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Genome Size Variation and Evolution Driven by Transposable Elements in the Genus Oryza
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Genome size variation and evolutionary forces behind have been long pursued in flowering plants. The genus Oryza, consisting of approximately 25 wild species and two cultivated rice, harbors eleven extant genome types, six of which are diploid (AA, BB, CC, EE, FF, and GG) and five of which are tetraploid (BBCC, CCDD, HHJJ, HHKK, and KKLL). To obtain the most comprehensive knowledge of genome size variation in the genus Oryza, we performed flow cytometry experiments and estimated genome sizes of 166 accessions belonging to 16 non-AA genome Oryza species. k-mer analyses were followed to verify the experimental results of the two accessions for each species. Our results showed that genome sizes largely varied fourfold in the genus Oryza, ranging from 279 Mb in Oryza brachyantha (FF) to 1,203 Mb in Oryza ridleyi (HHJJ). There was a 2-fold variation (ranging from 570 to 1,203 Mb) in genome size among the tetraploid species, while the diploid species had 3-fold variation, ranging from 279 Mb in Oryza brachyantha (FF) to 905 Mb in Oryza australiensis (EE). The genome sizes of the tetraploid species were not always two times larger than those of the diploid species, and some diploid species even had larger genome sizes than those of tetraploids. Nevertheless, we found that genome sizes of newly formed allotetraploids (BBCC-) were almost equal to totaling genome sizes of their parental progenitors. Our results showed that the species belonging to the same genome types had similar genome sizes, while genome sizes exhibited a gradually decreased trend during the evolutionary process in the clade with AA, BB, CC, and EE genome types. Comparative genomic analyses further showed that the species with different rice genome types may had experienced dissimilar amplification histories of retrotransposons, resulting in remarkably different genome sizes. On the other hand, the closely related rice species may have experienced similar amplification history. We observed that the contents of transposable elements, long terminal repeats (LTR) retrotransposons, and particularly LTR/Gypsy retrotransposons varied largely but were significantly correlated with genome sizes. Therefore, this study demonstrated that LTR retrotransposons act as an active driver of genome size variation in the genus Oryza.
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INTRODUCTION

Genome size refers to the DNA amount of an unreplicated gametic nuclear, and it is one of the most important characteristics of organisms (Swift, 1950; Soltis et al., 2003; Greilhuber et al., 2005). The latest release of The Kew Plant DNA C-value database1 has collected a C-value of 10,770 angiosperm species, which varied remarkably by more than 2,100-fold, ranging from 0.07 pg/1C in Genlisea aurea to 152.23 pg/1C in Paris japonica. The genome size within the same genus usually varies greatly, even different individuals within the same species may have variable genome sizes (Gregory, 2005; Tsutsui et al., 2008; Huang et al., 2013). Genome size not only reflects the biological adaptability to a certain extent (Sun et al., 2018; Piégu et al., 2020) but also plays an important role in the phylogeny and species classification (Bures et al., 2004; Huang et al., 2013). With rapid progress in genome sequencing technology and the reduction of sequencing costs, more and more species’ nuclear genomes will be completed. It is broadly recognized that, for the species to be sequenced, the genome size can provide a reference for the amount of data required for whole-genome sequencing and evaluate the integrity of genome assembly results.

Genome size can be measured either in picograms (pg) or million base pairs (Mbp, 1 pg = 978 Mbp) (Dolezel et al., 2003), corresponding to different methods to estimate genome sizes. It is widely accepted that the flow cytometry analysis serves as the main method to estimate the nuclear DNA contents (Bennett and Leitch, 2005; Dolezel and Bartos, 2005), which calculates the relative DNA content of each nucleus by quantifying the fluorescence emitted by each stained nucleus (Dolezel and Bartos, 2005). The estimation of genome size by flow cytometry analysis requires a species with known genome size as an external or internal standard. When using external standards, the factors like the random drift error of the instrument, the influence of secondary metabolites in target species, and standard species on the binding of dye and DNA will lead to inevitable experimental errors. These can nevertheless be avoided by using an internal standard, in which the nuclei of target species and internal standard species are isolated, stained, and analyzed simultaneously (Price et al., 2000; Dolezel and Bartos, 2005; Bennett et al., 2008). An ideal DNA reference standard should have a genome size close to the target species, which can avoid the risk of non-linearity and offset errors (Bagwell et al., 1989; Dolezel and Bartos, 2005). On the other hand, peaks of the two species with fairly close genome sizes could overlap when using an internal standard, making it impossible to accurately estimate the genome size. Therefore, selecting the appropriate internal standard depends on the genome size of different species, which is crucial to guarantee the accurate results of flow cytometry analysis.

Alternatively, the genome size can be estimated by bioinformatics-based k-mer analyses of Illumina sequencing data (Li and Waterman, 2003; Liu et al., 2013; Sun et al., 2018; Mgwatyu et al., 2020), which is independent of a species with known genome size as an internal or external standard like flow cytometry. Therefore, k-mer based method should be theoretically more accurate than flow cytometry analysis in estimating the absolute genome size of species. Consequently, more and more researchers tend to use both flow cytometry and k-mer-based methods to verify and then compare each other in order to obtain a more accurate genome size (Guo et al., 2015; He et al., 2016; Mgwatyu et al., 2020; Pflug et al., 2020). Many k-mer-based genome size estimation methods have been published in recent years. Sun et al. (2018) compared six k-mer-based methods for estimating genome size and found that gce (Liu et al., 2013) still performed well under the conditions of low base coverage, high heterozygosity level, and high sequencing error rate.

