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31  Abstract

32 Soybean (Glycine max) stands as a globally significant agricultural crop, and the
33  comprehensive assembly of its genome is of paramount importance for unraveling its
34  biological characteristics and evolutionary history. Nevertheless, previous soybean
35 genome assemblies have harbored gaps and incompleteness, which have constrained
36  in-depth investigations into soybean. Here, we present the first Telomere-to-Telomere
37 (T2T) assembly of the Chinese soybean cultivar "Zhonghuang 13" (ZH13) genome,
38 termed ZH13-T2T, utilizing PacBio Hifi and ONT ultralong reads. We employed a
39  multi-assembler approach, integrating Hifiasm, NextDenovo, and Canu, to minimize
40 biases and enhance assembly accuracy. The assembly spans 1,015,024,879 bp,
41  effectively resolving all 393 gaps that previously plagued the reference genome. Our
42  annotation efforts identified 50,564 high-confidence protein-coding genes, 707 of
43 which are novel. ZH13-T2T reveaded longer chromosomes, 421 not-aligned regions
44  (NARs), 112 structure variations (SVs), and a substantial expansion of repetitive
45  element compared to earlier assemblies. Specifically, we identified 25.67 Mb of
46  tandem repeats, an enrichment of 5S and 48S rDNASs, and characterized ther
47  genotypic diversity. In summary, we deliver the first complete Chinese soybean
48  cultivar T2T genome. The comprehensive annotation, along with precise centromere
49  and telomere characterization, as well as insights into structural variations, further
50 enhance our understanding of soybean genetics and evolution.
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60 Introduction

61 Soybeans (Glycine max [L.] Merr.), originating in China, hold a paramount
62  position as one of the most crucial oil and protein crops. They contribute to more than
63  aquarter of the protein utilized in both food and animal feed 2% 3% > It is widely
64  acknowledged that the cultivated soybean emerged through the domestication of its
65 wild annual progenitor, Glycine soja, around 5,000 years ago from the Yellow River
66  Basin in temperate regions of China. This specific geographical range represents the
67 greatest alelic diversity of soybean ® . Subsequently, its distribution expanded
68  northward to encompass high-latitude cold zones and southward to encompass
69 low-latitude tropical regions. Therefore, the exploration of genetic resources within
70  the origin region bears immense significance in advancing the global frontiers of
71 soybean breeding.

72 "Zhonghuang 13", a soybean cultivar meticulously developed and released by
73 Chinese breeders in 2001, occupied the largest planting area in the first two decades
74  of 21st century in China, and stood as a testament to advanced agronomic traits and
75  remarkable adaptability to wide regions including Yellow River Basin, southern
76  Northeast, and some parts of Northwest and South China & °. In comparison to the
77 widely recognized Williams 82 cultivar, "Zhonghuang 13" boasts heightened genetic
78 diversity and ecological type of origin reign °. Futhermore, "Zhonghuang 13" is an
79  ideal variety in the breeding strategy called “Potalaization”, which allows breeding of
80 novel widely adapted soybean varieties through the use of multiple molecular tools in
81 existing elite widely adapted varieties ’.

82 Whole-genome sequencing of "Zhonghuang 13" has been previously conducted
83 9. This approach enables the identification of crucial genes and genetic variants linked

84  to favorable traits, thereby enhancing our comprehension of soybean breeding > 2

13, 14, 15, 16
85 Lo

. Nonetheless, limitations inherent in second-generation sequencing,
86 including inadequate coverage of the genome and challenges in precisely assembling
87  and annotating repetitive genomic regions, such as telomeres and centromeres, have

88 resulted in the persistence of over 1,000 gaps within the most recent soybean
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89  reference genome '’ 18 19.20. 21

90 Telomere-to-Telomere (T2T) sequencing is a state-of-the-art genomic sequencing
91 method that employs long-read sequencing platforms such as Pacific Biosciences
92  (PacBio) or Oxford Nanopore Technologies (ONT) to obtain the comprehensive
93  sequence from one telomere to another, encompassing highly repetitive regions,
94  centromeres, and telomeres % % 2% This approach yields a complete and contiguous
95 assembly of the entire genome % %. T2T sequencing effectively overcomes the
96 limitations associated with sequence gaps and assembly errors that are frequently
97  encountered in whole-genome sequencing %°. Moreover, it offers enhanced resolution
98  for the detection and characterization of large-scale SVs 2" %, Consequently, T2T
99  sequencing exhibits immense potential in expanding our knowledge of intricate
100  genomes, such as soybeans, and driving advancements in breeding programs.

101 In this study, we utilized T2T segquencing to conduct de novo assembly of
102 “Zhonghuang 13" genomes. By employing this innovative genomic assembly
103  approach, we aim to deliver a fully covered soybean sequence encompassing 100% of
104  the genome. This significant advancement will enhance our comprehension of the
105  structure and functional significance of the soybean genome, and aso provide a
106  reference genome sequence for elite cultivar improvement.

