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Development of a high-density 
genetic linkage map and 
identification of flowering time 
QTLs in adzuki bean (Vigna 
angularis)
Changyou Liu, Baojie Fan, Zhimin Cao, Qiuzhu Su, Yan Wang, Zhixiao Zhang & Jing Tian

A high-density linkage map is crucial for the identification of quantitative trait loci (QTLs), positional 
cloning, and physical map assembly. Here, we report the development of a high-density linkage 
map based on specific length amplified fragment sequencing (SLAF-seq) for adzuki bean and the 
identification of flowering time-related QTLs. Through SLAF library construction and Illumina 
sequencing of a recombinant inbred line (RIL) population, a total of 4425 SLAF markers were developed 
and assigned to 11 linkage groups (LGs). After binning the SLAF markers that represented the same 
genotype, the final linkage map of 1628.15 cM contained 2032 markers, with an average marker density 
of 0.80 cM. Comparative analysis showed high collinearity with two adzuki bean physical maps and a 
high degree of synteny with the reference genome of common bean (Phaseolus vulgaris). Using this 
map, one major QTL on LG03 and two minor QTLs on LG05 associated with first flowering time (FLD) 
were consistently identified in tests over a two-year period. These results provide a foundation that will 
be useful for future genomic research, such as identifying QTLs for other important traits, positional 
cloning, and comparative mapping in legumes.

Adzuki bean (Vigna angularis (Willd.) Ohwi & Ohashi), Xiaodou (red beans) in Chinese, belongs to the subgenus 
Ceratotropis of the Vigna genus in the Phaseoleae tribe. It is a self-pollinating diploid plant with 2n =  2x =  22 
chromosomes1. Adzuki bean is one of the most economically important legume food crops in Asia and is pri-
marily cultivated in China, Japan, and South Korea, as well as other countries2. The protein content of adzuki 
bean is two to three times that of cereal crops. Recently, adzuki bean has been recommended as a suitable food 
for diabetic patients due to its excellent protein and phenolic compound contents3,4. In China, adzuki bean is a 
traditional healthy food, and the market demand for adzuki bean products has increased gradually as consumers 
have become more health conscious. However, unlike other major crops (such as rice, maize, and wheat), progress 
in adzuki bean genetics and breeding is far from satisfactory5.

The construction of a high-quality genetic linkage map will enable the discovery of useful genes and accelerate 
the breeding of adzuki bean. Several adzuki bean genetic linkage maps have been constructed using different F2 or 
BC1F1 mapping populations6–10. Among these maps, the most comprehensive genetic linkage map consists of 11 
linkage groups (LGs) spanning a total of 832.1 cM, with an average distance of 1.85 cM between markers, includ-
ing 205 simple sequence repeat(SSR) markers, 187 amplified fragment length polymorphism(AFLP) markers, and 
94 restriction fragment length polymorphism (RFLP) markers8. Quantitative trait loci (QTLs) associated with 
several important traits have been identified using this linkage map, including those related to seeds, pods, stems 
and leaves11, as well as bruchid resistance12. The usefulness of genetic maps largely depends on their density13: a 
high-density linkage map will promote high-resolution genetic mapping and positional cloning of crucial genes 
and can also benefit physical map assembly.
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To construct a high-density genetic map of adzuki bean, additional molecular markers need to be developed. 
Single-nucleotide polymorphisms (SNPs) are the most abundant class of polymorphisms in most genomes and 
are one of the most efficient markers for identifying candidate genes associated with QTLs14. Based on the devel-
opment of next-generation sequencing technology, several high-throughput methods for SNP and insertion/dele-
tion polymorphism (InDel) marker identification and genotyping have been developed. These methods include 
restriction site-associated (RAD) sequencing (RADseq)15, genotyping-by-sequencing(GBS)16, and specific length 
amplified fragment sequencing (SLAF-seq)17. Among these methods, SLAF-seq combines pre-designed reduced 
representation library (RRL) schemes, high-throughput paired-end sequencing technology, and a double bar-
code system, which allows it to simultaneously genotype large populations with a considerable number of loci at 
a lower cost. Importantly, reference genome sequences and polymorphism information are not necessary when 
this method is used. This method has been applied in many species for genetic map construction as a rapid and 
cost-effective strategy for high-throughput SNP and InDel discovery and genotyping18–20.

Flowering time is a very important target in adzuki bean breeding programmes because it is critical for adapt-
ing cultivars to different cultivation areas or growing seasons. A series of genes or QTLs related to flowering time 
have been detected in Arabidopsis21,22, rice23, wheat24, soybean25,26, common bean27,28, and other plants. However, 
few studies have focused on candidate genes or QTLs for flowering time in adzuki bean. Two studies that focused 
on the genetics of domestication in adzuki bean described 1 to 5 QTLs related to first flowering time (FLD)9,11. 
For example, Isemura et al. detected a QTL for FLD (Fld2.4.1, phenotypic varianceexplained (PVE): 23.9%) on 
LG 4 using an F2 population11. Kaga et al. identified one major QTL of FLD (Fld3.4a.1, PVE: 43.7%) on LG 4a 
and four QTLs with smaller effects on LGs2 (Fld3.2.1, PVE: 6%), 3(Fld3.3.1, PVE: 5.4%), 5(Fld3.5.1, PVE: 8.8%), 
and 11(Fld3.11.1, PVE:5.8%) also using an F2 population9. However, the precise genomic positions of these QTLs 
remain unclear, and the genes underlying these flowering time QTLs in adzuki bean are not known.

The main objective of this research was to analyse a recombinant inbred line(RIL) mapping population from a 
cross between wild and cultivated adzuki bean for SNP and InDel polymorphisms and for QTLs associated with 
flowering time during different years. The specific objectives were (a) to construct a high-density genetic map of 
adzuki bean based on the SLAF-seq high-throughput method and (b) to identify QTLs associated with FLD over 
two years.

Results
SLAF sequencing and genotyping. SLAF library construction and Illumina sequencing generated a total 
of 47.8 Gb of raw data containing 240,904,338 paired-end reads with a length of 100 bp. The Q20 ratio (a quality 
score of 20, indicating a 1% chance of an error) was 81.12%, and the GC (guanine-cytosine) content is 33%. Of the 
high-quality data, 45.3 M reads and 71.1 M reads were obtained from the male and female parents, respectively. 
After clustering the reads, a total of 243,980 SLAF loci were detected. The average sequence depths of the SLAF 
loci were 190.14-fold for the male parent, 122.63-fold for the female parent, with an average of 4.25-fold for each 
individual offspring. A total of 23,294 polymorphic SLAF markers were detected between the two parents, of 
which 21,421 were successfully encoded and grouped into eight segregation patterns(i.e., ab ×  cd, ef ×  eg, hk ×  hk, 
lm ×  ll, nn ×  np, aa ×  bb, ab ×  cc and cc ×  ab). Because only the aa ×  bb segregation pattern was suitable for the 
RIL population, the 13,158 SLAFs in this segregation pattern were selected for further analysis. After discarding 
low-quality SLAFs with a <  10-fold parental sequencing depth and < 70% integrity among the RIL population, 
10,890 high-quality SLAFs remained for use in the linkage analysis.

