histogram of combined nuclei of O. barthii and O. glaberrima by DAPI 
relative fluorescence units. 
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2.2.4. Discussion 
 

Accurate estimation of DNA content from species is important for a wide range of 

biological studies including ecology, evolution and systematics (Bennett et al., 2000; 

Kron et al., 2007), and is essential for genomic research. Ammiraju et al. (2006) used 

genome size estimations for 12 species of Oryza as primary information for the 

construction of bacterial artificial chromosome (BAC) libraries with a minimum of 10-

fold genome coverage. This publication did not include O. barthii, and indicated the 

genome size for African rice was obtained from Martinez et al. (1994) who did not 

include the accession used for genome size determination. 

The oldest estimations of genome size for these African species of rice based on 

Feulgen densitometry (Iyengar and Sen, 1978) were higher than the current estimates, 

especially for O. glaberrima, with a value that doubled the average size for the rice 

species included in the AA genome (Ammiraju et al., 2006). The authors did not provide 

information about the sampled accession, and taking into consideration the taxonomical 

confusion in the genus (Rozhevits, 1931; Chevalier, 1932; Chatterjee, 1948; Tateoka, 

1963a; Chang, 1985; Vaughan, 1989, 1994; Lu, 1999; Sharma, 2003; Vaughan and 

Morishima, 2003; Vaughan et al., 2003), it is very likely they sampled a different species. 

Flow cytometry emerged as the preferential method for the estimation of DNA 

content because is simple, fast and reliable (Galbraith et al., 1983; Dolezel et al., 2007; 

Kron et al., 2007). Table A1 summarizes genome size estimations for both species and 

the reference genome using this technique. The variability observed in the data can 

mainly be explained by intra-specific (accessions) differences (Dolezel et al., 1998; 
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Noirot et al., 2005),  and experimental errors between laboratories possibly associated 

with buffers, calibration, standards and temperature (Dolezel et al., 1998; Johnston et al., 

1999; Noirot et al., 2005) and fluorochromes. It is know that genome size values 

generated with propidium iodide can differ from those obtained with DAPI. The first dye 

intercalates into base stacks while the second selectively binds to AT reach regions 

(Dolezel et al., 1998; Johnston et al., 1999). These sources of variability are also well 

documented by Bennett et al. (2000) and Bennett et al. (2008). 

Flow cytometric genome size estimations for the rice reference genome (O. sativa 

japonica cv. Nipponbare) were higher than the size estimated by sequencing (IRGSP, 

2005). I adjusted the genome size of the African species included in this study to this 

value. Bennett et al. (2003) strongly argued about this practice, based on the example of 

Arabidopsis thaliana. This author also considered that discrepancies between cytometry 

estimation and sequencing data is mainly associated with the heterochromatic fraction of 

the genome and the centromeres (Bennett and Leitch, 2005).  Since the time of the 

release of the first complete sequences methods for gap closure have improved 

substantially. The accuracy in the analyses and the wide spectrum of resources for the 

reference genome included in this study (IRGSP, 2005) support such corrections. Indeed 

Bennett and Leitch (2005) accepted the quality of the rice data. 
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2.2.5. Conclusions 

I provide new estimations for the genome size for two accessions from O. barthii and 

O. glaberrima taking into consideration the averages for all possible sources of 

variability (flow cytometry stain and conversion factors).  Although these estimations do 

not differ significantly (corroborated with the histogram showed in figure A1.1) they 

correspond with those based on the metrics of their respective physical maps, addressed 

in chapter 3.  
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2.3.  Addendum 2: The Oryza barthii  bacterial artificial chromosome library  
 

2.3.1. Introduction 
 

Bacterial artificial chromosome (BAC) libraries are an essential component of 

genomic research, even in times where new sequencing technologies are rapidly 

changing, because they allow the construction of robust physical maps which facilitate 

sequence assembly (Luo et al., 2009; Rounsley et al., 2009). In this report, I provide the 

characterization of a BAC library of Oryza barthii, a wild species of this genus 

considered the ancestor of modern African rice - O. glaberrima (Porteres, 1962; Bardenas 

and Chang, 1966; Nayar, 1973; Oka, 1974; Chang, 1976; Second, 1982; Oka, 1996; 

Linares, 2002; Sang and Ge, 2007). Quality evaluation, performed under the NHGRI 

approved standards for BAC libraries (http://www.genome.gov/10001738, 2009), 

indicated that the O. barthii BAC library is of high quality and thus will serve as a 

fundamental tool for addressing important studies on African rice. 

2.3.2. Methods 
 

DNA was extracted from young leaves (four weeks after emergence) from forty 

clonally propagated plants derived from one seed of O. barthii (accession W1588). The 

BAC library (coded as OB_ABa) was constructed following the methods described by 

Luo and Wing (2003) and Ammiraju et al. (2006), using  the Hind III cloning site of the 

pIndigoBAC536 SwaI vector (pAGIBAC1). Ligation products were transformed into 

DH10B T1 phage resistant E. coli cells (Invitrogen). E. coli clones containing inserts 
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were robotically picked, arrayed into 384-well plates, replicated, and placed in -80C 

freezers for long term storage. 

Quality control evaluation of the library, including the estimation of the average 

insert size, and organelle contamination, was performed using the same methods 

described by Ammiraju et al (2006), as well as the analysis of coverage by hybridization 

with one probe for each of the twelve chromosomes. The procedures are in agreement 

with the protocols proposed by the National Institute of Health for this type of genomic 

library (http://www.genome.gov/10001738, 2009). BAC clones were fingerprinted and 

end sequenced (BES) following previously described methodologies (Ammiraju et al., 

2006; Kim et al., 2007; Kim et al., 2008). Fingerprints were assembled with FPC 

software (Soderlund et al., 1997; Soderlund et al., 2000). Positive hybridization data was 

integrated into the assembled FPC project as markers.  

A final assessment of the quality of the library was carried out by end sequencing 96 

randomly selected clones. A homology search of the BESs was performed using BlastX 

and the GenBank non redundant database (http://www.ncbi.nlm.nih.gov/). Positive 

alignments were parsed allowing alignments of at least 100 base pairs, 5 % sequence 

divergence and a probability score below e-50. BESs were also masked using 

RepeatMasker version 3.2.7 (Smit et al., 2009) and a custom in house repeat database. 
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2.3.3. Results 

The O. barthii (W1588) library contained 36,864 clones arrayed into 96 384-well 

plates, which are also replicated on to two high density filters. Each filter contains 48 

384-well plates duplicated with an arraying pattern that allows the identification of the 

clones in hybridization experiments. Copies of the library, filters and clones are publicly 

available by request at the Arizona Genomics Institute's BAC/EST Resource Center 

(www.genome.arizona.edu/orders). Observed organelle DNA contamination was 

insignificant, with 0.62 and 2.83 % for mitochondria and chloroplast respectively. 

The library has an estimated average insert size of 124.8 ± 1.6 kb with a standard 

deviation of 31.4 kb. These values were calculated from an analysis of 377 randomly 

picked clones from different plates from the library. Figure A2.1 shows the distribution 

of the sampled clones by insert sizes and the cumulative percentage for range partitions 

of 10 kb. Sized clones ranged between 33.6 – 283.9 kb. From those, 96 % (361 clones) fit 

the interval of 2x standard deviation from the mean, marked between 60 - 190 kb.  Data 

distribution showed a skewness of g1=4.64 and a kurtosis of g2=14.82, indicating a light 

right-skewed leptokurtic distribution, which marginally differed from a normal 

distribution. Theoretical estimation of library coverage, based on the insert and genome 

sizes, was estimated between 11.9 – 12.2 fold. 

A second assessment of library coverage was performed by hybridization, using the 

same probes selected for the OMAP libraries, except RZ251 from chromosome 3 which 

not available at the time of the experimental evaluation, and fingerprinting experiments. 

Figure A2.2 shows an FPC analysis of fingerprinted clones that were identified by 
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hybridization. This graphic explicitly illustrates that different regions from the genome do 

not show even coverage. Two markers RZ740 and RZ395 (from chromosomes 4 and 7 

respectively) hybridize two loci, on chromosomes 2 and 3 (listed in the same order), 

although this secondary loci resulted in a lower hit density. Based on these results, 

hybridization coverage (HX) [according to table 3a from Ammiraju et al. (2006)] 

including the 11 loci, illustrated on figure A2.2, was 15.9 fold. 

End sequencing provided 181 good quality BESs (94% success rate), which on 

average contained 651 ± 11 bp (after trimming the vector sequence) and a GC content of 

0.42 ± 0.01. After filtering the results from the BLAST analysis, (methods), 140 BESs 

had significant sequence similarity with 2,855 sequences in the non redundant GenBank 

database (figure A2.3.a). Thirty seven percent of the BESs could be consider highly 

repetitive, while the remaining fraction was unique or showed less than 4 sequence 

matches per BES. 

Redundant sequence similarity distribution showed that 68, 18 and 11 % are from 

genomic, chloroplast and O. sativa coding sequences respectively (figure A2.3b,c). 

RepeatMasker was used to automatically and rapidly identify repetitive sequences. My 

analysis putatively identified 120 BESs with significant sequence similarity with 

sequences included in our in-house repeat database. The two most abundant observed 

categories were retrotransposons (53) and MITEs [miniature inverted repeat transposable 

elements] (24), followed by DNA transposons (12), as is illustrated on figure A2.3(d).  

There were also 10 BESs that contained AT rich low complexity regions, and 15 BESs 

with SSRs [figure A2.3(d)] whose frequency distribution is shown on figure A2.3(e).   
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Figure 2.2. Absolute and cumulative size frequency distribution of tested sized clones. 
 

 

 

 

 

 

125 kb93 kb 156 kb62 kb 188 kb

0

10

20

30

40

50

60

70

80

0

10

20

30

40

50

60

70

80

90

100

30 40 50 60 70 80 90 10
0

11
0

12
0

13
0

14
0

15
0

16
0

17
0

18
0

19
0

20
0

21
0

22
0

23
0

24
0

25
0

26
0

27
0

28
0

29
0

Frequency

Cumulative %

Cumulative %Frequency
X
_

Size Range (kb)

+ 1s + 2s- 1s- 2s



75 
 

 

 

Figure 2.3. Hybridization hit distribution on respective FPC contigs. 
 

LEGEND: [a] R2277 Chr.01 (13 hits), [b] RZ273 Chr.02 (13 hits), [c] RZ740 Chr.04 (23 hits), [d] RZ740 Chr.02 (14 
hits), [e] RZ390 Chr.05 (15 hits), [f] Hd1 Chr.06 (16 hits), [g] RZ395 Chr.07 (12 hits), [h] RZ395 Chr.03 (5 hits), [i] 
RZ952 Chr.08 (11 hits), [j] CDO412 Chr.09 (24 hits), [k] RZ583 Chr.10 (19 hits), [l] Adh1 Chr.11 (12 hits), [m] 
RZ397 Chr.12 (17 hits). Data in italics indicate secondary loci for the respective probes. These loci were excluded from 
the HX coverage analysis. 
  

a b c

d e

f g h

i j

k l m



76 
 

 

 
 
 

Figure 2.4. Distribution of sequence similarity hits from randomly sequenced BAC ends 
with the GenBank non redundant database and RepeatMasker. 
 
LEGEND: [a] Frequency distribution of BESs having sequence similarity with the nr GenBank database [b] 
Distribution of BESs having similarity with the same database NCBI by sequence type,  [c] Distribution of BESs 
having similarity with the O. sativa japonica reference sequence (figures after the comma indicates absolute frequency 
for each chromosome), [d] Distribution of BESs masked by RepeatMasker.   
CDS: Coding sequences, Gen: Genomic sequences, Chr: Chromosome, DNA TE: DNA transposon, MITE: Miniature 
inverted repeat transposable element, rRNA: ribosomal RNA, RT: Retrotransposons, SSR: Simple sequence repeat.  
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2.3.4. Discussion 
 

BAC libraries constitute the backbone of current genomic research. PubMed 

(http://www.ncbi.nlm.nih.gov/pubmed/) and the ISI Web of Knowledge 

(http://apps.isiknowledge.com/), two of the major information databases worldwide, 

include hundreds of publications describing BAC libraries from a wide range of 

organisms. The Arizona Genomics Institute (www.genome.arizona.edu) and the Clemson 

University Genomics Institute (www.clemson.genome.edu), two of the most important 

genomic libraries repository centers in the U.S.A., currently archive 157 and 127 BAC 

libraries from different organisms respectively.  

BACs are preferred to other genomic DNA cloning systems because they can stably 

maintain relatively large inserts with long term archiving stability, and have low 

incidences of chimeric clones (Luo and Wing, 2003). Since the time this cloning system 

was introduced by Shizuya et al. (1992), numerous improvements have been made to 

vectors (Luo and Wing, 2003), and more strict quality standards have been implemented 

for these libraries, allowing uniform quality among laboratories that follow these 

practices.   

I assessed the quality of the O. barthii BAC library following the recommended 

standards suggested by the National Human Genome Research Institute 

(http://www.genome.gov/10001738, 2009). This evaluation included: [a] estimation of 

the coverage based on the genome size of the species, [b] estimation of the coverage 

based on hybridization analysis from selected regions from a genome and [c] evaluation 

of random BESs by sequence search homology to one of the open public sequence 
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databases. In addition to these recommendations, I also tested the library for chloroplast 

DNA content which is an important quality assessment for plant BAC libraries.  

The estimated average insert size of the clones from this library (124.8 ± 1.6 kb ) and 

the empirical coverage (11.9 – 12.2 X) were compatible with reported figures for libraries 

included in OMAP (Ammiraju et al., 2006) and other Poaceae species, like maize and 

sorghum, that supported successful whole genome physical mapping and sequencing 

projects (Woo et al., 1994; Lijavetzky et al., 1999; Lin et al., 1999; Tomkins et al., 1999; 

Coe et al., 2002; Cone et al., 2002; Wei et al., 2007). Marginal differences from the 

normal distribution and other descriptive statistics show robustness of the sampled clones 

as representative of the whole library. Different from previous reports that only provided 

the average insert size, I included other statistical descriptive parameters and analyses 

that show with confidence the robustness of the assessed parameters. It is highly 

recommended to include such analyses in quality control practices for future BAC 

libraries. Organelle contamination in the library was insignificant, which is a desirable 

characteristic of a good library. The observed total value of 3.5 % fits the range reported 

by Ammiraju et al. (2006) for BAC libraries of several Oryza species. 

