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Chromosome-level genome 
assemblies of two maize inbred 
lines with contrasting plant 
architectures
Wen Yao   1,2,3, Songyang Li2,3, Jifei Ren1, Jia Shi1, Fan Wu1, Shifang Zhao1, Huihui Su1, 
Yazhou Wang2, Yanhui Chen1, Zhenzhen Ren1 ✉ & Lixia Ku1 ✉

Maize is a critical staple crop globally. Enhancing maize yield per unit area is essential to meet the 
rising food demand, and increasing planting density has emerged as a key strategy to achieve this 
goal. Optimizing plant architecture, a strategy central to the “Green Revolution”, is crucial for maize’s 
adaption to high-density planting. This study reports genome assemblies of two maize inbred lines, 
D132 and Yu82, characterized by significantly different plant architectures. By leveraging advanced 
sequencing technologies, we assembled the genomes of D132 and Yu82, achieving total lengths of 
2,166.50 Mb and 2,193.33 Mb, respectively, and identifying 40,951 and 40,935 protein-coding genes. 
These genome data provide valuable resources for in-depth understanding of the genetic mechanisms 
underlying maize plant architecture and hold promise for contributing to maize breeding improvement.

Background & Summary
Maize is a globally important staple crop, serving as a primary source of nutrition for humans and livestock, as 
well as a key ingredient in various industrial products1. Increasing maize yield per unit area is crucial for sustain-
ably meeting the growing food demand driven by global population growth and worsening environmental con-
ditions2. Enhancing planting density has emerged as a key strategy for boosting maize yield per unit area, as it 
maximizes land use efficiency and overall production3–5. In the United States and China, the world’s two leading 
maize-producing countries, the development of hybrids tolerant to increased planting density has significantly 
contributed to the continuous increase in total maize yield over the past few decades4,6–8.

Optimizing plant architecture is a well-established approach for enhancing crop tolerance to increased 
planting density9. This strategy was a cornerstone of the first “Green Revolution”, which led to remarkable yield 
increases in wheat and rice10. The success of this revolution was primarily attributed to improvements in lodging 
resistance and the ability to sustain higher planting densities, achieved through significant reductions in plant 
height—a key plant architecture trait10. These improvements were primarily driven by the rapid deployment of 
superior haplotypes of two key genes: SD1 in rice and Rht-B1/Rht-D1 in wheat11,12. The identification and utiliza-
tion of key plant-architecture regulating genes and their favorable alleles thus hold great potential for advancing 
plant architecture optimization in crops13.

In maize, enhancing tolerance to high-density planting requires the simultaneous optimization of multi-
ple plant architecture traits, including plant height, ear height, leaf angle, leaf length, leaf width, and root sys-
tem architecture14–17. A comprehensive understanding of the genomic basis underlying these traits is essential 
for advancing maize breeding efforts. To contribute to this understanding, we report genome assemblies of 
two maize inbred lines, D132 and Yu82, which exhibit significantly different plant architectures (Fig. 1). D132, 
derived from the Lancaster heterotic group, features an expanded plant architecture and has been instrumental 
in identifying three genes and 17 QTLs associated with plant architecture in maize18–21. In contrast, Yu82, devel-
oped from the Reid heterotic group, exhibits a compact plant architecture characterized by significantly lower 
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ear height, reduced plant height, and smaller leaf angles, widths, and lengths compared to D13222,23 (Fig. 1). By 
integrating multiple sequencing technologies, the genomes of D132 and Yu82 were assembled with a total length 
of 2,166.50 and 2,193.33 Mb, respectively, encompassing 40,951 and 40,935 protein-coding genes.

Methods
Sample collection and DNA extraction.  Young leaves of D132 and Yu82 were collected from plants 
grown in the field of Zhengzhou (E 113.82°, N 34.80°), Henan province, China. Two distinct DNA extraction pro-
tocols were employed based on the sequencing requirements. For high-molecular-weight (HMW) DNA isolation, 

Fig. 1  Plant architecture and genomic analyses of D132 and Yu82. (A,B) The whole plant of D132 and Yu82. 
(C,D) The genome assembly of D132 and Yu82. A window size of 500 Kb was used in the calculation of the 
density of different genome features.
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required for PacBio long-read sequencing and BioNano optical mapping, a modified CTAB-based protocol was 
used. This involved tissue homogenization in liquid nitrogen, incubation in CTAB buffer (Solarbio, LS00066), 
purification using a DNA extraction reagent (Acmec, AP1012), and precipitation with cold isopropanol. The 
resulting HMW DNA was washed with 75% ethanol and absolute ethanol before resuspension. Critically, the 
integrity and high molecular weight of this DNA were confirmed by Pulsed-Field Gel Electrophoresis (PFGE) 
using a CHEF Mapper XA Chiller System (Bio-Rad). For the construction of Illumina short-read libraries, 
genomic DNA was extracted separately using the DNeasy Blood & Tissue Kit (QIAGEN).