Genetic linkage map construction. After discarding SLAF markers with a pair-wise independence 
LOD <  5, a total of 4425 markers could be assigned to 11 LGs. The coverage of the markers was 379.19-fold for 
the male parent, 243.04-fold for the female parent, with an average of 4.46-fold for each RIL individual. Of the 
assigned SLAF markers, 1938 markers did not segregate in the expected 1:1 ratio, as based on a chi-square test 
where the P-value of a marker segregating1:1 was < 1%. The markers with distorted segregation were initially 
excluded from the map construction but were added later as accessory markers. To more reasonably calculate 
the average distance between adjacent markers, 3253 markers with the same genotype across the entire RIL pop-
ulation were merged into 861 bins. The bin information is supplied in Supplementary Table S1. The final map 
is 1628.15 cM in length with an average marker density of 0.80 cM (Fig. 1 and Table 1). The number of SLAF 
markers in each LG ranges from 108 (LG06) to 622 (LG07). The length of each LG ranges from 61.05 cM (LG06) 
to 270.83 cM (LG07), and the average distance between adjacent markers is 0.61 cM (LG05) to 0.95 cM (LG09). 
Except for one > 6-cM gap between adjacent markers on LG09, all other gaps are < 4.1 cM.

Comparative analysis. To evaluate the quality of the genetic map, the sequences of the 4425 mapped SLAF 
markers were aligned to the two draft genome sequences of adzuki bean using the stringent threshold described 
in the materials and methods section.

Based on the draft adzuki bean genome reported by Kang et al.29, the BLAST result indicated that 76.14% 
(3369/4425) of the SLAF markers map to pseudo-chromosomes or scaffolds (Supplementary Table S2). The 
SLAF markers on LG01, LG04, LG09, LG10, and LG11 primarily map to a single pseudo-chromosome (Table 2). 
The high Spearman’s rank correlation coefficient (> 0.9) indicated high collinearity between the LGs and 
pseudo-chromosomes. The SLAF markers on LG02, LG03, LG05, LG06, LG07, and LG08 predominantly map to 
two to four pseudo-chromosomes or long scaffolds.

A similar analysis was performed for the adzuki bean genome reported by Yang et al.30. The BLAST results 
showed that 75.16% (3326/4425) of the SLAF markers map to pseudo-chromosomes or scaffolds (Supplementary 
Table S3). Except for LG01, LG03, LG05 and LG09, all other LGs are primarily homologous with a single 
pseudo-chromosome, with high synteny (Table 2).
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To align the genetic map with the reference genome of common bean31, macrosynteny and microsyntenywere 
detected between adzuki bean and common bean. All 11 LGs are syntenic with 10 common bean chromosomes 
(Fig. 2 and Supplementary Table S4). LG01, LG03, LG04, LG06 and LG09 correspond to only one common bean 
chromosome. The locus order of LG09 is most similar to common bean chromosome 6 (Pchr6). LG02, LG05, 
LG07, LG08, LG10 and LG11 mainly correspond to two common bean chromosomes. Interestingly, LG02 and 
LG07 are syntenic with common bean chromosomes 2 (Pchr2) and 3 (Pchr3) according to a ‘sharing’ model, 
which suggests that these two chromosomes in mungbean and common bean have recombined.

QTLs for first flowering time. FLD was evaluated over two years. As expected, the FLD of the wild parent 
(Yesheng10) occurred much later than did that of the cultivated parent (Jihong9218), at 78 days compared to 43 
days. Transgressive segregation lines were observed in the RIL population. The distribution of FLD among RIL 
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Marker9390549.8
Marker15012050.2
Bin31550.5
Bin32051.8
Bin31952.2
Bin31852.5
Marker321753.5
Bin32153.8

Bin32556.1
Bin32656.8
Bin32757.5
Bin32857.8
Bin32958.4
Marker5386358.8
Marker6467659.4

Bin33060.8
Bin33161.1
Marker9233461.4
Bin33262.4
Bin33362.7
Marker9154163.4
Bin33465.0
Marker3161765.7
Marker1061166.4
Bin33967.0
Bin33768.0
Bin33868.3
Bin33669.3
Bin33569.7
Marker915670.0
Marker909470.3
Bin34070.6
Marker6752571.6
Bin34172.3
Marker1430472.6
Bin34272.9
Marker2370173.3
Bin34373.9

Marker353175.3

Bin34476.6
Marker6279077.6
Bin34577.9
Marker3170778.6
Marker4710478.9
Bin34679.9

Marker1382882.9

Marker2022085.2
Marker4428085.6
Marker9252785.9
Marker6110186.6
Marker1706387.2

Marker6098088.5

Bin34789.9
Marker5855490.2
Marker7618290.9

Marker9382292.9

Marker4523694.9
Marker15943695.5

Marker4869496.5
Marker14027097.2

Marker5409498.5
Marker3654499.1

Marker58655100.8

LG4 [1]

Bin348103.5

Marker53627104.8
Marker43383105.5
Marker26298106.5
Bin349106.8
Marker72903107.8
Marker62234108.4
Marker89461109.1

Marker19182110.1
Bin350110.7

Bin351111.7

Marker21111112.7

Marker66900114.0
Marker55748114.7
Marker114761115.4
Marker47611116.0
Bin352116.3

Marker77608118.0
Bin353118.3
Marker77992118.7
Marker28245119.0
Marker25795119.3
Marker43747120.6

Marker111960122.3
Bin354122.6
Bin355123.3

Bin356124.6

Bin357125.6
Marker22512126.6
Marker47031126.9

Marker47334128.3
Marker50776128.9
Marker46924129.6
Marker57219130.2

Marker66005131.9

Marker55037133.2
Marker20995134.2
Marker23392134.9
Marker30730135.5
Bin358135.8

Marker65458137.2

Marker58155138.5

Marker20799139.5
Marker30667140.1

Bin359141.8
Marker47016142.5

Bin360143.8
Marker137655144.1

Marker78855145.4
Marker27336146.1

Marker22490147.4

Marker43535149.1
Marker14925149.4
Marker50304149.7

Marker76198151.7
Marker127576152.1

Marker97672154.1

Marker26034156.8

LG4 [2]

Marker483870.0
Marker248720.3

Bin1622.7
Marker532833.0
Marker529633.7
Marker399294.3
Bin1635.0
Bin1645.3
Bin1655.6
Bin1666.3
Marker15136.6
Bin1677.3
Marker265597.6
Bin1688.6
Marker232088.9
Bin1699.2
Marker479029.6
Marker790510.9
Marker231911.2
Bin17012.5

