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Abstract The development of a high-throughput
genotyping platform with high quality, flexibility, and
affordable genotyping cost is critical for marker-assisted
breeding. In this study, a genotyping by target sequenc-
ing (GBTS) platform was developed in maize, which
can be realized for a small number of markers (several to

5 K) throughmultiplex PCR (GenoPlexs) and for a large
number of markers (1 to 45 K) through in-solution
capture. The later was used for development of four
SNP marker panels (GenoBaits Maize) containing
20K, 10K, 5 K, and 1 Kmarkers. Two genotype panels,
one consisting 96 representative worldwide maize in-
bred lines and the other containing 387 breeding lines
developed in our maize breeding programs, were used to
test and validate the developed marker panels. First, a
20 K SNP panel, with markers evenly distributed across
maize genome, was developed from a 55 K SNP array
with improved genome coverage. From this single
marker panel, 20 K, 10 K, 5 K, and 1 K SNP markers
can be generated by sequencing the samples at the
average sequencing depths of 50×, 20×, 7.5×, and
2.5×, respectively. Highly consistent marker genotypes
were obtained between the four marker panels and the
55 K array (over 95%) and between two biological
replications (over 98%). Also, highly consistent phylo-
genetic relationships were generated by using four
marker panels and two genotype panels, providing
strong evidence for the reliability of SNP markers and
GBTS genotyping platform. Cost-benefit analysis indi-
cated that the genotypic selection cost based on the
GBTS in maize was lower than phenotypic selection,
allowing GBTS an affordable genotyping platform for
marker-assisted breeding. Integration of this affordable
genotyping platform with other breeding platforms and
open-source breeding network would greatly facilitate
the molecular breeding activities in small- and medium-
size companies and developing countries. The four
marker panels could be used for many fields of marker
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application, including germplasm evaluation, genetic
mapping, marker-assisted selection (including genomic
selection), and plant variety protection.

Keywords Maize . Single nucleotide
polymorphism(SNP) . Genotyping by target
sequencing(GBTS) .Molecular breeding .Marker-
assisted selection

Introduction

Conventional plant breeding has been largely based on
phenotypic selection rather than genotypic selection.
There is a certain relationship between individual plant
phenotype and genotype, but the phenotype of a plant
cannot be predicted accurately by its genotype. Factors
such as environmental conditions, gene interaction, and
genotype by environment interaction affect the response
to phenotypic selection. With the development of mo-
lecular biology, a series of powerful tools has been
invented for plant breeding, one of which is marker-
assisted selection (MAS). Compared to phenotypic se-
lection, MAS has the following advantages (Tanksley
et al. 1989; Xu and Crouch 2008): (1) MAS can shorten
breeding cycles, improve breeding efficiency, and save a
lot of labor and resources, and thus increase the total
genetic gain per year (Xu et al. 2017a); (2) molecular
markers can be detected at all stages of crop growth,
greatly facilitating selection; (3) MAS does not depend
on specific environments or developmental stages that
influence the expression of the target genes (for exam-
ple, disease or pest resistance can be only identified
phenotypically in specific environments or conditions);
(4) MAS is cost-effective as some traits (such as quality)
are very expensive to phenotype; and (5) MAS allows
selection in off-season nurseries, making it possible to
grow more crops per year and thus shorten the breeding
cycle time. Because of these advantages, MAS can be
used in evaluation of germplasm resources, gene trans-
fer by backcrossing, pyramiding genes, and selection in
early generations (Collard and Mackill 2008). Among
all the types of molecular markers, SNPs have more
advantages due to their whole genome coverage and
high-throughput and automatic genotyping, becoming
the first choice in MAS.

However, a major constraint to the implementation of
MAS in breeding practice has been its perceived high
relative cost (Kuchel et al. 2005; Xu and Crouch 2008).

The high-genotyping cost is the main reason for the
application of molecular marker technology to become
the Bpatent^ of a few multinational seed companies.
These companies have gained technical and market
advantages through the construction of comprehensive
technical platform, large-scale application, equipment,
reagents, and materials needed to obtain genotyping
technology at lower cost (Bernardo 2008). Molecular
marker technology and its breeding application have
become the main weapon of multinational companies
leading the world after genetically modified organism
(GMO) (Prasanna et al. 2010). The wide application of
molecular marker technology in small- and medium-
sized seed companies and developing countries (except
for molecular breeding studies supported by national
grants) is largely dependent on low-cost marker tech-
niques, molecular breeding networks (systems), and
molecular markers with important functions.

