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General introduction

Rice is one of the most important staple food of people more than half in the world. However, production of
rice is continuously threatened by various unfavorable environmental factors such as high salinity conditions,
drought, and undesirable growing temperature, and various pathogens (Cho et al. 2004). Efforts have been
made to advance our understanding of rice genetics through numerous international collaborations and a
completioj of rice genome sequencing in 2004 by The International Rice Genome Sequencing Project (IRGSP).
This provides a powerful tool for identification of agronomically important genes in rice, as well as for
identification of orthologous genes in other crop species and their wild relatives.

The genus Oryza, which has a widely diverged range of habitats, comprises 25 species in 10 different
genome types (AA, BB, BBCC, CC, CCDD, EE, FF, GG, HHJJ and HHKK) including O. sativa that has the
AA genome type (Vaughan er al. 2003). These species have been grouped into five species complexes, O.
sativa complex (O. sativa, O. rufipogon, O. nivara, O. glaberrima, O. barthii, O. longistaminata, O.
meridionalis and O. glumaepatula), O. officinalis complex (O. officinalis, O. minuta, O. rhizomatis, O.
eichingeri, O. punctata, O. latifolia, O. alta, O. grandiglumis and O. australiensis), O. ridley complex (O.
ridley and O. longiglumis), O. granulata complex (O. granulata and O. meyeriana), and others (0.
brachyantha, O. schlechteri and O. coacrata) (Tateoka et al. 1963). Wild rice species can be found in Central
and South America, Australia, Africa, and Asia, while a cultivated species O. sativa is distributed worldwide,
in both temperate and tropical climate areas (Vaughan er al. 1994). Wild relatives of rice are important as a
genetic resource to study domestication, speciation, polyploidization and evolution (Lu et al. 2000), and also

to reveal agronomically useful traits including resistance to various stresses.




A wealth of knowledges from morphological and cytological studies (Nayer et al. 1973, Lu et al. 2000) and
data from molecular markers such as isozyme (Second 1982), nuclear DNA restriction fragment length
polymorphism (RFLP) (Bautista et al. 2001, Lu er al. 2002, Wang et al. 1992), randomly amplified
polymorphic DNA (RAPD) (Ishii et al. 1996, Ren er al. 2003, Aggarwal et al. 1999), amplified fragment
length polymorphism (AFLP) (Aggarwal er al. 1999, Park et al. 2003), simple sequence repeat (SSR) (Ishii er
al. 2001, Ren et al. 2003), short interspersed element (SINE), miniature inverted-repeat transposable element
(MITE) insertions (Mochizuki e al. 1993, Iwamoto et al. 1999, Cheng et al. 2002) and nucleotide sequences
(Yoshida et al. 2004, Zhu et al. 2005, Londo et al. 2006) has significantly enhanced our understanding of
phylogenetic relationships. However, taxonomy of the genus Oryza is particularly obscure, because some of
them lack clear morphological traits characteristics (Second 1982, Vaughan 1989) and their phylogenetic
relationships have not been fully resolved, and have been inconsistent among studies (Bao et al. 2004, Ge et al.
1999, Ge et al. 2002, Guo et al. 2005, Zhu et al. 2005).

To create a clear view of genome comparison in the genus Oryza, the Oryza Map Alignment Project (OMAP),
has been performing to align DNA fragments of twelve wild genome species of rice to the O. sativa genome
sequences (Wing et al. 2005, Ammiraju er al. 2006). BAC libraries of the wild relatives have been constructed
and their end sequences were read to use them for constructing alignment physical maps of 12 species (Wing
et al. 2005, Ammiraju et al. 2006). In contrast to the progress of comparative genomics in wild relatives,
identification and characterization of genes remain to be studied. Only gene expression and EST analysis of O.
minuta (BBCC genome) has been reported (Cho et al. 2004, Cho et al. 2004 (a), Shim er al. 2004, Cho et al.

2005)




In this study, I examined diversity of Oryza species by comparing expressed sequences of AA genome with
those of BB and CC genomes, together with a comparison of several genomic sequences of unique genes
among AA, BB, CC, DD, EE and FF genomes. Three questions were focused on this study. First, how many
nucleotides have been substituted after divergence of AA, BB and CC genomes? Second, when did the
divergence of nine genomes of the genus Oryza has been occurred? Third, what unique genes have been
evolved in the wild relative of rice? Answers to these questions would provide new information on the

phylogenetic relationship of rice species, and help to discover useful genes lost in the cultivated rice.




Chapter 1

Expressed gene diversity among AA, BB and CC genome species of rice




Introduction

Three cultivated species and five wild species comprise the O. sativa complex of the AA genome group in
the genus Oryza. Prenial type wild species O. rufipogon and annual type O. rufipogon (O. nivara) have been
reported to be the origin of cultivated rice O. sativa, japonica and O.sativa, indica, respectively (Cheng et al.
2003, Li e al. 2006). As for the speciation and evolution of cultivated rice of O. sativa, japonica and indica,
there have been many kinds of studies. In this area much interest has been focused on the relationship
between domestication and evolution. Recent studies have revealed phylogenic relationships among AA
genome species as relatively close species of cultivated rice by using several different markers of SSR (Chen
et al., 2002), SINEs (Cheng er al., 2002) and of multiple genes (Tang et al., 2006). Especially, Tang et al.
(2006) discovered the presence of high divergence regions between O. sativa, Japonica and indica genome
sequences that covers above 6% of the genome. In the hi gh divergence regions, they reported the presence of
genes showing different haplotypes between O. sativa, japonica and indica. Examination in the distribution
of genes of two haplotypes was carried out using 60 accessions covering all AA genome species and with 20
genes in the regions. Results revealed that all eight AA genome species have genes of both japonica and
indica haplotypes together in the high divergence regions, suggesting two different origins of the AA
genome.

In the stream of comparative genomics, cereal crops have shown to have genome-wide syntenic
relationships among their genus. Rice, maize, wheat, barley, sorghum and sugarcane were probed to possess
region by region similarity through the whole genome (Devos, 2005). Using this close correspondence many
phylogenic analyses have been carried out among different genus of crop plants, in the tribe Oryzeae as well

as in the genus Oryza and established clear view of phylogenic relationships among them (Ge et al., 2002,




Swigonova et al. 2004, Guo and Ge, 2005). Thus the evolutionary and phylogenic studies among different
genus have revealed the degree and the time of divergence among genus, and those studies within the AA
genome species have also indicated origins of cultivated rice and AA genome species. However, the
phylogenic relationships among remote relatives of rice carrying different genome types from AA
(BB~HHKK) in the genus Oryza have not been clarified well yet. A few analyses using different Oryza
species have been carried out and showed different phylogenetic trees depending on a few genes or sequences
used in the analyses (Guo and Ge, 2005, Aggarwal et al., 1999). As for studies on genome diversity in the
genus Oryza, recent works of the Oryza Alignment Map Project (Wing et al. 2005, Ammiraju ef al. 2006)
and the EST analysis of a tetraploid species of O. minuta (BBCC) (Shim ez al. 2004, Cho et al. 2005) have
begun to reveal characteristics of diverged genomes and genes.

In this chapter, I would like to focus on the sequence diversity of the expressed genes of the different
genome species in the genus Oryza. To built up fundamental view of interspecific divergence among wild
and cultivated species, over 3,000 expressed sequence tags (ESTs) from two wild species of BB and CC
genomes were analyzed by comparing them with the orthologous sequences of O. sativa, Japonica, cv.
Nipponbare and O. sativa, indica, cv. 93-11. How many nucleotide and amino acid substitutions have been
occurred among genomes in the genus Oryza? Are there specific genes that evolved rapidly or differently? If
there were, what is the reason for rapid evolution? Answers to these questions would provide a new clue for
the phylogenic studies of wild genome species of rice and a discovery of missing and evolving interesting

genes, such as a high performance stress tolerance genes and reproductive barrier genes.

Materials and Methods




Plant materials

Wild species and accessions of rice used in this study were O. punctata (accession number W1514) for BB
genome species and O. officinalis (W0002) for CC genome species. The seeds of each accession maintained
in the National Institute of Genetics were sown and grown in the paddy field in the city of Mishima, Shizuoka,
Japan. Two organs, shoots of meristem major and young panicles were used for mRNA extraction. Around
five leaves stage, shoots were collected from W1514 (BB) and young panicles of about 2-4 cm long were
harvested from W0002 (CC) plants and frozen in liquid nitrogen. These plant materials were prepared by Ms.

Miyabayashi (Expermintal farm, National Institute of Genetics, Japan).

c¢DNA library construction

Total RNA was extracted from the frozen plant materials by the oligotex™-MAG mRNA extraction kit
(TAKARA, Japan) following the instruction of the manufacturer. Poly(A)+ RNA was purified by adding the
Dynabeads oligo (dT),s (Dynal, USA) into total RNA solution, washing and eluting the poly A RNA from the
beads. All procedure and buffers used in the RNA purification followed the manufacture’s instruction (Dynal,
USA). Poly(A)+ RNA of about 5 mg each was used for the first and then the second strand synthesis of cDNA
using a ZAP cDNA synthesis kit (Stratagene, USA). Synthesized cDNA was blunted with DNA polymerase,
ligated with EcoRI adaptors, digested with an EcoRI and then the adaptor ends were phospholyrated by a T4
polynucleotide kinase. After digesting with Xhol, cDNAs were fractionated through Shepharose CL-2B
column and collected cDNAs of 500 bp to Skbp fragments. Collected cDNAs of about 100 ng each was ligated
to I mg Uni-ZAP XR vector and packaged with the lambda phage Gigapack 111 XL packaging extract

(Stratagene, USA) and infected immediately to the E. coli strain X1-Blue MRF’. Total of 5 x 10* and 3.5 x 10°




packaged phages were obtained for BB genome shoot (BBS) library and CC genome panicle (CCP) library,
respectively. A part of the libraries was used for excision reaction to obtain plasmid clones using a SOLR™
strain. From cDNA synthesis to the excision culture, all procedures and buffers followed strictly the
manufacturer’s instruction (Stratagene, USA). Total of 4000 excised clones, 2000 each from the BBS and the
CCP library were picked up, cultured in a LB medium and extracted plasmid DNA from individual clones.
Library construction and characterization were mainly performed by Ms. Sasaga (Plant Genetics Laboratory,

National Institute of Genetics, Japan).

Sequencing of cDNA clones

Sequencing of 4000 randomly selected clones, 2000 from O. punctata (BB) and another 2000 from O.
officinalis (BB), were performed in ABI 910 sequencer (Aplied Biosystems). All clones were sequenced from
both 3” and 5’ ends with M13 primer (5-GTAAAACGACGGCCAGTG-3") and from the 3’ end with M13
reverse primer (5’-GGAAACAGCTATGACCATGA-3") using Big Dye terminator Kit (Aplied Biosystems).
Sequences difficult to be determined or shorter less than 100 bp were excluded from the analysis. The
sequence profile was checked manually, and regions including anonymous nucleotide (N) were deleted from
the analysis. All sequences were registered in the DDBJ as EST sequences with numbers of BB984512~
BB985121, BB994797~BB996458 for singletons, and as full insert sequencies ¢cDNAs with numbers
AK223775~AK224590. This part was conducted by Drs. Kanamori and Namiki (Society for

Techno-innovation of Agriculture, Forestry and Fisheries, Japan).

