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Another application

Begin forwarded message:

From: 7% 4| <kangyangjae@gmail.com>

Subject: Application for Assistant Professor in UGA (Position ID:
25598)

Date: August 31, 2014 at 4:38:31 AM EDT

To: sjackson@uga.edu

Dear Dr. Scott Jackson

| am writing to apply for the assistant professor position of genetics based
on high-dimensional data analysis, statistical genomics, genome-wide

analysis, gene-environment interactions, and/or epigenetics of crop plants
in the Department of Crop & Soil Sciences in University of Georgia posted

at Applicant Clearinghouse with Position ID: 25598.

| am a currently senior researcher of Plant Genomics and Breeding
Institute (PGBI) at Seoul National University in Korea. As my attached
curriculum vitae shows, | have been working to analyze the next
generation sequencer-derived data for several genome projects such as
mungbean (Vigna radiata), adzuki bean (Vigna angularis) and Jatropha
(Jatropha curcas). This includes de novo genome and transcriptome
assembly, re-sequencing, intensive analyses of genomic variations, high-
density genetic map construction with SNPs, gene prediction and

annotation, gene expression profiling with RNAseq, transcriptome-based
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Education_______________________________________________________

2008–2013………………..Seoul National University, Crop Genomics, Ph. D., thesis entitled Comparative Genome Analysis of the Small-scale Duplication in Plants 

2008–2010…………….....Seoul National University, Master of Plant Science

2001–2008…………….....Seoul National University, Bachelor of Plant Science



Employment______________________________________________________

May 2013–Present……..Plant Genomics and Breeding Institute, Seoul National University, Senior Researcher.

· Researches focused on following topics

· Bioinformatics analyses for the crops including soybean, mungbean, and adzuki bean

· Genome assembly, transcriptome assembly, gene prediction and annotation, transposable element prediction for newly assembled genomes

· Resequencing, genotype by sequencing (GBS) based genetic map construction

· Plant evolution analyses via synteny relationship, multiple orthologous gene pairs, tandem duplicates comparison

· Constructing species tree from denovo transcriptome assemblies using BEAST software based on Bayesian MCMC method



Research Skills___________________________________________________

· Ability to analyze data using Python and R scripts 

· Use of analysis tools under Linux environment.

· Analysis of digital gene-expression using RNA-seq.

· Handling of NGS sequence data.

· Analysis of SNPs using genome sequences.

· Genome and transcriptome sequence analysis.

· Research design and perform experiments in molecular biology.

· Research design, development of analysis software, and data generation in bioinformatics.

· English paper writing.

· Good at cooperative research project.

· Strongly enjoy creative thinking and problem solving.



Publication______________________________________________________

1. Yang Jae Kang, Sue K Kim, Moon Young Kim, Puji Lestari, Kil Hyun Kim, Bo-Keun Ha, Tae Hwan Jun, Won Joo Hwang, Taeyoung Lee, Jay Ern Lee, Sangrae Shim, Young Eun Jang, Kwang Soo Han, Puntaree Taeprayoon, Prakit Somta, Patcharin Tanya, Kwang Soo Kim, Jae-Gyun Gwag, Yeong-Ho Lee, Scott A Jackson, Roland Schafleitner, Peerasak Srinives, Rajeev K Varshney, Suk-Ha Lee (2014) Genome sequence of mungbean and insights into evolution within Vigna species. submitted and under revision process

2. Yang Jae Kang, Jayern Lee, Yong Hwan Kim and Suk-Ha Lee (2014) Identification of tissue-speciﬁc gene clusters and orthologues of nodulation-related genes in Vigna angularis. Plant Genetic Resources: Characterization and Utilization (2014) 12(S1); S21–S26

3. Puji Lestari, Yang Jae Kang, Kwang-Soo Han, Jae-Gyun Gwag, Jung-Kyung Moon, Yong Hwan Kim, Yeong-Ho Lee, Suk-Ha Lee (2014) Genome-wide single nucleotide polymorphism discovery and validation in adzuki bean. Molecular Breeding, Volume 33, Issue 2, pp 497-501, 2014.2.1

4. Kyujung Van, Yang Jae Kang, Kwang-Soo Han, Yeong-Ho Lee, Jae-Gyun Gwag, Jung-Kyung Moon, Suk-Ha Lee (2013) Genome-wide SNP discovery in mungbean by Illumina HiSeq, Theoretical and Applied Genetics Volume 126, Issue 8, pp 2017-2027, 2013.3.15

5. Yang Jae Kang, Kil Hyun Kim, Sangrea Shim, Min Young Yoon, Suli Sun, Moon Young Kim, Kyujung Van and Suk-Ha Lee (2012) Genome-wide mapping of NBS-LRR genes and their association with disease resistance in soybean. BMC Plant Biol 12, 139, 2012. 8. 9

6. Moon Young Kim, Sunghoon Lee, Kyujung Van, Tae-Hyung Kim, Soon-Chun Jeong, Ik-Young Choi, Dae-Soo Kim, Yong-Seok Lee, Daeui Park, Jianxin Ma, Woo-Yeon Kim, Byoung-Chul Kim, Sungjin Park, Kyung-A Lee, Dong Hyun Kim, Kil Hyun Kim, Jin Hee Shin, Young Eun Jang, Kyung Do Kim, Wei Xian Liu, Tanapon Chaisan, Yang Jae Kang, Yeong-Ho Lee, Kook-Hyung Kim, Jung-Kyung Moon, Jeremy Schmutz, Scott A. Jackson, Jong Bhak, and Suk-Ha Lee (2010) Whole-genome sequencing and intensive analysis of the undomesticated soybean (Glycine soja Sieb. and Zucc.) genome. Proc Natl Acad Sci U S A 107, 22032-7

7. Kil Hyun Kim, Yang Jae Kang, Dong Hyun Kim, Min Young Yoon, Jung-Kyung Moon, Moon Young Kim, Kyujung Van and Suk-Ha Lee (2011) RNA-Seq Analysis of a Soybean Near-Isogenic Line Carrying Bacterial Leaf Pustule-Resistant and -Susceptible Alleles. DNA Res 18(6), 483-97, 2011. 10. 10

8. Weixian Liu, Moon Young Kim, Yang Jae Kang, Kyujung Van, Yeong-Ho Lee, Peerasak Srinives, Dong Lin Yuan, Suk-Ha Lee (2011) QTL identification of flowering time at three different latitudes reveals homeologous genomic regions that control flowering in soybean. Theoretical and Applied Genetics 123(4), 545-553, 2011. 6. 10

9. Moon Young Kim, Kyujung Van, Yang Jae Kang, Kil Hyun Kim, and Suk-Ha Lee (2012) Tracing soybean domestication history: From nucleotide to genome. Breeding Science 61(5), 445-452 2012.2.4

10. Kyujung Van, Yang Jae Kang, Sang Rea Shim, Suk-Ha Lee (2012) Genome-wide scan of the soybean genome using degenerate oligonucleotide primed PCR: an example for studying large complex genome structure. Genes & Genomics 34(5), 467-474, 2012.10.1

11. Sue K. Kim, Taeyoung Lee, Yang Jae Kang, Won Joo Hwang, Kil Hyun Kim, Jung-Kyung Moon, Moon Young Kim, Suk-Ha Lee (2014) Genome-wide comparative analysis of flowering genes between Arabidopsis and mungbean. Genes & Genomics DOI 10.1007/s13258-014-0215-8

Posters__________________________________________________________

1. PAG XVII	January 10-14, 2009	Genome-wide Comparative DNA Sequence Analysis of Common Bean and Soybean	P387

2. 13th Biennial Molecular & Cellular Biology of the Soybean 	August 8-11, 2010	Association Analysis of the Homolog of the Arabidopsis AP2 (APETALA2) for Seed Weight Regulation in Soybean	P37

3. ICLGG 2012	October 2-7, 2012	Small scale duplication events in crop genome	P-EAD12

4. PAG XXI	January 12-16, 2013	Rapid Evolution of Tandemly Duplicated Genes in Legume Genomes	P0317

5. PAG XXII	January 11-15, 2014	The Recent Small Scale Duplication of Tetraspanin within Cultivated Soybean Genome and Its Impact on the Domestication	P317

6. ICLGG 2014	July 7-11, 2014		Genome sequence of mungbean and insights into evolution within Vigna species	Poster #10

Oral presentation_________________________________________________

1. GPGR 3		April 16-19, 2013	The Genome Sequence of Mungbean



Research statement________________________________________________

My primary interest in plant genome research is to increase efficiency of plant breeding with the knowledge of genome. With the tremendous sequences generated from the next generation sequencers of Illumina and Roche, we are facing to great opportunity for extending the knowledge of plant genomes. Hence, I have focused the genome analyses based on de novo genome assembly and gene annotation to reveal the genome evolution, speciation, and domestication. Moreover, the translational genomics using synteny relationship between model and subject crop was applied to transfer the QTL information of model crops such as soybean, and medicago. I especially interested in the small scale duplication event within a genome because of its fast evolution and the highly biased duplication preference to environmental response-related genes like NBS-LRR genes. For my Ph.D. graduation, I surveyed NBS-LRR genes within soybean genome and their evolution, and profiled the small scale duplications within so-far sequenced plant genomes to know the consistent duplication preference across plants. 

Currently, I have been participating in the several genome research projects to sequence several agriculturally important crops such as mungbean (Vigna radiata), adzuki bean (Vigna angularis), and biodiesel plant, jatropha (Jatropha curcas). I also involved in several resequencing projects of cultivated and wild soybeans (Glycine max and Glycine soja). For mungbean genome, I involved in the high density genetic map construction using genotype by sequencing method (GBS), genome assembly using short read sequences of Illumina Hiseq2000, and gene predication and annotation. Also, I implemented de novo transcriptome assemblies of 22 Vigna species to understand the speciation and the divergence times within Vigna species based on the Bayesian MCMC method on highly confident orthologous loci. This research is submitted and under revision process. To extend the genome characterization of mungbean, I additionally analyzed the bisulfite sequencing (BS-seq) data of the mungbean maternal accession (reference genome) and the paternal accession to profile the DNA methylation pattern and the differentially methylated genomic region.

For adzuki bean (Vigna angularis var. angularis) genome, I also assembled the genome and constructed highly confident gene set based on the NGS transcriptome assemblies using the NGS sequences of the mRNA from four different tissues. The dense genetic map were constructed by GBS from F4 lines derived from inter-specific cross between V. angularis  and V. nakashimae after removing many polymorphic sites showing segregation distortions. Three different wild adzuki bean species including V. nakashimae, V. angularis var. nipponensis, and V. nepalensis were re-sequenced and we could develop the species tree as well as large amounts of functional SNPs within coding sequences. Moreover, using the synteny relationship between adzuki bean and soybean, we transferred the QTL information of soybean to adzuki bean genome to support the marker assisted breeding of adzuki bean.

I am also participating in Biodiesel crop, Jatropha (Jatropha curcas) genome project under collaboration among Seoul National University in Korea, Kasetsart University in Thailand, and Indonesian Center for Agricultural Biotechnology and Genetic Resources Research and Dev (ICABIOGRAD) in Indonesia. In this genome project, we included the long read sequences generated from Illumina Hiseq2000 with Moleculo technology. This new technology produces stable long reads having length of N50 of total reads more than 8 Kb. This project focus on high quality reference genome construction and revealing the oil producing pathway by RNAseq analysis from several developmental stage of jatropha fruit which is the source of biodiesel. My role in this project is to construct genome reference in good quality using celera assembler and to elucidate gene contents that are possibly related to oil producing.

I have surveyed the genome evolution especially the tandemly arrayed genes within so-far sequenced plant genomes. This mode of gene duplication clearly has preference to copy environment response genes that are under fast evolution conferring several biotic and abiotic resistance to plant. Hence, this duplication preference may be ultimately related to “yield”. I tried to dissect the possible cause of recent (Ks < 0.2) tandem duplication within plant genomes and found significant relationship between LTR repeat and recent tandem duplication event.
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Dear Dr. Scott Jackson

I am writing to apply for the assistant professor position of genetics based on high-dimensional data analysis, statistical genomics, genome-wide analysis, gene-environment interactions, and/or epigenetics of crop plants in the Department of Crop & Soil Sciences in University of Georgia posted at Applicant Clearinghouse with Position ID: 25598. 

I am a currently senior researcher of Plant Genomics and Breeding Institute (PGBI) at Seoul National University in Korea. As my attached curriculum vitae shows, I have been working to analyze the next generation sequencer-derived data for several genome projects such as mungbean (Vigna radiata), adzuki bean (Vigna angularis) and Jatropha (Jatropha curcas). This includes de novo genome and transcriptome assembly, re-sequencing, intensive analyses of genomic variations, high-density genetic map construction with SNPs, gene prediction and annotation, gene expression profiling with RNAseq, transcriptome-based speciation estimation, and statistics/visualization of genome analysis. Beside of the genome projects, I am preparing manuscript regarding the small scale genome duplication events such as tandem duplication and ectopic duplication. These mode of duplications show fast evolution compared to large scale duplications and I studied the evolution of tandem duplicates in so-far sequenced plant genomes to understand their duplication preference toward stress response genes and putative driving forces including the types of LTR retrotransposons. I believe that my bioinformatics skills and the insights of genomics which has been gained during several genome projects make me a strong candidate for the assistant professor position. 

My representative research as a first author is “Genome sequence of mungbean and insights into evolution within Vigna species” (under review at Nature Communications). This genome paper is consisted with the several main topics such as genome assembly and gene prediction, genome evolution, speciation and domestication. I covered most of bioinformatics in this project including de novo assembly, re-sequencing, gene prediction, SNP/SSR development, genetic map construction using genotype by sequencing (GBS) data, comparative genomics among legumes, and construction of species tree among Vigna species based on Bayesian MCMC method. The species tree was constructed from de novo assemblies of RNAseq data of 22 Vigna species with careful selection of conserved orthologous loci. Additionally, the genome of allopolyploid Vigna species (V. reflexo-pilosa, 2n=4x=44) was de novo assembled to understand allopolyplodization. I could successfully split the donor genomes within the assembly of V. reflexo-pilosa using synteny relationship with V. radiata, and placed each genome into the phylogenetic tree of Vigna species. This revealed that V. trinervia and un-sampled or extinct Vigna species close to V. angularis were merged to create the allopolyploid genome.

Even though there have not been the open teaching courses regarding bioinformatics for crop genomics in Seoul National University, I have taught programing language, python, major bioinformatics tools such as BWA, Bowtie, Tophat, ALLPATHS-LG, and etc. and bioinformatics analysis pipelines such as MAKER for gene prediction, GATK for variation calling, and several custom pipelines for genome analyses to organize our bioinformatics team. I have been trying to teach the context of NGS-based genomics to solve confronted questions in plant science and breeding as well as the importance to know and handle the bioinformatics tools. 

I attached my curriculum vitae, information of four professional references, and my publications. I can be reached via email address k821209@snu.ac.kr or kangyangjae@gmail.com. I thank you for your consideration and look forward to hearing from you.

Best regards,



Kang, Yang Jae
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The genome of soybean (Glycine max), a commercially important crop,
has recently been sequenced and is one of six crop species to have been
sequenced. Here we report the genome sequence of G. soja, the un-
domesticated ancestor of G. max (in particular, G. soja var. IT182932).
The 48.8-Gb lllumina Genome Analyzer (lllumina-GA) short DNA reads
were aligned to the G. max reference genome and a consensus was
determined for G. soja. This consensus sequence spanned 915.4 Mb,
representing a coverage of 97.65% of the G. max published genome
sequence and an average mapping depth of 43-fold. The nucleotide
sequence of the G. soja genome, which contains 2.5 Mb of substituted
bases and 406 kb of small insertions/deletions relative to G. max, is
~0.31% different from that of G. max. In addition to the mapped
915.4-Mb consensus sequence, 32.4 Mb of large deletions and 8.3
Mb of novel sequence contigs in the G. soja genome were also
detected. Nucleotide variants of G. soja versus G. max confirmed by
Roche Genome Sequencer FLX sequencing showed a 99.99% concor-
dance in single-nucleotide polymorphism and a 98.82% agreementin
insertion/deletion calls on lllumina-GA reads. Data presented in this
study suggest that the G. soja/G. max complex may be at least 0.27
million y old, appearing before the relatively recent event of domes-
tication (6,000~9,000 y ago). This suggests that soybean domestica-
tion is complicated and that more in-depth study of population
genetics is needed. In any case, genome comparison of domesticated
and undomesticated forms of soybean can facilitate its improvement.

massively parallel sequencing | sequence variation | wild soybean |
divergence | genome duplication

Wild soybean (Glycine soja Sieb. and Zucc.) and cultivated
soybean [G. max (L.) Merr.] belong to the subgenus Soja
within the genus Glycine Willd. of the family Leguminosae, which
includes alfalfa (Medicago sativa), pea (Pisum sativum), common
bean (Phaseolus vulgaris), peanut (Arachis hypogaea), and lentil (Lens
culinaris) (1). G. soja is generally considered to be the closest wild
relative of G. max (1). G. soja and G. max both have 20 chromosomes
(2n = 40), hybridize easily, exhibit normal meiotic chromosome
pairing, and generate viable fertile hybrids (1). However, wild and
cultivated soybeans differ with respect to several plant morphological
characteristics: Wild soybean grows in the form of creepers with
many lateral branches, flowers later than cultivated soybean, pro-
duces tiny black seeds rather than large yellow seeds, and its pod
shatters easily, promoting long-distance seed dispersal (2). These
phenotypic differences between G. max and G. soja, defined as do-
mestication-related syndromes, have not been genetically dissected
to identify their underlying genetic components, although dozens of
genomic regions for relevant traits have been reported in studies
involving quantitative trait locus mapping (2-4).

22032-22037 | PNAS | December 21,2010 | vol. 107 | no. 51

The genomes of more than 10 plant species have been sequenced
sofar (5). Among them, 6 species, rice (Oryza sativa) (6), grapevine
(Vitis vinifera) (7), sorghum (Sorghum bicolor) (8), cucumber
(Cucumis sativus) (9), maize (Zea mays) (10), and soybean (G. max)
(11), are commercial crop plants. These genome sequences have
provided powerful tools to characterize the genes responsible for
valuable traits in crops and related species. However, the genome
sequence of a single crop strain does not allow an understanding of
the origins of separate genes involved in complex traits. Further-
more, it is challenging to decipher the processes involved in crop
domestication from germination to flowering. Thus, the genome
sequences of wild species should provide key information about the
genetic elements involved in speciation and domestication. Com-
pared with G. max, limited DNA sequence resources are available
for G. soja, which had only 18,808 expressed sequence tags and
2,443 transcript assemblies in GenBank as of July 2010.

Recently, next-generation sequencing platforms have enabled the
generation of several orders of magnitude more sequence data
within a relatively short time than the traditional Sanger method (12,
13). Among them, two massive parallel sequencing (MPS) plat-
forms, Illumina Genome Analyzer (Illumina-GA) and Roche Ge-
nome Sequencer FLX (GS-FLX), using reversible terminators and
pyrosequencing, respectively, are in widespread use for genomic,
biological, and medical studies (12, 13). Using these MPS technol-
ogies, whole-genome resequencing was performed to complete ge-
nome sequencing of several species including Caenorhabditis elegans
(14), humans (15-19), and Arabidopsis (20). In humans, five genome
sequences in addition to the HuRef sequence have been reported
for different ethnic groups, and they have enabled the identification
of nucleotide differences putatively underlying complex traits.
Moreover, the Drosophila Genetic Reference Panel, the human

Author contributions: M.Y.K., K.V., S.-CJ., J.M,, J.B,, and S.-H.L. designed research; I.-Y.C,,
D.-SK., D.HK, K.HK, JHS, Y.EJ, K.D.K, WX.L, T.C, and Y.-H.L. performed research; S.L.,
T.-HK., D.-SK., Y.S.L, D.P.,, W.-Y.K, B.-CK,, S.P., K-A.L, and Y.J.K. analyzed data; and
M.Y.K, S.L, KV, T-HK, S.-CJ., K-HK, J-K.M., JS, S.AJ,, J.B., and S.-H.L. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.

Database deposition: The sequence data from this study have been deposited in the
National Center for Biotechnology Information Short Read Archive, www.ncbi.nlm.nih.
gov/Traces/sra/sra.cgi (accession no. SRA009252).

See Commentary on page 21947.
"M.Y.K., S.L., K.V., and T.-H.K. contributed equally to this work.
2Present address: Personal Genomics Institute, Suwon, Gyeonggi 433-759, Korea.

3To whom correspondence may be addressed. E-mail: sukhalee@snu.ac.kr or jongbhak@
gmail.com.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1009526107/-/DCSupplemental.
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1000 Genomes Project, and the Arabidopsis 1001 Genomes Project
are in progress with goals such as the development of patient-
tailored medicine and comprehensive understanding of natural
variation (21-23).

