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Comparative Genomics Analysis of Rice and Pineapple Contributes to Understand the Chromosome Number Reduction and Genomic Changes in Grasses
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Rice is one of the most researched model plant, and has a genome structure most resembling that of the grass common ancestor after a grass common tetraploidization ∼100 million years ago. There has been a standing controversy whether there had been five or seven basic chromosomes, before the tetraploidization, which were tackled but could not be well solved for the lacking of a sequenced and assembled outgroup plant to have a conservative genome structure. Recently, the availability of pineapple genome, which has not been subjected to the grass-common tetraploidization, provides a precious opportunity to solve the above controversy and to research into genome changes of rice and other grasses. Here, we performed a comparative genomics analysis of pineapple and rice, and found solid evidence that grass-common ancestor had 2n = 2x = 14 basic chromosomes before the tetraploidization and duplicated to 2n = 4x = 28 after the event. Moreover, we proposed that enormous gene missing from duplicated regions in rice should be explained by an allotetraploid produced by prominently divergent parental lines, rather than gene losses after their divergence. This means that genome fractionation might have occurred before the formation of the allotetraploid grass ancestor.

Keywords: rice, pineapple, grass, chromosome, genome

INTRODUCTION

Genetic integrity is well preserved majorly through condense packing genetic materials into chromosomes (Ding et al., 2004; McKee, 2004; Jordan, 2006). In spite of few variations, the numbers of chromosomes in eukaryotes often varies in a relatively small range. In grass family, though some plants have 100 of chromosomes, e.g., in cultivated sugarcane, the basic chromosome numbers lay in a range from n = 2 to 17 (Grass-phylogeny-working-group-II, 2012). For example, rice. Sorghum, maize, and wheat have n = 12, 10, 10, and 7 basic chromosomes, respectively. A small chromosome number may help maintain the efficiency of homologous chromosome pairing and segregating, avoiding likely mispairing and twisting (Vazquez et al., 2002; Nicolas et al., 2008).

As to the ancestral chromosome number, it was proposed that the grass common ancestor might have seven basic chromosomes, or 2n = 2x = 14 chromosomes before a grass-common tetraploidization (Wang et al., 2016). After the genome-doubling events, and following wide-spread chromosomal rearrangement, the number of basic chromosomes reduced to 12, a number preserved in rice but further reduced in many other grasses, e.g., sorghum, barley, wheat, and Brachypodium. This phenomenon occurred in maize, too, though it was affected by another whole-genome doubling specific to itself. To explain how chromosome number was reduced in grasses and other plants, even all eukaryotes, a novel genome repatterning theory was proposed, emphasizing the importance of removal of telomeres through intra- or inter-chromosomal DNA crossing-over (Wang et al., 2016). It showed the mechanism how chromosome fusion might have occurred, and stated that a fusion of two chromosomes would be accompanied by the production of a satellite chromosome, formed by two telomeres from the same chromosome or from two different chromosomes. Based on this fusion theory, the evolutionary trajectories of chromosomes were reconstructed along the main lineages of grasses.

However, there was another proposition that there might be five basic chromosomes before the grass-common genome doubling (Murat et al., 2010). This proposition, or a fission theory, was based on the inference that some ancestral chromosomes might have been split to produce smaller chromosomes. In contract, the above fusion model predicted that several ancestral chromosomes might be merged to produce larger chromosomes.

A comparative analysis of rice genome and the monocot relative, banana, genome was performed, to find the likelihood of independent entities of certain ancestral chromosomes of rice chromosomes 4 and 6, and 7 and 10, in the ancestral genome (Wang et al., 2016). The analysis, to some extent, proved the fusion model, and rejected the fission one. However, due to a complex nature of the banana genome, subjected to three polyploidizations not shared with rice, and far in evolutionary history, banana genome was not so good to provide a consolidate evidence to solve the above controversy. Two polyploidizations in the rice lineage after splitting with banana became further hurdle. Recently, an effort to distinguish two subgenomes, dominant and sensitive ones, let the authors proposing the fission model turned to the hypothesis of seven proto-chromosomes (Murat et al., 2014). However, we still need a solid evidence to solve the controversy.

