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Dear Editor,

Soybean (Glycine max [L.] Merr.) provides more than half of
the oilseeds and more than a quarter of protein worldwide. It
is estimated that the production of soybean has to be doubled
by 2050 to meet the needs of the rapidly increasing con-
sumption of soybean seeds along with a continuously in-
creasing population (Ray et al., 2013). As such, development
of a genotyping platform with high throughput, high effi-
ciency and high precision but low-cost is urgently needed to
accelerate soybean functional study and molecular design
breeding.
SNP array is a robust high-throughput genotyping tech-

nology that is less expensive than next-generation sequen-
cing and genotyping by sequencing. To date, SNP arrays
have been widely used in various studies, including those
involving population structure investigations, genetic dis-
section, and molecular breeding (Rasheed et al., 2017).
However, routine chip SNP arrays have a substantial defi-
ciency: once the designed SNP probes are fixed in the chip
array, the targeting SNPs are determined and cannot be ad-
justed. Liquid chip technology, referred to as genotyping by
target sequencing (GBTS), has shown promise for organiz-

ing and updating SNPmarkers in a timely manner; moreover,
the cost of this technology is much lower than that of routine
chip SNP arrays (Xu et al., 2020).
To develop a GBTS liquid chip for soybean, polymorph-

isms from the pan-genome of 27 soybean accessions and
whole-genome resequencing data of 2,898 accessions (Liu et
al., 2020b) were used to select the genetic background, and
polymorphisms from the regions conferring agronomic traits
(Zhang et al., 2022) were used to select the genetic fore-
ground. After a selection pipeline (Figure 1A; Figure S1 in
Supporting Information) and two rounds of genotyping
quality evaluation with 562 soybean accessions, poly-
morphisms from 40,334 regions were ultimately selected as
targets. Of these 40,334 regions, 40,019 contained SNPs
only, and 315 contained insertions-deletions (INDELs). Each
region of this array contained 1 to 7 detectable polymorph-
isms. The GBTS liquid chip was named GenoBaits Soy40K
array.
Of the GenoBaits Soy40K array, more variations occurred

on the chromosome arms than within the centromere (Figure
1B). The average interval length between adjacent regions
was 24.7 kb, with 44.4% primarily distributed from 10 to
20 kb, and 7.2% had an interval larger than 50 kb (Figure
1C). The Pearson correlation coefficient (R) between poly-
morphism number and chromosome length was 0.81 (P
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Figure 1 Character of GenoBaits Soy40K array and its application scenario. A, Design pipeline of the soybean GenoBaits Soy40K array. B, SNP marker
density within 500-kb windows throughout the whole genome. C, Number of variations in different gap-size sections between adjacent markers. D, SNP
locations within the genome. E, Distribution of average π values calculated by 200 random selections and the normal distribution estimation (histogram and
red line). The average π is calculated by the GenoBaits Soy40K array (Array) and previous resequencing work (Reseq), respectively, and are labeled on the
graph. F, FST correlations between values by the GenoBaits Soy40K arrays (Array) and previous resequencing work (Reseq). G, ML tree comprising 2,078
soybean accessions. The colored lines represent groups of cultivar, landrace and G. soja; the colored blocks represent geographic regions, such as North
America, Japan, Korea and the I–VI ecoregions of soybean in China. H, GWAS results of leaflet width (top) and plant height (bottom); the Manhattan plots in
the small frames represent GWAS results from previous resequencing work for the same sample set; Chr20:40047841 and Chr19:46582743 are reported
functional SNPs related to trait. I, Full bloom date of haplotypes formed by the genotypes of 5 flowering-related genes. Haplotypes formed with different
number of inhibiting (Inh, red) and promoting (Pro, green) loci are colored white, blue, yellow, pink and red. The number below the haplotype shows the
number of samples with phenotype/genotype data. Multiple comparisons were performed by the SNK test, with a significance level equal to 0.05. J,
Relationship between NumInb−NumPro and full bloom date.
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value=1.46×10−5). Of the polymorphisms, 58.7% were lo-
cated in the genic region, 12.2% were in the 3 kb region
upstream from the start codon, and 29.1% were in the in-
tergenic region (Figure 1D). According to the annotation of
the ZH13 reference genome (version 2) (Shen et al., 2019),
the target polymorphisms covered 39.9% (22,164) of the
protein-coding genes. Of the polymorphisms located in
exonic regions, 56.9% were synonymous variations, and
43.1% were missense variations (Figure 1D).
To evaluate the application of the GenoBaits Soy40K ar-