Bin17113.9
Bin17214.9
Bin17315.2
Bin17415.9
Bin17516.5
Bin17617.2
Marker7558717.8
Marker4085319.1
Marker2721219.8
Bin21320.5
Marker3697821.5
Marker627422.4
Bin21124.1
Bin21024.4
Marker7502324.8
Bin19525.1
Bin19626.1
Bin19726.7
Bin19827.4
Bin19927.7
Bin20028.1
Bin20128.7
Bin20229.0
Bin20429.4
Marker1576729.7
Bin20330.0
Bin20530.7
Bin20631.0
Bin20731.3
Bin20831.7
Bin20932.0
Marker1392033.0
Marker4127634.0
Bin19435.0
Bin19335.6
Marker2515 Bin21235.9
Marker2920136.3
Marker7967837.3
Bin19238.3
Bin19138.9
Marker8134039.6
Bin17840.2
Marker10063140.6
Bin21441.5
Marker1097742.2
Marker550742.9
Bin19043.5
Bin18943.8
Bin18844.8
Bin18745.8
Bin18646.2
Bin18546.5
Bin18446.8
Bin18347.1
Bin18247.5
Marker5032948.1
Bin18148.8
Bin18049.1
Marker1853649.8
Bin17950.1
Marker4061151.1
Bin17751.4
Marker5054451.7
Bin21552.1
Bin21652.7
Bin21753.1
Bin21853.4
Bin21953.7
Bin22054.0
Bin22154.7
Bin22255.4
Bin22356.7
Bin22457.3
Bin22558.7
Bin22659.0
Bin22760.0
Marker6677860.3
Bin22860.6
Marker1621461.3
Marker3740762.0
Bin22962.6
Bin23062.9
Marker620263.3
Marker4955864.6
Marker2539664.9
Bin23165.6
Bin23265.9
Marker5974766.2
Bin23366.6
Bin23467.2
Bin23568.2
Marker462368.5
Bin23669.2
Bin23769.9
Bin23870.2
Bin24070.8
Bin23971.8

LG5

Marker909830.0
Marker628060.3
Marker640280.7
Bin2411.0
Bin2421.3
Bin2431.6
Marker698132.0
Marker253642.3
Bin2442.6
Bin2453.0
Bin2463.6
Marker865443.9
Marker124634.3
Bin2474.6
Marker622254.9
Bin2485.2
Marker943456.6
Bin2497.2
Bin2507.9
Bin2518.5
Bin2529.2
Bin2539.5
Marker9236010.2
Marker7521610.8
Bin25412.2
Marker13633812.8
Marker13628913.5
Marker2406613.8
Marker5706614.5
Marker3780916.1
Marker8010316.8
Marker3738317.5
Marker3108618.1
Marker6677218.4
Marker8771719.1
Bin25520.1
Marker5053021.4
Bin25621.7

Marker6294423.4

Bin25725.1
Marker1476125.7
Marker2910426.4
Marker9527627.0

Marker9189228.4

Marker3926830.7
Marker1028931.4
Bin25832.0
Marker8177832.3

Marker2865533.7

Marker5387036.4

Bin25938.7

Marker9215939.7
Bin26040.7
Marker3825241.3
Marker9628841.7

Marker4320044.3
Bin26145.0

Marker901347.7

Marker2830749.4
Marker1564550.3
Marker6637050.7
Bin26251.0

Marker7377054.4
Marker5190254.7
Marker3947156.0
Marker6480056.4
Bin26356.7
Marker1700057.3
Marker1482157.7

Marker2063361.1

LG6

Marker19050.0

Marker242634.1

Marker15316.4
Marker1205617.1

Marker1217110.8
Marker6485911.5

Marker8361012.8
Marker3629013.5

Marker2683716.1

Marker3490719.2

Bin70320.8
Marker3393621.5
Marker8065422.5
Marker11776922.8
Marker2433923.1
Marker7880724.1

Marker15702425.5
Marker3807026.1

Marker10265927.1
Marker2051227.8
Marker522028.4

Marker2870730.1
Marker7489430.4
Marker1215631.4

Marker6019832.7

Marker3369735.4

Marker7428836.4
Marker16523337.4
Marker1468637.7
Bin70238.1
Bin70138.7
Marker3545439.1
Marker4708339.7
Marker7996340.4
Bin70041.0
Marker6450742.0

Bin69944.0
Marker6233544.4
Marker2735945.0
Marker3482845.3
Marker1988345.7
Bin69846.3
Marker3150947.3
Bin69747.6
Marker8208348.3
Bin69649.0

Marker10991950.3
Marker4929050.9
Marker432851.6
Marker5391052.3
Marker10493452.9

Marker14489154.9

Marker6612156.2
Bin69556.6
Marker7369057.6

Marker10646958.9
Marker6051959.9
Marker9230160.9
Marker3609861.2
Marker670661.8
Marker4659362.2
Marker1462662.5

Bin69463.8
Bin69364.5

Marker5492265.8

Bin69266.8
Marker1024367.5

Marker3106068.5

Marker3325069.8

Marker3833371.1
Marker263571.4
Marker1724772.1
Marker5202372.7
Marker2411573.4
Marker9872373.7
Marker6308074.1
Bin69175.1
Marker1095675.7
Bin69076.7
Bin68977.0
Marker1977277.4
Marker825578.0
Marker3582578.7

Marker3641980.7

Marker6316482.7

Bin68884.3
Marker9438585.0
Marker7466185.3
Marker3629686.6
Bin68787.3
Bin68687.6
Marker1613588.0
Bin68588.6
Bin68489.6
Marker2941390.3
Bin68390.6
Marker5508791.2
Marker3001491.9
Bin68292.2
Marker4045692.6
Marker416493.2
Bin68194.2
Marker7173195.2
Marker4278295.5
Bin68095.9
Marker5075496.2
Marker5170197.5
Marker4752198.2
Bin67998.8
Marker2909199.2
Bin67899.5
Marker45613100.1
Marker48499100.8
Bin677101.5

LG7 [1]

Bin676102.1
Marker85767103.1
Bin675103.8
Marker28278104.1
Bin674104.4
Marker23016105.1
Marker62243106.4
Bin673106.7

Marker114562108.4

Bin672109.7
Marker71834110.0
Marker11012111.0
Bin671111.4
Bin670112.0
Bin669112.7
Marker68537113.0
Bin668113.7
Bin667114.0

Bin666115.6
Marker83693116.3
Bin665117.0
Bin664118.3
Bin663118.9
Bin662119.6
Marker44530119.9
Bin661120.3
Bin660120.9
Bin659121.2
Bin658121.9
Bin657122.2
Bin656122.9
Bin655123.2
Bin653123.5
Marker26910123.9
Marker87231124.9
Bin652125.5
Bin651126.5
Marker75076127.2
Marker57737127.8
Marker44766128.5
Marker58719128.8
Bin650130.1
Bin649130.8
Bin648131.1
Bin647132.4
Marker106206132.8
Bin646133.1
Bin645134.1
Bin644134.8
Bin643135.4
Bin642136.1
Marker42869136.4
Bin641137.1
Bin640137.4
Bin639137.7
Marker75071138.0
Bin638138.7
Bin637139.0
Bin636139.3
Marker56457139.7
Bin635140.0
Marker25536140.3
Bin634140.7
Marker62839141.0
Marker32162141.3
Marker19888142.0
Marker2926142.3
Bin633142.6
Marker70037143.0
Marker66317144.3
Bin632144.6
Bin631144.9
Marker12880145.6
Marker35542145.9
Bin630146.3
Marker18740146.6
Marker63044147.2
Marker37946148.6
Marker67332149.9
Bin629150.9
Marker21021151.5
Marker75116152.9
Bin628154.5