Fortunately, a recent genome sequencing effort deciphered the genome of pineapple (Ananas comosus), which has a rather simple relationship with rice (Figure 1). After the split of them, rice was subjected by the grass-common genome doubling, while pineapple has not been affected since. This provides precious opportunity to solve the above controversy over grass ancestral chromosome number, and evaluate the effectiveness of the fusion and fission model. Moreover, comparison of them would show divergent genomic changes of them after their split. Furthermore, it will help reconstruct a credible evolutionary history of grasses, a family with several important cereal crops.
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FIGURE 1. Phylogenetic tree and gene tree. (A) A phylogenetic tree with ancestral polyploidizations shown with squares. (B) A gene tree to show paralogs in each genome. (C) We showed synonymous substitution values for events.



MATERIALS AND METHODS

Materials

Genomes and their gene annotations for both plants were downloaded from Joint Genome Institute1, and the respective data version of rice is Oryza sativa v7_JGI, and pineapple A. comosus v3.

Genomic Homology

To show genome intra- or inter-genomic homology, gene CDSs from one plant were protein-coding searched against its own or another genome sequence using BLASTN. The best, second best, and other matches with E-value ≤ 1e-5 were displayed in different colors, to help distinguish orthology from paralogy, or layers of paralogy as a result of recursive WGDs. Dot-plots were produced using Perl scripts.

To find gene collinearity, by running BLASTP among genes, we searched for potential anchors (E-value ≤ 1e-5; top five matches) between every possible pair of chromosomes within rice and pineapple, and between them. By running ColinearScan (Wang et al., 2006), we revealed homologous blocks within each genome and between different genomes (by setting maximal searching gap ≤ 50 genes and P-value < 0.05). By characterizing homologous sequence similarities, measured by collinear gene number and sequence identity, we characterized the paralogy and orthology among them.

Synonymous Nucleotide Substitutions (Ks)

To calculate the synonymous nucleotide substitution rates (Ks) between genes, we used the Nei-Gojobori method implemented in PAML package (Yang, 2007) to estimate the values.

RESULTS

Inference of Collinear Homologs

By using ColinearScan, we inferred intragenomic homologous genes in collinearity within rice and pineapple, respectively, and intergenomic homologs between them. We counted collinear genes in blocks with different sizes, which was measured by collinear gene numbers in blocks (Table 1). In rice, 2243 genes were found in 54 blocks containing more than 10 genes; while in pineapple, there are 1863 collinear genes in 87 blocks. For the large blocks having more than 50 collinear genes, there are 11 and 9 blocks involving 1599 and 555 collinear genes in these two plants, respectively. The largest block in rice was located between chromosomes 2 and 4, contains 268 collinear genes; while the largest block in pineapple was located on chromosomes 1 and 15, containing 79 collinear genes. This shows rice have longer blocks than pineapple. As to colinear gene number, The intergenomic homology between rice and pineapple is much better than intragenomic homology. There are 438 intergenomic blocks, containing 12057 collinear genes, with total 4071 collinear genes from 50 blocks with block size >50 collinear genes. Here, we found that there are much more homologs resided on longer blocks between different genomes. A higher similarity between different genomes makes it valuable to perform intergenomic comparison to understand genome structure of a genome.

TABLE 1. Number of homologous genes and blocks within and between rice and pineapple.
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Classification of Intergenomic Homology

