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Plant materials and genome sequencing. Five diploid perennial Glycine species [G. falcata (FF), G. stenophita (BB), G. cyrtoloba (CC), G. syndetika (AA), G. tomentella D3 (DD)] and one recent allotetraploid species [G. dolichocarpa (G. syndetika × G. tomentella D3)], were obtained from Cornell University. Young leaves were collected three weeks after planting in the greenhouse and used for DNA extraction using the cetyltrimethylammonium bromide (CTAB) method30. For Illumina short-read sequencing, DNA was physically sheared to a size of ~500 bp and sequenced with an Illumina HiSeqX platform to generate 150-bp paired-end reads at a mean of ~100× coverage. High-molecular-weight DNA (>20 kb) libraries were created following Pacbio’s standard protocol and sequenced using a Pacbio Sequel platform at ~60× coverage (Novogene, Tianjin, China).  Hi-C libraries were created and sequenced at Phase Genomics at a minimum of ~100× coverage (Phase Genomic, Seattle, USA). 

Genome assembly and construction of pseudomolecule chromosomes. Quality trimming of raw Illumina reads removed adaptor sequences and low-quality bases (Q < 20), as well as contamination with mitochondrial, chloroplast and PhiX reads, using Trimmomatic (2:30:10)31. Long reads generated by Pacbio were self-corrected using its built-in pipeline. Error-corrected reads were assembled using FALCON v.0.3.032. Multiple assembly runs were tested with adjusted parameters and the best assembly was selected based on contig N50. The acquired draft genome then underwent two rounds of error correction using Quiver33 and PILON34 to obtain contig-level assembly. The draft assembly was further scaffolded using Hi-C reads. Briefly, Hi-C reads were aligned to the draft genome using BWA-MEM35 and processed using SAMBLASTER and SAMTOOLS36 (bwa mem -5SP [assembly.fasta] [fwd_hic.fastq] [rev_hic.fastq] | samblaster | samtools view -S -h -b -F 2316). Quality control of the alignments was then performed using the Phase Genomics open-source Hi-C alignment QC tool, and scaffolding was carried out with the Phase Genomics Proximo Hi-C genome scaffolding platform to obtain chromosome-level assembly.

Error correction and assembly evaluation. Paired bacterial artificial chromosome (BAC) end sequences (BESs) generated from the SoyMapII project (https://soybase.org/soymap2/) were used to check and correct the orientation of scaffolded contigs. First, paired reads were mapped independently to the assembled genome using BLAST+37, and at least one of the paired reads that mapped uniquely to the assembly was kept for downstream analysis. Screening was then performed for paired reads that spanned two contigs. The order and orientation of contigs were manually adjusted on the basis of the expected insert size (~150 kb) and the orientation of mapped reads. The final statistics for each corrected assembly was generated with QUAST38, and the completeness of the assemblies was evaluated using BUSCO39 and CEGMA11.

Annotation of repetitive sequences. Repetitive elements were identified through a combination of de novo and structure-based approaches. The de novo prediction of LTR-RTs was performed with LTR harvest40 and LTR_finder41. Identified LTR-RT candidates were further screened for the integrity of their LTR PPT and PBS signatures. A retrotransposon database was compiled from the intact LTR-RTs together with known retrotransposons from G. max and sequences downloaded from Repbase42 to form a confident retrotransposon database, and this was used to mask the genome for identification of nested LTR-RTs. The whole process was repeated until no new predictions could be made. Gypsy- and copia-LTR-RTs were distinguished according to their sequence similarity and the order of integrase, reverse transcriptase and RNase H sequences. Identified LTR-RTs were further classified into different families based on the 80-80-80 rules suggested by Wicker et al. (2007) using SiLiX43, 44. Non-LTR-RT SINEs were identified using SINE_scan with default parameters45. Helitrons were identified with HelitronScanner46. A similar pipeline was employed to identify LINEs and DNA TEs, such as Mutator, hAT, CACTA, Mariner, PIF-Harbiger and Ping elements. Briefly, Enzymes specific to each type of TE were compiled and used to perform local BLASTx searches against assembled genomes. Upstream and downstream sequences were then extracted on the basis of the expected length of each type of transposon, and the patterns of target site duplications (TSDs) and terminal inverted repeats (TIRs) were screened for signatures distinguishing each type of transposon. The identified candidate sequences of each type of transposon were aligned, manually checked and clustered into families. Families that contained two or more members were kept. The insertion times of LTR-RTs were calculated as described by Du et al. (2010)47. Briefly, the Jukes-Cantor distance (K) of two LTRs was calculated in MEGAX48 and the insertion time (T) was estimated as T = K/2r, where a substitution rate (r) of 1.3 × 10-8 per synonymous sites per year was used49.