Genome sequencing of D132.  The genome of D132 was sequenced using a combination of Illumina HiSeq 
X Ten and Pacific Biosciences Sequel II platforms to ensure comprehensive coverage (Table 1).

For Illumina sequencing, three paired-end libraries (200 bp, 300 bp, and 500 bp) and four mate-pair libraries 
(2 kb, 5 kb, 10 kb, and 20 kb) were constructed, each requiring over 1 μg of genomic DNA. The mate-pair libraries 
were prepared using the Cre-loxP method24.

For Pacific Biosciences sequencing, 8 μg of genomic DNA was sheared using g-Tubes (Covaris) and concen-
trated with AMPure PB magnetic beads. Single-strand ends of the sheared DNA were digested with exonucle-
ase VII. Single-strand breaks, nucleotide deletions, and oxidation were repaired using a DNA Damage Repair 
kit. SMRTbell libraries were constructed with the Pacific Biosciences SMRTbell Template Prep Kit 1.0 and 
size-selected using Sage ELF for fragments ranging from 14–17 kb. Primer annealing and binding of SMRTbell 
templates to polymerases were performed using the DNA Polymerase Binding Kit. Sequencing was carried out 
on the Sequel II platform at Annoroad Gene Technology Company (Beijing, China) with a runtime of 30 hours.

Illumina sequencing generated 645.4 Gb of clean data, providing over 308.4 × coverage of the genome 
(Table 1)25,26. PacBio single-molecule sequencing produced 47.9 Gb of data, achieving 21.8 × genome coverage27. 
Additionally, 1132.0 Gb of Hi-C sequencing data from a previous study was used to support chromosome-level 
genome assembly28.

Genome sequencing of Yu82.  The genome of Yu82 was sequenced using a combination of Illumina HiSeq 
X Ten, Pacific Biosciences Sequel, and BioNano Genomics platforms, ensuring high-quality and comprehensive 
coverage (Table 2).

For Illumina sequencing, over 1 μg of genomic DNA from Yu82 was used to construct a short-fragment 
library with an insert size of 350 bp, which was sequenced on the Illumina HiSeq X Ten platform.

For Pacific Biosciences sequencing, at least 8 μg of genomic DNA was sheared using Covaris g-Tubes and 
concentrated with AMPure PB magnetic beads. Hairpin adapters were ligated to both ends of the DNA frag-
ments, and unligated fragments were digested using exonucleases. The sequencing libraries were prepared 
using the Pacific Biosciences SMRTbell Template Prep Kit 2.0 and size-selected for molecules ≥ 15 kb using the 
BluePippin™ system. Primer annealing and polymerase binding were performed using the DNA/Polymerase 
Binding Kit, and sequencing was carried out on the Pacific Biosciences Sequel platform at Annoroad Gene 
Technology Company (Beijing, China) with a runtime of up to 10 hours.

Optical mapping of Yu82 was performed using the BioNano Genomics Irys technology. Purified DNA was 
embedded in a thin agarose layer and labeled and counterstained following the IrysPrep Reagent Kit protocol 
(BioNano Genomics). Samples were then loaded into IrysChips and imaged using the Irys imaging instrument. 
Single molecules under 150 kb in size or with fewer than 500 labels were removed. An optical map was produced 
in two instrument runs with labeled single molecules by IrysSolve (https://bionanogenomics.com/support/
software-downloads/).

Illumina paired-end sequencing provided approximately 63.9 × genome coverage29,30, while PacBio 
single-molecule sequencing achieved ~62.6 × coverage with an N50 read length of 23,602 bp (Table 2)31,32. 

Read length (bp) N50 Read number Base number Genome coverage (×) *
Illumina raw data 150, 125 — 5,322,864,808 798,281,184,000 381.47

Illumina clean data 150, 125 — 4,303,613,700 645,400,695,550 308.42

PacBio HiFi reads — 16,879 3,030,776 47,885,748,321 21.76

Hi-C raw data 150 — 7,546,862,528 1,132,029,379,200 540.96

Hi-C clean data 100 — 6,909,264,204 690,926,420,400 330.17

Table 1.  Sequencing data of D132. * Calculated with the estimated genome size of 2092.62 Mb.