As one of the most important genera of Gramineae, Oryza species not only provide staple food for half of the world’s population but is also an important study model for the plant research community. It is commonly recognized that there are about 27 species in the genus Oryza nowadays (Stein et al., 2018; Wing et al., 2018), including 11 genome types, of which six are diploid (AA, BB, CC, EE, FF, and GG) and five are tetraploid (BBCC, CCDD, HHJJ, HHKK, and KKLL). Rice breeders and geneticists have long focused on the AA genome type species in the past decades, among which cultivated rice is included because a high-quality reference genome for each AA genome Oryza species has been obtained (Goff et al., 2002; Yu et al., 2002; Huang et al., 2012; Reuscher et al., 2018; Stein et al., 2018; Wu et al., 2018; Li et al., 2020a; Xie et al., 2021). However, in the genus Oryza, a large number of non-AA genome species have not been sequenced except for Oryza brachyantha (Chen et al., 2013), Oryza granulata (Wu et al., 2018; Shi et al., 2020), Oryza coarctata (Mondal et al., 2017, 2018; Bansal et al., 2021), Oryza punctata (Stein et al., 2018), Oryza alta (Yu et al., 2021), and the three CC genome species, Oryza officinalis, Oryza eichingeri, and Oryza rhizomatis (Shenton et al., 2020). It is well known that an accurate estimation of genome size is essential for genomics research since it is related to genome assembly difficulties and costs. Although continuous efforts have been put into estimating genome sizes of Oryza species for decades, for some rice species, genome sizes measured by different laboratories were not consistent with each other probably as a result of the innovation of equipment and technology, regeneration of nuclear isolation buffer in flow cytometry experiments, genome optimization of internal reference species and the conversion factor for picograms to base pairs (Dolezel et al., 2003), and different selection of internal standard as well. For instance, the 2C-value of O. rhizomatis (IRGC103410) measured by Miyabayashi et al. (2007) was 1.92 ± 0.17 pg, namely about 926 Mb, but Shenton et al. (2020) reported that the genome size of O. rhizomatis (IRGC103410) was approximately 559 Mb after sequencing and assembling the O. rhizomatis genome (IRGC103410). Another example is that the 2C-value of O. ridleyi (IRGC100821) measured by Miyabayashi et al. (2007) was 2.03 ± 0.33 pg, while the 2C-value of O. ridleyi (IRGC100821) was 2.66 ± 0.14 pg (Ammiraju et al., 2006), giving 31% differences between these two studies. Given the importance of genome size as a metric for genome characterization, it is necessary to accurately estimate genome sizes of Oryza species for the exploration of wild rice germplasm resources.

It has been proven that retrotransposons, especially LTR retrotransposons (LTR-RTs), play an important role in plant genome size variation (Gao et al., 2004; Havecker et al., 2004; Ma et al., 2004; Wicker and Keller, 2007; Zhang and Gao, 2017; Zhou et al., 2021). LTR-RTs belong to Class I transposons, which act by a “copy-paste” mechanism to result in the increase in genome size. An intact LTR-RTs includes two long terminal repeats (LTR) flanking elements that usually start with 5’TG-3’ and end with 5’-CA3’. The internal sequence between two LTRs consists of two genes: GAG and POL. The GAG gene encodes structural protein for virus-like particles, while the POL gene encodes four proteins domains, including a protease (PR), a ribonuclease H (RH), a reverse transcriptase (RT), and an integrase (INT), the relative order of RT and INT was used to classify the LTR-RTs family into Copia (PR-INT-RT) and Gypsy (PR-RT-INT) superfamily in the plant, which can further divide into an enormous number of lineages (Wicker et al., 2007). The proportions of LTR-RTs in the diploid Oryza genomes largely varied from approximately 7.51–61.98% in previous studies (Reuscher et al., 2018; Stein et al., 2018; Wu et al., 2018; Li et al., 2020a,b; Xie et al., 2021). Since the genome assembly quality may affect the repeat annotation, the availability of high-quality rice reference genomes provides an unprecedented opportunity to understand how transposable elements drive genome size variation and evolution in the genus Oryza.

In this study, we performed flow cytometry experiments to accurately estimate genome sizes of 166 accessions from 16 non-AA genome Oryza species. We then generated 10× depth Illumina sequencing short reads of two accessions for each species to calculate genome sizes by the k-mer-based method. The relatively accurate genome sizes for each species obtained by combining results of flow cytometry and k-mer analyses have comprehensively updated the genome size dataset of the genus. We researched patterns of genome size variation in the context of the Oryza phylogeny reconstructed based on SNPs located on fourfold-degenerate sites and examined the contribution of LTR-RTs to genome size variation, which further our understanding of genome size evolution in the genus Oryza.



MATERIALS AND METHODS


Plant Material

Rice materials used in this study (Supplementary Table 1) were kindly provided by International Rice Research Institute (IRRI) and cultivated in the greenhouse of South China Agricultural University (Guangzhou). Fresh leaves taken from plants were immediately wrapped with filter paper soaked in sterile water and put into a 4°C refrigerators until performing flow cytometry in 2 h.



Flow Cytometry Analysis

About 7 mg leaves were collected from the fresh plants to be tested and the internal standard plants and then were ground together in a centrifuge tube containing 1 ml of lysate buffer (0.1 M citric acid, 0.5% Triton X-100 in distilled water) to prepare the nuclear suspension (Hanson et al., 2005). Samples were ground at a frequency of 25 Hz for 48 s in a 400 MM TissueLyser (Retsch, Mettmann, Germany). The ground homogenate was filtered through a 30 μm filter into a new 2 ml centrifuge tube. The filtrate was treated with 50 μl RNase (3 mg/L) and incubated at 37°C for 30 min to remove RNA inside. O. sativa L. ssp. japonica cv. Nipponbare (0.7955 pg/2C, 389 Mb/1C) and O. granulata (1.5812 pg/2C, 773 Mb/1C) were used as internal standards (Sasaki, 2005). A total of 0.4 ml of treated filtrate was added to 2 ml of the PI staining solution, which comprised 11.36 g of Na2HPO4, 12 mL of PI stock (1 mg/ml), and 20 ml of 10× stock (100 mM sodium citrate, 250 mM sodium sulfate) made up to 200 ml with double-distilled water. The mixture was then fully mixed and incubated at room temperature (20–25°C) for 20 min in the dark. The stained samples were analyzed on a Sysmex CyFlow Ploidy Analyser (Sysmex Partec, Germany) with an argon laser light source (532 nm wavelength). Samples were run at a constant flow rate (0.4 μl/s) until at least 10,000 nuclear were collected for each sample. The experimental data were further analyzed by FCS Express V3 flow cytometry software and gated to selectively visualize all cells of interest which gather densely in a dot plot map while eliminating results from unwanted particles. The coefficient of variation (CV), which was equal to standard deviation/peak mean × 100%, was used to evaluate the credibility of the results. When the CV value of three replicates for each sample was less than 5%, the results were considered to be reliable. The absolute DNA amount of a sample was calculated based on the value of the G0/G1 peak means: [(sample G0/G1 peak mean)/(standard G0/G1 peak mean)] × standard 2C DNA content (pg). The formula, 1 picogram (pg) = 0.978 × 109 base pair (bp), was used when converting picogram to the base pair (Dolezel et al., 2003).



k-mer Analysis

To confirm the results of flow cytometry, we also estimated the genome size for each species by using k-mer analysis, which was successfully employed in some species such as insects, Rooibos, and Bemisia tabaci (Guo et al., 2015; He et al., 2016; Mgwatyu et al., 2020). Total DNA was extracted from leaf tissues by using a modified CTAB method (Porebski et al., 1997), and 150 bp paired-end reads were produced using the Illumina sequencing platform. Fastp (version.21) was used to control the quality of raw sequence data with parameters: -q 30 -u 40 -l 50 (Chen et al., 2018). High-quality clean reads were then used to estimate the rough genome size by using gce (gce-1.0.2, gce-alternative) with the k-mer size set to 17 (Liu et al., 2013; Sun et al., 2018).