Identification of centromeric repeats and associated retrotransposons. To identify centromeric repeats in perennial Glycine species, we performed a genome-wide search for all tandem repeats using Tandem Repeats Finder50. The identified repeats were then clustered into families at 80% similarity using SiLiX44. The abundance of each family was estimated by k-mer analysis using Illumina short-read sequences with Jellyfish51 and was compared with known centromeric repeat sequences from G. max with BLAST+37. The distribution of the top five most abundant repeats along each chromosome was manually checked to assess whether they possessed the features of centromere repeats. A neighbor-joining tree was created for identified centromeric repeats on the basis of random sampling of 200 repeats from each family, using MEGAX48. Divergence among three types of identified centromeric repeats was calculated based on pair-wise comparisons of 200 random sample repeats from each type using the formula above. Centromere-related retrotransposons (CRs) were identified by mapping paired-end short reads to a database created from the LTR repeats and centromeric repeats, using BLASTn37. LTR repeats that were linked by paired-end reads to centromeric repeats within a reasonable distance (~500 bp) were considered as candidate CRs. The degree of association of each CR was calculated using the formula: Index = the number of mapped reads/(sequencing depth × family size).

Annotation of protein-coding genes. RNA-seq libraries were created using a mixture of leaf, root and flower tissue for each perennial Glycine species. Quality-trimmed reads were assembled de novo using Trinity, and a reference-based assembly was generated using the HISAT2 and StringTie pipeline52. The de novo and reference-based assemblies were combined, and the identical transcripts were removed using CD-HIT53. Fragments per kilo base per million mapped reads (FPKM) values generated by StringTie were used to estimated transcript abundances. Annotation of the genome was performed using the MAKER-P pipeline54. Species-specific TE libraries as well as the repeat database from G. max and Repbase were used to mask the genome by RepeatMasker55. Assembled transcripts were used as evidence for expressed sequence tags, and proteins downloaded from the NCBI protein database for G. max (av2) and other flowering plant species56 were used as evidence for proteins. To obtain confident annotations, we first performed gene model training with the ab initio gene prediction tools used by MAKER-P, including SNAP57 and AUGUSTUS58, and then conducted two rounds of MAKER annotation to obtain the final annotation file. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Phylogenetic and genome collinearity analysis. To construct phylogenetic tree and estimate the divergence time of annual and perennial Glycine species, proteins from M. truncatula, P. vulgaris (common bean), G. max (accession William82), G. soja (accession W05) and selected perennial Glycine species were classified into gene families using OrthoFinder54 (using an e-value cutoff of 1e−10 and >50% match). 281 single copy genes shared by all species were randomly selected to construct phylogenetic tree using neighbour-joining method with 100 bootstraps in MEGAX48. Divergence time estimation was performed using the RealTime-ML method within MEGAX48. The divergence time among Glycine species was calibrated using the time of divergence between P. vulgaris and G. max12. Genome synteny as compared among 26 recent reported annual Glycine accessions5, William 82, and our perennial Glycine species.  Amino acid sequences from each pair of species selected were compared using all-against-all BLASTP (e < 1e−10; similarity >95% and coverage >80). Protein pairs belonging to the reciprocal best hits were extracted and fed into MCScanX59 to identify syntenic blocks between each pair of species. Except for P. vulgaris, for which each protein was expected to have two orthologous pairs in Glycine species, proteins were classified into 1:1 pairs (putative orthologs) based on the symmetrical best hit within syntenic blocks that had the lowest P value between the two genomes. Other homologous genes within each family were considered to be co-orthologs or in-paralogs. 

