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Abstract

Bulked segregant analysis (BSA) assists in map-based cloning of mutant genes. However, a traditional BSA requires many
high-density markers for successful linkage analysis which is labor-intensive and time-consuming. In this study, a semi-
quantitative DNA analysis program was optimized and combined it with BSA, resulting in a semi-quantitative BSA (sgq-BSA).
The sg-BSA approach allowed evaluation of the proportions of marker-defined individuals (dominant or recessive marker
types) in bulks. The sq-BSA method was used to map a male-sterility (ms) gene, ms2016, in maize. Forty polymorphic
markers were screened from one-third of each chromosome (from the head or tail) for mapping. Among these markers, seven
were identified as candidate gene-linked markers, of which four markers (bnlg1046, umc1563, umc1171 and umc1722) were
located on chromosome 5. Using group validation, ms2016 was anchored on chromosome 5 and was most closely linked to
bnlg1046. Furthermore, four new InDel markers located near bnlg1046 were screened to map the preliminary location of
ms2016. The ms2016 gene was mapped to an 8.7 Mb interval flanked by the InDel polymorphic markers 15-3
(chr5:14588060) and 15-12 (chr5:23308445). Thus, this improved BSA method (sq-BSA) requires only a small number of
molecular markers to quickly localize a target gene, representing a high-efficiency tool for mutant gene mapping. © 2021
Friends Science Publishers
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Introduction

Map-based cloning is a valuable forward genetic approach
for gene isolation. Based on linkage analyses, the strategy is
used to identify genes controlling a particular trait or
phenotype from segregating populations by using defined
markers (Michelmore et al. 1991; Page and Grosshiklaus
2002; Rallapalli et al. 2019). To avoid laboriously identifying
marker types for superabundant individuals, bulked segregant
analyses (BSA) are conducted to classify and bulk segregants
according to their phenotypes and to compare marker allele
frequencies in different bulks (Michelmore et al. 1991). In a
recessive bulk, these unlinked markers are heterozygous for
the two parental types owing to recombination, whereas
linked markers are homozygous for the mutant parental type
(Klein et al. 2018). However, a traditional BSA frequently
requires many high-density markers to genotype bulks for
successful linkage analysis (almost complete linkage), which
is labor-intensive and time-consuming.

After the advent of next-generation deep sequencing, a
novel BSA technique based on deep sequencing (BSA-seq)
was developed (Jay and Hanlee 2008; Fekih et al. 2013;
Takagi et al. 2013a, b, 2015; Huang et al. 2020). Using
whole-genome  high-throughput ~ resequencing,  the
proportion of the number of short reads harboring SNPs
(defined as SNP-index) is evaluated for each bulked DNA,
and then the candidate region is defined based on the
regional distribution of the SNP-index (Takagi et al. 2013b;
Itoh et al. 2019). Without marker screening and genotyping,
BSA-seq is a quick, straightforward method for gene
mapping. This method has been used to identify genes in
many different species, such as wheat (Triticum aestivum
L.) (Trick et al. 2012), chickpea (Cicer arietinum L.) (Das et
al. 2015), rice (Oryza sativa L.) (Zheng et al. 2016) and
sunflower (Helianthus annuus L.) (Imerovski et al. 2019),
and is proven to be effective for gene mapping.
Nevertheless, there are several potential factors that affect
the accuracy and validity, including the genome coverage
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for sequencing (the higher the coverage, the more accurate
the results) and the statistical methods (sequence alignment
and allele calling algorithms) used to estimate allele
frequencies in the bulks (Huang et al. 2020). Thus, for
larger genomes, the required high genome coverage reduces
the feasibility of the method.

Evaluation of the components in the bulk (marker
types or SNP index) is central to all BSA methods. Namely,
it is a key to evaluate the DNA quantities of each type in the
bulked DNA sample. Semi-quantitative  reverse-
transcription PCR (RT-PCR) provides a rapid, sensitive
method for quantifying gene expression (i.e., MRNA
quantities) in samples (Maddocks and Jenkins 2017). A
similar program might be available to quantify the DNA in
samples. In this case, a small number of molecular markers
are sufficient to identify a candidate marker partially linked
to the target gene in the bulks, which will facilitate rapid
gene mapping. In the present study, a semi-quantitative
DNA analysis program was established for use in
combination with BSA for rapid localization of mutant
genes. To test the effectiveness of semi-quantitative BSA
(sg-BSA), we applied the method to the mapping of a male-
sterile (ms) gene (Ms2016) in maize (Zea mays L.).