In this study, we sequenced the whole genome of wild soybean
(G. soja) using two MPS platforms, Illumina-GA and GS-FLX,
and analyzed G. soja genome sequences in detail to catalog the
wealth of genomic variation between G. max and G. soja. This
extensive analysis offers a primary glimpse of soybean domesti-
cation history, which suggests that divergence of G. soja and
G. max predated soybean domestication.

Results

Sequence Generation and Alignment. G. soja var. IT182932 genomic
reads generated by MPS were assembled using a draft G. max genome
sequence (Glymal.01, 937 Mb excluding gaps; http://www.phyto-
zome.net/soybean.php) (11) as a reference. The single- and paired-
end DNA sequences of 48.8 Gb produced by Illumina-GA yielded a
52.07-fold sequence coverage (SI Appendix, Table S1). Using Map-
ping and Assembly with Quality (MAQ) software (http://mag.sour-
ceforge.net/index.shtml), 90.91% of ~782 million short reads (36 or
75 bp) were mapped to Glyma1.01. The final mapped sequence length
of 915.4 Mb covered 97.65% of G. max, a 43.03-fold mapping depth.
To validate SNPs/indels and large deletions detected in the MAQ
alignments, 3.36 Gb of longer DNA reads (on average 250 or 400 bp)
generated by GS-FLX were aligned using GS Reference Mapper
software (ver. 2.0; Roche) (SI Appendix, Table S1). About 98.30% of
the 10.9 million GS-FLX reads were mapped to Glymal.01, resulting
in 57.0% coverage at an average depth of 3.45-fold.

Prediction of Duplicated Regions in the G. soja Genome. Aligning the
short but redundant DNA reads against the reference enabled the
prediction of duplicated genomic regions by examining regions
with higher than average coverage (Fig. 14) (14, 19). For Illu-
mina-GA sequencing, it was also necessary to compensate for the
physical bias toward GC content (SI Appendix, Fig. S1). The es-
timation of overrepresented regions by copy number revealed
that about 80% of the G. soja genome was duplicated (Fig. 1B).
This high level of duplication was expected, as the soybean ge-
nome has undergone two polyploidy events, 14 and 59 million
years ago (Mya) (13). The putatively duplicated genomic regions
were as large as 534 Mb (62.82% of the entire genome), and 112
Mb (13.18%) and 22 Mb (2.59%) of the genomic regions
exhibited three- and fourfold redundancy, respectively (Fig. 1B).

SNP and Indel Identification. About 2.5 million SNPs between G.
max and G. soja were predicted (supported by more than four
reads) via multiple stringent filtering criteria; 2,167,728 (86.5%)
and 337,257 (13.5%) SNPs were located in nongenic and genic
regions, respectively (Table 1). One kilobase upstream of tran-
scription start sites in 33,135 genes harbored 117,394 SNPs. Non-
coding genic regions contained 251,021 SNPs (74.43% of the SNPs
in genic regions) with 27,409 in 5’ and 3’ untranslated regions and
223,612 in introns. A total of 86,236 SNPs (25.57% of the SNPs in
the genic regions), consisting of 47,638 synonymous and 38,598
nonsynonymous SNPs, were classified as coding sequence variants.
These findings indicated that 35.6% (16,519 out of 46,430) of the
high-confidence gene set are affected by nonsynonymous SNPs in
the G. soja genome. The frequency of SNPs in both wild and culti-
vated soybeans was 2.67 SNPs per 1 kb, consistent with previous
studies of G. max varieties (24-26). The G. soja genome contained
196,356 indels (—35 to +14 bp) compared with Glymal.01, and
78.54% (154,211) of the indels were located in nongenic regions
(Table 1). Single-base-pair indels were the most frequent (63.5%,
124,605) type (SI Appendix, Fig. S2). Only 21.46% (42,145) of the
indels were positioned within genic boundaries (Table 1). The 2,398
indels in coding sequences caused frameshifts in 2,235 genes, which
is a reasonable number of frameshift variants for the soybean ge-
nome in comparison with a previous study in Arabidopsis (20).
Further examination revealed that indels were located throughout
the G. soja genome at a density of 1 indel per 4.8 kb.

Kim et al.
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Fig. 1. Prediction of duplicated regions of G. soja using read coverage and
validation of large deletions by GS-FLX reads. (A) Identification of duplicated
regions on chromosome 1 by higher-than-expected coverage compared with
expected coverage. Black and red lines refer to expected and observed coverages,
respectively, across the given genome region. Regions with copy numbers 1, 2, 3,
and 4 displayed by shaded boxes have coverage one-, two-, three-, and fourfold
higher than the expected coverage, respectively. Regions with more than one
copy are predicted to be duplicated in the soybean genome. (B) Proportion of
duplicated regions in the whole G. soja genome by copy number. Numbers at
each data point represent actual nucleotide lengths of the G. soja genome.

Functional Prediction of Nonsynonymous SNPs. The nonsynonymous
SNPs were subdivided using PolyPhen (Polymorphism Pheno-
typing) (27) and SIFT (Sorting Intolerant from Tolerant) (28)
predictions on their effects on protein function and structure (S/
Appendix, Table S2). Overall, about 20% of the nonsynonymous
SNPs were predicted to be functionally relevant. The 10,325
nonsynonymous SNPs in 9,082 genes were predicted to be non-
conservative missense (S Appendix, Table S3). We also identified
1,945 nonsynonymous SNPs positioned in the start or stop codon
of 1,791 G. max genes. Considering the G. soja genome as a ref-
erence, 138 SNPs created new stop codons in G. max, which po-
tentially resulted in functional defects in 132 genes (SI Appendir,
Table S3). Meanwhile, relative to G. soja, G. max gained 1,146
novelstart codons and 661 disrupted stop codons that may result in
the acquisition of additional coding sequences.

Structural Variation Identification. MAQ paired-end alignment
data were used to assess structural variation between G. max and
G. soja. We detected 5,794 deletions and 194 inversions in the
range of 0.1~100 kb and predicted the presence of 8,554 inser-
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Table 1. Summary of differences between the G. soja and G. max genomes
Genic
1 kb cDS" (no.
upstream*  Total of genes)
Variant No. of Total Nongenic (no. of (no. of 5 3
type variants size variants genes) genes) UTR  Synonymous Nonsynonymous Frameshift Nonframeshift UTR  Intron
SNP (1bp)" 2,504,985 2,504,985 2,167,728 117,394 337,257 11,350 47,638 38,598 NA NA 16,059 223,612
(33,135) (32,472) (20,842) (16,519)
Indel Deletion 104,818 245,647 82,290 9,292 22,528 1,357 NA NA 1,332 85 (85) 1,774 17,980
(1 bp~ (8,072) (14,276) (1,233)
35 bp)T Insertion 91,538 159,857 71,921 7,981 19,617 1,108 NA NA 1,066 69 (68) 1,614 15,760
(7,091) (13,142) (1,002)
Structural Deletion 5,794 32,366,461 4,606 542 (487) 1,188 NA 555 (712) NA NA
variation (1,328)
(100 bp~ Inversion 194 4,907,455 110 79 (72) 84 (252) NA 81 (244) NA NA
100 kb)"  Insertion 8,554 NA 7,885 186 (160) 669 (556) NA 262 (225) NA NA
Total 2,715,883 40,184,405

CDS, coding sequence; NA, not applicable; UTR, untranslated region.

*One kilobase upstream of a transcription start site was considered to be structurally relevant with promoter.
TAll variants with respect to the G. max reference genome (Glyma1.01, http://www.phytozome.net/soybean.php).

tions in the G. soja genome (Table 1; ST Appendix, Tables S4-S6,
Dataset S1). Deletions in the range of 100-500 bp were enriched
relative to larger sizes (SI Appendix, Fig. S3), which is similar to
MPS findings in humans (15). This enrichment likely occurred, in
part, because of sample-size bias of the short reads. About
48.11% of the deleted regions in the G. soja genome contained
repetitive elements including the most abundant classes of ret-
rotransposons (20.74%) (SI Appendix, Table S7). In the range of
1~2 kb and 10~20 kb, about 50% of the deletion events involved
retrotransposons (SI Appendix, Fig. S3). The 32-Mb fragments
present in G. max but absent in G. soja harbor 712 coding
sequences in 555 deletion events (Table 1), indicating an in-
creasing copy number of the existing genes and/or novel genes in
cultivated G. max. A few examples of gene structure collapse from
deletion or inversion events in G. soja are shown in SI Appendix,
Fig. S4. Despite the detection of a number of structural variations
between G. max and G. soja in this study, this resequencing
strategy did not enable prediction of chromosomal translocation
between the two genomes (29). Reciprocal translocation between
chromosomes (Chrs) 11 and 13 was found in two wild soybeans.
However, this translocated sequence, which originally presented
on Chr 13 in G. max var. Williams 82, was mapped on Chr 13 of
the G. soja genome. This indicated a limitation of the resequen-
cing strategy for detecting chromosomal translocations.

Validation of SNPs/Indels and Large Deletions by GS-FLX. To evaluate
the consistency rate of MAQ-called SNPs and indels, SNP/indel
prediction was performed with GS-FLX-mapped long sequences
using GS Reference Mapper software. The 328,680 GS-FLX SNPs
were identified in the same positions as MAQ-called SNPs (S
Appendix, Table S8). Of the shared SNPs, 328,643 were concor-
dant, with a level of consistency of 99.99%. In the 37 discordant
SNPs, it was ascertained which SNP calls were accurate by dideoxy
sequencing. Fifteen sequence-specific primers for these loci were
designed (SI Appendix, Table S9), whereas primers for the
remaining 22 loci could not be designed because the loci contained
repetitive sequences or gaps. Among the tested loci, [llumina-GA
calls of four loci were concordant with Applied Biosystems Sanger
calls. GS-FLX SNP calls for 11 loci were concordant with Applied
Biosystems Sanger calls. Of the 4,677 indels (size 2~4 bp) detected
by both programs, 98.82% (4,622) were consistent. With 4,460 GS-
FLX long reads, 2,187 large deletions spanning 13.5 Mb were also
confirmed by investigating the 50-bp overlaps neighboring the
deletionsite (Fig. 2; S Appendix, Fig. S5 and Table S4, Dataset S1),
indicating high prediction fidelity for structural deletion variants.

De Novo Assembly. We identified 32.4 Mb of G. max-specific

sequences (absent in G. soja) by large deletion detection. These
results indicated that the G. soja consensus sequence covered most
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of the reference Glymal.01, ignoring these unmappable regions.
In addition, 32,262 contigs spanning 8.2 Mb were assembled de
novo (SI Appendix, SI Text and Table S10). Among them, 524
contigs (31~3,148 bp) were incorporated into the G. soja con-
sensus (SI Appendix, Fig. S6 and Table S11), where 102 putative
genes were found by searching the GenBank protein database (S
Appendix, Table S12). Of 38 successfully amplified and dideoxy-
sequenced contigs, 25 were found to be G. soja-specific and 13 to
be G. max-unsequenced gaps (SI Appendix, Table S13).

Effect of Mapping Depth and Chromosomal Distribution of SNPs/
Indels. The chromosomal distribution of the identified SNPs and
indels between G. max and G. soja was nonuniform because fewer
SNPs and indels were predicted than detected in pericentromeric
regions that are highly repetitive in soybean (Fig. 34; SI Appendix,
Fig. S7), which were inconsistent with previous studies (14, 17).
Nucleotide variants for which the mapping depth exceeded 200
were filtered out in the pericentromeric regions to raise the quality
of variation detection. Accordingly, DNA variant discovery using
MPS was confined to less repetitive regions. Because pericentro-
meric regions had little genic content, however, precise detection
of the variation in functional analyses using MPS technology may
be unnecessary. Genome coverage was directly proportional to the
mapping depth of short DNA reads (Fig. 3B). For a read threshold
>1, the genome coverage reached a plateau of 98% at a mapping
depth of 20-fold, whereas read thresholds of >3 and >5 showed
genome coverage plateaus at a mapping depth of 30-fold. Most of
the SNPs were identified at a mapping depth of 30-fold for read
thresholds >3 and >5, but SNP discovery increased gradually up to
a mapping depth of 42-fold (Fig. 3B). These results indicated the
theoretical maximum of genome coverage and SNP calling at the
effective mapping depth reached in this G. soja genome sequencing
using MPS technology. However, multisite mapping of short reads
resulting from genome duplications might overestimate SNP calls
in paralogous regions. It should be noted that the identification of
unique and accurate SNPs in G. soja required a much higher read
threshold than in less duplicated genomes (14, 16-20).

Genomic Difference and Divergence Between G. max and G. soja. Of
the 937.5-Mb genome sequences examined, 0.31% differed be-
tween G. max and G. soja. This percentage increased to 3.76% when
large deleted sequences were also considered (Table 1). In addition,
the theoretical divergence time was estimated between the genomes
of IT182932 (G. soja) and Williams 82 (G. max) by calculating ge-
netic divergence and showed that G. soja and G. max diverged at
0.267 + 0.03 Mya assuming a distribution of synonymous sub-
stitution patterns (Ks) with 6,780 synonymously changed neutral
genes (SI Appendix, Fig. S8). Although a divergence time based
on the nucleotide sequences of only two genotypes could be an
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Fig. 2. Validation of large deletions by GS-FLX reads. An example of a 634-bp
deletion regionin G. soja validated by GS-FLX reads (Gm02, 10126582~10127216).
The first and second tracks indicate reads mapped to sequences flanking the
deleted region from Illumina-GA and GS-FLX reads, respectively. The third and
fourth tracks represent regions of the G. soja and G. max genomes, respectively.

overestimate, these results suggest that the divergence between
1T182932 and Williams 82 predated soybean domestication. G. max
is essentially a domesticated form of G. soja. Thus, our data suggest
that the G. soja/G. max complex s at least 270,000 y old (Fig. 4). Itis
widely accepted that there would be no undomesticated G. max
without domestication; however, given that the domestication of
soybean likely occurred 6,000~9,000 y ago (1, 30), genetic di-
vergence clearly predates domestication. In rice, molecular phylo-
genetic studies have also suggested that the genomes of cultivated
O. sativa L. ssp. indica and O. sativa ssp. japonica were derived from
those of independent wild populations that had already diverged
before domestication at 0.2-0.4 Mya (31-33). Thus, genome com-
parison suggests that the genetic history of soybean is more com-
plicated than previously assumed and, to determine the origin of
domesticated G. max, additional studies are needed.

Discussion

The Second Legume Genome Sequence. Among about 20,000 species
in the Leguminosae, only two model legumes, Medicago sativa
(http://www.medicago.org/genome) and Lotus japonicus (http://
www.kazusa.or.jp/lotus), with small numbers of chromosomes are
being sequenced. The soybean genome sequence released recently
was the first legume sequence using an elite cultivar, Williams 82
(11). For the whole-genome sequencing of wild soybean (G. soja),
aresequencing strategy was used to take advantage of the genome
sequence (Glymal.01) of the nearest sequenced relative, G. max.
Previous resequencing projects, including those of Homo sapiens
(15-19) and A4. thaliana (20), used the same species as a reference.
G. max and G. soja were morphologically quite different, but they
were close genomically, as revealed by the mapping of more than
90% of G. soja reads to Glymal.01 (SI Appendix, Table S1). Such
similarity in species differs from the interspecific variation ob-
served in rice. Rice is reported to have experienced dynamic ge-
nome evolution among 10 Oryza species (34). Even though Oryza
has two reference genome sequences, African cultivated rice
(O. barthii) is being sequenced through de novo next-generation
sequencing instead of resequencing (35) because it is distinct from
the sequenced O. sativa. Although it is arguable whether G. soja
is a completely different species from G. max, it was possible to
resequence the G. soja genome using the G. max genome as a
reference. The 915.4-Mb genomic consensus sequence of wild
soybean was produced, covering 97.65% of the G. max genome.

The 0.31% Genomic Difference Between Wild and Cultivated Soybeans.
The SNPs and indels in precisely aligned areas differed by 0.31%
between G. max and G. soja. This difference is less than differences
between Arabidopsis accessions (20) and between O. sativa ssp.
indica and O. sativa ssp. japonica (6). Although G. soja and G. max
were classified as distinct species before their genomic sequences

Kim et al.

A 450 50000
N !9 45,000 g
Z°< w0000 T
x
s 4 g
> 35000 S
c A
s =~ 0000 -
3 ° .é
I = 25000
2 2
z w00 £
@ — 150 o
é % 15.000 =
2
I + 100 10,000
N II | lind Lﬂlm o
b Ih 1| Pt g 1111 11T o
a5 800,000
T 40
k] 700000
X % i &
] &
£ 500000 @
a o
25
i 400,000 %-
€ 2 4
g8 300,000 +
L] 15
=
+ i 200,000
5 100,000
[ [
1 3 5 7 91113151719 212325272931 333537 39 41 43 4547 49 51 53 55
Chromosome position (Mb)
B 100 3.000.000
% — | 270,000
—_ .
E) 2400000 5
T o
o
) 0 2100000
g w 1800000 2
> 3
9 %0 1500000 ®
o o
Q 1200000 O
5 &
g 30 900,000
o 600,000

300 000

o
0 2 4 6 B 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Mapping depth (fold)
—&—Genome coverage (>=1) —C—SNPcall (>=3)
=O—Genome coverage (>=3) —#—SNP call(>=5)
—e—Genome coverage (>=5)

Fig. 3. Distribution of sequence variation on Chr 1 of G. soja. (A) Black and red
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one graph using a binning unit of 1 Mb on the x axis, the SNP number was
scaled to 1/10 and the repeat size was scaled to 1/50. (B) Effect of mapping
depth (to reference genome) on genome coverage and SNP detection. Cov-
erage indicates the number of short reads matched to the reference. Numbers
of detected SNPs according to mapping depth are indicated by red lines.

were determined, the sequences of the G. soja and G. max ge-
nomes presented here prove that these species are close relatives.
The whole-genomic difference between wild and cultivated soy-
beans is similar to that between human and chimpanzee genomes,
which has been reported to be ~4% (36). However, humans and
chimpanzees have a single-nucleotide sequence difference of %1%
(35 million SNPs in 2.4 Gb) (36). It was found that G. soja and
G. max had a single-nucleotide difference of 0.31% and the por-
tion of genomic structural variation resulting from deletion events
in G. soja was relatively high (3.45%). About 21% of the regions
present in G. max but absent in G. soja contained transposable
elements (TEs). These results are similar to those of a previous
study showing that the genomes of domesticated species can ex-
pand with the dramatic amplification of TEs (37).

Validation of MAQ Predictions by GS-FLX Sequencing. GS-FLX
sequences were used to validate MAQ predictions of SNPs, indels,
and structural deletion variations based on Illumina-GA read
alignments to the G. max reference sequence. A concordance of
99.99% was confirmed using a dataset of 0.3 million SNPs common
to both Illumina-GA and GS-FLX platforms. We also validated
3,336 small indels and 2,187 large deletions using the GS-FLX long
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reads. In human resequencings, the identified SNPs were confirmed
using a high-throughput SNP beadarray (17-19) and Applied Bio-
systems Sanger sequencing was used to validate the limited number
of indels (17). To confirm structural variation, BAC or fosmid se-
quencing and comparative genomic hybridization array analysis
were used (16, 17). Because the G. soja genome has not previously
been characterized, few genomic resources, such as BAC libraries
or commercial SNP chips, are available. Accordingly, GS-FLX se-
quencing was used to validate the Illumina-GA results, and this
approach was successful. Thus, to sequence nonmodel organisms
using short-read sequencing technologies, GS-FLX sequencing can
be used for genome-wide validation of the identified DNA variants.

Putatively Functional Variants Between G. max and G. soja. Se-
quencing of the G. soja genome generated a large dataset of
sequence variants between G. soja and G. max. Notably, 1,945
nonsynonymous SNPs identified caused start or stop codon
changes of 1,791 genes, which are expected to have drastic effects
on their transcripts. Because these could be direct and rich
resources for genetic studies of phenotypic differences between
two species, this information is being applied to define genes
linked with phenotypic variation using the constructed genetic
map of Hwangkeumkong (G. max) x IT182932 (G. soja) (38).
Nucleotide variation in the regions 1 kb upstream of tran-
scription start sites can affect transcription factor binding. More
than 100,000 nucleotide variations in thousands of genes were
identified between G. max and G. soja (Table 1). Nucleotide poly-
morphisms in promoter regions can alter gene function without
changing existing gene structure. Thus, these variations are im-
portant parameters in the study of complex phenotypic variation
such as the soybean domestication syndrome, which includes loss
of seed shattering by an SNP 12 kb upstream of the qSH1 gene (37).
Complete or partial gain and loss of various genes as a result of
large structural variations were also observed between G. soja and
G. max. The 32.4 Mb of G. max-specific sequences in 712 genes
were partially or completely absent in G. soja by 555 deletion
events (Table 1; SI Appendix, Fig. S4). This suggests that cultivated
soybean acquired a considerable number of genes absent in its wild
relative during domestication and improvement, or these genes
might be lost during diversification of G. soja. Besides coding
sequences, LTR retrotransposons (present in 17.28% of the de-
leted regions in G. soja) were the most predominant retro-
transposon type (SI Appendix, Table S7 and Fig. S3). It has been
shown that the genomes of domesticated species can be expanded
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Fig. 4. Soybeandomestication history. G. maxis generally believed to have been
domesticated from its wild relative, G. soja, 6,000~9,000y ago. The G. soja/G. max
complex diverged from a common ancestor at 0.27 Mya. Divergence between G.
soja and G. max thus predated domestication, indicating that cultivated soybean
was domesticated from a preexisting G. soja/G. max complex.
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by dramatic amplification of TEs (39). Furthermore, retro-
transposon insertions have been reported to collapse or silence
genes, as exemplified by phenotypic changes in tomato fruit shape
(40). Thus, the frequent LTR insertions into the G. max genome
can facilitate understanding of soybean domestication.