Bin627156.2

Marker60363157.2
Bin626158.2
Marker4495158.5
Marker4496159.1
Bin625159.8
Bin624160.5
Bin623161.1
Marker47329161.8
Marker28896162.1
Marker58444163.1
Bin622163.4

Marker22725165.1
Marker9909165.4
Marker39843166.1

Bin621167.7

Bin620170.1
Marker110075170.4
Bin619170.7
Marker55262171.4
Marker50934172.0
Bin618172.4

Marker26236174.4
Marker45346174.7
Marker56585175.0
Bin617175.4
Marker63460176.0
Bin616176.3
Marker71646177.0
Bin615177.7
Marker101833178.7
Bin614179.0

Bin613180.6
Marker35449181.3

Bin612182.3

Bin611183.6
Marker120060183.9
Bin610184.6

Bin609185.9
Marker69222186.3
Bin608187.2
Bin607187.6
Marker81251188.2
Marker78597188.9

Marker15303190.2
Bin606190.9

Marker62452191.9
Marker95940192.5
Bin605193.2
Bin604194.2
Bin603194.5
Marker56849195.2
Marker38536195.8

Bin602197.8
Marker23138199.1
Marker67098199.5
Marker46314199.8
Marker31576200.1
Marker29042200.8
Bin601201.1
Marker37706201.4

Marker59270202.8
Bin600203.4

LG7 [2]

Bin599205.1
Marker3023205.7
Marker80805206.4
Bin598207.1

Bin597209.1
Marker60364210.0
Marker17293210.4
Bin596211.0

Bin595212.4
Marker34215213.3
Bin594213.7
Bin593214.0
Bin592214.3
Marker82677215.0
Bin591215.3
Marker27059216.3
Marker102064217.0
Marker41635217.3

Marker103589218.6

Marker35380219.9
Marker39540220.3

Marker118495221.9
Marker91412222.3
Marker159142222.6
Bin590222.9
Marker17062224.2
Marker59582224.9
Marker19245225.2
Marker15777226.2
Marker48322226.5
Bin589226.9

Marker30716228.5
Bin588229.2
Marker159849229.5

Bin587230.8
Marker70790231.5

Marker74410232.8
Bin586233.1
Marker41030233.5

Marker7543234.8

Marker115882235.8

Marker36543236.8
Bin585237.4

Marker23644238.8
Bin584239.1
Marker34318239.8
Marker12145240.4
Bin583240.7
Bin582241.4
Bin581241.7
Bin580242.4

Marker49896244.0
Marker91501245.0
Marker35837245.4
Bin579245.7
Bin578246.3
Marker59651247.0
Marker49728247.7
Marker78973248.3
Marker27229249.0

Bin577251.0
Marker41019251.3

Bin576253.6
Bin575254.0
Marker41499254.3
Marker45359254.6
Marker42830255.3
Bin574256.6
Marker18246256.9
Bin573257.6
Marker68532257.9
Marker32022258.3

Marker52486259.9

Bin572261.2
Marker70657261.9

Marker50925263.2
Marker86392263.6
Marker78603264.2
Bin571265.2

Marker49054267.2
Bin570267.9
Marker29545268.5
Bin569269.2

Marker28909270.8

LG7 [3]

Marker105120.0

Marker462863.0
Marker920223.7

Marker411405.4

Marker334167.4
Marker262957.7
Marker60968.0
Bin5119.0
Bin51010.0
Marker4916610.3
Marker2925711.0

Marker10871012.3
Marker4526313.0
Marker2561513.6
Marker8634014.3

Bin50916.6
Marker5271517.3
Marker9488617.9
Marker5956618.3
Bin50819.2

Marker6120421.2

Marker1192122.6
Bin50722.9
Marker2799323.6

Marker6566425.2
Bin50625.5
Bin50526.5

Bin50427.9
Bin50328.5

Bin50229.8
Marker5830430.8
Bin50131.5
Bin50032.8
Marker3135333.5
Bin49934.5
Marker4859335.1
Marker2187237.5
Marker5886438.8
Marker4554139.4
Bin49839.8
Bin49741.1
Bin49641.4
Marker2107942.8
Marker4597944.1
Bin49544.7
Bin49445.1
Marker8069245.7
Marker8647046.4
Bin49347.0
Bin49247.7
Marker2488948.4
Marker5064149.0
Marker6749149.3
Bin49150.0
Marker11218750.3
Bin49051.0
Marker4849552.0
Marker8160052.6
Marker11177853.3
Marker3503455.0
Bin48955.3
Marker3964055.6
Bin48855.9
Bin48756.3
Marker8677457.9
Marker2396958.6
Marker2641458.9
Marker1595759.6
Bin48659.9
Bin48560.2
Marker13726660.9
Bin48461.5
Marker2989061.9
Marker5542362.2
Bin48363.5
Bin48263.9
Bin47564.2
Bin48064.5
Bin47964.8
Bin47865.2
Bin47765.5
Bin47665.8
Bin48166.1
Marker947466.5
Bin47466.8
Bin47367.1
Bin47268.1
Bin47168.4
Bin47069.1
Bin46969.4
Marker2553170.1
Bin46770.4
Marker6551870.7
Bin46671.1
Marker4086072.1
Bin46572.4
Bin46473.1
Bin46373.7
Marker1042174.7
Marker5491675.4
Marker5706176.0
Bin46276.3
Marker4364476.7
Bin46177.0
Marker9965877.3
Marker3085378.3
Bin46079.6
Bin45980.0
Bin45880.3
Bin45780.6
Marker2176281.0
Bin45681.6
Bin45582.3
Marker2012782.6
Bin45482.9
Bin45383.3
Marker5785183.9
Bin45284.6
Bin45185.2
Bin45086.2
Bin44986.5
Bin44687.9
Bin44788.2
Marker5810988.9
Bin44589.2
Marker15492590.2
Bin44490.5
Marker15493091.2
Bin44391.5
Marker5312291.8
Bin44292.5
Marker5030193.5
Bin44194.1
Marker8696094.8
Marker3308495.1
Bin44095.8
Bin43996.1
Bin43896.7
Bin43797.1
Marker532597.4
Bin43697.7
Bin43598.1
Marker6472599.0
Marker6073399.4
Bin43499.7
Bin433100.7
Marker19576101.0
Marker46507101.4
Marker83072102.0

LG8 [1]

Marker90879102.7
Marker40645103.3
Bin432104.0
Marker63302105.0
Bin431106.3
Bin430106.6
Marker44321107.6
Marker51467107.9
Marker48129108.6
Marker60930108.9
Marker71715109.6
Marker15141109.9
Bin429110.6
Marker64176110.9
Marker33973111.2
Marker24569111.6
Marker90277112.2
Marker80948112.5
Bin428113.5
Marker108352114.2
Marker48128115.5
Bin427115.8
Bin426116.2
Marker76658116.5
Bin425116.8
Marker26773117.2
Marker12048117.5
Bin423117.8
Bin424118.1
Marker154292118.5
Marker18267119.1
Bin422119.5
Bin421120.1
Marker130242120.4
Bin420120.8