Phylogenetic Reconstruction

The raw Illumina sequencing data sources were listed in Supplementary Table 2. Adaptors and reads with more than 40% of the bases with low-quality bases (Q < 30) were trimmed from raw reads by fastp (fastp-0.21.0)(Chen et al., 2018). Clean reads longer than 50 bp were aligned to the O. sativa L. ssp. japonica cv. Nipponbare genome (IRGSP-1.0_genome) using BWA-MEM (version.7.17-r1188) with default parameters (Li and Durbin, 2010). The alignment bam files were then sorted and PCR duplicates were marked by MarkDuplicates. Variants were detected using the GATK pipeline following the best practices workflow (McKenna et al., 2010). The erroneous mismatches around small indels were realigned using IndelRealigner. The variants were called for each accession by GATK4 (4.2.0.0) HaploTypeCaller with parameter: emit-ref-confidence GVCF and individual GVCF files were merged using GenotypeGVCFs. SNPs were filtered based on the following criteria: (1) SNPs were filtered with “QD < 2.0| | FS > 60.0| | MQ < 40| | SOR > 3| | MQRankSum < −12.5| | ReadPosRankSum < −8.0”; (2) SNPs with read depth > 50 or < 2; (3) SNPs with missing rate > 10%; (4) variants with more than two alleles; (5) a minor allele frequency (MAF) of < 0.05; (6) SNPs within 5 bp of the closest Indel; and (7) SNPs in regions with a SNP count > 3 within 10 bp were all removed. The 187,728 SNPs located at fourfold-degenerate sites were further retrieved from the above-identified SNPs and then converted to phylip and aligned fasta format by a python script called vcf2phylip.py2. The maximum-likelihood trees were constructed using RAxML (RAxML-8.2.12) with the GTRGAMMA model (Stamatakis, 2014). The maximum-likelihood phylogenetic tree was visualized by using iTOL software (Letunic and Bork, 2021).



Repeat Sequence Annotation

A total of 12 Oryza genomes were downloaded from the corresponding database for repeat sequence analysis (Supplementary Table 5). Repeat sequences in the Oryza genomes were identified by the following procedures. First, a de novo repeat library was constructed by using RepeatModeler (version 2.0.1) (Flynn et al., 2020). Furthermore, long terminal repeat (LTR) retrotransposons against the Oryza genome sequences were detected using LTRharvest, LTR_FINDER (version 1.07) (Xu and Wang, 2007), and LTR_retriever (version 2.8) (Ou and Jiang, 2018). The LTR retrotransposons found by the two methods were merged and the duplications were then removed, which were combined with other repeat sequences found by RepeatModeler (version 2.0.1) (Flynn et al., 2020) to form the preliminary repeat sequence library. The repeat sequences labeled “Unknown” in the repeat sequence library were further classified according to the best homology alignment (E value 1e−10) against the Rice TE Database3 (Copetti et al., 2015). Transposable elements (TEs) within each genome were identified by RepeatMasker (open-4-0-8) (Tarailo-Graovac and Chen, 2009) with the repeat sequence library established according to the above-mentioned steps. Pearson’s correlation was analyzed between lengths of repeat sequences and genome sizes. The graphs of correlation analysis were drawn using “ggplot2” and “ggpubr” packages in R (version 4.1.2).



Classification and Insertion Time Estimation of Intact Long Terminal Repeats Retrotransposons

All intact LTR-RTs generated by LTR_retriever (version 2.8) (Ou and Jiang, 2018) were classified by TEsorter with default parameters (Zhang et al., 2022). The terminal repeat regions and other non-coding regions are the fastest evolving parts of TEs. According to the definition of family and subfamily (Wicker et al., 2007), we considered two intact LTR-RTs to belong to the same family if they share 80% (or higher) sequence identity within at least 80% of their long terminal repeat regions. The insertion times of intact LTR-RTs were estimated by following former studies (SanMiguel et al., 1998; Ma et al., 2004; Zhang and Gao, 2017). The two LTRs of each intact LTR-RTs were aligned using the MUSCLE multiple alignment method, and the Kimura 2-parameter method was used to calculate the distance (d) under the complete deletion option in MEGA11 (Tamura et al., 2021). The insertion time was then calculated by using t = d/2r, where the rate (r) of neutral evolution of 1.3 × 10–8 substitutions per site per year was used (Zhang and Gao, 2017).




RESULTS


Optimization of DNA Flow Cytometry in the Genus Oryza

An ideal DNA reference standard should have a genome size close to the target species, which could avoid the risk of non-linearity and offset errors (Bagwell et al., 1989). In this study, O. sativa L. ssp. japonica cv. Nipponbare with a DNA content of 0.7955 pg/2C (389 Mb/1C) (Sasaki, 2005), was employed as an internal standard. Nevertheless, the 2C peaks of Oryza punctata and O. eichingeri coincided with the Nipponbare peak, indicating that they might have similar DNA contents. Thus, Nipponbare was not an ideal internal standard to estimate genome sizes of O. punctata and O. eichingeri. Among the other non-AA species in Oryza, O. granulata was one of few species that were sequenced (Wu et al., 2018; Shi et al., 2020), whose genome size was approximately 1.5 times larger than those of O. punctata and O. eichingeri. It seems that O. granulata might serve as a suitable internal standard for estimating genome sizes of these two species by using flow cytometry analysis. In order to prevent the error caused by the two internal standards individually in the same experiment, genome sizes of Nipponbare and O. granulata were recalibrated against each other by detecting the intensity of fluorescence signals of the same number of cells in flow cytometry experiments. The nuclear DNA content of O. granulata (IRGC 80740) was 1.58 pg/2C, namely 772.62 Mb, when O. sativa L. ssp. japonica cv. Nipponbare was used as internal standard (Figure 1M and Supplementary Table 1), which was consistent with the sequenced O. granulata genome of approximately 777 Mb (Wu et al., 2018). Consequently, it is feasible to select Nipponbare or O. granulata as internal standards for genome sizes of different rice species.
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FIGURE 1. Flow cytometry histograms of Oryza species. O. granulata was used as an internal standard for Oryza punctata (A) and Oryza eichingeri (D). Oryza sativa L. ssp. japonica cv. Nipponbare (0.7955 pg/2C) was employed as internal standard for Oryza officinalis (B), Oryza rhizomatis (C), Oryza malampuzhaensis (E), Oryza minuta (F), Oryza schweinfurthiana (G), Oryza alta (H), Oryza grandiglumis (I), Oryza latifolia (J), Oryza australiensis (K), Oryza brachyantha (L), Oryza granulata (M), Oryza meyeriana (N), Oryza longiglumis (O), and Oryza ridleyi (P).


