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Dear Editors,

Soybeans are a global commodity for their edible protein and

vegetable oil. The global population is predicted to be 9.7 billion

by 2050 (UN, 2022), with a concomitant drastic increase in protein

demand. With already 2.4 billion people suffering from food

insecurity (FAO et al., 2023), there is an urgent need to meet

future production demands for plant-based proteins.

High-quality soybean genomes will play a key role in future

efforts to enhance seed quality through breeding and functional

genomics. The first soybean genome assembled was from the

cultivated accession Williams 82 (WM82) (Schmutz et al., 2010).

In comparison to WM82, variations have been discovered

between varieties/accessions/cultivars show the need for

genomic information of frequently used soybean cultivars

(Belzile, et al., 2022). Recent advances in CRISPR-Cas genome

editing technologies emphasize that improving transformation

efficiencies in soybeans remains the largest impediment to

making functional genomics a reality in this important oil seed

crop. Due to its amenability and quick regeneration, soybean

cv. Jack has become a proof-of-concept cultivar when investi-

gating seed traits in soybeans (Schmidt and Herman, 2008a,

2008b).

In this study, we assembled and validated a complete telomere-

to-telomere (T2T), soybean cv. Jack reference genome. This cv.

Jack genome expresses a seed-specific GFP reporter for glyci-

nin-regulon–controlled protein accumulation (Schmidt and

Herman 2008b). The Jack cultivar is used widely as a model to

develop new seed traits with this GFP-Jack line providing a plat-

form to identify and evaluate the role of trans or cis factors that

function to mediate enhanced seed traits and the economic per-

formance of soybeans. A GFP-seed-specific expressing Jack

cultivar will be a valuable reference genome for the manipulation

and subsequent characterization of protein and oil seed traits—

the foundation of many soybean improvement programs

(Supplemental Figure 1).

To elucidate the soybean cv. Jack genome, we obtained three

single-molecule real-time (SMRT) cells of continuous long reads

(CLR) data using CLR sequencing mode and one SMRT cell of

high-fidelity data using the circular consensus sequencing

(CCS) mode in PacBio Sequel II Systems (Supplemental

Figure 2 and Supplemental Table 1).

The complete soybean genome was assembled in five stages

(Supplemental Figure 3 and Supplemental Table 2). Because a

single assembler program was unable to generate a high-

quality genome, we used multiple datasets as inputs in different

de novo assembler programs (Supplemental Table 3). The first

two stages of the Jack genome assembly consisted of stage 1

using CLR data and stage 2 using CCS data both edited by
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using Genome Puzzle Master (Zhang et al., 2016). The resultant

assembly contained only two gaps: one in chr1 and another in

chr11 (Supplemental Figure 4 and Supplemental Tables 4

and 5). These two gaps were subsequently filled by using a

novel cyclic elongation process called DEGAP (Huang et al.,

2023). The stage 3 assembly was achieved after the two gaps

were filled by DEGAP with two extended sequences: one in

chr1 consisting of 1 076 216 bp (Supplemental Figure 4B) and

the other in chr11 consisting of 885 638 bp (Supplemental

Figure 4C and Supplemental Tables 6 and 7).

The stage 4 assembly involved the resolution of the triplet in chr10

(Supplemental Figure 5). The highly repetitive region in chr10 was

both too long and too complex to be assembled by any available

assembler programs, so this region remained unresolved in

previous published soybean genomes (Schmutz et al., 2010).

The chr10 triplet was validated by first designing four primer sets

(Figure 1B, Supplemental Figure 6, and Supplemental Table 8)

and then using the amplicons in a combined mixture as a probe

in fluorescence in situ hybridization (FISH) experiments. This

hybridization experiment showed three signals present only in

chr10 (Figure 1B). Collectively, these results indicate there is a

triple repeat region unique to chr10 (Supplemental Figure 6) in

the cv. Jack soybean genome.

After polishing withCCSdata, the finalized stage 5 assembly of the

soybean cv. Jack genome (called Gmax-GtJack-RS1), consisting

of 1 011 764 152 bp in total length, was obtained (Supplemental

Table 9). A high level of both completeness and quality of this

genome was confirmed by elevated mapping rates—for

example, 99.03% of Illumina reads, 99.80% of the 110-Gbp

longest CLR reads, and 99.99% of all high-fidelity reads

(Supplemental Table 1). We captured 98.3% complete BUSCOs

in the embryphyta reference gene set and 99.6% compete

BUSCOs in the eukaryote reference gene set (Supplemental

Table 10). Quality value scores, calculated by using Merqury with

CCS and Illumina data, indicate an error rate lower than 0.03%

for our soybean Jack genome assembly (Supplemental Table 11).