LG8 [2]

Marker33220.0
Bin5140.7

Marker565367.3

Marker113718.3

Marker786011.7
Marker3261912.3

Marker6045513.6
Marker3074414.6
Marker5125715.0

Marker6257816.3

Bin51217.6
Bin51318.3
Marker2064918.9

Marker1163219.9

Bin51521.6

Bin51622.9
Marker9769523.6

Marker4291925.2

Marker6630926.5

Marker11359528.2
Marker11657128.9
Bin51729.5
Marker4545130.2
Bin51830.8
Bin51931.2
Marker11200431.5
Marker2386732.2
Bin52032.8
Bin52133.1
Bin52233.8
Marker4924634.1
Bin52335.1
Bin52435.8
Bin52536.1
Bin52637.1
Bin52737.4
Bin52837.7
Bin52938.1
Bin53038.7
Bin53139.1
Marker9448839.4
Bin53239.7
Marker2967440.0
Marker4681440.4
Bin53342.0
Bin53443.4
Bin53544.0
Marker10891744.3
Bin53644.7
Marker2554945.0
Marker5908046.3
Bin53746.7
Bin53847.3
Bin53947.6
Bin54048.0
Bin54148.3
Bin54248.6
Marker2356649.3
Marker6267549.9
Marker478150.6
Marker2013551.3
Marker2122851.9
Bin54353.6

Bin54455.6

Marker5676056.9
Marker395557.6
Marker8054657.9
Marker1303758.2

Marker2091860.2

Marker1898661.5

Bin54565.6
Bin54665.9
Bin54766.9
Bin54867.9
Marker5160168.3
Marker7593168.9

Marker2381370.9

Bin54972.9

Marker2557975.6

Marker5108776.9
Marker6425977.6
Marker1006078.2

Marker4592179.9

Marker4837081.9
Marker5551282.9
Marker1695683.2
Marker7871283.9
Marker4041884.5

Bin55085.9

Marker3636487.9
Bin55188.5

Marker8320589.8
Bin55290.2

Marker5011091.8
Marker3487792.2
Marker5762892.8
Marker7078293.1
Marker382393.8
Marker15547494.1
Marker2531694.5
Bin55395.1

Bin55497.1
Marker1431997.8

Bin55599.1
Marker33650100.1
Marker115171100.4
Bin556101.1
Marker21176101.7

LG9 [1]

Marker20088102.1

Marker18157103.4

Marker69620105.4
Bin557106.0

Marker33590108.0
Bin558108.4
Bin559109.0

Bin560110.7
Marker82597111.0
Marker44098111.3
Marker92091112.0
Marker46656112.3
Marker43463112.7
Marker96803113.3
Bin561114.3
Bin562115.6
Marker19004116.0
Marker86046116.6

Marker165833118.3
Marker29314118.9
Marker4059119.6

Marker25703120.9

Marker99558121.9
Marker43908122.6
Marker68043123.2

Marker37978124.6

Bin563125.9
Marker67223126.5

Marker54961127.5
Marker162536128.2

Bin564129.5

Marker22128131.9
Marker18018132.8

Marker54175134.2
Bin565135.2
Bin566135.5
Marker31233136.1

Marker99798137.5
Bin567137.8

Marker58468139.8

Marker96934141.1
Bin568141.8
Marker24908142.4

Marker40502143.8

LG9 [2]

Marker999730.0
Bin7060.7
Bin7051.3
Bin7041.6
Marker1210402.3

Marker596945.0

Marker320787.3
Marker603858.0
Marker260788.3

Marker344369.6
Bin70810.6
Marker5909611.0

Marker6827112.3
Bin70712.6
Marker13099513.3

Marker2713716.3
Bin70917.0
Marker8854117.3
Marker6338617.6
Bin71017.9
Bin71118.3
Marker5485819.3
Marker5382419.9
Marker3581120.9
Marker4576621.2
Marker13412221.9
Marker4821822.6

Bin71224.2
Bin71324.9
Bin71425.5
Marker2899025.9
Bin71526.8
Marker5489627.5
Marker5959927.8
Bin71628.2

Bin71729.8

Bin71830.8

Bin71932.1
Bin72033.1
Marker10702133.5

Marker1940834.8
Marker508535.1

Marker2383638.1

Marker13243539.5
Marker394840.1

Bin72141.1

Bin72242.1

Marker15517143.4
Bin72343.8

Marker3091545.8
Bin72446.4
Marker9087247.1
Bin72547.7
Marker8241948.4
Bin72649.0
Bin72749.4
Bin72850.0
Bin72950.7
Bin73051.0
Marker5031752.0
Marker4033052.7
Bin73153.3
Marker9877254.0
Bin73254.3
Bin73354.6
Marker4185355.0
Marker7200555.3
Marker5751955.6
Marker16199856.3
Bin73456.6
Bin73557.3
Marker2951458.6

Bin73659.9
Marker9180560.6

Marker5936161.6
Marker8864562.5
Bin73763.2
Bin73863.5
Marker7006664.2

Marker1767566.2
Marker1835466.5
Bin73966.8
Marker6221067.5
Marker5344068.2
Bin74069.5
Bin74169.8
Bin74270.1
Bin74370.8
Bin74471.5

Bin74572.8

Bin74674.1
Bin74774.4
Bin74875.1
Marker3806675.8
Bin74976.4
Bin75077.4
Bin75177.7
Bin75278.7
Marker2743679.0
Bin75379.4
Bin75480.0
Marker8069080.4
Bin75581.0
Bin75681.7
Bin75782.3

Marker1058683.7
Bin75884.6
Bin75985.3
Bin76085.6
Marker1318187.0
Marker3431387.9
Marker2823588.9
Marker14924489.6
Bin76189.9
Marker6592890.3
Bin76290.6
Bin76391.2
Bin76491.9
Bin76592.2
Marker2778492.6
Bin76692.9
Marker5236293.5
Marker1707693.9
Bin76794.2
Marker2355694.9
Bin76895.2
Bin76995.8
Bin77096.5
Marker4085097.2
Marker391697.8
Marker3323898.5
Bin77199.8
Marker54275100.5
Marker73257100.8
Bin772101.1
Bin773101.8

LG10 [1]

Bin774102.4

Bin775103.4

Bin776104.7
Marker11229105.4
Bin777105.7
Marker61982106.4
Bin778107.0
Bin779107.4

Bin780110.1

Marker61945112.1

Marker23924114.1

Marker35865115.4

Bin781117.1
Bin782117.7

Marker80424118.7

Marker92825120.4

Marker22617122.7
Marker47344123.4
Bin783124.4
Bin784125.0
Bin785125.3

Marker74047128.0
Bin786128.3
Bin787128.7
Marker41826129.0
Marker34816129.3
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Figure 1. The high-density linkage map of adzuki bean. The high-density linkage map of adzuki bean was 
generated using JoinMap version 4.0. The name of the linkage groups is mentioned at the top of each LG. 
Distances between the loci (cM) are shown to the left, and the names of the loci are shown to the right of the 
linkage groups.