Similarity search, detection of nucleotide substitution and insertion-deletion (indel), and




estimation of Ks and Ka

Similarity of all sequenced clones from BBS and CCP libraries was searched against the ESTs, cDNAs and
genome sequences of O. sativa, japonica (February, 2005) and Genbank nonredundant database (release 151)
by the BLAST program (Altschul et al. 1997). The japonica genes that showed the highest similarity were
defined as orthologues of the clones in this study.

The nucleotide substitution was detected also using the BLAST program against the O. sativa (data based
on the IRGSP genome sequence build 3). The all coding sequence (CDS) files and the all UTR files were
retrieved from Rice Annotation Project database (RAP-db) and used for the alignment analysis with the ESTs
sequenced in this study. Gaps on either sequences were deleted as indels and all nucleotide mismatches were
counted as substitutions for the 3* and 5° UTR and the CDS regions respectively. Gap number was also
counted as indel number in all the 3° and 5° UTR and the CDS. These BLAST results in the alignment
analysis were also used to calculate Ks and Ka with a K-estimator (Comeron 1999). K-estimator applies the
method described in Comeron (1995) to estimate Ks and Ka. This method is a modification of method of Li's
(1993) and Pamilo and Bianchi's (1993) (LPB) method. Before using the K-estimator, putative codonframes
were adopted for the CDSs of wild relatives and the gaps were eliminated from either the BB, CC or the AA
genomes. The indica orthologues were obtained using the BLAT program against the indica genome
sequences (Yu ez al. 2005) with the identified O. sativa, japonica sequences as a query. Ks and Ka between
O. sativa, japonica and indica and between BB or CC and indica CDS were calculated using the results of
this blat analysis. Computer analysis was performed by Ms. Mochizuki (Plant Genetics Laboratory, National

Institute of Genetics, Japan).




Results
EST sequences in the BBS and the CCP libraries

Manually confirmed sequences of 1222 from the O. punctata BBS library and 1865 from the O. officinalis
CCP library were used for the analysis of ESTs. Average clone length of the library was 630 bp calculated
from insert sizes of 100 clones for two libraries. Sequences from same genes were assembled by BLAST
search and minimum contiguous clone sequences, as well as stand alone sequences were collected for further
analysis. Similarity search of the assorted sequences were performed against the DNA data of all organisms
in release 151 of GenBank. Genomic DNA sequences that contained putative introns or vector sequences and
DNA sequence less than 100 bp long were deleted from the analysis. Total of 973 clones composed of 1222
sequences from the O. punctata BBS library and 1425 clones composed of 1866 sequences from the O.
officinalis CCP library were selected for comparative analysis with the AA genome sequences. Similarity
search at the nucleotide level using BLASTX revealed that 86.2 and 77.3% plant genes and 14.6% genes of
other organisms showed similarity to BBS and CCP clones, respectively (Table 1-1). 2.7% and 8.1% of BBS
and CCP clones did not show similarity with any protein, respectively (Table I-1). Table 1-2 shows
similarities of the BB and the CC clones with the cDNA or genome DNA sequences of AA genome O. sativa,
Japonica rice at the nucleotide level using BLASTN. The members that showed no similarity to the genomic
sequences of AA genome suggested the presence of highly diverged specific genes/sequences in both BB and
CC genomes. Meanwhile, novel expressed gene sequences, which appered in O. sativa genome sequence but
not in any ¢cDNAs or ESTs from AA species, were 20 of 2398 clones in the BBS and CCP libraries. This
indicates that at least 0.8% of the BBS and CCP genes/sequences analyzed in this study has not been

identified yet in the cultivated rice.



Substitution finding in the ESTs of BB and CC genomes against AA genome sequences
Nucleotide substitutions of all BBS and CCP clones against AA genome sequence were investigated by the
BLAST in this study. The genome sequences both of O. sativa, indica and japonica were used for
substitution analysis. After excluding indel regions or non-homologous sequences, total of 465107 bp of O.
punctata (BB) and 493511 bp of O. officinalis (CC) were used for substitution detection, and 17294 and
20267 substitutions were detected against O. sativa, japonica sequences, respectively (Table I1-3). This
showed that the base substitution rate in the ESTs was 37 bp/kb in O. punctata (BB) and 41 bp/kb in O.
officinalis (CC) compared to the O. sativa (AA) sequence (Table I-3). In Table I-3, numbers of substitutions
were counted separately in the untranslated regions (UTRs) and in the CDSs, indicating that substitutions in
the CDSs were occurred more frequently in the CC genomes than in the BB (38 bp/kb in CC and 32 bp/kb in
BB). On the other hand, the substitutions in the UTRs were occurred evenly in the BB and CC genomes (46
bp/kb in both genomes). Comparison of genomic DNA sequences of O. punctata (BB) and O. officinalis
(CC) against O. sativa, japonica (AA) genome has also been carried out using each 100 BAC end sequences
retrieved from the OMAP dataset in the Arizona Genomics Institute (AGI). The end sequences of BB and CC
BAC clones showed high substitution rate of 82 bp/kb and 98 bp/kb against O. sativa, japonica genome. The
average substitution rate in the genome sequence against japonica was about three-fold higher (82/32 and
98/38 bp/kb in BB and CC) than that in the CDS and two-fold higher (82/46 aﬁd 98/46 bp/kb in BB and CC)
than that in the UTR as shown in Table I-3. These results showed that the CDS region is highly conserved

and the UTR is also conserved in their sequence than the genomic region.




Comparison of Ka/Ks ratio among AA, BB, and CC genomes

The synonymous substitution rate Ks and non-synonymous substitution rate Ka was calculated for all
combinations among ESTs of O. punctata (BB genome), O. officinalis (CC genome), and corresponding
genomic sequences of O. sativa, japonica and indica (AA genome). Average Ks, Ka and Ka/Ks values in
three genomes against O. sativa, japonica genome are shown in Table 14. All Ks, Ka and Ka/Ks values for O.
sativa, japonica AA genome were slightly higher in the CC genome of O. officinalis (0.10178, 0.01852 and
0.18196, respectively) than that of BB genome of O. punctata (0.09312, 0.01646 and 0.17676, respectively).
Ks values against indica AA genome were slightly higher from those against O. sativa, japonica, while Ka
and Ka/Ks values against indica were slightly lower from those against O. sativa, japonica.

Genes that show high Ka/Ks ratio should be expected to evolve rapidly during speciation. The scatterd plot
of Ka and Ks values for all analyzed genes were shown in Fig. I-1. To detect rapidly evolving genes with 1.0
or higher than 1.0 Ka/Ks value were picked up. Number of ESTs with 1.0 or higher than 1.0 Ka/Ks was 31 in
BB and 41 in CC when compared with O. sativa, japonica genes. Thirty-three ESTs with high Ka/Ks value
beyond 1.5 were listed in Table I-5. Of them, 15 were hypothetical proteins. Eight ESTs of them (Accession
No. AK224183, BB995654, BB984978, BB996395, AK224391, BB984792, BB995562 and AK223902)

showed lower Ka/Ks values against indica sequence.

Indels in the ESTs among AA, BB, and CC genome species
In all ESTs analyzed here, many indels were identified between AA and BB, and AA and CC genomes.
Total indel events between O. sativa, japonica (AA) and BB were 214 of 1222 ESTs analyzed, and between

0. sativa, japonica and CC were 290 in 1865 ESTs analyzed (Table 1-6). The length of each indel ranged
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from one to hundreds of nucleotides. The frequency of indel in the EST sequences was also analyzed in UTR

and CDS. The rate of indel occurrence was 17 bp/kb in UTR and 2 bp/kb in CDS. This showed that the indel

was accumulated much in the UTR but not in the CDS. Three typical examples of comparative gene

structures between AA and BB genomes are shown in Fig. I-2. Fig. I-2(A) showed orthologues with an

inframe indel and nucleotide substotutions. The genes with a frame shift indel and with putative termination

site were shown in (B) and (C), respectively. Rate of nucleotide substitution was almost same between the

CDS and UTR. However, indel was accumulated much in UTR, while small number of indel was detected in

the CDS.

Discussion

Substitutions and indels among three genomes

Substitutions counted separately for the 3’ and 5’untranslated regions (UTRs) and for the coding sequences
(CDSs) showed different rate and was slightly more accumulated in the CC than in the BB genome in the
CDS, whereas UTR of the CC genome showed just same rate as that of the BB genome (Table I-3). The
results indicate a little far relation of the CC genome than the BB genome from the AA genome. The
substitution rate in the noncoding region between O. sativa, japonica and indica was 15/kb, while in the CDS
and UTR the rate were 3.0 bp/kb and 4.6 bp/kb, respectively (Yu et al. 2005). Comparison of the results from
Yu et al. (2005) and that of this study showed that in the noncoding region, accumulation of substitution was
about six times higher in the BB and the CC genomes than that of the indica genome. Meanwhile, the
substitution rate was about 10 times higher in the CDS of the BB and CC genomes than that of the indica

genome aginst japonica genome. The reason why the substitution was accumulated higher in the CDS region



than the whole genome sequences in the wild genome species of BB and CC genomes compared to the indica

genome is not known. Some selective pressures for domestication might suppress the gene variation between

two cultivated subspecies of O. sativa, japonica and indica by selecting common characteristics convenient

for cultivation. On the contrary, the higher substitution rate in the CDS might allow the wild species of BB

and CC genomes to survive in the wild habitat under various natural selective pressures. However, a

conclusion should be awaited for the results of the Ka rate of these different genomes.

The indel rate in the EST of O. punctata (BB) and O. officinalis (CC) were very similar with each other and

is about 2 bp/kb in the CDS, 17 bp/kb in the UTR and 11~14 bp/kb in the whole genome (Table I-6). This

showed that the rate of indel in the CDS of BB and CC genome species is one third of that in the UTR and

one fifth of that in the whole genome region. While in the case of O. sativa indica, the indel was accumulated

five times more in the UTR and ten times more in the genome region than that accumulated in the CDS (Yu

et al. 2005). The indel rate showed that the indel was highly accumulated in the UTR of two wild species

compared to that of the indica. On the contrary, the indel rate in the CDS is slightly higher in the wild species

than in the cultivated subspecies. These results are different from the case of substitution. However, in many

cases the indels accumulated in the CDS as triplet nucleotide insertion or deletion (Fig. I-2), suggesting that

almost indels occurred inframe and many deleterious mutations should be discarded from the population.

Comparison of the rate of non-frame-shift and frame-shift mutations in CDS would be necessary to analyze

the correlation of it with the genetic variation.

In most of the cases of the comparison among three different genomes, the substitution and the indel rates

are a little higher in the UTR than in the CDS but about one third of that in the whole genome average (Table

[-6). This indicated that the UTR has been evolved under positive selection and involved in the formation of



genetic variation through expression specificities or protein stabilities of the genes in rice.