107

108  Results
109  T2T assembly of the soybean ZH13 genome

110 Four types of sequencing data were initially produced for a single ZH13 sample,
111  including PacBio Hifi reads (96.89 Gbp), ONT ultralong reads (96.63 Gbp), [l[lumina
112 whole genome sequencing (WGS) (55.40Gbp) and Illumina high-throughput
113 chromosome conformation capture (Hi-C) reads (106.4 Gbp). We only used the long
114  reads (PacBio Hifi and ONT ultralong) to implement T2T assembly, and the short
115  WGS and Hi-C reads were employed to assess assembly quality. The assembly was
116  implemented by a pipeline based on multiple assemblers and in-house tools in three

117  phasesasfollowing (aflowchartisin Fig. 1).
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118 1) Draft assembly. At first, three set of contigs were independently produced by
119 various assemblers, i.e., Hifiasm > %, NextDenovo™ and Canu *. Both of Hifiasm
120 and NextDenovo used all the PacBio Hifi and ONT ultralong reads, and Canu used
121 PacBio reads only. The 23 >1Mbp contigs produced by Hifiasm were employed as
122 primary contigs and aligned to the current version of ZH13 reference * (termed as
123 ZH13-ref-2019) by minimap2 *. 22 of them can be colinearly aligned and 1 contig
124  were aigned to two different chromosomes. We manually checked this split alignment
125  and confirmed that it was a mis-assembly caused by Hifiasm. The contig was then
126  divided into two. A 24-contigs draft assembly was then generated, which 17 of the 20
127  ZH13 chromosomes were covered by a single contig, 2 and 1 chromosomes have 2
128  and 3 contigs, respectively. The PacBio reads, ONT reads and the contigs produced by
129  NextDenovo and Canu were aligned to the draft assembly for further refinement.

130 2) Assembly refinement. There were four remaining gaps in the draft assembly.
131  Moreover, we also detected high- and low coverage regions (HCRs and LCRs) by an
132 in-house script as they could be also mis-assembled regions. 43 HCRs and 2 LCRs
133 were found. We searched the sequences of the HCRs by BLAST and the results
134  indicated that al of them can be aligned to mitochondria, chloroplast, mMRNAs or
135  mobile elements. Thus, we realized that they could be not mis-assembly. However,
136 plenty of read clippings were observed around the two LCRs, which indicated
137 mis-assembles. Thus, the four gaps (gapl: CM010418.2: 18,024,780-18,025,280,
138 gap2: CM010419.2:27,778,852-27,779,352, gap3: CM010421.2: 3,326,824-3,327,324
139 and gap4: CMO010421.2: 40,056,171-40,056,671) and the two LCRs (LCRL:
140 CM010409.2: 15,403,000-15,404,000 and LCR2: CM010427.2:
141 15,777,563-16,073,378) were refined with spanning NextDenovo and Canu contigs
142 (refer to Methods for more detailed information). Gap2, gap4 and LCR1 were
143 successfully reconstructed by two NextDenovo contigs and one Canu contig
144  (Supplementary Figs. 1-3), respectively. However, Gapl, gap3 and LCR2 were
145  turned to be HCRs (Fig. 2-3, Supplementary Fig. 4), indicating that the spanning
146  contigs aso cannot well-handle them. Highly repetitive sequences were found there,

147 i.e, gapl is full of LTR retrotransposons, while gap3 and LCR2 are rDNA arrays.
5
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148  Further, an in-house local assembly tool was employed to iteratively collect and tile
149  the reads anchored to the corresponding regions to refine the assembly. The solved
150 Gapl is 467.3 Kbp long which mostly consists of gypsy and copia. Gap3 and LCR2
151  areabout 4.15 Mbp and 414 Kbp long, respectively, having 545 48S rDNA copies and
152 1269 5S rDNA copies. We manually checked the read re-alignments to the three
153 regions with IGV * and normal coverages were observed (Fig. 2-3, Supplementary
154  Fig. 4). The genomic structures of all gaps were presented in the Supplementary Fig.
155 5.

156 3) Telomere identification and refinement. 37 telomeres were identified from 17
157  chromosomes of the draft assembly. We further checked the contigs produced by
158  NextDenovo, Canu and Hifiasm (using Hifi reads only), and reconstructed the three
159 missing telomeres, i.e, CM010417.C1 (downstream, 3831bp), CM010418. C1
160  (upstream, 5889 bp) and CM010423.C1 (downstream, 9764 bp). Thus, all the 40
161  telomeres were recovered with an 8449 bp median length.

162 Finally, a complete genome of ZH13 (termed as ZH13-T2T, Fig. 4) was generated
163 whose total length is 1,015,024,879 bp (no gap, N50: 52,033,905 bp). The quality of
164  the assembly was evaluated by various metrics and four issues are observed as
165 following. Firstly, the complete BUSCO metric * (99.8%, lineage dataset:
166  embryophyta_odb10) suggests its high completeness. More importantly, al the 393
167 gaps of ZH13-ref-2019 have been filled. Secondly, Illumina WGS read-based

3" reaches 46.441, suggesting that it also achieves high

168  Merqury’s Qv metric
169  base-level accuracy. Thirdly, it is observed from the Hi-C map (Supplementary Fig.
170 6, generated by Juicerbox *) that strong interactions are concentrated along the
171  diagonal, indicating that no obvious mis-assembly can be discovered from the view of
172 Hi-C data. Fourthly, with careful detection and correction of HCRs and LCRs, the
173 coverages of PacBio Hifi and ONT Ultralong reads are nearly uniform along the
174 whole ZH13-T2T genome, also suggesting that the assembly could be free of
175  mis-assembly.

176


https://doi.org/10.1101/2023.09.27.559666
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.27.559666; this version posted September 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

177  Genome-wide comparison to ZH13-ref-2019 and the T 2T assembly of Wm82

178 We compared ZH13-T2T with ZH13-ref-2019 by SyRI *(Fig. 4). Most of the
179  ZH13-T2T chromosomes of are longer, mainly due to the filled gaps. There are aso
180 421 >5K bp not-aligned regions (NARs, 16.3 Mbp in tota), indicating that the
181  corresponding local sequences are quite different. Meanwhile, SyRI also identified
182 112 structure variations (SVs), i.e., 30 inversions, 15 translocations and 67
183  duplications. Most of them are in the NARs and highly complex, i.e, the
184  combinations of multiple inversions and duplications.