Gene classification. Perennial core orthologs were defined as those genes shared by all five diploid perennial Glycine species for which a 1:1 orthologous pair could be identified within syntenic regions. The remaining genes were considered to be non-core genes. Genes were further categorized based on their duplication modes with the DupGen_finder pipeline60 (https://github.com/qiao-xin/DupGen_finder) using P. vulgaris as the outgroup reference. All-to-all BLASTp was performed between each studied Glycine species and common bean (e value 1e-10; similarity >70%; coverage >70%; the top five matches were kept if more than five hits met the pre-set requirements). The same parameters were applied for all-against-all self-genome BLASTp comparisons, except that the similarity was set >80%.

Comparison of Ka, Ks and Ka/Ks among annual and perennial Glycine species. The Ka, Ks and Ka/Ks were calculated for the annual and perennial Glycine groups with the KaKs_Calculator package using the YN method61. G. soja accessions W01, W02, and W03 were selected as representative species for annual Glycine species.  For each orthologous gene pair, the Ka, Ks and Ka/Ks were calculated based on its orthologous gene identified in common bean as a reference. Coding sequences and their corresponding amino-acid sequences were aligned using MUSCLE62 and transformed into codon-aligned format with PAL2NAL63, low-quality alignments (similarity <85, coverage <85) were removed, and the resulting alignment files were manually checked and fed into KaKs_Calculator. For the comparison between core genes and non-core genes, only genes shared by annual and perennial Glycine groups were selected. The evolutionary rate and selective pressure between annual and perennial Glycine species was tested using a Student’s t-Test at a significance level of p ≤ 0.05.

Comparative analysis of genes as singleton and duplicates. For calculated the percentage of duplicated genes shared between each perennial species and G. max, we only focus on duplicated genes generated by whole genome duplication (WGS), and duplicates shared with G. max was defined as both copies (homoeologs) are retained in both species based on the 1:1 orthologous genes pair identified above. The singletons shared between each perennial species and G. max was also calculated based on the 1:1 orthologous pair identified. For the comparison of Ka, Ks and Ka/Ks between the annual and the perennial groups as WGS duplicated genes and singletons, only core genes shared by annual and perennial groups were selected.

Detection of genome rearrangements. Genome rearrangements among selected Glycine species were initially identified using the SyRI pipeline64 with default parameters. Briefly, each pair of genomes was aligned using the NUCMer utility65 (--maxmatch -c 500 -b 500 -l 100) and filtered with a delta-filter module (-m -i 90 -l 100). The resulting files were fed to SyRI to detect variations in genome structure. Identified genome rearrangements were further filtered on the basis of the genome synteny file generated above. Only rearrangements occurred within syntenic blocks were kept for further analysis. The comparison of genome stability among annual and perennial species was calculated using P. vulgaris as a reference. The variation within shared syntenic regions among P. vulgaris and each pair of genomes of Glycine species was compared. Structural rearrangements were considered to have occurred in species that differed from P. vulgaris. 

Flowering-time control and genes related to perenniality. Genes that control flowering time in Arabidopsis were used as queries to perform BLASTp against annotated proteins of each annual and perennial Glycine species. Genes with a significant hit (e-value < 1e-10) were extracted for downstream analysis. A neighbour-joining tree was created for each reference gene from Arabidopsis and its candidate orthologous gene in each Glycine species. The constructed phylogenetic tree was manually checked, and genes that clustered within the same clade as the Arabidopsis gene were considered to be bona fide orthologous genes in each Glycine species. For each pair of species studied, the Ka, Ks and Ka/Ks were calculated for orthologous gene pairs using the method described above. Identification of genes showing adaptive evolution between annual and perennial Glycine groups was performed according to the approach described by McDonald and Kreitman66, seven G. soja accessions67 were used as the representatives of annual Glycine species, and the divergence was corrected by Jukes and Cantor68 (http://mkt.uab.es/mkt). SNPs that distinguished annual and perennial Glycine species were extracted and their genotypes in annual Glycine populations were analysed in 302 soybean resequencing datasets69 to identify SNPs related to annual/perennial speciation. The impact of identified sequence variations on protein structure was predicted with I-TASSER70.