Read length (bp) N50 Read number Base number Genome coverage (×) *
Illumina raw data 150 — 943,532,430 141,529,864,500 65.43

Illumina clean data 150 — 921,901,710 138,285,256,500 63.93

PacBio data — 23,602 10,347,076 135,419,433,213 62.60

BioNano data — 152,250 11,243,410 948,168,008,710 438.36

Hi-C raw data 150 — 3,744,705,024 561,705,753,600 259.69

Hi-C clean data 100 — 3,268,862,050 326,886,205,000 151.13

Table 2.  Sequencing data of Yu82. * Calculated with the estimated genome size of 2162.99 Mb.
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Optical mapping generated ~438.4 × genome coverage, with an N50 read length of 152,250 bp. Furthermore, 
561.7 Gb of Hi-C sequencing data from a previous study was used to support chromosome-level genome assem-
bly28,33,34. Collectively, the sequencing data for Yu82 provided over 820 × coverage of its genome.

Sample collection and transcriptome sequencing of D132 and Yu82.  For RNA sequencing, D132 
plants were grown in growth chambers (2.8 × 5.6 × 8.2 m) at 25 °C with alternating photoperiods of 16 hours 
light/8 hours darkness and 8 hours light/16 hours darkness, with a light intensity of 100 μmol m−2 s−1, during 
the spring of 2016. Then, leaves were collected from D132 plants at the 4th, 5th, 6th, and 7th fully expanded leaf 
stages. Additionally, for both D132 and Yu82, we collected their leaves at the 3–11 fully expanded leaf stages in the 
experimental field of Henan Agricultural University, Zhengzhou (E 113.82°, N 34.80°). Three biological replicates 
of each sample were used for RNA extraction with TRIzol reagent (Invitrogen), followed by paired-end sequenc-
ing on the Illumina HiSeq 3000 platform35,36.

In addition to RNA sequencing, we performed PacBio Iso-Seq library preparation and sequencing following 
the Isoform Sequencing protocol provided by Pacific Biosciences. For each inbred line, pooled cDNA from mul-
tiple tissues was used for library construction and sequencing37–40.

Genomic estimation.  To perform an initial genome survey prior to assembly, the genome size and repeat 
content of D132 and Yu82 were estimated using k-mer depth analysis of sequencing reads. Jellyfish (version 
v2.1.3) was employed to count the number of 35-mers in the sequencing reads41. For this analysis, specific 
short-insert paired-end libraries were selected to ensure consistency and comparability. For Yu82, the only avail-
able Illumina library (350 bp insert size) was utilized. For D132, which had multiple short-insert libraries (200, 

Fig. 2  Distribution of 35-mers analyzed from Illumina sequencing data of D132 and Yu82. The X-axis 
represents the depth of 35-mers counted using Jellyfish, and the Y-axis shows the frequency of 35-mers at 
varying depths.

Genomic feature D132 Yu82

Estimated genome size (Mb) 2092.62 2162.99

Assembly length (bp) 2,166,502,923 2,193,328,715

Scaffold number 100 1553

Longest scaffold (bp) 305,963,537 281,720,967

Scaffold N50 (bp) 227,258,638 205,377,771

Contig number 689 3048

Longest contig (bp) 198,709,306 9,570,274

Contig N50 (bp) 48,858,798 1,503,064

Number of gaps/median gap size (bp) 71/100 9809/3179

Sequences anchored to chromosomes (%) 99.40 90.70

Numbers of gene models 40,951 40,935

Mean coding sequence length (bp) 1226.48 1223.57

Total size of transposable elements (bp) 1,765,422,696 1,775,185,005

Table 3.  Summary statistics for the genome assemblies of D132 and Yu82.
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300, and 500 bp insert size), we specifically selected the 300 bp insert size library to maintain comparability with 
the Yu82 data. Based on this analysis, the genome sizes of D132 and Yu82 were estimated to be 2092.62 and 
2162.99 Mb, respectively (Fig. 2, Tables 3, 4). These sizes are close to the genome size of the reference maize inbred 
line B7342. The proportions of repeat sequences were estimated to be 58.68% for D132 and 64.76% for Yu82.