Although chip-based genotyping platform is widely
used in genetics, its application in crop breeding is limited
because of low customization efficiency, higher cost, ex-
pensive equipment, and less flexibility (Rasheed et al.
2017). The development of ultra-high-throughput, cost-
effective genotyping platforms for practical breeding are
becoming increasingly important. Next-generation se-
quencing (NGS) technologies have been used for genotyp-
ing through whole genome resequencing (Huang et al.
2010) and reduced-representation sequencing (Davey
et al. 2011). In the latter case, genomic regions are selected
from DNA samples before sequencing by restriction en-
zymes (Baird et al. 2008; Elshire et al. 2011) or targeted
capture strategies (Davey et al. 2011; Mamanova et al.
2010). The restriction-enzyme-based strategies could pro-
duce unbiased, randomly-distributed, genome-wide
markers. However, to simplify the genotyping pipeline,
routinize bioinformatics procedure, and generate compara-
ble marker data across laboratories, targeted-enrichment
methods are a better option. High-throughput and low-
cost sequencing will result in a full genome capture of
genetic variation that will facilitate marker development
(Xu et al. 2017a). Genotyping by target sequencing
(GBTS), as one of the targeted sequence-capture strategies,
has the characteristics of customized flexibility, high flux,
low target sequencing cost, and accurate sequencing re-
sults. GBTS is mainly divided into multiplex PCR-based
target sequencing and probe-in-solution-based target se-
quencing. Now, it includes three representative technolo-
gies, AmpliSeq (Li et al. 2017), NimbleGen (Krasileva
et al. 2017), and SureSelect (Jiang et al. 2014). Both
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NimbleGen and SureSelect are probe-in-solution-based
target enrichment. The probes in SureSelect are RNAwith
the length between 114 and 126 bp, while the probes in
NimbleGen are DNA with the length between 55 and
105 bp. Both technologies could be used for whole exon
capture. AmpliSeq, developed by Thermo Fisher, is mul-
tiplex PCR-based target enrichment, which is easier to use
with lower cost but a smaller capture-region than the
probe-in-solution-based. The targeted sequence technolo-
gy has been widely used in medical applications (Yang
et al. 2013), but rarely been reported in agriculture species.

Using GBTS, we developed in this report a series of
high-quality SNP marker panels, including 20 K, 10 K,
5 K, and 1 K loci, from the previous 55 K SNP array with
improved genome coverage and suitable for application in
both temperate and tropical maize germplasms (Xu et al.
2017b). By in-solution capture, we evaluated these marker
panels for their cost, efficiency, biological and sample
replicabilities, and applications using 96 representative
maize inbred lines and 387 maize breeding lines.

Materials and methods

Plant materials and DNA extraction

To evaluate the developed marker panels, two maize
genotype panels were used. The first panel (96-
genotype panel) contains 96 diverse maize inbred lines
representing temperate (69) and tropical/subtropical
(27) germplasms from China, USA, and CIMMYT.
Several core inbred lines, B73, Mo17, Zi330,
Huangzao4, Q319, and Ye478, were selected to repre-
sent the major heterotic groups identified in maize
breeding programs (Liu et al. 2003; Lu et al. 2009; Wu
et al. 2014; Xu et al. b). Tropical or subtropical materials
were selected from diverse tropical populations or pools.
For example, CML114, CML115, and CML116 are
from Pop45; CML84 are from Pool32, and CML99
are from Pop42. The second genotype panel (387-
genotype panel) contained 387 breeding materials from
our ongoing breeding programs at Chinese Academy of
Agricultural Sciences (CAAS). Some Chinese core in-
bred lines were also included as controls. Detailed in-
formation about the two genotype panels is provided in
Supplementary Tables 1 and 2.

Eight seeds from each inbred line were seeded in one
pot, and five leaves were sampled and mixed from
different plants at three-leaf stage. The genomic DNA

was extracted by cetyltrimethylammonium bromide
(CTAB) method (Saghai-Maroof et al. 1984), and the
quality and concentration of DNA were examined by
agarose gel electrophoresis and NanoDrop. To evaluate
biological replicability, four inbred lines, Ye478, Qi319,
CML428, and DTMA241, were selected from the 96-
genotype panel as biological replications for genotyping
twice using the same DNA sample.