Ks, Ka and Ka/Ks values and their relation to genetic diversity and evolution

The distribution of Ka/Ks between BB or CC genomes and O. sativa, japonica showed many genes above
1.0 in Fig. I-1(A) and (B). The gene with a Ka/Ks value 1.0 is assumed under neutrality, above one under
adaptive selection and below one under purifying selection. This study showed a total of 31 and 41 ESTs that
Ka/Ks was above one, and 12 and 21 ESTs of above 1.5 value in the BB and the CC genomes, respectively
(Fig. I-1, Table 1-5). Have these genes evolved rapidly under positive selection? A hypothetical protein of
clone 08GO05, an RNA dependent RNA polymerase family protein and a no apical meristem protein moreover
showed different Ka/Ks values against indica genomes. These genes with highly variable sequences might
have evolved specific functions and so might take some roles in the evolutionary process. To confirm the
evolutionary characteristics of these genes, Ka/Ks values in the full length cDNAs should be estimated.
Additional Ka/Ks examination of orthologous genes in the different genome species would also be needed to

reveal evolutional features of these genes.

Comparison of expressed sequences

The novels expressed sequences found in the BBS and the CCP libraries were 3% and 8%, respectively. The
comparison of gene sequences between subspecies of indica and japonica in the O. sativa reported that the
unique gene sequences for either the two subspecies were 2-3% (Yu et al. 2005). The ratio of species specific
expressed sequences was not high in the BB and CC genome species compared to the unique gene ratio

between O. sativa, japonica and indica genomes. The difference of unique gene ratio in each species was not




comparable to the difference of sequence variations in the CDS, but observed in each species in UTR and non

coding regions against O. sativa sequence. Therefore, it is not so simple to search and identify species

specific useful genes from wild relatives of rice. More questions arose in the results of this analysis. To

resolve complicated evolutional relationships among rice genomes, species and genes, comparative genomics

approach for both genome-wide and gene-to-gene level is needed.
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Fig. I-1. Distribution of genes with various Ka/Ks ratio between AA and BB, and AA and CC genome,

respectively.

Blue dots showed Ka/Ks of BB genes against AA genes, red dots showed Ka/Ks of CC genes against AA

genes. Broken lines showed the linearized line.
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Fig. I-2. Structural comparison of three genes between AA and BB genomes.

Comparison between O. sativa, japonica and indica or O. punctata showed in (A) for AK058906, in (B) for
AK105385 and in (C) for AK063399. Explanation of symbols used in this figure was showed at the bottom
of the figure. The nucleotide numbers of indel were shown on the indel marks,except that marks with no

figure were indels of single nucleotide.
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Table I-1. Similarity search of BBS and CCP clone sequences at the amino acid level using BLASTX

Organisms showing the highest BBS CcCp
similarity clones* % of total clones* % of total
Plants 839 86.2 1102 77.3
Oryza 742 977
Other Plants 85 103
Animals, Micro Organisms etc. 108 11.1 207 14.6
No Hit 26 2.7 116 8.1
Total 973 1425

* The number of clones that showed highest similarity to the protein of indicated organisms




Table 1-2. Similarity search of BBS and CCP clones at the nucleotide level using BLASTN

Organisms showing the highest BBS CCP
similarity clones clones
BLASTN for japonica cDNA
Hit 894 1242
No hit* 79 183
BLASTN for japonica genome DNA
Hit 863 1370
No hit* 110 55
Total 973 1425

*No hit shows sequences with E-value of below 1E-05

20



Table I-3. Substitution number and rate of the BB and CC EST sequences against AA O. sativa, japonica

genome
Substitutions in the EST vs AA japonica (Nipponbare)

O. punctata (BB) | O. officinalis (CC)| O. sativa indica (AA)**
analyzed clone number 1222 1865 49088 annotated genes
sequence length*

(1) CDS 297862 bp 301199 bp 49088 annotated genes
(2) UTR 167245 bp 192312 bp 49088 annotated genes
Substitutions number

(3)CDS 9534 bp 11369 bp

(4) UTR 7760 bp 8898 bp

Substitution rate

CDS [(3)/(1)] 32 bp/kb 38 bp/kb 3.0 bp/kb

UTR [(4)/(1)] 46 bp/kb 46 bp/kb (4.6 bp/kb)

EST [(3+4)/(1+2)] 37 bp/kb 41 bp/kb (3.2 bp/kb)
Substitutions of the genome vs AA japonica (Nipponbare)

(BAC end sequence) 0. punctata (BB) | O. officinalis (CC)| O. sativa indica (AA)
clone number 100 100 whole genome sequence
sequence length* 31127 bp 38641 bp 466.3 Mb
Substitutions number in the genome 2555 bp 3774 bp

Substitutions rate in_the genome 82/kb 98/kb 15 bp/kb

* Sequence length indicates total nucleotide length in bp matched with EST and genome sequences of

Jjaponica or indica in the blast analysis.

** Data was quoted from Yu et al. (2005)
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Table 1-4. Ka, Ks and Ka/Ks rates of the CDS in the BB and CC genomes against AA O. sativa, japonica or

indica genomes, and between japonica and indica genomes

Average substitution rate in the CDS
substitution rate between
vs O.sativa, japonica (AA) |vs O. sativa, indica (AA) |japonica and indica
Ks 0.09312 0.09847 0.01242
O. punctata (BB) Ka 0.01646 0.01603 0.00174
Ka/Ks 0.17676 0.16279 0.14010
Ks 0.10178 0.10473 0.01323
0. officinalis (CC) Ka 0.01852 0.01790 0.00221
Ka/Ks 0.18196 0.17092 0.16703

Ks: rate of substitutions per silent site, Ka: rate of nonsynonymous substitutions per silent site,

Ka/Ks: ratio of nonsynonymous to synonymous substitution

22



LIST L0900 T00H00 20l LIST L0900 T00FO0 201 ‘urdr04d [eanaylodAy paasasuo) A1 1980 6088644
TIFT  1#0T00  9€8100 961 1Z6°1 L89T0°0 L9LIOO  T91 “dg¥Osd woid Sutpuig-yN Yau-auok| LA 0L8r864d
89C'T 19900 SITHO0 €SI 89S’ 19900 SI1THO0 €SI ‘urdroad [eonaylodAy paatasuo)  ¥90HOT 068566494
SLE0  SL6I00 HSIH00 961 6991  €I80°0 $8TTO0  80F ‘uraroad [eonaylodAy paasasuo)  80€9| T06£TTIV
0S60  S€S600 +0010  SL 10L1  ¥T690°0  LOFOO  S9I ‘uraro1d Burureiuod ureWop ploj-gO SUIpuIq-pIoe JRNN  Y60HEO 79556644
SOL'T 9612700 88TZI00 61T SOL'T 961700 88TIO0  6VT ‘urdroad [eonaylodAy paasasuo) [ [OE] 98IV
€LL0  16P10°0 ST6I00 €1 80L'1  6ZIE00 TEVIOO 791 ‘urdrond [onayiodAy  AL0ALO zoLi864d
9680  9¢6100 9IT00 I+l 0ZL' 1 L91T00  9TI00  £FT ‘urdr01d Buruieyuod urewop ujod (NYN) warsuaw fedide oN- 90DL0 16£PTTIY
2091 €SO0 11L200  PSE 9€L’ T LOLPOO TILIOO  SE -urdjoud Kjrurey asesowkjod yN Juspuadop YN 490050 r£95664€
1081 €£200 62100  LET 1081 €£200 #6TI00 LT -uroid [eonoyiodAH  604T1 €OPPTTNY
#90  T06K00  19L00 LS €76'1  SEEEI0 PE6900 96 ‘uijoad [eanayiodAy - 46090T S6£9664 €4
1007 SL60I'0 +8PS00  88S 96’ T LT901°0  19FSO0 165 -uoad utureiuos urewop | padnpul-uidiey 8OV LLYPTTIV
LS6'T  PPITTO 9I€110 8L LS6'l  ¥RITTO 9IEII0 8L ‘u104d Futureiuod urewop aN1-¥Yd.L  ASOH90 18L+864€
89¢ 1 #8T800 950900 IS 8661  €11'0  $S9500  ¥S ‘uaroad eonayiodAy paasasuo)  ¥GOE9! 8L6t864d
- €200 0 6t P07 986700 £9v100 0T ‘udroad [eonoyiodfy - 01ATI 088£TTAV
611°T 891L00 £8E€00 66 611'T  891L00 €8£€00 66 -uraroud Ajiwey ay1j-1 D)) “towej Supids  YF0A80 z18r864d
- TEST0°0 0 1L1 LPTT  L00900 £L9200  TST ‘uaroad eanayiodAy paasesuo) - H0A81 LYSETTAV
S6l'l  1H0£00 +HSTO0 €T 1797 91800 181200  0LT “(qnry umroid sisayiuksolq uIABOqR] Y04S0 956644
¥ZET  TISTI0  88ESO0 99 PS8T  LPSI0 1THSO0 99 -utajoad Kuwey utoad parejar v AH Ut [dd/zdl AEOVII 11656644
6b1'€  THOLI'0 TIFSO'0  SEI 6F1'E  THOLI'O TIFSO0  S€l ‘uoid Kjiwey 4di) $1§ asepndad  ASOHI0 TLrS664d
SE6'E  69TT0  99L500 0TI SE6'E 69770  99L500 0TI ‘u04d [eanayiodAy paasasuo)  YOIAE] 650966499 DD
66’1 8L0£00 tS0TO0  ITE 66’1 8L0£00 +S0T00  1TE -urajoad Aqiwey reuq urjoud yooys 18dH  YLO€10 108r66dd
SIRT  L6LIOO 66000  TIE SIS L6LIOO 66000  TIE ‘urajo1d BurureIu0d UrBWOP [-dNY U013 SUIPUIG-YNY  ¥60A60 L90S664€
0€8'1  6I1SH00  LFTO0  OFC 0€8'1  6ISPO0  LFTOO  OVT Josinoaxd g saunjoysoiyd - S0H60 F8OFTTAV
0891  69SP1'0 L9800  6TI 966’1 198710 SLS900  09¢ ‘urajod Buureiuod urewop xoq-4 MI-UNPAD €081 LTese6dd
€66'1  9TE61°0 69600  TST €661 9T£6l0 $69600  TST ‘uroad [eonayiodAH - 80€10 SLLETTIV
66£0 91100 916T00 €Tl 0T 149200 80EI00 192 ‘uijoud Aiwiey ey urRi0ad uoISNAXA [BIQOIIWNUE NN €041 £81HTTAV
TITT  S6KOI'0  SHLEO0  9TI TITT  S6v010  SPLPO0 9Tl ‘ur04d BuIpulg-yNY  L0OTI IP1FTTIV
61TT  TESE00 T6SI00  06€ PRET  FTPEO0  9EFI00 9T ‘urjoid Surureiuod urewop [uILAL-N “dHd dseiaisaoydsoyd 01Vl 10156644
- 896900 0 69 6T€  8SLSO0 8FLIOO 88T -udjoud [eanayiodAH L0410 1S6£TTAV
LILE 89570 806900  tS LILE  89ST0 806900  t§ ‘urdj01d Butureiuod urewop SuIpuIq-oRy- [Zd/X0q-MVd - 01VS0 SO0FTTAV
0S8'¢  €8L0°0 t£0TO0  OSI 608'€  £8890°0 808100 891 ‘urjoad [eanayiodAy paasasuo) 480001 ot1se6dd
& 868900 0 vl 99'6  981L00 SPLOOO  TOP ‘urdroad [eonayiodAH  60VLI ozerely  dd
mv_\ﬂv— NV— mv— .OZ:—.Z wV—\.—wv* ey mV— "ON ..—2 :GCEO::Q WDU o:O_U .OZ Eo_mmuoo< oED:u_U
DIIpUl SA po1odnl sa