Genome assembly of D132.  A total of 11,546,831 polymerase reads were generated for D132 using 
the PacBio Sequel II platform27,43. These reads were processed into 57,491,036 subreads by adapter trimming 
and removal of low-quality sequences. Multiple subreads corresponding to the same SMRTbell molecule were 
merged, resulting in 47.9 Gb of high-fidelity (HiFi) PacBio sequencing data (3,030,776 reads; mean read length: 
15,799 bp). The HiFi reads were assembled into 689 contigs with an N50 of 48.8 Mb using HiFiasm44. Redundant 
and heterozygous contigs were identified and removed based on read coverage and sequence similarity using 
Purge Haplotigs45.

Next, we used the Hi-C sequencing data of D132 to build the pseudomolecules46. Over 3,454.6 million 
pairs of clean Hi-C sequencing reads were generated, of which 360,723,879 pairs (10.44%) were uniquely 
aligned to the D132 contigs by Bowtie2 (version 2.2.3, end-to-end algorithm)47. Ligation sites in the 
uniquely mapped reads were identified using HiC-Pro (v2.7.8), resulting in 1.5 billion valid interaction read 
pairs48. These valid read pairs were analyzed with Lachesis to cluster, order, and orient the contigs49. In total, 

D132 Yu82

K-mer size (bp) 35 35

K-mer number 107,971,198,820 86,539,611,285

K-mer Depth 48 39

Genome Size (Mb) 2249.40 2218.96

Revised Genome Size (Mb) 2092.62 2162.99

Heterozygous Ratio (%) 0.23 0.10

Repeat (%) 58.68 64.76

Table 4.  K-mer survey of the genomes of D132 and Yu82 using Illumina high-throughput sequencing data.

Fig. 3  Heatmap of Hi-C sequencing data showing genome-wide interactions in D132. Interactions are 
displayed between 500-kb non-overlapping windows, with interaction intensity represented by the color scale.
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587 contigs (covering 2,153,520,238 bp, 99.38% of the assembly) were grouped into 10 chromosome groups 
using an agglomerative hierarchical clustering algorithm (Fig. 3). Within each group, a minimum spanning 
tree was constructed based on contig interaction frequencies, and the longest path was extracted as the 
trunk to determine the contig order. Contig orientations were further resolved using a weighted directed 
acyclic graph (WDGA), with a scoring function to evaluate and select the most credible orientation. The 
final assembly comprised 10 pseudomolecules and 90 unanchored contigs, with an N50 of 227,258,638 bp 

Fig. 4  Heatmap of Hi-C sequencing data showing genome-wide interactions in Yu82. Interactions are displayed 
between 500-kb non-overlapping windows, with interaction intensity represented by the color scale.

Classification Number Length (bp) Percentage (%)

Class I: Retroelement 827,942 1,636,418,045 75.52

LTR Retroelement 804,511 1,620,479,625 74.78

  Copia 288,985 575,935,638 26.58

  Gypsy 381,212 962,598,968 44.42

  other 134,314 81,945,019 3.78

non-LTR retrotransposon 23,431 15,938,420 0.74

  LINE1 19,052 13,871,321 0.64

  RTE 4379 2,067,099 0.10

Class II: DNA transposon 307,638 129,004,651 5.94

  hAT 97,609 27,369,632 1.26

  CACTA 80,949 60,670,302 2.80

  Tc1/Mariner 24,065 3,353,550 0.15

  Mutator 32,191 19,654,971 0.91

  PIF/Harbinger 89,325 17,441,948 0.80

  Helitron 5196 514,248 0.02

Table 5.  Transposable elements annotated in the genome of D132.
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(Fig. 1, Table 3)50. Interaction matrices were visualized as heatmaps using Juicebox (https://github.com/
aidenlab/Juicebox, version 1.9.9)51. Over 99.4% of the assembled sequences were successfully anchored to 
the 10 maize chromosomes (Table 3).

Genome assembly of Yu82.  Over 135.4 Gb of PacBio Sequel II sequencing data (10 million reads; mean 
read length: 13,087 bp) were generated for Yu8231,32. Initially, error correction was performed by aligning all reads 
to a subset of the longest reads, with a minimum overlap of 2000 bp required. The error-corrected reads were 
assembled into contigs using Falcon (https://github.com/PacificBiosciences/falcon, version v0.3.0), resulting in 
9802 contigs longer than 2000 bp, with an N50 of 426,513 bp and a total length of 2186.68 Mb. Meanwhile, the 

Classification Number Length (bp) Percentage (%)

