
TECHNICAL ADVANCE

Degenerate oligonucleotide primer MIG-seq: an effective
PCR-based method for high-throughput genotyping

Kazusa Nishimura1,2,* , Hiroyuki Kokaji1, Ko Motoki1,2, Akira Yamazaki3, Kyoka Nagasaka1, Takashi Mori1,

Rihito Takisawa4, Yasuo Yasui1, Takashi Kawai2, Koichiro Ushijima2 , Masanori Yamasaki5, Hiroki Saito6, Ryohei Nakano1

and Tetsuya Nakazaki1,*

1Graduate School of Agriculture, Kyoto University, 4-2-1, Shiroyamadai, Kizugawa City, Kyoto 619-0218, Japan,
2Graduate School of Environmental, Life, Natural Science and Technology, Okayama University, 1-1-1 Tsushima-naka,

Kita-ku, Okayama City 700-8530 Okayama, Japan,
3Faculty of Agriculture, Kindai University, 3327-204, Nakamachi, Nara City, Nara 631-8505, Japan,
4Faculty of Agriculture, Ryukoku University, 1-5 Yokotani, Seta Oe-cho, Otsu City, Shiga 520-2194, Japan,
5Graduate School of Science and Technology, Niigata University, 8050 Ikarashi 2 no-cho, Nishi-ku, Niigata City, Niigata 950-

2181, Japan, and
6Tropical Agriculture Research Front, Japan International Research Center for Agricultural Sciences, 1091-1 Maezato-Kawara-

baru, Ishigaki, Okinawa 907-0002, Japan

Received 20 September 2023; revised 14 January 2024; accepted 14 February 2024; published online 8 March 2024.

*For correspondence (e-mail knishimura@okayama-u.ac.jp; nakazaki.tetsuya.4m@kyoto-u.ac.jp).

SUMMARY

Next-generation sequencing (NGS) library construction often involves using restriction enzymes to decrease

genome complexity, enabling versatile polymorphism detection in plants. However, plant leaves frequently

contain impurities, such as polyphenols, necessitating DNA purification before enzymatic reactions. To over-

come this problem, we developed a PCR-based method for expeditious NGS library preparation, offering

flexibility in number of detected polymorphisms. By substituting a segment of the simple sequence repeat

sequence in the MIG-seq primer set (MIG-seq being a PCR method enabling library construction with low-

quality DNA) with degenerate oligonucleotides, we introduced variability in detectable polymorphisms

across various crops. This innovation, named degenerate oligonucleotide primer MIG-seq (dpMIG-seq),

enabled a streamlined protocol for constructing dpMIG-seq libraries from unpurified DNA, which was imple-

mented stably in several crop species, including fruit trees. Furthermore, dpMIG-seq facilitated efficient line-

age selection in wheat and enabled linkage map construction and quantitative trait loci analysis in tomato,

rice, and soybean without necessitating DNA concentration adjustments. These findings underscore the

potential of the dpMIG-seq protocol for advancing genetic analyses across diverse plant species.

Keywords: next-generation sequencing library, oligonucleotide, polyphenols, plant leaves, polymerase

Chain Reaction, technical advance.

INTRODUCTION

Variations in the genome sequences of plants produce bio-

logical diversity. Sequence polymorphisms can be used as

genetic markers, regardless of whether they are directly

responsible for trait differentiation. Since the development

of PCR applications, genetic markers, such as random

amplified polymorphic DNA, simple sequence repeats

(SSR), and cleaved amplified polymorphic sequences

(CAPS), have been used for genetic analysis (Amiteye,

2021; Dietrich et al., 1994; Konieczny & Ausubel, 1993;

Williams et al., 1990). In recent years, the rapid develop-

ment of next-generation sequencing (NGS) technology has

made it possible to rapidly identify large numbers of poly-

morphisms in genomes. To reduce genome complexity,

several NGS polymorphism-detection methods have been

developed that do not require the entire genome to be

read, including restriction site-associated DNA sequencing

(RAD-seq), genotyping by sequence (GBS), double-digest

RAD-seq (ddRAD-seq), multiplexed inter-simple sequence

repeat (ISSR) genotyping by sequencing (MIG-seq), and
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ISSR sequencing (Baird et al., 2008; Elshire et al., 2011;

Peterson et al., 2012; Sinn et al., 2022; Suyama et al., 2022;

Suyama & Matsuki, 2015; Figure 1).

RAD-seq, which was the NGS library construction

method developed to reduce genome complexity (Baird

et al., 2008), has been used for many years as a method for

detecting single nucleotide polymorphisms (SNPs) and

other polymorphisms from many individuals via selective

sequencing at the loci adjacent to the restriction site. Sev-

eral RAD-seq-based methods have been developed subse-

quently (Scheben et al., 2017), among which ddRAD-seq is

widely used, especially for population structure analysis,

linkage mapping, and genome-wide association studies,

because it allows for variation in the number of loci

depending on restriction enzyme combinations and pro-

vides highly reproducible loci detection (Peterson

et al., 2012; Scheben et al., 2017; Shirasawa et al., 2016).

The PCR-based NGS library construction method MIG-seq

was developed for use in ecological studies and has the

advantage of not requiring high-quality DNA, in contrast to

ddRAD-seq (Suyama et al., 2022; Suyama & Matsuki, 2015).

Using MIG-seq, a higher number of polymorphisms can be

obtained for species with large genomes (Nishimura

et al., 2022). ISSR sequencing is a method used to amplify

Figure 1. Comparison of next-generation sequencing library construction methods used to reduce genome complexity. The step involving the pooling of all

samples is denoted as ‘Sample pooling’.
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the ISSR region via PCR and is comparable to GBS and

RAD-seq in terms of polymorphism detection; however,

ISSR sequencing requires an additional fragmentation step

during library construction and is more time-consuming

than MIG-seq (Sinn et al., 2022).

Using NGS technology, it is now relatively easy to

sequence the entire genomes of crop species (Hao

et al., 2020; Lv et al., 2020; Ma et al., 2018; Yang et al.,

2022). NGS technologies have made it possible to repeat-

edly analyze the relationship between genome information

and various phenotypes in lines for which the genotypes

can be maintained using cloning techniques (e.g., grafting

and cuttings) and for which the genomes are completely

fixed and can be maintained via self-propagation (Kajiya-

Kanegae et al., 2021; Kumar et al., 2020; Tanaka et al.,

2020, 2021).

In plant, agriculture, and breeding studies, genetic

analysis is often performed using non-immortal lines, such

as the F2 and BC1 populations, to which applying whole

genome sequencing to obtain genotypes for one genera-

tion, when genotype maintenance via cloning is impossi-

ble or expensive, is costly and considered unfeasible.

Thus, methods for constructing NGS libraries with reduced

genome complexity, that is, ddRAD-seq and MIG-seq, are

useful because of their low cost and application when

whole genome information is not required for genetic anal-

ysis. In terms of their disadvantages, ddRAD-seq requires

restriction enzyme processing in the first step and a certain

amount of purified DNA, since plants and crops contain

many impurities in their leaves that inhibit restriction

enzyme reaction. The advantage of MIG-seq, which uses

PCR as the first reaction in library construction and can

produce libraries from small amounts of less clean DNA,

can compensate for the disadvantages of ddRAD-seq, but

MIG-seq produces fewer polymorphisms in species with

small genome sizes, making it difficult to conduct genetic

analysis in a flexible manner. Therefore, methods must be

developed to overcome these disadvantages, such as PCR-

based methods that allow the detectable number of poly-

morphisms to be freely adjusted.

Suyama et al. (2022) enhanced the MIG-seq protocol

by lowering the annealing temperature from 48°C to 38°C,
enabling more extensive annealing to various genomic

regions. Building upon this concept, we aimed to create a

method capable of amplifying genome-wide loci with vari-

able polymorphism counts, akin to ddRAD-seq. Therefore,

in the present study, we attempted to increase the number

of sequenced regions in MIG-seq by introducing degener-

ate oligonucleotides (Ns: A, T, G, C) to certain primer posi-

tions (excluding the 30 end) during the initial PCR

(Figure 1). This approach, named degenerate oligonucleo-

tide primer MIG-seq (dpMIG-seq; Figure 1), was compre-

hensively assessed. Initially, we examined the variation in

sequenced loci in tomato (Solanum lycopersicum L.) using

MIG-seq primers containing degenerate oligonucleotides

at various positions. Subsequently, we assessed the appli-

cability of dpMIG-seq across 11 crops with diverse genome

sizes. We further examine the method’s utility in the

context of tetraploid wheat (Triticum turgidum L.), which

has a substantial genome, assessing its effectiveness in

selecting and validating near-isogenic lines (NILs). Addi-

tionally, we evaluated the advantages of dpMIG-seq over

restriction enzyme-based protocols by investigating its

compatibility with unpurified DNA for library generation.

Finally, we conducted linkage mapping and quantitative

trait loci (QTL) analysis in populations of rice (Oryza sativa

L.), tomato, and soy (Glycine max L.) to demonstrate the

efficacy of dpMIG-seq in advancing genetic analyses of

crop plants.

RESULTS

Performance evaluation of dpMIG-seq using tomato

To validate dpMIG-seq, we developed 13 primer sets that

included incomplete SSR regions by introducing degener-

ate oligonucleotides (N) into the SSR part of the MIG-seq

primers originally developed by Suyama and Mat-

suki (2015) (Table 1). We also designed another MIG-seq

primer set (which we named ‘PS2’) targeting SSRs that are

not targeted by the MIG-seq primers developed by Suyama

and Matsuki (2015) (Table 1; Table S1). The PS2 primers

were used to determine whether replacing some of the

bases with N in the SSR region of the primers had a gener-

alized effect on the number of detectable polymorphisms.