185 We further aligned the ONT ultralong reads of ZH13-T2T to ZH13-ref-2019 (by
186  minimap2). The local alignments in the NARs showed concentrated and extremely
187  complex SV signatures, i.e., plenty of large clippings, split alignments and abnormal
188 local coverages, especialy for those SV-surrounding regions (an example is in
189  Supplementary Fig. 7). On the contrary, colinear alignments with normal coverages
190  were observed from the corresponding regions of ZH13-T2T, suggesting no obvious
191 SV signature there. We also investigated the alignments on the NARs without SVs
192  and similar results were observed (Supplementary Fig. 8). Under such circumstance,
193  we redlize that although the different donor samples potentially have divergences in
194  genomic sequences, there could be also a number of mis-assembliesin ZH13-ref-2019,
195 possibly due to the limitation of its sequencing data. Moreover, considering the
196  consecutive read alignments on ZH13-T2T, the mis-assemblies should have been
197  largely resolved.

198 A comparison between ZH13-T2T and the newly published T2T assembly of
199  Wm82 (Wm82-NJAU) * was also conducted. Mainly, 167 NARs (23.02 Mbp in total)
200 and 30 SVs (16 inversions, 7 translocations and 7 duplications) were identified. To
201 investigate the NARs and SVs, we aso downloaded the PacBio Hifi and ONT
202 ultralong datasets of Wm82-NJAU and re-aligned them to the genome. In a large
203  proportion of the investigated regions, both of ZH13-T2T and Wm82-NJAU have
204 normal read alignments (Supplementary Fig. 9), suggesting the differences between

205  the two soybean genomes. However, in some of the NARs, abnormal read alignments
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206  can still be found from Wm82-NJAU but not for ZH13-T2T (Supplementary Fig.
207 10). Moreover, we aso checked the loca read coverages aong the whole
208 Wm82-NJAU genome and found tens of HCRs and LCRs.

209

210 Genomeannotation and gene prediction

211 Complete T2T assembly of 20 chromosomes revealed that approximately 57.07%
212 of the soybean genome consisted of annotated repeating elements. Among these
213 elements, retrotransposons accounted for 38.16% (comprising 0.12% SINESs, 1.58%
214 LINEs, and 36.47% LTR elements), while DNA transposons accounted for 6.72%
215  (Table 1, Fig. 5). Furthermore, we detected 3.64 Mb of microsatellites, 11.58 Mb of
216  minisatellites, 11.44 Mb of satellites, 0.41 Mb of 5S rDNAs, and 4.16 Mb of 48S
217 rDNAs (Table 2). Collectively, these tandem repeats constitute 2.63% (26.65 Mb) of
218  the soybean genome, which significantly surpasses the 1.03% (10.54Mb) observed in
219 the Zhonghuang 13 reference sequence. Additionally, the intergenic spacer (IGS)
220  region of 5S rDNA is approximately 220 bp in length, while the 5S region itself spans
221 approximately 110 bp (Fig. 6). There is a partial overlap region of around 1533 bp
222 between 5.8SrDNA and 28S rDNA. Based on the analysis of 1 Indels, the 48S rDNA
223 has been categorized into 2 distinct genotypes. Furthermore, an examination of 13
224  SNPs and Indels has led to the classification of the 5S rDNA into 32 different
225  genotypes.

226 The annotation of the ZH13-T2T genome was performed using the Augustus
227  software for ab initio annotation. After excluding transposon genes and applying a
228  gene filtering process, a total of 50,564 high-confidence protein-coding genes were
229  obtained. Notably, in comparison to ZH13-2019, we identified 707 novel genes within
230 the gap regions. The results of the Gene Ontology (GO) function and Kyoto
231  Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis obtained
232 through KOBAS (Knowledgebase for Ontology-based Functional Annotation and
233 Analysis) reveal significant enrichments for newly discovered genes in various

234 hiological pathways. Specifically, the novel genes were involved in various biological

8
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235  processes, cellular components, and molecular functions, ranging from cell surface to
236  nucleus, including negative regulation of transcription, DNA-templated (p=7.52E-05),
237  protein autophosphorylation (p=0.0003), positive regulation of transcription by RNA
238 polymerase Il (p=0.0012), and mMRNA export from nucleus (p=0.0094)
239  (Supplementary Fig. 11). In the context of KEGG, these genes participated in
240 phenylalanine, tyrosine and tryptophan biosynthesis (p=0.0004), fatty acid
241 biosynthesis (p=0.0007), phosphatidylinositol signaling system (p=0.0046), fatty acid
242 metabolism (p=0.0048), RNA transport (p=0.0105), and the MAPK signaling pathway
243 - plant (p=0.0156) (Supplementary Fig. 12).

244 In the previous gap regions, we observed the highest number of newly discovered
245  geneswithin the 14.84-17.73Mb region of chromosome CM010421.C1, totaling 135
246  new genes. Furthermore, our analysis identified 42,668 TEs, 300 GmCent-1 elements,
247  and 586 GmCent-2 elements within these gap regions. Notably, the CM010420.C1
248  chromosome's 30.54-32.38Mb region contained the highest count of TEs, with a total
249 of 3,416 TEs. In the CM010413.C1 chromosome's 20.40-24.24Mb region, we
250 observed the highest number of GmCent-1 elements, amounting to 131, and in the
251  CM010419.C1 chromosome's 25.51-27.93Mb region, the highest count of GmCent-2
252 elements, totaling 64 (Supplementary Fig. 5).