Coverage estimation by hybridization (HX) [15.9 fold], also ranged within those 

reported by Ammiraju et al. (2006) for other Oryza species. Figure A2.2 also shows that 

the one-to-one correspondence found between hybridization signal and clone address 

indicates that the library is robust and that no errors were made during library assembly 

process (i.e. picking, arraying, gridding). Figure A2.2 also illustrates that two probes 

RZ740 and RZ395 were able to identify two loci on chromosomes 4 and 2, and 7 and 3 
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respectively. This data is consistent with previous findings that showed that these two 

regions reside on chromosomal pairs that have been segmentally duplicated in Oryza 

(Wang et al., 2000; Yu et al., 2005; Paterson et al., 2006). 

The average length of the successful BESs (651 bp) did not differ from the value 

reported by Kim et al. (2008) [650 bp] for the12 Oryza species, and the GC content (42 

%) fits into the range informed for the same species (Ammiraju et al., 2006). Based on 

homology searches with the non-redundant GenBank database, 63 % of the BESs were 

non or low repetitive (1-4 hits), 21 % were moderately repetitive (5 -10 hits), and 16 % 

were highly repetitive (more than 10 hits) [figure A2.2(a)]. The distribution of BES 

sequence alignments to target sequences clearly indicated that the library had little to no 

contamination. Indeed, as illustrated in figure A2.3(b), the majority of parsed BESs have 

their most significant sequence similarities with O. sativa genome sequences, and with 

sparse distribution across the 12 chromosomes [figure A2.3(c)]. These sequences hits 

appeared to be largely derived from non-genic BAC/PAC clone sequences used to build 

the pseudomolecules of O. sativa. BESs in the low repeat category were mainly 

associated with the segmental duplications as mentioned above. 

BESs sequence similarity with the chloroplast genome was the second most 

abundant category observed in the distribution depicted on figure A.2.2(b). This result is 

compatible with the low DNA organelle contamination estimated by hybridization for 

this library, which is also extended to the 19 mitochondrial hits observed derived from 

three O. barthii BES. Four pairs of BESs had significant sequence similarity with the rice 

chloroplast genome, suggesting that they were derived entirely from the chloroplast 
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genome and thus could be used as templates to sequence the O. barthii chloroplast 

genome. 

The two most abundant categories of repeats found among the BESs of O. barthii 

were retrotransposons and MITEs (44 and 20 % respectively) which is in agreement with 

the values presented for the same categories for O. glaberrima by Zuccolo et al. (2007). 

However, the abundance of retrotransposons in O. barthii was double that found for O. 

glaberrima, but was not the case for MITEs. Sampling bias and/or non-filtered 

redundancy and sequence similarity among closely related retrotransposons could explain 

this remarkable difference.  

2.3.5. Conclusions 

Taking into consideration the quality parameters discussed above, I conclude that the 

O. barthii BAC library should be considered an excellent public resource to investigate 

the genomic structure and composition of this species. This conclusion is well 

demonstrated with the physical map, addressed on chapter 3, which served as framework 

for sequencing the short arm of chromosome 3 (Rounsley et al., 2009) using new 

sequencing technologies. This library, not included in the initial OMAP proposal, 

provides genomic resources to address domestication of rice in Africa.  
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CHAPTER 3:  COMPARATIVE PHYSICAL MAPS OF FOUR 
AFRICAN SPECIES OF ORYZA 

 
 

I present comparative genomic data for four African species of Oryza. Comparative physical 
mapping of African Oryza species makes a sound contribution to genomic research in these 
species. I demonstrate that these species show high levels of synteny with the reference genome, 
O, sativa; although INDELs and inversions were found that disrupt genome colinearity between 
these species. The physical maps presented here have become invaluable tools for further 
comparative genomic efforts on rice research in Africa.  
 

 

3.1. Introduction 
  

Physical maps are ordered sets of fingerprinted clones from a genomic library, 

targeting a particular region of interest or the complete genome of a species. They are an 

important component for genomic research as frameworks for the integration and 

ordering of genetic and sequence information (Meyers et al., 2004). High quality physical 

maps are reported for organisms belonging to a wide range of taxa. The plant physical 

maps for Arabidopsis thaliana (Marra et al., 1999; Mozo et al., 1999; Chang et al., 2001), 

rice (Saji et al., 2001; Chen et al., 2002), Glycine max [soybean] cv. Williams 

(http://www.agcol.arizona.edu/soy/), Sorghum bicolor and S. propinquum  [sorghum] 

(http://www.genome.arizona.edu/genome/sorghum.html) and Zea mays [maize] (Wei et 

al., 2007) should be highlighted as they all served as backbones for the whole genome 

sequencing projects of these species. With the rapidly evolving sequencing techniques, 

physical maps continue to a play critical role for ordering the massive sequence 

assemblies currently being generated (Meyers et al., 2004; Lewin et al., 2009). Indeed, 



82 
 

 

Nelson and Soderlund (2009) released a new version of FPC which integrates physical 

contigs, clone end sequences and sequencing scaffolds and super-contigs.    

Rice, Oryza sativa L., was the first crop plant to have a whole genome sequence 

(IRGSP, 2005). The completion of the sequencing of the rice genome fulfilled the 

expectation of its role as a model for comparative genomics of cereals (Goff, 1999; Xu et 

al., 2005). In this direction, the Oryza Map Alignment Project (OMAP) 

[http://www.omap.org] emerged as a comprehensive project to create a genome-level 

closed comparative system for the genus Oryza that can be used as "a research platform 

to study evolution, development, genome organization, polyploidy, domestication, gene 

regulatory networks and crop improvement" (Wing et al., 2005). One of the specific 

objectives of OMAP was the construction of physical maps for 12 species of Oryza and 

to align them to the IRGSP genome sequence (Wing et al., 2005). In this chapter I present 

a comparative analysis of the physical maps of four diploid African species of the genus: 

O. glaberrima Steud., O. barthii Chev., O. punctata Kotschy ex Steud., and O. 

brachyantha representing three genomes from Oryza, AA (the first two species), BB and 

FF respectively. 
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3.2. Methods 

3.2.1. General rules for editing the physical maps 
 

BAC clones from the libraries of O. barthii, O. glaberrima, [AA genome] and O. 

brachyantha [FF genome] (Ammiraju et al., 2006; Rounsley et al., 2009; Addendum 2.2) 

were end-sequenced, fingerprinted and assembled into phase I physical maps. Successful 

BAC fingerprints were assembled using FPC version 8.9 (Soderlund et al., 1997; 

Soderlund et al., 2000) following the procedure described by Kim et al. (2008), which 

essentially replicates the “step down routine” successfully used for the maize HICF 

physical map (Nelson et al., 2005; Wei et al. 2007). BAC end sequences (BES) from the 

clones in this assembly were aligned to the 12 pseudomolecules from O. sativa japonica 

cv. Nipponbare version 4.0 (IRGSP, 2005), and graphically depicted with SyMAP 

software (Soderlund et al., 2006; Kim et al., 2008).  

Manual editing of the phase I physical maps was performed to maximize, as much as 

possible, contiguous clone coverage for each of the 12 chromosomes, with a minimum 

number of contigs and gaps; resulting in "heavily manual edited" physical maps (HME). 

This analysis was carried out by comparison of the terminal clones of each phase I map 

contig with the complete set of termini clones of all contigs available in the project, using 

a lower stringency (cutoff 1e-15), but also taking into consideration the alignment of the 

clone BES to the IRGSP RefSeq via SyMAP alignments. In general, two contigs were 

merged (based on the density of clones at the contigs termini) only if one or more clones 

had significant fingerprint matches on a contiguous contig based on sequence homology 

to the IRGSP RefSeq, or if one or more terminal clone BES aligned with terminal BESs 
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from another contig at a higher stringency than the previously referred. In a final analysis, 

contig termini were evaluated with the complete data set of clones, especially to identify 

related singletons that allowed additional contig merges. 

More caution was taken while evaluating colinearity conflicts in the maps to avoid 

forcing incumbent contigs from being displayed similar as the reference, thereby 

removing potential rearrangements by editing. In these situations, contigs were broken 

(using the FPC CB map function at much higher stringency, i.e. cutoff 1e-80) and then 

subject to contig end analysis that resulted in new contig assemblies that used higher 

cutoff values than the with the original FPC assembly (i.e. 1e-25). New merges followed 

the same procedure described before. If this reassembly analysis reproduced the observed 

clone pattern then the new stringently assembled contig was retained and annotated as 

containing a putative rearrangement. These editing rules are in agreement with those 

followed by Kim et al. (2007) for the O. punctata HME physical map. All maps were 

updated with FPC version 9.3 (Nelson and Soderlund, 2009). 

3.2.2. Chromosomal coverage 
 

For each of the four physical maps, chromosomal coverage was estimated as the 

fraction of anchored contigs and clones linked to a particular chromosome. The 

consensus bands unit (CB) spanned by these contigs were used to estimate the total 

coverage (Mb) for each chromosome, considering the estimated CB sizes (O. barthii 1.10 

Kb/CB, O. glaberrima 1.24 Kb/CB, O. punctata 1.21 Kb/CB and O. brachyantha 1.30 

Kb/CB) as suggested by Kim et al. (2008). Chromosomal relative size for each species 

was calculated as the ration between single chromosome coverage with respect to the 
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genome size of the incumbent species. This parameter is similar to one of the most 

common quantitative descriptors used in cytogenetic studies (Shastry and Mohanrao, 

1961, Kurata and Omura, 1982; Ohmido and Fukui, 1995; Cheng et al., 2001) and allows 

one to correlate physical map data with the karyotype of a species. All these figures were 

compared with general lineal models including the effects of species (among 

chromosomes) and chromosomes (among species). Means for each of the included effects 

were compared with the Duncan test (p < 0.95). 

3.2.3. Correlation between estimated relative size and cytological information 
 

Relative size values were correlated to published cytological data from the reference 

genome O. sativa (Cheng et al., 2001) and the African species of Oryza: O. barthii 

(Shastry and Mohanrao, 1961), O. glaberrima (Shastry and Mohanrao, 1961; Ohmido 

and Fukui, 1995) and O. punctata (Kurata and Omura, 1982). 

3.2.4. Synteny index 
 

Estimation of the synteny index (SI) was based on the subdivision of each 

chromosome physical map into 1 Mb bins under the following assumptions: (a) a clone 

has a pair of BESs, (b) physical assignment of the clone in its particular contig matches 

the chromosome detected by the BLAT alignment, and (c) both the physical position of 

the clone and it positioning to the target pseudomolecule were located in SyMAP synteny 

blocks. The ratio between observed and expected sequence alignments was distributed in 

a scale ranging from 1 - 10, which expresses the incremental degree of the capture of 
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synteny for a particular bin in each chromosome and species.  For statistical analysis, the 

index was transformed (√SI) to normalize the data. 

3.2.5. Statistical analyses 
 
All statistical analyses were performed using different packages from R version 2.9.1 (R 

Development Core Team, 2009) adapted to a Bio-Linux environment 

(http://nebc.nox.ac.uk/tools/bio-linux). 
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3.3 Results 

3.3.1. Manual editing changed contig structure in all the physical maps 
 

Heavily manually edited (HME) physical maps for four African species of Oryza, 

including species containing the AA, BB and FF genome types are presented. These 

maps were derived from phase I maps described by Kim et al. (2008) [except the map of 

O. barthii], in which the anchoring criteria was derived from the SyMAP algorithm 

(Soderlund et al., 2006), and the application of the described editing rules. Data from the 

O. punctata physical map are included for comparative purposes Kim et al. (2007).   

There was a significant reduction in the total number of contigs for all specific maps 

as a result of the performed merges [figure 3.1(a)]. This reduction was more dramatic for 

the AA genome species O. barthii and O. glaberrima, which showed twice the number of 

contigs as observed in O. punctata and O. brachyantha in the phase I physical maps, even 

though all maps were assembled using the same parameters and step down routine. As 

expected, the observed drop in contigs affected the anchored (via SyMAP) vs. 

unanchored fractions of the physical map, as illustrated on figures 3.1(b) and 3.1(c) 

respectively.  Anchored contig variation ranged between 61 to 81 %, compared to the 

phase I maps of these species.  

The reduction observed in unanchored contigs ranged between 84 - 96 %, except for 

O. punctata, with variation of one contig. Clone count for these contigs was quite low 

[figure 3.1(d)]. Unanchored contigs are a direct result of the SyMAP algorithm, which 

takes into consideration the physical length of the contig as well as the number of 

contiguous BES alignments on a particular tract on any of the pseudomolecules of the 
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reference genome. This category of contigs was the subject of the most dramatic changes 

while editing the physical maps. In many cases, unanchored contigs in the phase I maps 

bridged between anchored ones, allowing merges in all the species. Also, the resolution 

of conflicting contigs by recalculation of their consensus band maps impacted the number 

of contigs and clones included in this category,  not only by splitting the subject contigs 

into several new ones with variable sizes, but also by transferring some of the conflicting 

clones to the singleton bank (data not shown). Thus, several unanchored contigs in the 

edited maps contain a new population of clones, not related to those in the phase I maps.  
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Figure 3.1. Comparative analysis of contig distribution between Phase I and HME 
physical maps. 