The primer sets for dpMIG-seq were named by combining

(i) the original primer set name, (ii) an underscore, and (iii)

the position at which the base was substituted with N. If

two or more degenerate oligonucleotides were present, a

range was indicated, for example, ‘3–4’. To compare the

performance of each primer set in MIG-seq and dpMIG-

seq, libraries were initially constructed and sequenced

using two tomato cultivars: ‘MPK-1’ and ‘Micro-Tom’

(Tables S2 and S3). To ensure the accuracy of comparisons

between the results of primer sets, the coverage depth

(DP) was corrected to a value per 0.3 gigabase (Gb), and

polymorphisms/regions with a DP of <10 were excluded

from the analysis. The results for 17 primer sets are shown

in Figure 2(a). The number of polymorphisms increased

when only a single base N was introduced, regardless of

the position of the base in the primer set used. In addition,

the highest increase in the number of detectable polymor-

phisms was achieved when the degenerate oligonucleo-

tides were introduced at the fourth and fifth bases from

the 30 end of the primers. The number of detectable poly-

morphisms also increased in the PS2 primers when the

degenerate oligonucleotides were introduced at the fourth

and fifth nucleotides. Conversely, when four or more

degenerate oligonucleotides were introduced (e.g., PS1_4–
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7, PS1_4–8, and PS1_4–9), the number of polymorphisms

decreased, especially in the case of the bases of PS1_4–9,
for which almost no polymorphisms were detected. Map-

ping rates were calculated for each primer set of ‘MPK-1’

and ‘Micro-Tom’, and the average mapping rates of these

cultivars were compared along with the number of poly-

morphisms. Interestingly, primer sets with lower mapping

rates exhibited correspondingly lower numbers of poly-

morphisms (Figure 2b). Specifically, the mapping rate of

PS1_4–9, which had the fewest other polymorphisms, was

5.856%, indicating that almost no reads were mapped.

Electrophoretic images of the first PCR products of dpMIG-

seq:PS1_4–9 showed limited amplification (Figure S1).

Even in primer sets with relatively high mapping rates, var-

iability in the number of polymorphisms was observed.

Subsequently, 14-base sequences representing the

expected annealing sites in the first PCR were isolated,

referring to the tomato reference genome for each read.

The extraction frequency per million for each primer set

was computed, and the diversity of 14-bp sequences

appearing more than 10 times (referred to as ‘primer-

annealed sequence diversity’ in this study) was compared

with the count of detected polymorphisms for each primer

set. Notably, dpMIG-seq exhibited a higher primer-

annealed sequence diversity compared with MIG-seq

(Figure 2c), indicating that the first PCR primer in dpMIG-

seq annealed to a more diverse range of nucleotide

sequences relative to that in MIG-seq. Primer sets with

more detectable polymorphisms typically exhibited

increased primer-annealed sequence diversity, except for

PS1_3–5, PS1_4–7, PS1_4–8, and PS1_4–9, which displayed

fewer ‘detected polymorphisms, despite their higher

primer-annealed sequence diversity (Figure 2c). This dis-

crepancy is attributed to the low mapping rate associated

with these primer sets (Figure 2b). Notably, dpMIG-seq

primers consistently displayed a high frequency of

Table 1 Examples of the primers used for MIG-seq and dpMIG-seq

Primer set name Primer name Sequences (50–30)

PS1 ACT4TG-f CGCTCTTCCGATCTCTGACTACTACTACTTG
PS1_3 ACT4TG-f_3 CGCTCTTCCGATCTCTGACTACTACTACNTG
PS1_4 ACT4TG-f_4 CGCTCTTCCGATCTCTGACTACTACTANTTG
PS1_5 ACT4TG-f_5 CGCTCTTCCGATCTCTGACTACTACTNCTTG
PS1_7 ACT4TG-f_7 CGCTCTTCCGATCTCTGACTACTANTACTTG
PS1_10 ACT4TG-f_10 CGCTCTTCCGATCTCTGACTANTACTACTTG
PS1_14 ACT4TG-f_14 CGCTCTTCCGATCTCTGNCTACTACTACTTG
PS1_3–4 ACT4TG-f_3–4 CGCTCTTCCGATCTCTGACTACTACTANNTG
PS1_3–5 ACT4TG-f_3–5 CGCTCTTCCGATCTCTGACTACTACTNNNTG
PS1_4–5 ACT4TG-f_4–5 CGCTCTTCCGATCTCTGACTACTACTNNTTG
PS1_4–6 ACT4TG-f_4–6 CGCTCTTCCGATCTCTGACTACTACNNNTTG
PS1_4–7 ACT4TG-f_4–7 CGCTCTTCCGATCTCTGACTACTANNNNTTG
PS1_4–8 ACT4TG-f_4–8 CGCTCTTCCGATCTCTGACTACTNNNNNTTG
PS1_4–9 ACT4TG-f_4–9 CGCTCTTCCGATCTCTGACTACNNNNNNTTG
PS2 TCA4AG-f CGCTCTTCCGATCTCTGTCATCATCATCAAG
PS2_4 TCA4AG-f_4 CGCTCTTCCGATCTCTGTCATCATCATNAAG
PS2_4–5 TCA4AG-f_4–5 CGCTCTTCCGATCTCTGTCATCATCANNAAG

The primers used in degenerate oligonucleotide primer MIG-seq (dpMIG-seq) were the 16 multiplex primers reported by Suyama and Mat-
suki (2015) (named ‘PS1’ in the present study) or the 16 multiplex primers for MIG-seq developed in the present study (named ‘PS2’), and
the bases in the simple sequence repeats (SSR) region were changed to a degenerate oligonucleotide ‘N’ (A, T, G, or C). Only one of each
multiplex primer is exemplified in this table; information on all primers is summarized in Table S1. Underlining indicates the SSR regions.
Degenerate oligonucleotides are shown by a bold N. Primers are named according to Suyama and Matsuki (2015) in the order of SSR base,
number of repeats, and anchor sequence at the 30 end, followed by the position of N indicated by the underlining, that is, the position from
the 30 end. If more than one N is present, it is denoted by a range, for example, ‘3–4’ in PS1_3–4.

Figure 2. Evaluation of degenerate oligonucleotide primer MIG-seq (dpMIG-seq) performance. (a) Comparison of detectable polymorphisms between MIG-seq

and dpMIG-seq in tomato, showing the number of polymorphisms with a data volume of 0.3 Gb and a coverage depth ≥10. (b) Mapping rates of MIG-seq and

dpMIG-seq derived reads in tomato, and the number of polymorphisms in each primer set. (c) Relationship between primer-annealed sequence diversity and

polymorphism count in tomato. Vertical axis represents the diversity of the sequences to which the primers annealed in the first PCR, whereas the horizontal

axis shows the number of polymorphisms. (d) Ratio of common polymorphisms to total detected polymorphisms for each two primer set combination in

tomato. (e) Error rate for different coverage depth thresholds in tomato variety ‘MPK-1’. Error bars indicate standard deviation for three combinations (rep.1 ver-

sus rep. 2, rep. 2 versus rep. 3, and rep. 3 versus rep. 1). (f) Comparison of stably sequenced total base length between MIG-seq and dpMIG-seq in 11 crop spe-

cies, with the vertical axis showing the number of bases to which reads were mapped with a coverage depth ≥10, and the horizontal axis representing the

logarithm base 2 of genome size.
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(a)

(b) (c) (d)

(e) (f)
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annealing to non-SSR sequences across all primer sets, a

characteristic shared with MIG-seq (MIG-seq:PS1), where

the most common sequence was an incomplete SSR

(Data S1).

Next, the percentage of polymorphisms detectable

using each primer set that were common between two

primer sets was calculated. We found that many primer

sets were able to sequence different loci (Figure 2d). For

example, 34.57% was the highest percentage of common

loci between PS1 and PS1_14 (Figure 2d).

To assess the error rate of dpMIG-seq, three library

construction and sequencing runs were performed on

tomato dpMIG-seq:PS1_4–5 for both ‘Micro-Tom’ and ‘MPK-

1’. Additionally, error rates (discrepancy rates between two

iterations) were calculated. For replicates 1, 2, and 3, ‘MPK-

1’ reads numbered 2 376 816, 4 107 942, and 3 626 666,

whereas ‘Micro-Tom’ reads numbered 3 499 510, 2 257 316,

and 3 050 984, respectively. With an increase in the cover-

age depth threshold, the error rate decreased (Figure 2e;

Figure S2). Even with a DP threshold of 100, ‘Micro-Tom’

and ‘MPK-1’ genotype data contained averages of 7.987%

and 9.035% errors, respectively (Figure S2). Given that

increasing the coverage depth threshold can reduce the

total number of polymorphisms, there was a need to appro-

priately establish filtering criteria, including minimum cov-

erage depth, while considering the trade-off between error

rate and polymorphism count (Figure S2).

Finally, the reproducibility of the first PCR amplifica-

tion between the two tomato cultivars and the redundancy

of amplification were investigated. Paired-end mapped

read locations were identified, and their frequencies were

converted to the number per million of paired-end mapped

reads, with those exceeding 5 (defined as the frequency of

an amplicon-mapped position) being extracted and com-

pared between ‘MPK-1’ and ‘Micro-Tom’. For all 17 primer

sets, the frequency of amplicon-mapped positions between

the two cultivars was significantly correlated (P < 0.001),

indicating reproducible amplification efficiency for each

locus in the first PCR (Figure S3). However, substantial var-

iability in the frequency of amplicon-mapped positions

was observed. For example, certain amplicons appeared

over 50 000 times per million (‘Micro-Tom’ MIG-seq:PS2

data). Thus, some loci were over-sequenced when using

MIG-seq or dpMIG-seq data.