Genome Duplication in Soybean. Soybean shows vestiges of ancient
polyploidy (paleopolyploidy) events in its genome. An allopoly-
ploid event shared with the Medicago lineage, originating from the
hybridization of two different ancestral legumes (2n = 20) at 59
Mya, was followed by another independent whole-genome dupli-
cation at 14 Mya (30). Tetrad homeologous regions are expected
to exist in soybean genomes (41, 42), but divergence among these
homeologous regions accumulated over time, resulting in triplet or
paired homeologous regions. In particular, most duplicated genes
generated by duplication events have high sequence homologies.

Mapping of short reads to the G. max reference genome revealed
that sequence similarity between homeologous regions led to much
higher coverage in these regions. Read coverage has been used as a
criterion for region-specific copy-number measurements in C. elegans
and Arabidopsis (14, 20). The ratio of observed to expected coverage
was surveyed in 100-bp windows and the genomic regions present at
a copy number of 1-10 were identified. Genomic regions present as
a single copy comprise only 18.36% of the G. soja genome, indicating
that the remaining 81.64% of the genome is duplicated (Fig. 1).

These paramorphisms in duplicated regions prevented the
assignment of accurate bases in the consensus and in the iden-
tification of unique SNPs. To alleviate these problems arising from
genome duplication, we estimated the mapping depth required in
Illumina-GA short-read sequencing for maximum genome cover-
age and SNP calls. At an average mapping depth of more than
20-fold, the G. soja consensus covered 98% of the G. max reference
genome (Fig. 3B). However, when the read threshold was set to 5 or
higher, the number of identifiable SNPs dropped and a mapping
depth over 30-fold was required (Fig. 3B). Because polyploidy is
highly pervasive in crop plants, a mapping depth >30 is required for
resequencing using MPS technology in other crops.

Soybean Domestication. Soybean is generally considered to have
been domesticated from its wild relative (G. soja) 6,000~9,000 y
ago in China (1). The exact region of origin of soybean is still
unknown, but southern China, the Yellow River valley of central
China, northeastern China, and several other regions are all can-
didate sources (1) because G. soja grows naturally in far eastern
Russia, China, Korea, and Japan (1). Few genetic studies have
examined soybean domestication and the phenotypic differences
between domesticated soybean and its wild progenitor. Wild soy-
bean has been considered simply as a breeding parent with use-
ful traits, such as disease and pest resistance. Using breeding
populations derived from crosses between wild and cultivated
soybeans, several quantitative trait loci responsible for domesti-
cation-related traits have been reported (2). However, no genes
coding for domestication-related traits have been isolated, even
though great effort has been made to understand which genetic
elements contributed to domestication and how genetic diver-
gence of wild and cultivated species occurred. Numerous methods
of measuring genetic divergence were available, but the number of
synonymous substitutions between orthologous genes was used to
estimate the neutral genetic drift distance between these two
species because the genomes of wild and domesticated soybean are
similar. The synonymous distances of 6,780 genes were distributed
from Ks values of 0-0.099 (SI Appendix, Fig. S7). Using a peak Ks
value of 0.003, the divergence between G. soja and G. max was
estimated to have occurred at 0.267 + 0.03 Mya. However, the
archaeologically established domestication time of soybean is
much less than 270,000 y. There are many possible reasons for this
discrepancy. First, we compared only two single genomes rather
than two or more genome populations from each species. It is
possible that the G. max genome contains genetic material from
multiple species involved in the domestication process. This could
result in the relatively large genetic distance observed between
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G. max and known wild species of soybean. Second, G. soja used in
our study has diverged for over 270,000 y from G. max, which has
spread widely since it was first cultivated 6,000~9, 000 y ago (Fig.
4). In this case, there may be an undomesticated population of
G. max somewhere in East Asia that is the direct ancestor of the
domesticated one. Third, the selected marker set may not be
reliable in terms of the number and type of markers. To select
a good set of haplotype blocks, it is usually necessary to perform
extensive SNP block variation studies and/or sequence multiple
genomes. Fourth, although an attempt to remove theoretically
naturally selected mutations was made by using only neutral
genes, the human selection factor still remains, leading to an
exaggerated divergence time. Regardless of which explanation
accounts for the discrepancy, it is necessary to sequence more
soybean genomes and to compare these genomes to better un-
derstand the origins of domesticated soybean and the processes
underlying domestication.

In summary, using a combination of two next-generation se-
quencing strategies, we demonstrate the feasibility of aligning and
assembling the G. soja genome to the G. max reference genome. Also,
SNPs, indels, and large structural variations detected in this study
represent a comprehensive list of genetic changes, some of which may
underlie the domestication of G. soja. Our results suggest that the G.
soja/G. max complex may have been present at 0.27 Mya and the
divergence of G. soja and G. max predated domestication. This ge-
nome-wide comparison of domesticated and undomesticated forms
allows systematic cataloging of the whole repertoire of genetic var-
iants. Our approach with next-generation sequencing platforms and
the reference sequence from related species could aid in the de-
velopment of structural and functional genomic research in soybeans
and other legumes.
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Experimental Procedures

Plant Material. Wild soybean IT182932 (G. soja) was collected from a wild field
in Yong-In City, Gyeonggi Province, South Korea, in 1994. After multiple self-
pollination events aimed at reducing heterozygous loci, microsatellite anal-
ysis of several IT182932 plants was used to select homozygous individuals to
serve as mapping parents for the construction of a genetic linkage map of
Hwangkeumkong (G. max) x IT182932 (42).

G. soja Sequencing and Analysis. The wild soybean (G. soja var. IT182932)
genome was studied using two MPS technologies: Illumina-GA for single-
and paired-end sequencing and GS-FLX for pyrosequencing. Sequences were
aligned with default parameters using the MAQ program (ver. 0.7). After
the short reads were aligned against the G. max genome (Glyma1.01),
a consensus sequence was used for SNP calling with options. MAQ was also
used to detect short indels. Structural variations were detected when
a paired-end read had an anomalously long span size with a minimum of
three reads. GS Reference Mapper software (ver. 2.0) with default param-
eters was used for alignment of GS-FLX reads. The predicted deletion
regions were validated with Illumina-GA reads using the BLAT program (43).
Repetitive elements in deletion regions were identified by RepeatMasker
software (http://repeatmasker.org), and de novo assembly of unmapped and
unpaired reads was accomplished with the Velvet program (ver. 0.7.31) (44).
Further details can be found in S/ Appendix, SI Experimental Procedures.
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Abstract Since the genetic control of flowering time is
very important in photoperiod-sensitive soybean (Glycine
max (L.) Merr.), genes affecting flowering under different
environment conditions have been identified and described.
The objectives were to identify quantitative trait loci (QTLs)
for flowering time in different latitudinal and climatic
regions, and to understand how chromosomal rearrangement
and genome organization contribute to flowering time in
soybean. Recombinant inbred lines from a cross between
late-flowering ‘Jinpumkong 2’ and early-flowering ‘SS2-2’
were used to evaluate the phenotypic data for days to flower-
ing (DF) collected from Kamphaeng Saen, Thailand
(14°01'N), Suwon, Korea (37°15'N), and Longjing, China
(42°46'N). A weakly positive phenotypic correlation
(r=0.36) was found between DF in Korea and Thailand;
however, a strong correlation (» = 0.74) was shown between
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Korea and China. After 178 simple sequence repeat (SSR)
markers were placed on a genetic map spanning 2,551.7 cM,
four independent DF QTLs were identified on different chro-
mosomes (Chrs). Among them, three QTLs on Chrs 9, 13
and 16 were either Thailand- or Korea-specific. The DF
QTL on Chr 6 was identified in both Korea and China, sug-
gesting it is less environment-sensitive. Comparative analy-
sis of four DF QTL regions revealed a syntenic relationship
between two QTLs on Chrs 6 and 13. All five duplicated
gene pairs clustered in the homeologous genomic regions
were found to be involved in the flowering. Identification
and comparative analysis of multiple DF QTLs from differ-
ent environments will facilitate the significant improvement
in soybean breeding programs with respect to control of
flowering time.

Introduction

Flowering time is a reproductive characteristic of major
agronomic interest, since it is critical for plant adaptation
to different latitudes. Classical soybean breeding pro-
grams have long recognized that the genetic control of
flowering time plays an important role in efficient crop
production under different latitudinal and climatic condi-
tions (Curtis et al. 2000). In most plant species, flowering
time is controlled by interactions between environmental
and endogenous elements (Levy and Dean 1998). Under
the conditions of short photoperiod and warm tempera-
ture, all lines flowered approximately at the same time.
However, cooler temperatures under the 20 h photope-
riod led to delayed flowering. The isolines with two or
more dominant alleles flowered about 20 days earlier
under cool conditions compared with warm conditions
(Cober etal. 2001). Furthermore, at higher latitudes,
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flowering is more closely associated with temperature
and predictable rainfall patterns at certain times of the
year. Photoperiods that are to short for the soybean vari-
ety under cultivation will cause reproductive growth to
initiate before sufficient vegetative growth has occurred
and thus, result in low yields and poor seed quality
(Cregan and Hartwig 1984).

Molecular genetic marker analyses have identified
quantitative trait loci (QTLs) for diverse traits (Dudley
1993; Cregan et al. 1999; Song et al. 2004). QTLs with
the large phenotypic effects on flowering time have been
positioned on the soybean genetic linkage map and some
are located in more than one region (Soybase, http://soybase.
org). The recombinant inbred line (RILs) populations of
the soybean cultivars ‘Minsoy’ and ‘Noir 1’ were used to
map QTLs for flowering time on Chrs 6 and 9 (previously
as linkage groups (LGs) C2 and K, respectively; Mansur
et al. 1996). Large effect QTLs for flowering time were
also mapped on Chr 6, which is responsible for 40.7 and
47.4% of total phenotypic variation in two different
single-cross populations of PI 317.336 x ‘Corsoy’ and PI
317.334B x ‘Corsoy’ (Tasma et al. 2001). With the par-
ents ‘Misuzudaizu’ and ‘Moshidou Gong 503°, major
flowering time QTLs were mapped to Chrs 6 (FT1), 10
(FT2), 20 (FT3) and 11 (FT4) (LGs C2, O, I and BI,
respectively; Yamanaka et al. 2001). In soybean, classical
methods were used to designate eight E loci (E/-ES) con-
trolling flowering time and maturity; the locations of
these loci include Chrs 6 (E1 and E7), 10 (E2), 19 (E3), 20
(E4) and 4 (E8) (Bernard 1971; Buzzell 1971; Buzzell and
Voldeng 1980; McBlain and Bernard 1987; Bonato and
Vello 1999; Cober and Voldeng 2001; Cober et al. 2010).
The E1 locus is located at the same position as the previ-
ously identified FT1 locus, and is tightly linked to E7 and
pubescence color locus T (Cober and Voldeng 2001;
Yamanaka et al. 2001). The EI, E3, E4, E5 and E7 loci
show particular involvement in the flowering response to
long day (LD) length (Buzzell and Voldeng 1980; Molnar
etal. 2003). Two single loci of E6 and Jhave been
reported to control long-juvenile traits that delayed flow-
ering under short photoperiods (Bonato and Vello 1999;
Ray et al. 1995). This trait may be important in increasing
the adaptation range of soybean to low latitudes.

Since multiple genes control flowering time in soy-
bean, their combined effects may differ with environ-
ment. Many flowering time QTLs have been reported,
and E3 and E4 loci have been identified as genes encod-
ing phytochrome A (GmphyA3 and GmphyA2; Liu et al.
2008; Watanabe et al. 2009). However, there have been
limited numbers of studies for QTL mapping across sev-
eral environmental conditions. Thus, there is a little
understanding about how genomic segments or genes
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might interact under different environmental conditions,
such as photoperiod and temperature. To improve
soybean cultivation and yields, it is important to identify
critical factors regulating flowering under various envi-
ronmental conditions. Several researchers suggest that
the multiple QTLs might have occurred via two rounds of
soybean genome duplication. QTLs for seed protein and
oil were located on Chrs 5, 6, 8, 15 and 18 and homeology
was observed among these genomic regions encompass-
ing related markers (Shoemaker et al. 1996). Homeolo-
gous genomic regions carrying lipoxygenase genes were
found on four different chromosomes (Chrs 7, 8, 13 and
15), which harbored duplicate QTLs for several traits
including corn earworm resistance and yield, as well as
sucrose and oil contents (Shin et al. 2008). QTLs for
resistance to six different bacterial leaf pustule (BLP)
pathogens have been identified under both greenhouse
and field conditions (Van et al. 2004), and four loci were
conserved across homeologous genomic regions on Chrs
4,5,6,and 17 (Kim et al. 2009).

The objective of this work was to identify the genomic
locations of environment-specific genes that regulate flow-
ering time in soybean. We evaluated days to flowering (DF)
using a RIL population derived from a cross between the
late-flowering Jinpumkong 2 and early-flowering SS2-2
cultivars. Plants were grown in three different latitudinal
locations, including Thailand, Korea and China. Genome
synteny among DF QTL regions was investigated across
different environments to explain environment-specific
expression of the duplicated genes.

Materials and methods
Plant materials and DNA extraction

A total of 89 Fy RILs derived from a cross between soybean
cultivars Jinpumkong 2 (Kim et al. 1997) and SS2-2 (Kim
et al. 2005) were used to construct a genetic linkage map
and perform QTL analysis for DF. The cross was con-
ducted at Kasetsart University (Kamphaeng Saen, Nakhon
Pathom, Thailand) during the summer of 2004. Single-seed
descent method was used to advance each generation for
development of RILs.

Genomic DNA was extracted from the fresh leaves of
young seedlings, according to the procedure described by
Shure et al. (1983), with slight modifications. DNA concen-
tration was determined using an ND-1000 NanoDrop
(NanoDrop Technologies Inc., Wilmington, DE, USA).
The final concentration of genomic DNA was adjusted to
10 ng/pl in Tris—EDTA buffer (pH 8.0), and then stored at
—20°C until use.
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Table 1 Planting date, temperature and day length at three different
latitudinal locations during the soybean growth period

Kamphaeng Suwon, Longjing,
Saen, Korea China
Thailand

Latitude (N) 14°01"’ 37°15’ 42°46'

Planting date 16 November, 27 May, 2009 10 May, 2009

2009
Ranges of 17.2-39.3 12.7-34.8 6.2-33.4
temperature (°C)
Ranges of day 1205-1252 1139-1571 1205-1635

length (h)?

? Day length was calculated at sunrise-sunset and civil twilight
(Downs and Thomas 1990)

Field experiments

During 2009, parental cultivars and 89 RILs were sown at the
following latitudinal locations: Longjing, China, (42°46'N);
Suwon, Korea (37°15'N); and Kamphaeng Saen, Thailand
(14°01'N; Table 1). These sites had different planting dates,
ranges of temperature and day lengths, i.e., 10th May (1205—
1252 hours), 27th May (1139-1571 hours) and 16th Novem-
ber (1205-1635 hours), respectively (Table 1). Planting den-
sity and cultivation practices were performed according to
the local standards. DF was recorded by measuring the num-
ber of days between planting and the day when half of the
plants in each line flowered.

Simple sequence repeat (SSR) marker analysis

SSR markers were used to identify allelic variations at SSR
loci from different soybean linkage groups. A total of 243 SSR
markers were designed using Soybase (http://www.soybase.
org/resources/ssr.php). PCRs were performed in a 5 pl
reaction volume containing 10ng genomic DNA,
1 x reaction buffer (w/MgCl,), 160 pM dNTP, 0.4 U Taq
DNA polymerase (Applied Biosystems, Foster City, CA,
USA) and 0.5 uM of primer mixture. PCR were conducted
using an MJ Research PCT-25 TM Thermal Controller (MJ
Research, Watertown, MA, USA) at 94°C for 10 min,
followed by 30 cycles of 94°C (25 s), 46°C (25 s) and 68°C
(25 s), and then a final extension at 72°C for 10 min. PCR
products were resolved using an ABI PRISM 3730x1 auto-
matic DNA sequencer (Applied Biosystems) and allelic
differences in SSR markers were analyzed using GeneMap-
per version 3.7 software (Applied Biosystems) to determine
the SSR genotypes of the parents and RILs.

Genetic mapping and QTL identification

The soybean genetic map was constructed with MAP-
MAKER/EXP version 3.0b (Lander et al. 1993) and genetic

distance was computed using the Kosambi mapping func-
tion. A logarithm of the odds (LOD) score of 3.0 and maxi-
mum distance of 50 cM was used as the threshold to group
markers into chromosomes. Segregation of SSR markers in
the 89 RILs was evaluated with a Chi-square (y?) test. The
genetic association between markers and DF was analyzed
by single factor analysis of variance (SFFANOVA; PROC
GLM; SAS version 9.1, SAS Institute Inc 2002). QTL
Mapper version 1.6 was used for interval mapping to deter-
mine and estimate QTL positions from DF and marker data
(Wang et al. 2004b). Following the composite interval anal-
ysis, an LOD score of 2.4 was used to identify the presence
of a major QTL.

Sequence analysis of QTL regions

Genomic regions were examined (1 Mb up- and down-
stream) around the four DF QTLs identified in analyses.
The QTLs were located at the following intervals: Satt202—
Satt371 (GmO06: 47820410..49159840) on Chr 6; Satt055—
Satt417 (Gm 9:10894174..17540158) on Chr 9; Satt206—
Satt595 (Gm13: 10894174..17540158) on Chr 13; and
Satt244-Satt431 (Gm16: 33327177..35718642) on Chr 16.
Sequences in the four QTL regions were downloaded from
the soybean reference genome sequence database (http:/
www.phytozome.net/soybean.php). Sequence alignment
was performed with Mercator and visualized with
Gbrowse_syn, developed within the GMOD framework
(Stein et al. 2002; Dewey 2007). Synteny between genomic
regions in different chromosomes was determined by
retrieving the ClusterID of all genes belonging to the QTL
regions and those genes showing the same ClusterID were
regarded as homologs. The ClusterIDs were downloaded from
the website Phytozome Biomart (http://www.phytozome.net/
biomart/martview/).

Results
Phenotype data analysis

A wide range of phenotypic variation was observed for DFs
from parental cultivars and RILs at each of the three plant-
ing locations (Fig. 1). In Korea, the parental cultivars were
phenotypically different with respect to DF, plant height
and number of nodes on main stem. SS2-2 flowered
13 days earlier than Jinpumkong 2 and it formed short
plants with few nodes, whereas Jinpumkong 2 grew tall and
produced more nodes. In Thailand, Jinpumkong 2 flowered
one day earlier than SS2-2, whereas it flowered 25 days
later in China. With respect to DF, the RIL population
showed a narrow phenotypic range in Thailand, i.e., from
25 to 38 days, whereas DF ranged from 39 to 74 days in
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Fig. 1 Frequency distribution of days to flowering for 89 RILs derived
from Jinpumkong 2 x SS2-2 grown at three different latitudes:
a Thailand, b Korea and ¢ China

Korea and from 58 to 116 days in China, with mean values
of 28, 54 and 96 days, respectively (Fig. 1). Therefore, DF
showed greater variability with the increasing latitude.
Interestingly, the frequencies of DF did not always show a
normal distribution. Thailand exhibited a nearly continuous
quantitative DF trait and promoted flowering. DFs between
China and Korea were somewhat correlated (r = 0.74), but
only a weak correlation (r = 0.36) between Korea and Thai-
land was shown (Fig. 2). Photoperiod and temperature
clearly interact with the whole life cycle. Short days (SD)
combined with high temperatures resulted in the shortest
time to flowering, whereas low temperatures and long day
(LD) conditions delayed flowering.