 

LEGEND. [Freq] Frequency, [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha. 
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3.3.2.  Comparative analysis of chromosome coverage 
 

Table 3.1 summarizes the observed coverage by chromosome for the edited maps 

from the four African species, listing number of contigs and clones, spanned CB units, 

estimated coverage (Mb), and relative size. The results of the linear models used to 

explain the variability in the listed values are illustrated in table 3.2 and their respective 

effect profiles on figure 3.2. The average number of clones (table 3.2, model 1) varied 

significantly among species and marginally between chromosomes. This model showed 

the lowest determination coefficient among others tested. For O. brachyantha the number 

of contigs was lower than observed in the remaining species [figure 3.2(a)], while 

chromosomes 1 and 4 showed the highest and lowest contig content, respectively, with 

the remaining chromosomes in an intermediate position. 

I also found a moderate correlation (r = 0.62) between the number of anchored 

contigs and the genome size of these species. This relationship, however was not 

statistically significant (p=0.3808), and showed a low determination coefficient (r2 = 

38.34 %). 

Contrary to the above referred model, the number of clones differed significantly 

among chromosomes and marginally among species (table 3.2, model 2). Clones by 

chromosome differed significantly between O. barthii and O. brachyantha, while the two 

other species were in intermediate positions [figure 3.2(c)]. Means based on 

chromosomes (among species) showed a more complex pattern, with chromosomes 9 and 

10 with the lowest values, and 1, 2, 3, 4, and 6 in the opposite direction. The remaining 

chromosomes showed intermediate values [figure 3.2(d)].  
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The last two models included on table 3.2 are derived from the consensus bands 

spanned by each of the anchored contigs. Contig size estimation followed the conversion 

factors suggested by Kim et al. (2008), and relative size was calculated as the ratio of 

total contig size estimated for anchored contigs to a particular chromosome to the 

genome size of the incumbent species. O. barthii was not included in that publication, but 

following the same rationale, the conversion factor for this species was 1.10 kb/CB, the 

lowest observed value.  These models also showed the highest coefficient of 

determination (0.97 and 0.95 for models 3 and 4 respectively). Both models also showed 

that the considered effects were statistically significant. 
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Table 3.1. Inter-specific comparative chromosome coverage. 
 

Contigs Clones CB Mb RS Contigs Clones CB Mb RS Contigs Clones CB Mb RS

O. barthii AA 20 3,744 35,999 39.60 10.37 16 3,389 32,989 36.29 9.50 16 3,369 32,616 35.88 9.39

O. glaberrima AA 19 3,569 30,746 38.13 10.68 16 3,155 27,734 34.39 9.63 14 3,360 27,801 34.47 9.66

O. punctata BB 17 3,698 36,689 44.39 10.45 11 3,121 32,965 39.89 9.39 13 3,043 32,197 38.96 9.17

O. brachyantha FF 11 3,920 27,824 36.17 9.99 13 3,234 24,021 31.23 8.63 12 3,624 25,428 33.06 9.13

Contigs Clones CB Mb RS Contigs Clones CB Mb RS Contigs Clones CB Mb RS

O. barthii AA 12 3,211 31,338 34.47 9.02 9 2,318 22,776 25.05 6.56 16 2,773 26,869 29.59 7.74

O. glaberrima AA 9 3,113 25,183 31.23 8.75 14 2,291 20,428 25.33 7.10 13 2,515 22,324 27.68 7.75

O. punctata BB 10 2,823 27,678 33.49 7.88 18 2,456 24,014 29.06 6.84 17 2,813 28,987 35.07 8.25

O. brachyantha FF 7 2,546 18,634 24.22 6.69 4 2,263 17,071 22.19 6.13 14 2,424 18,866 24.53 6.78

Contigs Clones CB Mb RS Contigs Clones CB Mb RS Contigs Clones CB Mb RS

O. barthii AA 14 2,587 25,717 28.29 7.41 10 2,328 22,996 25.30 6.62 15 2,015 19,726 21.70 5.68

O. glaberrima AA 12 2,361 21,207 26.30 7.37 14 2,247 19,446 24.11 6.75 10 1,982 17,531 21.74 6.09

O. punctata BB 18 2,338 24,781 29.99 7.06 12 2,324 22,838 27.63 6.50 16 2,271 22,088 26.73 6.29

O. brachyantha FF 13 2,164 16,103 20.93 5.78 9 1,895 14,324 18.62 5.14 8 1,683 11,759 15.29 4.22

Contigs Clones CB Mb RS Contigs Clones CB Mb RS Contigs Clones CB Mb RS

O. barthii AA 11 1,929 19,742 21.72 5.68 14 2,407 23,361 25.70 6.73 15 2,206 22,173 24.39 6.38

O. glaberrima AA 13 1,955 16,807 20.84 5.84 13 2,354 21,557 26.73 7.49 13 2,223 19,170 23.77 6.66

O. punctata BB 15 2,240 21,413 25.91 6.10 14 2,582 24,798 30.01 7.06 15 2,326 23,085 27.93 6.57

O. brachyantha FF 6 1,890 12,890 16.76 4.63 9 2,073 14,484 18.83 5.20 8 1,863 13,035 16.95 4.68

Species / Genome

Species / Genome

Species / Genome

Species / Genome

Chromosome 01 Chromosome 02 Chromosome 03

Chromosome 04 Chromosome 05 Chromosome 06

Chromosome 07 Chromosome 08 Chromosome 09

Chromosome 10 Chromosome 11 Chromosome 12

 

 
LEGEND: Coverage (Mb) is based on the kb/CB ratio reported by Kim et al (2008). Relative size (RS) is the proportion between 
the observed coverage and the reported size for each particular chromosome in O. sativa (IRGSP, 2005). 



93 
 

 

 

 

Table 3.2. Statistical model parameters for contig, clones, coverage (Mb) and relative size. 
 

 

Source SS df F p r2

Model 1: Contig ~ Species + Chromosome
Species 192.92 3 11.11 3.40E-05 *** 0.51
Chromosome 173.25 11 2.72 0.0129 *
Residual 191.08 33

Model 2: Clones ~  Species + Chromosome
Species 373059 3 3.9895 0.0158 * 0.91
Chromosome 14474974 11 42.2062 3.11E-16 ***
Residual 1028875 33

Model 3: MB ~ Species + Chromosome
Species 518.61 3 111.43 <  2.2E-16 *** 0.97
Chromosome 1603.87 11 93.98 <  2.2E-16 ***
Residual 51.2 33

Model 4: RS ~ Species + Chromosome
Species 14.66 3 38.02 8.14E-11 *** 0.95
Chromosome 111.47 11 78.83 < 2.2E-16 ***
Residual 4.24 33  

 
LEGEND:  [SS] Sum of squares, [df] Degree of freedom, [F] Fisher ratio, [p] probability of statistical significance marked as 
(*)  p<0.05 and (***) p<<0.001, and [r2] Coefficient of determination for the model. 
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Figure 3.2. Response plots for effects included in models from table 3.2. 
 
LEGEND:  [a] Contig - Species, [b] Contig - Chromosomes, [c] Clones - Species, [d] Clones - Chromosomes, [e] Coverage - 
Species, [f] Coverage - Chromosomes, [g] Relative size - Species, [h] Relative size - Chromosomes. Species: [ba] O. barthii, 
[br] O. brachyantha, [gl] O. glaberrima, and [pu] O. punctata. Means with different letters differed at p<0.05 based on Duncan 
test. Red dotted lines indicates dispersion of the data. 
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Chromosomal coverage differed significantly among species, with O. brachyantha once 

more showing the lowest value, and O. barthii, O. punctata, and O. glaberrima falling into an 

intermediate position [figure 3.2(e)]. Total anchored coverage was 347.9 Mb for O. barthii, 

334.7 Mb for O. glaberrima, 398.1 Mb for O. punctata and 278.8 Mb for O. brachyantha. The 

same tendency was observed for the relative size [figure3.2(g)], which also showed significant 

differences between O. brachyantha and O. glaberrima. The last species did not differ from O. 

barthii and O. punctata. The profiles of variation observed for both coverage and relative size by 

chromosomes (among the species) differed significantly as indicated on table 3.2. Chromosomes 

1, 2, 3 and 4 were the largest for all the species, while chromosomes 9 and 10 ranked as the 

smallest. The remaining chromosomes showed intermediate positions. The HME physical maps 

for O. barthii, O glaberrima, O. punctata and O. brachyantha were completed with anchored 

coverage representing 91, 94, 92 and 77 % of their genomes respectively.  

3.3.3.  Chromosomal relative size corresponds to cytological data 
 

Table 3.3 summarizes the estimated relative size for each chromosome and species (from the 

last section) and the relative size estimated from cytological data obtained from chromosome 

measurements from the reference genome O. sativa [pachytene bivalents] (Cheng et al., 2001) 

and O. glaberrima [mitotic chromosomes from root tips] (Ohmido and Fukui, 1995).  Plots of 

these data sets, along with the correlation analysis for each combination of species, are shown on 

figure 3.3. All listed correlations were highly statistical significant with coefficients of 

correlation above 0.9, and determination ranging between 85 and 98 %. 

3.3.4. The synteny aligned physical maps from African species of Oryza 
 

The assembled physical maps were aligned to the IRGSP RefSeq using different scripts 

included in the SyMAP package. These alignments were obtained by BLAT homology searches 
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(Kent, 2002) of complete BES datasets of each species to the rice RefSeq. The BES datasets 

were previously masked with RepeatMasker (Smit et al., 2009) with an in house comprehensive 

repeat database. Synteny searches were derived from filtered BLAT results, considering the 

physical contiguity of clones from a particular contig, as well as the density of BES alignments 

on a particular tract from a specific chromosomal sequence. The resulting alignments are 

graphically displayed on figure 3.4 where the edited FPC contigs, BES alignments and the 

pseudomolecules of the IRGSP RefSeq are shown for each the four African Oryza species.  

The information captured by SyMAP was a key element for editing the physical maps. 

These results became a valuable tool for comparative genomic analyses among these species that 

will be presented in the next sections. The alignments allowed for the prediction of structural 

variation including putative inversions, translocations, duplications and the display of the ancient 

segmental duplications. 
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Table 3.3. Relative size for African species of Oryza (estimated from the physical map), and 
the same parameter based on cytological data from O. sativa, O. barthii, O. glaberrima and 
O. punctata. 

 

ba gl pu br sa 1 ba 2 gl 3 gl 2 pu 4

Chr01 10.37 10.68 10.45 9.99 13.24 ± 0.91 13.2 12.5 ± 0.4 16.8 13.4

Chr02 9.50 9.63 9.39 8.63 11.36 ± 0.77 11.5 10.3 ± 0.3 11.5 11.0

Chr03 9.39 9.66 9.17 9.13 12.21 ± 0.91 10.7 11.8 ± 0.6 10.9 12.3

Chr04 9.02 8.75 7.88 6.69 8.26 ± 0.70 10.0 9.0 ± 0.2 8.3 9.3

Chr05 6.56 7.10 6.84 6.13 8.05 ± 0.68 9.1 6.7 ± 0.2 8.1 8.0

Chr06 7.74 7.75 8.25 6.78 8.30 ± 0.64 8.5 8.0 ± 0.3 8.1 8.0

Chr07 7.41 7.37 7.06 5.78 7.51 ± 0.69 8.2 6.6 ± 0.3 7.2 6.7

Chr08 6.62 6.75 6.50 5.14 6.98 ± 0.59 7.4 7.8 ± 0.3 6.8 6.4

Chr09 5.68 6.09 6.29 4.22 6.21 ± 0.68 6.9 6.4 ± 0.2 6.0 7.0

Chr10 5.68 5.84 6.10 4.63 5.36 ± 0.38 5.8 6.4 ± 0.4 6.0 7.3

Chr11 6.73 7.49 7.06 5.20 6.70 ± 0.54 4.5 7.0 ± 0.1 5.1 5.4

Chr12 6.38 6.66 6.57 4.68 5.83 ± 0.55 4.2 7.6 ± 0.4 5.1 5.3

FPC - Relative size
Chromosome

Cytology - Relative size

 

LEGEND: Species: [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha. References: [1] Cheng et al. 
(2001), [2] Shastry and Mohanrao (1961), [3] Ohmido and Fukui (1995), [4] Kurata and Omura (1982). 
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Figure 3.3. Plots of estimated relative size by physical maps (abscissa) and cytological data  for  
African species of Oryza. 

 
 
LEGEND: Plots of: [a] O. barthii- O sativa (1), [b] O. barthii - O. barthii (2), [c] O .glaberrima - O. sativa (1), [d] 
O .glaberrima - O. glaberrima (3), [e] O. glaberrima - O. glaberrima (2), [f] O. punctata - O. sativa (1), [g] O. punctata - O. 
punctata (4), and [h] O. brachyantha - O. sativa (1). Numbers indicates the references as listed on legend from table 3.3. 
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a) Synteny Index 
 

The distribution of BES alignments that allowed for the anchoring of the physical map 

contigs to the 12 chromosomes from O. sativa is shown on figure 3.5. The values for each of the 

African Oryza species are in agreement with the cytological relative length measurements for the 

corresponding chromosomes, as indicated on table 3.3. Even though this information is not 

available for O. brachyantha, the figures for this species follow the same observed patterns in the 

other species. 

The four African Oryza species show high levels of colinearity to all the chromosomes the 

IRGSP RefSeq, which are expressed quantitatively by the synteny index (figure 3.6). The 

estimated index normalizes the data among the species and chromosomes in equal tracts of 1 Mb 

(bins), bypassing the differences observed in contig coverage for homologous regions. This 

index, also allowed for inter-specific and chromosomal comparisons, tested with the models 

presented on table 3.4. All the considered sources of variation were statistically highly 

significant. 

Oryza brachyantha and O. punctata showed the lowest values, followed by the AA species, 

which differed significantly from the previous ones as indicated in the response plot (figure 3.7a). 

Inter-chromosomal variation is presented on figure 3.7 b, and. showed lower and higher values 

on chromosomes 11 and 12 and 1, 2 and 3, respectively. The remaining chromosomes were in 

intermediate positions, differing significantly from those listed as extreme in the range of 

variability. 
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g) Chromosome 07
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Figure 3.4.  SyMAP alignments of four African Oryza species physical maps to IRGSP RefSeq. 
 