G’ 9A0QR AN[RA SH/BY PAMOYS JBY) Sawoudd D)) pue gg Jo SAD "S-12198L




Table 1-6. Indel number and rate of the BB and CC EST sequences against AA O. sativa, japonica

Indels in the EST vs AA japonica (Nipponbare

0. punctata (BB) 0. officinalis (CC) 0. sativa indica (AA)**
clone number 1222 1865 49088 annotated genes
sequence length*
(1)CDS 297862 bp 301199 bp 49088 annotated genes
(2) UTR 167245 bp 192312 bp 49088 annotated genes
Indels number
(3)CDS 604 bp 743 bp
(4) UTR 2770 bp 3311 bp
Indel rate
CDS [3)/(D)] 2.0 bp/kb 2.5 bp/kb (0.22 bp/kb)
UTR [(4)/(2)] 16.6 bp/kb 17.2 bp/kb (1.01 bp/kb)
EST [(3+0)/(1+2)] 7.3 bp/kb 8.2 bp/kb (0.79 bp/kb)
Indels of the genome vs AA japonica (Nipponbare)
(BAC end sequence) 0. punctata (BB) 0. officinalis (CC) 0. sativa indica (AA)
clone number 100 100 whole genome sequence
sequence length* (bp) 31127 bp 38641 bp 466.3 Mb
Indels number in the genome 2555 bp 3774 bp
Indels rate in_the genome 14.1 bp/kb 11.2 bp/kb 2.89 bp/kb

* Sequence length indicates total nucleotide length in bp matched with EST and genome sequences of

Japonica or indica in the blast analysis.

** Data was quoted from Yu et al. (2005)
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Chapter 11

Phylogenetic analysis of wild relatives of rice
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Introduction

The genus Oryza comprises 25 species in ten different genome types (AA, BB, BBCC, CC, CCDD, EE, FF,

GG, HHJJ and HHKK) and these species have been grouped into five species complexes (see general

introduction). Due to the wild distribution over the world of many different species, wild relatives of rice are

important as genetic resources just as shown by useful traits including resistance to various stresses and

diseases. They have been used as genetic resources for breeding to acquire the hybrid rice revolution, yield

enhancing traits (Zhang et al. 2006, Ashikari er al. 2005) and tolerance to biotic and abiotic stresses (Chang

et al. 1976, Vaughan 1989).

The cultivated rice has been analyzed well, and genome sequencing of two O. sativa subspecies japonica

and indica has been completed (IRGSP November 18, 2004). It becomes a powerful tool to employ wild

relatives of rice for functional, comparative and evolutionary analyses of the genus Oryza and the cereal

genomes.

For the academic and practical importance of rice, classification and phylogeny of Oryza have been studied

in many papers as described in the general introduction. Recently, nucleotide sequence data have been used

for phylogenetic investigation (Soltis et al. 1998, Sang 2002). Intron sequences with sufficient variations are

also useful for phylogenetic analysis in close taxonomic relationship (Doyle et al. 1996, Oh et al. 2003, Zhu

et al. 2005 ). A recent literature has demonstrated that genes with the low-copy number have a great potential

to improve the resolution of plant phylogenetic reconstruction (Yoshida et al. 2004, Zhu et al. 2005, Londo et

al. 2006, Doyle et al. 1999, Grob et al. 2004). An alcohol dehydrogenase (Adh) gene and GPA/ that encodes

the G protein subunit were low-copy number nuclear genes were used to investigate the phylogeny of Oryza

(Bao et al. 2004), whereas the chloroplast matK gene, trnL intron and the mitochondrial nadl intron 2 were
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also used in phylogenetic studies (Soltis et al. 1998, Sang 2002, Ge et al. 1999, Ge et al. 2002, Guo et al.
2005, Gugerli et al. 2001, Hass et al. 2003). Guo et al. (Guo er al. 2005) studied the phylogeny of Oryza
using two chloroplast (matK and trnL intron), one mitochondrial (nad! intron 2), and two nuclear (Adh2 and
G PAT) sequences from each genome. They verified that the tribe was a monophyletic group consisting of two
strongly supported monophyletic groups corresponding to the two traditionally recognized subtribes. Based
on the magnitude of matK and GPAI sequence divergence, they suggested that the most basal split in the
Oryza (O. granulata, GG genome vs. remaining species) branched ~9 million years ago (mya).

Although many phylogenetic analyses of the genus Oryza have been reported, only two nuclear genes and
two chloroplast DNAs (cpDNA) were used in the studies and results were not coincided well with each other.
In the present study, I reconstructed the phylogeny of Oryza using nine nuclear DNAs; three O. sativa full
length cDNA clones (AK058507, AK059353 and AK098919) (Kikuchi ef al. 2003), RAFTIN 1 (AJ575667)
(Wang et al. 2003), MAP kinase 5 (AF479884) (Xiong et al. 2003), fructokinase 1 (AF429948) (Jiang et al.
2003), teosinte branched 1 (zb1), tryptophane synthase (orp) (Swiginiva er al. 2006) and Adhl 3rd intron
(Adhl-i3)(Zhu er al. 2005)(Table II-1). The divergence time was estimated based on a molecular clock
approach using nucleotide sequences. These results should give additional information about phylogenetic

relationship of the genus Oryza.

Materials and methods
Plant materials
Genome and species used in this study are shown in Table 11-2. These accessions have been maintained in

the National Institute of Genetics as self-pollinated seeds.
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PCR amplification and DNA sequencing

The comparison was carried out on AA-FF genome Oryza species (Table 11-2). The corresponding genome
DNA fragments of the O. sativa full length cDNA clones (AK058507, AK059353 and AK098919), RAFTIN
I (AJ575667), MAP kinase 5 (AF479884), fructokinase 1 (AF429948), teosinte branched 1 (1b1),
tryptophane synthase (orp) and Adhl 3rd intron (Table II-1) were amplified from genomic DNA of each
species with gene-specific primers shown in Table 3 using Ex Taq polymerase (Takara Bio) according to the
manufacture’s instruction. Some amplified products were cloned into a pT7Blue-T vector (Novagen). DNA
sequencing was carried out using a Big Dye terminator Kit (Aplied Biosystems) with an automated DNA

capillary sequencer ABI 3130x].

Data analysis

In the phylogenetic analysis, sequences were aligned with clastalW (Higgins er al. 1994) and refined
manually. Sequence divergence and phylogenetic analysis were performed using the Kimura’s two-parameter
model (Kimura 1980), the Neighbor-joining method (Saitou er al. 1987) and bootstrap analysis with 1000
replicates by MEGA 3.1 (Kumar et al. 2004). In the intron sequences, mononucleotide repeats were excluded
from phylogenetic analysis. Rates of synonymous and non-synonymous substitution were calculated by
K-estimator (Comeron 1999). For an estimation of the divergence time of each gene in the genus Oryza, a
simple molecular clock assumption was employed and clock calibration was carried out based on the
assumption that maize and rice diverged 50 million years ago [mya] (Gaut 2002). The divergence time of

every genes was calculated by MEGA 3.1 (Kumar et al. 2004). Protein domains were searched by the
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InterProScan in the EBI database (http://www.ebi.ac.uk/InterProScan/).

Results
Phylogenetic analysis using coding sequences and genome sequences

Phylogenetic analyses were carried out to resolve the relationship of species and genomes in the genus
Oryza. The analysis was performed with coding sequences (CDSs) and genome sequences. Eight genes and
one intron used in this study are presented in Table II-1 and the genome structures of used genes were shown
in Fig. 1I-1. They have introns except for 0s02g0121300 (AK098919) and #b/. Length of CDS were 591 bp
(AK058507), 240 bp (AK059353), 519 bp (AK098919), 1239 bp (RAFTINI), 798 bp (MAP kinase 5), 972
bp (fructokinase 1), 1167 bp (tb1), 1416 bp (orp) and those of the introns were 716 bp (Adhl-i3, excluding
mononucleotide repeats), 651 bp (1st-4th introns of genome sequences annotated AK058507), 1164 bp
(Ist-4th introns of MAP kinase 5), 1063 bp (Ist and 2nd introns of fuructokinasel ), 697 bp (2nd, 3rd and 4th
intron of orp). AK058507, AK059353 and AK098919 were selected from the ESTs in chapter I, because the
full length cDNAs of the three genes were available in both O. punctata and O. officinalis. AK058507,
AK059353 and AK098919 were annotated LIM domain-containing protein, ozone-responsive stress-related
protein and cyclophilin, respectively. LIM domain-containing protein is specific to pollen. Ozone-responsive
stress-related protein is a stress response protein. Cyclophilin is involved in protein folding. RAFTIN 1
(AJ575667), MAP kinase 5 (AF479884) and fructokinase 1 (AF429948) were reported to be single genes in
O. sativa, japonica. RAFTINI is important for pollen development. MAP kinase plays in a signal
[ransductiop. Fructokinase is an enzyme that catalyzes fructose into fructose-1 -phosphate. teosinte branched 1

(tb1) and tryptophan synthase (orp) were reported in the phylogenetic analysis of Sorghum and Maize
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(Swigonova er al. 2006).

The NJ phylograms of each CDS and genome sequence were shown in Figs. II-2 and 3, respectively. In Fig.
[I-2, relationship of O. brachyantha (FF genome) and other Oryza species was supported by >90 bootstrap
values in the analysis of AK058507, AK059353, AK098919 and MAP kinase 5. Relationship of AA genome
species (O. sativa, japonica, O. rufipogon and O. barthii) and other Oryza species was also supported by >90
bootstrap values in AK059353, RAFTIN 1, MAP kinase 5, rb/ and orp. On the other hand, relationships of
BB, CC, CCDD and EE genomes, which were contained in the O. officinalis complex, were confounded.
Genome sequences including introns of AK058507, MAP kinase, fructokinasel and orp, were used for
resolving O. officinalis complex, because longer sequences were contained more information about
phylogenetic relationships. The bootstrap values of genome sequenes showed higher bootstrap values than
those of CDS as shown in Fig. II-3. The phylogenetic trees were different among the results obtained from
different genes but the results could not resolve the entangled relationships among species of the O.
officinalis complex. These results showed that the relationships among O. brachyantha, O. officinalis
complex and O. sativa complex were clear, however the relationships in O. officinalis complex were
complicated. These results also showed close relationships among species in O. officinalis complex. Then,
reconstruction of phylogenetic tree using combined sequence of five CDSs (AK058507, AK059353,
AK098919, MAP kinase and tb7) was performed. The results showed higher bootstrap values (Fig. 11-4A).
This tree showed clear relationships even in O. officinalis complex. The results indicated that construction of

a phylogenetic tree for the complicated taxisonomic group requires longer sequence information.