Based on previous studies, we chose the bead beating method to prepare nuclear suspension with fresh rice leaves in Hanson’s nuclear isolation buffer (Hanson et al., 2005; Roberts, 2007; Cousin et al., 2009; Isidre et al., 2019). More than 10,000 stained nuclei were analyzed from the internal standard sample and target sample, respectively. It is much more than the previous studies that only analyzed 2,000 or 4,000 nuclei (Supplementary Table 3). Three repeated experiments for each sample were conducted to eliminate the systematic error. Eventually, credible results were acquired for 166 accessions from 16 non-AA genome species in the genus Oryza (Figure 1). The obtained estimates for half of the 16 species were close to one of the previously reported results except for O. rhizomatis, O. eichingeri, Oryza grandiglumis, O. australiensis, Oryza meyeriana, O. granulata, O. brachyantha, and Oryza longiglumis, which seemed to have been overestimated in earlier studies (Table 1). One of the major applications of genome size estimation is to evaluate the integrity of the assembled genomes. We compared the results of flow cytometry with the assembled genome lengths for the species that were sequenced in the genus Oryza. Our results showed that the estimated genome sizes in this study are fairly close to the assembled genome lengths, indicating high accuracy of the experimental assessment (Table 1).


TABLE 1. Summary of nuclear DNA contents of Oryza species estimated by using flow cytometry analysis.
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Comparisons of Genome Sizes Estimated by Flow Cytometry and k-mer Analyses

The flow cytometry analysis largely relies on a species with a well-documented genome size as an internal standard to accurately estimate genome sizes. With the development of genome sequencing technologies, a computational method to estimate genome size, which is independent of internal standards, has been extensively applied to more and more plant species based on the k-mer frequency of whole-genome sequencing data (Chen et al., 2015; Guo et al., 2015; He et al., 2016). In order to comprehensively investigate genome size variation in Oryza species and further verify the accuracy of the obtained flow cytometry results, we resequenced two accessions for each examined species to calculate genome sizes by using k-mer analysis. Our results showed that genome sizes estimated by gce (gce-v1.0.2, gce-alternative) were slightly larger than those through flow cytometry analyses for most species except for Oryza malampuzhaensis (IRGC 100957), Oryza minuta (IRGC 105131), O. longiglumis (IRGC 105147), O. longiglumis (IRGC 100974), O. ridleyi (IRGC 100821), and O. granulata (IRGC 102117) in this study (Table 2). Note that the genome size of O. granulata (IRGC 102117) estimated by using flow cytometry analysis was adopted from Wu et al. (2018) since fresh leaves were not available in this study. We employed the flow cytometry analysis to estimate genome sizes of seven accessions of O. granulata, and the average genome size of O. granulata was approximately 779 Mb, which was close to the result calculated by k-mer analysis (Table 1 and Supplementary Table 1). Comparisons of genome sizes estimated through flow cytometry and k-mer analyses showed that the obtained results varied about 10% and less than 5% in more than half of those species.


TABLE 2. Genome sizes of Oryza species estimated by using flow cytometry and k-mer analyses.
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Genome Size Variation Across Oryza Genome Types and Species

Flow cytometry analyses were used to estimate DNA contents of 166 accessions from 16 Oryza species throughout the world (Supplementary Table 1). Our results indicated that the 2C DNA contents in the genus Oryza varied nearly 4.3-fold, ranging from approximately 0.57 pg in O. brachyantha to approximately 2.46 pg in O. ridleyi (Table 1). The examined accessions belonging to the same species seemingly had similar DNA contents. Notably, O. eichingeri harbored the largest intraspecific genome size variation (Table 1), whose 2C DNA contents ranged from approximately 0.86–1.11 pg/2C among 15 accessions, and the standard deviation (SD) value of 15 accessions was approximately 0.057, while the SD value of other species was lower than 0.05 (Table 1). Our results are consistent with the previous observation that species with the same genome type usually had similar genome sizes in the genus Oryza (Miyabayashi et al., 2007), but slight differences still existed within the species with CC, BBCC, and CCDD genome types. The 2C DNA content of O. eichingeri (CC) was 0.11 pg (about 100 Mb) lower than the other two CC genome type species. Similarly, the 2C DNA contents of Oryza schweinfuriana (BBCC) were somewhat lower than the other two BBCC genome type species. The genome size of O. malampuzhaensis (BBCC) (approximately 975 Mb) was first reported in this study. Oryza latifolia was approximately 100 Mb larger than the other two CCDD genome type species in genome size (Table 1).

Combined with previous studies on the genome size of AA genome type species (Sasaki, 2005; Zhang et al., 2014, 2015; Li et al., 2020a; Xie et al., 2021), our results showed that genome sizes among the six diploid genome types in Oryza varied nearly threefold, ranging from approximately 279 Mb (FF) to approximately 905 Mb (EE) (Table 1). O. brachyantha (FF) harbors the smallest genome in the genus Oryza, while O. australiensis (EE) has the largest genome size among diploid species, which is even close to DNA contents of the tetraploid species with BBCC and CCDD genome types (Figure 2 and Table 1). Among the six diploid genome types, the species with the BB genome type had relatively similar genome sizes to the AA genome type species (Figure 2). The species with GG- genome had genome size nearly two times larger than AA genome species (Figure 2).
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FIGURE 2. Evolutionary dynamics of genome sizes and transposable elements across the diploid Oryza species. The phylogenetic tree was constructed based on the SNPs located on fourfold-degenerate sites (A). The gray bar graph represents the genome size estimated by using k-mer analysis. The number of branches represents the bootstrap values. The correlation is shown between genome sizes and TEs (B), LTR-RTs (C), and LTR/Gypsy-RTs (D), respectively.