Genetic map construction
Among the 243 SSR markers investigated, 189 (77.8%)

showed polymorphisms between the mapping parents.
These markers were used to construct a genetic linkage
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Fig. 2 Correlation between DF and locations at three different
latitudes. A strong correlation was found between Korea and China,
but only a weak correlation was evident between Korea and Thailand

map for the soybean RIL population from Jinpumkong 2
and SS2-2. DF QTL analysis was performed using 178
(73.3%) polymorphic markers linked across all 20 soybean
chromosomes. The other 11 SSR markers remained
unlinked to the genetic map and were not used for the anal-
ysis. The map covered 2,551.7 cM and on average, adjacent
SSR markers were 14.3 cM apart (data not shown). The
order of markers was consistent with the USDA soybean
linkage map developed by Choi et al. (2007).

QTL mapping for DF

SF-ANOVA and QTL Mapper version 1.6 were used to
identify QTLs for DF. For the three different latitudinal
locations, SF-ANOVA identified 11 significant (P < 0.01)
DF QTLs across 8 chromosomes (Table 2). DF QTLs asso-
ciated with the markers, Satt041 (Chr 2) and Satt202 (Chr
6), were detected in both Korea and China, with the latter
marker accounting for a higher phenotypic variation than
Satt041 at these locations. DF QTLs linked to Satt055 and
Satt417 on Chr 9 were identified for Thailand and Korea,
with the latter marker explaining the highest phenotypic
variation (23.6%) in Thailand. In addition, DF QTLs asso-
ciated with Satt244 (Chr 16) and Sat_337 (Chr 4) were
found in Thailand and accounted for 8.9 and 18.3% of vari-
ation, respectively (Table 2). In Korea, QTLs for DF
explained 11.9, 13.2, and 15.3% of phenotypic variation
and were linked to Satt633 (Chr 10), Satt146 (Chr 13) and
Satt206 (Chr 13), respectively. In China, two additional DF
QTLs were identified on Chrs 5 and 13, and these were
linked to Satt591 and Satt114.

Interval mapping with QTL Mapper versionl.6 software
was used to determine the genomic regions linked to DF.
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Table 2 SF-ANOVA results of DF-associated QTLs in a soybean RIL population derived from Jinpumkong 2 x SS2-2 (P < 0.01)

Marker Chr Map Thailand Korea China Reported QTLs
position
(cM)?* P value R*(%) Pvalue R?>(%) Pvalue R*(%) Marker Map References
position
(cM)?*
Satt041 2 84.0 - - 0.0066 8.6 0.0085 8.3 - - -
Sat_337 4 32.1 0.0004 18.3 - - - - K472_1 53.9 Keim et al. (1990)
Satt591 6 31.1 - - - - 0.0099 10.9 Satt382 26.4 Kabelka et al. (2004)
Satt202 6 126.2 - - 0.0017 14.7 <0.0001 22.3 K474_1 113.0 Keim et al. (1990)
Satt055 9 33.0 0.003 10.6 0.0052 9.0 - - C009_2 47.2 Mansur et al. (1996)
Satt417 9 46.2 <0.0001  23.6 0.0047 12.1 - - C009_2 47.2 Mansur et al. (1996)
Satt633 10 56.9 - - 0.0012 11.9 - - 138GA26 1054 Yamanaka et al. (2001)
Satt146 13 1.9 - - 0.005 13.2 - - BLTO030_1 7.2 Specht et al. (2001)
Satt206 13 27.0 - - 0.0002 15.3 - - BLTO030_1 7.2 Specht et al. (2001)
Satt114 13 63.7 - - - - 0.0086 8.3 - - -
Satt244 16 65.0 0.01 8.9 - - - - Satt380 43.0 Tasma et al. (2001)

# Estimated position (cM) was inferred from the publically available USDA map (Choi et al. 2007) and reported flowering QTLs were represented

within 50 cM

On Chrs 9, 13 and 16, location-specific DF QTLs were
linked precisely with the adjacent SSR markers and the
LOD scores, R? values and additive effects are presented
in Table 3. The chromosomal locations of previously
identified QTLs nearby are shown in Fig. 3. In Thailand,
two QTLs flanked by Satt055-Satt417 (Chr 9) and
Satt244-Satt431 (Chr 16) explained 12.6 and 18.1% of
DF variation, respectively. In Thailand, the SS2-2 alleles
at these two QTLs showed negative or weak positive
effects on DF. A Korea-specific DF QTL was found
between Satt206 and Satt595 (Chr 13) and it explained
15.4% of phenotypic variation and early-flowering SS2-2
contributed an allele with a negative effect on DF at this
QTL. No China-specific DF QTLs were identified. QTL
Mapper version 1.6 detected a QTL for DF in the
Satt202-Satt371 interval (Chr 6) from both Korea and
China. This environmentally less sensitive QTL explained
13.7 and 28.4% of phenotypic variation in DF for Korea
and China, respectively, and the maximum additive effect
and highest phenotypic variation were observed in China
(Table 3). The identification of an environment-less sensi-
tive QTL for Korea and China appears to be in agreement
with the positive correlation for DF observed between
these locations.

Comparative analysis of four QTL regions for DF

Comparative analysis was performed on soybean geno-
mic sequences surrounding the four DF QTL regions
indentified by interval mapping. Alignment of these
sequences revealed a syntenic relationship between two
QTL regions on Chrs 6 and 13 (Fig.4). On Chr 6, a

2.04Mb  region  from Satt202  to Satt371
(Gm06:47820410..49860500) was examined and about
60 kb (Gm06:49800750.. 49860500) was found to be co-
linear with a 317 kb region (Gm13:21919772..22237188)
flanked by Satt206 and Satt595 on Chr 13. The co-linear-
ity consisted of three distinct segment pairs, A—A’, B-B’
and C-C’, which showed different levels of synteny
between the homeologous DF QTL regions. On Chr 13, a
partial inversion of segment order was also observed, i.e.,
A-B-C on Chr 6 versus A'-~C'-B’. Due to indels and
inversions, only a relatively weak synteny was observed
in the segment pair A—A’. Although three large insertion/
deletion events were observed between the B and B’
segments, a strong conservation was observed between
regions harboring the genes Glyma06g47320, Gly
ma06g47330, Glyma06g47340 and Glyma06g47350 on
Chr 6 and the B’ segment on Chr 13. The greatest
synteny was found between the segment pair C-C’,
although segment C on Chr 6 was five times longer
because small heat shock protein, leucine-rich repeat and
zinc finger motif were inserted after duplications.

Six duplicated gene pairs were clustered in homeologous
DF QTL regions on Chrs 6 and 13. Thus, the Korea-specific
QTL for DF on Chr 13 may be associated with genome
duplication. On Chrs 6 and 13, the flowering-related dupli-
cated genes showed 80-99% homology at the amino acid
level. For the paralogous pair, Glyma06g47300-
Glymal3g18580, their duplicated genes, Glyma09g41040
on Chr 9 and Glymal6g34610 on Chr 16 were detected in
the Thailand-specific DF QTL regions. But, any significant
syntenic block was not found around these DF QTL regions
on Chrs 9 and 16.
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9 and 16), Korea (Chr 13) and China (Chr 6). QTLs identified in the
present study are labeled in gray. Red, green and yellow indicate
previously reported QTLs for flowering, pod maturity and photoperiod
insensitivity, respectively

Table 3 QTLs with major effects on DF in a soybean RIL population derived from Jinpumkong 2 x SS2-2

Interval® Chr  Length Position Thailand Korea China
(cM) (M) -
LOD¢  Add¢ R? (%) LOD®  Add¢ R? (%) LOD® Add® R>(%)°
Satt202-Satt371 6 16.4 0 - - - 2.65 361 137 5.30 9.10 284
Satt055-Satt417 9 1.8 2 2.47 —0.71 126 - - - - - -
Satt206-Satt595 13 29.4 2 - - - 2.90 —387 154 - - -
Satt244-Satt431 16 10.8 4 2.88 0.86 18.1 - - - - - -

# Interval between markers (cM) flanking the QTL

b QTL distance from the first marker

¢ Maximum-likelihood LOD score for the individual QTLs
4 The allelic genetic effect

¢ Phenotypic variance explained by the QTL

Discussion

Most soybean (G. max) cultivars require SD conditions for
floral induction and flowering is normally suppressed by
LD conditions. The mapping parents, soybean cultivars
Jinpumkong 2 and SS2-2, belong to the Korean maturity
group V (Ha et al. 2009). When these parental cultivars and
the 89 RILs were grown under SD conditions, such as those
in Kamphaeng Saen, Thailand (14°01'N), flowering
occurred at approximately the same time (Fig. 1). However,
flowering was much later when these plants were grown
under LD conditions, such as in Longjing, China (42°46'N).

@ Springer

This sensitivity to day length restricts the range in which
soybean can be cultivated. Thus, it is important to under-
stand the effects of day length on flowering if cultivars are
to be developed for more extreme day length conditions.
Two loci, Jand E6, have been reported to control this
response (Bonato and Vello 1999; Ray et al. 1995) and the
long-juvenile trait is critically important at low latitudes
where day length is always near 12 h. In a lower latitude,
tropical location like Thailand, planting starts in November
because flowering time is affected by warmer temperature
rather than photoperiod (Carpentieri-Pipolo et al. 2002).
The Thailand site was planted into a shortening day length
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Fig.4 Alignment of homeologous regions in Chr 6
(Gm06:49800750..49860499) and 13 (Gm:21919772..22237188) that
contain six duplicated genes. The regions of Chr 13 are the interval of
QTL for DF in Korea, and regions of Chr 6 distant from QTL regions
about 650 kb. The regions in Chrs 6 and 13 represent forward and

while the Korea and China sites were planted into a length-
ening day length. Therefore, the high temperatures during
the night in Thailand have more significant effect on the
induction of flowering. In this context, the delayed flower-
ing in China compared to Korea might be caused by cooler
temperature in the early vegetative stage (Fig. 1) as well as
the longer photoperiod.

In the present study, a RIL population of Jinpumkong
2 x SS2-2 was used for QTL mapping of flowering time at
three different latitudinal locations. Four DF-associated
QTLs were identified on independent chromosomes
(Table 3). Three of the QTLs were location-specific, with
two identified in Thailand and one in Korea. In Thailand, a
DF QTL was detected in the Satt055-Satt417 interval on
Chr 9. It corresponds to the previously reported first flower-
ing QTL, Fflr3-4, which was 1.5 cM from Satt417 (Mansur
et al. 1996). Two QTLs for pod maturity, Pod matl5-4 and
16-3, were linked to Satt137 and Satt544, respectively.
These QTLs were also located between Satt055 and
Sattd417; Pod mat 5-4, the pod maturity QTL, was posi-
tioned at marker R0O51_2, which is 1.6 cM from Satt055
(Lee et al. 1996; Kabelka et al. 2004; Wang et al. 2004a).
The other Thailand-specific DF QTL in the Satt244—
Satt431 interval (Chr 16) was equivalent to the first flower-
ing QTL, Fflr9_3, which was linked to Satt380, 23.0 cM
from Satt244 (Tasma et al. 2001). The Korea-specific QTL
flanked by Satt206 and Satt595 appeared to align with Pod

reverse directions of homeologous sequences, respectively. Dark blue
lines indicate the syntenic region between chromosomes and same
color boxes show putative duplicated genes. A versus A’, B versus B’
and C versus C’

mat 13-5 for pod maturity, which was linked to the marker
BLTO030_1 (Specht et al. 2001).

A DF QTL flanked by Satt202 and Satt371 (Chr 6) was
also identified from both Korea and China (Table 3). Even
though the temperature during the growing season in China
ranged between 6.2 and 33.4°C with the day length ranging
between 1205 and 1635 hours, and in Korea ranging was
shown to be 12.7-34.8°C with the day length 1139-
1571 hours (Table 1). The mapping parents and RILs
showed distinct phenotypic variations. Specifically, the lat-
est flowering date in China was up to 45 days later than that
of Korea (Fig. 1). This indicated that this QTL was less
environment-sensitive, despite the clear differences in lati-
tude and climate between locations. Remarkably, this DF-
associated QTL located on a genomic region containing the
Photo ins 2-1 locus. Photo ins 2-1 controls photoperiod
insensitivity and is located 2.8 cM from Satt202, which is
linked to the P029_1 marker (Tasma et al. 2001) (Fig. 3).
Furthermore, the flowering time locus E/ and the first flow-
ering locus Fflr2-1 locate to the markers Satt100 and
A397_1, which are 12.0 and 9.2 cM from Satt202, respec-
tively (Fig. 3) (Mansur et al. 1993).

Soybean shows the vestiges of ancient polyploidy (pale-
opolyploidy) events in its genome (Schmutz et al. 2010).
Soybean underwent two polyploidy events, an ancient
duplication about 59 million years ago (MYA) and a more
recent whole genome duplication at 14 MYA. Sequence
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conservation in homeologous chromosomal segments
suggests that duplicated genes retain function in soybean,
resulting in the identification of multiple QTLs associated
with agronomically important traits (Kim et al. 2009; Liu
et al. 2008; Shin et al. 2008; Shoemaker et al. 1996; Watanabe
et al. 2009).

In the present study, comparative analysis of four DF
QTL regions revealed sequence synteny between two loci
positioned on Chrs 6 and 13. One of these loci was identi-
fied in both Korea and China, while the other was found
only in Korea. Recently, we identified a homeologous tet-
rad in the genomic region surrounding the BLP resistance
gene (rxp) (Kim et al. 2009). The individual regions were
located on Chrs 4, 5, 6 and 17, as a result of two rounds of
genome duplication. The rxp homeologous region in the
Sat_213-Satt277 interval, which ranges from 89.0 to
104.1 cM on Chr 6, had a counterpart located on Chr 4.
Although the DF QTL region identified on Chr 6 was posi-
tioned from 122.0 to 138.3 cM (Fig. 3), it showed some co-
linearity with Chr 4. Only two genes, Glyma04g16040 and
Glyma04g16100 on Chr 4, exhibited sequence homology of
>80% with Glyma06g47300 (E1-E2 ATPase) and
Glyma06g47330 (WD domain) in the DF QTL region of
Chr 6, respectively (data not shown). This limited level of
conservation may be attributed to complicated chromo-
somal rearrangements, including segmental deletion/inser-
tion, inversion or translocation events, which have occurred
in the soybean genome (Kim et al. 2009).

At present, in soybean, a high level of homology
between duplicated GmPhyA is well described. One GmP-
hyA was mapped on Chr 10 using a SNP marker as GmP-
hyAl by Choi et al. (2007). GmPhyA2, the gene for the F4
locus, and GmPhyA3 (E3) were mapped on Chrs 20 and 19,
respectively (Liu et al. 2008). The GmPhyAl gene (Chr 10)
is homeologous to the region harboring GmPhyA2 (Chr
20), and the region homeologous to GmPhyA3 (Chr 19)
was present on Chr 3 (Watanabe et al. 2009).

Our findings indicate that DF loci in two homeologous
regions on Chr 6 and 13 have maintained ancestral gene func-
tion controlling flowering time, and that they have diverged in
an environment-specific manner. Conservation of multiple
QTLs across homeologous regions has been observed for other
traits in soybean, including soybean cyst nematode resistance,
corn earworm resistance, seed protein content, seed size, yield
and oil content (Shin et al. 2008; Kim et al. 2009). Further-
more, several studies have used QTL mapping to show rela-
tionships between genes or genome duplication events and the
functional conservation/diversification of flowering time in
Brassica species. It is thought that these multiple QTLs for
flowering time may represent copies of a single ancestral gene,
which was possibly a homolog of Arabidopsis thaliana
CONSTANS (CO) (Axelsson etal. 2001). The polyploid
Brassica genome contains four copies of FLOWERING
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LOCUS C (FLC) that correspond to several flowering time loci
on different linkage groups (Kole et al. 2001; Schranz et al.
2002). These FLC paralogs may perform similar functions in
the regulation of flowering time, and multiple genes could
have an additive effect (Schranz et al. 2002). In addition, three
FLOWERING LOCUS T paralogs are associated with two
major QTL clusters for flowering time in Brassica napa,
and these clusters modulate functional differences in flow-
ering time between winter and spring cultivars of oilseed
Brassica (Wang et al. 2009).

In conclusion, using the soybean cultivars, Jinpumkong
2 and SS2-2, as well as 89 RILs, grown at three different
latitudes, QTL mapping with the evaluation of variations in
DF resulted in the identification of environment-sensitive
and less-sensitive QTLs that modulate flowering time in
soybean. The soybean genome generally contains multiple
copies of genes that control agronomically important traits
such as flowering, disease resistance and yield. Compara-
tive analysis of the DF loci enabled elucidation of QTLs
resulting from genome duplication, and potential candidate
genes were predicted by finding duplicate genes in homeol-
ogous DF QTL regions. Thus, QTL mapping combined
with comparative analysis provides a mean for understand-
ing the functional conservation and diversification of repli-
cated genes associated with polygenic traits and these
insights will accelerate the pace of soybean improvement.
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Abstract

Background: R genes are a key component of genetic interactions between plants and biotrophic bacteria and are
known to regulate resistance against bacterial invasion. The most common R proteins contain a nucleotide-binding
site and a leucine-rich repeat (NBS-LRR) domain. Some NBS-LRR genes in the soybean genome have also been
reported to function in disease resistance. In this study, the number of NBS-LRR genes was found to correlate with
the number of disease resistance quantitative trait loci (QTL) that flank these genes in each chromosome. NBS-LRR
genes co-localized with disease resistance QTL. The study also addressed the functional redundancy of disease
resistance on recently duplicated regions that harbor NBS-LRR genes and NBS-LRR gene expression in the bacterial
leaf pustule (BLP)-induced soybean transcriptome.

Results: A total of 319 genes were determined to be putative NBS-LRR genes in the soybean genome. The number
of NBS-LRR genes on each chromosome was highly correlated with the number of disease resistance QTL in the
2-Mb flanking regions of NBS-LRR genes. In addition, the recently duplicated regions contained duplicated NBS-LRR
genes and duplicated disease resistance QTL, and possessed either an uneven or even number of NBS-LRR genes
on each side. The significant difference in NBS-LRR gene expression between a resistant near-isogenic line (NIL) and
a susceptible NIL after inoculation of Xanthomonas axonopodis pv. glycines supports the conjecture that NBS-LRR
genes have disease resistance functions in the soybean genome.

Conclusions: The number of NBS-LRR genes and disease resistance QTL in the 2-Mb flanking regions of each
chromosome was significantly correlated, and several recently duplicated regions that contain NBS-LRR genes
harbored disease resistance QTL for both sides. In addition, NBS-LRR gene expression was significantly different
between the BLP-resistant NIL and the BLP-susceptible NIL in response to bacterial infection. From these
observations, NBS-LRR genes are suggested to contribute to disease resistance in soybean. Moreover, we propose
models for how NBS-LRR genes were duplicated, and apply Ks values for each NBS-LRR gene cluster.
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Background

R genes are a key component of gene interactions bet-
ween plants and biotrophic bacteria and often function
to regulate resistance to bacterial invasion [1]. Recent
studies have proposed the ‘zigzag model’ to describe the
resistance of plants in the context of the co-evolution
between invader and host [2]. The first phase of plant
defense is pathogen molecular pattern-triggered immu-
nity (PTI) by which the immune system of the plant
recognizes a broad range of pathogens with conserved
molecular patterns, thereby conferring non-host resist-
ance. In the second phase, effector-triggered immunity
(ETI) detects effectors injected into the plant cell with
the type III secretion system (TTSS) of bacteria. Usually,
ETI results in an amplified PTI response, also known as
the hypersensitive reaction (HR).

Among the known types of R proteins, the most com-
mon are those that contain a nucleotide-binding site and
leucine-rich repeat (NBS-LRR) domain [3]. In the Arabi-
dopsis Col-0 genome, 149 proteins were predicted to
have NBS-LRR domains and about two-thirds of those
were included in a subgroup with at least one known R
protein or Col-0 ortholog of an R protein [4]. In soy-
bean, although research on R proteins conferring resist-
ance to diverse diseases is somewhat lacking, NBS-LRR
genes with a coiled-coil motif (CC-NBS-LRR) were
reported to co-segregate with the Rpgl-b locus which
confers resistance to strains of Pseudomonas syringae pv.
glycinea [5].

Notably, an NBS-LRR gene with Toll/Interleukin-1 Re-
ceptor homology (TIR-NBS-LRR) was reported to restrict
nodulation in soybean [6]. Although nodulation is a sym-
biotic interaction rather than an interaction between
pathogen and host, this observation may indicate that R
genes control microbe entry into soybean plants. There-
fore, NBS-LRR genes, which are located throughout the
soybean genome, may be involved in recognizing the pres-
ence of pathogens and ultimately conferring resistance.