Selection of SNP loci for development of marker panels

A total of 24,495 SNP loci were first selected from the
previous 55 K array, by the way to select 1 K core set
(Xu et al. 2017b).

We then designed a set of the probes each with 120 nt
long to cover marker regions. The specificity of all
probes from each marker region on the reference ge-
nome was assessed. At the end, each marker locus was
captured by 3~4 cross-covered probes. The probe set
was synthesized by semiconductor based in-situ-
synthesis process. According to the results of 96-
genotype panel, the 24,495 SNP loci were ranked by
the average missing rate per locus and the average
sequencing depth. The last 3495 loci were removed,
leaving 21,000 loci. Finally, according to uniform dis-
tribution, 20K loci were selected as the 20K SNP panel.

From the 20 K SNP marker panel, we devel-
oped a series of marker panels including 10 K,
5 K, and 1 K SNP markers by the following the
same steps above. We randomly selected 200 sam-
ples from the 483 tested genotype samples, which
were used to select 10 K, 5 K, and 1 K SNP
markers according to their sequencing depths and
distributions on maize chromosomes. The higher
sequencing depths can be captured at a marker
locus, the less overall sequencing depths will be
required in future genotyping and thus the lower
minimum genotyping cost will be required to have
the marker missing scores controlled under the
threshold. That means, the same set of 20 K mark-
er probes can be used to generate 10 K, 5 K, and
1 K SNP markers, by sequencing at different
depths. Generating more markers will need higher
sequencing depths.

DNA library construction and probe hybridization

We followed Samorodnitsky et al. (2015), Mamanova
e t a l . (2010) , and Jianan Zhang (personal
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communication) for DNA library construction and
probe hybridization.

DNA library was constructed from each plant sample
mainly by the following four steps:

1. DNA fragmentation: which was processed by
Ultrasonic;

2. End Repair and adding A-tail: use End Repair re-
agent to repair the end of fragmented DNA and add
A tail;

3. Adapter ligation: Y-type adapter was ligated with
fragmented DNA by T4 ligase;

4. Library amplification: ligated DNA was amplified
by barcode primers and a high-fidelity DNA poly-
merase. Samples were distinguished by labeling
with different barcode primers.

Probe hybridization included the following six steps:

1. Library mixture: DNA libraries, maize special
blocker, and universal adapter blocker were mixed
in a tube, which was vacuumed into dry powder;

2. Library hybridization: probes and hybridization
buffer were put in the tube, and placed on PCR at
65° to hybrid 16 h;

3 . Targe t capture : Dynabeads® MyOne™
Streptavidin C1 and binding buffer were put in
hybrid product to selectively pick up the target
fragments but remove the non-target ones;

4. Library amplification: the selected fragments were
amplified by library amplification primer and a
high-fidelity DNA polymerase;

5. Product purification: two rounds of purification
were performed using Beckman AMPure Beads;

6. Library quality check: qubit and qPCRwere used to
quantify the library concentration and sequencing
was done with illumina HiSeq X.

In silico analysis of sequence data

Sequence data generated by probe-in-solution target
sequencing are subjected to in silico analysis as follows:
the sequencing data were first checked for quality con-
trol; two-terminal reads were merged using FLASH, and
sequencing data were then compared with the reference
B73 genome using BBMap. The alignment results were
saved in SAM/BAM (binary alignment map) format. To
compare the repetitive sequences generated by PCR, the

alignment results were processed using Picard software,
and the final results were saved as BAM files for further
analyses. Finally, SNP variants were detected by
FreeBayes.

Marker data analysis

The frequency of heterozygotes reflects the proportion
of heterozygous loci detected in each maize line. The
polymorphic information content (PIC), described by
Botstein et al. (1980), was used to refer to the relative
value of each marker with respect to the amount of
polymorphism exhibited. PIC is estimated as:

PIC ¼ 1− ∑
n

i¼1
P2
i

� �
− ∑

n−1

i¼1
∑
n

j¼iþ1
2P2

i P
2
j

where Pi and Pj are the population frequencies of the ith
and the jth allele. Gene diversity (GD) is relevant to the
sum of squares of allele frequencies and estimated as:

D ¼ 1− ∑
n

i¼1
P2
i

where Pi is frequencies of the ith allele. Distribution of
markers on chromosomes was mapped using BCMplot^
package in R language.