Comparison of the number of loci that can be sequenced

using MIG-seq and dpMIG-seq in 11 crop species

The results for tomato indicated that dpMIG-seq:PS1_4 and

dpMIG-seq:PS1_4–5 were able to detect more polymor-

phisms than were detected by MIG-seq:PS1; thus, we used

these primer sets to evaluate dpMIG-seq performance in

other crop species. MIG-seq:PS1, dpMIG-seq:PS1_4, and

dpMIG-seq:PS1_4–5 were used to perform dpMIG-seq on

peach (Prunus persica L.), rice, melon (Cucumis melo L.),

radish (Raphanus sativas L.), blueberry (Vaccinium spp.),

soy, quinoa (Chenopodium quinoa Willd.), capsicum (Cap-

sicum spp.), tetraploid wheat (T. turgidum L.), and hexa-

ploid wheat (Triticum aestivum L.). Two genotypes were

analyzed in each species (Tables S2 and S4). When the

total base length with a DP ≥10 was compared for each

method and each species after correcting the raw read data

volume to 0.3 Gb, it was clear that the number of regions

that could be sequenced by dpMIG-seq:PS1_4–5 was

increased in all species except the wheat species

(Figure 2f). Genome coverage by dpMIG-seq:PS1_4–5 was

largest and smallest for peach (0.75%) and hexaploid

wheat (0.01%), respectively (Table S5). These results con-

firm that an increase in the number of detectable polymor-

phisms is also observed in species with relatively small

genomes, indicating the versatility of dpMIG-seq. However,

in wheat, when the data volume was corrected to 0.3 Gb,

the region sequenced by dpMIG-seq:PS1_4 and dpMIG-

seq:PS1_4–5 did not increase relative to that sequenced by

MIG-seq:PS1 (Figure 2f). We also found an increase in

detectable polymorphisms in most crop species except

those of wheat (Figure S4). In peach, rice, melon, blue-

berry, soy, radish, quinoa, and capsicum, dpMIG-seq:

PS1_4–5 provided the highest number of polymorphisms,

followed by dpMIG-seq:PS1_4 and then by MIG-seq. In

addition, many polymorphisms obtained by dpMIG-seq:

PS1_4–5 and dpMIG-seq:PS1_4 were derived from regions

that differed from those sequenced by MIG-seq:PS1 in all

11 crop species (Figure S5). These results validate the use

of dpMIG-seq:PS1_4 and dpMIG-seq:PS1_4–5 in a range of

genome sizes, for example, from peach (approximately

0.227 Gb) to capsicum (approximately 2.753 Gb).

Analysis of GC content and genomic distribution of

sequences amplified through first PCR of MIG-seq and

dpMIG-seq

Genomic regions with elevated GC content generally harbor

more protein-coding sequences. Additionally, such regions

pose increased the difficulty for PCR amplification com-

pared with regions with lower GC content. To investigate

potential bias introduced by GC content in the first PCR

amplification, we compared the GC content of amplicons

from MIG-seq and dpMIG-seq with that of sequences ran-

domly extracted from the reference genome. The GC con-

tent of the amplicons was calculated from sequences

appearing at least five times per million mapped paired-end

reads in both cultivars of each species by extracting

sequences considered amplified by the first PCR from the

paired-end mapped reads’ positions on the reference

genome. Given the peak around a GC content value of 0 in

randomly extracted sequences, only those with a GC con-

tent of ≥5 were included in the analysis. For tomato MIG-

seq and dpMIG-seq data, the average GC content of

mapped amplicons was significantly higher for all 17 primer
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sets than that of sequences randomly extracted from the

tomato reference genome (Figure S6). Similar analyses of

data from 10 different crops, obtained using MIG-seq:PS1,

dpMIG-seq:PS1_4, and dpMIG-seq:PS1_4–5, yielded consis-

tent results across all three primer sets in all species

(Figure S7). These findings indicate that the first PCR of

MIG-seq and dpMIG-seq may not exhibit a preferential bias

toward amplifying sequences with low GC content.

To assess the genomic bias of the mapped reads, for

MIG-seq:PS1, dpMIG-seq:PS1_4, and dpMIG-seq:PS1_4–5
data from 11 crops, paired-end reads meeting the GC

content criteria were mapped to physical positions and visu-

alized. Based on the physical positions of mapped paired-

end reads, the first PCR of MIG-seq and dpMIG-seq was

found to amplify genomic sequences across all chromo-

somes in all 11 crop species (Figure S8). Calculation of the

maximum gap between amplicons revealed a 3 253 561 bp

gap in MIG-seq:PS1 for blueberry, equivalent to 0.708% of

the blueberry genome size (Table S6). Although bias was

not statistically evaluated, we observed amplification from

various regions in the genome via the first PCR.

Amount of data required for the effective use of dpMIG-

seq in wheat

We hypothesized that a greater amount of raw read data

than 0.3 Gb was required to sequence more loci in wheat

using dpMIG-seq. As dpMIG-seq:PS1-4-5 sequenced more

loci than dpMIG-seq:PS1_4 in numerous crops, this analy-

sis exclusively compared dpMIG-seq:PS1_4–5 and MIG-

seq:PS1. To determine the appropriate amount of data

required for wheat genotyping with dpMIG-seq:PS1_4–5,
we used data with >5.5 Gb of raw reads for each of two tet-

raploid wheat samples: the durum wheat cultivar ‘Setodur’

(T. turgidum L. ssp. durum) and the emmer wheat acces-

sion ‘TN26’ (T. turgidum L. ssp. dicoccum; Table S7). In

our analysis of tetraploid wheat, dpMIG-seq:PS1_4–5 had a

higher number of polymorphisms than that of MIG-seq:

PS1 if around ≥2 Gb of data were obtained (Figure 3a).

Even with the amount of raw reads obtained in this study,

the number of polymorphisms obtained using MIG-seq:

PS1 and dpMIG-seq:PS1_4–5 was not completely satu-

rated. However, the slope of MIG-seq:PS1 began to decline

as the number of raw reads increased, whereas the slope

of dpMIG-seq:PS1_4–5 continued to increase at a constant

rate (Figure 3a). Similar to the results for other crop spe-

cies, many of the polymorphisms obtained by MIG-seq

(PS1) and dpMIG-seq:PS1_4–5 were not common when the

data volume was corrected to 2.0 Gb (Figure 3b).

Increased efficiency of selecting wheat NILs using MIG-seq

and dpMIG-seq

Because dpMIG-seq makes it possible to vary the detectable

number of polymorphisms in crops, including wheat, we

investigated whether wheat NILs can be efficiently selected

using different primer sets depending on the number

of polymorphisms required in several experimental steps.

In wheat, MIG-seq:PS1 can also detect a certain number of

polymorphisms. Thus, we used dpMIG-seq:PS1_4–5 when

a higher number of polymorphisms were needed for the

analysis. In this experiment, we replaced a late-heading

allele of VRN-A3, which is a wheat ortholog of FLOWER-

ING LOCUS T in Arabidopsis (Nishimura et al., 2018, 2021;

Yan et al., 2006) in ‘Setodur’, with an early-heading allele

of VRN-A3 in ‘TN26’. F1 individuals of ‘Setodur’ and ‘TN26’

were backcrossed with ‘Setodur’, and this step was

repeated four times while confirming the heterozygosity at

the VRN-A3 locus. To confirm the allelic composition of

each chromosome during the selection process, MIG-seq:

PS1 was applied to BC4F2 individuals (n = 16), which were

selfed BC4 individuals with heterozygous VRN-A3. To vali-

date the residual heterozygous regions on each chromo-

some, the segregation ratio of each polymorphism (1:2:1)

was evaluated using a chi-squared test. The results indi-

cated that four regions on chromosomes 1A, 1B, 3A, and

7A exhibited segregation with high P-values (P > 0.5;

Figure S9, Data S2). From this BC4F2 population, we

selected BC4F2_10, an individual with fewer heterozygous

loci, no region fixed to the TN26-type, and a heterozygous

allele of VRN-A3. Two CAPS markers were designed from

the polymorphism information obtained using dpMIG-seq:

PS1_4–5 in the heterozygous region of BC4F2_10 on chro-

mosome 1B. Using the CAPS markers and the genetic

marker for VRN-A3, we selected an individual from the

BC4F3 generation (n = 39), namely BC4F3_32, presumed to

be heterozygous only for the region near VRN-A3. To con-

firm the allele constitution of a selected NIL candidate,

both MIG-seq:PS1 and dpMIG-seq:PS1_4–5 were applied to

BC4F3_32. The number of raw reads was 4 976 366 and

17 607 262 when MIG-seq:PS1 and dpMIG-seq:PS1_4–5
were applied, yielding 9726 and 23 183 markers, respec-

tively. Regions other than VRN-A3 were mostly fixed, but

heterozygous or TN26-type homozygous genotypes were

detected in some regions, although only the region near

VRN-A3 was consistently found to be heterozygous via

both MIG-seq:PS1 and dpMIG-seq:PS1_4–5 (Figure 3c;

Data S3). The combined use of MIG-seq and dpMIG-seq

yields a genotype resolution superior to each method used

individually, as it can fill in gaps left by the use of MIG-

seq alone. For example, the most extensive gap in MIG-

seq:PS1 is 3B:79 078 439–120 553 067, with a length of

41 474 628. In this gap, 23 dpMIG-seq:PS1_4-5–derived
polymorphisms were identified (Data S3). This occurrence

may be attributed to the ability of MIG-seq and dpMIG-seq

to sequence slightly different loci. The self-pollination of

BC4F2_10 enabled the establishment of NILs for VRN-A3.

Consequently, we demonstrated the efficient generation of
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NILs using different primer sets depending on the situa-

tion: MIG-seq:PS1 for preliminary selection of individuals,

dpMIG-seq:PS1_4–5 for detecting a higher number of

polymorphisms for flexible CAPS marker design, and a

combination of MIG-seq:PS1 and dpMIG-seq:PS1_4–5 for

confirmation of higher resolution, surpassing the resolu-

tion achieved by MIG-seq alone, where the genetic back-

ground of the selected NILs is almost entirely replaced by

the genetic background of the recurrent parent.