ray in genetic diversity analysis, we genotyped 2,078 soy-
bean accessions (2,012 G. max and 66 G. soja) collected
from major countries and regions in which soybean is cul-
tivated. The genotyping results showed that 97.9% of the
samples had a calling rate greater than 95%, implying a
good performance of this array in genotyping. Subsequently,
we compared the genetic diversity features derived from the
GenoBaits Soy40K array with those of our previous 2,898
resequencing dataset. Of these two datasets, 1,940 acces-
sions overlapped. First, we compared the nucleotide di-
versity (π) of these 1,940 accessions using genotyping data
from the two datasets. We observed that the π value dis-
tribution of randomly picked windows from GenoBaits
Soy40K array showed normal distribution pattern as expect
(Figure 1E). Consistently, similar mean π values were ob-
served (1.397×10−5 for the GenoBaits Soy40K array and
1.399×10−5 for the resequencing data) (Figure 1E), sug-
gesting a good genetic diversity representativeness of the
GenoBaits Soy40K array. In addition, FST values between G.
soja and G. max from these two datasets showed a high
correlation (R2=0.914) (Figure 1F). Pericentromeric regions
have higher linkage disequilibrium (LD) values than chro-
mosome arms (Zhou et al., 2015). Because more poly-
morphisms were selected from the chromosome arm than
from the pericentromeric regions, the LD at the whole-
genome level from the GenoBaits Soy40K array was higher
than that from the resequencing dataset (Figure S2A in
Supporting Information). However, when the LD from the
chromosome arms was compared, the gap between the array
and resequencing datasets was reduced (Figure S2B in
Supporting Information).
We also assessed the performance of the GenoBaits

Soy40K array in population structure analyses. We found
that G. soja and G. max could be clearly classified into two
monophyletic groups, and the cultivated accessions ex-
hibited significant geographic specificity (Figure 1G). PCA
showed that the top 5 principal components (PCs) explained
approximately 60% of the genetic variation, and the genetic
diversity of G. soja had a higher value than that of landraces
and cultivated soybean (Figure S3 in Supporting Informa-
tion). These results are consistent with the findings of pre-
vious reports (Liu et al., 2020b; Zhou et al., 2015). To assess
the performance of the GenoBaits Soy40K array in terms of

its ability to mine genetic loci using genome wide association
study (GWAS), we performed GWAS for 26 traits using the
genotypic data from the GenoBaits Soy40K array and phe-
notypic data from a previous study, then we compared the
results from the GenoBaits Soy40K array with those of
previous report (Fang et al., 2017). We found that the GWAS
from the GenoBaits Soy40K array showed a high con-
sistence with that from resequencing, particular for the major
effective loci. Moreover, some of the polymorphisms with
the most genetic variation were located in the sequences of
functional genes. For example, the GWAS of leaflet width
revealed a significant signal past the threshold (P=1×10−6)
surrounding gene Ln (SoyZH13_20G103500) on chromo-
some 20; and GWAS of plant height detected a significant
signal surrounding geneDt1 (SoyZH13_19G179500) (Figure
1H). The variation Chr20:40047841 with the lowest
P=1.98×10−46 and Chr19:46582743 with the lowest
P=1.36×10−19 are the causal allelic variations that control
leaflet shape and plant height (Fang et al., 2017).
Molecular breeding aims to disrupt linkage drag and to

pyramid desirable genetic alleles affording important traits
into a single variety. In the GenoBaits Soy40K array, we
preloaded variations of 49 reported functional genes that
govern important agronomic traits (Figure S4 in Supporting
Information). To explore the GenoBaits Soy40K array in
function-aware haplotype map-assisted breeding, we tested
the allele combination of flowering time related genes. In this
study, we preloaded the functional alleles of 12 flowering-
related genes in the GenoBaits Soy40K array. In the studied
population, 128 homozygous haplotypes of all these flow-
ering genes were generated based on genotyping from the
GenoBaits Soy40K array. Of the total homozygous haplo-
types, 12 haplotypes from 5 genes were determined to be
major haplotypes in the studied population, as they were
present in more than 20 individuals. According to the func-
tional characterization of these genes in controlling flower-
ing in soybean, we coded the different alleles of the five
genes into promoting allele (Pro) or inhibiting (Inh) allele.
Together with previously flowering phenotyping records
(Fang et al., 2017), we investigated the relationship between
the difference in inhibiting/promoting allele number
(NumInb−NumPro) and date of full blooming of samples with
major haplotypes (Figure 1I). We found that the date of full
blooming was linearly related to NumInb−NumPro
(R2=0.844): the lines with low NumInb−NumPro flowered
earlier; in contrast, those with a greater NumInb−NumPro
flowered later (Figure 1J). These results indicated that the
flowering-related loci had a roughly additive effect. There-
fore, a combination of inhibiting/promoting alleles from
different genes leads to a relatively continuous flowering
time of varieties, such that full bloom date lasts from 43.2
days (H1) to 69.0 days (H12).
In summary, we developed a soybean SNP array, the
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GenoBaits Soy40K, based on our previous genotyping of a
large number of representative soybean accessions by deep
resequencing. By testing with 2,078 soybean accessions, we
suggested that the GenoBaits Soy40K array had a good
performance in genotyping, population structure analysis,
GWASs and molecular breeding. The GenoBaits Soy40K
array has more advantages than other genotyping approaches
in low-cost and flexibility. Moreover, along with the devel-
opment of high-throughput resequencing technology, the
price will continuously decrease accordingly. Although
substantial progress has been achieved in soybean functional
genomics, far more genes controlling important traits need to
be identified (Liu et al., 2020a; Liu and Tian, 2020; Zhang et
al., 2022). As the knowledge produced by the efforts of the
whole soybean research society increases, the SNP array will
be conveniently improved with the adding or deleting target
polymorphisms, which will better serve soybean functional
studies and molecular breeding.
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