Plant perception of bacterial invasion is thought to be
accomplished by the plant surveillance system, which
recognizes specific pathogen-generated effectors and
triggers the plant cell to undergo HR [2]. Transcriptome
analysis is a powerful tool for studying the role of R
genes in disease resistance. Recently, the availability of
next-generation sequencers, such as the GS-FLX 454 Ti-
tanium and Illumina-GA, has enabled the evaluation of
expression levels of all predicted genes in a given plant
provided that the sequence of the reference genome is
available. After the whole genome draft sequence of soy-
bean was made publicly available at Phytozome (http://
www.phytozome.net/soybean.php), soybean transcrip-
tome data could be retrieved for all predicted genes [7].
A previous study presented transcriptome profiling of
soybean near-isogenic lines (NILs) between bacterial leaf
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pustule (BLP, caused by Xanthomonas axonopodis pv.
glycines (Xag)) —susceptible and —resistant lines and sug-
gested that differential defense-related gene expression
in response to Xag may contribute to BLP resistance in
soybean [8].

In this study, we examined the correlation and co-
localization between the number of NBS-LRR genes and
the number of disease resistance QTL on each chromo-
some and surveyed the functional redundancy of disease
resistance genes on the recently duplicated regions
known to harbor NBS-LRR genes. Moreover, we investi-
gated the effects of Xag inoculation on gene expression
in time-course experiments with susceptible and resist-
ant NILs, which revealed a significant increase in the ex-
pression of NBS-LRR genes located on QTL previously
associated with BLP resistance.

Results

Distribution of genome-wide NBS-LRR genes and disease
resistance QTL

To define the NBS-LRR genes of the soybean genome,
we used whole genome information available at Phytozome
(http://www.phytozome.net/soybean.php) [7]. Based on the
protein family databases, such as Pfam, Panther, KOG, and
KEGG, a total of 46,628 mapped genes have been anno-
tated according to the Gmax_109_annotation_info.txt at
Phytozome. To retrieve the putative NBS-LRR genes
within the soybean genome, the genes with LRR Pfam
IDs PF00560, PFO7723 and PF07725 were selected and
further refined to include genes containing NBS domains
(PF00931). Among 1,286 LRR genes identified in soybean,
319 genes were defined as putative NBS-LRR genes. A
total of 314 NBS-LRR genes were located on soybean
chromosomes (Table 1), whereas an additional 5 NBS-
LRR genes were positioned on scaffolds. NBS-LRR genes
were further sorted by their N-terminal domains using
homology to already classified Arabidopsis NBS-LRR
genes and included 116 TIR-NBS-LRRs, 20 CC-NBS-
LRRs, and 183 other NBS-LRRs (see Additional file 1).

To investigate the distribution of NBS-LRR genes in
the soybean genome, the chromosomal location of the
genes was plotted on a circular genome map at the
inner-most layer (Figure 1). The NBS-LRR gene distribu-
tion was biased and clustered on chromosomes (Chr) 3,
6, 13, 15, 16, and 18. More than half of the 314 NBS-
LRR genes (178) were located on these six chromo-
somes, suggesting that the NBS-LRR gene clusters are a
result of duplication events (Table 1).

Moreover, the disease resistance QTL locations identi-
fied using corresponding marker information, were also
highly biased and were similar to the locations of the
NBS-LRR genes. Among the 296 reported disease resist-
ance QTL on SoyBase (http://soybase.org/), 175 QTL
were selected by the corresponding marker information.
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Table 1 The numbers of NBS-LRR genes, disease
resistance QTL, and disease resistance QTL within the 2-
Mb flanking region of NBS-LRR genes

Chromosome Number Number Number of
of NBS-LRR of QTL QTL within
genes 2-Mb flanking
region of
NBS-LRR genes
1 20 8 4
2 10 9 5%
3 36 7 7*
4 1 0 0
5 5 3 3%
6 23 8 7*
7 12 0 0
8 15 10 9%
9 1 9 9%
10 3 16 5
" 5 5 0
12 14 3 2%
13 22 15 12%
14 1 5 3%
15 25 4 4*
16 40 19 19%
17 6 9 4
18 32 34 12
19 10 9 4
20 13 2 1
Total 314 175 110
RPx* 05196
P-value 0.000336

* More than half of the disease resistance QTL co-localized with NBS-LRR
genes within the 2-Mb flanking region.

** Regression analyses were done between the number of NBS-LRR genes and
the number of QTL within the 2-Mb flanking region of NBS-LRR genes.

Figure 1 depicts the location of these disease resistance
QTL on the third layer from the innermost layer. Dis-
ease resistance QTL tended to be located in the 2-Mb
regions flanking the physical locations of the NBS-LRR
genes, especially the highly clustered regions (see
Additional file 2). For example, the highly clustered re-
gion of NBS-LRR genes on Chr 6 harbored 4 QTL con-
ferring fungal resistance and 3 QTL conferring
resistance to nematodes. On Chr 16, 40 NBS-LRR genes
were clustered, and 14 fungal resistance QTL and 5
nematode resistance QTL were found near the clustered
genes. In the case of Chr 18, 8 fungal resistance and 4
nematode resistance QTL were located within the 2-Mb
flanking region of a gene cluster containing 32 NBS-LRR
genes (Table 1, Figure 1).
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Although not all disease resistance QTL were located
near NBS-LRR genes, most QTL and NBS-LRR genes
tended to co-localize. About 63% of disease related QTL
were positioned within the 2-Mb flanking region of an
NBS-LRR gene (Table 1). Linear regression analysis re-
vealed that there were significant correlations between
the number of NBS-LRR genes and the number of dis-
ease resistance QTL within the 2-Mb region flanking an
NBS-LRR gene with observed R” values of 0.520 and a
P-value lower than 0.001 (Table 1, see Additional file 3).
Additionally, QTL for soybean “leaflet shape” traits were
selected to understand the correlation between NBS-LRR
genes and different types of QTL rather than disease-
related (R*=0.073, P=0251) (see Additional file 4).
Moreover, the total of 667 QTL, which were assigned to
soybean trait terms, SOY:0000099, (http://soybase.org)
was chosen to investigate whether there were other puta-
tive effects of NBS-LRR genes (see Additional file 5).
From those of selected, a total of 345 QTL were posi-
tioned in the 2-Mb flanking regions of NBS-LRR genes
and identified that the majority of these traits was soy-
bean morphology and anatomy traits (SOY:0001398) and
soybean stress resistance traits (SOY:0001400). The indi-
cation showed some NBS-LRR genes could affect many
different quantitative traits or in the interaction between
disease resistance and other agronomically important
traits.

Recent duplication of NBS-LRR containing

genomic regions

To further support the functional correlation between
the NBS-LRR genes and disease resistance QTL, we
investigated recently duplicated regions in the soybean
genome, which could contain genes that perform redun-
dant functions depending on their nature. Figure 1
depicts the recently duplicated region of soybean as a
transparent colored ribbon on a circular genome map.
Table 2 provides a list of disease resistance QTL within
2 Mb flanking of the recently duplicated regions and
NBS-LRR genes within recently duplicated regions were
also retrieved. There were a total of 91 NBS-LRR genes
within 10 recently duplicated genomic regions and these
regions contained the duplicated disease resistance QTL.
Among those recently duplicated regions, four regions
(IDs: 10176678, 8358327, 11590712, and 10856314) had
the same number of NBS-LRR genes. An additional four
duplicated regions (IDs: 10176681, 10176680, 18934087
and 18159398) showed a difference of only one gene. In
these regions, the copy number of NBS-LRR genes on
each side was similar.

Among these eight duplicated regions, 10176681,
10176680, 10176678 and 11590712 had disease resist-
ance QTL with distinct specificities for divergent di-
seases (Table 2). For example, the recently duplicated
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©® Fungal QTL
Nematode QTL

® BLP-8ra
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@ BLP - OCSG
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® BLP - LMG7403

® BLP - LMG7404

“ Rpp3 locus for soybean rust

Figure 1 The circular map showing the locations of recently duplicated regions, locations of NBS-LRR genes, transcription levels of
NBS-LRR genes after BLP treatment, locations of disease resistance QTL, and locations of significantly expressed NBS-LRR genes. For
the QTL layer, the dot colors are defined in the legend. On the transcriptome layer, the heatmap shows the expression level of susceptible NIL 0,
6, and 12 hai and resistant NIL 0, 6, and 12 hai from the inner side to the outer side, and the colors were chosen according to the expression
level. Minimum values to maximum values of expression are represented with black, grey, red, orange, yellow, lime, green, blue and purple.








Table 2 List of NBS-LRR genes on the recently duplicated region and disease resistance QTL in the 2-Mb flanking regions of the recently duplicated regions in

soybean

Recent duplication ID  Duplication counterpart

Disease resistance QTL

NBS-LRR genes

Chromosome A

Chromosome A’

Chromosome A

Chromosome A’

Chromosome A’

Chromosome A’

Chr Start End  Chr Start End
10176681 Gmo1 097 2.34 Gm09 3967 4082 SCN 19-3, SCN 20-3, Sclero 2-17, Sclero 3-12 Glyma01g01400, Glyma01g01420  Glyma09g34360, Glyma09g33570,
SCN 21-2 Glyma09g34380
10176680 GmO1  5.04 13.07  Gm02 994 1269  SCN 26-2 SDL2178, Phytoph 1-2 Glyma01g08640, Glyma01g05710  Glyma02g12300
10176678 GmO01 4826 5467 Gmll 106 686  Sclero 2-5, Sclero 3-4, 8ra Glyma01g37620, Glyma01g39000, Glyma1l1g06260, Glymal1g03780,
Sclero 4-1, Sclero 5-3 Glyma01g39010 Glyma11g07680
22835159 Gm03 3508 4775 Gml19 3795 5053  Sclero 3-16, SDS 8-3 8ra, OCS-F, Glyma03g29270, Glyma03g29370  Glyma19g32150, Glyma19g32090,
OCS-G, LMG7403, Glyma19g32110, Glyma19g32180,
Sclero 2-20, Sclero 3-14, Glyma19g32080
Sclero 5-12, Sclero 6-9
8358327 Gmo08 550 1135 GmO5 3061 3728 OCS-G, Sclero 2-2, LMG7403, Sclero 2-1, Glyma08g12990 Glyma05g29880
Sclero 3-2, Sclero 5-1, Sclero 3-1, Sclero 6-1
Sclero 6-2, SCN 29-5,
SCN 29-6, SCN 29-7,
SCN 30-3, SCN 1-1
18934088 Gm09 3276 3686 Gml6 3520 37.17  Sclero 2-16, Sclero 3-11,  BSR 3-1, BSR 4-1, Glyma09g29050 Glyma16g33780, Glyma16933920,
Sclero 4-7, Sclero 5-10 BSR 5-2, BSR 6-1, Glyma16g34070, Glyma16g33910,
BSR 6-10, BSR 6-2, Glyma16934030, Glyma16g33680,
BSR 6-3, BSR 6-4, Glyma16g32320, Glyma16g33610,
BSR 6-5, BSR 6-6, Glyma16g34090, Glyma16g33590,
BSR 6-7, BSR 6-8, Glyma16g33950, Glyma16g34000,
BSR 6-9, SCN 28-2, Glyma16933930, Glyma16g34110,
SCN 28-4, SCN 29-2, Glyma16g33940
SCN 1-2, SCN 5-2
18934087 Gm09 4253 4638 GmI18 5356 5909 Sclero 2-18 Sclero 2-14, Sclero 3-10,  Glyma09g39410 Glyma18g46100,
Sclero 4-6, Sclero 5-9, Glyma18g46050
Sclero 6-7, Mi 3-2,
Mi 4-1, Mi 1-3,
Mi 1-4, Mi 2-2,
SCN 4-2
18159398 Gm15 3983 4416 Gml13 2875 3020 Ma?2-2 Sclero 2-12, Sclero 3-9,  Glyma15g37080, Glyma15g36990, Glyma13g25920, Glyma13g26380,
Sclero 4-4, Sclero 5-6, Glyma15g35920, Glyma15g37140, Glyma13g26460, Glyma13g25950,
Sclero 6-5, Ma 1-2, Glyma15g37790, Glyma15g35850, Glyma13g25750, Glyma13g26250,
Mj 1-4 Glyma15g37340, Glyma15g37320, Glyma13926530, Glyma13g25970,
Glyma15g37290, Glyma15g36940, Glyma13g26420, Glyma13g25780,
Glyma15g36930, Glyma15g37390, Glyma13g26000, Glyma13g26310,
Glyma15g37310 Glyma13g26140, Glyma13g26230
11590712 Gm17 3927 4104 Gml4 585 794 Sclero 2-10, Sclero 3-7,  SCN 17-2, SCN 19-2 Glyma17g36400, Glyma17g36420  Glyma14g08700, Glyma14g08710

Sclero 6-4

6€1/21/6TTT-1 L7 L/WOY [RAUSIPIWIOIG MMM//:d1Yy

6€1:TL ‘L0z Abojoig 1upid DNG *|p 12 Buey

€1 Jo G abed







Table 2 List of NBS-LRR genes on the recently duplicated region and disease resistance QTL in the 2-Mb flanking regions of the recently duplicated regions in
soybean (Continued)

10856314 Gm20 3304 4467 Gml10 3946 5028 OCS-G, SDL2178, 8ra, Sclero 2-22, Glyma20g33530, Glyma20g33740, Glyma10g32780, Glyma10g32800,
SDS 7-6 Sclero 2-23, Sclero 2-24,  Glyma20g34860 Glyma10g34060
Sclero 3-17, Sclero 3-18,
Sclero 3-19, Sclero 4-10,
Sclero 4-11, Sclero 5-1
Sclero 5-15, Sclero 5-1
1 1
1

4,
6,
2,

Sclero 6-11, Sclero 6-

1,
Sclero 6-13

* Chromosome A and A’ represent the recently duplicated region.
** Fungal resistance QTL: Sclerotinia stem rot (Sclero), Sudden death syndrome (SDS), Brown stem rot (BSR), Phytophthora sojae infection (Phytoph); Nematode resistance QTL: Soybean cyst nematode (SCN), Peanut
root-knot nematode (Ma), Southern root-knot nematode (Mi), Javanese root-knot nematode (Mj); Bacterial leaf pustule resistance QTL (BLP): OCS-G, SDL2178, 8ra, OCS-F, LMG7403.
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region, 10176681, had duplicated the NBS-LRR genes,
Glyma01g01400 and Glyma01g01420 for Chr 1 and
Glyma09g33570, Glyma09g34360 and Glyma09g34380
for Chr 9. The QTL for nematode resistance resides on
Chr 1, while the QTL for fungal resistance is on Chr 9.
These examples indicate that the NBS-LRR genes prob-
ably retained their biotic resistance functions after du-
plication, although they would probably have acquired
novel specificities as well. The other duplicated regions
(8358327, 10856314, 18934087 and 18159398) had dis-
ease resistance QTL that targeted the same disease
agents and other diseases as well.

However, two recently duplicated regions (22835159
and 18934088) had a distinct number of NBS-LRR
genes, which may have resulted from a tandem duplica-
tion occurring independently on one side of the dupli-
cated region. One side of these duplicated regions
contained a higher number of NBS-LRR genes and
additional or different source of disease resistance
QTL compared to the other side. For example, the re-
cently duplicated region, 18934088, has only one dupli-
cated NBS-LRR gene (Glyma09g29050) on Chr 9 and
15 tandemly duplicated genes (Glymal6g32320 to
Glymal6g34110) on Chr 16. Several disease resistances
QTL also segregate as follows: 4 QTL for resistance to
Sclerotinia (Sclero) are located on Chr 9, while 13 QTL
for resistance to brown stem rot (BSR) of fungi and 5
QTL for resistance to soybean cyst nematode (SCN)
are found on Chr 16.

The BLP resistance QTL that provides bacterial resist-
ance against Xag also overlapped with the recently dupli-
cated NBS-LRR regions. A recently duplicated region on
Chr 8 (ID 8358327) has two NBS-LRR genes, Gly-
ma08g12990 and Glyma05g29880, on each side (Table 2).
The disease resistance QTL that provides resistance
against the OCS-G isolate of BLP and against Sclero, was
located on one side of the duplicated regions, while the
QTL that provides resistance against the LMG7403 iso-
late of BLP and Sclero was located on the other side of
the duplicated region [9]. Another example of a recently
duplicated region (ID 10856314), which harbored NBS-
LRR genes on both sides, contained a BLP resistance
QTL against OCS-G, SDL2178 and SDS 7-6 isolates on
one side of the duplicated region and a disease resistance
QTL against the 8ra isolate of BLP and Sclero on the
other side of the duplicated region.

The NBS-LRR genes in recently duplicated regions
showed variable synonymous substitution rates (Ks) ran-
ging from 0.016 to 3.722. These values may reflect the
order of each duplication event, and herein we propose
models to explain the order of duplications. Two models
are suggested to explain the duplication orders (Figure 2).
In the first model, the NBS-LRR genes were first tan-
demly duplicated, then subjected to selective pressures
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over a significant evolutionary time period, and finally
were copied to another chromosome. Genes adhering to
this model would show high Ks values between tandemly
duplicated genes, but low Ks values between paralogs of
recently duplicated regions. In the second model, a sin-
gle NBS-LRR gene was duplicated to another chromo-
some first and then tandemly duplicated independently.
This would yield a pattern that would be the reverse of
the first model.

To determine which of these two models is more
likely, we estimated the order of the recent duplication
and tandem duplication events by estimating the Ks
values between paralogs and between the tandemly
duplicated regions (see Additional file 6). The paralogs
of recently duplicated regions of ID 10176681 and
10176678 showed average Ks values of 0.17 and 0.12, re-
spectively, which are similar to the values reported for
recently duplicated paralogs (Ks~0.13) [7]. Tandemly
duplicated regions showed a higher Ks value; hence, we
infer that these two regions underwent the duplication
according to the first model. Notably, on a recently
duplicated region (ID 18934088), we found an anciently
duplicated region that showed a Ks value of 0.62, which
is consistent with that the value in a previous report
(Ks~0.59) [7]. The Ks values of the paralogous region
and tandemly duplicated region were 0.26 and 0.08, re-
spectively. This region might have undergone a duplica-
tion process in accordance with the second model after
an ancient duplication event. The paralog of ID
22835159 had a Ks value of 0.35 and the tandem dupli-
cated regions had Ks values of 0.50 for one region and
0.16 for the other two regions, suggesting a mixture of
the two models. The duplication region ID 18159398
had Ks values of 0.35 and 0.40 for each of the paralogous
regions; 0.06 for the tandemly duplicated region on Chr
13 (Group 1); an average of 0.13 on Chr 15 (Group 2);
and an average of 0.43 on Chr 13 (Group 3) (Figure 2).
The greater Ks value of Group 3 than that of Groups 1
and 2 support a mixed model in which the tandem du-
plication of Group 3 occurred first, followed by the re-
cent duplication between Chr 13 and Chr 15, and then
finally the tandem duplication of Groups 1 and 2.

Transcriptome analysis of NBS-LRR genes

To explore the disease resistance functions of the NBS-
LRRs further, we took advantage of previously generated
transcriptome data for BLP-treated NILs [8]. The loca-
tions of NBS-LRR genes, which were differentially
expressed between the resistant NIL and the susceptible
NIL, are shown on the circle map (Figure 1). In total,
35 NBS-LRR genes scattered over 12 chromosomes
(Chrs 1, 2, 5, 6, 8, 9, 12, 13, 15, 16, 17 and 20) showed
significant expression changes between the resistance
and susceptible NILs. Among 35 NBS-LRR genes, five
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Figure 2 Models explaining the duplication process of NBS-LRR genes. In Model 1, the tandem duplication occurred prior to the recent
duplication. In Model 2, the ancient duplication event occurred first, the recent duplication event copied a gene or region to another
chromosome, and the tandem duplication occurred independently. In the Mixed Model, the tandem duplication occurred prior to the recent
duplication and the independent tandem duplication occurred again after the recent duplication. A bar graph of Ks values between recent
duplication regions is shown in the right column of the figure. ID 10176678 was matched with Model 1, where tandem duplication occurred
prior to the recent duplication. ID 18934088 was matched with Model 2, where an ancient duplication occurred first, followed by a recent
duplication and then tandem duplication. ID 18159398 was matched with the Mixed Model; the tandem duplication of Group 3 on chromosome
13 occurred first and the recent duplication followed prior to the independent tandem duplication of Groups 1 and 2, which occurred on
chromosomes 13 and 15.