Construction of a dpMIG-seq library using unpurified DNA

To develop a protocol for constructing libraries from

unpurified DNA and validate the outcomes, we conducted

the first PCR using a variety of combinations involving four

DNA extraction methods and two different enzymes

(Figure 4a; Figure S10). These methods encompassed the

following: (i) purified DNA, (ii) the filter paper technique

outlined by Jia et al. (2021), (iii) DNA extraction using the

buffer detailed by Thomson and Henry (1995), and (iv)

(a) (b)

(c)

Figure 3. Applicability of degenerate oligonucleotide primer MIG-seq (dpMIG-seq) to tetraploid wheat, and graphical genotyping of wheat near-isogenic lines

(NILs).

(a) Relationship between detectable polymorphisms via MIG-seq:PS1 and dpMIG-seq:PS1_4–5 and the raw read data volume, with the vertical axis indicating

the number of polymorphisms between the two varieties, and the horizontal axis showing the raw read data amount. (b) Overlapping polymorphisms detected

via MIG-seq and dpMIG-seq in tetraploid wheat, with a Venn diagram of polymorphisms detected via MIG-seq:PS1 and dpMIG-seq:PS1_4–5 with 2 Gb of data.

(c) Graphical genotypes of tetraploid wheat NILs obtained via MIG-seq:PS1 and dpMIG-seq:PS1_4–5, where A, B, and H represent a recurrent parent (Setodur

genotype), a donor parent (TN26 genotype), and the heterozygous genotype, respectively.

Figure 4. Comparison of degenerate oligonucleotide primer MIG-seq (dpMIG-seq) library construction methods. (a) Comparison of each library’s name, DNA

extraction method, and the first PCR enzyme. (b) Comparison of detected polymorphism numbers among library construction methods, with the vertical axis

showing the number of polymorphisms without loss in eight rice or eight tomato lines. (c) Comparison of mapping rates to reference genomes among library

construction methods, with boxplots of five rice and five tomato libraries shown. (d) Comparison of principal component analysis using polymorphisms

obtained from purified and unpurified DNA-derived libraries, showing results for osf01 and slf01 for purified DNA and osf05 and slf05 for unpurified DNA. (e)

Mapping rates for libraries created using unpurified DNA.
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(a)

(b)

(c)

(d)

(e)
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the buffer of Thomson and Henry (1995) with polyvinylpo-

lypyrrolidone (PVPP) added to adsorb polyphenols. Two

kinds of PCR enzyme were used: (i) that in the Multiplex

PCR Assay Kit ver2 (Takara Co. Ltd., Kusatsu, Japan), previ-

ously used for MIG-seq, and (ii) that in KOD One PCR Mas-

ter Mix (Toyobo Co. Ltd., Osaka, Japan). In both rice and

tomato, the first PCR amplification was extensively veri-

fied, yet the filter paper method led to unstable amplifica-

tion when used with the Multiplex PCR Assay Kit ver2

(Figure S10).

From the first PCR products, characterized by smears

in Figure S10, we successfully constructed five distinct

libraries of eight rice and eight tomato dpMIG-seq:PS1_4–5
(Tables S8 and S9). Figure 4(a) shows the library names,

sequence analysis locations, and DNA extraction method

and PCR enzyme combination (osf01–05 in rice and slf01–05
in tomato). The number of obtained polymorphisms

remained relatively consistent across all methods

(Figure 4b). Although mapping rates exhibited slight varia-

tions among methods and species, on average, >70% of

reads consistently aligned to the reference genome across

all libraries (Figure 4c; Table S10). Principal component

analysis (PCA) analysis, based on the obtained polymor-

phisms for osf01, osf05, slf01, and slf05, yielded similar

results among methods in both rice and tomato (Figure 4d).

Similarly, we explored combinations of DNA extrac-

tion method and PCR enzyme for eight blueberry cultivars,

a fruit tree known for relatively high polyphenol content in

its leaves. Stable first PCR amplification was only achieved

when PVPP was introduced into the KCl buffer

(Figure S11). This buffer’s effectiveness was confirmed

using four citrus (Citrus spp.), four cabbage (Brassica oler-

acea var. capitata), four persimmon (Diospyros kaki L.),

and four rose (Rosa hybrida L.) varieties as plant materials,

which all exhibited stable first PCR amplification

(Figure S12, Tables S8 and S9). The mapping rate to the

reference genome was slightly lower for persimmon, aver-

aging 62.45%, yet exceeded 70% for the remaining species

(Figure 4e; Table S10), validating the species origin of the

obtained reads.

Linkage map construction and QTL analysis of the rice F2
population using dpMIG-seq

To validate the effectiveness of dpMIG-seq for genetic

analysis in rice with a relatively small genome, dpMIG-

seq:PS1_4–5 was used with the F2 population derived

from a cross between the japonica rice cultivars ‘Taka-

nari’ (TK: O. sativa L. ssp. indica) and ‘Taichung 65’ (T65:

O. sativa L. ssp. japonica) to construct a linkage map.

Using this linkage map, we performed QTL analysis for

‘days from sowing to heading’ (DTH). For TK and T65,

7 983 772 and 13 130 604 raw reads were obtained,

respectively. For the 130 individuals of the F2 population,

425 171 856 raw reads were obtained in total, with an

average of 3 270 553 reads per individual, using dpMIG-

seq:PS1_4–5 (Table S11). A linkage map of 1299 markers,

consisting of 5048 SNPs/indels, was generated (Figure 5a;

Table S12). The total distance of the linkage map was

1661.2 cM, and the average distance between two

markers in the linkage map was 1.28 cM (Table S12).

Although the marker order of the linkage map did not

correspond perfectly with the physical and genetic maps

for some markers (Figure 5b), genome-wide markers

were obtained for each marker in the rice reference

genome (Figure S13a, Data S4).

The mean DTH values of TK and T65 were 91.9 and

91.2, respectively, and the DTH of the F2 population was

76–107, indicating transgressive segregation (Figure S13b).

QTL analysis for DTH revealed two QTLs that had peaks

with LOD scores of 7.940 and 23.186 on chromosomes 3

and 7, respectively, when the LOD score threshold was

6.640 after 1000 permutations (Figure 5c). The rice flower-

ing suppressor gene Ghd7 (Xue et al., 2008) was located

near the peak of the QTL on chromosome 7 (Figure 5d),

whereas no genes known to affect heading were located

near the peak of the QTL on chromosome 3 (Figure 5d).

The LOD score threshold was not exceeded, but peaks with

LOD scores of 5.593 and 5.035 were observed on chromo-

somes 6 and 10, respectively.

The peak of chromosome 6 is located within a dense

cluster of rice flowering genes, potentially corresponding

to Hd17 (Matsubara et al., 2012), RFT1, or Hd3a (Komiya

et al., 2008; Figure S13c). Similarly, the peak on chromo-

some 10 may correspond to Ehd1 (Doi et al., 2004;

Figure S13c). A Tukey–Kramer comparison, analyzing the

difference in mean DTH values between population

alleles using markers closest to the position of the LOD

peak, revealed significant differences between the alleles

of both parental homozygotes for all four markers

(Figure 5e).

Figure 5. Construction of linkage map and quantitative trait loci (QTL) analysis for days to heading in rice F2 populations via degenerate oligonucleotide primer

MIG-seq (dpMIG-seq). (a) Linkage map of the rice F2 population constructed via dpMIG-seq, where the rice F2 population originated from a cross between ‘Taka-

nari’ and ‘Taichung 65’. (b) Location of each marker on the physical and linkage maps, with the x-axis and y-axis representing the position on the physical map

and genetic map, respectively. (c) LOD score for QTL analysis based on days to heading, where the red line indicates the LOD score threshold. (d) Comparison

of locus positions and candidate genes on physical and genetic maps of QTLs on chromosomes 3 and 7 for the heading date of the rice F2 population, with dot-

ted lines denoting the same markers on the physical map and genetic map, and marker correspondence by dotted lines only pertaining to the vicinities of the

QTL peak or known flowering genes. (e) QTL effect for days from transplant to heading in the rice F2 population derived from a cross between ‘Takanari’ and

‘Taichung 65’. Days from transplant to heading are categorized by markers close to the detected QTL peaks or LOD score peaks, with A, B, and H indicating the

homozygous ‘Taichung 65’ allele, homozygous ‘Takanari’ allele, and heterozygous allele, respectively. Different lowercase letters indicate significant differences.
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Re-analysis by dpMIG-seq of populations analyzed by

tomato genotype array

We aimed to confirm that dpMIG-seq could yield results

similar to those obtained through genotyping arrays. We

used DNA from the tomato F2 population, for which a

tomato linkage map had been previously established via

genotyping array and QTL analysis to gauge parthenocar-

pic levels for library construction (Takisawa et al., 2018).

This F2 population was derived from a cross between the

parthenocarpic tomato cultivar ‘MPK-1’ and the tomato cul-

tivar ‘Micro-Tom’. We leveraged phenotypic data regarding

parthenocarpic levels, as used by Takisawa et al. (2018)

(Figure S14a). Subsequently, a dpMIG-seq:PS1_4–5 library

was constructed and sequenced using Illumina HiSeq X

(Table S13). ‘MPK-1’ and ‘Micro-Tom’ yielded 10 111 424

and 8 807 810 raw reads, respectively. For the F2 popula-

tion’s 94 individuals, a total of 357 692 102 raw reads were

obtained, averaging 3 805 235 reads per individual, using

dpMIG-seq:PS1_4–5. The linkage map was established

using detected SNPs/indels, resulting in a total length of

1165.59 cM with an average marker spacing of 2.03 cM

(Figure 6a; Table S14). Markers were sourced from the

entire genome, yet exhibited bias (Figure 6a,b;

Figure S14b, Table S14, Data S5). Notably, genotyping

array results also indicated marker bias across chromo-

somes (Table S14), likely attributed to sequencing differ-

ences between methods. However, QTL analysis revealed

a peak with an LOD score of 20.37 on chromosome 1, con-

sistent with the previously identified Pat-k locus (Figure 6c,

d). Tukey–Kramer comparisons confirmed significance at

the peak markers (Figure 6e), suggesting that dpMIG-seq

yielded results aligning with those of the genotyping array.