Class I: Retroelement 827,278 1,646,146,839 76.59

LTR Retroelement 804,055 1,630,183,173 75.85

  Copia 288,289 573,805,690 26.70

  Gypsy 382,194 974,412,912 45.34

  other 133,572 81,964,571 3.81

non-LTR retrotransposon 23,223 15,963,666 0.74

  LINE1 18,854 13,850,798 0.64

  RTE 4,369 2,112,868 0.10

Class II: DNA transposon 327,401 129,038,166 6.00

  hAT 95,988 27,061,742 1.26

  CACTA 81,131 60,948,456 2.84

  Tc1/Mariner 23,726 3,331,080 0.15

  Mutator 32,055 19,877,764 0.92

  PIF/Harbinger 89,277 17,304,455 0.81

  Helitron 5,224 514,669 0.02

Table 6.  Transposable elements annotated in the genome of Yu82.

Fig. 5  Comparative analysis of annotated gene models in D132, Yu82, and five previously reported maize 
genome assemblies. The comparison includes B73, Mo17, CML247, SK, and W22, highlighting differences in 
annotated gene model statistics.
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same set of error-corrected PacBio reads were assembled by SMARTdenovo (https://github.com/ruanjue/smart-
denovo), producing 4003 contigs longer than 2000 bp, with a total length of 2145.12 Mb and an N50 of 999,298 bp. 
The assemblies from Falcon and SMARTdenovo were integrated using Quickmerge, yielding 3048 contigs with an 
N50 of 1,491,368 bp and a total length of 2,143.50 Mb52. Next, the PacBio sequencing reads were aligned back to 
the assembled contigs using BLASR (https://github.com/PacificBiosciences/blasr, version 5.3.3) with the follwing 
parameters: “–bam –bestn 5 –minMatch 18 –nproc 4 –minSubreadLength 1000 –minAlnLength 500 –minPct-
Similarity 70 –minPctAccuracy 70 –hitPolicy randombest –randomSeed 1”. Contigs were then polished using the 
Arrow algorithm (https://github.com/PacificBiosciences/GenomicConsensus, version 2.3.3) with the parameter 
-j 30. Finally, Illumina sequencing data of Yu82 was used to further correct the contigs with Pilon (https://github.
com/broadinstitute/pilon, version 1.2.3) using default parameters53. After this step, 3,048 contigs were obtained, 
with an N50 of 1,503,064 bp and a total length of 2,149.07 Mb.

Scaffolding of the contigs was subsequently performed using Irys optical mapping technology (BioNano 
Genomics). A total of 877 genome maps, with a mean length of 1.64 Mb, were obtained, covering 1440.08 Mb 
of the genome. The N50 of these genome maps was 1.65 Mb. The optical maps were aligned to PacBio contigs 
using IrysSolve (hybridScaffold.pl -B 2 -N 2) to build scaffolds based on overlaps between contigs and optimal 
maps. Conflicts between the optical maps and PacBio contigs were resolved according to the rules employed in a 
previous study54. This process yielded 2,401 scaffolds totaling 2,194,445,600 bp, with an N50 of 3,295,496 bp and 
a maximum scaffold length of 16,916,866 bp.

Chromosome-scale pseudomolecules for Yu82 were constructed using 326 Gb of clean Hi-C sequencing 
data33,34, following the same approach as described for D132 (Fig. 4). The final assembly consisted of 1,553 scaf-
folds with a total length of 2,193,328,715 bp and an N50 of 205,377,771 bp (Fig. 1, Table 3). Over 90.7% of the 
assembled sequences were successfully anchored to the 10 maize chromosomes.

Annotation of transposable elements.  Transposable elements (TEs) were annotated using 
RepeatMasker (http://www.repeatmasker.org/, version 1.323) with the recommended parameters: “-pa 30 -no_is 
-norna -nolow -div 40 -cutoff 225”. The annotation was based on the curated TE library from the Maize TE 
Consortium (MTEC), originally created on October 10, 2014, and last updated on November 12, 201955. Overall, 
a total of 1,135,580 and 1,154,679 transposable elements were identified in the genomes of D132 and Yu82, repre-
senting 81.46% and 82.59% of their genome sizes, respectively (Tables 3, 5, 6). The composition and abundance of 
TEs in D132 and Yu82 were comparable to those in other maize genomes, such as B73 and Mo1756,57.