Estimation of divergence time

30




The divergence time of Oryza was calculated based on the assumption that rice and maize diverged from a
common ancestor at 50 mya (Gaut 2002) except for Adh-i3. In the case of Adhl-i3, the substitution rate,
which was estimated to be 9.0 X 10" substitution per site per year (Zhu et al. 2005), was used. Table 114
shows divergence time for eight CDSs and one intron between indicated genomes. Through divergence time
was different from gene to gene, the estimated time and their context seems corresponding fairly well to other
evolutional events. In this analysis, O. brachyantha (FF) vs. other Oryza species revealed to be branched at
11.7~21.6 mya. The divergence within the O. officinalis complex containing BB, CC, CCDD, and EE
genomes was estimated later than 2.1~12.1 mya. AA genome was diverged from O. officinalis complex at
2.2~14.9 mya and speciation within the AA genome was estimated to occur at 0 ~5.6 mya. Fig. II-4 was a
phylogenetic tree of six genomes in the genus Oryza that was reconstructed with combined sequence of five
DNAs (AKO058507, AK059353, AK098919, MAP kinase and tb]) excepting three genes with lacking
sequences in any species (RAFTIN]1, frutokinase 1 and orp). The phylogenetic tree indicates highly probable
relationships and split time of seven Oryza species. The O. officinalis complex and O. brachyantha (FF) were
split at around 16.3 mya, next two ancestor genomes of BB and CC complex, and DD and EE complex were
split at around 12.8 mya and then three successive divergence were occurred at around 8.0 mya spliting O.

sativa complexs and at around 4.0 mya spliting DD and EE genomes.

Synonymous and non-synonymous substitution rates
Synonymous and non-synonymous substitution rates (Ks and Ka, respectively) of eight genes used for
phylogenetic analysis were shown between O. sativa, Japonica and wild relatives of rice in Table 1I-5 and

Table 11-6. Table 11-6 showed synonymous and non-synonymous substitution rates for domain region. Codon
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based Z-test using MEGA3.1 showed that each gene was not operated by positive selection. The averages of
Ka/Ks ratio were 0.053 in AK058507, 0.177 in AK059353, 0.084 in AK098919, 0.763 in RAFTINI, 0.108 in
MAP kinase 5, 0.062 in fructokinase 1, 0.475 in 6] and 0.181 in the orp. RAFTINI and b/ showed higher
values than others. AK058507 and fructokinase 1, AK059353 and orp, and AK098919 and MAP kinase 5
had a similar rate, respectively. Comparison of synonymous and non-synonymous rates between entire genes
and domain regions showed that functional domains of Zn-binding protein (8th to 64th codons of AK058507),
peptidyl-prolyl cis-trans isomerase (24th to 39th codons of AK098919), protein kinase domain (Ist to 218th
codons of MAP kinase 5), carbohydrate kinase (257th to 270th codons of fructokinase 1) and beta subunit of
pyridoxal-5'-phosphate-dependent enzyme (123rd to 457th codons of orp) were conserved than the whole
gene region. Peptidyl-prolyl cis-trans isomerase (103rd to 146th codons of AK098919), BURP domain
(188th to 406th codons of RAFTINI1) and carbohydrate kinase (38th to 62nd fructokinase 1) had lower
non-synonymous rates than those of entire gene. These results totally showed that the eight genes used in the
phylogenetic analysis for eight (nine including DD genome) species have non-viased structural characters

suitable for phylogenetic tree construction.

Discussion
Relationship of species in O. officinalis complex

Nine genes in Table 1I-1 were used in this study and these genes were not positively evolved genes as
revealed in the analysis of the codon based Z-test. The phylogenetic tree indicateed highly probable
relationships of seven Oryza species. The O. officinalis complex and O. brachyantha (FF) were split first,

next two ancestor genomes of BB and CC complex, and DD and EE complex were split and then three
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successive divergence occurred in the process to O. sativa complex, to BB and CC genomes and to DD and
EE genomes. However, in O. officinalis complex, the relationship was still confused after application of the
results using nine genes. The phylogenetic analyses using nine genes showed five different pattern of the
evolutional relationships of five genome types summarized in Fig. 1I-5. AA genome and O. officinalis
complex were branched in case of AK058507, MAP kinase, RAFTIN and orp, and then diverged within the
0. officinalis complex. While in case of AK098919, rb/ and Adhl-i3, first CCDD and EE genomes were
branched from the rest of genomes and then O. officinalis and O. punctata branched each other. In case of
AKO059353 and fructokinasel, CC genome was first branched, followed by branching of CCDD and EE
genomes, and AA and BB genome in order. These results showed that genes were categorized into two
groups. One is the genes first differentiated within officinalis complex (Fig. II-5¢, d and ¢) and another is the
genes differentiated between the AA genome and the officinalis complex (Fig. 1I-5a and b). This confusion
showed that species in the O. officinalis complex had close relationships with each others. The phylogenetic
analysis using indepenent genome sequences of four genes slightly improved bootstrap values (Fig.II-3),
however the relationships among O. officinalis complex were still confused. On the contrary, the combined
genome sequence of five CDSs showed a high bootstrap value and clear relationships among species of O.
officinalis complex (Fig. 11-4). These results showed that genome sequences of independent genes were not
enough to resolve O. officinalis complex relationships. More gene sequences or longer combined sequences
are needed to reconstract the phylogenetic relationship of the complicated evolutional group like O.

officinalis complex.

Divergence time of Oryza
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Some paper reported the estimation of divergence of species in the genus Oryza. Buso et al. (2001)
estimated divergence time of CCDD and CC 20 mya. Meanwhile, Guo et al. (2005) showed that the remote
relatives of O. granulata (GG) and remaining Oryza species was separated 10.2 mya based on the estimation
of matK, or 8.8 mya based on GPAI. Zhu et al. (2005) estimated that AA genome split 2.0 mya and O. sativa,
indica and japonica separated 0.4 mya. This study estimated the divergence time of eight Oryza species at
each split point. The divergence time between BB, CC, CCDD and EE genome was about 12.8 mya (range
2.1~12.1 mya). O. brachyantha (FF) and remaining Oryza species was separated about 16.3 mya
(range11.7~21.6 mya). AA genome and O. officinalis complex including BB, CC genomes were separated
about 8.0 mya (range 2.2~14.9 mya), and speciation in AA genome was occurred at about 0.6 mya (range
0~5.6 mya). AA genome separation time was consistent with the report of Zhu et al. (2005). The divergence
time of O. officinalis complex was shorter than the previous studies, while that of AA genome or FF genome
split was longer than the results of previous studies. This study used nine genes of seven different species,
those were much more genes than other studies, for estimating more accurate split time of the species in the
genus Oryza. Investigation of a set of additional nuclear genes, which are under neutral selection and other
species in the same genome type, is needed to confirm the relationship and divergence time of the genomes

and species in the genus Oryza.

Comparison of synonymous and non-synonymous substitutions rates
Synonymous (Ks) and non-synonymous (Ka) substitution rates of cight genes were investigated (Table I1-5).
Ka/Ks >1 indicates genes under positive selection pressure. Ka/Ks of the eight genes were not over 1,

however RAFTIN 1 and b showed higher Ka/Ks than others (0.763 and 0.475, respectively). RAFTIN 1 is
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an anther-specific single copy gene. RNA interference of RAFTIN resulted in elimination of pollen (Wang et

al. 2003). RAFTIN is essential for the late phase of pollen development. tb gene belongs to the TCP gene

family whose members encode putative basic helix-loop-helix DNA-binding proteins. th regulates the

number and length of axillary branches and contributed to the architectural differences between maize and

teosinte (Hubbard et al. 2002). These genes play their roles in a reproductive phase, which is the most

important phase for speciation. This may reflect the higher Ka/Ks ratio. The domain regions were known well

conserved among species. Synonymous and non-synonymous substitutions of entire genes and domain

regions in this study also showed that the domain regions were well conserved as expected. The

peptidyl-prolyl cis-trans isomerase (24th to 39th codons of AK098919), and the carbohydrate kinase (38th to

62nd and 257th to 270th codons of fructokinase 1) had no non-synonymous substitution, and the beta subunit

of pyridoxal-5'-phosphate-dependent enzyme (123rd to 457th codons of orp) showed about half

non-synonymous substitution rate than its entire gene sequences. These domains would be needed to protein

function, because they were conserved than other regions.

This study showed the relationship and divergence time of Oryza, and synonymous (Ks) and

non-synonymous (Ka) substitution rates of ecight genes. Through, the relationship of species in the O.

officinalis complex had been confused yet, this study could reconstruct a phylogenetic tree of the genus

Oryza that correlated with the evolution time of other plant genus (Gaut 2002). Additional phylogenetic

analysis of many genes or other molecular analyses using many accessions of O. officinalis complex will give

more useful information to clarify the relationship.
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Fig. II-1. Genome structures of nine genes used in the analysis.

(a): AK058507, (b) AK059353, (c) AK098919, (d) RAFTIN 1, (e) MAP kinase 5, (f) Fructokinase 1, (g) Tbl,

(h) Orpl and (i) Adhl 3rd intron. Boxes: exons. Arrows indicate position and directions of primers.
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Fig. 11-2. NJ phylogram based on the Kimura two-parameter distance model using CDSs. Numbers on

branches are bootstrap values from 1000 replicates. Branch fengths are proportional to distance.
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Fig. II-5. Evolutional relationship among gnomes of O. officinalis complex (BB, CC, CCDD, EE) and O.

sativa complex (AA).

(a) inferred from AKO058507. (b) inferred from MAP kinase 5, RAFTIN 1 and orp. (c) inferred from

AKO098919 and tb. (d) inferred from Adh1-i3. (e) inferred from AK059353 and fructokinase 1.
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Table II-1. Summary of analyzed genes

Gene Accession RAP-DB CDS Length Inton length Reference
LIM domain-containing protein AK058507 050320266100 591 651 Kikuchi er al. 2003
oaone-responsive stress related proetin AK059353 Os06g1145000 240 - Kikuchi et al. 2003
cyclophilin AK098919 0s02g0121300 519 - Kikuchi et al. 2003
RAFTIN 1 AJ575667 050820496800 1239 - Wanget al. 2003
MAP kinase 5 AF479884 05030285800 798 1164 Xiong et al. 2003
fructokinase 1 AF429948 0s01g0894300 972 1063 Jiang et al. 2003
teosinte branched 1 AK072535 0s03g0706500 1167 - Swigonovi et al. 2004
tryptophane synthase AK107083 050820135900 1416 697 Swigonovi et al. 2004
Adhl 3rd intron AC123521 = - 716 Zhu et al. 2005

RAP-DB referenced RAPI annotation (http:/rapdb.lab.nig.ac.jp/index.html)

Intron length showed only used intron in this analysis.
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Table 11-2. Plant materials

Species Genome type  Accession number

O. sativa, japonica AA -

O. rufipogon AA w0106
O. rufipogon AA Wi294
O. barthii AA W0652
O. punctata BB Wi514
0. officinalis CcC w0002
0. latifolia CCDD w2200
O. australiensis EE w0008
O. brachyantha FF w1401
O. brachyantha FF W0656
O. brachyantha FF w1407
O. brachyantha FF WI1711
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Table 11-3. The DNA fragments and primers used in this study