Construction of the dpMIG-seq library and QTL analysis

performed without DNA purification in soybean

recombinant inbred lines

Finally, we investigated the potential for constructing a

linkage map and conducting QTL analysis for flowering

time using unpurified DNA in soybean recombinant inbred

lines (RILs) derived from a hybrid between ‘Misuzudaizu’

and ‘Moshidou Gong503’ (Table S15). Phenotypic data

from 1999, registered in the Legume base NBRP

(https://legumebase.nbrp.jp/legumebase/top.jsp) were

employed for the QTL analysis. Notably, transgressive seg-

regation was observed in the flowering time of these RILs

(Figure S15a). Illumina HiSeq X sequencing yielded

10 743 320 and 12 481 870 raw reads for ‘Misuzudaizu’ and

‘Moshidou Gong503’, respectively (Table S15). Library con-

struction revealed an average of 2 460 481 reads, with only

four samples falling below 1 million reads (563 390–
791 754 reads). The remaining samples produced read

counts of 1 051 098–4 482 752 (Table S15). Linkage map

construction resulted in a map containing 1765 markers

encompassing 5109 SNP/indel markers (Figure 7a;

Table S16). The total length of this linkage map was

2114.52 cM, with an average intermarker distance of

1.94 cM. Markers were distributed genome-wide, and

physical and genetic distances generally corresponded

(Figure 7b; Figure S15b, Data S6). QTL analysis for flower-

ing time revealed LOD score peaks at the E1 and E2 loci

(Tsubokura et al., 2014; Watanabe et al., 2011; Xu

et al., 2015), with specific LOD scores of 28.60 and 10.06,

respectively (Figure 7c,d). An analysis of variance, using

only homozygous E1 and E2 nearest markers, indicated

significant differences in mean flowering time between

genotypes (Figure 7e).

DISCUSSIONS

In this study, we introduced dpMIG-seq, a PCR-based

method for constructing NGS libraries using multiplexing

primers, where the degenerate oligonucleotide replaces

the SSR region found in the MIG-seq primers used for the

first PCR. Performance evaluation of dpMIG-seq in tomato

revealed an expanded loci coverage due to versatile primer

annealing. Suyama et al. (2022) previously altered the

annealing temperature of the first PCR of MIG-seq from

48°C to 38°C for similar enhancement, and we adopted

38°C as the annealing temperature in this study, leading to

a stable increase in the number of polymorphisms. This is

because if the annealing temperature is much lower than

the Tm value of the primers, even slight sequence varia-

tions can be annealed sufficiently to achieve stable PCR

amplification and genome-wide loci amplification simulta-

neously. However, the primer set PS1_4–9, incorporating

numerous degenerate oligonucleotides, failed to validate

the first PCR amplification, resulting in a low mapping rate.

Therefore, it is imperative to appropriately define the posi-

tion and number of degenerate oligonucleotides. In this

study, the introduction of the degenerate oligonucleotide

was positioned on the SSR of the MIG-seq primer. Never-

theless, similar effects could be expected if a primer with a

comparable structure is designed using a sequence other

than the SSR (such as a primer where one of the three

bases from the 30 end is replaced with degenerate oligonu-

cleotides). Further investigation in this area is warranted.

In our assessment of 11 crops, dpMIG-seq demon-

strated superior locus sequencing compared with conven-

tional MIG-seq:PS1 for plant species with a genome size of

≤2.753 Gb at a data volume of 0.3 Gb. However, for tetra-

ploid and hexaploid wheat, the performance of dpMIG-seq

was comparable with MIG-seq:PS1 or yielded fewer SNPs.

When additional data was obtained, more polymorphisms

were detected by dpMIG-seq:PS1_4–5 than by MIG-seq:

PS1, suggesting that the inability to detect wheat polymor-

phisms with a data volume of 0.3 Gb was due to limited

raw reads. For low-individual, high-data scenarios, such as

CAPS marker design and genetic constitution confirmation
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in large-genome wheat, dpMIG-seq can be an effective

method. However, for genetic analysis of >100 individuals,

costs might be restrictive. Therefore, for wheat and its

relatives, GBS/ddRAD-seq (Li et al., 2015; Yang

et al., 2017), GRAS-Di (Miki et al., 2020), DArTseq (He

et al., 2022; Semagn et al., 2022), and MIG-seq (Nishimura

(a) (b)

(c)

(d) (e)

Figure 6. Construction of linkage map and quantitative trait loci (QTL) analysis for parthenocarpy level in tomato F2 populations via dpMIG-seq. (a) Linkage map

of the tomato F2 population constructed via dpMIG-seq, where the tomato F2 population resulted from a cross between ‘MPK-1’ and ‘Micro-Tom’. (b) Location

of each marker on the physical and linkage maps, with the x-axis and y-axis representing the position on the physical map and genetic map, respectively. (c)

LOD score for QTL analysis based on parthenocarpy level, with the red line indicating the LOD score threshold. (d) Comparison of locus positions and candidate

genes on physical and genetic maps of QTLs on chromosome 1 for parthenocarpic levels of the tomato F2 population, with the dotted lines representing the

same markers on the physical map and genetic map, and marker correspondence by dotted lines being confined to the vicinities of the QTL peak or known par-

thenocarpic genes. (e) QTL effect for parthenocarpic levels in the tomato F2 population. Parthenocarpic level (pl) was classified using markers close to the

detected QTL peaks, with A, B, and H indicating the homozygous ‘MPK-1’ allele, homozygous ‘Micro-Tom’ allele, and heterozygous allele, respectively. Different

lowercase letters indicate significant differences.
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et al., 2022) remain viable options for genetic analysis.

However, owing to the simplicity of dpMIG-seq and MIG-

seq library construction, dpMIG-seq may be favored for

high-density wheat linkage maps if NGS costs decrease.

In this study, we confirmed that dpMIG-seq, akin to

MIG-seq, is prone to errors. Therefore, it is essential

to account for these errors when using MIG-seq or dpMIG-

seq polymorphism detection for genetic analysis. For

example, during the construction of linkage maps, markers

in the F2 population can be readily filtered based on their

adherence to the 1:2:1 segregation ratio. Moreover, as

highlighted by Suyama and Matsuki (2015), a sequencing

approach involving two iterations and exclusively utilizing

data from matched loci could also be effective.

Generating MIG-seq-based linkage maps in small-

genome crop species was challenging; however, in rice,

tomato, and soy, dpMIG-seq effectively generated linkage

maps with a substantial number of markers: 5142, 3678,

and 5109, respectively. The successful construction of link-

age maps validated the consistent sequencing of the same

locus across the samples. Furthermore, previously

reported genes were found in close proximity to markers

exhibiting peak LOD scores, affirming the capability of

dpMIG-seq for high-density, accurate genotyping condu-

cive to QTL analysis. However, in a previous study, a link-

age map consisting of 9303 markers was generated using

ddRAD-seq in a rice population derived from an indica and

japonica cross (de Leon et al., 2020). Although the number

of polymorphisms in dpMIG-seq of this study was lower

than in that of ddRAD-seq, there is room for further

improvement to detect polymorphisms comparable to

those in ddRAD-seq, such as comparison of the amount of

data to be acquired and the position of degenerate oligo-

nucleotide substitution, which has not yet been tested.

Since sufficient polymorphisms were detected in this anal-

ysis of rice, there is an advantage of genotyping by

dpMIG-seq for some materials, since DNA concentration

measurement and purification are unnecessary.

Additionally, the PCR-based nature of dpMIG-seq makes it

potentially applicable to fungi and animals, similar to

ddRAD-seq (Peterson et al., 2012), widening its immediate

applicability across various research domains.

Our investigation revealed the feasibility of dpMIG-

seq library construction using unpurified DNA, indicating

that it does not require high-quality DNA, which is a hall-

mark of MIG-seq, as originally described by Suyama and

Matsuki (2015). MIG-seq has been used in several ecologi-

cal and taxonomic studies since its development (Cho

et al., 2021; Hirota et al., 2021, 2022; Hoshino et al., 2021;

Nakajima et al., 2021; Saito et al., 2022; Toji et al., 2022;

van Ngoc et al., 2021; Yahara et al., 2021a, 2021b),

although <1000 SNPs were available in some studies. The

dpMIG-seq may serve as a useful alternative to conven-

tional MIG-seq in future ecological and taxonomic studies

requiring a higher marker count, especially for clonal iden-

tification or species with small genomes.

In this study, we developed an innovative methodol-

ogy with a rapid protocol for constructing libraries with

adjustable sequenced regions, similar to ddRAD-seq, and

demonstrated its properties using various crops. Notably,

the capacity of dpMIG-seq to generate libraries from

unpurified DNA promises to streamline plant genome anal-

ysis, allowing for unprecedented speed and ease in genetic

research across a diverse spectrum of plants, including

crucial crop species.

EXPERIMENTAL PROCEDURES

Plant materials

Two tomato cultivars, ‘MPK-1’ and ‘Micro-Tom’, were used to
assess the performance of dpMIG-seq (Tables S2 and S3) with
diverse multiplex primer sets (Table S3). For broader dpMIG-seq
performance evaluation, we used two rice cultivars, two soy
accessions, two tetraploid wheat accessions, two hexaploid wheat
cultivars, two quinoa accessions, two capsicum cultivars, two
peach cultivars, two melon cultivars, two radish cultivars, and
two blueberry cultivars (Tables S2 and S4). The durum wheat cul-
tivar ‘Setodur’ and emmer wheat accession ‘TN26’ were used to
(i) compare MIG-seq and dpMIG-seq under high raw read data
volume, and (ii) generate VRN-A3 gene (Nishimura et al., 2018;
Yan et al., 2006) NILs (Table S7).