Annotation of protein-coding genes.  To annotate protein-coding genes, an integrated approach com-
bining de novo prediction, protein-based homology searches, and transcript assembly using RNA-Seq and 
Iso-Seq data was applied. Four tools were used for ab initio prediction: SNAP (version 38926, default parameters), 
Augustus (version 3.3, parameter “–genemodel = partial”), GlimmerHmm (version 3.04, default parameters), and 
GeneMark (version 4.33, default parameters)58–61. For protein homology-based predictions, GeneWise (version 
2.2.0, default parameters) was employed to align protein sequences from rice, sorghum, millet, Brachypodium 
distachyon, and maize B73 to the genome assemblies of D132 and Yu8242,62–66. For transcript-based evidence, 

D132 Yu82

Number Percent (%) Number Percent (%)

EggNOG 37,523 91.63 37,600 91.85

GO 30,378 74.18 30,197 73.77

InterPro 37,737 92.15 37,866 92.50

KEGG 26,997 65.93 26,921 65.77

PFAM 27,540 67.25 21,309 52.06

Swiss-Prot, BLASTP 28,033 68.45 29,763 72.71

Swiss-Prot, BLASTX 29,774 72.71 21,902 53.50

All methods 39,418 96.26 39,513 96.53

Table 7.  Functional annotation of protein coding genes for D132 and Yu82 using Trinotate.

D132a Yu82b

Number Percent (%) Number Percent (%)

Complete BUSCOs 3009 92.99 3084 94.08

Complete single-copy BUSCOs 2653 81.98 2708 82.61

Complete duplicated BUSCOs 356 11.00 376 11.47

Fragmented BUSCOs 141 4.36 71 2.17

Missing BUSCOs 86 2.66 123 3.75

Table 8.  Genome assembly evaluation of D132 and Yu82 using BUSCO analysis.  aThe database was liliopsida_
odb10 (Creation date: 2020-09-10, number of genomes: 15, number of BUSCOs: 3236). bThe database was 
liliopsida_odb10 (Creation date: 2017-12-01, number of species: 18, number of BUSCOs: 3278).
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we utilized Trinity67 (version v2.13.1, default parameters) to de novo assemble contigs from two sources: (1) our 
in-house RNA sequencing data from each cultivar, and (2) 172 additional public RNA-Seq datasets downloaded 
to enhance transcript coverage. These assembled contigs, along with full-length transcripts obtained from our 
Iso-Seq, were subsequently aligned to the genome assemblies using PASA68 (version 2.1, parameter “-m = 50”) to 
model transcript-based gene structures. Finally, gene predictions from these different approaches were integrated 
using EvidenceModeler69 (version 1.11, default parameters). The resulting gene models were further refined with 
PASA to update and finalize the annotation.

A total of 40,951 and 40,935 protein-coding genes were annotated in the genomes of D132 and Yu82, 
respectively (Table 3). The average coding sequence (CDS) lengths were 1226.48 bp for D132 and 1223.57 bp 
for Yu82. Overall, these key statistics (number of genes, average CDS length, average exon/intron length, 
and exon number) are consistent with those reported for other maize genomes, such as B73, SK, and W22 
(Table 3, Fig. 5)42,54,70.

Functional annotation of protein-coding genes.  We employed Trinotate to functionally annotate 
the protein-coding genes predicted for D132 and Yu8271. Trinotate integrates multiple annotation strategies, 
including homology searches against well-established sequence databases (UniProt), identification of protein 
domains via PFAM, and functional mapping to resources such as eggNOG and Gene Ontology (GO). The coding 
sequences (CDS) of protein-coding genes were aligned to the UniProt database using BLASTX. Likewise, protein 
sequences were aligned to the UniProt database using BLASTP. Alignments with E-values higher than 1e-05 were 
excluded. In total, 39,418 (96.26%) and 39,513 (96.53%) protein-coding genes in D132 and Yu82, respectively, 
were successfully annotated by at least one method in Trinotate (Table 7). These results further highlight the high 
quality of genome annotations for both inbred lines.

Genome synteny analysis.  We conducted a genome synteny analysis to investigate the collinearity 
between the assembled genomes of D132 and Yu82, and four previously published maize genomes: B73, Mo17, 

Fig. 6  Assessment of genome assembly quality using the LTR Assembly Index (LAI). The LAI scores for B73 v4 
(A), B73 v5 (B), D132 (C), and Yu82 (D) are shown. The mean and standard deviation of LAI scores across the 
genome are indicated at the top left of each plot.
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W22, and SK42,54,57,70. The analysis was performed by aligning the genome assemblies using MUMMER (https://
github.com/mummer4/mummer, version 4.0)72. The nucmer program was used to align the reference genome 
(D132 or Yu82) against each query genome (B73, Mo17, W22, or SK), with the following parameter: “-L 2000 
-l 80–mum -t 50 -g 200 -d 0.08 -b 100”. The resulting alignments were encoded in a delta file, which was then 
filtered by the delta-filter program with parameter: “-l 5000 -i 99.5 -u 100”. The filtered delta file was visualized as 
a two-dimensional dot plot using mummerplot.