LEGEND: Species: [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha.  
C: Contractions, E: Expansions, I: Inversions, T: Transpositions.  
FPC contigs  shown on left block, RefSeq on green right blocks and BES hits marked as gray connectors 
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The significant variation among bins (by chromosomes) is evident on figure 3.6. The 

synteny index shows maximum decay on centromere associated bins (c), illustrated on figure 

3.7c. We also observed higher synteny index values on the long arm bins (q) compared to their 

counterparts (p), which also differed significantly (figure 3.7c).  

b) Structural variation 
 

Regardless of the high levels of genome colinearity observed in all the species, BES 

alignments indicated the presence of contractions and expansions (marked as C and E 

respectively) in all chromosomes of the four species (figure 3.4). I only considered insertions - 

deletions (INDEL) larger than 100 kb. A more detailed analysis of contractions, will be 

addressed in the next chapter.  As expected, O. glaberrima and O. brachyantha showed higher 

numbers of contractions in correspondence with their smaller genome size. The INDEL ratio 

observed in O. barthii and O. punctata was almost 1:1 (table 3.5).   

BES alignments also allow for the detection of putative chromosomal rearrangements 

(figure 3.4) which are summarized on table 3.6. The inversion observed on the chromosome 8 of 

O. punctata is the only one that was confirmed by fluorescent in situ hybridization [FISH] (Kim 

et al., 2007). The majority of putative inversions were found in pericentric regions, as is 

illustrated in figure 3.4 (marked as I). We also detected three transpositions, t(1,1) on O. 

glaberrima and t(6,6) on O. barthii and O. glaberrima. The last one was also pericentric in both 

species (figure 3.4, marked as T). 
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Figure 3.5. Distribution of BES alignments from clones that match physical (FPC) and BLAT 
alignments by chromosome. 
 
LEGEND: Species: [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha.  
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Figure 3.6.  Synteny index among chromosomes of four African Oryza species. 
 

LEGEND: Species: [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha. 
Centromere position marked with highlighted and red blocks. 
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Table 3.4.  Analysis of variance table for the model used to test variation in synteny index. 
 

Source SS df F p r2

Model 5: √SI ~ Species + Chromosome + Bin(Chr) + Position
Species 24.20 3 81.13 < 2.2E-16 *** 0.44
Chromosome 12.75 11 11.66 < 2.2E-16 ***
Bin (Chr) 39.98 44 9.12 < 2.2E-16 ***
Position 17.16 2 86.29 < 2.2E-16 ***
Residual 146.63  

 
 

LEGEND:  [SS] Sum of squares, [df] Degree of freedom, [F] Fisher ratio, [p] probability of statistical significance marked as 
(***) p<<0.001, and [r2] Coefficient of determination for the model. 

 
 



112 
 

 

c

b

a

a

de

ef
f

c

cd

c

c

bc

c

bc

ab a

a

b

c

a

b

c

 
 

Figure 3.7.  Response plots for the variation in the synteny index. 
 

LEGEND:  Plots by (a) Species, (b) Chromosome and (c) relative position on the chromosomes. 
Species: [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha.  
Centromere bins (c), short arm (p) and long arm (q). 
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I excluded two pericentric inversions on chromosomes 3 and 6, from table 3.6, observed in 

the four species because both rearrangements were observed in all the physical maps generated 

by OMAP (data not shown). This fact provides solid evidence that these inversions only exist in 

the reference genome. Three of the observed inversions (on chromosomes 1, 4 and 5) seem to 

predate the phylogenetic node AA+BB, while the remaining are species specific. 

Another genomic feature that was captured with the HME physical maps was the well 

documented segmental duplication blocks found in the IRGSP RefSeq and maize. Table 3.7 

summarizes the physical location of the duplicated blocks based with respect to the IRGSP 

RefSeq . These data were extracted from the dotplots displayed on figure 3.8. 
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Table 3.5. Summary of INDELs detected on the physical maps of four African Oryza species. 
 

Contractions Expansions Contractions Expansions Contractions Expansions Contractions Expansions

Chr01 3 3 5 3 3 3 3 0
Chr02 4 2 4 3 5 1 9 0
Chr03 3 3 4 4 1 5 2 2
Chr04 5 8 2 1 2 3 9 0
Chr05 2 0 8 0 1 1 8 0
Chr06 2 2 2 1 3 2 4 0
Chr07 1 1 8 2 1 6 4 0
Chr08 2 1 5 1 2 2 11 0
Chr09 3 3 2 1 3 1 4 0
Chr10 4 3 5 2 5 2 8 0
Chr11 5 4 4 2 5 5 4 1
Chr12 4 2 4 1 3 5 5 0
Total 38 32 53 21 34 36 71 3

Chromosome
O. barthii O. glaberrima O. punctata O. brachyantha
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Table 3.6. Summary of major putative inversions observed in four African Oryza species. 
 

Chromosome Start End Size (Mb) ba gl pu br

27.9 28.2 0.3 + + + -
32.8 33.3 0.5 + + - -

Chr02 15.2 16.3 1.1 - + - -

11.3 11.9 0.6 - - - +
13.9 15.4 1.5 + + + -

10.8 11.8 1.0 - - - +
21.8 22.3 0.5 + + + -

13.7 14.2 0.5 - - + -
14.1 15.7 1.6 + - - -

7.1 7.5 0.4 + - - -
19.6 20.7 1.1 - - + -

Chr09 1.1 2.1 1.0 + - - -

Chr10 3.6 4.0 0.4 - + - -

Chr01

Chr04

Chr05

Chr07

Chr08

 

 

LEGEND:  Species: [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha.  
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Table 3.7. Segmental duplications in four African Oryza species. 
 

Type Ctg 1 Ctg 2 Start End Hits Type Ctg 1 Ctg 2 Start End Hits Type Ctg 1 Ctg 2 Start End Hits Type Ctg 1 Ctg 2 Start End Hits

1-5.1 7-8 68 11.2 12.1 10 2-3 53-58 1.2 7.4 23 2-3 44 3.1 8.3 33

1-5.2 Inv 16-20 70-74 28.9 43.9 102 Inv 13-17 69-72 23.4 41.4 78 Inv 8-16 63-69 23.3 40.2 107 Inv 8-11 46-47 24.3 40.7 133

2-6.1 Inv 20-21 84-85 2.7 4.3 18 Inv 18-21 81-85 2.0 9.3 52 Inv 12-14 57-61 1.1 9.0 85

2-4.1 32-36 58-62 18.5 27.9 65 27-34 55-58 18.3 29.7 55 26-27 46-50 16.6 29.8 70 19-23 41-42 19.0 29.6 102

2-6.3 Inv 36 77-82 31.4 35.1 29 Inv 34-35 74 31.4 33.4 21 Inv 23-24 49-52 30.7 35.2 44

3-10.1 Inv 39 135 5.6 6.5 10 Inv 36 131-132 2.4 6.5 35 Inv 30 142-143 3.1 4.3 10 Inv 25 96-97 2.1 5.5 32

3-7.1 Inv 43-44 101-102 14.3 16.7 18 Inv 32-37 101-103 10.1 19.0 35 Inv 27-29 73-74 10.7 18.7 40

3-12.1 46-48 168-169 23.5 28.3 20 38-40 174-175 23.3 26.3 12 30-34 111-114 23.4 25.8 21

3-7.2 50-51 93-96 32.9 34.4 27 47-48 86-90 32.5 34.7 19 40 87-90 30.3 35.8 29 35 62-66 32.4 36.5 47

4-2.1 58-62 32-36 18.2 28.5 44 56-58 29-32 21.4 29.3 35 47-50 26-27 19.0 30.0 69 41-42 19-23 17.9 30.7 114

5-1.1 62-64 1-2 3.7 6.9 12 53-57 2-3 3.7 6.4 13 44 2-3 3.7 7.7 29

5-1.2 Inv 72-74 12-20 20.5 29.4 109 Inv 69-72 14-17 20.7 29.3 70 Inv 63-69 9-16 20.7 29.8 120 Inv 46-47 6-11 17.9 29.6 123

6-2.1 Inv 77-81 36 3.2 7.8 50 Inv 74 34-35 4.0 8.9 21 Inv 71-75 28 3.0 13.0 42 Inv 49-52 23-24 3.4 8.3 40

6-2.2 89-90 21-24 18.9 30.6 56 Inv 84-85 20-21 28.1 30.6 27 Inv 80-86 18-21 16.0 31.3 54 Inv 57-61 12-14 20.6 30.7 84

7-3.1 92-96 50-51 0.7 7.0 33 87-91 40 1.3 9.1 29 62-66 35 0.3 8.2 40

7-3.2 Inv 100-104 40-45 24.4 30.2 25 Inv 95-97 36-40 24.4 30.1 27 Inv 100-104 32-36 24.6 30.2 49 Inv 73-74 27-29 24.4 30.2 71

8-9.1 111-114 122-129 19.7 27.9 59 110-111 119-120 23.0 27.5 25 111-116 124-132 17.6 28.0 53 80-82 87-90 14.3 27.9 100

9-8.1 125-129 113-114 17.2 23.7 40 122-132 110-116 7.4 23.8 94 89-91 80-83 5.9 23.7 70

10-3.1 Inv 131-134 36 11.8 21.9 22 Inv 143-144 30 14.1 16.4 12 Inv 96-98 25-26 12.3 20.4 29

11-12.1 141-145 155-158 0.1 4.3 161 135-139 148-154 0.1 8.0 170 148-150 162-163 0.0 4.8 145 99-100 108-109 0.5 7.8 216

12-11.1 155-158 141-143 0.1 3.6 236 148-158 135-137 0.0 3.8 248 162 148-150 0.0 3.9 175 108 99 0.2 3.8 207

12-3.1 168-169 46-48 24.2 27.2 23 174-176 38-40 24.3 27.2 17 111-115 30-34 24.2 27.7 20

O. punctata O. brachyantha
Duplic

Not detected

Not detected

Not detected

Not detected

Not detected

Not detected

O. barthii O. glaberrima

Not detected

Not detected

Not detected

Not detected

 

LEGEND: Duplic:  Duplications listed on synteny order to the reference genome, Type: Indicates if the duplicated segment is inverted (Inv) to the primary 
location. Ctg 1 and Ctg 2 indicates physical map contigs associated with primary and duplicated locations. Plots by (a) Species, (b) Chromosome and (c) 
relative position on the chromosomes. Start and End are the coordinates of the sequence alignments (Hits) on the duplicated segment. 
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Figure 3.8.  Dotplots of BES alignments of four African Oryza species to the O. sativa 
RefSeq.  

 
LEGEND:  Plots from (a)  O. barthii, [b] O. glaberrima, [c] O. punctata, and [d] O. brachyantha.  
Duplicated blocks are enclosed in red rectangles. 
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3.4 Discussion 

3.4.1. Manual editing changed the contig structure in all the physical maps 
 
FPC is a versatile and popular software tool that has been successfully used for 

assembling and editing fingerprint based physical maps from several organisms (Marra et 

al., 1999; Mozo et al., 1999; Hoskins et al., 2000; Chang et al., 2001; IGHMC, 2001; 

Gregory et al., 2002; Meyers et al., 2004; Wallis et al., 2004; Gonzalez et al., 2005; 

Katagiri et al., 2005; Ng et al., 2005). Since the release of the first version of FPC 

(Soderlund et al., 1997), it has being significantly improved (e.g. faster computational 

processing, editing with less human intervention, selection of clones for sequencing 

minimum tiling paths, adaptation to new fingerprinting technologies, and integrating draft 

sequence with the FPC contigs (Soderlund et al., 2000; Engler et al., 2003; Luo et al., 

2003; Nelson et al., 2005; Nelson and Soderlund, 2009).  

The successful sequencing of the genome of Oryza sativa japonica cv. Nipponbare 

(IRGSP, 2005) relied on a clone-by-clone approach based on a physical map (Chen et al., 

2002). Manual editing of this map was only possible because of the availability of a rich 

collection of markers linked to the rice genetic map (Causse et al., 1994; Harushima et al., 

1998). Those markers were used to anchor the physical map to the genetic map (Chen et 

al., 2002). Unfortunately, the majority of Oryza species lack genetic maps, with the 

exceptions of O. officinalis (Jena et al., 1994), O. longistaminata (Causse et al., 1994) 

and O. rufipogon (Xiong et al., 1997; Thomson et al., 2003). Lorieux et al. (2000) 

developed an interspecific low density map between O. glaberrima and O. sativa. Efforts 

to anchor the markers used by these authors to the physical maps in silico were not 
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satisfactory, mainly due to the low sequence coverage of the BES databases (data not 

shown). For this reason it was not possible to link the O. glaberrima genetic map to the 

physical map. 

The mouse physical map was edited using synteny to the human genome by 

homology alignment of BESs of fingerprinted clones to the reference genome (Gregory et 

al., 2002). This editing strategy is enhanced with the availability of SyMAP (Soderlund et 

al., 2006), a platform that not only estimates synteny blocks but also displays graphically 

the FPC contigs, clones and BES hits to a reference genome. The physical maps of four 

African species of Oryza were successfully edited using FPC analytical tools and synteny 

to the rice genome (IRGSP, 2005) by converting BESs and rice pseudomolecules into 

powerful molecular markers, thereby compensating for the lack of dense genetic maps 

among these species.  Manual editing of the physical maps improved them by detecting 

contig joins which concomitantly increased contiguous coverage of chromosomal regions, 

and also helped to resolve problematic contigs (Chen et al., 2002). These analyses are 

highly casuistic, regardless that general rules were applied for consistency. 

The resulting HME physical resulted in a reduced number of expanded contigs as 

result of contig merges [figure 3.1(a)]: which logically affected, in the same direction, the 

number of anchored and unanchored contigs (figures 3.1(b) and (c)]. A detailed 

discussion concerning the anchored fraction of each physical map will be presented in the 

next section. Unanchored contigs remain an insignificant fraction of the HME maps, not 

only because of their abundance, but also by clone count [figure 3.1(d)]. Based on the 
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editing rule there is no correspondence between the clones and contigs listed for this 

categories in the phase I and HME physical maps in any of the species. 