NBS-LRR genes were clustered together at the end of To validate the transcriptome data from Illumina-GA,
Chr 6 with sudden death syndrome (SDS) and SCN re-  we performed qRT-PCR with four NBS-LRR genes and
sistance QTL. Additionally, the soybean rust resistance  one RIN4-like gene (see Additional files 7 and 8). The
locus, Rpp3, were reported to be located around this re-  expression patterns were consistent with the RNA-Seq
gion (Figure 1) [10] (Table 3). Notably, two NBS-LRRs RPKM values and qRT-PCR values for each gene. The
were clustered on Chr 5, and the BLP resistance QTL was  differences in gene expression between NILs were also
also located in the 2-Mb flanking region. confirmed to be significant by qRT-PCR (see Additional







Kang et al. BMIC Plant Biology 2012, 12:139
http://www.biomedcentral.com/1471-2229/12/139

Page 9 of 13

Table 3 List of thirty-five NBS-LRR motif-containing soybean genes showing a significant expression change between
resistant NIL and susceptible NIL in hours after Xag inoculation (hai)

Genename Description Log, (fold change) QTL in proximity  Recent
Ohai 6hai 12 hai duplication ID
Glyma01g01420.1  RPM1 (RESISTANCE TO P. SYRINGAE PV MACULICOLA 1); 0.00 0.01 19.28 SCN 10176681
nucleotide binding / protein binding
Glyma01g04000.1  disease resistance protein (TIR-NBS-LRR class), putative =311 -224 092 No
Glyma01g04240.1  disease resistance protein (NBS-LRR class), putative 3.10 127 0.40 No
Glyma01g39000.1  disease resistance protein (CC-NBS-LRR class), putative 3.18 -0.81 0.09 No 10176678
Glyma02g32030.1  disease resistance protein (NBS-LRR class), putative -3.16 134 —0.53 No
Glyma05g09440.1  disease resistance protein (CC-NBS-LRR class), putative 262 052 024 No
Glyma05g17460.1  disease resistance protein (CC-NBS-LRR class), putative 2.30 0.14 0.17 0CS-G
Glyma05g17470.1  disease resistance protein (CC-NBS-LRR class), putative -0.21 0.07 531 0CS-G
Glyma06939960.1  disease resistance protein (TIR-NBS-LRR class), putative 2.50 0.50 —0.10 No
Glyma06g40690.1  disease resistance protein (TIR-NBS-LRR class), putative 3.02 0.55 -0.28 No
Glyma06g40710.1  disease resistance protein (TIR-NBS-LRR class), putative 340 0.12 -041 No
Glyma06g40740.1  disease resistance protein (TIR-NBS-LRR class), putative 478 0.20 -0.17 No
Glyma06g40780.1  disease resistance protein (TIR-NBS-LRR class), putative 2.50 0.21 -0.32 No
Glyma06g40950.1  disease resistance protein (TIR-NBS-LRR class), putative 3.03 -040 018 No
Glyma06g40980.1  disease resistance protein (TIR-NBS-LRR class), putative 277 -0.17 -0.14 No
Glyma06g41330.1  TAO1 (TARGET OF AVRB OPERATIONT); 2.75 030 0.15 SDS
ATP binding / protein binding / transmembrane receptor
Glyma06g41430.1  disease resistance protein (TIR-NBS-LRR class), putative 2.16 -0.86 021 SDS
Glyma06g46800.1  RPM1 (RESISTANCE TO P. SYRINGAE PV MACULICOLA 1); 18.79 17.33 19.50 SDS, SCN
nucleotide binding / protein binding
Glyma06g46810.1  RPM1 (RESISTANCE TO P. SYRINGAE PV MACULICOLA 1); 21.53 4.02 6.35 SDS, SCN
nucleotide binding / protein binding
Glyma06g46830.1  RPM1 (RESISTANCE TO P. SYRINGAE PV MACULICOLA 1); 3.01 1.16 4.5 SDS, SCN
nucleotide binding / protein binding
Glyma08g41270.1  disease resistance protein (TIR-NBS-LRR class), putative 2.99 061 -0.22 No
Glyma08g42930.1  RPM1 (RESISTANCE TO P. SYRINGAE PV MACULICOLA 1); 2.55 -079 =019 No
nucleotide binding / protein binding
Glyma09g34360.1  RPM1 (RESISTANCE TO P. SYRINGAE PV MACULICOLA 1); 1.02 037 3.85 Sclero 10176681
nucleotide binding / protein binding
Glyma13g03770.1  disease resistance protein (TIR-NBS-LRR class), putative 244 —-0.25 18.78 Phytoph
Glyma15g13300.1  disease resistance protein (NBS-LRR class), putative 18.70 -0.25 039 No
Glyma16g10340.1  disease resistance protein (TIR-NBS-LRR class), putative 239 0.06 -1.29 No
Glyma16g25020.1  disease resistance protein (TIR-NBS-LRR class), putative 283 -0.38 -0.01 No
Glyma16g25040.1  disease resistance protein (TIR-NBS-LRR class), putative 2.64 -0.20 0.10 No
Glyma16g25080.1  disease resistance protein (TIR-NBS-LRR class), putative 244 -020 047 No
Glyma16g25100.1  disease resistance protein (TIR-NBS-LRR class), putative 274 -1.06 -0.20 No
Glyma16g25140.1  disease resistance protein (TIR-NBS-LRR class), putative 268 -014 =020 No
Glyma16g25170.1  disease resistance protein (TIR-NBS-LRR class), putative 3.15 -056 007 No
Glyma17g21130.1  disease resistance protein (CC-NBS-LRR class), putative 0.86 -147 3.06 SCN
Glyma20g06780.1  disease resistance protein (TIR-NBS-LRR class), putative 20.03 -1.36 -17.33 No
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file 8), which shows that the transcriptome analysis of
the NBS-LRRs was reliable.

Discussion

NBS-LRR chromosomal distribution

NBS-LRR genes were distributed on several chromo-
somes on the soybean genome. Especially, Chr 16 had
the highest number of NBS-LRR genes as well as the
highest number of disease resistance QTL. The other
chromosomes containing a biased number of NBS-LRRs
also had a tendency to harbor disease resistance QTL.
The number of NBS-LRR genes and the number of dis-
ease resistance QTL within the 2-Mb flanking regions of
the genes were significantly correlated. A similar correl-
ation has been reported in other plants. NBS profiling to
identify and map resistance analogues (RGAs) in apple
revealed that 25 out of 43 NBS profiling-derived markers
mapped close to a major QTL [11]. Barley RGAs co-
segregated with known disease resistance loci [12]. In
potato, NBS-LRR genes from a BAC library and 38 re-
sistance loci co-localized with TIR-NBS-LRRs, most of
which underlie QTL [13]. Therefore, the association be-
tween NBS-LRRs and disease resistance loci or QTL
might be a common feature of these crop species.

The QTL located near the NBS-LRR cluster were not
specific for one particular disease, but rather for several
pathogens and pests (e.g., fungi, bacterial, and nema-
tode), and were often closely associated. Interestingly,
bacterial genomes have been reported to possess patho-
genicity islands on which functionally similar genes are
clustered together [14]. These clusters are thought to re-
sult from evolution of the mechanisms involved in in-
vasion strategy. The major driving force behind this
evolution would be tandem duplication and mobile
DNA-like transposases and integrases [15,16]. Notably,
Mutator-like element (MULE) transposase and the
MuDR (Mutator autonomous element) family transpo-
sase domain was located within the NBS-LRR gene,
Glymal6g23790, on Chr 16. Moreover, this region of
Glymal6g23790 had the highest number of clustered
NBS-LRR genes. This finding is consistent with that of
a previous study on peanut, which found a high density
of transposable elements in BAC clones that contained
NBS-LRR genes. These transposable elements might be
responsible for the intra-chromosomal duplication and
broadening of host specificity [17].

Recent duplication of the soybean genome and the
redundancy of the disease resistance function
Sequencing of the whole soybean genome (var. Williams
82) revealed the actual locations of recently duplica-
ted regions [7]. So far the functional redundancy bet-
ween duplicated regions has been reported for several
traits in soybean including seed protein, oil and BLP
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resistance [18,19]. According to our analysis, disease
resistance was also redundant between recently duplica-
ted regions. Interestingly, some duplicated genome re-
gions contained the same number of NBS-LRR genes,
while other duplicated regions had completely different
numbers of NBS-LRR genes for both duplicated sides
(Table 2).

Sequence divergence of gene families may occur after
the duplication process. Specifically, R genes frequently
contain numerous copies throughout genome, most
likely as a result of unequal crossing over [4,20]. From
the proposed models, the possibility of a combination of
tandem duplication and inter-chromosomal duplication
suggests that the duplication histories of NBS-LRR genes
could be one of the factors involved in the diversification
of disease-resistant QTL near these genes (Figure 2).
However, not all regions with NBS-LRR genes harbored
disease-resistant QTL, which might be due to a lack of
sufficient disease resistance QTL or to NBS-LRR genes
with functions unrelated to disease resistance.

Transcriptome analysis of the NBS-LRR genes on the
BLP-resistant NIL set

The transcriptome analysis of a Xag-treated soybean
NIL set showed that two NBS-LRR genes with signifi-
cant fold-changes in expression between the BLP-
resistant and the BLP-susceptible NIL were in close
proximity to the previously reported BLP-resistant QTL.
However, 23 NBS-LRR genes were not near disease re-
sistance QTL. A major gene conferring resistance to
BLP on Chr 17 may affect the expression in different
types of NBS-LRR genes. It is also possible that RNA-
Seq analysis might be sensitive to detect the expression
of unrelated genes.

Among several NBS-LRR genes showing significantly
different expression levels between resistant and suscep-
tible NILs, six genes (Glyma01g01420, Glyma06g46800,
Glyma06g46810, Glyma06g46830, Glyma08g42930 and
Glyma09g34360) were annotated as RPM1 (resistance to
Pseudomonas syringae pv. maculicola 1), which was
reported to guard the RIN4 protein after its modification
by effectors secreted from invading bacteria. Among the
one RIN4 gene and four RIN4-like genes identified by
the RNA-Seq data, only one (Glymal5g06090.1) showed
the log, fold-change of 1.76, between the susceptible and
resistant NILs. This gene had a portion of Arabidopsis
RIN4 and a conserved domain for effector recognition
(Table 4). Although the transcriptional profile does not
mirror the actual function of the protein, this result sug-
gests that the partial RIN4 gene might be involved in the
resistance reaction acting together with RPM1. In to-
mato, the existence of partial proteins with only an
effector-binding domain was proposed as part of a
‘decoy model, such as for PTO and RCR3 [21,22].
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Table 4 List of putative soybean proteins interacting with RPM1 genes containing a cleavage site for pathogenic type

Il effector (PF05627)

Gene names Pfam ID Arabidopsis Ortholog Gene descriptions Log, (fold change)

0 hai 6 hai 12 hai
Glyma03g19920.1 PF05627 AT3G25070.1 RIN4 (RPM1 INTERACTING PROTEIN 4); 041309 0.090823 0.687695

protein binding

Glyma05g31770.1 PF05627 AT5G09960.1 unknown protein 0.695069 —-0.09815 —0.01805
Glyma06g15190.1 PFO5627 AT5G09960.1 unknown protein 0.322955 0.715957 0.798213
Glyma08g15010.1 PF05627 AT5G09960.1 unknown protein 0.940459 -0.58175 0.072662
Glyma15g06090.1 PF05627 AT5G19473.1 unknown protein —0.60483 1116678 1.76209

It is also shown are the fold changes occurring between resistant NIL and susceptible NIL in hourly increments after Xag inoculation (hai).

The transcriptomes from several NCBI deposited
data were also analyzed to figure out differentially
expressed NBS-LRR genes by various disease attacks
(see Additional file 9). RNA-Seq data of soybean cultivar
Williams 82 inoculated with Phakopsora pachyrhizi
(MS06-1) (SRP008837, http://www.ncbi.nlm.nih.gov/sra/
?term=SRP008837) and cDNA array data of Williams 82
and PI 194639 inoculated with Sclerotinia sclerotiorum
(GSE15369) were used [23]. Since the soybean sym-
biotic relationship with Bradyrhizobium japonicum is
very important for formulating nodules in nitrogen fix-
ation, we also used cDNA array data of SS2-2, superno-
dulating soybean mutant, response to this bacterium
(GSE10340) [24].

Among the differentially expressed NBS-LRR genes
in each transcriptome set, Glyma01g04000 was differ-
entially expressed at all four transcriptomes and
Glyma05g09440 and Glyma06g40980 were differentially
expressed at three transcriptomes, suggesting that those
NBS-LRR genes may work against broad range of
pathogen attack. Some of NBS-LRR genes had specific
responses to different sources of inoculum.

Conclusions

We analyzed and compared the locations of NBS-LRR
genes and disease resistance QTL in the soybean gen-
ome to determine the relationship between NBS-LRR
genes and resistance functions that have been reported
in model plants. The correlation between NBS-LRR
genes and disease resistance QTL in the 2-Mb regions
flanking NBS-LRR genes was high enough to support
the notion that these genes participate in disease resist-
ance. Since the recently duplicated NBS-LRR genes also
retained disease resistance QTL, their functional rele-
vance to disease resistance is even more convincing. We
also proposed a model for the order of NBS-LRR gene
duplications that includes recent duplication and tandem
duplication events. Moreover, in the RNA-Seq data of a
soybean BLP-resistant and -susceptible NIL set treated
with Xag, we observed a significant fold-change in NBS-

LRR gene expression between the NILs. Two of the dif-
ferentially expressed NBS-LRR genes were located in the
previously reported BLP-resistant QTL region, indicating
that NBS-LRR genes might be located downstream of
the Rxp locus that confers resistance to BLP [25].
By developing molecular markers for NBS-LRR domains,
it should be possible to integrate disease resistance
against a diverse range of pathogens to generate an elite
soybean cultivar.

Methods

Data generation

The soybean gene information for the entire genome
was retrieved from Phytozome (http://www.phytozome.
net/soybean.php as of Dec. 2011). This information con-
tains annotations of domains and a list of Arabidopsis
homologs and their descriptions [7,26]. To further inves-
tigate and define the NBS-LRRs, we used Pfam domain
information and the genes with NBS and LRR domains,
which were filtered out with the Pfam IDs PF00560,
PF07723, and PF07725 for LRR domains and PF00931
for the NBS domain, respectively. Information on recent
duplications was also downloaded from Phytozome. The
soybean disease resistance QTL were retrieved from
SoyBase (http://soybase.org, as of Dec. 2011) for fungal
and nematode resistance and from a previous study on
BLP-resistance QTL [9]. The physical locations of these
QTL were inferred based on the physical location of
marker information, which was posted in SoyBase as
soybean map version 4.0, and the only QTL with a locat-
able marker was used for this analysis [27]. The co-
localization using linear regression between NBS-LRR
genes and disease-related QTL was analyzed in Micro-
soft Excel.

To define the proximity of NBS-LRR genes, the 2-Mb
flanking regions of the genes were considered part of the
linkage region, which might affect the QTL statistics.
Thus, the 2-Mb flanking region of each of the NBS-LRR
genes was retrieved and the QTL included in those
regions are depicted in Figure 1. To study the effect of
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disease resistance redundancy with the recent duplica-
tion of the soybean genome, the QTL within the recently
duplicated regions and the 2-Mb flanking regions were
filtered out. All of this work was implemented with short
scripts of Python. The analyzed data were parsed and pro-
cessed with the Circos software package for visualization
[28].

The coding sequences (CDS) for the recently dupli-
cated regions and tandemly duplicated regions were
downloaded from Phytozome and the Ks values were
calculated with SeqinR, R package software [7,29].

Transcriptome data analysis

The transcriptome dataset published by Kim et al
regarding BLP-susceptible and BLP-resistant NILs was
used [8]. The differentially expressed genes were nar-
rowed down to significantly expressed genes using a cut-
off of a four-fold change between the BLP-resistant NIL
and the BLP-susceptible NIL. Locations of significantly
expressed NBS-LRR genes were placed on the circular
map using Circos.

Validation of RNA-Seq experiments by qRT-PCR

We performed qRT-PCR to validate the RNA-Seq ana-
lysis. Four NBS-LRR genes and one RIN4-like gene were
tested and primers for these genes were designed with
Primer3 software (http://frodo.wi.mit.edu/primer3/) (see
Additional files 6 and 7). After cDNA was synthesized
using a Bio-Rad iScript ¢cDNA Synthesis Kit (Cat. 170-
8891, Hercules, CA, USA), synthesized cDNA was sub-
jected to real-time quantification with the LightCycler
480 system (Roche Diagnostics, Laval, QC, Canada)
and the Bio-Rad iQ" SYBR Green Supermix Kit (Cat.
170-8882). PCR mixtures contained 200 ng of cDNA,
500 nM of primer, 18 pl of sterile water, and 25 pl of
iQ™ SYBR Green Supermix (Bio-Rad) in total volume of
50 pl. The amplification conditions were 5 min denatur-
ation at 95°C and 40 cycles of 95°C for 10 sec, 60°C for
20 sec and 72°C for 10 sec. After amplification, melting
curves were generated in a three-segment cycle of 95°C
for 5 sec, 64°C for 1 min, and 97°C for 0 sec in continu-
ous acquisition mode. Quantified expression levels of
each target gene were normalized to those of tubulin as
a control.
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Tracing soybean domestication history: From nucleotide to genome
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Since the genome sequences of wild species may provide key information about the genetic elements in-
volved in speciation and domestication, the undomesticated soybean (Glycine soja Sieb. and Zucc.), a wild
relative of the current cultivated soybean (G. max), was sequenced. In contrast to the current hypothesis of
soybean domestication, which holds that the current cultivated soybean was domesticated from G. soja, our
previous work has suggested that soybean was domesticated from the G. soja/G. max complex that diverged
from a common ancestor of these two species of Glycine. In this review, many structural genomic differences
between the two genomes are described and a total of 705 genes are identified as structural variations (SVs)
between G. max and G. soja. After protein families database of alignments and hidden Markov models IDs
and gene ontology terms were assigned, many interesting genes are discussed in detail using four domesti-
cation related traits, such as flowering time, transcriptional factors, carbon metabolism and disease resistance.
Soybean domestication history is explored by studying these SVs in genes. Analysis of SVs in genes at the
population-level may clarify the domestication history of soybean.

Key Words: cultivated soybean, domestication, next-generation sequencing technology, structural variations,

wild soybean.

Introduction

Plant domestication is of interest not only to plant biologists
who study molecular biology, physiology and population
genetics, but also to archaeologists and ethnobotanists
(Gross and Olsen 2010). Domestication increases plant
adaptability to changing environments through human selec-
tion (Allaby 2010, Fuller ez al. 2010, Peng et al. 2011) and
wild plants have been transformed into crop plants by this
process over many thousands of years (Fedoroff 2010). Ur-
banization and population explosion have become inter-
national issues that are pertinent to crop domestication and
agricultural economics. Both human selection and plant ad-
aptation are linked to plant domestication (Gross and Olsen
2010). Thus, current crop domestication has contributed to
cultivar development aimed at crop improvement for specif-
ic human needs (Gustafson et al. 2009, Peng et al. 2011).
Soybean (Glycine max) is a major crop of global impor-
tance for its high levels of protein and oil. Various food
products are made from soybean seeds and substantial effort
has been placed on increasing soybean yield to feed the
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worlds population (Stupar 2010, Van et al. 2004). However,
during domestication domesticated soybeans faced a ‘genet-
ic bottleneck’ reducing genetic diversity (Guo et al. 2010,
Tang et al. 2010). Hyten et al. (2006) suggested that 50% of
the genetic diversity and 81% of the rare alleles have been
lost during domestication and that 60% of the genes show
significant changes in allele frequency as a result of soybean
domestication. Although mapping traits related to soybean
domestication have been studied with various kinds of germ-
plasm including domesticated and wild relatives (Liu et al.
2007), only a soybean gene for determinate growth habit has
been characterized at the genome level so far (Liu et al.
2010, Tian et al. 2010). Wild soybean (G. soja Sieb. and
Zucc.) is the closest relative of soybean and is considered to
be the undomesticated soybean (Kim et al. 2010). G. soja
and G. max are morphologically quite different but both
have 20 chromosomes (2n=40) and show ancient genome
duplication resulting in these species being considered
palaeopolyploids. This palaeopolyploidy has an evolution-
ary impact on the structure of the soybean genome (Van et
al. 2008). Also, wild and cultivated soybeans hybridize eas-
ily and exhibit normal meiotic chromosome pairing. For
these reasons, wild soybean is a valuable resource for novel
genes and alleles for cultivar development (Stupar 2010).
Traditionally, mapping of quantitative trait loci (QTLs)
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by linkage analysis using crop-wild crosses and association
mapping is used for the identification of domestication-
related traits (Gross and Olsen 2010). A second method for
finding genes related to crop domestication is map-based
cloning, which can be used after traits associated with do-
mestication are detected by the genetic mapping of crop-
wild crosses derived from QTL and the mapping of associ-
ations. Currently, by the resequencing of genomes at the
population level of both wild and domesticated species, next-
generation sequencing (NGS) technology based on pyro-
sequencing allows rapid searches for candidate genes related
to domestication (Gross and Olsen 2010). Since sequence
variants and structural variation (SV) between the crop and
its wild relative are easily detected by NGS, candidate do-
mestication genes can be identified by a genome-wide scan.