Gene Sequence Reference
AKO058507 Fw  AGGAGATCAGATCGGGCT This study
Rv  CTGGAACATGGCATACAAGC This study
AK059353 Fw  CCAAGAACACCAAGAACTTG This study
Rv  AGCACAAAGTAGAGGTTG This study
Fw2 GGATTGTGTGAGCTTCTCTT This study
Rv2 GCTTTAGCATCAGCACCTCA This study
AK098919 Fw  TTCCCCATCTGTGAAATCGC This study
Rv.  ACCAACACGACACGAACTCA This study
RAFTIN 1 Fw  CTGTTTCCTGTCACCGTCG This study
Rv  CAGCAGCTGACACGAATAACAT This study
MAP kinase 5 Fw  TTAGGTTGGTCAATTCGGCT This study
Rv  TGGGTTTCGAACATCAACAA This study
fructokinase I Fw  CTTTCATCGCCTCTTGTGTTC This study
Rv  AAGGCAGGCATCTTGGAGTA This study
teosinte branched 1 Fw  CTTCCTTTCTTCGATTCCCC This study
Rv  GCGATGACCAAACCAAAGTT This study
tryptophane synthase Fw  AATTACTCGCTTCGTGGTCG This study
Rv  TCCGCCAATAACATCATTCA This study
Adhl 3rd intron F5 TCCCGTGTTCCCTCGGATCTTC Zhu et al. 2005
R3  GTCACACCCTCTCCAACACTCT Zhu et al. 2005

Fw : forward, Rv : reverse
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Chapter II1

Unique genes in BB and CC genome wild species of rice
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Introduction

The cultivated rice Oryza sativa (AA genome) has been genetically analyzed well, and its genome
sequencing was almost completed (IRGSP November 18, 2004, Yu ez al. 2005). A number of full length
cDNAs and tag lines are also available (Kikuchi et al. 2003, Miyao ez al. 2003, Jeong et al. 2003). Several
genes related to agricultural traits, such as dwarf, seed shattering and waxy, have been identified and
characterized (Zhang er al. 2006, Konishi et al. 2006, Ashikari et al. 2005). These materials will help
researches on the genus Oryza for comparative genomics studies as well as studies of domestication and
ecological adaptation.

Wild relatives of rice are another important genetic resources and have been shown to possess useful traits
including resistance to various biotic and abiotic stresses. For example, O. officinalis (CC genome) has been
reported to show resistance to vermin such as yellow stem borer, planthopper and leafhopper (Vaughan 1994,
Brar et al. 1997, Xiao er al. 1996, Xiao et al. 1998). In spite of the importance of the wild relatives of rice as
genetic resources, their studies have only recently started on a molecular and a genetic base. The Oryza Map
Alignment Project (OMAP) is now conducting an alignment of wild relative genomes with the O. sativa
genome sequence to create physical maps of twelve wild genomes of rice. BAC libraries of the wild relatives
have been constructed and their end sequences were reported (Wing et al. 2005, Ammiraju et al. 2006). In
contrast to the progress of our understanding on the genome structure of wild relatives through comparative
genomics studies, identification and characterization of wild relative genes remain to be studied. Only gene
expression and EST analyses of O. minuta (BBCC genome) was reported (Cho et al. 2004, Cho et al. 2004 (a),
Shim et al. 2004, Cho et al. 2005).

In the study of chapter I, I report comparative cDNA analysis using 973 clones of O. punctata shoot ESTs
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and 1,425 clones of O. officinalis panicle ESTs. My study showed that 88-96% of cDNA clones of BB and CC
genomes were highly homologus (90-100% identity) to O. sativa sequences at a nucleotide level, and that
about 8% of O. punctata ESTs and 4% of O. officinalis ESTs did not match with any of the rice ESTs, full
length cDNA and genome sequence.

In this chapter, I identified and analyzed genes specific to the BB genome or the CC genome. Twenty-six
clones from the BB genome and sixty-seven clones from the CC genome did not find their homologues in
GenBank nonredundant and unigene databases. These ESTs were candidate transcripts unique to wild relatives.
Among them 20 genes were shown to be unique to wild relatives by Southern blot analysis. Four full length
c¢DNAs were obtained which encode a ribosomal protein, a cyclin D, a cold response protein and an unknown
protein. Cyclin D and the unknown protein would be absent in O. sativa. The ribosomal protein had an
identical protein in O. sativa, but 5* and 3 UTRs of their cDNAs were greatly different from each other. The
cold response protein had a homologue in O. sativa, but 5* and 3° UTRs of its cDNA was also greatly different
from each other. O. punctata and O. officinalis may contain unique features such as stress resistance, disease
resistance and morphology that do not exist in the cultivated rice. Some of these transcripts might be related to
these unique features. My results provide new information on what genes have been deleted from the wild

relatives and what unique genes were evolved in the wild species of rice.

Materials and Methods
Plant materials

Plant materials used in this study are shown in Table III-1. These accessions have been maintained in

National Institute of Genetics as self-pollinated seeds. Cold induction was treated by transferring plants to 4°C
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from 28°C 7 days after germination. Plants were harvested prior to and after 2, 4, 6, 8, and 24 hr induction.

Database search and Phylogenetic analysis

O. punctata and O. officinalis EST sequences (accession numbers; BB984512-BB985121,
BB994797-BB995924, BB995926-BB996458, AK223775-AK223829, AK223936-AK224590) analysed in the
chapter I were used. Homology search of all these sequences was carried out against Rice genome database,
Rice EST/cDNA database and GenBank non-redundant databases using BLAST and BLASTX, with these
EST sequences as queries. The sequences were aligned with clastal W (Jeanmougin et al.1998, Thompson et al.
1994) and refined manually. Sequence divergence and phylogenetic analysis of the cyclin clones were
performed using the Kimura’s two-parameter model (Kimura 1980) and the Neighbor-joining method with

MEGA 3.1(Kumar et al. 2004), respectively.

5’RACE and RT-PCR

Shoot apex of O. punctata (W1514) and young panicles (ca 2-4 cm in length) of O. officinalis (W0002) were
used. Total RNAs were isolated from shoot apex of O. punctata (W1514) and young panicles (ca 2-4 cm in
length) of O. officinalis (W0002) using CONCERT™ Plant RNA Purification Reagent (Invitrogen) according
to the manufacture’s instruction. Poly(A)" RNA was extracted from the total RNA using Dynabeads mRNA
Direct™ Kit (DYNAL). 5’RACE (rapid amplification of cDNA ends) was performed using Marathon™ cDNA
Amplification Kit (BD Biosciences). Sequencing was performed using BigDye terminator Kit (Applied
Biosystems) with an automated DNA capillary sequencer ABI 3130x1.

For RT-PCR, poly(A)" RNA was isolated from panicles (ca 2 cm and 10 cm in length), shoot apex, leaf and

50




ovary as described above. Poly(A)* RNA was reverse-transcribed using Superscriptlll RNaseH- reverse
transcriptase (Invitrogen) with an oligo dT primer (5'-GAGCTCTTTTTTTTTTTT-3’). PCR was carried out

using primers shown in Table I11-2.

Southern blot and BAC library screening
Genomic DNAs of AA, BB, CC, CCDD, EE and FF genome species were digested with Hindlll,
electrophoresed in an agarose gel, blotted onto nylon membrane and hybridized with ESTs using an ECL
Direct Nucleic Acid Labelling and Detection System (GE Healthcare) following the manifacture protocol.
BAC clone library filters were obtained from the Arizona Genomics Institute. The BAC filters were
hybridized with full length c¢cDNA clones (KOME: Knowledge-based Oryza Molecular biological
Encyclopedia) or genome DNA fragments (amplified by PCR) of all the members of O. sativa cyclin D2/4 and

D3 genesas described above.

Complementation test in yeast

A full-length ¢cDNA of BBS13D0! was obtained from O. punctata shoot apex cDNA using primers
BBSI13DO1- BamHl (5’- CGGGATCCATGGTTCTGAGCTATGACTG-3") and BBSI13DO01- Xhol
(5’-CCGCTCGAGTCAGCTGCAAAGCTTCCTTC-3’). The amplified DNA was digested with BamH 1 and
Xhol and cloned into the BamHl/Xhol site of pY ES2 (Invitrogen). The pY ES2 vector has a URA3 marker for
selection in yeast. Transformation of yeast K3413 was performed using Frozen-EZ Yeast Transformation II'™
(Zymo Research). K3413 (clnlA::HisG cin2A cin3A::LEU2 MET-CLN2) was maintained on an SD plate (2%

glucose, 0.67% yeast nitrogen base, amino acids except methionine, and 1.5% Bactoagar). Transformed yeast
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cells were cultured on the SD plate supplemented with 20 mM methionine or with 20 mM methionine and 2%

galactose.

Results
Ildentification of genes unique to wild relatives

Twenty-six clones from the BB genomes and 67 clones from the CC genomes were predicted to be unique
genes to wild relatves as described in chapter I. To examine whether the candidate genes of 26 clones from the
BB genome and 67 clones from the CC genome were unique to wild relatives or not, Southern hybridization
was carried out using all 93 EST clones as probes. The results showed that bands were detected only in either
one or a few genomes of BB to FF genomes, and no positive band was detected in O. sativa, japonica DNA
for twenty EST probes out of 93 clones (Fig. III-1, Table 11I-3). This indicated that the ESTs were specific to
the wild relatives.

To obtain the full length cDNAs of these genes, 5’RACE was carried out. The full length cDNAs of four
clones were obtained, and they covered complete ORFs of 336 bp (BBS02HO03), 1050 bp (BBS13DO01), 543 bp
(CCP17F01) and 387 bp (CCP19B09) in length.

A database search showed that BBS13DO01 was most similar to Zea mays D2 type cyclin in any of the
deposited sequences (81% identity at a nucleotide level and 75% at an amino acid level). A rice full-length
c¢DNA AK103765 was most similar to BBS13DO01 among O. sativa, japonica sequences, but its 5’ sequence
was shorter than that of BBSI13DO01 (Fig. III-2A). BBS13DO01 protein contained a cyclin box, which is
conserved among all known cyclins, and its possible function is binding cyclin dependent kinases (CDKs). It

was also found that the BBS13DO0I contained an LxCxE motif at its N-terminus, which is a binding site for
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plant Rb and Rb related proteins (Oakenfull ef al. 2002). The presence of all the domains conserved among
cyclinDs suggests that BBS13DO01 encodes cyclin D.

The genome sequence of BBS13D01 was analysed with from an O. punctata BAC clone from Arizona
Genomics Institute (Fig. I11-2C). The genome sequence of its orthologue in O. officinalis (CC genome) was
obtained in the same way (Fig. I1I-2C). Both of them consisted of six exons and five introns and highly similar
sequence with each other. About 4000 bp genome sequence covering the entire ORFs was used as the query
for database search with the BLAST program. No highly homologous sequence to the 4000 bp long region was
identified, consistent with the result of Southern blot analysis. This results confirmed that O. sativa lacks an
orthologue of the cyclin, BBS13DOI.

To further examine the phylogenetic relationship of the BBS13D0I to other cyclin D family genes, I
identified all the cyclin D genes of O. sativa and O. punctata. By an extensive database search seven O. sativa
cyclin D genes were identified. O. punctata cyclin D genes were identified by screening of BAC library using
the orthologous O. sativa gene clones as probes followed by amplification and sequencing of the selected BAC
clones. As a result, eight cyclin D genes of O. puncrara were identified. The phylogenetic analysis of the
identified cyclin Ds based on their amino acid sequences using the N-J method showed that each of O.
punctata cyclin Ds has an orthologue in O. sativa except BBS13D01, which is present only in O. punctata (Fig.
II-5). This confirmed that BBS13DO01 was a wild relative specific gene.