Materials and Methods
Plant materials

The maize male-sterile mutant ms2016 is a naturally
occurring recessive mutant derived from breeding inbred
line T9047, which is preserved in our laboratory (Henan
Agricultural University). On account of the male-sterility
trait, ms2016 was preserved in the F, individuals [(ms2016 x
T9047)?]. Chang 7-2 (C7-2) is an excellent inbred line with
sufficient fertility and differs in genetic background from
that of T9047 line. To map the male-sterility gene ms2016,
we used C7-2 and ms2016 to construct an isolated F,
population [(Ms2016 x C7-2)%]. Then, F, populations raised
from four ears, each comprising ~400 individuals, were
cultivated in the standard experimental field of Henan
Agricultural University, Yuanyang, China in 2019. In
addition, the parental lines C7-2 and T9047 (representative
of ms2016) were also planted.

Identification of male sterile individuals and DNA
extraction

Under environmental stress, the maize tassel readily shows
delayed anther dehiscence but retains pollen fertility (Tazib
et al. 2014; Matsui and Hasegawa 2019). However, ms2016
is entirely sterile owing to anther indehiscence and absence
of pollen grains in the anther. The isolated F, population
may contain some fertile plants that show delayed anther
dehiscence, which might be mistaken as male-sterile
individuals. Thus, during the pollen shedding period, we
rubbed open anthers twice at a 5-day interval to judge the

pollen fertility. The individuals with no pollen grains were
identified as sterile (recessive individuals).

Leaves of the recessive individuals, as well as the
parental lines C7-2 and T9047, were excised with scissors
and preserved at —70°C. DNA was rapidly extracted from
50 mg of each leaf sample using the sodium lauryl sulfate
method. A NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific) was used to determined DNA quantity and
purity. All purified DNA samples were stored at —20°C.

Screening of SSR polymorphic molecular markers

A set of simple sequence repeat (SSR) molecular markers
covering the complete maize genome was previously
synthesized in our laboratory and was used to perform the
primary mapping. In this study, we deliberately selected
molecular markers located on one-third of each
chromosome (from the head or tail), such as chromosome 1
(chr. 1) bin1.03-1.04 and bin1.06-1.07, respectively. Based
on information for maize SSR markers
(https://www.maizegdb.org/data_center/ssr), 120  SSR
markers (12 for each chromosome, Table 1) were selected to
screen for polymorphisms between the parents (C7-2 and
T9047). Polymorphism screening was performed by
polyacrylamide gel electrophoresis (PAGE). At least two
polymorphic markers were required for each chromosomal
region (upper or lower), ensuring that at least one marker
was close to the target gene.

Optimization of a semi-quantitative DNA analysis
program

A suitable DNA template concentration and PCR cycle
number are crucial factors that influence semi-quantitative
DNA analysis programs. Generally, 20-200 ng/uL DNA
template and 35 PCR cycles are optimal for routine PCR.
Here, a two-factor experiment involving DNA template
concentration (20, 30 and 40 ng/uL) and PCR cycle number
(25, 30, and 35) was conducted to develop a semi-
quantitative DNA analysis program. Two polymorphic SSR
markers were used to demonstrate the experimental process
using C7-2 and T9047 DNA templates. The specific PCR
system and procedure are presented in Table 2. Finally, the
optimal criteria for the semi-quantitative DNA analysis
program were determined for the subsequent experiments.