In this review, we explore structural genomic differences
between wild and cultivated soybean along with the domes-
tication history of the modern soybean. After a list of genes
that are present in G. max but absent in G. soja is introduced,
some genes related to domestication traits are described in
detail and the time divergence of these genes is addressed.
Finally, we suggest future areas of study regarding the do-
mestication history of soybean.

Domestication history of cultivated soybean

Cultivated soybean (G. max) appears to have been domesti-
cated from its wild relative (G. soja) 6,000-9,000 yrs ago in
China (Carter ef al. 2004). Although the exact site of origin
of soybean is unknown, southern China, the Yellow River
valley of central China, northeastern China, and several oth-
er regions (e.g., Korea and Japan) have been identified as
candidate regions where soybean could have been domesti-
cated (Carter et al. 2004). Chinese literature has indicated
that soybean was cultivated during the Shang dynasty from
1,700 to 1,100 BC (Wilson 2008). Clearly, soybean has been
cultivated much longer than the historical evidence indi-
cates. It is commonly accepted that the current cultivated
soybean was domesticated from G. soja. However, Kim et
al. (2010) have suggested that soybean was domesticated
from the G. soja/G. max complex and diverged from a com-
mon ancestor of these two Glycine species, based on a cal-
culated divergence time. Many studies have involved the
mapping of traits associated with soybean domestication but
only one trait for determinate growth habit has been charac-
terized in detail at the genome level so far (Liu et al. 2010,
Tian et al. 2010). Analysis with NGS technology is likely to
help in identifying genes related to soybean domestication,
if sequences from two different Glycine species are com-
pared.

Genomic differences between G. soja and G. max
The genome sequence of undomesticated soybean (G. soja)

was reported by Kim et al. (2010) after the release of the
draft genome sequence of cultivated soybean (G. max)

(Schmutz et al. 2010). Using the G. max genome sequence
(937.5 Mb excluding gaps) as a reference, a 915.4 Mb ge-
nomic sequence of G. soja was determined, covering
97.65% of the G. max genome sequence. The sequence dif-
ference between G. max and G. soja was 35.2 Mb (3.76% of
937.5Mb), consisting of 2.5Mb (0.267%) of substituted
bases, 406kb (0.043%) of inserted/deleted bases and
32.3 Mb (3.45%) of large deleted sequences in G. soja. Sin-
gle nucleotide polymorphisms (SNPs) and insertions/dele-
tions (indels) in precisely aligned areas differed by 0.31%
between G. max and G. soja.

Drastic genome alterations by SVs between the two ge-
nomes of G. max and G. soja are relatively frequent. SVs in-
cluded deletions, insertions, inversions and translocations up
to several thousands of base pairs. Deletions and insertions
may cause copy number variation (CNV) and inversions and
translocations result in complex genome rearrangement.
These structural genomic variations were as important as
SNPs or indels. Paired-end sequence alignment of G. soja
with the G. max genome detected 5,794 deletions and 194
inversions in the range of 0.1-100 kb and predicted the pres-
ence of 8,554 insertions in the G. soja genome. In particular,
comparing with the portion of single nucleotide variations
(0.31%), the portion of genomic SV resulting from deletion
events in G. soja is relatively high (3.45%). Deletion and
inversion from G. soja when displayed in relation to the
G. max reference reveal distribution patterns across the
whole of the soybean genome (Fig. 1). On the whole, SVs
are widely dispersed across all chromosomes. However,
weak clustering of SVs in gene-rich regions is observed and
fewer SVs than predicted are found in pericentromeric
regions, which contains highly repetitive DNA in soybean.
Both deletion and inversion events are found on all chromo-
somes except chromosome (Chr) 2, which only had predict-
ed deletion events.

Genes present in G. max but absent in G. soja

The most extreme form of CNV is presence-absence varia-
tion (PAV), where a particular sequence is present in some
individuals but absent in others (Swanson-Wagner et al.
2011). From a 32.3 Mb sequence encompassed by the 5,794
deletion events in G. soja, the genes present in G. max
(Williams 82) but absent in G. soja (IT182932) were iden-
tified (Kim ef al. 2010) and given gene ontology (GO)
assignments. A total of 712 genes were predicted to be PAV
genes. Among them, 577 genes were annotated functionally
based on the identification of the conserved protein families
database of alignments and hidden Markov models (PFAM)
domains. These PFAM IDs were converted into GO IDs
(http://www.geneontology.org). GO mapping of Glyma
PFAM ID resulted in the assignment of GO terms to 73%
(420) of 577 genes. Since some of these genes were assigned
into multiple PFAM IDs, the total number of GO IDs was
greater than the total number of PFAM IDs and these GO
IDs could be characterized into multiple GO terms (Table 1).
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Fig.1. Chromosomal distribution of large deletion and inversion predicted by the mapping of G. soja genome sequences to the G. max reference
sequence. Circles from outer to inner represent chromosome, large deletion and inversion, respectively. The figure was drawn using circular ge-

nome data visualization software, Circos (http://circos.ca/).

Based on GO terms, the 420 genes showing PAV be-
tween the two genomes were classified as having 418
matches for biological processes, 144 matches for cellular
component terms, and 816 matches for molecular functions
(Table 1). Among categories of biological processes, genes
for metabolic processes (GO: 0006468) and biological regu-
lation (GO: 0006355) were strongly overrepresented
(>80%). Categorization by molecular function revealed that
the G. soja genome has lost or the G. max genome has ac-
quired a significant number of genes for binding and catalyt-
ic activity. To summarize the molecular functions of these
PAV genes in detail GO sub-categories of molecular func-
tion are presented (Table 2). Binding of nucleic acids, nucle-
otides and proteins was overrepresented and a considerable
number of genes related to hydrolase and transferse activity
were lost in G. soja or added in G. max.

Additionally, whole genomes of several wild and culti-
vated soybeans were resequenced to identify 4,444 and
1,148 PAVs absent in the reference cultivated and wild soy-
beans, respectively (Lam et al. 2010). These PAVs were

found to affect 856 genes and included the majority of genes
involved in binding and catalytic activity. Twenty eight
genes, related to disease resistance and metabolism, were
absent in all cultivated soybeans. Comparative genomic hy-
bridization in dozens of maize and teosinte plants revealed
that over of 10% of the entire gene set of maize was affected
by CNV/PAVs (Swanson-Wagner ef al. 2011). These varia-
tions were observed in both maize and teosinte, suggesting
that CNV/PAVs predate domestication. In addition, many of
the genes affected by CNV/PAVs are either maize specific
or members of gene families. Thiese results indicate that SV
may contribute to quantitative variation rather than qualita-
tive variation.

The SV may have a significant effect on phenotypic vari-
ation. In humans, CNVs influence gene dosage, causing
genetic diseases such as Alzheimer’s disease and autism
spectrum disorders, and they can change gene expression by
position effects (Stankiewicz and Lupski 2010). Though
there have been several reports of SV including CNV and
PAYV in crop plants (Lam et al. 2010, Swanson-Wagner et al.
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Table1l. Gene ontology categories for genes affected by presence-
absence of variation between G. max (Williams 82) and G. soja
(IT182932)

Table2. Gene ontology child categories of molecular function for
genes affected by presence-absence of variation between G. max
(Williams 82) and G. soja (IT182932)

GO category Functional category Number of - Percent of Molecular function Number
genes GO category of genes
Biological process antioxidant activity
biological regulation 55 13.16 peroxidase activity 3
cellular component organi- 11 2.63 binding
zation or biogenesis carbohydrate binding 5
cellular process 20 4.78 carboxylic acid binding 1
establishment of localiza- 29 6.94 cofactor binding 1
tion ion binding 55
metabolic process 285 68.18 lipid binding 1
response to stimulus 15 3.59 metal cluster binding 5
viral reproduction 3 0.72 nucleic acid binding 91
Subtotal 418 100.00 nucleotide binding 127
Cellular component protein binding 121
cell part 82 56.94 ‘ N ribonucleoprotein binding 1
extracellular region 1 0.69 catalytic activity
macromolecular complex 26 18.06 bydrolase acti.vi'ty 117
organelle 33 22.92 isomerase activity 2
organelle part 2 1.39 ligase activity 8
Subtotal 144 100.00 lyase activity ?
- oxidoreductase activity 62
Molecular function o o small protein activating enzyme activity 2
antioxidant activity 3 0.37 transferase activity 121
bi“di“z‘% o 409 50.12 electron carrier activity 8
catalytic actlylty 342 41.91 enzyme regulator activity
electron carrier 8 0.98 enzyme inhibitor 8
enzyme regulator 8 0.98 molecular transducer activity
mole(iular.trarTsdl.lcer 9 1.10 signal transducer 9
nucle¥c a.1c1d binding tran- 9 110 nucleic acid binding transcription factor activity
scription factor sequence-specific DNA binding 9
protein binding transcrip- 2 0.25 transeription factor
tion factor protein binding transcription factor activity
stmictralmolconie 13 1.59 transcription factor or binding 2
transporter 13 1.59 transcription factor
Subtotal 816 100.00 structural molecule activity
Total 1378 structural constituent of cell wall 2
structural constituent of ribosome 11
201 1)., litt'le is knowp about their di.rect association vyith phe- ransporter activity substrate-specific transporter ?
notypic differences in complex traits such as those involved transmembrane transporter 9
with domestication and disease resistance. We identified and Total 516

categorized the PAV genes between G. max and G. soja
(Tables 1, 2). It should be noted that only a single genotype
of each species was used and more detailed research at the
population level is needed. This effort to identify genes af-
fected by SV provides an opportunity to investigate the dis-
tribution of SV and to examine their biological function in
creating phenotypic alterations. To speculate on potential
phenotypic contributions of PAV genes in soybean, several
examples of isolated domestication-related genes in other
crops are discussed below.

Transcription regulators

A main assumption concerning the evolution of plant mor-
phology is that major phenotypic changes are caused by mu-

tations in transcriptional regulators. In the same manner,
during crop domestication, genes associated with major phe-
notypic changes following domestication are enriched for
transcription function (Doebley et al. 2006). Dozens of tran-
scriptional regulators or transcription factors are included in
the list of PAV genes between G. max and G. soja, including
transcription regulatory protein SNF2, WRKY family tran-
scription factor, LZF1 (LIGHT-REGULATED ZINC
FINGER PROTEIN 1), transcription regulator NOT2/NOT3/
NOTS5 family protein and others. Over the past decade, sev-
eral domestication-related genes have been isolated using
quantitative trait loci mapping in combination with sub-
sequent positional cloning or candidate gene analysis. The
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gene feosinte branchedl (tb1) a major QTL controlling the
determinate growth habit in maize is a good example of a
well-defined domestication gene, which is a member of the
TCP family of transcriptional regulators (Doebley 2004,
Doebley and Lukens 1998). Examples of other informative
studies using QTL mapping include the role of Teosinte
glume architecturel (tgal) in the formation of the kernel
casing in maize (Wang et al. 2005), Q in the tenacity of chaff
surrounding the grain in wheat, shatter4 (sh4) in rice seed
dispersal (Li et al. 2006), gSHI in the shattering of rice
(Konishi et al. 2006), and Rc in rice pericarp formation
(Sweeney et al. 2006). These genes are members of tran-
scriptional regulators or transcriptional factors; tagl is a
member of the squamosa-promoter binding (SBP) protein
family of transcriptional regulators; Q is a member of the
AP2 family of transcriptional regulators; s#4 is a Myb3 tran-
scriptional factor; gSHI is a homeobox transcription factor
and Rc is a basic helix-loop-helix (bHLH) transcription fac-
tor. Although the list of known genes controlling morpho-
logical differences between crops and their progenitors is
not long and there is no enrichment of regulatory genes in
the selected gene dataset of maize (Hufford ez al. 2007), it is
widely suggested that transcriptional regulators play a major
role in the domestication or agronomical improvement of
crop plants and are overrepresented among domestication-
related genes (Doebley et al. 2006).

Flowering

Soybean is a short-day plant, which it flowers when the day-
length becomes shorter than a critical length (Kong et al.
2010). Photoperiod-sensitivity determines the cultivation
boundaries of soybean; control of flowering time is an im-
portant criterion for regional adaptation. Wild soybean gen-
erally exhibits late flowering at high latitudes (Carter et al.
2004). However, cultivated soybean must be well adapted to
diverse environmental conditions ranging from relatively
high latitudes to subtropical or tropical climates. Thus, dur-
ing the domestication process and improvement, flowering
times suited for new environments were selected. In soy-
bean, classical methods were used to designate eight £ loci
(E1 to E8) controlling flowering time and maturity. Out of
them, the £/, E3, E4 and E7 loci is are involved in flowering
in response to long days, which enable soybean to flower to
long daylength and mature before frost at high latitudes
(Kong ef al. 2010, Liu and Abe 2010). To date, £3 and E4
have been identified as genes encoding phytochrome A
(GmphyA3; Watanabe et al. 2009). In (sub)tropical regions
of low latitudes, while, the long juvenile trait affects flower-
ing by suppressing photoperiodic responses to short day-
length at the seedling stage (Sinclair and Hinson 1992).
Genes responsible for the long juvenile trait enable the soy-
bean plant to retain sufficient vegetative growth until flow-
ering even under short daylength, resulting in increased seed
set (Carpentieri-Pipolo ef al. 2002).

Several flowering-related genes have been reported to ex-

hibit PAV between G. max and G. soja. They include FLC
(Flowering locus C), VRNI (REDUCED VERNALIZATION
RESPONSE 1), ELF8 (EARLY FLOWERING 8), PHYE
(PHYTOCHROME DEFECTIVE E) and PHYA (PHYTO-
CHROME A). In the long day plant Arabidopsis, genetic dif-
ferences between late flowering and early flowering without
vernalization may be controlled by FLC. The FLC gene is a
MADS-box transcriptional regulator that acts as a repressor
of flowering by reducing the expression of flowering-time
integrators including FT7 to inhibit floral transition
(Hepworth et al. 2002). Recent studies have revealed that
repressive histone modification of FLC chromatin, such as
deacetylation and increased methylation of Lys 9 and Lys 27
of histone 3, triggered by vernalization regulates flowering
time under allied control of ELF7 (EARLY FLOWERING 7)
and ELF8 (He et al. 2004). ELF7 and ELF'§ are homologs of
the yeast RNA polymerase II Associated Factorl (PAFI).
Histone 3 trimethylation at Lys 4 in FLC chromatin en-
hanced by ELF7 and ELF§ appears to elevate FLC expres-
sion to levels that delay flowering in plants that have not
been vernalized (He et al. 2004). Wheat VRN encodes a
MADS domain protein that promotes flowering induced by
cold exposure (Yan et al. 2003). The closest Arabidopsis rel-
ative of VRNI1 is the MADS domain protein APETALAI
(API), which promotes flower formation independent of
vernalization, unlike wheat. Among five phytochromes
(PhyA to E) characterized in Arabidopsis, PhyA is Type 1
unstable in light and it is responsible for the very low fluo-
rescence response and high irradiance response (Franklin
and Quail 2010). Photoperiodic control of flowering in
Arabidopsis phyA mutant is affected; it flowers late in either
long-day or short-day conditions (Johnson ef al. 1994). In
pea, a long-day plant, the loss- or gain-of-function phyA
mutants exhibit delayed or early flowering phenotypes, re-
spectively (Weller et al. 2001).

Carbon metabolism

Carbon metabolism is a basic component of plant physiolo-
gy, and the genes and enzymes involving carbon metabolism
are highly conserved structurally and functionally across
species (Zhang ef al. 2010). Nonetheless, genes for various
classes of enzymes related to carbon metabolism were found
within regions of SV between G. max and G. soja (Table 1).
In maize, some genes related to carbon metabolism, especial-
ly glycolysis and the tricarboxylic acid (TCA) cycle, which
are responsible for the production of energy (e.g., ATP) and
intermediates bridging other metabolisms, were targets for
selection during domestication (Zhang et al. 2010). Gene
structures of malate dehydrogenase (Glymal3g43130) and
succinate dehydrogenase (Glyma02g06400) in the TCA cy-
cle were altered in the G. soja genome. Similarly, a gene for
alcohol dehydrogenase (ADH, Glyma20g10240) as the ter-
minal step of aerobic glycolysis or fermentation was a struc-
tural variant between G. max and G. soja. Plant ADH genes
have been used in population biology and evolutionary
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genetics because these model enzymes are composed of vari-
ous versions produced by different alleles or genes (Strommer
2011). Ammiraju et al. (2008) estimated evolutionary diver-
gences of the Oryza genomes by studying 46 genes in the
ADH1-ADH2 region of the O. sativa genome. ADH2 and a-
amylase-3C, controlling amylose content associated with
crop domestication, were induced when O. nivara, wild rice,
was under submergence stress (Fukao ez al. 2009). Structure
of the ai-amylase gene (Glymal8g10380) was also altered in
G. max in comparison to G. soja. The aldehyde dehydroge-
nase (ALDH) gene (Glyma04g35220), a key domestication-
related gene in rice (Kovach et al. 2007) involved in aerobic
fermentation with ADH (Strommer 2011), was also located
in the region of SV between wild and cultivated soybeans.

We found that genes of phosphoenolpyruvate carboxy-
lase (PEPC, Glyma06g33380) and shikimate dehydrogenase
(SKDH, Glyma03g40240) differed structurally between the
G. max and G. soja genomes. PEPC is an essential enzyme
in C4 carbon assimilation; it is also involved in glycolysis
and the TCA cycle (Hatzig et al. 2010). The shikimate path-
way plays an important role in the production of aromatic
secondary compounds in plants (Betz et al. 2009). SKDH
has been used as a polymorphic enzyme for the study of ge-
netic structure in Mesoamerican common bean (Santalla et
al. 2010) and polyploidy formation in the allotetraploid rock
fern Asplenium majoricum (Hunt et al. 2011). PEPC and
SKDH play important roles in carbon metabolism but they
are also involved in stress-inducible pathways. Under salt
stress, the activity of PEPC was enhanced in young shoots of
maize (Hatzig ef al. 2010). Similar to salt stress, cold stress
induced the expression of aquaporine (water channel pro-
tein) and the aquaporine gene (PIP], Glymal8g42630) was
on the list of structural variants. The shikimate pathway is
related to the production of flavonoids, which constitute one
of the largest classes of plant phenolics and may protect
against damage by UV (Betz ef al. 2009). Genes related to
UV damage, such as photolyase (Glyma01g42150) and
cryptochrome (Glymal0g32390), are located in the region
of SV between G. max and G. soja.

Disease resistance

It is difficult to understand the causes of resistance mainte-
nance and to apply them in agricultural practice (Huang et
al. 2008). Furthermore, adaptation of R gene associated with
crop domestication is difficult to clarify because of genetic
bottlenecks and artificial selection during domestication.
Wild ancestors of rice have been analyzed because wild rice
has higher genetic diversity than domesticated rice (Huang
et al. 2008). Few genetic studies have examined soybean do-
mestication and phenotypic differences between domesticat-
ed soybean and its wild progenitor (Kim et al. 2010). Also,
wild soybean has been a valuable source for one of the
breeding parents as it has useful traits, such as disease and
pest resistance.

Most R genes encode products containing a nucleotide-

binding site (NBS) and a series of leucine-rich repeats (LRRs)
(Huang et al. 2008). Two classes of NBS-LRR proteins were
present depending on N-terminal structural features; they are
the Drosophila Toll and mammalian interleukin-1 receptor
homology region (TIR) and the coiled-coil region (Hulbert
et al. 2001). TIR-NBS-LRR genes are the dominant form in
Arabidopsis (Huang et al. 2008) and the LRR domain is re-
sponsible for protein-protein interactions by determining re-
sistance specificity (Ellis e al. 2000). Some NBS-LRR pro-
teins have immune receptor function as well as involvement
in the signaling pathways for drought tolerance, develop-
ment and photomorphogenesis (Tameling and Joosten 2007).

Our analysis also showed that the genomic regions en-
coding TIR-NBS-LRR (Glymal6g27540) and NBS-LRR
proteins (Glyma02g12310) were disrupted in G. soja in
comparison to G. max. Since epidemic diseases spread in
large dense populations, they may result from agriculture.
Accordingly, epidemic diseases could be associated with do-
mestication (Diamond 2002). Huang ef al. (2008) concluded
that one divergent haplotype of the Pi-fa gene resistant to
rice blast might have risen during rice domestication be-
cause specific amino acid sequences in the LRR domain are
closely related to those of the resistant phenotype. Also, it
has been suggested that the genomic regions near Pi-ta and
allelic frequencies should be evaluated within populations
for understanding molecular evolutionary history of the re-
sistance gene (Huang ez al. 2008). Bacterial leaf blight resis-
tance gene Xa21 from O. longistaminata and blast resistance
genes such as Pi9 from O. australiensis have also been stud-
ied for the evolution and domestication of cultivated rice
species (Ram Kumar et al. 2010).