Linkage 
group ID Length

SLAF 
markers Bin

Maker number 
after merging

Average distance 
between adjacent 

markers
Largest gap 

(cM)

LG01 202.53 475 110 252 0.80 3.73

LG02 151.92 276 50 179 0.85 3.75

LG03 178.76 356 59 203 0.88 3.73

LG04 156.75 491 94 196 0.80 3.02

LG05 71.82 563 79 118 0.61 2.34

LG06 61.05 108 23 70 0.87 3.38

LG07 270.83 622 134 344 0.79 4.08

LG08 120.77 444 90 184 0.66 3.03

LG09 143.75 265 57 152 0.95 6.63

LG10 138.60 417 87 172 0.81 3.03

LG11 131.39 408 77 162 0.81 4.08

Total 1628.15 4425 860 2032 0.80

Table 1.  Description of the basic characteristics of the 11 linkage groups.
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population was nearly binomial (Fig. 3). A total of 8 QTLs were detected for FLD during the 2 years of the study 
(Fig. 4 and Table 3). Four QTLs were identified each year. Among them, two major QTLs (Fld3.2 and Fld3.3) for 
FLD with high LOD values (39.17 in 2013 and 35.63 in 2014) were consistently identified at the same map position  
as LG03 during both years, and the PVE by the QTLs was 70.9% (2013) and 66% (2014). Another 4 minor QTLs 
(Fld5.1 vs Fld5.3, and Fld5.2 vs Fld5.5) for FLD were detected at a similar map position on LG05 during both 
years. However, Fld3.1 on LG03 and Fld5.4 on LG05 were identified only during one year. The alleles of all QTLs 
from the wild parent delayed flowering time.

Discussion
The genetic map developed in this study contains 4425 SLAF markers, a majority of which are anchored to the 
adzuki bean draft genome scaffolds. The map consists of 11 LGs corresponding to the haploid chromosome 
number of the Vigna genus. Compared to the genetic map constructed by Han et al.8, the number of mapped loci 
(486 vs 4425), marker density (1.85 cM vs 0.8 cM), and total map length (832.1 cM vs 1628.15 cM) are significantly 
improved in this dense genetic linkage map. For our high-density genetic linkage map, the maximum genetic 
distance between flanking markers is 6.63 cM, which is much less than the 18.5 cM for the map of Han et al. 
Compared with the two SNP maps constructed by Kang et al.29 and Yang et al.30 to assemble the adzuki bean draft 
genome, the marker number in this individual map is substantially higher. However, the proportion of markers  
showing segregation distortion (43.8%) is higher than for the previous interspecific mapping populations of  
V. nepalensis x V. angularis(3.9%)8, V. angularis x V. nakashimae (19.7%)6 and V. umbellata x V. angularis (29.8%)7. 
One reason for these differences in segregation distortion may be the use of an RIL mapping population; in 
contrast, the above mentioned interspecific mapping populations were BC1F1 and F2 populations. The skewed 
segregation ratio of RIL populations is usually higher than that of BC and F2 populations. A similar phenomenon 
was observed during the construction of maps for rice32 and chickpea33. Another possible reason maybe that from 
generations F2 to F8 during RIL population generation, 19 lines were lost due to disease. However, compared to 
using BC or F2 as mapping populations, using an RIL mapping population can effectively reduce the influence 
of the dominant effect and reveal the additive effect of QTLs. Most importantly, an RIL mapping population as 
a permanent population can be planted in different years or environments, which would improve the accuracy 
of QTL mapping. Because discarding the markers with segregated distortion may not only remove biologically 
interesting segments of the genome but also dramatically reduce the marker density of the genetic map and 
because markers with skewed segregation can be successfully used for QTL mapping34, we chose to include the 

Linkage 
group ID

SLAF 
markers

Adzuki bean draft genomea Adzuki bean draft genomeb

Homologous 
Chromosome/

Scaffold ID
Identified 

SLAF markers Spearman
Homologous 

Chromosome ID
Identified 

SLAF markers Spearman

LG01 475 Chr6 343 0.9919
Chr2 297 0.9668

Chr9 28 0.8403

LG02 276

Chr7 46 0.9471

Chr6 160 0.9380SuperScaf_4 30 0.9081

Scaffold_5 23 0.9727

LG03 356
Chr5 66 0.9737 Chr4 206 0.8985

Chr9 71 0.9699 Chr9 20 0.9191

LG04 491 Chr8 152 0.9767 Chr11 263 0.9717

LG05 563

Chr4 178 0.9071 Chr3 225 0.9418

Chr2 20 0.9727
Chr8 131 0.5619

Scaffold_308 24 0.2571

LG06 108

Chr5 20 0.9624

Chr8 75 0.9726SuperScaf_32 29 0.5892

Scaffold_10 21 0.5382

LG07 622

Chr11 194 0.9741

Chr1 341 0.9900
Chr10 42 0.4439

SuperScaf_33 38 0.5982

SuperScaf_62 23 0.3318

LG08 444
SuperScaf_22 153 0.2576

Chr5 321 0.9832
SuperScaf_21 27 0.2514

LG09 265 Chr3 146 0.9360
Chr9 142 0.9517

Chr10 36 0.8759

LG10 417 Chr2 190 0.9031 Chr10 296 0.9925

LG11 408 Chr1 259 0.9755 Chr7 272 0.9901

Table 2.  Summary of the high-density linkage map aligned with two draft genomes of adzuki bean. 
Spearman: Spearman’s rank correlation coefficient; the closer the value is to 1, the better the synteny is. Only 
homologous chromosomes or scaffolds with the number of “Identified SLAF markers ≥ 20” are included in this 
table. aAdzuki bean draft genome reported by Kang et al.29. bAdzuki bean draft genome reported by Yang et al.30.
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Figure 2. A map of synteny between the high-density map and the reference genome of common bean. 
Chromosomes of common bean are marked with PChr, and adzuki bean linkage groups are marked with LG.

Figure 3. Population distributions for FLD among the RIL mapping population from the cross between  
V. nipponensis and adzuki bean. Jihong9218 and Yesheng10 are the male and female parents, respectively.
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markers with distorted segregation as accessory markers after map construction. Markers with the same gen-
otype across the mapping population should be binned when constructing a high-density map; otherwise, the 
average inter-marker distance may not reflect the real distribution of the markers in the genome. A series of dense 
maps have been constructed according to this principle, such as the ultra-dense genetic maps of potato35, rice36, 
sorghum37, and maize38. In this study, the average inter-marker distance was 0.37 cM before we binned the SLAF 
markers from RIL with the same genotype but 0.80 cM after merging. Although this principle doubled the average 
inter-marker distance, it was obviously more reasonable.

A comparison of the dense genetic linkage map and two physical maps showed that the marker order along 
chromosomes was mostly collinear (Table 2), which confirmed the high quality of our map. However, we also 
found that several LGs mapped to more than one chromosome. For example, LG02, LG03, LG05, LG06, LG07, and 
LG08 mapped to 3, 2, 3, 3, 4, and 3 chromosomes, respectively, when aligned with the physical map of Kang et al.29.  
Four LGs (LG01, LG03, LG05 and LG09) mapped to 2 chromosomes in the physical map of Yang et al.30. To inves-
tigate these contradicting results and to determine the relationship between our map and that of Han et al.8, we 

Figure 4. QTL detection for FLD during 2 years in the RIL population. QTLs were visualized with MapChart 
(version 2.3) software. Only some of the markers are shown in the linkage group.