Semi-quantitative BSA

To improve reliability, two recessive bulks were prepared
for the BSA. Thirty recessive DNA samples were randomly
selected from a single F, ear-derived population. Of the
samples, 15 and 30 DNA samples were equivalently mixed
to form the bulks B1 and B2, respectively. Using the criteria
for the semi-quantitative DNA analysis program, the total
DNA quantity in each bulk and the quantity of each DNA
sample in each bulk were fixed. The volume of each bulk
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Table 1: Information of the 120 SSR molecular markers

Table 2: Semi-quantitative PCR-based DNA analysis system
and procedure

Chromosome  SSR bin Chromosome  SSR bin

Chr.1-1 bnlg182 103 Chr6-1 phi389203 6.04 PCR System Volume Concentration
bnlg2097  1.03 umcl014  6.04 2 x taq Master Mix for PAGE 5 uL
umcl397  1.03 umc2317  6.04 Pi-L (10 uM) 0.5uL
umc2217  1.03 umc2006  6.04 Pi-R (10 uM) 0.5uL
phi001 1.03 nc009 6.04 ddH,0 3ul
umc2145  1.03 umc2318  6.04 DNA 1ul 20/30/40 ng/uL

Chr.1-2 bnlg2057 106  Chr.6-2 umcl520  6.06 Total 10 ul
umc2151  1.06 umc2170  6.06 PCR Procedure Cycle Number Temperature conditions
umcl812  1.06 umcl912  6.06 1 95°C90's
umcl122 1.06 umc2322  6.06 25/30/35 95°C 20's; TM°C 30 's; 72°C
mmc0011 1.06 umcl424  6.06 40s;
umc2236  1.06 umc2389  6.06 1 72°C5min

Chr.2-1 umc2247 203  Chr.7-1 bnlg2233  7.02 1 12°C Preservation
bnlg1064  2.03 umc2142  7.02 Note: Pi represents a polymorphic marker; TM represents annealing temperature of
mmc0231 2.03 bnlg434 7.03 primer
umc2193  2.03 umcl987  7.03
umc2032  2.04 umc1877  7.03 Table 3: Standards of the mixed bulks as assessed by sq-BSA
bnlgl175 2.04 bnlg1305 7.03

Chr.2-2 umc1080 206  Chr.7-2 umc2333  7.05 Individual ~ Concentration (ng/uL) Bulkl(uL)  Bulk2 (xL)
umclé58  2.06 dupssrl3  7.05 1 126 6.3 3.2
umc2186  2.06 umcl407  7.05 2 216 3.7 1.9
mmc0143  2.07 umc2334  7.05 3 227 35 1.8
umc2178  2.07 umcl760  7.05 4 214 37 1.9
bnlgl413  2.07 phi116 7.06 5 379 21 11

Chr3-1 bnigl447 303  Chr8-1 phi060 8.03 6 508 16 08
unc2259  3.03 umc1913  8.03 7 375 21 11
umcl025 3.04 umc2154  8.03 ) 440 18 09
umcl7l7  3.04 umcl460 8.04 9 440 18 09
bnlgl904  3.04 umcl202  8.04 10 370 29 11
umc2033 3.04 bnlg2046  8.04 11 414 1.9 1.0

Chr.3-2 umcl400 3.06 Chr.8-2 umc2356  8.06 12 417 1.9 1.0
umcl796  3.06 umcl997  8.06 13 632 13 0.7
umcl674  3.06 umcl149  8.06 14 725 11 0.6
umc2169 3.06 bnlg1152  8.06 15 350 23 1.2
umcl985  3.06 umc2395  8.06 16 365 11
umc2211  4.03 umc2370  9.03 20 183 29
umcl963  4.04 umcl492  9.04 21 224 18
phi026 404 bnlg1209  9.04 22 666 0.6
umcle52  4.04 umcl519  9.04 23 155 26

Chr.4-2 bnlg2291 406  Chr.9-2 umc2095  9.05 24 256 16
bnlg1023  4.06 umcl771  9.05 25 281 1'4
bnlg252  4.06 phi448880 9.06 2% 716 0.6
umcl299  4.06 umc2207  9.06 27 297 1'3
umcll94  4.07 umcl733  9.06 28 464 0'9
umcl994  4.07 umc2346  9.06 29 299 1'7