Centromere function is conserved across eukaryote, but the

DNA sequences are highly divergent, even between closely

related species. Centromeric DNA usually contains highly repet-

itive DNAs, such as satellite DNAs and retrotransposons.

CentGm (soybean centromere-specific satellite repeats) se-

quences have been reported previously (Tek et al., 2010) to

consist of two types of tandem repeat sequences, CentGm-1

and CentGm-4. We mapped these two repetitive sequences

to our Jack genome and, as expected, they occurred in every
nications 5, 100765, February 12 2024 ª 2023 The Author(s).
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Figure 1. Collinearity analysis between the soybean Jack and WM82 genomes.
(A) Whole-genome comparison of the Jack complete genome to WM82 (Wm82.a4.v1). Linear comparison of the 20 individual chromosomes from the

publicly available reference WM82 genome (top) compared to our Jack genome (bottom). Red segments denote missing sequences in WM82 that are

resolved in Jack. Blue lines indicate regions of inversions and/or translocations. Gray areas indicate synteny alignment regions. Dark blue indicates

density of 16 914 newly annotated genes in Jack when compared to the Wm82.a4.v1 annotation. Purple half-circles indicate telomeres found in the

chromosomes. Retraction area in Jack indicates the centromere regions.

(B) FISH mapping of tandem repeat in chr10 of Jack.

(C) FISH mapping of GFP regions in the transgenic Jack genome. Two main GFP insertion sites were detected.

(D) PCR validation of one small insertion (SI1) between Jack (WT), GFP-Jack (this genome), and WM82.

(E) Collinear genes between Jack and WM82.

(F) GO enrichment analysis of newly annotated genes in Jack.
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chromosome. Using the CentGm sequences as markers to

denote centromeric regions, we estimated that 222 genes lie

within this highly repetitive centromeric region that are now

resolved in this complete T2T soybean genome (Supplemental

Figure 1 and Supplemental Table 12). Similarly, we estimated

that 23 genes are located in the highly repetitive telomeric

regions (Supplemental Table 18).

The soybean cv. Jack (PI540556) was released in 1989 and

developed by an F3-derived selection from the cross

Fayette 3 Hardin (Nickell et al., 1990). The cv. Fayette was

developed from the cross of WM82 with PI88788 (Bernard,

1988). The GFP-ER (endoplasmic reticulum [ER]–targeted

GFP) transgenic cv. Jack soybean plant used in this genome

project was determined to have two major GFP insertion loca-

tions in chr20, �27.9 kbp and �47.8 kbp (Figure 1C and

Supplemental Figure 7A). A total of eight GFP insertions (i.e.,

five complete open reading frames and three partial open

reading frames) exist in this GFP-ER transgenic cv. Jack

genome (Supplemental Figure 7).

This complete assembly Gmax-GtJack-RS1 was compared

to several known soybean genomes, including the latest

Wm82.a4.v1 for WM82 (Schmutz et al., 2010), the recently

released T2T assembly ASM3086415v1 for WM82-NJAU (Wang

et al., 2023), JD17_chr_final for Jidou 17 (JD17) (Yi et al., 2022),

and Gmax_ZH13_v2.0 for Zhonghuang 13 (ZH13) (Shen et al.,

2019) (Figure 1A, Supplemental Figure 8, and Supplemental

Table 13). Compared with the Jack genome, 52 and 38

inversions, 844 and 704 translocations, and 2097 and 1462

duplications were found in WM82 (Wm82.a4.v1) and WM82-

NJAU (ASM3086415v1), respectively; 78 inversions, 1187 trans-

locations, and 3100 duplications were found in JD17; and 72 in-

versions, 1110 translocations, and 3461 duplications were found

in ZH13 (Supplemental Figure 9 and Supplemental Table 14). A

comparison between Jack and WM82 genomes uncovered

6816 insertions and 4257 deletions in the cv. Jack; among

them, 5461 insertions and 3123 deletions did not overlap with

any WM82 gaps. We randomly selected six insertions/deletions

(indels) that were located in putative genes and designed

primer sets for genomic PCRs to validate our detections. The

PCR results confirmed the authenticity of these indels found in

comparing the genomes of Jack and WM82 (Supplemental

Figure 10 and Supplemental Table 15).