CCP17F01 showed high homology to Triticum aestivum WCSP1 (68% identity at nucleotide level and 62%
at amino acid level). A rice full-length cDNA AK101577 was most similar to CCPI17F01 in O. sativa,
Japonica, but 3°-UTR of CCP17F01 had low identity to AK101577 (53% identity at nucleotide level). T.

aestivum WCSPI contained, from N-terminus to C-terminus, a cold shock domain, a large glycine rich region,
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three zinc finger motives and two glycine rich domains (Karlson et al. 2002), whereas O. officinalis

CCP17FO01 and O. sativa, japonica AK101577 had only two zinc finger motives and a glycine rich domain in

addition to a cold shock domain and a large glycine rich region (Fig. I1I-2B). The presence of all the domains

conserved among cold shock proteins suggests that CCP17F01 encodes a cold shock protein.

BBS02HO3 was shown to be homologous to a rice full length cDNA AK102775 (99% identity in their coding

region), which encoded ribosomal RNA, but 3’-UTR of BBS02HO03 had low identity to AK102775 (48%

identity at a nucleotide level). These results showed that BBSO2HO03 encodes a ribosomal protein and their

specificity presented in their UTRs.

No highly homologous sequence to CCP19B09 was identified by a database search. There was no known

domain and specific feature of sequence in CCP19B09. CCP19B09 was unknown protein unique to O.

officinalis.

5’RACE of remaining five clones in O. punctata and eleven clones in O. officinalis was not successful,

although short sequences almost same length as cDNA clones were amplified frequently. All these clones

could not identify homologues in the databases (Table HI-3).

Expression analysis

The expression profile of the three unique genes to wild relatives was investigated by RT-PCR using RNAs

isolated from panicles (ca 2 cm or 10 cm in length), shoot apex, leaf and ovary. Gene-specific primers used for

the RT-PCR were shown in Table III-2. Actin was used as an internal control. The expression of BBS13D01

was observed in all organs examined, although lower expression in the leaf than in the others was detected

(Fig. 111-3A).
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The expression of CCPI7F01 was observed in all organs examined at a low level (Fig. 11I-3B). Because

expression of WCSPI was reported to be induced by low temperature (Karlson er al. 2002), 1 examined low

temperature induced expression of CCP17F01. CCP17F01 expression was induced within 2~4 hours following

low temperature treatment, and increased throughout the treatment of seedling (Fig. 11I-3C). This indicates that

the CCP17FO01 is a cold-inducible gene.

The expression of CCP19B09 was also observed in all organs examined with higher expression in panicles

(Fig. I11-3D).

Complementation of a yeast mutant for Cyclin D

To examine whether BBS13DO01 encodes functional cyclin, yeast complementation test was carried out. The

yeast strain K3413 shows a methionine dependent growth arrest phenotype due to deletion of CLNI and CLN3

and replacement of wild type CLN2 with a CLN2 chimera gene in which a CLN2 coding region is under

control of a methionine repressible promoter. This strain grew normally on an SD medium without methionine,

but could not on a medium with 20 mM methionine. This strain was transformed with a plasmid containing

BBS13D01 in an expression vector pYES2 (Invitrogen) under a GALI promoter, so that the expression of

BBS13DO01 can be induced by galactose. As shown in Fig. IlI-4, yeast cells transformed with BBS13D01 or

CLN2 could grow on the medium containing galactose and methionine, but could not on the medium lacking

galactose and containing methionine. Yeast cells transformed with an empty vector (pYES2) grew on neither

plates. Because BBS13DO01 complemented the yeast ¢/n mutant, BBS13DO01 revealed to encode a functional

cyclin.
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Discussion

In this study, I identified and analyzed genes unique to wild relatives of rice. Full-length cDNAs of four

genes were obtained by 5’RACE. Southern hybridization and extensive database searches showed that they

were wild relative-unique genes. They encode ribosomal protein, cyclin D, cold response protein and unknown

protein. My results suggest that wild relatives have various types of unique genes such as a cell cycle regulator,

component of a translational machinery and a stress response gene.

Cyclins are cell cycle stage specific activators of CDKs. Cyclin D and its associated CDKs respond positively

to mitogenic signals and target their kinase activity to Rb related proteins which results in the activation of

E2F transcription factors. CycD promotes the progression of G1-S phase through this pathway (Oakenfull ez al.

2002). BBS13DO1 shares high homology with Z. mays CycD2;1. Phylogenetic analysis of the cyclin D in

plants indicated that BBS13DO01 was closely related to cyclin D2/4. The BBS13D01 contained the conserved

cyclin N-terminus and C-terminus motives that are binding sites of CDKs. Additionally, an LXCXE motif,

which was a binding site to Rb related proteins (Oakenfull et al. 2002), was also identified. These results

suggest that BBS13D01 encodes CycD2.

Some analyses of plant cyclin Ds have been reported. In tobacco plants overexpressing Arabidopsis thaliana

CycD2;1, the length of a G1 phase is reduced and cell cycling was enhanced (Cockcroft et al. 2000). The

transgenic plants had an enhanced rate of leaf initiation, accelerated development and increased root growth,

but without alteration of morphology. In contrast, the overexpression of A. thaliana CycD3:1 resulted in curled

leaves by the increased number of smaller cells and a partial loss of cellular organization in Arabidopsis, and

led to inhibition of cell cycle exit and differentiation of leaf tissues (Meijer et al. 2001, Deqitte et al. 2003). T.

aestivum (wheat) CycD2;1, which was placed in the same clade of the phylogenetic tree with BBS13DO01, was
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primarily expressed in the proliferating tissues. Ectopic expression of T. aestivum CycD2:1 in Arabidopsis

affected plant morphology and retarded plant growth (Wang ef al. 2006). These results showed that D type

cyclin is related to cell cycle and consequently to morphology. BBS13D01 was more similar to 7. aestivum

CycD2;1 than A. thaliana CycD2;1. Thus, BBS13D0! might affect plant morphology and retarded plant

growth like 7. aestivum CycD2;1.

The cDNA clone complemented the c/n- yeast strain. In RT-PCR, BBS13DO01 expression in leaf was weaker

than other organs. Leaf was the only well-differentiated organ used for the RT-PCR analysis. In another word,

this cyclin D shows high expression in young organs or undifferentiated tissues. This supports a previous

report in which T. aestivum CycD2;1 was only detecterble in young root and shoot by Northern hybridization

(Wang et al. 2006). These results indicate that BBS13DO1 is a cyclin D.

Gramene CMap showed that the OMAP contig containing BBS13D01 is syntenic to a 29.4 Mbp ~ 35.8 Mbp

region of chromosome 2 of O. sativa (http://www.gramene.org/cmap/). Detailed comparison between O. sativa

genome sequences of this region and the BAC end sequences in this OMAP contig showed that 87 kbp, from

31.9 Mbp to 32 Mbp, on chromosome 2 of O. sativa was altered and the BBS13D01 genome sequences was

absent in the O. sativa, japonica genome sequence. Southern hybridization suggested that BB, CC, CCDD, EE

and FF genome species have the homologues of BBSI3DOI. I actually obtained the genome sequence

orthologous to BBS13DO01 from a BAC library of O. officinalis (CC). From O. sativa sequence, seven other

sequences of CycD2/4 and D3 family genes have been identified (Karlson et al. 2002). 1 obtained seven

orthologues of O. sativa, japonica cycD2/4 and D3 from O. punctata (La et al. 2006). The phylogenetic

analysis showed that BBS13DO01 has no orthologue in O. sativa and is a unique additional cyclin D (Fig. 5).

Southern hybridization and this result (Fig. III-5) suggested that the BBS13DO0I orthologue in O. sativa,
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Japonica was deleted after divergence of AA genome from the others.

CCP17FO1 has domains characteristic to cold shock proteins. CCP17F01 has two RNA binding motives, a

large glycine-rich region, two zinc fingers and a small glycine-rich region. Homology searches indicated that

CCP17F01 has highest homology to a cold response protein WCSP1 (Karlson et al.2002), which is similar to

GRP-2 (de Oliveira et al. 1990) and cspA (Goldstein et al. 1990, Karlson et al. 2002). WCSP1 was known to

be induced its expression by cold treatment. WCSPI has a single strand DNA binding (ssDNA) activity in cold

shock domain (CSD). WCSP1 has also double strand DNA (dsDNA) binding activity in the zinc fingers and

the glycine-rich region (Karlson et al. 2002), and only a single set of a zinc finger and a small glycine rich

region was shown to be sufficient for the dsDNA binding activity (Nakaminami et al. 2006). Because

CCPI7FO01 has two zinc fingers and a small glycine rich region in addition to CSD, CCP17F01 might have

activity to bind both ssDNA and dsDNA. RT-PCR analysis showed that the expression of CCP17F01 was

induced by cold treatment. This expression pattern was similar to that of WCSP1 (Karlson er a/.2002). These

structural features and the expression pattern suggest that CCP17F01 is involved in a cold response through

cold-induced gene expression and repression.

CCP17F01 had a homologue in O. sativa, japonica with 80% similarity in the CDS, but in 5 and 3’-UTRs

with low similarities of only 61 % and 53%, respectively. Two clones, CCP17F01 and BBS02HO03, had close

homologues in O. sativa. Nucleotide sequences of CCP17F01 and its homologue were 80% identical to each

other in their coding regions, but in their 5* and 3’ UTRs the identity was dropped to only 61% and 53%,

respectively. Similarly, the coding region of BBSO2HO03 was identical to its homologue of O. sativa, but its

3’UTR was only 48% identical to that of its homologue. Because promoters and terminators are important for

mRNA transcription and 5" and 3"UTRs are often involved in the control of protein translation and stability, it
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is speculated that the control of protein expression of these two wild relative unique genes were different from

those of O. sativa homologues and unique to the wild relatives. Differential control of expression of

functionally orthologous protein between cultivated rice and its wild relatives may be one of the typical

differences between them.

CCP19B09 clone might be unique only to CC genome. RT-PCR shows that CCP19B09 expression almost

same level in all organs examined. Many candidate genes other than above four clones were failed to clone by

5" RACE, although several short RNA sequences almost identical to those gene sequences were often

amplified by the reaction. These sequences seemed not gene transcripts but might possibly non-coding short

RNAs. Further studies will be needed to identify these sequences.

In this study, I reported four full length ¢cDNAs (ribosomal protein, cyclin D, cold response protein and

unknown protein). They were divided into two categories. One was unique sequence present only in wild

relatives of rice, and the other has homologous gene in O. sativa, japonica, but its expression might be

controlled differently. Unique sequences in wild relatives of rice like as the genes identified in this study might

be related to unique features of wild relatives of rice such as morphology and stress response. Reverse genetic

studies will clarify functions of these genes.
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Fig. III-1. Southern hybridization of four genes unique to the wild relatives of rice.

Genomic DNAs of following species were digested with Hindlll, electrophoresed, blotted onto the membrane,
and hybridized with labelled probes of (A) BBS02HO03, (B) BBS13D01, (C) CCP17F01 and (D) CCP19B09.