Chr.5-1 umcl373  5.03 Chr.10-1 umc2017  10.03 30 270 1'5
bnlg1046  5.03 umcl432  10.03 :
umcl226  5.03 bnlgl712  10.03
umcl850  5.03 bnlgl716  10.03 Where V; represents the required volume of each DNA
umc;ggg g-gj umctliég 18'83 sample in each bulk, C, represents the normal DNA
umc . umc . ;

Chr5.2 Unel17l 505 Chrio? ohi0s7 10.06 template concentration of sq-BSA, and C; represents the

umcl524  5.06
bnlg1847  5.06
umcl722  5.06
phi085 5.06
umcl680 5.06

bnlg1250  10.06
bnlg1028  10.06
umc2122  10.06
umcl993  10.06
umc2212  10.06

was fixed to 400 pL, with the components of each bulk
(Table 3) as follows:

For B1, V; = (C, x 400)/15/C;, supplemented with ddH,O to 400 puL
For B2, V; = (C, x 400)/30/C;, supplemented with ddH,O to 400 uL

measured concentration of each DNA sample.

All SSR markers polymorphic between C7-2 and
T9047 were used to detect the composition of the two bulks
with  PAGE. Generally, owing to chromosomal
recombination events and exchanges in the isolated F,
population, two marker types representing C7-2 and T9047
were detected in the bulks, and thus two bands were
visualized in the electrophoretogram for each marker. The
sg-BSA effectively evaluated the proportion of each type in
each bulk by comparing the intensity (brightness) of their
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corresponding bands. In the recessive bulks (male sterile), if
the T9047 marker band was much brighter than the C7-2
marker band, individuals carrying the T9047 marker
accounted for the majority, and thus this SSR marker was
possibly linked to the target gene (ms2016).

Validation of candidate linked markers

Candidate markers were used to detect the marker type of
every recessive individual in the isolated F, population
(derived from one F, ear). Individuals with heterozygous
(C7-2 and T9047) or homozygous C7-2 marker types were
considered to be recombinants, whereas those with
homozygous T9047 marker types represented non-
recombinant individuals. The heterozygous types were
marked with a black dot and number 3 on the
electrophoretogram for each candidate marker, whereas the
homozygous C7-2 marker types were marked with a black
dot and number 1. The total number of black dots was
scored as the number of recombinants and the
recombination rate (r) of the isolated F, population was
calculated using the formula: (1 — r)? = (total individuals —
recombinant individuals)/total individuals. Markers with
low recombination rates (r much less than 50%) were
considered to be potentially linked to the ms2016 gene. A
low recombination rate indicates a short distance from the
target gene on either side (Fig. 1). Once After approximate
localization of ms2016, 20 insertion/deletion (Indel) markers
flanking the candidate marker (those most closely linked to
the target gene) were designed with 0-20 Mb intervals for
verification and further clarification of the gene interval.
The InDel markers were derived from a sequence analysis
of natural populations (Liu et al. 2015). Finally, the primary
location of the ms2016 gene was determined by the flanking
markers.

Results

Acquisition of recessive male-sterile individuals from an
isolated F, population

The maize male-sterile mutant ms2016 was isolated from
the T9047 (wild type) inbred line in 2016. The ms2016 x
T9047 F; population showed restored fertility. The F,
individuals, (ms2016 x T9047)?, showed a 3:1 segregation
ratio of fertile to male-sterile plants, which indicated that the
male-sterility phenotype of ms2016 was genetically
controlled by a single recessive gene. No difference in tassel
morphology was observed between ms2016 and T9047, but
the anthers of ms2016 failed to produce pollen (Fig. 2),
resulting in the male-sterility phenotype.

Using the fertile C7-2 inbred line as a parent (Fig. 2),
we constructed an isolated F, population, (ms2016 x C7-2).
The tassel of (ms2016 x C7-2) F, individuals produced
fertile pollen, whereas the isolated F, population produced
fertile and sterile tassels. Successful mapping of the ms2016

M3

% M4
M5

M1 [

gene l

M2 {

- M8
M7

M6

Fig. 1: Diagram of the locations of linked markers and the target
gene. M denotes a molecular marker. The arrows’ directions
indicate closeness to the target gene, as determined by lower
recombination rates