Genome sizes of the tetraploid species in the genus Oryza varied nearly twofold, ranging from approximately 570 Mb (Oryza coarctata) to approximately 1,203 Mb (O. ridleyi) (Table 1). The previously reported flow cytometry data showed that the genome size of O. coarctata was approximately 665 Mb (Mondal et al., 2017) or approximately 771 Mb (Ammiraju et al., 2010), while the assembled genome length was approximately 570 Mb (Mondal et al., 2018; Bansal et al., 2021). We further used k-mer analysis to estimate its genome size to be approximately 555 Mb, which was the same as the diploid species with CC genome type (Table 2). Therefore, O. coarctata was the smallest in genome size among the tetraploid species. The tetraploid species with BBCC- and CCDD genome types had similar genome sizes of approximately 900–1,000 Mb (Table 1). Interestingly, the genome size of species with BBCC genome types was approximately equal to the totaling genome sizes of species with BB and CC genome types. The genome size of O. ridleyi was about 1,203 Mb, which was the largest among the Oryza species with known genome sizes. It was two times larger than O. coarctata and approximately 60 Mb larger than another HHJJ genome species, O. longiglumis (Table 1).

Our results altogether showed that the genome size largely varied nearly 4.3-fold in the genus Oryza, threefold among the diploid species, and twofold among the tetraploid species. Genome sizes slightly vary within the species, and species with the same genome type usually have similar DNA contents. Nevertheless, the interspecific genome size variation among species with the same genome type is still larger than the intraspecific genome size variation. It is worth noting that the genome sizes of the tetraploid species are not always two times larger than those of the diploid species, and genome sizes of some diploids are even larger than those of tetraploids. For example, both O. granulata and O. australiensis had a larger genome size than the tetraploid O. coarctata (Table 1).

The obtained results of genome sizes in this study provide us an opportunity to reclassify unidentified Oryza accessions. The tetraploid populations of O. officinalis (formerly identified as O. officinalis) and the tetraploid populations of O. punctata (formerly identified as O. punctata) were classified as O. malampuzhaensis and O. schweinfurthiana, respectively (Sano, 1980; Vaughan, 1989; Li et al., 2001). For example, IRGC 100957 and IRGC 80767 were classified as O. malampuzhaensis, which were formerly regarded as O. officinalis (Supplementary Table 1). Meanwhile, 20 accessions, such as IRGC 101439 and IRGC 88827, were formerly identified as O. punctata, but they were all updated to be O. schweinfurthiana in International Rice Genebank4 (Supplementary Table 1). In this study, the flow cytometry analysis of these accessions confirmed that they were tetraploid (Supplementary Table 1). Moreover, 2C DNA contents of the other 11 O. punctata accessions (IRGC 100881, IRGC 88825, IRGC 100177, IRGC 100892, IRGC 101429, IRGC 105082, IRGC 105128, IRGC 105160, IRGC 105174, IRGC 105181, and IRGC 105182) were approximately 1.9 pg, which are two times larger than that of the diploid O. punctata. Thus, these 11 accessions were likely to be the tetraploid O. schweinfurthiana (Table 3). IRGC 105321 was earlier identified as O. officinalis in International Rice Genebank, while 2C DNA content was measured to be approximately 2.02 pg, indicating that IRGC 105321 might be classified as O. malampuzhaensis (Table 3).


TABLE 3. Reclassification of Oryza accessions based on flow cytometry analysis.
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Evolutionary Dynamics of Genome Sizes and Transposable Elements Across the Oryza Species

To examine the evolutionary dynamics of genome sizes in the genus Oryza, a credible phylogenetic tree with almost 100% bootstrap support was reconstructed based on SNPs located on fourfold-degenerate sites (Figure 2A). All of the Oryza diploid species were divided into the two main clades, of which one comprised the species with AA, BB, CC, and EE genome types, while the other included species with FF and GG genome types (Figure 2A). The result is congruent with the topology of the phylogenetic tree based on chloroplast genomes (Gao et al., 2019). Except that the genome sizes varied nearly 2.5-fold between FF and GG genome type species, we failed to find sufficient evidence to support the correlation between the genome sizes and phylogenetic relationships in the clade with FF and GG genome types due to including too few species. However, it is noteworthy that genome size gradually decreased during the evolution of the clades with AA, BB, CC, and EE genome types. The genome size quickly decreased from EE genome type (approximately 900 Mb) to CC genome type (approximately 600 Mb), and then the decreasing trend gradually slowed down from CC to BB genome types and BB to AA genome types. Even among the eight species with AA genome type, the genome size tended to decrease slowly with the phylogenetic relationships. Consequently, it is reasonable to presume that there are some kind of correlation between genome sizes and phylogenetic relationships in the genus Oryza.

Considering that transposable elements play an important role in rice genome expansion (Dodsworth et al., 2015; Suh, 2019), we annotated and compared the contents of all types of TEs from 12 high-quality Oryza genomes to investigate the causes of genome size variation in the genus Oryza (Supplementary Table 5). Our results showed that, among all types of TEs, LTR-RTs and especially LTR/Gypsy RTs greatly varied across the twelve investigated Oryza genomes (Supplementary Table 4). Our further analysis apparently revealed that TEs, LTR-RTs, and LTR/Gypsy RTs were all significantly correlated with genome sizes (Figures 2B–D).