253

254  Detection of centromere

255 The centromere, a crucial component of chromosome structure, consists of highly
256  repetitive heterochromatin and plays a vital role in ensuring accurate chromosome
257  segregation. In plants, the centromere region is characterized by an abundance of
258  retrotransposon and tandem repeats “. Investigating the potential functions of the
259  centromerein genome evolution and chromatin assembly holds significant importance.
260  However, current genome sequencing approaches face challenges in fully assembling
261  the repetitive sequences within the centromere region. Here, we employed the Tandem
262  Repeat Finder (TRF) tool to identify repeat monomers within the ZH13-T2T genome

263 that likely constitute the centromere. Consistent with previous studies, we found a

9
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264  large number of tandem repeats of 91 and 92bp in length, complementing the gaps in
265 TE of centromere region (Fig. 7A-D, Supplementary Fig. 13) “2. The heat map
266  shows high similarity of sequences in the centromere region, indicating that the
267  centromereregion is highly tandem repetitive (Fig. 7E).

268 Our findings indicate that the average length of the 20 centromeres analyzed is
269  2.40 Mb, with the longest centromere observed on CM010410.C1 (4.42 Mb) and the
270  shortest on CM010421.C1 (0.66 Mb) (Fig. 7A). Notably, no significant correlation
271  was observed between centromere length and chromosome size. Furthermore, the
272 relative positions of centromeres varied among different chromosomes, with the
273 minimum L/S ratio (long arm length/short arm length) recorded as 1.02
274  (CMO010415.C1) and the maximum L/S ratio as 2.95 (CM010423.C1). A total of 8
275  genes were identified in the centromeric region of the soybean T2T genome. These
276  genes were mainly enriched in chromatin DNA binding, mRNA cis splicing via
277  spliceosome, histone binding, basal transcription factors, spliceosome, and pyrimidine
278  metabolism (Fig. 7F).

279 On average, centromere sequences were composed of 96.0% centromere satellite
280 DNA (CentC), centromere retrotransposons (CRM), and other non-CRM Gypsy
281  retrotransposons. The proportions of these components varied significantly across
282  different centromeres, ranging from 0.0% to 73.3% for GmCent-1, 0.0% to 90.4% for
283  GmCent-2, 0.0% to 2.2% for CRM, and 7.3% to 68.2% for other non-CRM Gypsy
284  retrotransposons (Supplementary Fig. 14). Almost all centromeres were rich in
285  CentC, and there are no CentC-poor centromeres.

286

287 Discussion

288 Cultivated soybeans originated in China, it has undergone strict genetic
289  bottlenecks during domestication, resulting in accessions from origin region possibly
290 exhibiting high genetic diversity. In this context, the cultivar "Zhonghuang 13,"
291  developed in 2001 through meticulous breeding efforts by Chinese scientists, stands

292 as atestament to the advancement of soybean agronomy and adaptability ® °. Derived

10
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293 from parent cultivars originating in the Yellow River Basin, "Zhonghuang 13" boasts
294 not only heightened genetic diversity but also a distinct ecological origin compared to
295 the widely recognized Williams 82 cultivar. While whole-genome sequencing efforts
296 of "Zhonghuang 13" have been previously undertaken, limitations inherent to
297  second-generation sequencing technologies, such as incomplete genome coverage and
298  challenges in assembling and annotating repetitive genomic regions, have hindered
299  the attainment of a comprehensive reference genome.

300 Herein, we generate ZH13-T2T, the first T2T genome assembly of Chinese
301  soybeans. With its unprecedented completeness and high quality, the assembly
302 provides a superior reference genome, as well as a new opportunity to
303 comprehensively decode and deeply understand the complex repeats in soybean
304 genomes, which is invaluable to the society for cutting-edge plant genomics studies.
305 Moreover, as the most planted soybean cultivar in China, the ZH13-T2T genome is
306  also avauable resource to molecular inbreeding.

307 Although efforts have been made, it is still a non-trivial task to implement high
308 quality T2T genome assembly, as the employed assembly tools could still have bias
309 and lead to mis-assemblies, while the read length could be limited to solve those
310 extremely long repeats. During the generation of ZH13-T2T, we used severa tailored
311  approaches guarantee assembly quality.

312 One is the use of multiple assemblers to take their advantages and reduce bias.
313  More precisely, the three sets of contigs independently produced by the Hifiasm,
314  NextDenovo and Canu played different roles. Overal, the Hifiasm contigs reconcile
315 accuracy and continuity, which were used as primary contigs. Some of NextDenovo
316  contigs have even higher ability to span long repetitive regions so that they were
317 employed to fill the unsolved regions. The Canu contigs are usually shorter due to the
318 limited length of Hifi reads, however, they are accurate and useful to revea the
319 elements of difficult repetitive regions such as retrotransposon- or rDNA-rich loci.
320 Moreover, Canu also has good performance in telomere regions. Thus, they also
321 played an important role to guide gap filling, LCR correction and telomere

322  refinement.
11
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323 Ancther one is the monitoring of read coverage, which is effective to prevent
324  mis-assembly. Theoretically, a perfect assembly should have uniform read coverage
325 aong the whole genome, especially with the low GC-bias of long read sequencing.
326  Thus, abnormal read coverageis agood indicator to mis-assembly. During ZH13-T2T
327  assembly, we used local read coverages to conduct quality control all the way, which
328 not only helps to detect mis-assemblies, but also guide to correctly reconstruct the
329  sequences of gaps, LCRs and HCRs.