Year QTL
Linkage 
group

Map 
position

Associated 
maker LOD

LOD 
threshold

PVE 
(%)

Additive 
effects

2013 Fld3.1 LG01 18.21 Bin366 4.91 2.9 14.3 5.43

2013 Fld3.2 LG03 129.71 Maker56693 39.17 2.9 70.9 12.04

2013 Fld5.1 LG05 46.48 Bin185 2.6 2.4 7.9 3.98

2013 Fld5.2 LG05 65.90 Bin232 2.59 2.4 7.8 3.81

2014 Fld3.3 LG03 129.71 Maker56693 35.63 2.9 66.0 10.22

2014 Fld5.3 LG05 43.52 Bin190 2.62 2.4 7.6 3.44

2014 Fld5.4 LG05 55.35 Bin222 2.69 2.4 7.8 3.40

2014 Fld5.5 LG05 64.92 Maker25396 2.53 2.4 7.4 3.26

Table 3.  Quantitative trait loci (QTLs) for FLD during 2 years in the RIL mapping population. The LOD 
threshold was determined using 10,000 permutations.
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also aligned 186 pairs of SSR primer sequences from the map of Han et al. with the two reference genomes, and 
similar results were obtained (Supplementary Table S5). For example, LG 1 of Han’s map mainly mapped to chro-
mosomes 10 and 11 and scaffold 33 when aligned with the physical map by Kang et al.29, and it primarily mapped 
to chromosomes 1, 7, and 11 when aligned with the physical map of Yang et al.30. The mapping of LG07 from our 
high-density genetic linkage map produced similar results. Indeed, the results from mapping our genetic map as 
well as that of Han et al. to the two physical maps are in strong agreement for all 11 LGs, which will facilitate com-
parisons among these LGs. The mapping of LGs to more than one chromosome may be explained by genotyping 
errors, misassembled scaffolds or reciprocal translocations between chromosomes. We suggest that the mapping 
of LG05 to chromosomes 3 and 8 on the physical map of Yang et al.30 is due to a reciprocal translocation because 
it corresponds to an “LG 4 +  6” reciprocal translocation model in some wild adzuki bean accessions39. However, 
further efforts are needed to confirm this inference.

Based on the number of SLAF markers mapped to pseudo-chromosomes and the collinearity between 
LGs and pseudo-chromosomes, we determined that the assembly of the adzuki bean draft genome reported 
by Yang et al.30 is more accurate than that reported by Kang et al.29. This is in agreement with the genome 
assembly coverage (79.9% vs 75% of adzuki bean genome) results of the two physical maps. However, the 
assembly of pseudo-chromosome 1 on the physical map of Kang et al. may be better than the corresponding 
pseudo-chromosome on that of Yang et al., as it has more identified SLAF markers and better collinearity. This 
conclusion may be helpful when selecting a suitable reference genome for fine-mapping genes. Moreover, a 
high-resolution linkage map is useful for physical map assembly using next-generation sequencing. The mapping 
of SLAF markers to scaffolds will improve the ordering and orientation of the remaining unplaced sequences in 
the two draft genome sequence databases of adzuki bean.

Genomic synteny analysis is useful for comparative genomics. Given the close genetic relationship between 
common bean and adzuki bean, we aligned the genetic map with the reference genome of common bean. Our 
results demonstrated high synteny between the two genomes (Fig. 2), which suggests that candidate genes could 
be identified through comparative mapping. In addition, the extensive synteny and collinearity observed between 
the common bean genome and the current map provide additional support for the mapping accuracy of our 
high-density genetic map.

Flowering time is critical for adapting adzuki bean cultivars to different cultivation areas or growing seasons. 
Isemura et al. detected a QTL (Fld2.4.1) of FLD on LG 4 (map of Han et al.) after phenotyping an F2 population 
derived from a cross between cultivated adzuki bean (Vigna angularis) and wild relative (Vigna nepalensis) in 
a single year11. Kaga et al. identified one major QTL of FLD (Fld3.4a.1) on LG 4a and four QTLs with smaller 
effects on LGs2 (Fld3.2.1), 3(Fld3.3.1), 5(Fld3.5.1), and 11(Fld3.11.1) using an F2 population derived from a 
cross between cultivated adzuki bean (Vigna angularis) and wild adzuki bean (Vigna nipponensis) accession9. In 
the present study, a two-year phenotypic evaluation of flowering time in an RIL population produced from an 
early-flowering adzuki bean cultivar and a late-flowering wild adzuki bean accession indicated the presence of 
one major QTL on LG03 and two minor QTLs on LG05. Because both studies mentioned above were based on 
the genetic map of Han et al. and we had aligned both our map and that of Han et al. to the two physical maps of 
adzuki bean (Supplementary Table S5), it is possible to compare the QTLs from all three studies. Based on the 
alignment with the physical map of Yang et al., Fld2.4.1 (the nearest SSR markers were CEDG103 and CEDG011) 
is located on chromosome 3, and its physical position is between 32.8 and 39.1 Mb. Similarly, Fld3.4a.1 (the near-
est SSR markers were CEDG036 and CEDG127) is also located on chromosome 3, and the physical positionis 
between 36.2 and 40.0 Mb. Because these two QTLs are located in the same genomic region, they may be influ-
enced by the same gene or genes. Fld3.2.1 maps to chromosome 4 in the physical map of Yang et al.; in this study, 
Fld3.2 and Fld3.3 were detected on the same chromosome. A neighbouring SSR marker (CEDG026) showed that 
its physical position is approximately 1.5 Mb on chromosome 4, and the distance from the associated marker 
(Marker56693) of Fld3.2 and Fld3.3 is approximately 2.2 Mb, indicating that they may be located at the same 
QTL. However, similar to Fld2.4.1(PVE: 23.9%) vs Fld3.4a.1(PVE: 43.7%), the PVEs by Fld3.2.1 (PVE: 6.0%) and 
Fld3.2(PVE: 70.9%) differed greatly. These differences may be due to allelic variation or interactions between the 
QTL and the genetic background. Further research is needed to verify this inference.

Considering that LG03 shows high synteny with chromosome 9 (Pchr9) of the common bean genome (Fig. 2), 
we assessed QTLs for flowering time on this chromosome. As expected, we found flowering time-related genes 
(i.e., PvZTL) on LGB9 (corresponding to Pchr9 in the common bean reference genome)28, which are located near 
the GH locus identified by Tar’an et al.40. Using the ZTL protein sequence of Arabidopsis, the adzuki bean homo-
logues in GenBank were identified by a BLAST search as located near 0.2 Mb on chromosome 4; the distance from 
the associated marker (Marker56693) of Fld3.2 and Fld3.3 is approximately 3.5 Mb. Further studies are needed to 
confirm the role of this homologue as a potential flowering time gene.