3.4.2. Comparative analysis of chromosomal coverage 
 

Manual editing of physical maps improves them by detecting contig joins which 

concomitantly increases contiguous coverage of chromosomal regions, but also helps to 

resolve problematic contigs (Chen et al., 2002). These goals were successfully achieved 

for the physical maps of six diploid species from Oryza representing the genomes AA, 

BB, CC and FF, finishing with 10 - 18 contigs per chromosome, which are free of major 

conflicts. With the lack of genetic maps and markers for these species, editing was 

performed using synteny information with the IRGSP RefSeq, thus extreme caution was 

taken while resolving conflicting contigs to minimize the possibility of falsely erasing 

chromosomal rearrangement present in these species. 

Although a significant reduction in contig number was observed across all the 

chromosomes, physical gaps remained in the resultant HME physical maps. Contig 

number (and implicitly gaps) showed significant variation among species and 

chromosomes (table 3.2) as is illustrated on figures 3.2(a and b). Ammiraju et al (2005) 

considered that physical gaps are mainly associated to the existence of non-clonable or 

unstable DNA fragments in the Escherichia coli host [i.e. secondary or tertiary structures 

associated with inverted or tandem repeats with different sizes (Hagan and Warren, 1982; 

Schroth and Shing Ho, 1995; Kang and Cox, 1996; Ravin and Ravin, 1999; Razin et al., 

2001)], and cloning bias associated with the non-random distribution of the restriction 

sites along the genome of a particular species (Thorstenson et al., 1998; Chen et al., 
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2002). Cloning bias could explain the significant differences observed between species 

and chromosomes for clone content, indicated on table 3.2 and illustrated on figure 3.2(c 

and d). Response profiles of contig, coverage and relative size by chromosomes showed 

similar shapes [figures 3.2(d, f, and h)], which also suggests an association between clone 

composition by chromosome with the relative fraction each one represented from the 

complete genome of a particular species. 

Non-random distribution of restriction sites (Thorstenson et al., 1998; Chen et al., 

2002) can also have an impact on the fingerprinting patterns of the clones use for 

physical map assembly (Soderlund et al., 1997; Soderlund et al., 2000). Estimated 

average CB size (Kim et al., 2008) and the total number of CB units per chromosome 

(table 3.1) allowed me to calculate the coverage and relative size for each chromosome in 

the four African Oryza species. The observed inter-specific differences for these variables 

follows the most recent accepted phylogenies of the genus, which cluster the AA and BB 

genomes and places the FF genome as one of the most basal genome types (Ge et al., 

2002; Nishikawa et al., 2005). In this sense, data from O. barthii and O. glaberrima (AA), 

did not differ significantly from O. punctata (BB). However O. brachyantha (FF) 

contrasted significantly for all the variables included in this analysis from the three other 

species, suggesting sequence divergence, which is expressed in the fingerprinting profiles, 

which can explain such differences. 

I conclude that the HME physical maps cover from 94% (i.e. O. barthii) to 77% (i.e. 

O. brachyantha) of the genomes of the four African Oryza species. Further sections from 
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this chapter will provide proof of the value the generation of  HME maps from Phase I 

maps for the comparative genomic analyses of Oryza.  

3.4.3. Chromosomal relative size corresponds to cytological data 
 

The cytological characterization of rice chromosomes is well documented in the 

literature. The current chromosome numbering system was established by Kurata and 

Omura (1978), who provided the arm ratio and relative size for each of the chromosomal 

complement members. This result was further improved with image analysis techniques 

which provided better discrimination criteria (Iijima et al., 1991).  Both studies are based 

on mitotic chromosomes. Later, Cheng et al. (2001) provided an accurate estimation of 

the arm ratio and relative length based on pachytene chromosomes which were used in 

my analysis (table 3.3). 

For the other species of Oryza considered in this study, I used pachytene 

chromosome data from O. barthii (named in synonymy as O. staphii) and O. glaberrima 

(Shastry and Mohanrao, 1961).  I also included data obtained from mitotic chromosomes 

from O. glaberrima (Ohmido and Fukui, 1995) and O. punctata (Kurata and Omura, 

1982). No karyotype information was available for O. brachyantha, except an image 

provided by Uozu et al. (1997), while addressing repeat content in this genus.  

High correlation and determination coefficients observed among all the relative size 

inter/intra-species combinations illustrated on figure 3.3 indicates that, regardless of the 

differences in genome sizes, the pattern of differentiation of the rice chromosomes 

indicated by Iijima et al. (1991) is valid for the considered species, and perhaps the genus. 

It is important to remark that these correlations have the caveat of using data from the 



 

 

123 

literature that was generated in different laboratories with different techniques and 

chromosome sources: which are important non controlled sources of experimental error. 

Cheng et al. (2001) indicated that relative size estimations based on pachytene 

chromosomes tend to be more accurate than those generated from mitotic chromosome 

because they are more relaxed (i.e. less condensed). They also stated that values for 

heterochromatic chromosomes tend to be under-estimated, with the opposite tendency for 

the euchromatic ones.  Regardless of this limitation, my analysis and conclusions are 

supported by the high levels of synteny observed for 12 species of Oryza aligned to the 

IRGSP RefSeq (Kim et al., 2008) and the discussion presented below.  

3.4.4. African species of Oryza show high levels of synteny with the reference genome 
sequence 
 

The identification of synteny among species is a pivotal element for comparative 

genomics analyses extended to organisms placed in different taxa and evolutionary 

distances. The family Poaceae is probably the best example of this evolutionary tendency 

(Schmidt, 2000; Freeling, 2001) among all plants. With the availability of  more species 

with partial or complete genome sequences, these analysis are progressively extending to 

other plant families [i.e. Fabaceae (Shultz et al., 2007; Tsubokura et al., 2008) and 

Rosaceae (Jung et al., 2009)]. 

The first evidence of gene colinearity (i.e. synteny) in the grasses was initially 

provided by comparative genetic mapping with common sets of RFLP markers (Hulbert 

et al., 1990; Ogihara et al., 1994; Devos et al., 1995; Devos and Gale, 1997; Schmidt, 

2000; Gale and Devos, 2001). These results led to the concept of the famous “crop circle” 
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in which the chromosomes of several cereal species were aligned (Moore et al., 1995) in 

a circular configuration. This “crop circle” is continuously being updated as more data 

becomes available (Devos and Gale, 1997; Ashikari et al., 2005; Devos, 2005, Bennetzen 

and Chen, 2008), such as genome sequences. 

Based on the described high level of synteny observed in Poaceae, including genera 

with estimated divergence times dated on approximately 70 million years (Gaut, 2002), it 

was not surprising that I observed high levels of synteny among the African species of 

Oryza with the IRGSP RefSeq (figures 3.4, 3.5 and 3.6). Indeed, this was one of the 

supporting hypothesis for the OMAP project which is the first genus level comparative 

genomic analysis in plants (Wing et al., 2005); now strongly confirmed.  

The degree of synteny between two organisms has been estimated by sophisticated 

models based on the linear or circular arrangement of genes in their genome (Waddington 

et al., 2000; Liben-Nowell, 2001, 2002; Pasek et al., 2005). Based on the same principle, 

Gaut (2002) estimated synteny probability and decay for genetic maps in the grasses. Yap 

et al. (2003) advanced this idea and  created graphical solutions to integrate genetic, 

physical and sequence-based maps.  

Gramene (www.gramene.org) is a powerful and well curated database of genomic 

information for cereals (Jaiswal et al., 2002; Ware et al., 2002a; Ware et al., 2002b; 

Jaiswal et al., 2006; Gramene, 2008). From this web site users can create synteny-based 

comparative maps. SyMAP (Soderlund et al., 2006), emerged as a practical platform with 

the same purpose with the benefit of being free software which provided users with the 
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ability to exploit local computational resources instead the remote access required when 

Gramene. The current maps and estimations of synteny are derived from SyMAP. 

My measurement of synteny, the synteny index, is a simple numerical indicator of 

the relationship between two maps that corrects for the fact that two synteny tracts in two 

species are covered by different numbers of physical contigs, and that merged physical 

contigs can span several megabase pairs as is illustrated on figure 3.4. The synteny index 

showed significant differences among species, chromosomes, bins and position in 

chromosomes, which reflects documented inter-specific and chromosomal sequence 

variation (Thomas et al., 2003; Ma and Bennetzen, 2004; IRGSP, 2005; Drosophila 12 

Genome Consortium, 2007; Heger and Ponting, 2007).  

The observed pattern of interspecific variation is coincident with the phylogenetic 

relationship among the genome types from the genus (Ge et al., 1999), which was 

recently reassessed using BES information generated by OMAP [Michael Sanderson, 

personal communication; (Cranston et al., 2009)]. Synteny index decay in centromeric 

and peri-centomeric and centromeric regions is mainly associated with their repeat 

content, which were initially repeat masked before analysis. BES masking was also 

responsible of the reduction of the synteny index in repeat rich bins. This analysis will be 

presented with more detail in the next chapter in which micro-synteny is addressed by 

mining the information content of the four BES datasets.  
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3.4.5. African species of Oryza display synteny perturbations 

BES alignment to the IRGSP RefSeq was a powerful tool to capture structural 

variation in all the chromosomes from the four African Oryza species studied. It is 

noticeable at first glance in figure 3.4, the flux of contractions and expansions on the 

different chromosomes. Excess of deletions observed with O. glaberrima and O. punctata 

is in correspondence with their genome sizes, reported in this study (Chapter 2, 

Addendum 2.1) and by Ammiraju et al. (2006), for each of these species respectively.  

INDELs are considered an important force in evolution (Petrov, 2002; Gregory, 

2004; Drosophila 12 Genome Consortim, 2007; Heger and Ponting, 2007; Volfovsky et 

al., 2009). In plants, bursts of transposable elements are responsible of genomic 

expansions, thereby increasing their genome sizes. However, illegitimate recombination 

and unequal crossing over can degrade these inserted elements, increasing the frequency 

of solo LTRs with the concomitant downsizing of genome size (Bennetzen and Kellogg, 

1997; Vitte et al., 2007; Grover et al., 2008). This could be one of the possible 

explanations for the observed pattern of expansion and contractions displayed on the 

African Oryza species. Gregory (2004), in a well documented revision, also indicated that 

selection for smaller genome size is another evolutionary force; which could not be 

discarded in our analysis. Although this indication does not explain the quasi equal ratio 

observed for contractions and expansions in O. barthii and O. punctata, but specially fits 

the observed frequency in O. brachyantha. Complementing this idea, Bennetzen and 

Kellogg (1997), also indicated that some species with smaller genome sizes are 

recalcitrant to transposable element proliferation via methylation, which could be the case 
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in O. brachyantha, a species which exhibits the lowest known repeat content across the 

Oryza (Zuccolo et al., 2007). 

Besides INDELs, I also identified putative inversions and translocations across the 

African Oryza species. At present, only one inversion on O. punctata chromosome 8 has 

been confirmed by FISH (Kim et al., 2007). Experimental efforts to validate the large 

pericentric inversion detected on chromosome 2 from O. glaberrima failed because the 

high repeat content found on the BACs used in the FISH experiments resulted in too high 

of a background signal  (Scott Jackson and Jason Walling, personal communication). 

This result will probably be valid for other detected pericentromeric inversions. It is well 

documented that such chromosomal regions harbor transposable elements, and multiple 

rearrangements in plants and animals are considered highly dynamic from an 

evolutionary perspective (Bevan et al., 2001; She et al., 2004; Lee et al., 2005; Hall et al., 

2006; Ma et al., 2007).   

As indicated in the methods, all detected rearrangement were carefully and 

casuistically analyzed during the editing process, but their experimental confirmation is 

critical. As an alternative to FISH, PCR (polymerase chain reaction) experiments with 

primers flanking putative breakpoints has been successfully used in several species 

(Kehrer-Sawatzki et al., 2005, Stump et al, 2007, da Costa et al., 2009). This approach is 

also complemented with hybridization experiments on imprinted filters, when BAC 

libraries are available, which is the case of the African species of Oryza considered in this 

study. 
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Three of these inversions located on chromosomes 1, 4 and 5 apparently predate the 

divergence time between the AA and BB genomes, according to the accepted phylogeny 

of the genus Oryza (Ge et al., 1999). The other listed inversions (table 3.6) seem to be 

lineage specific. The inversion on chromosome 2 of O. glaberrima, if real, appeared after 

speciation from O. barthii. It is also interesting and contradictory that two of the 

inversions observed in O. barthii are absent in the daughter species. I currently have no 

explanation for this observation, although the severe devastation reported in populations 

of domesticated African, rice because of introgression from O. sativa (Linares, 2002), 

cannot be discarded on a speculative basis. This result reaffirms the importance of further 

experimental work to validate the putative rearrangements, and to investigate the level of 

Asian rice introgression into African rice. The O. glaberrima accession (CG14) used in 

this study constitutes an ideal starting point for such research efforts.  

The “inversions” found on chromosomes 3 and 6 (shown on figure 3.4; excluded in 

table 3.6) for all four African Oryza species imply that these chromosomal configurations 

depict the ancestral state and that these inversions are indeed unique to O. sativa. Both 

rearrangements match loci associated with reproductive barriers (Harushima et al., 2002) 

identified in crosses between japonica and indica cultivars, and are considered fast 

evolving regions (Kurata et al., 2002). Chromosome rearrangements are associated with 

important evolutionary events leading to speciation mainly because they repress 

chromosomal recombination, and subsequently isolation between closely related species 

(Rieseberg, 2001; Livingstone and Rieseberg, 2004; Kirkpatrick and Barton, 2006). 