Subgenome exchange in the allopolyploid. Structural variations between each subgenome (AtAt and DtDt) and its ancestor genomes, G. tomentella D3 (AA) and G. syndetika (DD), were identified using SyRI as described above. Genetic exchanges between the two subgenomes in G. dolichocarpa were identified by mapping Illumina paired-end short reads of the two diploid contributors G. tomentella D3 and G. syndetika to the assembled tetraploid genome (AtAt/ DtDt). The mapping density along the chromosomes was calculated as Density (d) = the number of reads from A/the number of reads from D using a 10-kb window and was compared with syntenic regions of in a simulated tetraploid genome (AA/DD) to ensure that no bias was caused by an unequal sequencing coverage. When d was significantly <1 on the At genome, this indicated a translocation from Dt to At, and vice versa. 

Mechanism of gene fractionation and deletion in the allopolyploid. The 1:1 orthologous pairs shared by G. tomentella D3 (A) and G. syndetika (D) were extracted and the presence/absence of an orthologous pair in the At and Dt genomes was examined. A subset of genes that had lost their orthologous pair either in At or Dt but not in both genomes was then selected to study the mechanism of gene fractionation and deletion. A Chi-squared Test was performed to test whether the number of A/At lost genes differed significantly from the number of D/Dt lost genes (P ≤ 0.05) genome-wide. To study local effect on gene deletion, 200 fragments (100 kb) were random sampled from each subgenome, and the number of genes lost in At and Dt of each orthologous pair was counted. Genes in each orthologous pair were also categorized as singletons or duplicates, on the basis of their duplication status in the A and D genomes. For the orthologous pair that one gene was annotated as singleton and another was annotated as duplicates, the percentage of lost genes in each category was calculated and tested according to their deviation from a 1:1 ratio, using a Chi-squared Test. The Ka/Ks values and transcript abundance were also measured for the lost and conserved orthologous gene pairs, based on their counterparts from the A and D genomes. To test the effect of TE insertion on gene expression, the distance of the nearest TE inserted into the upstream region of a gene was identified using bedtools71 (closest -id -D a) and the correlation was compared for the orthologous pairs between A and D genomes. The distance for lost genes along a chromosome was calculated according to the number of genes that separated them. If this number was smaller than 5, the two lost genes were considered to be in a cluster; otherwise, the gene was defined as an independently lost gene. To test whether lost genes had similar local expression levels, the correlation between the gene expression of the two nearest lost genes within the same cluster was calculated and compared with the correlation between the expression of the lost gene and its nearest conserved gene. For genes without an annotated orthologous pair in the tetraploid genome, genomic DNA from either the A or D genome was used as a query to perform BLASTn against the syntenic regions of the tetraploid subgenome to study the mechanism of fractionation/gene deletion (e-value 1e-10; word_size 30; -qcov_hsp_perc 0.3). If genomic DNA could be identified, a local alignment of each exon in the lost gene was performed using BLAST+ and was analysed to examine the presence of mutations, indels and transposon insertions. This helps to identify the mechanism that regulates gene deletion/loss, flanking sequences of each deletion identified was further manually checked for the presence of Illegitimate recombination.

Investigation of TE activation following the formation of allopolyploid. To study whether the formation of allopolyploid by interspecific hybridization triggers ‘genomic shock’, which would lead to the activation and transposition of TEs between subgenomes, the reverse transcriptase of LTR-RTs that estimated to be amplified less than 350,000 years were extracted from A, D, At and Dt genome. A neighbour-joining tree with 200 bootstrap replications was constructed for gypsy and copia-type LTRs using MEGA X48 for At/Dt and A/D genomes, respectively. The sequence divergence of transposons located on different subgenomes within each clade was calculated using the same general approach. TEs transposed between subgenomes were identified as those located on different subgenomes but placed in the same clade. 
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