In summary, this study is the first attempt to conduct QTL analysis using an NGS-derived dense genetic map 
in adzuki bean. The results provide a foundation that will be useful for future genomic research, such as the iden-
tification of QTLs for other important traits, positional cloning, comparative mapping in legumes, ordering and 
orienting the remaining unplaced scaffolds in the two draft genomes of adzuki bean and marker-assisted selection 
in adzuki bean breeding.

Materials and Methods
Mapping population. An F8:9RIL population was developed from the cross between a wild adzuki bean 
accession (Vigna nipponensis: Yesheng10) collected in Dandong, China(39.75N, 123.74E), and an adzuki bean 
cultivar (Jihong9218) that is widely grown in northern China. The cultivated parent had an early flowering time 
and was the male in the cross. The wild adzuki bean accession had a late flowering time and was the female in the 
cross. The RIL population consisted of 153 lines generated from a single seed descent from generations F2 to F8. 
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The parental accessions used in the cross were obtained from the Hebei Academy of Agricultural and Forestry 
Sciences (HAAFS).

Phenotypic evaluation for variation in flowering time. The RIL population of 153 lines and 20 plants 
of each parent was grown in the field at HAAFS, Shijiazhuang, China (37.95N, 114.73E), from June to November 
in 2013 and 2014. The soil at the site was a sandy loam with no major fertility problems (PH =  7.3). Experimental 
units consisted of two-row plots 3.5 m long and 1 m wide. Each planting was a randomized block design experi-
ment that was repeated twice. The FLD (days from sowing to the first flower) was evaluated using the mean value 
of each RIL line and parent over a two-year period (2013 and 2014).

DNA extraction. Young leaves from 153 RIL lines and two parents were collected, immediately frozen in 
liquid nitrogen, and transferred to a − 80 °C freezer. To obtain high-quality DNA for SLAF library construction, a 
plant DNAzol kit (ThermoFisher, Waltham, MA, USA) was used to extract the total genomic DNA according to 
the manufacturer’s instructions.

SLAF library construction and high-throughput sequencing. The procedure used for SLAF library 
construction was conducted as described by Sun et al.17 with minor modifications. In brief, a draft reference 
genome of adzuki bean29 was used to design SLAF marker discovery experiments by simulating in silico the 
number of markers produced by restriction digest with two different enzyme combinations. Accordingly, an 
SLAF pilot experiment was performed, and the SLAF libraries were constructed. Two enzymes (HaeIII and 
SspI-HF; NEB, Ipswich, MA, USA) were used to digest the genomic DNA of the parents and RIL population. 
Subsequently, a single nucleotide (A) overhang was added to the digested fragments using Klenow Fragment 
enzyme (NEB, Ipswich, MA, USA) and ATP at 37 °C. Next, duplex tag-labelled sequencing adapters (Life 
Technologies, Carlsbad, California, USA) were ligated to the A-tailed fragments using T4 DNA ligase (NEB, 
Ipswich, MA, USA). Then, the diluted and ligated DNA samples were used as a template for polymerase chain 
reaction (PCR). Each PCR reaction also contained High-Fidelity DNA Polymerase (NEB, Ipswich, MA, USA), 
dNTPs and PCR primers (Forward sequence: 5′ -AATGATACGGCGACCACCGA-3′ , reverse sequence:  
5′ -CAAGCAGAAGACGGCATACG-3′ ) (PAGE-purified, Life Technologies). PCR products were purified using 
Quick Spin columns (Qiagen, Venlo, Netherlands) and separated by 2% agarose gel electrophoresis. SLAFs of 
264–414 bp (with adapter sequence indexes and adapters) in size were excised and purified using a QIAquick 
Gel Extraction kit (Qiagen, Hilden, Germany). Finally, 100-bp paired-end sequencing was performed on an 
Illumina HiSeq 2500 sequencing platform (Illumina, Inc., San Diego, CA, USA) according to the manufacturer’s 
instructions.

Sequence data grouping and genotype definition. The procedures used for SLAF marker identifica-
tion and genotyping were performed as described by Sun et al.17. Briefly, low-quality reads (quality score <  20) 
were filtered out, and the barcodes were trimmed from each high-quality read. All of the clean reads were clus-
tered based on sequence similarity as determined by BLAST (− tileSize =  10, − stepSize =  5). Sequences with  
> 95% identity were grouped into one SLAF locus. Allele tags of each SLAF locus with a sequencing depth  
> 10-fold for parental reads and > 70% integrity in the offspring were collected. Both SNP and InDel loci were 
detected between parents, and SLAFs with > 3 SNPs or InDels were filtered out. Because adzuki bean is adiploid 
species and one locus contains at most four SNP tags, groups containing more than four tags were discarded. 
Only SLAFs with 2, 3, or 4 tags were identified as polymorphic and considered potential markers. All polymor-
phic markers were classified into eight segregation patterns (aa ×  bb, ab ×  cd, ef ×  eg, hk ×  hk, lm ×  ll, nn ×  np, 
ab ×  cc and cc ×  ab). Because the mapping population was composed of RILs, only the aa ×  bb segregation pattern 
was used for genetic linkage map construction.

Genetic linkage map construction. JoinMap ver. 4.041 was used to construct a linkage map. Marker segre-
gation ratios were calculated using the chi-square test. Markers showing significant (P <  0.01) segregation distor-
tion were initially excluded from the map construction but were added later as accessory markers. Markers with 
the same genotype across the entire RIL population were binned35,38. The grouping and ordering of the markers 
were established using a maximum likelihood algorithm. Pairwise marker loci that showed a likelihood-ratio 
statistic (LOD) value larger than 5.0 were used to create LGs, and the recombination frequencies were converted 
into map distances (cM) using the Kosambi mapping function42.

Comparative analysis of the high-density linkage map. Colinearity between the high-density linkage 
map and the adzuki bean genome was determined by comparing the assigned SLAF sequences to two adzuki bean 
draft genomes29,30 with BLASTN (version 2.2.30) and a cut-off value of e−30. SLAF markers with query sequence 
lengths ≥ 80 and sequence identity > 98% were selected to calculate the Spearman rank correlation according 
to their order on LGs and physical position on chromosomes using R (version 3.1.2) software. Synteny between 
adzuki bean and common bean (Phaseolus vulgaris) was determined with BLASTN searches against the genome 
of Phaseolus vulgaris (http://phytozome.jgi.doe.gov/pz/portal.html) using the source sequences of mapped SLAF 
markers as queries. The significance cut-off value was e−20 for an overlap of at least 70 bp. Synteny was visualized 
with MapChart (version 2.3) software43.

QTL analysis. QTL analysis was conducted with MapQTL ver.6 as described by Van et al.44. Briefly, the entire 
genome was scanned for QTLs of FLD using a general interval mapping (IM) method. A regression algorithm 
was used to calculate the maximum likelihood, and a 1.0 mapping step size was used. The significance of each 

http://phytozome.jgi.doe.gov/pz/portal.html
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QTL interval was tested with an LOD. The threshold of the LOD score for significance (P =  0.05) was determined 
using 10,000 permutations. The PVE by each QTL was estimated based on the population variance found within 
the segregating population.
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