In order to examine the evolutionary dynamics of LTR-RTs that determine rice genome size variation, 8,154 intact LTR-RTs from the twelve Oryza genomes, belonging to AA-, BB-, CC-, FF-, and GG genome types, were detected and classified by TEsorter (Zhang et al., 2022; Figure 3). Of them, Ale is the lineage with the most abundant and the longest length of intact LTR RTs of the Copia superfamily among AA, BB, and GG genome types, while the Ivana lineage harbored the most intact LTR-RTs in O. officinalis and O. brachyantha (Figure 3). Our results showed that the total length of intact LTR-RTs belonging to the Retand lineage was the longest lineage in Oryza species except for O. brachyantha, which possessed the smallest genome size in Oryza. In sharp contrast to the other eleven Oryza species, O. brachyantha interestingly possessed much more number and longer length of intact LTR-RTs belonging to the Copia superfamily than those belonging to the Gypsy superfamily (Figure 3). According to similarities of LTR sequences, 8,154 intact LTR-RTs obtained from twelve Oryza species were classified into 1,305 families, of which 591 families belonged to the Copia superfamily, 581 families belonged to the Gypsy superfamily, and the remaining 133 families could not be classified into neither of the two superfamilies. Although there were fewer Gypsy families than the Copia families, the number of intact LTR-RTs of Gypsy families was two times more than that of the Copia families (Supplementary Table 6). Our results showed that there were no shared LTR-RT families among the examined genome types, suggesting rapid turnover of LTR-RTs across the Oryza genomes (Figures 4A,B). Total lengths of species-specific intact LTR-RTs in O. granulata, O. officinalis, and O. punctata were much larger than that of other species, especially in O. granulata, which possessed the largest genome size among the 12 analyzed Oryza species, indicating that species-specific LTR-RTs has made a great contribution to its large genome size (Figure 4C). Further analysis of lineage-specific intact LTR-RTs showed that the amplification of the Retand lineage may account for larger genome sizes of O. granulata, O. officinalis, and O. punctata (Figure 4C). By comparing lengths of intact LTR-RTs inserted within 6.5 million years (MYR), we found that the inserted intact LTR-RTs belonging to the Gypsy superfamily were longer than the Copia superfamily in Oryza species except for O. brachyantha. However, the inserted intact LTR-RTs belonging to the Copia supfamily were longer than the Gypsy superfamily in species O. glaberrima, O. barthii, O. glumeaputala, and O. longistaminata within 0.5 million years ago (Figure 5). Our results showed that the examined species may have experienced dissimilar amplification histories of retrotransposons, resulting in remarkably different genome sizes (Figure 5). Our findings also indicate that the closely related rice species, such as O. sativa and its wild ancestors (O. nivara and O. rufipogon), and O. glaberrima and its wild ancestor O. barthii, may have experienced similar amplification history of retrotransposons (Figures 2, 3, 5).


[image: image]

FIGURE 3. Copy number (A–L) and length (M) of intact LTR-RTs in different lineages of the Oryza genomes. (A–L) Shows the classification and proportions of intact LTR-RTs in corresponding species; the lineages belonging to the Gypsy and Copia superfamilies are shown in red and blue color, respectively. The numbers in brackets represent the copy number of intact LTR-RTs. (M) Shows the length of intact LTR-RTs of different lineages in the Oryza genomes. SAT, NIV, RUF, GLA, BAR, GLU, LON, MER, PUN, OFF, BRA, and GRA represent O. sativa, O. nivara, O. rufipogon, O. barthii, O. glaberrima, O. glumaepatula, O. longistaminata, O. meridionalis, O. punctata, O. officinalis, O. brachyantha, and O. granulata, respectively.
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FIGURE 4. Venn diagrams of LTR-RT families belonging to the Gypsy (A) and Copia (B) superfamilies among the five (AA-, BB- CC-, FF-, GG-) rice genome types, and lengths of species-specific intact LTR-RTs of the 12 Oryza genomes (C).
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FIGURE 5. Length of intact LTR-RTs inserted in the twelve examined Oryza genomes at different time periods. The values on the abscissa represent the insertion time span of the intact LTR-RTs, and the adjacent values take 0.5 as an interval value. For example, 1 represents the time period from 0.5 to 1 million years ago (MYA). (A–L) Represents O. sativa, O. nivara, O. rufipogon, O. barthii, O. glaberrima, O. glumaepatula, O. longistaminata, O. meridionalis, O. punctata, O. officinalis, O. brachyantha, and O. granulata, respectively.





DISCUSSION


Optimizing Flow Cytometry Conditions to Estimate Genome Sizes

The genus Oryza has attracted great attention for its huge economic and humanistic values. With the rapid development of sequencing technologies, recent decades have witnessed great progress in comparative genomics of the genus and especially AA genome type species (Zhang et al., 2014; Stein et al., 2018; Zhao et al., 2018; Li et al., 2020a,c; Shi et al., 2020). As an important step to survey the genome size before whole-genome sequencing, to date, continuous efforts have been put to estimate genome sizes of the Oryza species by using flow cytometry analysis (Cesar et al., 1994; Uozu et al., 1997; Ammiraju et al., 2006; Miyabayashi et al., 2007), resulting in inconsistent results. For example, the DNA content of O. latifolia was estimated to be 2.32 pg/2C (Cesar et al., 1994), while it was assessed to be 1.88 pg/2C (Miyabayashi et al., 2007). The DNA contents of other species, O. granulata, were measured to be 2.29 pg/2C or 2.49 pg/2C (Miyabayashi et al., 2007), while it was reported to be 1.83 pg/2C (Ammiraju et al., 2006) and slight discrepancy was reported in many other species.

We compared the results obtained in this study with those previously reported data to figure out the possible reasons for the inconsistency in the genome size assessment. The first factor generating different results may come from internal standards and cognition of internal standard genome sizes. Earlier studies usually employed chicken red blood (CRBC) as an internal standard, while the genome sizes of CRBC used for the calculation were different in different studies (Cesar et al., 1994; Uozu et al., 1997; Miyabayashi et al., 2007). Subsequently, the sequenced Nipponbare was often used as an internal or external standard (0.91 pg/2C) for flow cytometry experiments in the genus Oryza (Ammiraju et al., 2006; Miyabayashi et al., 2007), while the generation of high-quality Nipponbare reference genome sequence makes us widely recognize its genome size to be 389 Mb (Sasaki, 2005). If the formula, 1 pg DNA = 978 Mb, was used to convert base pairs (bp) to picograms (pg), the DNA content of Nipponbare should be approximately 0.7955 pg/2C, instead of 0.91 pg/2C. It is worth noting that the formula, 1 pg DNA = 965 Mb, was used in almost all previous studies (Cesar et al., 1994; Uozu et al., 1997; Ammiraju et al., 2006; Miyabayashi et al., 2007), while Dolezel et al. (2003) suggested that the formula, 1 pg DNA = 978 Mb, maybe more accurate, which was verified in many species (Huang et al., 2013; Tyagi et al., 2019). The other major factor that may affect the estimated genome size by flow cytometry analysis was the standardization, including external and internal standardization. The nuclei of the sample and standard were separately isolated, stained, and analyzed if the reference standard acts as an external standard, and the generated results may be suspicious, resulting from the discrepancy in the process of sample separation and staining. Even if the parameter settings of the instrument remain unchanged, the position of the 2C peak of the sample may also shift due to random drift of the instrument. However, these shortcomings may be avoided by internal standardization, in which the nuclei of the sample and standard were simultaneously isolated, stained, and analyzed (Dolezel and Bartos, 2005). Strictly speaking, the use of external standards thus leads to more or fewer errors, while the application of internal standards can generate relatively accurate results. In addition, enough cells should be detected in flow cytometry experiments to ensure the accuracy of the results, and 5,000–20,000 nuclei were needed for each sample (Galbraith et al., 1997). However, only 2,000–4,000 nuclei were analyzed in Oryza by using flow cytometry analysis in previous studies (Cesar et al., 1994; Uozu et al., 1997; Ammiraju et al., 2006; Miyabayashi et al., 2007). Therefore, it is necessary to employ unified standards to further update genome size estimates of the Oryza species according to the latest documentation of internal reference genome Nipponbare.