Fig. 2: Morphological comparison of maize tassels among
ms2016, T9047 and C7-2. Bar =5cm

Table 4: Tassel sterility segregation ratio in the maize (ms2016 x
T9047)? F, population

Fertile individuals  Sterile individuals ~ Ratio >  y%s

Ear-F-1 256 81 316 0.05 384
Ear-F,-2 298 100 298 0.01
Ear-F-3 268 90 298 0.01
Ear-F,-4 336 110 3.05 0.03

Note: The szalue less than X20.05 (3.84) means that the segregation ratio
(Fertile/Sterile) in F, population conforms to theoretical value (3: 1)

gene required accurate identification of the male-sterile
individuals. By rubbing open the anthers, plants that
produced no pollen were identified as male-sterile
individuals. Ultimately, 81, 100, 90, and 110 recessive
male-sterile individuals were identified from the isolated F,
populations raised from four ears, respectively. A x* test
determined that there was a 3:1 segregation ratio of fertile to
male-sterile phenotypes in all four F, populations (Table 4).
These data corroborated that the ms2016 male-sterile
phenotype is controlled by a single recessive gene.
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Establishment of semi-quantitative DNA analysis program

Molecular markers polymorphic between the parents are
crucial for map-based cloning (Peters et al. 2003). Using
PAGE, 40 SSR markers polymorphic between C7-2 and
T9047 were selected (Fig. 3a and Table 5). In addition, two
polymorphic markers were identified on one-third of each
chromosome (from the head or tail) (Table 5), which enabled
division of each chromosome into three equal portions.

Two polymorphic SSR markers (P33 and P28,
random sampling) and the parental DNA templates (C7-2
and T9047) were used to determine the optimal criteria for
semi-quantitative DNA analysis. To address the two key
factors (DNA template concentration and PCR cycle
number) influencing PCR amplification, we conducted a
two-factor ~ experiment  involving DNA  template
concentration (20, 30, and 40 ng/uL) and PCR cycle
number (25, 30, and 35). For marker P33, no
electrophoresed bands were visible after 25 PCR cycles at
any DNA template concentration, whereas after 30 and 35
PCR cycles distinct bands were observed (Fig. 3b). Notably,
with 30 PCR cycles, the intensity of each band gradually
increased together with the DNA template concentration,
whereas with 35 cycles all bands displayed similar
brightness (Fig. 3b). These data showed that the band
intensity reflected the DNA template concentration after 30
PCR cycles. Indeed, after 30 PCR cycles, the band
brightness with 30 ng/pL DNA template was significantly
stronger than that with 20 ng/uL DNA template, but slightly
weaker than that with 40 ng/uL DNA template. A similar
scenario was observed for marker P28 (Fig. 3b). Taken
together, the 30 ng/uL DNA template concentration and 30
PCR cycles were optimal for the semi-quantitative DNA
analysis program.

Identification of the candidate markers linked to the
ms2016 gene using sg-BSA

Using the optimized semi-quantitative DNA analysis
program, we randomly selected 30 recessive DNA samples
to mix as bulks. Half (15) of these DNA samples were
randomly selected and equivalently mixed as bulk B1, and
all (30) of the samples were equivalently mixed as bulk B2.
The identified polymorphic SSR markers were used to
analyze the two bulks by sg-BSA. For most markers, such
as P6, two bands of equal brightness corresponding to C7-2
and T9047 were amplified in B1 and B2 (Fig. 4). These data
revealed that the number of markers for each parent (C7-2
and T9047) was similar in each bulk; therefore, these
markers were probably not linked to the ms2016 gene.
However, seven markers (P17, P18, P19, P20, P22, P29,
and P33), amplified only one bright band corresponding to
T9047 in the two bulks (Fig. 4), which indicated that a
higher proportion of individuals had the T9047 marker in
each bulk. Therefore, these seven SSR markers were
selected as candidate markers linked to the ms2016 gene.