Gene collinearity analysis.  We next investigated gene collinearity between D132 and four previously 
reported maize genomes—B73, Mo17, SK, and W22—using MCScan (Materials and methods)73. A parallel 
analysis was also performed for Yu82. The Python version of MCScan (https://github.com/tanghaibao/jcvi/wiki/
MCscan-(Python-version)) was used for all analyses. Taking B73 and D132 as an example, genome annotations 
were first converted into BED format using the command: “python -m jcvi.formats.gff bed --type = mRNA  
--key = Name”. Similarly, protein sequences from both genomes were formatted using the command: “python 
-m jcvi.formats.fasta format”. Orthologous gene pairs and synteny blocks were then identified with the follow-
ing command: “python -m jcvi.compara.catalog ortholog --dbtype prot B73 D132 --no_strip_names”. To retain 
high-confidence blocks, synteny regions were filtered using: “python -m jcvi.compara.synteny screen --minspan 

Fig. 7  Synteny analysis between the genome assembly of D132 and four previously reported maize genome 
assemblies. The analysis compares D132 with B73, Mo17, SK, and W22. Each dot represents an aligned genomic 
region longer than 5 kb. The Y-axis corresponds to the 10 chromosomes of D132, while the X-axes of the four 
plots correspond to the 10 chromosomes of B73, Mo17, SK, and W22, respectively.
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= 30 --simple”. Finally, pairwise synteny between the reference and query genomes was visualized with the com-
mand: “python -m jcvi.graphics.karyotype seqids layout”. Here, the seqids file defines the chromosome names of 
the reference and query genomes, while the layout file specifies the configuration of the plot.

Data Records
The genome assemblies and annotations of D132 and Yu82 are available in NCBI GenBank and the Genome 
Warehouse of the National Genomics Data Center (NGDC, https://ngdc.cncb.ac.cn/) with the follow-
ing accession codes: D132, GCA_044509805.174 (NCBI) or GWHETKL00000000.275 (NGDC); Yu82, 
GCA_042768475.176 (NCBI) or GWHETKM00000000.277 (NGDC). The genome assembly and annotation of 
D132 and Yu82 are also deposited at FigShare78 (https://doi.org/10.6084/m9.figshare.30595493.v1).

The RNA sequencing data, Illumina short read sequencing data, Hi-C data, PacBio long read sequenc-
ing data, and Iso-Seq data are deposited in NCBI Sequence Read Archive and NGDC Genome Sequence 
Archive with the following accession codes: RNA sequencing data of D132 and Yu82, SRP53762935 (NCBI) or 
CRA01716136 (NGDC); Illumina short read sequencing data of D132, SRP57787725 (NCBI) or CRA02714226 
(NGDC); Illumina short read sequencing data of Yu82, SRP57806829 (NCBI) or CRA02720130 (NGDC); 
Hi-C data of D132, SRP14265579 (NCBI) or CRA02706446 (NGDC); Hi-C data of Yu82, SRP57918533 (NCBI) 

Fig. 8  Synteny analysis between the genome assembly of Yu82 and four previously reported maize genome 
assemblies. The analysis compares Yu82 with B73, Mo17, SK, and W22. Each dot represents an aligned genomic 
region longer than 5 kb. The X-axis corresponds to the 10 chromosomes of Yu82, while the Y-axes of the four 
plots correspond to the 10 chromosomes of B73, Mo17, SK, and W22, respectively.
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or CRA02713934 (NGDC); PacBio long read sequencing of D132, SRP59182527 (NCBI) or CRA02681343 
(NGDC); PacBio long read sequencing of Yu82, SRP58017831 (NCBI) or CRA02717932 (NGDC); Iso-Seq data 
of D132, SRP59211337 (NCBI) or CRA02681538 (NGDC); and Iso-Seq data of Yu82, SRP59211139 (NCBI) or 
CRA02681740 (NGDC).

Technical Validation
Quality control of nucleic acids and libraries.  To ensure the high quality of extracted DNA, we first 
evaluated its integrity using the Agilent 4200 Bioanalyzer (Agilent Technologies, CA, USA). DNA purity was then 
assessed with a Nanodrop spectrophotometer, ensuring OD260/280 ratios between 1.8 and 2.0, and OD260/230 
ratios between 2.0 and 2.2. Finally, DNA quantity was measured using a Qubit fluorometer to confirm that suffi-
cient amounts were available for downstream applications.