The feasibility of constructing dpMIG-seq libraries using
unpurified DNA and altering the first PCR enzyme was assessed
using eight rice and eight tomato varieties (Tables S8 and S9). To
extend the application of the first PCR method to multiple crop
species without DNA purification, eight blueberry, four citrus, four
cabbage, four persimmon, and four rose varieties were used
(Tables S6 and S7).

Linkage map construction and QTL analysis for DTH, TK, and
T65 rice cultivars and 130 F2 individuals from their cross were
used (Table S11). Linkage map construction and QTL analysis for

Figure 7. Construction of linkage map and quantitative trait loci (QTL) analysis for flowering time in soy recombinant inbred lines (RILs) via dpMIG-seq without

DNA purification. (a) Linkage map of soy RILs generated via dpMIG-seq, where soy RILs were derived from a cross between ‘Misuzudaizu’ and ‘Moshideu-Gong

503’. (b) Location of each marker on the physical and linkage maps, with the x-axis and y-axis representing the position on the physical map and genetic map,

respectively. (c) LOD score for QTL analysis based on flowering time, with the red line indicating the LOD score threshold. (d) Comparison of locus positions

and candidate genes on physical and genetic maps of QTLs on chromosomes 6 and 10 for the flowering stage of soy RILs, with dotted lines showing the same

markers on the physical map and genetic map, and marker correspondence by dotted lines being limited to the vicinities of the QTL peak or known flowering

genes. (e) QTL effect for the flowering stage of soy RILs categorized by markers close to the detected QTL peaks, with A, B, and H indicating the homozygous

‘Moushidou-Gong503’ allele, homozygous ‘Misuzudaizu’ allele, and heterozygous allele, respectively. Heterozygous genotypes were excluded from the statisti-

cal test owing to low numbers of individuals. Different lowercase letters indicate significant differences.

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 118, 2296–2317

2310 Kazusa Nishimura et al.

 1365313x, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16708 by C

ochrane Japan, W
iley O

nline L
ibrary on [24/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Ftpj.16708&mode=


parthenocarpic level were performed using ‘Micro-Tom’ and
‘MPK-1’ tomato cultivars, along with 94 F2 individuals from their
cross (Table S13). This F2 population was previously analyzed by
Takisawa et al. (2018) for QTL evaluation using the Axiom�

Tomato Genotyping Array (TAKARA Bio Co. Ltd.). Linkage map
construction and QTL analysis for flowering date in soy were per-
formed using ‘Misuzudaizu’ and ‘Moshidou Gong 503’ cultivars,
along with 121 RILs from their cross (Table S15).

Cultivation conditions for rice F2 population

Seeds of TK, T65, and the 130 F2 individuals were germinated at
20°C for 24 h, followed by 30°C for 48 h in darkness. On May 17,
2021, the seeds were sown in pots (15.0 9 12.5 cm) filled with soil
and placed in a greenhouse. On June 8, 2021, seedlings were
transplanted to a paddy field at the Kizu Experimental Farm of
Kyoto University at Kizugawa, Japan (34°730 N, 135°840 E). Seed-
lings were transplanted with 30 cm spacing between rows and
plants. Rice material heading dates were recorded for QTL analy-
sis. Temperature and day length data obtained during the growing
season are provided in Figure S16.

Primer design for dpMIG-seq

To increase the number of sequenced regions in MIG-seq, some
primer sequences in the first PCR were altered with Ns (A, T, G,
C), creating primer sets of dpMIG-seq. Given that Suyama and
Matsuki (2015) designated the two bases at the 30 end of the MIG-
seq primers as anchor sequences, these two sequences were not
replaced with N in the present study to ensure PCR stability.
Although primers with Ns have slightly varied sequences, the
38°C annealing temperature in the first PCR ensured stable ampli-
con production, despite sequence differences. Validation of
dpMIG-seq involved designing 13 primer sets with incomplete
SSR regions, introducing Ns into MIG-seq primers originally
developed by Suyama and Matsuki (2015) (Table 1; Table S1).
Additionally, another MIG-seq primer set (named ‘PS2’) were
designed to target SSRs not targeted by the MIG-seq primers of
Suyama and Matsuki (2015) (Table 1, Table S1). PS2 primers were
used to determine whether replacing SSR bases with Ns had a
generalized effect on the number of detectable polymorphisms.
Naming conventions for dpMIG-seq primer sets combined (i) the
original primer name, (ii) an underscore, and (iii) the substituted
base position. Ranges were used for multiple Ns, for example, ‘3–
4’.

Library construction method for MIG-seq and dpMIG-seq

For MIG-seq and dpMIG-seq library construction, we followed a
slightly modified protocol based on the MIG-seq library construc-
tion of Nishimura et al. (2022). Libraries were constructed using 16
multiplex primer sets (Table S1), Multiplex PCR Assay Kit ver. 2
(TAKARA Bio Co. Ltd.), and DNA extracted from each sample.
DNA extraction methods for the 11 crops are outlined in Tables S2
and S7. First PCR was performed under the following conditions:
94°C for 1 min; 25 cycles at 94°C for 30 sec, 38°C for 1 min, and
72°C for 1 min; and a final extension at 72°C for 10 min. Prime
Star GXL DNA Polymerase (TAKARA Bio Co. Ltd.) was used with
the first PCR product diluted 50-fold and the second PCR primers,
that is, those developed by Nishimura et al. (2022) (Table S17),
which facilitated the second PCR under the following conditions:
98°C for 30 sec; 20 cycles of 98°C for 10 sec, 54°C for 15 sec, and
68°C for 30 sec; and a final extension at 72°C for 10 min. Second
PCR products were pooled, purified using AMPure XP (Beckman
Coulter, Inc., USA), and subjected to reconditioning PCR

(eliminating heterodimeric strands in a single PCR cycle) for accu-
rate size selection under the following conditions: 98°C for 40 sec,
54°C for 15 sec, 68°C for 30 sec, and a final extension at 72°C for
10 min. Reconditioning PCR was conducted using Prime Star GXL
DNA Polymerase (TAKARA Bio Co. Ltd.), Illumina Primer P1 (50-
AATGATACGGCGACCACCGA-30), and Illumina Primer P2 (50-
CAAGCAGAAGACGGCATACGA-30). Following reconditioning PCR,
the library was purified using AMPure XP and size-selected using
SPRIselect (Beckman Coulter, Inc., Brea, CA, USA). To remove
small and large fragments (right and left side selection, respec-
tively), the library sample to SPRIselect ratios were 1.00:0.75 and
1.00:0.56, respectively. For all constructed libraries, an Illumina
HiSeq X generated 151-bp paired-end reads with 20%
Illumina PhiX control libraries. FASTQ files from multiple library
constructions of the same sample were merged for analysis
(Tables S3, S4 and S7).

For dpMIG-seq library construction of the rice F2 population
and its parents (TK and T65), DNA extraction from leaves was
achieved following the method of Zheng et al. (1995). The dpMIG-
seq library was constructed using the above-described method
with PS1_4–5 primers. Regarding the tomato F2 population and its
parents, DNA was extracted using the DNeasy Plant Mini Kit (Qia-
gen GmbH, Germany) as described by Takisawa et al. (2018).

The procedures for library construction, including multiple
DNA extraction methods and enzymes for the first PCR, were evalu-
ated using materials from tomato, rice, and blueberry (Table S8).
Based on the method of Jia et al. (2021), filter paper was dried after
soaking in SDS and Tris-EDTA buffer, and then used to rub leaf
blades for liquid absorption. In the two one-step buffer-based
methods, crushed leaves in liquid nitrogen mixed with buffer
(200 ll) were heated to 90°C for 10 min, the lysate was centrifuged,
and the supernatant was diluted tenfold using sterile distilled water
for use as a template in first PCR. For the first PCR, PS1_4–5 was
used as described above, but 2% Tween 20 was included in the
solution. The experimental steps used after the first PCR were iden-
tical to those described above. For soy RILs, DNA was extracted
using a single-step protocol buffer with PVPP, and first the PCR
was performed using the primer set PS1_4–5. For dpMIG-seq using
KOD One� PCR Master Mix (Toyobo Co. Ltd.), the first PCR condi-
tions were as follows: 98°C for 1 min; 25 cycles at 98°C for 10 sec,
38°C for 10 sec, and 68°C for 10 sec; and a final extension at 68°C
for 5 min. Library construction conditions following the first PCR
were the same as those described above. Library construction of
dpMIG-seq:PS1_4–5 using a one-step buffer-based approach with
PVPP was conducted in persimmon, citrus, rose, and cabbage, fol-
lowing the procedure described above.

Bioinformatics pipeline

Because the initial 17 bases at the 50 end of each raw read origi-
nated from the first PCR primer of MIG-seq and dpMIG-seq, Trim-
momatic v.2.0 (Bolger et al., 2014) was used for trimming and
filtering, employing the following parameters: ‘HEADCROP:17
ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10 LEADING:20 TRAILING:20
SLIDINGWINDOW:4:15’ (Illumina adapter sequences are contained
in a FASTA format file at https://github.com/timflutre/trimmomatic/
blob/master/adapters/TruSeq3-PE-2.fa). Using Burrows–Wheeler
Aligner maximal exact match (Li & Durbin, 2009), trimmed reads
of the 11 plant species were mapped to the respective reference
genomes (Appels et al., 2018; Colle et al., 2019; Garcia-Mas
et al., 2012; Hosmani et al., 2019; Jarvis et al., 2017; Kawahara
et al., 2013; Kim et al., 2014; Maccaferri et al., 2019; Schmutz
et al., 2010; Verde et al., 2013; Zhang et al., 2021; Table S18). SAM
files were converted to BAM and sorted using samtools version

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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1.9 (Li et al., 2009). Variant calling was achieved using samtools
‘mpileup’ command (Li et al., 2009) with the ‘-d 0’ option for ana-
lyses based on the 11 crops, tetraploid wheat cultivars ‘Setodur’
and ‘TN26’ and graphical genotyping of tetraploid wheat NILs for
VRN-A3.