Fig. 3: Establishment of the semi-quantitative DNA analysis
method. a) Screening for SSR polymorphic molecular markers.
P1-40 represents the SSR markers, which are detailed in Table 5.
The white lines over lanes indicate pairs of bands for each marker
from the two parental lines. The band of parent C7-2 appears in
the first lane (1) and that of parent T9047 appears in the second
lane (2) for each marker. b) Optimization of the semi-quantitative
DNA program using two SSR markers (P33 and P28)

Fig. 4: Linkage analysis of SSR molecular markers based on the
sg-BSA. P1 - P40 represent the SSR markers, which are detailed
in Table 5. The white lines over lanes indicate bands for each
marker from the two parental lines and the two bulks, B1 and B2.
The band of parent C7-2 appears in the first lane (1) and that of
parent T9047 appears in the second lane (2) for each marker. The
bands for the two bulks, B1 and B2, appear in the third and fourth
lanes, respectively, for each marker. V represents candidate linked
markers

Primary mapping of the ms2016 gene

To validate the candidate markers, 81 recessive individuals
of the F, population raised from one ear were classified using
these markers. The candidate markers P17, P18, P19, and
P20, identified as bnlg1046 (bin 5.03), umc1563 (bin 5.04),
umc1171 (bin 5.06), and umc1722 (bin 5.06), respectively,
were localized on chromosome 5. Thus, we focused on these
four candidate markers for our analysis and validation. The
number of black spots for P17 (bnlgl046) was much less
than that for the other markers (Fig. 5), thus fewer
recombinants were identified for the bnlg1046 marker in the
F, population. Through counting the number of black spots
on the electrophoretogram, we calculated the recombination
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Table 5: Information of 40 polymorphic SSR molecular markers

SSR Bin Position

P1 bnig182 1.03 51850098
P2 umc2217 1.03 61783198
P3 umc1812 1.06 182705124
P4 umc2151 1.06 197052463
P5 umc2247 2.03 30966754
P6 umc2032 2.04 42496682
P7 umc1658 2.06 168257256
P8 umc2178 2.07 174320099
P9 umcl1025 3.04 18218616
P10 umcl1717 3.04 27971021
P11 umcl674 3.06 182057738
P12 umc1985 3.06 189146158
P13 umc1963 4,04 29284075
P14 phi026 4,04 38554782
P15 bnig2291 4,06 172523019
P16 umc1299 4,06 162657074
P17 bnlg1046 5.03 19174453
P18 umcl171 5.05 173408957
P19 umc1563 5.04 102015409
P20 umcl722 5.06 192005879
P21 phi389203 6.04 122283399
p22 umc2006 6.04 117494887
P23 umc2170 6.06 163859885
P24 umcl424 6.06 160678118
P25 umc2142 7.02 27988241
P26 umcl877 7.03 33056045
P27 dupssrl3 7.05 170316101
P28 phill6 7.06 180131154
P29 umc1913 8.03 19243133
P30 umc1202 8.04 111651663
P31 umc1997 8.06 166553719
P32 umc2395 8.06 168954107
P33 dupssré 9.03 12898158
P34 umc2370 9.04 38917446
P35 umcl771 9.05 129497025
P36 umc2346 9.06 147802538
P37 umc1432 10.03 5439594
P38 umc1863 10.03 13503823
P39 bnlg1250 10.06 133411724
P40 umc1993 10.06 142891007

rates for each marker. The recombination rates of bnlg1046,
umc1563, umcll71l and umcl722 were 5.7%, 19.9%,
18.2%, and 33.7%, respectively (Table 6). Thus, ms2016 was
localized on chromosome 5 and was most closely linked to
the bnlgl046 marker. In addition, we analyzed the other
candidate markers (P22, P29, and P33) located on different
chromosomes. A large number of black spots were observed
on the electrophoretogram (Fig. 5; only shown for P33). The
recombination rates for P22, P29, and P33 were 45.8%,
43.6%, and 40.2%, respectively (Table 6), which indicated
that these markers were not linked to ms2016.

We developed 20 InDel markers located near the
bnlg1046 marker (Table 7). Four InDel markers (15-1, 15-3,
15-12 and 15-16) were polymorphic between C7-2 and T9047.
These four InDel markers were used to detect the marker
type of each recessive individual. The recombination rates of
15-1, 15-3, 15-12, and 15-16 were 10.6%, 7.8%, 11.2%, and
12.5%, respectively (Table 6), which further corroborated
that the ms2016 gene was located on chromosome 5. On the
basis of the recombination rates and marker locations, the

site of the ms2016 locus was localized to an 8.7 Mb interval
between markers 15-3 and 15-12 (Fig. 6).