Neighbor-joining (NJ) trees (Saitou and Nei 1987)
were constructed by software TASSEL 5.2.23, and het-
erotic groups were identified according to the phyloge-
netic tree. The genetic distance between heterotic groups
was estimated based on the average pairwise nucleotide
diversity of all lines within each group.

Cost-benefit analysis

The costs associated with the use of conventional phe-
notypic selection and genotypic selection with different
marker panels were estimated by following Dreher et al.
(2003). The genotypic selection cost for different mark-
er panels includes DNA extraction, construction of li-
brary, probe hybridization, sequencing, bioinformatics
analysis, depreciation, and field and laboratory labors.
The phenotypic selection cost includes land rent,
chemicals, fuel, tractor plowing, travel costs, field man-
agement, supplies, irrigation, and labor. Three experi-
mental stations in China, Shunyi (Beijing), Xinxiang
(Henan), and Sanya (Hainan), where phenotyping was
performed, were taken as field trial examples to calcu-
late the cost for phenotypic selection.
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Results

High-quality genotyping achieved

Firstly, we compared the genotyping results of the 96
representative germplasms among different SNP marker
panels and the previous 55 K SNP array. For the 20 k
marker panel, the average consistency with the 55 K SNP
array was 95.31%, ranging from 93.11 to 98.91%, com-
pared to 97.35% (95.78–99.10%), 97.82 (96.08–98.97%),
and 99.03% (97.34–99.87%) for 10 K, 5 K, and 1 K
panels, respectively, indicating that the current genotyping
platform is highly reliable and the consistency increased
with the SNP panels captured by higher sequence depths
and containing less markers. A high level of concordant
genotype calls (97.96 to 98.44%) was observed between
two biological replications for each of the four tested
inbred lines. For the 20 K marker panel, the average
heterozygosity is 0.56% (0.01–2.56%), compared to
0.49% (0.06–2.34%), 0.44% (0.04–2.11%), and 0.36%
(0–1.94%) for 10 K, 5 K, and 1 K panels, respectively.
The proportion of the markers with MAF (minor allele
frequency) less than 0.1 was 6.30% for the 20 K marker
panel (Supplementary Fig. 1), compared to 4.27%,
3.85%, and 4.94% for 10 K, 5 K, and 1 K panels,
respectively. The proportion of the markers with MAF
less than 0.05 is 1.5% for the 20 K marker panel, com-
pared to 0.30%, 0.29%, and 0.41% for 10 K, 5 K, and 1 K
panels, respectively. The results indicate that our marker
panels produced much lower missing and heterozygous
rates than the 55 K array, which had 1.83% and 0.70%
missing and heterozygous rates when different experi-
mental batches were combined. On the other hand, our
marker panels generated much higher MAFs.

For different marker panels, the missing rate was cal-
culated for different data/sequence quantities (Fig. 1). In
general, as the sequencing quantity increased, the missing
rate gradually decreased. For the same data quantities, the
missing rate decreased with the decrease of marker num-
bers included in the marker panels. Considering 20 K
SNPs, each requiring a 300 bp read to capture the marker
region, and the desirable sequencing depths of 100×, the
sequence quantity required is 600 Mb (20 K × 300 bp ×
100). To control the missing rate below 2.0%, 1000 M bp
must be sequenced for the 20 K marker panel, compared
to 300 M, 200 M, and 100 M bp for 10 K, 5 K, and 1 K
panels, respectively (Fig. 1).When the number of markers
was reduced by half in the marker panels, sequencing data
could be reduced to as low as 30–40%.

Chromosomal distribution of SNP markers and their
polymorphic information

The distribution of markers on chromosomes wasmapped
on themaize genomeB73RefGen_v2. Each chromosome
was divided into windows with 1 Mb, and then the
number of SNP was counted in each window. For each
marker panel, SNP markers almost covered the whole
genome, while they were relatively abundant near
telomeric regions and relatively sparse around centro-
meres (Fig. 2). This is consistent with the distribution of
genes on chromosomes. The numbers of informative
SNPs across 10 chromosomes ranged from 1396 (chro-
mosome 10) to 3249 (chromosome 1) for the 20Kmarker
panels, compared to 694 to 1559, 347 to 774, and 64 to
149 for 10 K, 5 K, and 1 K marker panels, respectively.