To obtain accurate data, the affected factors described above must be corrected in the flow cytometry experiments. In this study, we employed Nipponbare (0.7955 pg/2C, 389 Mb/1C) and O. granulata (1.5812 pg/2C, 773 Mb/1C) as internal standards upon genome size variation of the target species. These two standards were calibrated against each other to avoid errors caused using different internal standards. The updated DNA content of Nipponbare (0.7955 pg/2C, 389 Mb/1C) and the correct conversion formula were used to calculate the DNA contents of the target species, and up to approximately 10,000 nuclei were collected from each sample to ensure high-quality data. Simultaneously, we compared to flow cytometry experimental procedures and statistical methods, showing that the obtained genome sizes via these two methods varied from about 10% to less than 5% in more than half of the examined species. Our results also showed that genome sizes of O. granulata, O. brachyantha, O. rhizomatis, O. eichingeri, O. officinalis, O. punctata, and O. alta are fairly close to the assembled genome lengths (Chen et al., 2013; Stein et al., 2018; Wu et al., 2018; Shenton et al., 2020; Yu et al., 2021), strongly supporting the consistency and accuracy of our flow cytometry experiments. Thus, genome sizes estimated by using flow cytometry analysis can be reliably used for the species identification with the obtained genome sizes. Based on the measurement of genome sizes, O. malampuzhaensis and O. schweinfurthiana can be clearly identified from the species formerly classified as O. officinalis and O. punctata, respectively.



Genome Size Variation and Evolution of Oryza Allotetraploids and Their Diploid Progenitors

Allopolyploids were usually thought to be caused by hybridization combined with genome doubling (Doyle et al., 2008; Soltis et al., 2014). In the genus Oryza, there are five tetraploid genome types (BBCC, CCDD, HHJJ, HHKK, and KKLL), which originated from hybridization events. It was suggested that the tetraploid BBCC- species originated independently (Bao et al., 2006). Zou et al. (2015) proposed that the diploid O. punctata (BB) and O. officinalis (CC) were the parental progenitors of O. minuta and O. malampuzhaensis, whereas the diploid O. punctata (BB) and O. eichingeri (CC) were the progenitors of O. schweinfurthiana. Our results showed that genome sizes of the three tetraploids with BBCC genome type were almost equal to totaling genome sizes of their diploid donor species. For instance, the 2C DNA content of O. minuta (BBCC, 2.04 pg/2C) and O. malampuzhaensis (BBCC, 1.99 pg/2C) was approximately equal to the sum of the 2C DNA contents of their parental progenitors, O. punctata (BB, 0.90 pg/2C) and O. officinalis (CC, 1.22 pg/2C). Similarly, the 2C DNA content of O. schweinfurthiana (BBCC, 1.9 pg/2C) was equal to the sum of O. punctata (BB, 0.90 pg/2C) and O. eichingeri (CC, 1.01 pg/2C). Among the three tetraploid species with CCDD genome type, O. alta (CCDD, 1.88 pg/2C) and O. grandiglumis (CCDD, 1.84 pg/2C) basically had the similar 2C DNA contents, while O. latifolia (CCDD, 2.15 pg/2C) was larger than both of them in genome size. Since the diploid species with DD genome species, which might be extinct, have not been found in nature, CCDD genome species were proposed to originate from a single allopolyploidization event with CC genome as their maternal parent while EE genome species might serve as the paternal donor (Ge et al., 1999; Bao and Ge, 2004). However, our results showed that the genome size of O. australiensis with EE genome (1.85 pg/2C) was similar to that of CCDD genome species (O. alta, 1.88 pg/2C; O. grandiglumis, 1.84 pg/2C; O. latifolia, 2.15 pg/2C). Although multiple pieces of evidence supported that EE genome and CCDD genome were closely related, it is questionable that EE genome served as the diploid donor of CCDD genome unless an extremely large-scale DNA loss occurred after speciation. As for the tetraploid KKLL, HHJJ, and HHKK genome species, the diploid donor species with HH, KK, and LL genomes have not been identified yet. The Oryza phylogeny constructed by using Adh1, Adh2, and matK gene fragments failed to detect evident phylogenetic relationships among these genomes in the context of existing diploid species (Ge et al., 1999). Hence, the mechanism determining genome size variation in these tetraploid species is still an opening question to address, which is waiting for their genomes to be sequenced. Considering the formation mechanism of BBCC genome size, polyploidy results in approximately doubling the genome size, and the genome size of tetraploid species is supposed to be the sum of the parent genome size unless large-scale deletion events occurred after speciation.



Long Terminal Repeat Retrotransposons Serve as Drivers of Rice Genome Size Evolution