Discussion

Mutants are important materials for forward genetics, which
is a powerful approach to explore the genetic basis of a
particular trait or phenotype (Mueller 2006). Thus, rapid
localization of mutant genes is an important prerequisite for
identifying the genes responsible for specific traits.

Performing a BSA is an indispensable step in gene
mapping because it enables identification of DNA markers
tightly linked to the target gene by using several bulked
DNA samples instead of a large number of individuals
(Giovannoni et al. 1991; Michelmore et al. 1991). However,
given the inability to quantitatively evaluate the components
in DNA bulks, a traditional BSA requires many high-
density markers to screen a candidate marker tightly linked
to the target gene, which is labor-intensive and time-
consuming. In the present study, we combined an optimized
semi-quantitative DNA analysis program and BSA (termed
sg-BSA) to map the ms2016 gene. The sq-BSA approach
allowed evaluation of the proportions of marker-defined
individuals (dominant or recessive marker types) in bulks. A
small number of molecular markers were sufficient to
identify a candidate marker partially linked to the target
gene in the bulks. Only 40 polymorphic markers were used
to perform the linkage analysis in recessive bulks and seven
of these markers were rapidly identified as candidate gene-
linked markers, of which four markers (bnlg1046, umc1563,
umcl171, and umcl722) were located on chromosome 5.
Through group validation, ms2016 was anchored on
chromosome 5 and most closely linked to bnlg1046. The
present results indicated that sg-BSA is a viable method for
the primary gene mapping with a small number of
molecular markers. A similar principle has been applied in
BSA-seq for rapid gene mapping (Abe et al. 2012; Takagi et
al. 2013a, b; Fekih et al. 2013). Based on calculation of the
discrepant SNP index, BSA-seq allowed quantitative
evaluation of the proportions of parental types in the DNA
bulks. Using a BSA-seq strategy, several maize genes have
been mapped rapidly, including tb1 enhancer to a 0-20 Mb
interval on chromosome 1 (Klein et al. 2018), the dominant
dwarfing gene rht-DM to a 111.07-124.56 Mb region on
chromosome 9 (Chen et al. 2018) and a resistance locus for
Gibberella stalk rot was mapped to a 161.0-170.6 Mb
interval on chromosome 8 (Chen et al. 2017). Therefore,
two approaches, BSA-seq and sg-BSA, sharing the similar
principle, achieve similar outcomes.

Notably, the maize genome (2.3 Gb) has undergone
several rounds of genome duplication, with almost 85% of
the genome composed of multiple transposable elements
dispersed non-uniformly across the genome (Paterson et al.
2004, 2009; Swigonova et al. 2004; Schnable et al. 2009).
The large size, complexity, and high repeatability of the
maize genome pose potential risks to BSA-seq, possibly
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Fig. 5: Group validation of the key candidate markers. 1
represents the C7-2 band pattern, which indicates the dual gamete
recombination type; while 3 represents the heterozygotic band
pattern of parents (C7-2 and T9047), which indicates the single
gamete recombination type. The others have the T9047 band
pattern, which indicates the non-recombination type. A dot (:)
indicates a recombinant individual; a cross (x) represents a
missing band
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Fig. 6: Primary localization of ms2016. Labels above the vertical
bars denote the linked markers. Numbers below the vertical bars
indicate the numbers of recombinant individuals. n represents the
total number of recessive individuals in the F, population. The red
shuriken represents the target gene ms2016

disturbing the unbiased alignment of short reads and
reducing the accuracy of evaluation of the SNP indices of
bulks (Magwene et al. 2011). By contrast, sg-BSA relies on
a set of specific markers, ensuring accurate evaluation of
specific marker types in bulks. Indeed, we intentionally
selected a small number of molecular markers located on
one-third of each chromosome (from the head or tail), so
that every chromosome was divided into three almost equal
portions, which ensured that some markers should be close
to the target gene. As a result, the target gene would be
readily and rapidly identified by sq-BSA.