Small indels may cause structural changes in encoded proteins.

For example, GmJack15g02718000 is predicted to encode for a

cysteine-rich receptor-like protein kinase that is a single-pass

membrane protein (Figure 1D and Supplemental Figure 10). A

445-bp insertion (SI1) in its intergenic region resulted in the

disruption of one exon in Jack (Supplemental Figure 10B) and

the resultant protein product containing only one transmembrane

sequence, whereas the counterpart gene in WM82 encodes for

three transmembrane sequences. As a direct result, there are

distinct structural changes as the Jack encoded protein has

fewer alpha helices and more beta turns than the protein

encoded by WM82 (Supplemental Figure 11).

We analyzed potential sequences in Jack that may be located

in WM82 gap regions by focusing on the shared collinear flanking

sequences within the same chromosomes. As a result, 38.6 Mbp
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sequenceswithin the Jack genome (Supplemental Table 16) were

found to contain 92 genes and shared collinear flanking

sequences with 702 gap regions in WM82. Among these Jack

sequences, 3.6 Mbp (9.21%) can be mapped to WM82

unplaced contigs, and 0.6 Mbp (1.44%) are interspersed

repeats and low-complexity DNA sequences selected by

RepeatMasker (Supplemental Table 17). This result suggests

that the high occurrence of repeats in a particular region may

have led to gaps in the WM82 assembly (Supplemental

Figure 12). These genes found in Jack that correspond to

WM82 gap regions are considered newly uncovered due to the

enhanced resolution of this cv. Jack genome.

Annotation of the soybean cv. Jack genome for transposable ele-

ments (TEs) and other repetitive sequences identified 266 033 TEs

constituting 360 889 913 bp in total (Supplemental Table 19). Long

terminal repeat/Gypsy retrotransposons were found to be

enriched around centromeric regions (Supplemental Figure 1).

Moreover, we found two rRNA gene-enriched regions, located in

chr13 and chr19 (Supplemental Figure 13A). The 18S, 5.8S, and

28S rRNA genes are located in chr13 and display a high level

of gene transcription (Supplemental Figure 13B). Similarly,

sequence analysis between the 18S and 28S rRNA genes

detected many promoter elements, including TATA and CAAT

boxes, in this area (Supplemental Figures 13C and 14). The 5S

rRNA genes were found in high abundance at �15.6 Mbp in

chr19 (Supplemental Figure 13D).

There are 63 703 genes annotated in our complete soybean cv.

Jack genome. In comparison to the publishedWm82.a4.v1 anno-

tation, 16 914 were considered to be newly annotated Jack

genes because they had no homolog in the WM82 annotation

(Figure 1E). Some of these genes reflect unique differences

between these two cultivars. For example, we found 285 genes

located only in the Jack genome during our presence/absence

variant analysis (Supplemental Table 20). By using Gene

Ontology (GO) resources, the newly annotated genes are

predicted to consist of 5412 (32%) protein-coding genes,

whereas the remaining 11 502 (68%) genes are of unknown func-

tion. Those genes with known GO annotations can be grouped

into a few functional categories (Figure 1F), including reverse

transcriptases and cytochrome P450s.

To make a pairwise comparison regarding the number of differen-

tial genes in our soybean cv. Jack genome, we reannotated the

currently available WM82 assembly (Wm82.a4.v1) using the

same annotation process for our cv. Jack genome. In so doing,

13 667 newly annotated Jack genes were found to have homologs

in the reannotatedWM82 genome, with 3247 genes in Jack having

no WM82 homolog (Figure 1E). Noteworthy is this complete cv.

Jack genome uncovered 337 genes that were previously

unresolved in highly repetitive areas, including centromeric,

telomeric, and gap regions in WM82 (Supplemental Tables 12,

16, and 18). In comparison to the recent T2T assembly WM82-

NJAU, reannotated with the same process, we found that 2710

genes in Jack still had no homolog in WM82-NJAU.

In summary, we assembled a gap-free T2T soybean genome

and provided details of the heterochromatic regions of all 20

chromosomes. The availability of this complete genome of a

transformation-favored cultivar allowed us to uncover 337
nications 5, 100765, February 12 2024 ª 2023 The Author(s). 3
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genes that were previously unresolved, and will be a valuable

resource to investigate current and emerging agricultural issues.
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