330 Long repeats are till difficult to solve in practice, even if ONT ultralong data is
331 available. We used an in-house tool to carefully collect and align anchored reads to
332 iterative infer those extremely long repetitive sequences, with the guidance of the
333 inherent sequence divergences and read coverages in local regions. The tool is able to
334 improve the assembly in long repetitive regions, especially with known elements.
335  However, it is still an open problem to develop more effective and generic tools to
336  solve long repeats with limited read length.

337 The meticulous analysis of the previous gap regions within the soybean genome
338  holds significant implications for soybean breeding. It is well established that soybean
339 is a quintessential short-day plant and, as such, inherently exhibits sensitivity to
340 photothermal conditions, particularly with regard to photoperiod. The responses to
341 these photothermal conditions play a pivotal role in determining the soybean's
342  capacity for growth, development, yield formation, and its ability to thrive across
343 varying geographical latitudes * **. Among these responses, flowering time and
344  maturity stand out as the most influential factors dictating the geographical
345  adaptability of soybean. Genetic investigations have identified no less than 11 loci,
346  denoted as E1 through E4, E6 through E11, and J, which actively participate in the
347  photoperiodic regulation of flowering time and maturity in soybean. To date, only two
348 of these loci, E7 and E8, remain elusive in terms of cloning. E7 is mapped to
349 chromosome 06 and is situated approximately 6 cM apart from E1
350 (Glyma06G207800, Chr06:20207076-20207940),  representing a  distinct
351 photoperiod-related gene distinct from E1 **. Meanwhile, E8 is localized on

352  chromosome 04 in close proximity to two homologous genes, ElLa
12
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353  (Glyma.04G156400, Chr04:36758124-36758770) and ElLb (Glyma.04G143300,
354  Chr04:26120010-26120532). Remarkably, despite extensive efforts, the E7 and E8
355 loci have remained uncloned. Our T2T-ZH13 reference genome annotation on
356  chromosomes 04 and 06 has unveiled a multitude of novel genes, offering promising
357  prospects for the cloning of E7 and E8 by providing fresh molecular targets.

358 Additionally, within these previously unexplored gap regions, we have annotated
359 505 novel genes. Through KEGG and GO enrichment analysis, it has come to light
360 that these genes are implicated in a diverse array of biological pathways,
361 encompassing various aspects of biosynthesis, metabolism, and cellular signal
362 transduction. Simultaneously, they play pivotal roles in several biological functions,
363 including gene regulation and RNA processing. These newfound genes hold the
364 promise of serving as novel molecular targets for subsequent Genome-wide
365  association studies (GWAYS) and for the validation of related gene functions.

366 Beyond assembly improvements, "ZH13-T2T" enhances the soybean genome's
367 annotation, particularly regarding repetitive elements, centromeres, and telomeres.
368  Repetitive elements play a significant role in genome evolution and gene regulation *>
369 “4"%8 \Wefound that repeat elements constituted a significant portion of the genome,
370  with retrotransposons, particularly LTR elements, being predominant. We also
371  identified the presence of abundant satellites and rDNAS. The T2T genome exhibits a
372 notable expansion in repetitive sequences compared to previous assemblies. Moreover,
373 the identification and characterization of centromeres and telomeres within
374  "ZH13-T2T" offer valuable insights into the organization and maintenance of
375 chromosomal integrity. Soybean, a relic of ancient tetraploid plant evolution, has
376 undergone two significant whole-genome duplication or polyploidization events “.
377  Within soybean genome, two distinct centromeric repeat classes exist, and their
378  distribution is notably uneven, signifying the presence of two subgenomes in soybean.
379 It is plausible that these subgenomes may have originated from the hybridization of
380  two now-extinct plants with 2n=20 chromosomes, followed by a subsequent partial
381  homogenization of one centromeric repeat class by the other. Research findings

382  suggest that the CentGm-1 ancestor possessed a higher chromosome count compared
13
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383  to the CentGm-2 ancestor .

384 In conclusion, the ZH13-T2T genome represents a significant advancement in
385 soybean genomics. The comprehensive genome annotation, identification of key
386 genomic features, and insights into structural variations contribute to our
387 understanding of soybean genetics and evolution. This high-quality reference genome
388  will serve as a valuable resource for future studies in biology and practices in
389  molecular breeding of soybean

390

391 Methods
392 Plant material preparation and genome sequencing

393 The soybean seeds of Glycine max, cv. Zhonghuang 13 (ZH13) were from the
394  Institute of Crop Science, Chinese Academy of Agricultural Sciences. Four soybean
395  seeds were planted in 10-litre pots on June 5, 2023, and grown outdoors under natural
396  conditions in Beijing, China (39.95°N, 116.32°E). On Day 20 after emergence (VE),
397 thefresh young leaf tissue was collected and frozen immediately in liquid nitrogen for
398  DNA extraction. The High Molecular Weight (HMW) DNA extraction was performed
399 using the modified cetyltrimethylammonium bromide (CTAB) method and lagre
400 fragments (>100 kb) were separated using the SageHLS HMW library system. The
401 standard libraries were constructed for subsequent sequencing. For PacBio HiFi
402  sequencing, the library was constructed using SMRTbell Express Template Prep Kit.
403  For ONT ultra-long sequencing, the library was created using SQK-ULKOO1 kit. For
404  WGS sequencing, the library was created using NEBNext Ultra Il DNA Library Prep
405  Kit. For Hi-C sequencing, fresh leaves were fixed in 4% (vol/vol) formaldehyde after
406  grinding with liquid nitrogen. Cell lysis, chromatin capture and digestion, and DNA
407  quality chcek were performed according to the modified methods from *°. The library
408 was created using NEBNext Ultra II DNA Library Prep Kit. A PacBio Revio
409  sequencer was used to produce a 96.89 Gbp Hifi datasets (mean read length: 100.7
410 kbp) and a PromethlON 48 sequencer was used to produce a 96.63 Gbp ultralong
411 dataset (mean read length: 100.7 kbp). Moreover, the 150 bp par-end WGS