We calculated PIC for each marker and marker
panels. The average of PIC was 0.298 (0.000–0.499),
0.303 (0.000–0.473), 0.303 (0.000–0.473), and 0.303
(0.000–0.422) for 20 K, 10 K, 5 K, and 1 K marker
panels, respectively (Supplementary Fig. 2). No signif-
icant difference in PIC was found among chromosomes
(0.274–0.304) or between the germplasms from tropics
(0.278) and temperate (0.293), which are comparable to
those revealed by our previous 55 K SNP array with an
averaged PIC of 0.281. For the 20 K marker panel,
57.5% of the markers had PIC values greater than
0.300 while only 0.84% of the markers had PIC values
less than 0.050. Average gene diversity among inbred
lines were 0.375 (0.021–0.500) for the 20 K marker
panel, compared to 0.380 (0.000–0.500), 0.381
(0.000–0.500), and 0.380 (0.000–0.500) for 10 K, 5 K,
and 1 K marker panels, respectively (Supplementary
Fig. 3). The results indicate that these marker panels
can be used in genetics and breeding studies with di-
verse maize germplasms. For example, when the 20 K
marker panel is used for gene mapping with biparental
populations, the number of polymorphic markers will be
36.16% on the average, ranging from 2.1 to 50.0%,
which could provide a relatively fine mapping result.
The 10 K and 5 K marker panels, which had averaged
polymorphicmarkers of 38.0% and 38.1%, respectively,
can be used for preliminary mapping.

Phylogenetic relationship and heterotic groups revealed
by different marker panels

Neighbor-joining trees were constructed with the 96-
genotype panel and different marker panels. Almost an
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identical phylogenetic relationship was identified by the
four marker panels with eight heterotic groups revealed,
that is, Reid, SPT, LRC, Lancaster, PA, PB, Iodent, and
Tropical (Fig. 3). The phylogenetic tree and heterotic
groups are consistent with those established based on
the pedigree information and breeders’ experience on
inbreds’ combining ability. As the 1 K marker panel
provided almost identical results to other marker panels
with much more markers, it can be used as the best
marker panel for construction of phylogenetic trees
and heterotic groups to minimize the genotyping cost
as we will discuss later (Fig. 3).

The genetic diversity as an important index in eval-
uatingmarker performance was examined using average
nucleotide difference for different maize groups identi-
fied by marker panels (Supplementary Table 3). For the
20 K marker panel, the average genetic diversity ranged
from 0.346 (between PA and PB) to 0.408 (between
Reid and SPT). The genetic diversity between Lancaster

and Reid is also very high (0.405), which matches up
with the typical heterotic pattern with two most widely
used germplasm groups in breeding and production in
the USA. Compared with the 20 K marker panel, other
marker panels containing less markers detected higher
levels of genetic diversity, and the overall nucleotide
diversities across 96 representative inbred lines for 20K,
10 K, 5 K, and 1 K marker panels are 0.362, 0.382,
0.383, and 0.387, respectively (Supplementary Fig. 4).
As reveal by the pairwise nucleotide diversity within
group, the tropical germplasm had the highest level of
genetic diversity (Supplementary Table 3), which is in
line with the fact that tropical maize hosts a higher level
of genetic diversity.

The marker panels validated using breeding materials

The marker panels were validated for their values using
the 387-genotype panel containing breeding materials.