Up to creating variant call format (VCF) files, the bioinformat-
ics pipeline was the same as that described above for experiments
using different enzymes and DNA extraction for first PCR. For link-
age map construction, the raw reads of rice, tomato, and soy
populations, including parental samples, underwent filtering and
alignment to the respective reference genomes of each species
(Hosmani et al., 2019; Kawahara et al., 2013; Schmutz et al., 2010)
using the aforementioned method. Variant calling for these popu-
lations was achieved using the samtools ‘mpileup’ command.

Performance assessment of dpMIG-seq in crop plants

To compare polymorphism numbers between dpMIG-seq and
MIG-seq, the coverage depth (DP) of each polymorphism was
divided by the amount of raw sequencing data (Gb) and then mul-
tiplied by 0.3 as an adjustment to calculate DP per 0.3 Gb. This
computation was performed using a custom R script. In both
‘MPK-1’ and ‘Micro-Tom’, only polymorphisms with corrected DP
≥10 were analyzed. Sequenced bases were calculated in a similar
manner, considering DP ≥10 per 0.3 Gb. Common polymorphisms
between MIG-seq and dpMIG-seq were determined by calculating
the percentage of overlapping polymorphisms from each primer
set pair. To calculate the mapping rate for each primer set,
unmapped reads from the BAM file were examined using the
SAMtools view command with the -f 4 option. Mapped reads were
identified by calculating the number of mapped reads from the
FASTQ row count. The mapping rate was then determined by
dividing the number of mapped reads by the total number of
reads. To determine whether the sequences to which the primers
annealed differed among the first PCR primer sets, a GTF file spec-
ifying the region to which the primers were supposed to anneal
was created using a custom-made R script and the sorted BAM
files. Using this GTF file, SeqKit subseq (Shen et al., 2016) was
applied to extract 14 bp of sequences from the 50 end of the
region to which each read mapped from the reference genome for
each read from the FASTA file of the tomato reference genome.
The types of sequences of these 14 bases were cross-tabulated.
For the types of sequences that appeared more than 10 times per
million reads, the average values of ‘MPK-1’ and ‘Micro-Tom’
were calculated and used in the analysis.

To evaluate the usefulness of dpMIG-seq in the 11 plant spe-
cies, samtools ‘depth’ command (Li et al., 2009) was used to
extract locus DP data from sorted BAM files using the parameter ‘-
d 0’. Nucleotides with ≥10 DP were considered sequences that
could be obtained stably using MIG-seq and dpMIG-seq.

Error estimation of dpMIG-seq:PS1_4–5 of tomato

The parents of populations used to construct the tomato linkage
map were sequenced multiple times (Table S13), and data from
three iterations with sufficient data were used for estimating error
rates in ‘Micro-Tom’ and ‘MPK-1’. For each of these iterations, var-
iant calling was performed using SAMtools mpileup and bcftools
calls, with filtering and mapping to the reference sequence per-
formed as described above. Genotype discrepancy rates were cal-
culated three times (replicate 1 versus replicate 2, replicate 2
versus replicate 3, and replicate 3 versus replicate 1) for each mini-
mum coverage depth using a custom R script.

Reproducibility and redundancy were determined for MIG-
seq and dpMIG-seq amplifications in tomato as follows. Genomic

positions of paired-end mapped reads were extracted from the
BAM file, and the frequency of paired-end reads mapped positions
appearing at least five times per million for both cultivars was tab-
ulated using a custom R script.

Analysis of GC content and genomic distribution of

sequences via MIG-seq and dpMIG-seq

To investigate the amplification bias of the GC content in the first
PCR during library construction, we analyzed MIG-seq and dpMIG-
seq data using 17 primer sets in tomato, as well as MIG-seq:PS1,
dpMIG-seq:PS1_4, and dpMIG-seq:PS1_4–5 for 11 different crop
species (including tomato). GC content of the first PCR amplicons
for MIG-seq and dpMIG-seq was calculated by extracting positions
of forward and reverse reads mapped at paired ends from BAM
files. To extract putative amplicon sequences of the first PCR from
the reference genome, GTF files were generated via a custom R
script for paired-end reads appearing at least five times out of 1
million read pairs in both cultivars or lines Seqkit subseq was
employed to extract the sequences from the reference genome,
with the output saved as FASTA format files. GC content was cal-
culated for these FASTA files using Seqkit fx2tab with the ‘-nlg’
option. Subsequently, an equivalent number of sequences was
randomly extracted from the reference genome to match the same
insert size of the observed amplicon sequences. Their GC content
was extracted using Seqkit fx2tab and compared through Stu-
dent’s t-test analysis.

For the sequences amplified via first PCR, illustrating the dis-
persion in the genome, the locus positions of these amplicons
(i.e., the positions of locations where paired reads were mapped
with the smallest physical distance values) were depicted using
custom R scripts. The size of the largest gap between adjacent
amplicons was tabulated for each of the 11 crop species.

Applicability analysis of dpMIG-seq in tetraploid wheat

To estimate data needs for dpMIG-seq:PS1_4–5 in wheat analysis,
‘Setodur’ and ‘TN26’ tetraploid wheat accessions were subjected
to MIG-seq:PS1 and dpMIG-seq:PS1_4–5. SAMtools ‘mpileup’
command was used to generate VCF files, and DP per data vol-
ume was calculated for all polymorphisms at 0.5 Gb intervals
from 0.5 to 5.5 Gb using a custom R script. Polymorphisms with
DP ≥10 were tallied for each data volume to determine the correla-
tion between polymorphism count and data volume.

Wheat NIL selection using genome-wide polymorphisms

from MIG-seq and dpMIG-seq

MIG-seq was applied to the BC4F2 generation (n = 16) to identify
candidate NILs (Data S2). Using dpMIG-seq:PS1_4–5 data between
‘Setodur’ and ‘TN26’, two CAPS markers (1B_450454175_AluI and
1B_575563548_MspI) were created for selecting individuals from
the BC4F3 population in the later generation of BC4F2_10. Forward
and reverse primer sequences for 1B_450454175_AluI were 50-
TTTATGCCCCTAGTTGTGTCCC-30 and 50-TTGGCCATATCACATCA
CACGA-30, and for 1B_575563548_Msp1 were 50-TGCTCTATGGT
AAACACGGCAT-30 and 50-TCATCTCCTTCTGGTCCATCCT-30,
respectively. NILs were chosen using a marker set developed for
VRN-A3 promoter region insertion–deletion polymorphisms by
Nishimura et al. (2021). BC4F3 DNA was extracted using the
method of Jia et al. (2021), utilizing filter paper fragments as ‘PCR
templates. PCR for the VRN-A3 marker was performed using KOD
One� PCR Master Mix (Toyobo Co. Ltd.) under the following con-
ditions: 98°C for 2 min; 35 cycles at 98°C for 5 sec, 60°C for 5 sec,
and 68°C for 5 sec; and a final extension at 68°C for 5 min. VRN-
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A3 PCR products were separated using 4% agarose gel. CAPS
marker PCR followed the same VRN-A3 conditions. PCR products
underwent 3-h digestion with AluI and MspI restriction enzymes at
37°C, followed by separation on 2% agarose gel.

Assessment of dpMIG-seq performance using a

combination of DNA extraction methods and PCR

enzymes

Five combinations of DNA extraction methods and the first PCR
enzymes were compared based on the number of detected poly-
morphisms. First, unmapped reads from the bam file were
assessed using the samtools view command with the -f 4 option.
Mapped reads were determined by calculating the number of
mapped reads from the FASTQ row count. The mapping rate was
calculated by dividing the number of mapped reads by the total
number of reads. Subsequently, for the eight accessions’ VCF
files, only polymorphisms with DP ≥10 and no missing data across
all individuals were tabulated among the five methods. Extracted
polymorphisms were also subjected to PCA, treating heterozygous
genotypes in rice accessions as missing values. For eight blue-
berry, four citrus, four cabbage, four persimmon, and four rose,
after DNA extraction using a one-step buffer with PVPP, libraries
were constructed using dpMIG-seq:PS1_4–5 primer set, and the
mapping rate to the reference genome (Akagi et al., 2020; Colle
et al., 2019; Parkin et al., 2014; Raymond et al., 2018; Wang
et al., 2017; Table S18) was calculated using the same method as
above.

Linkage map construction and QTL analysis in rice,

tomato, and soy mapping populations

Linkage maps for rice, tomato, and soy populations were estab-
lished using Lep-MAP3 (Rastas, 2017). In the rice F2 population,
VCF files underwent initial filtering through VCFtools (Danecek
et al., 2011) using the following parameters: ‘--max-missing 0.95,
--minDP 10, --maf 0.25, --minQ 20, --min-alleles 2, --max-alleles 2’.
The VCF files were separated by chromosome, and the polymor-
phisms in these files were grouped using the SeparateChromo-
some2 module of Lep-MAP3. The linkage group with the most
markers in each group defined the corresponding chromosome’s
linkage group for subsequent analysis. QTL analysis for DTH
involved using the composite interval mapping (CIM) method in
R/qtl (Broman et al., 2003), with logarithm of odds (LOD) score
thresholds established through 1000 permutation tests.

Similarly, in the tomato F2 population, VCF files underwent
initial VCFtools (Danecek et al., 2011) filtering with the following
parameters: ‘—max-missing 0.95, --minDP 10, --maf 0.25, --minQ
20, --min-alleles 2, --max-alleles 2’. Chromosome-specific segrega-
tion and grouping of polymorphisms in the separated VCF files
were performed using the SeparateChromosome2 module of Lep-
MAP3, utilizing the linkage group with the most markers for each
chromosome. QTL analysis for DTH was conducted using the CIM
method in R/qtl (Broman et al., 2003), with LOD score threshold
determination via 1000 permutation tests.