14
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412 (55.40Gbp) and Hi-C (106.4 Gbp) datasets were produced by an Illumina Novaseq
413 6000 sequencer.
414

415  Draft genome assembly by PacBio Hifi and ONT ultralong reads

416 The PacBio Hifi reads were input to Hifiasm % (version: 0.19.5-r590, default
417  parameters) to generate a Hifi graph, and the ONT ultralong reads were then aligned
418  to the graph to produce choromosome-level contigs *. For NextDenovo ' (version:
419  25.2, parameters: read cutoff = 1k, genome_size = 1g), the ONT ultralong reads were
420  input at first to produce initial contigs which were further polished by NextPolish >
421 (version: 1.4.1, parameters. -x map-hifi -min_read len 1k -max_depth 100) with input
422 PacBio Hifi reads. For Canu * (version: 2.2, parameters: genomeSize=1g), only the
423  PacBio Hifi reads were input to produce Hifi-only contigs.

424 The long (>1 Mbp) Hifiasm contigs were employed as primary contigs at first.
425  Moreover, BLAST was employed to check the 851 <1 Mbp Hifiasm contigs. We
426  found out that 759, 56 and 30 of the short contigs can be aligned to chloroplast,
427  mitochondrion and rDNA, and others can aso be aligned to repeats of soybean
428 genomes as well. Thus, they were filtered out and the primary contig set did not
429  update since we would like to build a concise draft assembly and solve potential gaps
430 and mis-assemblies with the supplement of other assemblers. The primary contigs
431 werethen aligned to ZH13-ref-2019 by minimap2 ** (version: 2.26-r1175, parameters:
432  -Xx asmb -f 0.02) to determine their orders and orientations. A draft ZH13 assembly
433 was then generated and all the PacBio reads, ONT reads, NextDenovo contigs and
434  Canu contigs were aligned to it by minimap2 (parameters. -x map-pb -r 1000; -x
435  map-hifi -r 1000; -x map-ont -r 10000; -x asmb -f 0.02) for further processing.

436

437  Refinement of draft assembly

438 An in-house script was used to divide the draft assembly into 10 Kbp sliding
439 windows and scan the read coverages to detect HCRs and LCRs. Herein, an HCR

440 (LCR) is defined as a window whose coverage is >200 (<30). The local sequences of

15
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441 HCRs and LCRs were then searched by BLAST to check their homologies as an
442  evidence of mis-assembly or not. Moreover, the numbers and positions of read
443  clippings were also investigated as they are more important signatures to discover
444  mis-assemblies. Since the HCR sequences can be aligned to mitochondria, chloroplast,
445  mRNAs or mobile elements, their high coverages could be not due to mis-assembly,
446  but plausibly the affection of the reads from those elements as well as the aligner’s
447  own strategy to handle repetitive reads. So, they were not considered for correction.
448 The two LCRs and four remaining gaps in the draft assembly were then
449  reconstructed in two steps. Firstly, we collected the NextDenovo and Canu contigs
450 which can span those regions. The local sequences were then replaced by
451  corresponding contigs with the guidance of nearby anchors. The reads were aso
452  re-aligned after the reconstruction to re-check local coverages. Moreover, we selected
453  the contig leading to a local coverage closest to the mean coverage of the whole
454  genome, if multiple candidates exist. It is worthnoting that this approach can either
455  solve the LCRs/gaps or turn them to HCRs, since the employed contigs can at least
456  reflect most of the elements existed in local regions, even if the copy numbers are
457  incorrect and/or some of the local sequences are still absent.

458 For the still unsolved HCRs, we used an in-house tool to implement local
459  assembly. Given an HCR, the tool collected the reads harbored or anchored to that
460 region at first (termed as active reads) and iteratively assembles them. In each
461 iteration, the tool separately tries each of the active reads to extend the local sequence
462  from the region boundary, and aligns other reads to the extended sequence (by
463 BLAST). If there are enough reads being aligned with high scores, the HCR is
464  updated and a number (relative to the mean read coverage of the whole genome) of
465  highest scored reads are removed. The procedure continues until the contig reaches
466  the other boundary of the HCR, or no active read remains. The produced contig is
467  thenintegrated into the genome with manual curation and read coverage checking.

468

16
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469 Tdomereidentification and refinement

470 The 7-mer repeats (CCCTAAA / TTTAGGG) were used to identify telomeres in
471 the draft assembly. 37 telomeres from 2212 to 18154 bp in length were identified.
472 Further, we used the 7-mer motif to search the contigs produced by NextDenovo,
473 Canu and Hifiasm (using hifi reads only), and identified the three missing ones. Two
474  (CM010418.C1 and CM010423.C1) were supplied by Canu and one (CM010417.C1)
475  was supplied by Hifiasm. Moreover, it was found that the CM010410.C1 upstream
476  telomere produced by Canu (8449 bp) was obviously longer than that of Hifiasm
477 (3045 bp), so that we updated it. The precise locations of telomeres within the
478  ZH13-T2T genome were ascertained by using seqtk (https://github.com/Ih3/seqtk).
479  The command used was ‘seqtk telo -s 1 -m CCCTAAA ref.fa'.