Lanes on the blot are as follows. AA: O. sativa, japonica, BB: O. punctata, CC: O. officinalis, CCDD: O.

latifolia, EE: O. australiensis, FF: O. brachyantha.
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Fig. IlI-2. Domain structure of the unique proteins.

(A) Domain structure of BBS13DO01 protein and its homologues. Blue: cyclin N-terminal domain, Red: cyclin

C-terminal domain. (B) Domain structure of CCP17F01 and its orthologous proteins. Orange: cold shock

domain, Green: Glycine-rich domain, Magenta: zinc-finger domain. (C) Genome structure of BBS13D01 and

its homologue in O. officinalis. Boxes: exons, filled triangles: insertion, red triangle: insertion in an exon
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Fig. IlI-3. Expression patterns of the genes unique to the wild relatives of rice.

RT-PCR analysis was carried out using specific primers for (A) BBS13DO0I, (B, C) CCP17F01 and (D)
CCP19B09. Actin was used as an internal control. Signals were visualized with ethidium bromide staining. P2:
panicles (ca. 2 cm in length), P10: panicles (ca. 10 cm in length), Shoot: shoot apex, Leaf: leaf, Ovary: ovary

0-5 days after flowering. The numbers in (C) indicate hours after cold treatment at 4C.
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Fig. I1I-4. Complementation of the cyclin-deficient yeast mutant.

Yeast cells transformed with the construct indicated in (D) were spread onto the following media; (A) an SD

plate containing 20 mM methionine and lacking galactose (B) an SD plate lacking galactose and methionine

(C) an SGAL plate containing 20 mM methionine and 2% galactose.

63




Hiltuw:CyeD3:1

43 Arath:CyeD3:1
Nicta:CyeD3:1
52 100 Lyces:CyeD3:2

100 X
Nicta:CyeD3:3

100 Medsa:CyeD3:2

| EMcdm:(’_\clB:l

ol Pissa:CyeD3:1
Arath:CycD3:2
Arath:CyeD3:3
Popal:CycD3:1
Nicta;CyveD3:2
Lyces:CyeD3:1
Antma;CyeD3:2

Lyces:CyeD3:3

= Poptr:CycD3:1

CyceD3

452
) .
K Lagsi:CycD3:1
Cheru:CyeD3:1
Lagsi:CyeD3:2
38
69
Triae:CyeD2:1
Zeama:CyeD2:1
100
|
—160 r v Orvsa:CyeD3:1
r62 {Orypu:CyeD4:2 |
. 100 ‘()r\ sasCyeD4:2 I
43 99 D Rae
Zeama:CyeD4:1
o ’j(m u:CyveD4: |
—67 00 [Orysa:CyeD:1 Cch2/4
P — Arath:CycD4:1
100 Arath:CycD4:2
96 o Arath:CycD2:1
Nicta:CyeD2:1
98 N
Dauca:CycD2:1
Cheru:CyeD2:1
Orypu:CyeD2:2
100f Orysa:CyeD2:2
5 74
—s0 PR (o FYIESTRLEE
—
Onvpu:CyeD2:1
100 Orvsa;CyveD2:1
2 Orysa:CveD1:2
9 rysa:CveD1:2
Orysa:CyeD1:l
100 Antma:CyeDI:] CyCD 1
81 Hiltu:CyeD1:1
98 il Arath:CycD1:1
71 B Orysa:CyeD5:2
100
167 Onvsa:CyeDS:3 CyCDS
J—"—"—— P P,
72 10( oo 0 Zeama:D5:l
Arath:CyceD5:1
Orysa:CyeDo6:l
9% Arath:CycD6:1 I Cy¢D6
Arath:CycD7:1
——‘————‘—'{ 100 Onsa:CyeD7:1 I CyCD7
0.1




Fig. I1I-5. The unrooted NJ tree of D type cyclins from plants.

O. punctata BBS13D01 and O. sativa AK103765 are shown in red and blue, respectively. Cyclin Ds clones
and sequenced in this study from O. punctata and retrieved from cDNA sequences of O. sativa. japonica are
enclosed in red and blue rectangles, respectively. Antma, Antirrhinum majus; Arath, Arabidopsis thaliana;
Cheru, Chenopodium rubrum; Dauca, Daucus carota; Hiltu, Helianthus tuberosus; Lagsi, Lagenaria siceraria;
Lyces, Lycopersicon esculentum; Medsa, Medicago sativa; Nicta, Nicotiana tabacum; Orysa, Oryza sativa;
Orypu, Orvza punctata; Pissa, Pisum sativum; Phypa, Physcomitrella patens; Popal, Populus alba; Poptr,

Populus tremula x Populus tremuloides; Triae, Triticum aestivum; Zeama, Zea mays.
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Table III-1. Plant materials used in this study

Species Genome type  Accession number
O. sativa, japonica AA Nipponbare
O. punctata BB Wi514
0. officinalis CC w0002
O. latifolia CCDD w2200
O. australiensis EE w0008
O. brachyantha FF W1401
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Table I11-2. Primers used for the RT-PCR analysis

Gene sequence

BBS13D01 Fw  TTCAGTGATCATGGTGCACC
Rv  AATGTGATCAGTCAGCTGCA

CCPI7F01  Fw  TCGAGTTCTCCATCAGCTCC
Rv  TCCTCGCCACACTTGTAGCA

CCP19B09 Fw ATGAGAAGAGGTTGCATTGC
Rv  TGCTAGACTCAGTATGTGGC

actin Fw  AACTGGGATGATATGGAGAA
Rv  CCTCCAATCCAGACACTGTA

Fw: forword, Rv: reverse
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Table HI-3. Summary of wild relative unique genes

5’RACE Southern hybridization

Clone No  Length (bp) Length (bp) AA BB CC CCDD _EE FF  ORF(aa) Indication

14C06 553 + ++ ++ + ++ ++

02E05 466 + ++ + + + +

02HO03 267 776 - ++ - - - - 111 ribosomal protein
BBP 02E09 613 - ++ ++ ++ - -

09F10 1056 + ++ ++ ++ + ++

13D01 576 1628 - ++ ++ ++ ++ ++ 349 cyclin D2

09E08 1297 + ++ + + + +

14C06 493 + + ++ ++ - -

15A03 331 + ++ ++ + - -

19B09 463 1045 - - ++ - - - 128 unknown

16A06 393 + + ++ - + +

21C01 485 - ++ ++ - - -

14F06 519 566 - - ++ - - ++ 48 unknown
CCP 04HO05 368 - ++ ++ - - -

19E03 366 361 + + ++ ++ + + 50 unknown

14F08 180 - ++ ++ - -

17F10 517 + - ++ ++ - -

17F01 289 900 + + ++ ++ - - 180  cold response protein

18D06 447 + + ++ ++ ++ -

04D10 192 335 - ++ ++ - - - 20 unknown

++; clear band by Southern hybridization, +; faint band by Southern hybridization, -; no band by Southern

hybridization
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General disccusion

In this study, I examined diversity of Oryza species by comparing expressed sequences of AA genome with

those of BB or CC genomes. First subject was investigation of nucleotide substitution, insertion/deletion and

synonymous or non-sysnonymous substitution between AA and BB, CC genome. The results showed that

substitution rate between japonica and O. punctata, and between japonica and O. officinalis were 32 and 38

bp/kb in the coding region and 46 and 46 bp/kb in the untranslated region, respectively. They were three or

four times higher than those between japonica and indica. The number of nonsynonymous and synonymous

substitutions per site (Ka and Ks) was calculated 0.016 and 0.018 for Ka and 0.093 and 0.101 for Ks between

Jjaponica and O. punctata or O. officinalis, respectively. These results together with indel comparison indicate

that the genetic structure of BB and CC genomes are very close with each other and indels are accumulated in

the untranslated region.

Second subject was divergence of nine genomes of the genus Oryza. The phylogenic relationships of the

species in the genus Oryza were examined using seven nuclear DNA sequences; O. sativa full length cDNA

(AKO058507, AK059353 and AK098919), RAFTIN | (AJ575667), MAP kinase 5 (AF479884), fructokinase |

(AF429948), teosinte branched 1 (sb/) and tryptophan synthase (orp), and one intron sequence of Adh/ 3rd

intron. The results showed that the phylogenetic relationships among O. brachyantha (FF genome), AA

genome species (0. sativa, japonica, O. rufipogon and O. barthii) and other Oryza species was supported by

high bootstrap values, while in the O. officinalis complex being composed of BB, CC, CCDD, and EE

genomes, pylogenetic tree was entangled among genes used for the analysis. Estimation of the divergence time

based on the molecular clock approach was performed by assuming maize and rice diverged 50 million years

ago [mya). O. brachantha (FF) vs. remaining Oryza species revealed to be at 16.3 mya. The divergence time
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within the O. officinalis complex containing BB, CC, CCDD and EE genomes was estimated later than 12.8

mya. AA genome was diverged from O. officinalis complex at 8.0 mya and speciation within the AA genome

was estimated to occur at 0.6 mya. These values can explain well the phylogenetic relationships and the

estimatied divergence time of these species in relation to other evolutional evidences. Synonymous (Ks) and

non-synonymous (Ka) substitution rates showed that RAFTIN | and b showed higher Ka/Ks than other genes

in all genome types. These genes might contribute to speciation, or phenotypic diversity.

Last subject was analysis of unique genes in the wild relatives of rice. Thirteen clones identified as unique to

the wild relatives, but not to japonica rice, were analyzed. Full length cDNAs of four genes were obtained by

5’-RACE of BB or CC genome RNAs. Althogh these four genes revealed to encod a ribosomal protein, a

cyclin, a cold response protein and an unknown protein, their sequences were largely different from those or

completely lacking in O. sativa. One of the BB genome clones, the BBS13D01 encodes a cyclin D2/4 like

protein and its expression in yeast cells complemented cyclin mutations. This indicates that the BBS13DO01

encodes a functional cyclin unique to the wild relatives of rice. Another clone CCP17F01 from CC genome

has domains conserved among cold response proteins, and its expression was induced by a cold treatment.

This suggests that CCP1701 encodes a cold response protein and is involved in the cold response of the wild

relatives. The results suggest that wild relatives of rice have various unique genes which may be related to the

characteristic features of the wild relatives in the morphogenesis and stress resistance. Unique genes of the

wild relatives were devided into two categories: One was unique sequence present only in the wild relatives of

rice, and the other has homologous genes in japonica, but its expression might be controlled differently.

Answers 1o the questions raised in this study would provide new insight on the phylogenetic relationship of

Oryza species, useful genes lost in the cultivated rice and on the genetic diversity among genomes.
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My approach to analyze molecular characteristics of the wild relatives of Oryza species brought new

information about nucleotide substitution rate, in/del characteristics, unique genes of the wild relatives,

phylogenetic relationships and divergence time of the wild species of rice. Oryza is one of the most valuable

species in the studies of domestication, speciation, polyploidization and evolutional analysis, due to the

accumulation of fundamental knowledge of genomics and a plenty of genetic resources. Further analysis of the

wild relatives of rice should provide us a lot of fundamental and valuable resources to resolve questions on

evolution and speciation, and on practical application of the genomes in the genus Oryza.
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