Inversions are frequently reported, and strongly contribute to species isolation (Rieseberg, 
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2001; Livingstone and Rieseberg, 2004; Coghlan et al., 2005; Schmidt et al., 2005; 

Kirkpatrick and Barton, 2006). Pericentric inversions associated with speciation events 

have also been well documented in primates (Szamalek et al., 2005; Szamalek et al., 

2006a; Szamalek et al., 2006b), fish (Molina and Galetti, 2004) and Drosophila (Zouros, 

1982; Runcie and Noor, 2009). 

It is not coincidental that the majority of the putative inversions detected in this study 

reside on pericentric regions which showed a lower synteny index (figure 3.6). Taking 

into consideration the evolutionary dynamics of these regions in reproductive biology and 

speciation in other systems, my results open new opportunities to address questions in 

this direction for the African species of Oryza. 

The identification of segmental duplications in O. sativa and other Poaceae species is 

well documented in the literature, as well as their evolutionary significance (Nagamura et 

al., 1995; Wu et al., 1998; Wang et al., 2000; Yu et al., 2005; Wei et al., 2007). These 

duplications were easily identified on the OMAP phase I physical maps (Kim et al., 

2008), and are now more refined as a consequence of the HME process, as indicated on 

plots from figure 3.7 and table 3.7. Importantly for the current projects, I showed that not 

all the expected reciprocal hits were displayed as expected for some of these duplications, 

which are mainly due to the computational constraints imposed by the SyMAP 

algorithms, as well as library coverage addressed above. This observation does not 

exclude their existence and it is therefore highly recommended that homology searches of 

the BESs be performed at the amino acid level which may uncover and span these 

missing regions. Overall, my findings identified unprecedented genomic features in four 
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African species of Oryza, only emulated with the 12 genomes of  Drosophila system, and 

bring an aperture to address further questions on the evolutionary dynamics of the genus, 

which are out of the scope of this dissertation.  
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3.5. Conclusions 

The HME physical maps for the four African Oryza species presented in this chapter 

are an important contribution toward a detailed characterization of these genomes. These 

maps served as frameworks for sequencing specific target regions, like Adh1 (Ammiraju 

et al., 2008), Moc1 (Lu et al., 2009) and Hd1 (submitted), the short arms of chromosome 

3 for all four species, as well as the template for a whole genome sequence of O. 

glaberrima using a novel BAC pooling approach. 

I demonstrated a solid correspondence between the estimated genome size, 

cytological data and physical coverage for the four African Oryza species. In addition, I 

calculated the level of synteny among these species, relative to the IRGSP RefSeq, using 

an index which normalized the data by FPC contig and sequence homology distributed 

across 1Mb tracts. The synteny index showed significant differences among species, 

chromosomes, and 1 Mb bins. BES aligned physical maps also allowed for the 

identification of structural variation with a remarkable incidence of INDELS and 

pericentric inversions. 
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CHAPTER 4:  IN-DEPTH VIEW OF STRUCTRAL VARIATION IN 
THE GENOMES OF FOUR AFRICAN SPECIES OF ORYZA: 

INTEGRATION OF MACRO AND MICRO SYNTENY 
 

 
Structural variation is defined as genomic alteration larger than 1 kb, including indels, 
inversions and translocations. In this chapter I described such variations based on the 
alignment of BAC clones included in the physical maps from four African species of Oryza 
relative to the O. sativa reference genome. The analysis revealed that the genomes of these 
species show nested contractions and expansions, but also contain multiple putative 
inversions and translocations interspersed across their chromosomes. 
 
 

4.1. Introduction 
 

Comparative genomic research aims to disclose features that can lead to the 

formulation of hypotheses to explain how species evolved. These studies are based on 

diverse genomic resources (i.e. genetic and physical maps) and target a wide range of 

taxa from different kingdoms. The availability of complete genome sequences from 

different model species is dramatically enhancing comparative genomics research, 

thereby allowing for the elucidation of the role of structural variation in the evolution of 

species with different levels of phylogenetic relationships.  

Because of the economic importance the family Poaceae, numerous comparative 

genomics studies have been conducted (Devos and Gale, 1997; Kellogg, 2000; Gale and 

Devos, 2001; Kellogg, 2001; Gaut, 2002; Bennetzen and Ma, 2003; Paterson et al., 2003; 

Salse et al., 2004; Devos, 2005; Wei et al., 2007). These studies include representative 

species from the major clades of Poaceae and have the rice genome as the pivotal 

reference (Gale et al., 2001). 
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In this chapter I present an in-depth comparative analysis of structural variation, 

including contractions, expansions, inversions and translocation, among four African 

species of Oryza based on the alignment of BESs from their respective HME physical 

maps to the IRGSP RefSeq (reference sequence).  
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4.2. Methods 

4.2.1. Micro-synteny as a tool for predicting genomic rearrangements 
 

To identify putative rearrangements within the HME physical maps of the four 

African Oryza species I extracted the top scoring BES alignment matches from the 

SyMAP BLATS dataset. Clones with paired BES alignments were only considered in this 

analysis. The following criteria were used to predict structural variation: 

(a) INDEL's (Contraction - Expansions): 

(i) Physical position of a candidate clone and its BES alignment needed to 

be on the same chromosome, and the orientation of the BES pair needed to be in 

opposite orientations; 

(ii) The physical size of each clone was calculated using the consensus band 

(CB) conversion factor indicated in chapter 3, while the alignment distance was 

determined by calculating the difference between the coordinates of the mapped 

BES pair on the IRGSP RefSeq; 

(iii) If the physical distance of the clone was smaller than the alignment 

distance the clone was considered contracted for the African species; while the 

reverse condition was categorized as an expansion; 

(iv) At least three physically overlapping clones had to exhibit the same 

pattern to be considered an expansion or contraction. 
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  (b) Inversions: 

(i) The physical position of the candidate clones and the BES alignment had 

to be on the same chromosome, but orientation of the BES pairs were in the 

same orientation,  

(ii) At least two physically overlapping clones had to exhibit the same 

pattern to be categorized as an inversion. 

(c) Translocations: 

(i) A candidate clone had to have BES alignments on different 

chromosomes but one BES alignment had to be located on a chromosomal 

location where the FPC contig was assigned. 

(ii) At least two physical overlapping clones have to exhibit the same 

pattern to be categorized as a translocation.  

4.2.2. Statistical analyses 
 

All statistical analyses of data were performed using different packages from R 

version 2.9.1 (R Development Core Team, 2009) adapted to Bio-Linux environment 

(http://nebc.nox.ac.uk/tools/bio-linux), as indicated previously. 
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4.3. Results 

4.3.1. Physical maps show nested patterns of contractions and expansions 
 

Comparison between the physical size of overlapping BAC clones using the Kb/CB 

specific ratio parameter, and size based on BES paired-end alignments to a contiguous 

tract on the IRGSP RefSeq revealed a nested pattern of contractions and expansions in 

the four African Oryza species. Figure 4.1 illustrates this comparison on a single contig 

from O. barthii which aligns to the IRGSP RefSeq chromosome 2.  Figure 4.2 shows the 

global distribution of expansions and contractions for all twelve chromosomes in each of 

the four African Oryza species. Both contractions and expansions were graded based on 

the difference between the estimated physical and BES alignment sizes using the 

following scale: (1) < 100 kb, (2) 101 - 150 kb, (3) 151 - 200 kb and (4) > 200 kb, and 

were mapped on each chromosome in 1Mb bins. All chromosomes, regardless of species 

showed bins that were contracted only, expanded only, or mixed. Contractions and 

expansions also appeared to be widespread along the chromosomes, in both the short and 

long arms.  

Absolute frequency of contractions and expansions were contrasted with the linear 

model 4.1 listed on table 4.1. These values were transformed with a square root to 

normalize the counts, and the number of bins was included as a covariable to adjust for 

differences in chromosome sizes. Three of the included effects showed significant 

differences as indicated on table 4.1, although the highest F values were observed for the 

indel type, followed by species. No significant interaction between species by 
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chromosome was observed for this variable which indicates the independence between 

these effects. Mean contrast was assessed with Duncan test. 

The total frequency of contractions (1972) was significantly greater than expansions 

(1279) as is shown on table 4.2. O. brachyantha had the lowest frequency of both 

contractions and expansions, whereas O. glaberrima had the highest for both categories. 

O. barthii and O.  punctata remained in intermediate positions, not differing significantly 

as is indicated on table 4.2. This result is consistent with the moderate interaction 

observed between species and indel type effects on the model 2.1. 

The second model from table 4.2 was used to explain the variability between the 

difference in sizes estimated by CB units and BES alignments. Like the previous model, 

chromosome size differences were corrected with the inclusion of bins. All considered 

effects showed significant differences, except the interaction between chromosome and 

indel type, which was marginally significant. The response plots (figure  4.3) clearly 

support the strongest influence observed from the indel effect, with an excess of 

contractions in all species and on the majority of the chromosomes. 

The weak interaction between chromosomes and indel type also explains the pattern 

of chromosome differences (among species), illustrated on figure 4.3, in which 

chromosomes 10, 11 and 12 show an excess of contractions and the opposite tendency is 

observed on chromosomes 1, 2 3, 4 and 5. Chromosome 3 is the only one that is slightly 

expanded.  
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Figure 4.1. Detailed view of nested contractions and expansions in a contig from O. 
barthii aligned to IRGSP RefSeq chromosome 2. 

 

LEGEND. CON: Contraction, EXP: Expansion. Blue block on right track indicates overlaps 
between contiguous areas of contraction and expansion, in the reference genome. 
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Figure 4.2. General distribution of contractions and expansions for the 12 chromosomes 
in the African Oryza species. 

 
LEGEND. [Freq] Frequency, [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. 
brachyantha.. 
O. sativa centromeres are indicated by red blocks. Numbers at the left indicates the Mb bins.  
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Table 4.1.  Models used to contrast tendency on contractions - expansions. 
 

 
Effect SS df F p

Model 4.1.  √freq ~ Sp + Chr + INDEL + (Sp × Chr) + bins

Species 34.23 3 33.7 8.98E-12 ***

Chromosome 45.66 11 12.26 1.99E-10 ***

Sp × Chr 4.91 33 0.44 9.90E-01

INDEL 40.17 1 154.31 1.89E-14 ***

Residual 15.91 47

Model 4.2.  Diff ~ Sp + Chr + In + (Sp × In) + (Chr × In) + bins

Species 5,465,891 3 20.99 1.82E-13 ***

Chromosome 5,047,082 11 5.29 2.45E-08 ***

INDEL 58,880,177 1 678.46 2.20E-16 ***

Sp × In 1,093,682 3 4.20 5.64E-03 **

Chr × In 1,642,949 11 1.72 6.29E-02

Residual 279,536,063 3221  

 

LEGEND: SS: Sum of Squares, df: Degree of freedom, F: F value, p: probability of significance. [*** (p<<0.001)   ** 
(p<0.001)] 

Sp: Species, Chr: Chromosome and, In: INDEL type effects. 
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Table 4.2.  Frequency of contractions and expansions by species and chromosomes. 
 

Spe

Chr

Chr01 258 d 159 cd

Chr02 195 cd 148 bcd

Chr03 189 bcd 168 d

Chr04 160 abc 110 abcd

Chr05 158 abc 106 abcd

Chr06 172 abc 98 abc

Chr07 159 abc 92 ab

Chr08 155 abc 88 ab

Chr09 122 ab 81 a

Chr10 122 a 61 a

Chr11 145 abc 88 ab

Chr12 137 abc 80 a

TOTAL 463 b 283 ab 665 c 420 c 436 b 357 bc 408 a 219 a 1972 b 1279 a
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LEGEND: Spe: Species [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata and [br] O. brachyantha. Chr: 
Chromosome; CON: Contractions and EXP: Expansions.  
Total with different letters for each of the categories, indicates significant differences, based on Duncan test. 
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Figure 4.3. Response plots associated to model 4.2 (a) Species, (b) Chromosomes. 
 

LEGEND. [Freq] Frequency, [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha. 
Means with different letters indicates significant differences (p<0.05) based on Duncan test. 
Dotted red lines indicates the limits of dispersion of the data among the means. 
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4.3.2. Putative inversions and translocations are interspersed on all chromosomes of 
the four African Oryza species. 

 
Based on detection criteria described above, I searched the BES and physical map 

data sets for the presence of inversions and translocations in the four African Oryza 

species. Figure 4.4 illustrates an example of a putative inversion residing on chromosome 

4 of O. barthii in which four physically overlapping clones with paired BESs showed 

sequence alignments to the same strand on the IRGSP RefSeq. A closer view indicates 

that the break point of such an inversion should map approximately at 16.9 Mb on the 

IRGSP RefSeq chromosome 4.  The same detection criteria was applied in all four 

species. 

The distribution of these chromosomal rearrangements is illustrated on figure 4.4, 

where it can clearly be seen that inversions and translocation, relative to the IRGSP 

RefSeq, are interspersed on all chromosomes of the four species.  Figures 4.6 and 4.7 

show histograms of the frequency of inversions and translocations by chromosomes and 

species, respectively. Statistical models including the effects of species (among 

chromosomes) and chromosomes (among species) did not showed significant differences 

for these effects for both rearrangement types. Regardless, the frequency distribution of 

inversions (figure 4.6) showed that O. punctata contained fewer inversions than the other 

species, and chromosomes 6 and 12 contained more inversions that the others, with a 

lower frequency on chromosome 9. Translocations (figure 4.7) were found to be more 

abundant in O. brachyantha. Chromosomes 1, 3 and 11 showed higher frequencies of 

translocations, compared to the other chromosomes.  
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Figure 4.4. Example of an inversion on O. barthii chromosome 4. 
 

 
LEGEND. [Ctg] FPC contig, [CB] Consensus bands (× 100) spanned by involved clones, [MB]: Tract of the 
alignment of the incumbent clones to the reference sequence.  
Relative position of the BES is marked with blue arrows, while the black rectangle marks the approximate position of 
the inversion break point. 
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Figure 4.5. Distribution of inversions and translocations on the chromosomes of four 
African Oryza species. 