480

481  Genome-wide comparisons and identification of SVs

482 We conducted a comparative analysis using publicly available ZH13 soybean
483 genome data and the assembled T2T sequencing results. First, we aigned the
484  ZH13-T2T genome data to the soybean reference genome using Minimap2 (Version

485  2.26-r1175) (https://github.com/Ih3/minimap2) ** °2. Minimap2 was utilized to map

486 the long sequencing fragments, present in fastq format files of each sample, to the
487  reference genome provided in fasta format *. To enhance comparative efficiency, we
483  utilized the "-ax asmb --egx" parameters for fragment alignment, set the software to
489  work with a maximum of 96 threads using the "-t" parameter, filtered out regions with
490  sequence differences greater than 5%, and stored the results of sequence matches or
491  mismatchesin SAM format. All other comparison parameters during the process were
492  left at their default settings. We subjected the comparison results of the two genome
493 versions to structural variation detection using the SyRl mutation detection tool
494  (https://github.com/schneebergerlab/syri), configured with default parameters, and
495  saved the mutation detection results as a "syri.out" file *. Subsequently, we employed
496 the Plotsr software to visualize the mutation detection results, using default

497  parameters for the transformation process, and saved the generated images in PDF

17
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498 format >. The visualization command used was “plotsr --sr syri.out --genomes
499  genome.txt".
500

501 ldentification of rDNA and non-coding RNA

502 5S rRNA is transcribed from the 5S DNA, while 48S rRNA is composed of 28S
503 rRNA, 5.8S rRNA, and 18S rRNA. We identified tRNAs using tRNAscan-SE v2.0,
504 rRNAs using Barrnap v0.9 (https://github.com/tseemann/barrnap), and miRNA and
505  snRNA using INFERNAL (http://eddylab.org/infernal/) against the Rfam (release 12.0)
506  database > * *°. Copy numbers of both 5S rDNA and 48S rDNA were determined
507 using Barrnap. Complete copies of 5S rDNA and 48S rDNA were used as input for
508  genotype identification. Subsequently, a multiple sequence alignment was performed
509 on 5S rDNA and 48S rDNA using MAFFT with default parameters
510  (https://mafft.cbrc.jp/alignment/software/) °" %, For the 5S rDNA and 48S rDNA,
511  genotype analysis was conducted using single nucleotide polymorphisms (SNPs) and
512  insertions/deletions (indels) with over 10% support from the 5S rDNA copies. It is
513  important to note that all selected indices for 48S rRNAs were located within
514  intergenic spacer regions.

515

516  Repeat identification and gene annotation

517 We utilized the EDTA pipeline (https://github.com/oushujun/EDTA) for
518  transposable element (TE) annotation °* ®. The main steps involved in identifying
519  repetitive sequences in the genome were as follows: First, we created an indexed
520 database using the RMBlast engine. Then, we employed RepeatModeler
521  (https:.//www.repeatmasker.org/RepeatModeler/) for de novo prediction, which
522 involved five iterative rounds to obtain repetitive sequences and Stockholm format

523 seed aignment files **

. Subsequently, we performed genome annotation using
524  RepeatMasker %% % 5 | ow-complexity sequences and small RNA (pseudo) genes
525  were not masked, and the search for insertions of missing sequences was disabled.

526 Repeat-masked genome and repeat sequence library constructed by RepeatM odeler

18
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527  and RepeatMasker were used for subsequent TE analysis.

528 For ab initio annotation, we utilized BUSCO (https://github.com/metashot/busco)
529 to create atraining dataset for Augustus (https://github.com/Gaius-Augustus/Augustus)
530 %, Based on this training dataset, we further applied Augustus to predict the coding
531 regions of genes on the masked genome. We further analyzed the component
532 composition of the previous gap region and enriched the new annotated genes by GO
533  and KEGG using KOBAS, with p<0.05 as the threshold .

534

535 Centromerelocalization

536 We employed Tandem  Repeat Finder (TRF, version  4.09.1)
537  (https://github.com/Benson-Genomics-Lab/TRF) to discern and classify satellite,

538 small satellite, and microsatellite sequences within the soybean T2T genome . The
539  default parameters utilized for TRF were set to ‘2 7 7 80 10 50 500 -f -d -m’, and the
540  results of TRF annotation were merged using TRF2GFF
541  (https://github.com/Adamtaranto/ TRF2GFF). We manually eliminated tandem repeats
542  with fewer than five copies and redundant occurrences. Sequences characterized by
543  lengths of less than 10 base pairs (bp), between 10 bp and 100 bp, and exceeding 100
544  bp were respectively categorized as microsatellites, minisatellites, and satellites.
545  Building upon the results obtained from the previous EDTA pipeline and TEsorter
546  (https://github.com/zhangrengang/TEsorter), we obtained TE annotation files and the
547  total number of copies of different period sequences in various chromosomes >* -,
548  Utilizing two high-copy satellite repeat subfamilies, CentGm-1 and CentGm-2, which
549  are exclusive to the centromeric region, we ascertained the approximate location of
550 the centromere “% Lastly, by employing the Integrative Genomics Viewer (IGV)
551  browser, we observed an overlap between the regions with TE annotation loss and the
552 region where the 91/92bp-long sequences were concentrated, thereby identifying the
553  centromereregion ® * 72,

554

555
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830 Tablel. Statistics of repetitive dementsin ZH13-T2T.