As noted above, rice and other grasses share a tetraploidization event after the split with pineapple, which has not been affected by polyploidization ever since. Therefore, there should be 1:2 orthologous gene ratio between pineapple and rice (Figure 2). Considering the fact of a more ancient polyploidization, if no gene or DNA losses, we would find that an pineapple gene or a chromosomal region would have two best matched or orthologous rice genes or chromosomal regions, and two secondary or out paralogous genes or chromosomal regions. In that there have often been gene or DNA losses after polyploidization(s), the above 1:2 ratio may not hold for all collinear genes revealed above. Here, we managed to classify the intergenomic blocks by considering the gene and chromosomal segmental similarities, and complement DNA breakages to distinguish orthologous from out paralogous blocks. Gene similarity was measured by inferring synonymous nucleotide substitutions (Ks). Chromosomal segmental similarity was measured by using Ks median of genes in the collinear blocks, and collinear gene numbers. Often without much difficulty, we managed to distinguish the orthologs from out paralogous blocks (Figure 3). The Ks corresponding to the split of two plants are often 0.95–1.20; while those around 1.5 may be related to homologs produced by more ancient events. For example, pineapple chromosomes 1, 20, and 21 (Ac01, Ac20, and Ac21), have orthologous regions in Os02 and Os04; and Ac05, Ac06, and Ac19 have orthologous regions in Os02 and Os04 (Figure 3). Sometimes, based on Ks median, it was difficult to distinguish orthologous and out paralogous regions. At these few cases, we had to make a close check of the collinear genes shared by these blocks. For example, one end of Ac19 has prominent homology with Os02, Os04, and Os06 (Figure 3), and the corresponding Ks medians are also similar. A close check of the collinear genes showed that Ac19 had 107, 51, and 135 collinear genes with the three rice chromosomes, respectively, indicating that Os02 and Os06 are much more similar to Ac19 than Os04. As to the collinear gene content, we found Os02 shared 45 or 42.05% of their collinear genes with Os06, but only 5 or 4.7% of their collinear genes with Os04. This finding showed clearly that Os02 and Os06 are orthologous copies of Ac19, while Os04 is out paralogous one. Eventually, we divided the orthologous copies from the out paralogous ones in the whole comparison of two genomes (Supplementary Table 1).
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FIGURE 2. Homologous alignments of rice genome with pineapple as reference. Genomic paralogy, orthology, and outparalogy information within and among pineapple (A) and rice (O) are displayed in six circles; The inner circle represents 25 pineapple chromosomes, which are differently colored. A pineapple chromosome block was produced by short lines, each representing a gene, A gene short line is colored as to its source chromosome number in a specific species. A pineapple genomic region has two sets of rice corresponding regions due to grass-common tetraploidy, to form another two circles in sequential order. The shared tetraploidy results in a set of paralogous regions in pineapple, to form another circle to show collinear genes within pineapple genome. This second pineapple circle of regions has its own two sets of rice orthologs, to form another two circles of rice chromosomal regions. The curvy lines in the inner circle show collinear homologs in pineapple genome.
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FIGURE 3. Dotplot between rice and pineapple. Rice and pineapple chromosomes are, respectively, aligned horizontally and vertically. Red dots show three homologous pineapple genes best matching a rice gene, and blue dots show other matches. Ks values are shown in green besides the boxed collinear gene blocks.



Inference of Chromosome Fusions

To solve the standing controversy of basic chromosome number in ancestral grass genome before the grass-common tetraploidization, we considered the corresponding orthologous segments between pineapple and rice. Let us first illustrate the two models: fission model and fusion model understand the circumstance of a grass-common tetraploidization (Figure 4).
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FIGURE 4. Fission and fusion models of chromosome rearrangements. A comparison of chromosomes from species S, and their duplicated copies in another species P. (A) A chromosome duplicate broke, and each split segment were merged to produce two independent chromosomes; (B) Besides the conditions in A, a chromosome fission occurred in species S; (C) Two independent chromosomes existed in P, and after whole-genome doubling, one set of chromosome fused to produce a merged chromosome.



For the fission model, considering that there was an chromosome S1, preserved in pineapple, it should have corresponded to P1 in the grass ancestor before the tetraploidy, and then duplicated to two after tetraploidization to get two chromosomes P1, one of which split into two to produce P2 and P3 (Figure 4A). That is, chromosome S1 may correspond to a full rice chromosome P1, and at the meantime, each of them are the direct addition of rice chromosomes P2 and P3. The content of S1 chromosome may exist in segments due to genomic rearrangements, therefore may exist in two or more extant chromosomes, S11 and S12, which may share common breakage points, linking them to make a complete S1 (Figure 4B). Considering possibility of more ancient polyploidization, there might have more ancient duplicates in pineapple genome.