Conclusion

In this study, 30 ng/pL DNA template concentration and 30

Table 6: Linkage analysis of the candidate male sterility-related
maize markers

Chr. Position  Total individuals Recombinant Recombination
individuals rate
umc2006 6 117494887 81 57 45.8%
phill5 8 102415941 81 55 43.6%
dupssr6 9 12898158 81 52 40.2%
bnlgl046 5 19174453 81 9 5.7%
umcl563 5 102015409 81 27 18.2%
umcll7l 5 173408957 81 29 19.9%
umcl722 5 192005879 81 45 18.2%
15-1 5 9978120 81 16 10.6%
15-3 5 14588060 81 12 7.8%
15-12 5 23308445 81 17 11.2%
15-16 5 43494739 81 19 12.5%

Table 7: Information of the 20 InDel molecular markers

InDel Chromosome Position primer InDel
151 5 9978120  Left CGTCCCATCTTTCACTGTGG
Right AGGAACGAATAGCAACGGC
152 5 87517377 Left GTCGGTGCTTACGATCAGTG
Right TTGCCTTCGTATTCTCCTCTG
153 5 14588060 Left TGCTCTCACAAGATGGTGGA
Right CCACAGGATAAAATCGGCTG
154 5 15587601 Left CTATGCCGAATTGCCGAT
Right GTTGCATTAGGCTAGGCCAT
155 5 15737462 Left TGGTTTTAAAGACGTGCTGC
Right TGCTCGAAGGAGGAGGAAA
156 5 15738185 Left TGCCTTTCTCTTTAGATGGC
Right GACTGGCGACGATACTGTCA
157 5 17419900 Left CTCTATTGAGCCACACAGGG
Right CTTTCGTGAGGCCTATTACTTC
158 5 95116808 Left TTGCCACCTTCTTTCACAA
Right AAGTTTGTTGACGCTGCTCC
159 5 99418680 Left CATCTCATACATGCGCCAAG
Right TGGTACCTGTTCTTGACCCG
15-10 5 100285086 Left CTGCAACCACTGGACAAAAA
Right TGCTCCTCCTGAAGAGTTGG
I5-11 5 21470105 Left AAGCAGGTTATTGCACCCC
Right TTCTCCAAATTGAGAGCTTCC
15-12 5 23308445 Left TGCAACGCGTACGTAGAAGA
Right GCAGTAGCGTCTCTCGCAA
15-13 5 26333998 Left GCAGAAAGTGGACGAGATGG
Right CGGCCTTTCATCAGTTGTG
15-14 5 19175223 Left TTGGTGGTATGCATTAAGACG
Right CAATGATGGACATGGGCG
15-15 5 19725680 Left CGCAGGATCACCTATTCACC
Right GTCCGGTGTGAAAAGCCT
15-16 5 43494739 Left CTGATGTGGTGTGCCGATT
Right CAACCCTGCCTTTCTCTCTC
I5-17 5 37051650 Left AACAGTGAGTGTCCGGTGC
Right AAGGTAGCCGTTGGGGAG
15-18 5 41052694 Left TGTTTCAAATGCAAAATGTCG
Right GACGCAGCTCAGAGACTTCA
15-19 5 32774763 Left TGGGCCTTTCTGAATTTTTG
Right CGAGAGGAAAACAGACGCA
15-20 5 36878700 Left GGTGTGGGAGAACGAACCTA

Right TGCAAGTAGGTGCGAGTTTG

PCR cycles were determined to be optimal for semi-
quantitative DNA analysis. Using the sg-BSA approach, 40
polymorphic markers located on one-third of each
chromosome (from the head or tail) were screened and used
to map the ms2016 gene. The gene was quickly anchored on
chromosome 5 and was most closely linked to bnlg1046.
Through verification using new InDel markers, ms2016 was
mapped to an 8.7 Mb interval (chr5:14588060-23308445).
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Therefore, the sg-BSA method accelerates the gene
mapping process in maize and provides a high-efficiency
tool for forward genetic analysis.
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