Category/sub-category Number of elements Length occupied (bp) Percentage of sequence (%)

Retroelements 902455 387358521 38.16
SINEs 8063 1202704 0.12
Penelope 0 0 0
LINEs 35254 15995961 158

L2/CR1/Rex 2743 366689 0.04
R1/LOA/Jockey 399 88426 0.01
RTE/Bov-B 5485 2382436 0.23
L1/CIN4 25785 12959723 128
LTR elements 859138 370159856 36.47
BEL/Pao 268 186537 0.02
Tyl/Copia 107698 100954814 9.95
Gypsy/DIRS1 741385 264105317 26.02
Retroviral 1580 712734 0.07
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DNA transposons 189561 68217977 6.72
hobo-Activator 39737 9942511 0.98

30


https://doi.org/10.1101/2023.09.27.559666
http://creativecommons.org/licenses/by-nc-nd/4.0/

831

832

833

834

835

836

Tc1-1S630-Pogo 1308 289894 0.03
MULE-MuDR 69849 28549006 2.81
PiggyBac 357 94762 0.01
Tourist/Harbinger 7945 2312518 0.23
Rolling-circles 8322 5068793 0.5
Unclassified 787918 99856969 9.84
Total interspersed repeats 555433467 54.72
Small RNA 5991 5150692 0.51
Simple repeats 245669 11525507 114
Low complexity 52316 2670917 0.26
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837  Table 2. Summary of non-coding RNAs.

Length (MB) NO.

rRNA total 3.280768 2937
28S_rRNA 2.072602 560
5 8S rRNA 0.084246 551
18S rRNA 0.992039 554
5S rRNA 0.140881 1272
tRNA 0.08185 1102
SnRNA 0.208934 1943
mMiRNA 0.167272 1459

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

32


https://doi.org/10.1101/2023.09.27.559666
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.27.559666; this version posted September 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ONT
Ultralong

NextDenovo
contigs

-

reads & contigs

Assembly Reflnement

Gap/HCRILCR Identification :
(in-house}

Contig-based Gap filling and LCR correction
{inuoie)

!

Local assembly-based HCR correction
(in-house)

Telomere identification and refinement

ZH13

TZT assembly

857
858  Fig. 1. ZH13-T2T assembly pip€line.

859
860
861
862
863
864

865

33


https://doi.org/10.1101/2023.09.27.559666
http://creativecommons.org/licenses/by-nc-nd/4.0/

= #1: Zoom in
CM010418.2 length=55,165,857 bp

CM010418.2:18024780-18025280

#2: Gap filling by NextDenovo contig

Ci=—

e LT S e R L T I C TR — | e s e st ot s, 0 S, 31 D O ) e e e 3 s, o)

Depth = 200

{CM010418.C1 length=55,402,364 bp

HCR: Length=230,839 bp Fixed: Length=467,346 bp

CM010418.2:17,839,534-18,070,373

"9suadl| [euoneuIalu| 0 AN-ON-AZ-OD® Japun a|ge|reAe
apeuw sl ‘Aunadiad uruudaid ayy Aejdsip 01 asuadl| e AIxHoIq pajuelh sey oym ‘1spunyoyine ayi si (mainal 1aad Aq paljiniad jou sem Yyaiym)
Juudaud siyy 1oy Japjoy ybuAdod 8yl €20z ‘62 Jequisidas palsod UoISIaA SIU) 199965522 60°€202/TOTT 0T/B10°10p//:sdny :10p Juudaid AxHolq

CM010418.C1:17,839,534-18,306,880

#3: Local assembly by ONT ultralong reads

Fig. 2. Thefilling of gap1.
a) the IGV snapshot of ONT ultralong read alignment in the surrounding region of gapl in ZH13-ref-2019; b) azoom-in view of gapl; c) the IGV snapshot
ONT ultralong read alignment after NextDenovo contig correction (HCR was observed); d) the IGV snapshot of ONT ultralong read alignment after local

assembly-based correction with anchored ONT ultralong reads (consecutive alignments and normal coverage were observed).
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a) the IGV snapshot of ONT ultralong read alignment in the surrounding region of gap3 in ZH13-ref-2019; b) the IGV snapshot of ONT ultralong
alignment after NextDenovo contig correction (HCR was observed and 48S rDNA array was identified); c) the IGV snapshot of ONT ultralong read aign
after local assembly-based correction with anchored reads, consecutive read alignments were observed. Moreover, by manually checking the alignment de
we also found many reads having very low MAPQ, i.e., each of the reads had multiple candidate mapping positions and cannot be confidently aligned. Owv:

normal coverage was proved by considering all the primary and secondary alignments of the reads.
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27  Fig. 6. Genome structure of 5S and 48SrDNA arrays. (A). Sequence structure of a
28 typica 5S (up) and 48S rDNAS (down) repeat unit. IGS, intergenic spacer region; ITS,
29 interna transcribed spacer region. (B). Variations of the most abundant genotypes of
30 5SS rDNAs (up) and 48S rDNASs (down). (C). Genome structure of rDNAs (up) and
31  48SrDNAs (down).
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Fig. 7. Genomic structure of telomere and centromere.

(A) The length of the centromere.

(B) The location of centromere in the genome.

(C) The number of copies in the genome of tandem repeats with lengths of 91 and
92bp.

(D) The total length of tandem repeats of 91bp and 92bp in each chromosome.

(E) The distribution and degree of correlation of various sequences in the centromere
region are represented by heat maps.

(F) Enrichment of genesin centromere region.

40


https://doi.org/10.1101/2023.09.27.559666
http://creativecommons.org/licenses/by-nc-nd/4.0/