Fig. 1 Data missing rates for different sequencing depths and four marker panels using the 200 selected maize inbred lines. The x axis
represents the amount of data quantities, and the y axis is the missing rate
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The missing rate per sample ranged from 0 to 10.0%,
with an average of 3.2%, which is not significantly
different from what was revealed by the 96-genotype
panel (1.6%). The average heterozygosity is 4.3% (0.1–
43.2%), higher than that of the 96-genotype panel
(0.6%), indicating a much higher level of remaining
heterozygosity in the breeding materials. Clustering
analysis using different marker panels showed that the
composition of the breeding materials was more com-
plex and could be classified into more diverse groups
(Supplementary Fig. 5). Firstly, the 96 inbred lines,
when clustered along with 387 maize lines, were also
clearly classified into eight separate groups, which is
corresponding to the groups identified by the 96-
genotype panel alone. Secondly, some breeding mate-
rials were also fit into these eight groups. For example,
WH119, WH120, WH121, WH122, and WH123 were
classified into the same tropical group with different
marker panels, which is consistent with the fact that
these germplasm accessions were bred with tropical
lines as parents. WH016, WH099, and WH310, as
inbred lines bred from B73, were all classified into Reid
group, while WH217, WH224, and WH380, as inbred

lines bred from a widely used inbred Huangzao 4, were
all classified into SPT group, by different marker panels
(Supplementary Fig.5). Therefore, the marker panels
have been validated successfully with the 387-
genoptype panel containing diverse breeding materials.

Cost advantages of MAS over phenotypic selection

The objectives of MAS are not only to improve selec-
tion efficiency, but also to reduce selection cost. The
cost associated with MAS discussed in this study in-
cludes four major components, that is, DNA library
construction, probe hybridization, sequencing, and bio-
informatic analysis (Table 1). For different marker
panels, the cost involved in the first two steps was
almost the same ($6.61 and $3.00 per sample, respec-
tively) and the cost for bioinformatics analysis can be
largely ignored once the server and hard facilities have
been set up, but we considered a depreciation cost
($0.40 per sample) (Table 1). So, the cost difference
among the marker panels is largely determined by se-
quencing, the generation of sequence data. High-
throughput facilities available have significantly

Fig. 2 Distribution of SNP markers on 10 maize chromosomes for four marker panels. The marker density is indicated by different bar
colors, and each bar represents 1-Mb window size
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reduced the cost in DNA extraction. The costs per
sample for the four marker panels currently involved
in sequencing are $15.01, $6.01, $2.25, and $0.75,
respectively (Table 1). The total costs per sample for
the four marker panels ranged from $12.76 to $27.02
(Table 1).

The cost of phenotypic evaluation is location-depen-
dent, largely due to the differences in land rent, labor,
and traveling (Supplementary Table 4). Taking our Fu-
sarium verticillioides ear rot resistance screening as an
example, 509 maize inbreds were screened in the field,
each in a two-row plot with two replications. Field
testing costs in Shunyi, Xinxiang, and Sanya are
$6.29, $6.03, and $10.22 per row, respectively
(Supplementary Table 4), and total costs for phenotypic
evaluation in the three locations are $25.18, $24.11, and
$40.89 per inbred line (four rows), respectively

Fig. 3 Phylogenetic trees constructed for the 96 representative maize inbred lines (96-genotype panel) using four marker panels. The
phylogenetic relationship reveals the heterotic groups existing in Chinese maize breeding programs

Table 1 The genotyping cost (US$ per sample) for the marker
panels developed in this study

Procedure 20 K 10 K 5 K 1 K

DNA extraction 0.50 0.50 0.50 0.50

Construction of library 6.61 6.61 6.61 6.61

Probe hybridization 3.00 3.00 3.00 3.00

Sequencing 15.01 6.01 2.25 0.75

Bioinformatics analysis 0.75 0.75 0.75 0.75

Labor 0.75 0.75 0.75 0.75

Depreciation cost* 0.40 0.40 0.40 0.40

Total 27.02 18.02 14.26 12.76

*Depreciation associated with all the facilities and equipment
involved in all the procedures. The cost of synthesis of probes
(about $0.42 per sample) is included in probe hybridization
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(Supplementary Table 5). On the average, using the
10 K marker panel to replace the phenotypic evaluation
in the three locations can reduce the cost by 28.43%,
25.25%, and 55.93%, respectively (Supplementary
Table 5). By integrating the 1 K marker panel with
functional markers such as for resistance to Fusarium
verticillioides ear rot, or using multiplexing PCR
(GenoPlexs) containing less markers, will significantly
reduce the genotypic selection cost further. Although
GBTS can be used at any breeding stage, selection in
early stages/generations can save more, compared to
multicycle phenotypic selection that is often required
in breeding programs.