For the fusion model, considering that there were two ancestral chromosomes preserved in pineapple, S1 and S2, they should have corresponded to P2 and P3 in grass common ancestor, which were duplicated to get two P2 and two P3, and later one P2 and one P3 merged to produce another grass chromosome P1 (Figure 4C). The S1 and S2 chromosomes might be affected by genomic rearrangements to have it gene content separated to exist in extant pineapple chromosomes. Alternatively, they could have more ancient duplicates in pineapple. Nonetheless, if the fusion model is right, for S1 and S2 were independent chromosomes, we anticipate that they correspond to different sets of grass chromosomes.

As to the grass chromosomes Os02, Os04, and Os06, we found that they followed a fusion model. Os02 has orthologous correspondence in Ac03, Ac05, Ac06, Ac19, Ac20, Ac21, and Ac22, showing that it was composed of DNA segments from different pineapple chromosomes. Os04 has orthologous correspondence in Ac03, Ac20, and Ac21 (Figure 5A); while Os06 has orthologous correspondence with Ac05, Ac06, Ac19, and Ac22 (Figure 5B). This shows a perfect independent correspondence of Os04 and Os06 in pineapple genome, strongly supporting the fusion model.
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FIGURE 5. Specific chromosome dotplots between specific chromosomes. (A) Rice chromosomes 2 and 4 to pineapple chromosomes 3, 20, and 21; (B) rice chromosomes 2 and 6 to pineapple chromosomes 5, 6, 19 and 22; (C) rice chromosomes 3 and 7 to pineapple chromosomes 1, 9, and 18; (D) rice chromosomes 3 and 10 to pineapple chromosomes 8 and 15.



As to the grass chromosomes Os03, Os07, and Os10, we found that they also follow a fusion model. Os03 has orthologous correspondence in Ac01, Ac07, Ac08, Ac09, Ac15, and Ac18. Os07 has orthologous correspondence in Ac01, Ac09, and Ac18 (Figure 5C); while Os10 has orthologous correspondence with Ac08 and Ac15 (Figure 5D). This shows a perfect independent correspondence of Os07 and Os10 in pineapple genome, also strongly supporting the fusion model.

Therefore, together with the previous analysis published (Wang et al., 2016), the present analysis clearly shows that the grass common ancestor had seven basic chromosomes before the grass-common tetraploidization. This shows that chromosome number reduction often occurred after polyploidization, supporting our previous proposition of a telomere-centered genomic repatterning process (Figure 6).
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FIGURE 6. Chromosome fusion and evolutionary changes. CEJ, chromosome end–end joining; CFI, chromosome fission (shown by crosses). Chromosomes were colored as to a scheme adopted in Wang et al. (2015b). Rice chromosomes 4 and 6 cross-over near their telomeres, then lost a tiny part to produce chromosome 2. Rice chromosomes 7 and 10 cross-over near their telomeres, then lost a tiny part to produce chromosome 3.



Genomic Fractionation in Rice

Wide-spread gene losses occurred in rice after the split with pineapple. As to inferred gene collinearity, we found that 18101 or 75.76% of pineapple genes could not find their collinear orthologs at expected locations in rice, only a tiny fraction of 4.59% have both duplicate copies preserved, and 19.65% have only one alternative copy preserved in rice, showing a large-scale fractionation in rice and possibly other grasses. This may possibly be resulted from gene losses after the grass-common tetraploidization. However, we found in these 18101 genes, 69.6% of them have BLASTP hits at 1e-10 or smaller, about two thirds are bidirectional best hits, and only ∼5500 genes did not have hits in rice. These facts showed the likelihood of the existence of their rice orthologs, which might have been transposed to other chromosomal locations after their split, and also showed that only ∼1/5 (∼5500/18101) of the pineapple genes might be totally lost in rice and other grasses.