For RNA quality control, we initially used 1% agarose gel electrophoresis to check for degradation or contam-
ination. The purity of RNA was subsequently measured using the K5500 spectrophotometer (Kaiao Technology, 
Beijing, China). RNA integrity and concentration were further evaluated using the Agilent 2100 system with the 
RNA Nano 6000 Assay Kit (Agilent Technologies, CA, USA).

Fig. 9  Collinearity of protein-coding genes between D132 and four previously reported maize genome 
assemblies. The comparison involves B73, Mo17, SK, and W22 across 10 chromosomes. Each dot represents a 
collinear gene pair. The X-axis corresponds to the 10 chromosomes of D132, while the Y-axes of the four plots 
correspond to the 10 chromosomes of B73, Mo17, SK, and W22, respectively.
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Quality control of Illumina sequencing data.  For the Illumina sequencing data of D132 and Yu82, adap-
tor sequences were first removed from the raw reads. Subsequently, reads containing more than 50% low-quality 
bases (Phred quality score ≤ 19) or more than 5% ambiguous “N” bases were discarded. If one end of a paired-end 
read was removed during this filtering process, the entire read pair was also discarded.

Assessment of genome assembly.  To assess the quality of both genome assemblies, we aligned over 3,200 
BUSCO genes (liliopsida_odb10) to the assembled genomes80. Approximately 92.99% and 94.08% BUSCO genes 
were completely recovered in the genome assemblies of D132 and Yu82, respectively (Table 8). Assembly quality 
was further evaluated using the LTR Assembly Index (LAI), which estimates assembly continuity based on LTR 
retrotransposons56,81. The LAI score of D132 was slightly lower than that of B73 (version 5) but higher than those 
of Yu82 and B73 (version 4) (Fig. 6). In addition, we assessed base-level accuracy and completeness using two 
methods. First, more than 99.3% and 99.7% of the Illumina sequencing reads could be aligned to the genome 
assemblies of D132 and Yu82, respectively, without mismatches. Second, k-mer-based consensus quality was 
evaluated using Merqury82. The D132 assembly showed an excellent consensus QV of 60.02 and 95.45% k-mer 

Fig. 10  Collinearity of protein-coding genes between Yu82 and four previously reported maize genome 
assemblies. The comparison involves B73, Mo17, SK, and W22 across 10 chromosomes. Each dot represents a 
collinear gene pair. The X-axis corresponds to the 10 chromosomes of Yu82, while the Y-axes of the four plots 
correspond to the 10 chromosomes of B73, Mo17, SK, and W22, respectively.
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completeness, while the Yu82 assembly showed a QV of 35.62 and 97.01% k-mer completeness. These results 
collectively indicate that the genome assemblies of D132 and Yu82 have achieved chromosome-level contiguity 
and high base-level accuracy.

Synteny and collinearity assessment.  To further validate the large-scale structural accuracy and gene 
order of our assemblies, we compared them against four established maize reference genomes (B73, Mo17, W22, 
and SK). Whole-genome alignments revealed a high degree of synteny for both D132 and Yu82 against all ref-
erences (Figs. 7, 8). This provides strong validation for the correct large-scale orientation and ordering of our 
assembled pseudomolecules.

Furthermore, we assessed gene-level collinearity. This analysis confirmed the high quality of the assemblies at 
the genic level, identifying more than 33,827 collinear gene pairs for D132 and 30,594 for Yu82 when compared 
to the reference genomes (Figs. 9, 10). The high degree of conserved synteny and gene collinearity thus serves 
as a critical technical validation, demonstrating that our assemblies accurately reflect the established structure 
of the maize genome.

Gene annotation validation.  The completeness of the genome annotations was assessed using a BUSCO 
analysis against a set of 4,896 conserved genes. The results revealed that 95.12% and 93.57% of the BUSCO genes 
were complete in the genome annotations of D132 and Yu82, respectively (Table 9).

Code availability
In this study, no custom code was developed. All software and pipelines used for data processing and analysis are 
publicly available and were utilized according to the developers’ instructions, as described in the cited references. 
Default parameters were used as suggested in the references if no detailed parameters are mentioned for a 
software.

Data availability
The chromosome-level genome assemblies of D132 and Yu82 have been deposited in NCBI GenBank under the 
accession numbers GCA_044509805.174 and GCA_042768475.176.
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