Discussion

With the availability of high-throughput molecular
markers, several genotyping platforms, including GBS
(Huang et al. 2014), marker chips or arrays (Fan et al.
2003; Ganal et al. 2011; Hyten et al. 2008; Unterseer
et al. 2014; Yan et al. 2010) and KASP (Semagn et al.
2013), have been developed to meet requirements of
different applications. Although these platforms have
been playing a significant role in genetic mapping and
gene discovery, with the time and cost saved for
genotyping large populations, their applications in crop
improvement are very limited (Rasheed et al. 2017).
This is largely attributed to the cost that goes beyond
breeders’ affordability. On the other hand, one genotyp-
ing platform does not always satisfy the needs of differ-
ent applications. For example, map-based cloning re-
quires low-density and widespread markers at the be-
ginning but high-density and regional markers by the
end. To meet the different requirements, each laboratory
or breeding company usually needs two or more
genotyping platforms, which is cost-ineffective. There-
fore, a flexible genotyping platform that can handle
various marker numbers is desired. In this research, we
developed a series of marker panels with different mark-
er numbers in maize using GBTS technique (Fig. 2) and
validated for their efficiency. Our cost-benefit analysis
indicated that the GBTS platform is not only suitable for
different applications but also affordable to breeders,
particularly in small- and medium-sized companies
and developing countries (Table 1; Supplementary
Tables 4 and 5). Compared with other gene capture
technologies, GBTS has several advantages. Firstly, it
is suitable for genotyping of many types of molecular

markers, including SNPs, SSRs, and InDels, for a wide
range of marker numbers (50 to 45,000) through either
multiplex-PCR or in-solution capture. Secondly, it can
be optimized for specific species. For example, species-
specific enhancer and universal adapter blocker can be
used to achieve improved capture. Thirdly, it is upgrad-
able so that newly discovered important or functional
loci can be incorporated into an existing marker panel
without resynthesizing. Fourthly, it contains fixed
markers targeting genomic regions, and is easy in data
scoring, cross-lab comparison, accumulation, and man-
agement, compared to GBS that randomly captures
genomic sequences and needs a huge amount of work
in marker data imputation and treatment. Fifthly, it is
suitable for polyploid species genotyping, heterozygote
identification, and seed purity evaluation. In addition,
GBTS can be implemented with different genotyping
platforms by using currently available sequencing
equipment.

SNP arrays/chips have been widely used in genetic
studies for many plant and animal species including
maize (Yan et al. 2010; Ganal et al. 2011; Unterseer
et al. 2014; Rousselle et al. 2015; Xu et al. 2017b).
However, the fixed marker design and high-
genotyping cost restrict their applications in molecular
breeding. Compared to chips, GBS can identify more
variants across the genome and reduce the costs remark-
ably, but the unreliable imputation of missing data and
the inevitable bias caused by restriction enzymes also
make it unpractical to crop breeding (Schlötterer et al.
2014). The GBTS, as a new genotyping platform devel-
oped for maize in this study, combines the advantages of
the fixed chips with the flexibility and low cost of GBS.
GenoPlexs, as one of the GBTS option for small num-
bers of markers, is a multiplex-PCR target enrichment
technique, which can be used to achieve single tube
amplification of a few molecules to up to 5000 pairs of
primers. GenoBaits, in-solution capture technique, as
reported in this study, can simultaneously detect up to
90 K probes and 45 K markers in a sequencing reaction.
With these two techniques, a series of marker panels can
be developed to meet almost all the requirements of
marker applications in the fields of genomics, genetics,
and plant breeding (except GWAS using extremely
high-density markers) (Table 2). The marker panel strat-
egy and genotyping platform developed in this study for
maize can be adopted and used in other plants and
animals, which is supported by our ongoing efforts in
other species including rice, wheat, cucumber, pig, and
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dog. As shown in this study, various marker numbers
(i.e., 20 K, 10 K, 5 K, and 1 K) can be generated by
using a single high-density marker panel but sequencing
at different depths (Fig. 1), providing high flexibility
and reduced genotyping cost for low-density marker
panels (Table 1). With further cost reduction, one all-
purpose marker panel containing 20 K or more markers
(up to 45 K with in-solution capture technique) can be
developed, allowing a more affordable platform that
provides a foundation for data accumulating and sharing
across laboratories and breeding programs.