 
LEGEND. [Freq] Frequency, [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha. 
Numbered scale at the left indicates the assigned bin. Centromere positions are highlighted with red bars. 
Phylogenetic informative inversions: [1] AA, [2] and [3] AA-BB and [4] BB-FF. 
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Figure 4.6. Frequency distribution of inversions by chromosomes and species. 
 
LEGEND. [Freq] Frequency, [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha. 
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Figure 4.7. Frequency distribution of translocations by chromosomes and species. 
 
LEGEND. [Freq] Frequency, [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha. 
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Table 4.3. Frequency distribution of translocations considering chromosomal pairs. 

Transl. ba gl pu br Transl. ba gl pu br Transl. ba gl pu br Transl. ba gl pu br

Chr01-02 1 1 Chr02-01 2 1 1 Chr03-01 2 Chr04-01 2 1 2

Chr01-03 1 1 Chr02-03 1 Chr03-02 1 1 2 2 Chr04-02 3 1 1

Chr01-04 1 Chr02-04 1 2 4 Chr03-04 1 1 1 Chr04-03 2

Chr01-05 1 1 Chr02-05 Chr03-05 2 2 Chr04-05 1 2

Chr01-06 2 1 Chr02-06 1 2 2 3 Chr03-06 1 1 Chr04-06 1

Chr01-07 1 1 Chr02-07 1 2 Chr03-07 1 2 Chr04-07 1 1

Chr01-08 1 Chr02-08 Chr03-08 2 1 Chr04-08

Chr01-09 1 Chr02-09 Chr03-09 1 Chr04-09

Chr01-10 2 1 Chr02-10 2 Chr03-10 2 Chr04-10 2

Chr01-11 1 2 Chr02-11 Chr03-11 Chr04-11 1 1

Chr01-12 1 1 2 Chr02-12 2 3 Chr03-12 1 Chr04-12

Chr05-01 1 2 Chr06-01 1 2 Chr07-01 2 1 1 Chr08-01

Chr05-02 1 Chr06-02 1 2 1 Chr07-02 Chr08-02 1

Chr05-03 1 Chr06-03 3 Chr07-03 1 1 Chr08-03

Chr05-04 1 Chr06-04 1 Chr07-04 1 1 Chr08-04 1 1 1

Chr05-06 1 Chr06-05 3 1 Chr07-05 1 1 Chr08-05 1

Chr05-07 1 1 1 Chr06-07 1 2 Chr07-06 1 Chr08-06

Chr05-08 Chr06-08 Chr07-08 Chr08-07

Chr05-09 1 Chr06-09 1 Chr07-09 1 Chr08-09 1 1

Chr05-10 1 Chr06-10 Chr07-10 1 Chr08-10

Chr05-11 Chr06-11 1 Chr07-11 2 Chr08-11

Chr05-12 2 Chr06-12 1 1 Chr07-12 1 Chr08-12 1

Chr09-01 1 Chr10-01 Chr11-01 1 Chr12-01 1

Chr09-02 1 Chr10-02 Chr11-02 1 2 Chr12-02

Chr09-03 Chr10-03 Chr11-03 2 2 1 Chr12-03 3

Chr09-04 1 Chr10-04 1 1 Chr11-04 Chr12-04

Chr09-05 Chr10-05 Chr11-05 1 1 1 Chr12-05 1

Chr09-06 1 Chr10-06 1 1 Chr11-06 1 Chr12-06 1 1

Chr09-07 Chr10-07 Chr11-07 Chr12-07

Chr09-08 1 1 Chr10-08 1 Chr11-08 2 Chr12-08 1

Chr09-10 Chr10-09 1 1 Chr11-09 1 Chr12-09

Chr09-11 Chr10-11 1 Chr11-10 1 Chr12-10 1

Chr09-12 2 Chr10-12 1 Chr11-12 4 5 3 4 Chr12-11 2 5 3

 

LEGEND. [Freq] Frequency, [ba] O. barthii, [gl] O. glaberrima, [pu] O. punctata, and [br] O. brachyantha. 
Text in italics indicates chromosomes associated to detected segmental duplications in the physical maps. 
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The distribution of translocations by chromosome pairs (table 4.3) showed a 

complex pattern, which more likely is species specific. Several chromosome pairs were 

not detected in any of the species. It is important to remark that putative translocations 

involving chromosomes 1-5, 2-4, 2-6,  3-7, 3-12 and 11-12 overlap with segmental 

duplications. From these combinations, only the 2-6 and 11 -12 was detected in all the 

species. 

None of the putative translocations showed a phylogenetically informative pattern, 

which was not the case of the inversions. Twenty two inversions interspersed on the 

genome seem to be specific to the African AA lineage, marked with code 1 in figure 4.5. 

In the same figure, 11 inversions apparently predate the lineage AA+BB on the accepted 

phylogeny of the genus (Ge et al., 1999). From this group of inversions, five (marked 

with code 3 in the same figure) were shared by O. barthii, O. glaberrima and O. punctata, 

while the remaining (code 2) involved O. barthii or O. glaberrima and O. punctata. 

Finally, nine inversions shared by O. punctata and O. brachyantha in orthologous 

positions, in reference to O. sativa (code 4), suggest that these inversions predate the 

AA+BB+CC branch in the referred phylogeny, but were degraded after the emergence of 

the AA genome group. A caveat on this analysis, based on strict orthology to O. sativa, is 

the non inclusion of other species from the AA genome (i.e. O. nivara and O. rufipogon) 

or the CC and EE genomes (like O. officinalis and O. australiensis respectively), which 

would support this hypothesis if they showed these inversions in the same chromosomal 

positions.   



 

 

154 

4.4. Discussion 
 

4.4.1. Contractions and expansions: Genomes in flux 
 
Comparative genomics analyses can unravel complex relationships between the 

genomes of related species (Devos, 2005). In plants, most comparative analyses are based 

on the use molecular markers like RFLPs [restriction fragment length polymorphisms] 

(Bonierbale et al., 1988; Devos et al., 1995; Moore et al., 1995; Devos and Gale, 1997; 

Devos, 2005),  and ESTs [expressed sequenced tags] (Tanksley et al., 1988; La Rota and 

Sorrells, 2004), covering different taxa. One of the best examples derived from these 

efforts is the crop circle which shows extended synteny among cereal species but also 

chromosomal rearrangements (Tanksley et al., 1988; Devos et al., 1995; Moore et al., 

1995; Devos and Gale, 1997; Devos, 2005). Currently there are solid hypotheses about 

the role of chromosomal rearrangements in the evolutionary transit to modern rice, wheat 

and maize (Wilson et al., 1999; Sorrells et al., 2003; La Rota and Sorrells, 2004; Wei et 

al., 2007). 

BESs provide substantial but fragmented information about the genome of a species. 

BESs have also been intensively used for inter-specific comparisons covering several 

taxa (Lai et al., 2006; Leeb et al., 2006; Cheung and Town, 2007; Febrer et al., 2007; 

Datema et al., 2008; Han and Korban, 2008; Huo et al., 2008; Larkin and Lewin, 2008; 

Murakami et al., 2008; Terol et al., 2008; Cavagnaro et al., 2009; Chapus and Edwards, 

2009). Micro-synteny, captured from clones with paired BESs that align to the reference 

genome O. sativa allowed me to uncover unprecedented information about structural 

variation at the entire genome level for four African species of Oryza, following the same 
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rationale used by Newman et al. (2005), Lai et al. (2006) and Murakami et al. (2008) in 

comparative studies for the prediction of structural variation in the genomes of the 

papaya, chimpanzee, and several Drosophila species respectively. 

Structural variation is defined as genomic alterations longer than 1 kb in which the 

involved DNA segments can be inserted, deleted, duplicated, inverted or translocated 

(Feuk et al., 2006; Conrad and Hurles, 2007). The first three arrangements are usually 

classified as copy number variation (CNV), resulting in effects on DNA dosage in 

contrast to the inversion and translocations, which do not have this effect. These genomic 

variations, could be associated to genetic disease, but also are substrates for natural 

selection, resulting in phenotypic differences between individuals, populations and 

species (Conrad and Hurles, 2007). 

The African species of Oryza showed nested patterns of SV as illustrated on figure 

4.1. The global distribution of contractions and expansions for the 12 chromosomes in the 

four species (figure 4.2) revealed a complex mosaic of this type of variation along the 

chromosomes with neutral, contracted-only or expanded-only segments, and other areas 

in which expansions and contractions overlapped, in comparison to the IRGSP RefSeq. 

The statistical model used to explain the frequency variation of contractions and 

expansions (Table 4.1, model 4.1) revealed a significant excess of contractions in all 

species and chromosomes, compared to the reference genome (table 4.2). The balance 

between contractions and expansions observed in the four species confirm the results 

presented in the previous chapter  about the chromosomal coverage, relative size and 

their relationship with the genome size.  
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There is growing evidence of the evolutionary role of indels among different 

organismal lineages (Coghlan et al., 2005). Indeed, large SV contributes significantly to 

several vertebrates lineages (Thomas et al., 2003), although it is hard to extrapolate the 

contribution of these rearrangement to different kingdoms. In plants, indels and other 

structural variations can be associated to bursts of transposable element proliferation, 

which concomitantly promotes unequal homologous and illegitimate recombination, that 

in evolutionary time tends to erase these expansions (Ma and Bennetzen, 2004; Coghlan 

et al., 2005; Raskina et al., 2008). Associated to the impact of transposable elements on 

plant genomes, Bennetzen and Kellogg (1997) considered that some plants are resistant 

to retroelements amplification or have had limited exposure to such elements. These 

observations could explain the lowest frequency of indels observed in O. brachyantha in 

contrast the other three African species studied, although it is not possible to exclude the 

fact that phylogenetic distance of this species relative to the IRGSP RefSeq reduced the 

number of paired BESs alignments to the reference genome used for this estimation. This 

species showed the lowest content of transposable elements in the genus (Ammiraju et al., 

2006; Zuccolo et al., 2007; Kim et al., 2008). Intriguingly, O. glaberrima, the other 

domesticated species of the genus, was shown to contain the highest frequency of indels. 

The BES repeat content for this species, estimated with RepeatMasker is 29 %, although 

de novo searches elevated it to 40 %, which is close to that reported for the IRGSP 

RefSeq (Ammiraju et al., 2006; Kim et al., 2008).  Zuccolo et al. (2007) estimated that O. 

glaberrima had a repeat content of 54% and the highest MITE content based on the 

analysis of a random sheared genomic library. 
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The tendency observed for the frequency distribution of indels is consistent with the 

results from model 4.2 (table 4.1) in which the indel type was the strongest significant 

effect followed by the species effect. This also explains the significant interaction 

between both effects, illustrated in figure 4.3a, indicating a bias toward an excess of 

contractions in the four species. Inter-chromosomal comparisons (figure 4.3b) also 

corroborates this observation. 

4.4.2. Putative inversions could contribute to reproductive barriers 
 

Analysis of the four African species of Oryza also revealed the presence of several 

micro-inversions (figure 4.5) which were interspersed on all the chromosomes, regardless 

the species. This result was confirmed with the frequency distribution shown on figure 

4.6, and the observation that none of the tested models, like the ones used for indels, 

indicated significant differences among species and chromosomes. These results are in 

contrast with the distribution of macro-inversions presented in Chapter 3 which were 

found to be more abundant in pericentromeric regions (figure 3.4). Evidence of 

inversions in the wild species of Oryza was first reported by Jena et al. (1994) in O. 

officinalis based on genetic mapping using RFLP markers. One of his postulated 

inversions on chromosome 1 was later confirmed by Hass-Hacobus et al. (2006) using the 

OMAP physical maps and over-go markers. The OMAP project has also been used to 

reveal and confirm the presence of a large inversion on chromosome 8 of O. punctata, 

(Kim et al., 2007), and chromosome 11 of O. australiensis associated with the ADH1 

locus (Ammiraju et al., 2008). 
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The role of inversions in evolution and speciation has been evaluated by different 

authors (Zouros, 1982; Navarro and Barton, 2003a,b; Ayala and Coluzzi, 2005; 

Kirkpatrick and Barton, 2006), all accepting their contribution in creating reproductive 

barriers by suppressing recombination. Sibling species Drosophila pseudoobscura and D. 

persimilis provide one the best proofs of this idea (Brown et al., 2004; Macdonald and 

Long, 2006; Noor et al., 2007). Inversions have also been identified in the Drosophila 

ananasseae group (Matsuda et al., 2009) and D. mojavensis (Runcie and Noor, 2009). 

The importance of this type of rearrangement in primate speciation was also considered 

by several authors  (Hey, 2003; Goidts et al., 2005; Newman et al., 2005; Szamalek et al., 

2006b). Small inversions have also been show to perturbed synteny in several species of 

yeast (Seoighe et al., 2000). 

The association of reproductive barriers with chromosomal rearrangements, 

including inversions, is also documented in plants (Rieseberg and Willis, 2007; Lexer and 

Widmer, 2008; Lowry et al., 2008; Widmer et al., 2009). Rieseberg et al (1999) estimated 

that 50 % of the reproductive isolation barriers between closely related species of 

sunflower are caused by chromosomal inversions. Pedrosa et al. (2002) suggested that 

inversions are associated to speciation in Lotus. Koch and Kiefer (2005) indicated that 

chromosome fusions, translocations and multiple inversions reshaped the chromosomes 

of Arabidopsis lyrata, Capsella rubella  (n=8) and A. thaliana (n=5), based on 

comparative maps. Their conclusions were later confirmed by Lysak et al. (2006) with 

extensive FISH analyses. Similar results explain the speciation in orchids from the genus 

Cephalanthera (Moscone et al., 2007). 
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There are no reasons to exclude the hypothesis that the macro and micro inversions 

detected in the physical maps of the African species of Oryza could have played a role in 

speciation, especially with the observation that several of the putative inversions, seem to 

be associated to lineages in the accepted phylogeny of Oryza (Ge et al., 1999) [figure 4.5]. 