It has been demonstrated that rapid amplification of TEs and particularly LTR retrotransposons play an important role in rice genome expansion (McCarthy et al., 2002; Gao et al., 2004; Vitte et al., 2007; Zuccolo et al., 2007; Zhang and Gao, 2017). In this study, flow cytometry and k-mer analyses indicated that 2-fold genome size variation existed among the tetraploid Oryza species, while the diploid species varied more than threefold, ranging from approximately 279 Mb in O. brachyantha (FF) to approximately 905 Mb in O. australiensis (EE). We also observed a significant correlation between genome sizes and phylogenetic relationships among diploid species, and genome sizes exhibited a gradually decreased trend during the evolutionary process in the clade with AA, BB, CC, and EE genome types. Our comparative genomic analyses revealed that proportions of LTR retrotransposons and especially LTR/Gypsy retrotransposons varied greatly across diploid rice genomes with AA, BB, CC, FF, and GG genome types, ranging from 5.24% in O. brachyantha (FF-) to 44.54% in O. granulata (GG). Moreover, our results clearly showed that TEs, LTR-RTs, and LTR/Gypsy RTs were all significantly correlated with genome sizes. Among all six diploid genome types of Oryza, only EE genome type species O. australiensis has not been sequenced. It was reported that, however, three LTR retrotransposon families accounted for more than 60% of the O. australiensis genome, two of which belong to the gypsy superfamily, accounting for about 35% of the genome (Piegu et al., 2006). Thus, the amplification of LTR retrotransposons and particularly LTR/gypsy retrotransposons may largely account for genome size variation, becoming the major driving force in the genus Oryza. We failed to find any shared LTR retrotransposon families among Oryza species with different genome types, and early divergent species, such as GG, CC, and BB genome species, owned more species-specific families than those AA genome species, indicating rapid evolution of LTR retrotransposons in Oryza (Vitte et al., 2007; Zhang and Gao, 2017). LTR retrotransposons have been proven to undergo bursts of amplification within the past 5 Myr, and the half-life of LTR retrotransposon sequences in the rice genome was estimated to be less than 3 Myr (Vitte et al., 2007). As claimed in previous studies, the unequal homologous recombination and illegitimate recombination were primarily responsible for the removal of LTR-retrotransposons, and unequal homologous recombination had been more efficient at purging extraneous DNA (Ma et al., 2004; Tian et al., 2009). Most plant genomes in nature have undergone the polyploidization process and then rapidly complete the diploid process through large-scale chromatin rearrangement and deletion events so as to stabilize the genome expansion (Blanc and Wolfe, 2004); such events also occurred in rice (Wang et al., 2005). It is our belief that the genome size evolution in the genus Oryza has been a long and ongoing process to adapt to global environmental changes, making Oryza become an excellent model to address how polyploidization and TE dynamics together drive the genome size variation and evolution in plants.




CONCLUSION

We accurately estimated genome sizes of 166 accessions belonging to 16 non-AA genome Oryza species using flow cytometry and k-mer analyses. Our results showed that genome sizes largely varied approximately fourfold in the genus Oryza, ranging from approximately 279 Mb in O. brachyantha (FF) to approximately 1,203 Mb in O. ridleyi (HHJJ), revealing a gradually decreased trend during the evolutionary process in the clade with AA, BB, CC, and EE genome types. We found that the contents of TEs, LTR retrotransposons, and LTR/Gypsy retrotransposons varied greatly but they significantly correlated with genome sizes. Although the species with different rice genome types may have experienced dissimilar amplification histories of retrotransposons, resulting in remarkably different genome sizes, the closely related rice species may have experienced similar amplification history. Thus, the amplification of LTR retrotransposons and particularly LTR/gypsy retrotransposons largely account for genome size variation in the genus Oryza.
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OPS/images/fpls-13-921937-t002.jpg
Species Genome type IRGC No. Genome size estimated Genome size estimated

by flow cytometry by k-mer analysis (Mb)
analysis (Mb)

O. punctata BB 99575 437.0 462.1
104974 440.5 466.2

O. officinalis CC 105099 590.7 613.2
80760 581.4 592.7

O. eichingeri CcC 89245 504.4 517.7
89246 499.4 535.2

O. rhizomatis CC 103414 595.2 611.0
103410 596.5 616.9
O. schweinfurthiana BBCC 105137 959.0 1003.6
100886 922.2 923.7

O. malampuzhaensis BBCC 80767 9565 990.9
100957 993.0 938.1
O. minuta BBCC 105131 1004.7 1022.4
105126 988.9 10431

O. alta CCDD 100161 910.5 955.2
105222 904.5 940.5

O. grandiglumis CCDD 105669 905.6 934.4
106241 902.1 963.9
O. latifolia CCDD 102481 1053.3 1096.7
101392 1060.7 1144.0

O. australiensis EE 105278 904.5 929.4
105274 904.8 931.0

O. brachyantha FF 105151 278.5 287.7
101236 284.9 287.6
O. longiglumis HHJJ 105147 1169.2 1040.2
100974 1100.0 956.2
O. ridleyi HHJJ 100821 1214.2 1206.2
100877 11911 1258.5

O. granulata GG 102117 8822 719.2
NA 782.7 732.3

O. meyeriana GG 104989 794.3 800.6
106474 766.3 814.2

O. coarctata KKLL NA 665° 554.9

aThe genome size of O. granulata (IRGC 102117) estimated by using flow cytometry was adopted from Wu et al. (2018). ® The genome size of O. coarctata estimated by
flow cytometry was adopted from Mondal et al. (2017, 2018). NA represents not available.
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a1 pg = 978 Mb (Dolezel et al., 2003), which was used to convert pg to Mb in this study. °1 pg = 965 Mb, which was used to convert pg to Mb in previous studies.
CThese values represent lengths of the assembled genomes.
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IRGC No. Former classification? Source country DNA content Current classification?
Species Genome type 2C/pg + SD 1C/Mbp Species Genome type

100881 O. punctata BB NA 1.87 +£ 0.011 913.87 O. schweinfurthiana BBCC
88825 O. punctata BB Madagascar 1.89 £+ 0.006 921.91 O. schweinfurthiana BBCC
100177 O. punctata BB NA 1.87 £ 0.008 916.40 O. schweinfurthiana BBCC
100892 O. punctata BB NA 1.90 + 0.006 929.99 O. schweinfurthiana BBCC
101429 O. punctata BB Uganda 1.90 £ 0.010 927.07 O. schweinfurthiana BBCC
105082 O. punctata BB Philippines 1.89 + 0.008 926.12 O. schweinfurthiana BBCC
105128 O. punctata BB Philippines 1.89 £ 0.010 926.38 O. schweinfurthiana BBCC
105160 O. punctata BB Uganda 1.88 £ 0.011 919.565 O. schweinfurthiana BBCC
105174 O. punctata BB Malaysia 1.90 £ 0.014 928.32 O. schweinfurthiana BBCC
105181 O. punctata BB Uganda 1.85 £ 0.008 905.07 O. schweinfurthiana BBCC
105182 O. punctata BB Uganda 1.85 £ 0.005 902.83 O. schweinfurthiana BBCC
105321 O. officinalis CcC India 2.02 £0.017 988.78 O. malampuzhaensis BBCC

aClassified by International Rice Genebank. ®Reclassification based on genome sizes estimated by flow cytometry analysis. NA represents not available.