DISCUSSION

Rice is among the most researched model plants for its economic importance to human food nutrient (International Rice Genome Sequencing Project, 2005; The-3000-rice-project, 2014). More and more evidences show that it is a good model plant to understand grass origination and evolution (Wang et al., 2015b). On one hand, it has been the slowest evolving plant, as compared to other grasses, at least 15% slower than maize, sorghum, and other grasses sequenced so far (Wang et al., 2015b). On the other hand, it has a genome structure most resembling that of grass ancestors. Comparative genomics analysis of rice and other grasses reported a 5 or n = 7 basic chromosomes before the grass-common tetraploidization (Salse et al., 2009; Wang et al., 2015a). Recently, an effort to distinguish two subgenomes, dominant and sensitive ones, let the authors favor the hypothesis of n = 7 proto-chromosomes (Murat et al., 2015). That is, a n = 7 proto-chromosome model could help define and separate dominant subgenome from sensitive one, whereas a n = 5 proto-chromosome model cannot make it. Though the discussion is reasonable, this is seemingly like to prove a new hypothesis, and have to negate an old hypothesis. Therefore, an independent analysis is necessary to solve the controversy and the availability of the pineapple provided such a precious opportunity. The good thing is that pineapple was not affected by polyploidization(s) after its split from grasses, making it have a relatively simple genome structure, and be a valuable reference to understand those of grasses.

Here, let us discuss a little about the genome stability of an allopolyploid, which would shed light on the genome structure of grasses and the nature of the grass-common tetraploidization. Recently, a neo-tetraploid, Brassica napus (AACC) was sequenced, and it was inferred to form only ∼7500 years ago, with parental lines of B. rapa (AA) and B. oleracea (CC; Chalhoub et al., 2014). Amazingly, very few genes (<200) might have been deleted after the formation of the tetraploid. While for the grass-common tetraploid ancestor, it was reported that there should have been massive gene losses in that only ∼30% genes in collinearity likely produced by the tetraploidization were preserved in the extant genomes (Paterson et al., 2004; Wang et al., 2005). This was inferred by alternative gene missing in the duplicated regions.

Actually, the alternative missing genes can be resulted from the following scenarios: (1) gene losses or translocations in the parental lines before their hybridization; (2) gene losses or translocations during the early days after tetraploidization; (3) gene losses or translocations during the following time much after tetraploidization. The first scenario describes just like that of the Brassica plants. The B. rapa and B. oleracea have genomes with prominent difference in gene numbers. The hybridization of these divergent parents would produce an amphibian or allopolyploid with quite stable genome, for illegitimate recombination may be much restricted. Though illegitimate recombination may still occur to lead to gene conversion, as observed in B. napus, it may not result in massive gene losses. The third scenario may be possible but slim in chance, for rice and sorghum a comparison showed that they each preserved >97% of their gene collinear genes after their split, showing a very stable genome after millions of years of the tetraploid formation (Paterson et al., 2009). The second scenario shows that the parental lines were not very divergent and a lot illegitimate recombination will occur, resulting in massive gene losses and chromosomal rearrangement. This may not explain what we observed in rice, in that, most of the ancestral genome structure after the tetraploidization have been preserved in rice for tens of millions of years, only with 14 chromosomes rearranged to reach 12 chromosomes after two chromosome fusions, as described above. Therefore, we favor the first possibility that two prominently divergent genomes merged to produce the grass tetraploid ancestor, which was an amphibian tetraploid or allotetraploid with a considerably stable genome.

Here, we provided a solid evidence for the n = 7 or 2n = 2x = 14 proto-chromosome model, and solved the controversy. As to above discussion, the grass-common tetraploidization is in essence or mostly an amphibian one, resulting in an allotetraploidization. This conclusion is consistent with previous finding by considering of genomic plasticity (Murat et al., 2014). Therefore, after the tetraploidization the grass ancestor should have followed diploid hybridity, and it should have 2n = 4x = 28 chromosomes. Then, these chromosomes were subjected to a few fusion events, to have 2n = 24 chromosomes in a common ancestor the extant sequenced grasses, as still preserved in rice, while further reduced in many other grasses.
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