Indeed, genome types on the genus were identified based on cytological observations of 

inter-specific hybrids (I.R.R.I, 1964; Shastry, 1966; Nayar, 1973; Ogawa, 2003). In the 

same sense, it is not possible to discard their association to reproductive barriers, by 

suppressing recombination, especially with the observations from Harushima et al. (2002) 

and the dynamics of the centromeric and pericentromeric regions observed in the IRGSP 

RefSeq (Kurata et al., 2002). These results open new questions on this topic and 

undoubtedly their confirmation requires further experimentation, especially FISH, for 

which these data can contribute as a solid starting point. 

4.4.3. Putative translocations or transpositions: Facts or in silico artifacts 
 
The third type of genome rearrangement revealed by this analysis was translocation. 

Putative translocations were identified on clones with paired BESs aligning to different 

chromosomes in the IRGSP RefSeq, with the restriction that one of those alignments had 

to match the physical assignment in the map of the clone to a particular chromosome. In 

addition to these criteria, a low level of chimeras observed in BAC clones (Shizuya et al., 

1992; Luo and Wing, 2003) was assumed as a precondition.  

The detrimental effect of translocations has been extensively documented in the 

literature, with many articles describing their associations with severe pathologies, 

especially in humans. Classical papers in genetics indicate their "survival" only in 
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heterozygous conditions (Dobzhansky, 1930; Muller, 1930; Sturtevant and Dobzhansky, 

1930; Dobzhansky, 1931; Stern, 1934). A recapitulation of chromosomal rearrangements 

in the evolution of eutherian mammals revealed a low frequency of translocations 

associated to the evolution of this lineage, compared to the observed proportion of 

inversions and fusion/fissions (Wienberg, 2004; Zhao and Bourque, 2009). 

In contrast to animals, the evolutionary role of translocations is significantly higher 

in plants. Multiple translocations reshaped the genome of Brassica napus (Sharpe et al., 

1995; Lukens et al., 2004). The divergence between eggplant, pepper and tomato is 

explained by numerous translocations (Doganlar et al., 2002; Wu et al., 2009) and in 

genus Helianthus (Burke et al., 2004). This type rearrangement is also involved in the 

differentiation of the A genome species from cotton (Desai et al., 2006).  

The cereals are not an exception to the reshaping action of translocations. Seminal 

work by Barbara McClintock in the middle of last century (1948, 1950), showed the 

relationship of the Ac/Ds elements with chromosome rearrangements in maize, including 

translocations. Since then, important information on chromosomal evolution of grasses 

have accumulated, especially major translocations and fusion/fissions which include 

several homeologous chromosomes (Devos et al., 1995; Moore et al., 1995; Devos and 

Gale, 1997; Kellogg, 2000, 2001; Bennetzen and Ma, 2003; Salse et al., 2004; Devos, 

2005; Luo et al., 2009). The rearrangements described by these authors, covered large 

chromosomal segments and included species in different subfamilies in the major clades 

of Poaceae. 
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There are no previous studies in plants that addressed the putative role of 

translocations at generic level with the level of detail presented in this study. Like 

inversions, frequency distribution of putative translocations did not show significant 

differences among the species and chromosomes, included in the models used to test 

potential source of variation for its distribution. Regardless of this finding, O. 

brachyantha tended to show a higher frequency of this rearrangement type, followed by 

O. punctata. (figure 4.7).  The same figure shows that chromosomes 1, 3 and 11 tend to 

accumulate more translocations than other Oryza chromosomes.  

Assuming the stability of the BAC cloning system on which the fingerprinting and 

end sequencing relied, and imposing a strict set of parsing criteria where at least two 

physically overlapping clones had to exhibit the same structural variation pattern, it is 

very likely that the small translocations detected in my study are indeed real (figure 4.5). 

In spite of the lack of significance observed in the models, it is not surprising that O. 

brachyantha showed a higher frequency of translocations, followed by O. punctata, 

which is consistent with the phylogeny of the genus (Ge et al., 1999) and the estimated 

time of divergence for these species 14.62 and 5.76 MYA respectively. This is in contrast 

to O. glaberrima (0.58 MYA) (Ammiraju et al., 2008) which provides a tempo for the 

accumulation of structural variation in the recently diverged AA genome species. 

The distribution of translocations by chromosome pairs (table 4.3) showed a 

complex pattern, which more likely is species specific, in which several chromosome 

pairs were not represented. It is also important to remark that none of the putative 

translocations had reciprocal counterparts (a conclusion driven from the raw data, not 
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shown). Non reciprocal translocations usually involve large telomeric blocks (Sharpe et 

al., 1995; Liti and Louis, 2005), which was not the case for any of the species studied 

here. Based on this observation, these rearrangements could be considered transpositions, 

following the nomenclature of Coghlan et al. (2005), who defined this kind of 

translocation as those that "a chromosomal region moves to another location without a 

reciprocal change". 

It is important to remark that putative translocations involving chromosomes 1-5, 2-4, 

2-6,  3-7, 3-12 and 11-12 overlap segmental duplications. From these combinations, only 

the 2-6 and 11 -12 were detected in all the species. Indeed, the latter one showed the 

highest frequency among all the chromosomes, regardless species. These observations 

could suggest a caveat in this analysis which was based on the best BLAT alignment, 

indicating the lost of the expected alignment on the correct chromosome by the parsing 

rules. However, the requirement that two or more BES alignments are needed to “call” a 

translocation diminishes this argument.  

Rapid progress in the analysis of structural variation in mammals, especially in 

primates, shows that rearrangement breakpoints are highly correlated with genomic 

regions associated with segmental duplications (Lemaitre et al., 2008; Girirajan et al., 

2009; Kemkemer et al., 2009). This association has not been demonstrated on plants. 

Segmental duplications in this kingdom are well documented as a result of ancient 

polyploidization, which latter are the subject of intensive reshuffling  (Blanc et al., 2000; 

Paterson et al., 2000; Bowers et al., 2003; Paterson et al., 2003; Paterson et al., 2004; 
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Paterson et al., 2005), a process that could have the same genomic consequences 

described for mammals.   

Many of these translocations could be derived from illegitimate recombination (Ma 

and Bennetzen, 2004; Coghlan et al., 2005; Raskina et al., 2008), and if real, should have 

been fixed in their respective genomes because they should provide a selective advantage 

as discussed by Navarro and Barton (2003a,b). Their confirmation definitely requires 

further experimental work.  
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4.5. Conclusions 

There is a growing body evidence about the role of structural variation in speciation 

by recombination suppression (Rieseberg, 2001; Livingstone and Rieseberg, 2004; Ortiz-

Barrientos and Rieseberg, 2006; Rieseberg and Willis, 2007). Under the models of 

parapatric and sympatric speciation, inter-specific isolation builds up gradually over time. 

Because the geographical distribution of wild African Oryza species overlap (Bao and 

Jackson, 2007) it is possible that the putative rearrangements discovered in my analyses 

may have contributed to a gradual suppression of the genetic recombination, thereby 

leading to speciation and diversification across the African continent.  

The detailed analysis of structural variation reported in this study is based on the 

analysis of single accessions of four African species of Oryza. To begin to dissect their 

potential roles in functional and evolutionary biology it will be important to take a 

population genomics approach to determine how many of the structural variants detected 

are actually fixed. The next step therefore would be to sample 10-50 accessions of each 

species and determine the frequency of structural variants detected in these single OMAP 

accession are present in other accession.  Another more attractive option, that will be 

available soon, will be to simply resequence additional accession and map the data back 

to forth coming OMAP RefSeqs that have been proposed by the International OMAP 

consortium. The detection of fixed SVs will provide critical entry points into the 

exploration of speciation in the Oryza. 
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CHAPTER 5: CONCLUDING REMARKS 
 

5.1. On the taxonomy, phylogeny and the biogeography of Oryza 
 

 

1. Digging into the huge collection of rice literature on rice and Oryza was a hard 

task. Based on a wide revision carried out for this dissertation, it is obvious that the 

taxonomy of the genus Oryza is confusing, especially for excessive non valid synonymies.  

The classification in Oryza has now been simplified, and currently, without consensus 

among the experts, the genus includes 23 species (Bao and Jackson, 2007) - two of them 

domesticated independently in Asia and Africa. Terrell et al. (2001) proposed a new 

classification for the genus, including three subgenera, that deserves serious consideration.  

 

2. The idea of a Gondwanan pattern of distribution of rice species proposed by 

Chang (1976, 1985) is currently not accepted based on divergence times estimated by 

molecular studies from several authors. Alternatively, Vaughan et al. (2005) proposed 

that the geographical distribution of rice is the result of long distance dispersion. 

Vaughan et al. (2005) hypothesis has several weak arguments, especially the exclusion of 

the most basal genomes from Oryza. The same year, Prasad et al. (2005) published in 

Science their finding of fossil evidence from India, which dramatically change the 

evolutionary scenario of this family and its major accepted clades. This work has being 

completely ignored and should be taken into consideration for calibration purposes. 
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3. The accepted phylogeny of Oryza proposed by Ge et al. (1999), which elegantly 

addressed divergence at genome type level, is incongruent with the geographical 

distribution of the species of Oryza, mainly in Africa which hold the richest diversity in 

genome types and the geographical location of the most basal species. This incongruence 

could be resolved if the Prasad et al. (2005) were taken into consideration. Under this 

new view, the origin of Leersia and Oryza, should be placed on western fracturing 

Gondwana, and does not exclude the action of long distance dispersion. 

 

5.2. On the Oryza Map Alignment Project resources provided to the scientific 
community 
 
 

The in-depth analysis of the theoretical and empirical genomic coverage of the BAC 

libraries derived from representative species of the ten genome types of Oryza 

demonstrated that the libraries are high-quality and have deep-coverage. Such data was 

critical to provide confidence that virtually every region of the collective Oryza genome 

could be investigate at will. Based on my quality assessment, these libraries (whole 

libraries, filters and individual clones) were made publicly available to the scientific 

community thru the Arizona Genomics Institute’s BAC/EST Resource Center where 

literally hundreds of orders have been placed from around the world. The incorporation 

of O. barthii into OMAP opened a new dimension for the analysis of African rice in the 

areas of domestication, adaptation and evolution. O. barthii is considered the wild 

ancestor of cultivated West African rice (O. glaberrima) (Porteres, 1962; Bardenas and 
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Chang, 1966; Nayar, 1973; Oka, 1974; Chang, 1976; Second, 1982; Oka, 1996; Linares, 

2002; Sang and Ge, 2007).  

The international impact of OMAP was not only restricted to the genomic libraries. 

All libraries were subsequently end-sequenced and fingerprinted to produce phase I 

physical maps for each species. My contributions to this effort were to assemble all the 

phase I physical maps (Kim et al. 2008), and produce heavily manually edited physical 

maps for all diploid species in OMAP, with the exception of O. punctata (Kim et al. 

2007). The edited physical maps are gradually being disclosed to the public in serial 

publications, and are rapidly becoming core components for sequencing the collective 

Oryza genome.  

I have personally used these BAC and HME physical map resources to assist many 

researchers at AGI and around the world to help identify their favorite target regions 

across the Oryza phylogeny, as well as picked minimum tiling paths of BAC clones for 

genome (O. glaberrima), chromosome 3 short arms (i.e. O. brachyantha and O. minuta), 

and chromosome 5 of O. nivara. 

5.3. African species of rice show high levels of synteny to the reference genome 
 

The estimated coverage of the genomic libraries was also reflected in the assembled 

and HME physical maps. Total anchored coverage, with respect to the IRGSP RefSeq, 

was 347.9 Mb for O. barthii, 334.7 Mb for O. glaberrima, 398.1 Mb for O. punctata and 

278.8 Mb for O. brachyantha, representing 91, 94, 92 and 77 % of their respective 

genomes.  The four species showed acceptable levels of genome colinearity with O. 
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sativa, although the lower coverage and synteny index values displayed for O. 

brachyantha demonstrated its basal position in the phylogeny (Ge et al., 1999). This later 

conclusion would have been more solid if similar comparative resources had been 

developed for the diploid outgroup species Leersia. In the future, I highly recommend the 

inclusion of a species of Leersia as an outgroup, which will positively impact all 

phylogenetic analyses based on the OMAP resources. 

5.4. African species of rice displayed divergent patterns of structural variation 
 

Even though high levels of synteny were detected between the four African Oryza 

species and the IRGSP RefSeq, I was able to detect significant levels of structural 

variation (i.e. expansions, contractions [indels], inversions and translocations), with 

respect to the IRGSP RefSeq, across all species and all chromosomes. The nested pattern 

of contractions and expansions suggests that the genomes of these species are in “flux", 

most of which is likely associated to transposable element proliferation and expulsion by 

unequal recombination. The concept of genome flux will require further confirmation by 

analyzing larger sequence tracts derived from ongoing project because BESs can only 

provide fragmented information on this topic. 

The reverse polarity used in this study, in the sense that the reference genome 

belongs to the most highly derived species, did not impair my ability to capture structural 

variation, like inversions and translocations, which could have impacted the evolutionary 

history of rice in Africa. These results require further confirmation but definitely provide 

new substrates to address questions on the evolution of Oryza, and possibly chromosomal 
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evolution in the species, which is strongly defended by the Rieseberg "school" of thought 

(Rieseberg et al., 1999; Rieseberg, 2001; Rieseberg and Buerkle, 2002; Rieseberg and 

Livingstone, 2003; Burke et al., 2004; Livingstone and Rieseberg, 2004; Rieseberg et al., 

2004; Ortiz-Barrientos and Rieseberg, 2006; Rieseberg et al., 2006; Hendry et al., 2007; 

Rieseberg and Willis, 2007; Rieseberg, 2009). 
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APPENDIX A. THE ORYZA BACTERIAL ARTIFICIAL 
CHROMOSOME LIBRARY RESOURCE: CONSTRUCTION AND 

ANALYSIS OF 12 DEEP-COVERAGE LARGE INSERT BAC 
LIBRARIES THAT REPRESENT THE 10 GENOME TYPES OF THE 

GENUS ORYZA 
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