GBTS-based genotyping provides a great advantage
in cost reduction over other genotyping platforms. High-
genotyping cost is one of the key issues that stop
breeders from using molecular markers at a large scale
due to limited research budgets, and the large population
sizes required in breeding. When the genotyping cost
using a high-density chip is 100 USD per sample, which
has been the case in China for the chips containing 55 K
or more markers, genotyping 500 samples, a reasonable
population size required in plant breeding, will cost
50 K USD per population, which means that the total
research budget for many small companies can be only
enough for genotyping one population. Assuming that
five laboratories/small companies would like to spend
their research budget on genotyping one breeding pop-
ulation (n = 500) per year, the total market size per major
crop for genotyping would be 500 × 5 = 2500 samples
or 250 K USD. When the genotyping cost per sample is
reduced to the half, i.e., 50 USD per sample, as many as
up to 50 laboratories/companies would like to spend

their research budget for marker application, each with
at least two populations. As a result, the total genotyping
market size for each major crop would be 500 × 50 ×
2 = 50 K samples or 2.5 M USD. When the genotyping
cost is further reduced to 20 USD per sample, approx-
imately equivalent to or even lower than, the phenotypic
selection cost, almost all laboratories/companies (as
many as up to 200 each with at least five populations
in China) would be happy to spend their research budget
for routine marker application. As a result, the total
genotyping market size for each major crop would be
500 × 200 × 5 = 500 K samples or 10 M USD, which is
large enough for setting up a fully functional genotyping
platform to support molecular breeding networks across
crops and regions. Generally speaking, significant cost
reduction in genotyping and associated activities will
greatly stimulate marker application and associated mar-
ket demand. The lower the genotyping cost is, the
greater the market size will be.

Genotyping platform is not the sole requirement for
molecular breeding. High-efficient breeding system re-
quires seamless integration of genotyping with the plat-
forms for precision phenotyping, envirotyping, breeding
informatics, and decision support (Xu et al. 2017a). Mul-
tinational incorporations have established their highly
efficient breeding platforms, supported by their large-
scale breeding pipeline equippedwith integrated breeding
tools, which significantly reduces their operational and
management costs. In developing countries, however,
dispersed, small-scale breeding programs, each owned
by small breeding companies or national organizations,

Table 2 Potential applications of the marker panels with different marker numbers in genomics, genetics, and plant breeding

Applications ≥ 20 K* 10 K 5 K 1 K < 200

1. MAGE +++ ++ + +

2. Heterotic grouping +++ +++ ++ ++

3. Marker linkage map construction +++ ++ + +

4. Linkage mapping for major traits +++ +++ ++ +

5. Genome-wide association study ++ +

6. Selection in selfed populations +++ +++ +++ +++ +++

7. Gene transfer by backcrossing +++ +++ +++ ++ +

8. Gene pyramiding +++ +++ ++ + +

9. Variety protection and IP issues +++ +++ ++ ++ +

*The number of B+^ represent the level of suitability, and more B+^ symbols mean better suitability to specific applications. MAGEmarker-
assisted germplasm evaluation, including differentiating cultivars and classifying inbred lines into heterotic or ecological groups; identifying
gaps and redundancy in germplasm collections; monitoring genetic shifts that occur during germplasm conservation, regeneration,
domestication, and breeding; identifying novel and superior alleles for improvement of agronomic traits; and constructing representative
subsets or core collections (Xu 2003, 2010)
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have no way to set up fully functional breeding platforms
for molecular breeding. Integration of the Excellence in
Breeding platform established by CGIAR (EiB;
http://excellenceinbreeding.org/) with open-source breed-
ing network proposed (GOBii; http://gobiiproject.org/)
could provide a highly efficient breeding pipeline for
developing countries, by sharing all breeding related
resources, including genotypic, phenotypic, and
envirotypic information, marker effects, integrated
pipeline services for DH production and genotyping,
haplotype effects among environments and traits,
genetic models and simulation results, and even
breeding materials. By taking advantages of these
sharable public platforms, developing countries can start
to run their own molecular breeding programs. The
GBTS, as a more affordable genotyping platform than
ever, should be utilized to set up national or regional
molecular breeding networks to support individual,
small-scale breeding programs through resource-sharing,
as being practiced by several molecular breeding
initiatives/networks in China.
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