For the soy RILs, VCF files underwent initial VCFtools
(Danecek et al., 2011) filtering with the following parameters:
‘—max-missing 0.95, --minDP 10, --maf 0.25, --minQ 20, --min-
alleles 2, --max-alleles 2’. Segmentation of VCF files by chromo-
some and subsequent polymorphism grouping were executed
using the SeparateChromosome2 module of Lep-MAP3,
designating the linkage group with the highest marker count as
the chromosome’s linkage group. QTL analysis for the flowering
stage was performed using the CIM method in R/qtl (Broman

et al., 2003). Flowering stage data from 1999, used as phenotypes
for QTL analysis, were obtained from Legume base NBRP
(https://legumebase.nbrp.jp/legumebase/top.jsp). LOD score
thresholds were determined using 1000 permutation tests.

Statistical analysis

The significance of the correlation coefficient was evaluated using
the cor.test function from the base package in R. To determine the
superiority of the difference in GC content between sequences
amplified via MIG-seq or dpMIG-seq and randomly sampled
sequences from reference genome, a Student’s t-test was
conducted via the t.test function in the R base package. The loci
segregating in the BC4F2 generation were examined using a chi-
square test through the ‘chi.test’ function in the R ‘base’ package.
Tukey–Kramer tests were conducted using the ‘glht’ function from
the ‘multcomp’ package in R. ANOVA was conducted using the ‘aov’
function from the ‘base’ package in R. Statistically significant
results were defined as those with P-values ≤0.05.

ACCESSION NUMBERS

All sequence data were submitted to DDBJ, and correspond-

ing accession numbers are provided below. Further details

on individual samples and accession numbers can be found

in Supplementary Tables. The DRA accession numbers

assigned are DRA014713, DRA014715, DRA014716,

DRA016895, DRA016896, DRA016897, and DRA016898.
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Figure S1. Electrophoretic images of the first PCR of MIG-seq and
dpMIG-seq in tomato.

Figure S2. Number of polymorphisms detected using dpMIG-seq:
PS1_4–5 in tomato and the error rate. (a) Error rate per minimum
coverage depth. (b) Number of polymorphisms per minimum cov-
erage depth. In (a) and (b), error bars indicate standard deviation.

Figure S3. Logarithm of frequency per locus for reads mapped via
MIG-seq and dpMIG-seq paired-end reads in tomato. Horizontal
and vertical axes represent data for ‘MPK-1’ and ‘Micro-Tom’,
respectively. Logarithmic values are presented on each axis, with
a base of 10, for those appearing >5 times, corrected to the fre-
quency per million read pairs of mapped reads. *** indicates a P-
value for the correlation coefficient of <0.001.

Figure S4. Relationship between the number of polymorphisms
detected by MIG-seq and dpMIG-seq in 11 crop species and the
minimum coverage depth for variant calls. Vertical and horizontal
axes represent the number of polymorphisms and the minimum
coverage depth (DP) for variant calls, respectively.

Figure S5. Venn diagram of polymorphisms obtained via MIG-seq
and dpMIG-seq in 11 crop species. First PCR was performed using
PS1, PS1_4, and PS1_4–5.

Figure S6. GC content of sequences considered amplified through
first PCR of MIG-seq and dpMIG-seq, and GC content of
sequences randomly extracted from reference genomes in
tomato. *** indicates a P-value of <0.001 based on Student’s
t-test.

Figure S7. GC content of sequences considered amplified through
first PCR of MIG-seq:PS1, dpMIG-seq:PS1_4, and dpMIG-seq:
PS1_4–5 in 10 crop species, and GC content of sequences ran-
domly extracted from reference genomes. *** indicates a P-value
of <0.001 based on Student’s t-test.

Figure S8. Distribution of amplicons on the genome in 11 crop
species via MIG-seq:PS1, dpMIG-seq:PS1_4, and dpMIG-seq:
PS1_4–5. In each species, the position of amplicons mapped at
least 5 times per million paired reads mapped is shown as black
lines.

Figure S9. Chi-square test results for markers obtained using MIG-
seq in the BC4F2 generation derived from a ‘Setodur’ and ‘TN26’
cross. The y-axis and x-axis indicate the P-value for conformity to
the 1:2:1 segregation ratio according to the chi-square test and the
position of each polymorphism on the physical map of the chro-
mosome, respectively.

Figure S10. Electrophoresis images from the investigation of the
first PCR conditions of dpMIG-seq in rice and tomato.
‘osf01’–‘osf08’ and ‘slf01’–‘slf08’ indicate eight rice and eight
tomato accessions, respectively. Red characters indicate library
names. The first PCR was performed using a combination of DNA
extraction methods, PCR enzymes, and with or without 2%
TWEEN20. ‘Thomson buffer’ denotes the simple-step DNA extrac-
tion method reported by Thomson and Henry (1995). ‘One-step
buffer with PVPP’ denotes a DNA extraction method using the
buffer developed by Thomson and Henry (1995) with polyvinylpo-
lypyrrolidone (PVPP). + and � symbols indicate that 2% TWEEN20
was or was not added, respectively.

Figure S11. Electrophoresis images for investigation of 1st PCR
conditions of dpMIG-seq in blueberry. Red character indicates
library name sequenced in this study. Experiments were per-
formed using a combination of DNA extraction methods,
enzymes, and with or without 2 percent TWEEN20 used for
1st PCR.

Figure S12. Electrophoretic images of the first PCR products
derived from unpurified DNA from citrus, persimmon, cabbage,
and rose. Red characters indicate sequenced library names. Exper-
iments were performed using a combination of DNA extraction
methods, enzymes, and with or without 2% TWEEN20 used for
first PCR.

Figure S13. Preliminary information on rice QTL analysis via
dpMIG-seq. (a) Frequency distribution of markers on the physical
map. Dotted red lines indicate chromosomal terminals. (b) Fre-
quency distribution of days to heading in the rice F2 population.
(c) Comparison of locus positions and candidate genes on physi-
cal and genetic maps of QTLs on chromosomes 6 and 10 for the
heading date of the rice F2 population. Dotted lines show the
same markers on the physical and genetic maps, and marker cor-
respondence according to dotted lines depicts only the vicinities
of the QTL peak and/or known flowering genes.

Figure S14. Preliminary information on tomato QTL analysis via
dpMIG-seq. (a) Frequency distribution of parthenocarpic level in
the tomato F2 population. (b) Frequency distribution of markers
on the physical map. Dotted red lines indicate chromosomal
terminals.

Figure S15. Preliminary information on soy QTL analysis via
dpMIG-seq. (a) Frequency distribution of flowering time in soy
RILs. (b) Frequency distribution of markers on the physical map.
Dotted red lines indicate chromosomal terminals.

Figure S16. Temperature and daylength data obtained during the
cultivation of the rice F2 population. (a) Temperature data
obtained during rice F2 population cultivation. y-axis and x-axis
indicate temperature (°C) and the date in 2021, respectively. (b)
Daylength data obtained during the rice F2 population cultivation.
y-axis and x-axis indicate daylength (h) and the date in 2021,
respectively. Daylength data were obtained from the National
Astronomical Observatory of Japan (https://eco.mtk.nao.ac.
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jp/koyomi/topics/). In both graphs, the black vertical line indicates
the date of transplanting.

Table S1. First PCR primers for MIG-seq and dpMIG-seq.

Table S2. Summary of the 11 agricultural plant species used for
comparison of MIG-seq and dpMIG-seq performance.

Table S3. Summary of NGS data for tomato accessions based on
MIG-seq and dpMIG-seq.

Table S4. Summary of NGS data for 10 crop species other than
tomato.

Table S5. Genome coverage obtained using MIG-seq:PS1, dpMIG-
seq:PS1_4, and dpMIG-seq:PS1_4–5 in 11 crop species.

Table S6. Maximum gap between mapped amplicons of MIG-seq:
PS1, dp MIG-seq:PS1_4, and dpMIG-seq:PS1_4–5 in 11 crop
species.

Table S7. Summary of NGS data for tetraploid wheat materials
used in the analysis evaluating dpMIG-seq and NILs construction.

Table S8. Plant materials employed to develop and validate
dpMIG-seq protocols using unpurified DNA.

Table S9. NGS library information for the development of crude
sample-based dpMIG-seq.

Table S10. Mapping rates of reads obtained via different first PCR
methods using dpMIG-seq.

Table S11. Summarized data for rice F2 populations and their par-
ents for linkage map construction as well as QTL analysis.

Table S12. Summary of the rice F2 population linkage map.

Table S13. Summarized data for tomato F2 populations and their
parents for linkage map construction as well as QTL analysis.

Table S14. Summary of the tomato F2 population linkage map via
dpMIG-seq:PS1_4–5 and marker number of linkagemap in the
Takisawa et al. (2018).

Table S15. Summarized data for soy RILs and their parents for
linkage map construction as well as QTL analysis.

Table S16. Summary of the soy RIL linkage map.

Table S17. Second PCR primers used for MIG-seq and dpMIG-seq.

Table S18. Summary of the reference genomes used in this study.

Data S1. Frequency of sequences assumed to anneal to primers
per million in each primer set.

Data S2. Genotypes obtained via MIG-seq in the BC4F2 generation
derived from a cross between ‘Setodur’ and ‘TN26’.

Data S3. Genotypes obtained via MIG-seq and dpMIG-seq in
‘Setodur’, ‘TN26’, and BC4F3_32.

Data S4. Genotypic information of the rice F2 population.

Data S5. Genotypic information of the tomato F2 population.

Data S6. Genotypic information of soy RILs.
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