Divergence time between G. soja and G. max

Theoretical divergence time was estimated between the ge-
nomes of IT182932 (G. soja) and Williams 82 (G. max) by
calculating genetic divergence. This approach indicated that
G. soja and G. max diverged at 0.267 £ 0.03 mya (Kim ef al.
2010). Although this divergence time based on the nucle-
otide sequences of only two genotypes could be an overesti-
mate, it is suggested that the divergence between 1T182932
and Williams 82 predated soybean domestication. A prevail-
ing idea is that G. max is essentially a domesticated form of
G. soja. Thus, our data suggest that the G. soja/G. max com-
plex is at least 270,000 yrs old. It is widely accepted that
there would be no undomesticated G. max without domesti-
cation, but the possibility exists that undomesticated G. max
might have been referenced erroneously as G. soja. Given
that the domestication of soybean likely occurred 6,000—
9,000 yr ago, genetic divergence clearly predates domesti-
cation. Thus, genome comparison suggests that the genetic
history of soybean is more complicated than previously as-
sumed and that additional study is needed to determine the
origin of domesticated G. max.
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Conclusions

During domestication of soybean, many useful genes, such
as genes related to protein content and disease resistance,
may have been lost by human selection. To overcome the
narrow genetic background of the cultivated soybean, ge-
nome sequencing of G. soja was used to provide genetic
information that is absent in cultivated soybean (G. max).
Relying on the rapid advances in massively parallel se-
quencing technology, we performed complete gene content
comparisons among cultivars and progenitors of crop plants.
Kim et al. (2010) described the genome sequencing of wild
soybean, which is the wild relative of the crop to be se-
quenced. We used the G. max genome as a reference for wild
soybean genome sequencing. NGS technologies (Illumina-
GA and GS-FLX) were used to identify putative single
nucleotide polymorphisms, insertions/deletions and SVs
between G. max and G. soja. It has also been suggested that
soybean was domesticated from the G. soja/G. max complex
that diverged from a common ancestor of these two Glycine
species. The genome sequences of wild species may provide
key information about the genetic elements involved in spe-
ciation and domestication.

Overall, a total of 712 genes were identified as PAV
genes between G. max and G. soja and PFAM IDs were as-
signed to 577 of 712 genes. We were able to assign the GO
terms for 73% of 577 genes (420 genes), classifying them
into biological process, cellular component or molecular
functions. Also, four different traits associated with domes-
tication (flowering time, transcriptional factors, carbon me-
tabolism and disease resistance) were considered carefully.
The genomic regions near PAV genes appear to be valuable
sources for the identification of candidate domestication
genes. Additional analyses should be performed with popu-
lation-level comparative sequencing for a fuller understand-
ing of the molecular evolutionary history of soybean.
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Abstract

Bacterial leaf pustule (BLP) disease is caused by Xanthomonas axonopodis pv. glycines (Xag). To investi-
gate the plant basal defence mechanisms induced in response to Xag, differential gene expression in near-
isogenic lines (NILs) of BLP-susceptible and BLP-resistant soybean was analysed by RNA-Seq. Of a total of
46 367 genes that were mapped to soybean genome reference sequences, 1978 and 783 genes were found
to be up- and down-regulated, respectively, in the BLP-resistant NIL relative to the BLP-susceptible NIL at 0,
6, and 12 h after inoculation (hai). Clustering analysis revealed that these genes could be grouped into 10
clusters with different expression patterns. Functional annotation based on gene ontology (GO) categories
was carried out. Among the putative soybean defence response genes identified (G0:0006952), 134
exhibited significant differences in expression between the BLP-resistant and -susceptible NiLs. In particu-
lar, pathogen-associated molecular pattern (PAMP) and damage-associated molecular pattern (DAMP)
receptors and the genes induced by these receptors were highly expressed at 0 hai in the BLP-resistant
NIL. Additionally, pathogenesis-related (PR)-1 and -14 were highly expressed at 0 hai, and PR-3, -6, and
-12 were highly expressed at 12 hai. There were also significant differences in the expression of the
core JA-signalling components MYC2 and JASMONATE ZIM-motif. These results indicate that powerful
basal defence mechanisms involved in the recognition of PAMPs or DAMPs and a high level of accumu-
lation of defence-related gene products may contribute to BLP resistance in soybean.

Key words: bacterial leaf pustules; disease resistance; RNA-Seq analysis; soybean

1. Introduction controlled by a single recessive gene (rxp) surrounded

by two simple sequence repeat (SSR) markers,

Bacterial leaf pustule (BLP) disease, caused by
Xanthomonas axonopodis pv. glycines (Xag), is one of
the most serious diseases in soybean. It reduces
grain yield by 15-40% at high temperatures and
high humidity, primarily through chlorophyll degra-
dation and premature defoliation."? Early reports®
suggested that BLP resistance in CNS (Pl 548445) is

Satt372 and Satt486, on chromosome 17 (previously
linkage group D2).*~7 Based on quantitative trait
locus (QTL) mapping, one major and several minor
QTLs for resistance to BLP have been identified in six
different soybean chromosomes.® Three loci are
closely linked to homeologous rxp regions and their
ancestral function was retained in the duplicated rxp
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loci.® Despite extensive effort, rxp has yet to be iso-
lated, and the soybean defence mechanisms of
response to BLP have not been fully elucidated.

Plants have evolved two defence mechanisms to
resist pathogen invasion that involve different strat-
egies of detecting pathogens. On the extracellular
face of the host cell, pathogen-associated molecular
patterns (PAMPs) are recognized by pattern recog-
nition receptors (PRRs); subsequent stimulation of
PRRs leads to PAMP-triggered immunity (PTI).”'°
Although basal immune responses are activated, bac-
terial effector proteins delivered into host cells via a
type Il secretion system (TTSS) can suppress
PTI'"'? These pathogen effectors are recognized by
specific resistance (R) genes, which encode nucleo-
tide-binding and leucine-rich repeat (LRR) domains.
These R gene products activate the second type of
immune defence mechanism, effector-triggered
immunity (ETI).>'® Recognition of pathogen attack
by PRRs and R genes leads to the activation of
defence responses and a type of localized cell death
known as the hypersensitive response.''*

Near-isogenic lines (NILs) are a useful and valuable
material for mapping genes. Pairs of NiLs differing by
the presence or absence of a target gene have been
used to isolate markers associated with the target
gene and identify markers linked with pathogen
resistance.'®>'® NILs for BLP resistance have been
reported using multiple backcrosses'” and shown to
be more suitable for the identification of specific
target genes rather than other populations such as
recombinant inbred lines."®

Comprehensive transcriptome analysis has provided
new insight into developmentally and environmen-
tally induced changes in gene expression. This infor-
mation can be used to help predict the roles and
interactions of individual genes, as well as to elucidate
more complex signalling pathways activated in
response to external stimuli and uncover potential
cross-talk between these pathways. Over the past
decade, microarray technology has enabled a more
comprehensive understanding of the dynamic com-
position and regulation of transcripts in many
plants, including soybean.'®~?" Nonetheless, micro-
array-based transcript profiling has several limitations,
including high background, low sensitivity, and non-
specific or cross-hybridization signals, all of which
hamper the accurate detection of low abundance
transcripts and the discrimination of similar
sequences.””?3 To overcome these sensitivity issues
with microarrays, hundreds of specific primers for
quantitative reverse transcription—polymerase chain
reaction (qQRT—PCR) analysis have been designed for
the purpose of characterizing the expression of regu-
latory genes.”* However, both of these methods rely
primarily on existing expressed gene sequences for

[Vol. 18,

the synthesis of oligonucleotides and for generating
qRT—PCR primers.?>2®

Next-generation sequencing technologies, such as
the widely used Illlumina Genome Analyzer,?”*8
provide powerful alternative strategies for transcrip-
tome analysis using direct mRNA-sequencing (RNA-
Seq). RNA-Seq technology involves generating whole
cDNA short reads that are then mapped to genome
sequences to obtain the number of ‘mapped reads’
of each gene. Using this approach, one can achieve
unprecedented levels of accuracy and specificity in
quantifying differentially expressed genes, identifying
novel transcribed regions, and identifying alternative
splice events.??3°

Using a high-throughput gene expression profiling
technique and available complete soybean genome
sequences, genes involved in the soybean response
to Xag infection were identified by differential
expression profiling. The objectives of this study were
to identify genes that are differentially expressed in
BLP-resistant and BLP-susceptible NILs in response to
Xag infection and to gain a better understanding of
plant—pathogen interactions using soybean NILs for
BLP resistance.

2. Materials and methods

2.1. Plant material and Xag inoculation

The BLP-resistant NILs used in the current study
were previously described.'” Briefly, NILs were gener-
ated by three cycles of repeated backcrossing of the
BLP-resistant line, SS2—2, as the donor parent and
the BLP-susceptible line, Taekwangkong, as the recur-
rent parent. SSR genotyping of the progeny of the
backcrosses revealed that more than 93% of the
recurrent parent genome was recovered.

For inoculation with Xag, soybean plants were culti-
vated in growth chambers at 28°C under 12 h illumi-
nation. Xag strain 8ra was cultured on peptone
sucrose agar medium at 28°C for 48 h®*' prior to
inoculation. Bacterial cultures were diluted to a con-
centration of 1 x 10® colony forming units/ml in
10 mM MgCl, containing 0.1 ppm rifampicin anti-
biotic. This suspension was sprayed on the first fully
expanded trifoliate leaves of 1-month-old soybean
plants using an atomizer. As a control [0 h after inocu-
lation (hai)], plants were sprayed with 10 mM MgCl,
buffer. Inoculated plants were grown at 100% relative
humidity.

2.2. Sample preparation, read alignment,
and sequence analysis
Total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions. RNA purity was determined
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using a Nanodrop spectrophotometer (Thermo Fisher
Scientific Inc., Wilmington, DE, USA), 1% formal-
dehyde gel electrophoresis, and a 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). RNA
from three biological replicates at each time point
(0, 6, and 12 hai) was pooled in preparation for
next-generation lllumina Genome Analyzer Il (GA 1I)
sequencing. All procedures, including mRNA purifi-
cation, cDNA preparation, end repair of cDNA,
adaptor ligation, and cDNA amplification, were
carried out according to the manufacturer protocols
accompanying the mRNA-Seq Sample Preparation
Kit (Cat. RS-930-1001, Illumina Inc.,, San Diego, CA,
USA).

Purified cDNA libraries were dispensed onto an
[llumina single-end flow cell composed of eight
lanes using the Illumina Cluster Station (Illumina,
Inc.). One lane was used per time point for the BLP-
susceptible and BLP-resistant NILs; the 6 hai of BLP-
resistant NIL was applied to two lanes to test for
mechanical reproducibility. The remaining lane was
used for an internal control. The 76 bp reads were
collected using the Illumina GA Il and sequencing-
by-synthesis technology.

Sequence reads were aligned using Bowtie (http://
bowtie-bio.sourceforge.net), an ultrafast short-read
mapping program,®? using the 8x sequence
assembly of the soybean genome as a reference
(Glyma1.01, http://www.phytozome.net/soybean).?3
TopHat (http://tophat.cbcb.umd.edu) was used to
identify splice junctions.>* Genes that were differen-
tially expressed in BLP-susceptible and BLP-resistant
NILs were identified with the statistical R package
DEGseq (http://bioinfo.autsinghua.edu.cn/software/
degseq) using an MA-plot-based method and a
random sampling model.*®> Raw digital gene
expression data were normalized as reads per kilobase
pair of transcript per million mapped reads (RPKM);?”
genes for which the P-value was <0.001 were
selected for further analysis. Expression data (reads)
were log,-transformed and filtered at a level of 2-
fold or greater difference in expression at each time
point (0, 6, and 12 hai). Differential patterns of
gene expression at the various time points are rep-
resented by Venn diagrams.

2.3. Clustering and gene ontology analyses

K-means clustering was performed using TM4: MeV
4.7 software (http://www.tm4.org/mev.html)3® and
Pearson’s  correlation  coefficient.  Differentially
expressed genes were grouped into 10 distinct clusters
based on expression patterns. Annotation and assign-
ment of functional categories for the genes in each
cluster were assigned based on conserved PFAM
domain predictions  (http://pfam.sanger.ac.uk/)*’
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and gene ontology (GO) analysis (http://www.
geneontology.org/). Soybean genes identified by GO
as containing PFAM domains were classified into
three categories:*® biological process, cellular com-
ponent, and molecular function. Differentially regu-
lated genes were further classified into secondary
categories within biological process, cellular com-
ponent, and molecular function after comparison of
BLP-susceptible and BLP-resistant NILs.

2.4. Validations of RNA-Seq data by qRT—PCR

gRT—PCR was performed to validate the RNA-Seq
results for nine gene transcripts whose expression dif-
fered by more than 2.0-fold between the BLP-suscep-
tible and BLP-resistant NILs after Xag inoculation.
Primers for qRT—PCR were designed using Primer3
software (http://frodo.wi.mit.edu/primer3/).> A Bio-
Rad iScript™ cDNA Synthesis Kit (Cat. 170-8891,
Hercules, CA, USA) was used to synthesize the cDNAs
and real-time quantification was performed using a
LightCycler 480 system (Roche Diagnostics, Laval, QC,
Canada) and the Bio-Rad iQ™ SYBR Green Supermix
Kit (Cat. 170-8882). Expression levels of the selected
genes were normalized to tubulin expression. PCR mix-
tures (final volume, 50 pl) contained 200 ng of cDNA,
500 nM each primer, 18 pl of sterile water, and 25 pl
of iQ™ SYBR Green Supermix (Bio-Rad). The conditions
foramplification were as follows: 5 min denaturation at
95°C followed by 40 cycles of 95°C for 10 s, 60°C for
20s, and 72°C for 10s. Following amplification,
melting curves were determined in a three-segment
cycle of 95°C for 55, 65°C for 1 min, and 97°C for
0s on the continuous acquisition mode. Samples
were analysed in triplicate to ensure statistical signifi-
cance. Data were analysed based on the stable
expression level of the reference gene according to
method of Livak and Schmittgen.*®

3. Results

3.1. BLP symptoms

Disease severity in two NILs, one carrying the rxp-
susceptible allele and the other carrying the rxp-
resistant allele, was assessed 14 days after Xag inocu-
lation (Fig. 1). Pustules surrounded by small yellow
haloes were evident in the early stages after inocu-
lation. There were more lesions in the BLP-susceptible
NIL, and these lesions subsequently merged to form
larger necrotic areas in the late stage of the disease.
In the BLP-susceptible NIL, severe haloes and pustules
were spread throughout the leaves. In contrast, in the
BLP-resistant NIL, BLP disease symptoms were
restricted to portions of the leaves (Fig. 1).
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BLP-susceptible NIL

BLP-resistant NIL

Figure 1. Disease symptoms in BLP-susceptible and BLP-resistant
NILs after Xag inoculation. Small yellow to brown lesions with
a raised pustule typically formed in the early disease stage,
with large necrotic lesions developing later.

3.2. RNA-Seq analysis

Changes in transcript levels between the BLP-
susceptible and BLP-resistant NILs at 0, 6, and 12 hai
with Xag were analysed by RNA-Seq. A total of
125.7 million reads were generated by 76 bp single-
end sequencing from the six cDNA libraries (BLP-
susceptible NIL at 0, 6, and 12 hai and BLP-resistant
NIL at 0, 6, and 12 hai), constituting 6.3 Gb of
cDNA sequence (Table 1). Only the first 50 bp of
the reads was used for mapping. Approximately 86%
of the sequenced reads (108 million mapped reads)
were successfully aligned to the soybean genome
reference  sequence  (Glyma1.01, http://www.
phytozome.net/soybean) using Bowtie and TopHat
software.>* 3% Of 65781 predicted genes in the
soybean genome, the expression levels of 46367
mapped genes were quantified based on sequence
reads. Using the random sampling model in the
DEGseq program,®®> mapped read counts of each
gene with a P-value of < 0.001 were obtained. MA-
plots revealed little variation in gene expression pat-
terns for the different time points (Supplementary

[Vol. 18,

Fig. S1). A total of 15678 genes were selected with
high confidence based on RPKM values converted
from  mapped read counts by DEGseq
(Supplementary Dataset S1).

As described by Libault et al.,*' four reference genes,
actin (Glyma08g19420), cons4 (Glyma12g02310),
cons6 (Glyma12g05510), and tubulin (Glyma08
g01740), were used for the evaluation of gene
expression. Eight additional genes containing a
tubulin motif were also used as reference genes
(Supplementary Table S1). The absolute value of the
fold change for the reference genes ranged from
0.0040 (tubulin motif-containing Glyma20g27280
at Ohai) to 0.7489 (tubulin motif-containing
Glyma15g13970 at 0 hai), which indicated that the
expression levels of the reference genes were not sig-
nificantly different across treatment periods in the
BLP-susceptible and BLP-resistant NILs. In addition,
there was little technical variation, as shown by the
similar expression profiles of two replicates of the
BLP-resistant NIL at 6 hai (Table 1). These results indi-
cated that the gene transcript data were reliable, and
suitable for detection and further transcriptome
analysis.

3.3. Transcriptome analysis in response to Xag
inoculation

The number of differentially expressed genes in the
BLP-resistant NIL compared with the BLP-susceptible
NIL at each sampling point was estimated [P<
0.001 and log, (fold change) >2.0 or <-2.0]. A
total of 2415 unique genes were up- or down-
regulated in the resistant NIL at various times after
inoculation. Of these, 1978 were up-regulated and
783 were down-regulated 0, 6, and/or 12 hai in the
BLP-resistant NIL (Fig. 2). Of these, 346 genes were
differentially regulated at each time point. For
example, Glyma20g15480 (a homologue of cyto-
chrome P450) was up-regulated at 0 hai but down-
regulated at 6hai in the BLP-resistant NIL

Table 1. Statistics of the I[llumina-GA Il 76 bp reads and comparison to the G. max reference genome (Glyma 1.01)

Samples Time (hours after Number of Number of Mapped Size of nucleotides
inoculation) reads mapped reads reads (%) (bp)

Susceptible 0 17834047 15645574 88 891702350

NIL 6 17931452 15433901 86 896572600
12 16408387 13138100 80 820419350

Resistant NIL 0 18813182 16446553 87 940659100
6 18192507 15956 847 88 909625350
6 18387123 16173009 88 919356150
12 18048903 15192733 84 902445150

Total 125615601 107986717 6280780050

*These samples were used as technical replicates.
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Compared with the BLP-susceptible NIL, 1424 genes
were up-regulated and 230 genes were down-
regulated at 0 hai. Following Xag inoculation, 161
genes were up-regulated and 461 genes were down-
regulated at 6 hai; 638 genes were up-regulated and

Up-regulation

Down-regulation

428 o3

102

Shai (461)  12hai (132)

1,978 genes 783 genes

Figure 2. Number of gene transcripts in the BLP-resistant NIL that
were up- and down-regulated [P< 0.001 and log, (fold
change) >2.0 or<—2.0] compared with the BLP-susceptible
NIL. The number inside the parentheses indicates the number
of genes expressed at the hours after Xag inoculation (hai).
The total number of gene transcripts is at the bottom of each
Venn diagram.
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132 genes were down-regulated at 12 hai. A subset
of genes was either up- or down-regulated at both
the 6 and 12 h time points (234 and 37, respectively)
in the BLP-resistant NIL compared with the BLP-
susceptible NIL. Of the 2415 genes that were differen-
tially expressed, only 11 were up-regulated and 3

were

down-regulated  at

all

time  points

(Supplementary Datasets S2 and S3). Most of the
genes that were up-regulated in the BLP-resistant
NIL were expressed at O hai (Fig. 2, left); most of the
genes that were down-regulated were expressed at

6 hai (Fig. 2, right).

3.4. Clustering and GO analyses
Clustering analysis was used to group the 2415 dif-

ferentially expressed genes (P< 0.001
into clusters based on

change >2 or <

-2)

and fold

common expression patterns. Ten distinct clusters
emerged reflecting the general trends and key transi-
tional states in the BLP-resistant NIL following Xag
inoculation (Fig. 3). The genes in each cluster are
listed in Supplementary Dataset S4. Clusters A and C
contained genes that were up-regulated from 0 to
6 hai, and then down-regulated from 6 to 12 hai
(Fig. 3). The 147 genes in cluster B were consistently
up-regulated from 0 to 12 hai, while the 106 genes in
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Figure 3. Cluster analysis of 2415 genes differentially expressed following Xag inoculation. The genes were classified based on similarity of
expression pattern over the time course of infection. Ten clusters were identified by K-means clustering. The pink lines indicate
representative transcriptional regulators; x- and y-axes represent hours after Xag inoculation (hai) and log, fold change [log,

(BLP-resistant NIL/BLP-susceptible NIL)], respectively.
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Table 2. GO functional categorization of PFAM domain-containing soybean genes differentially regulated in the BLP-resistant NIL

Category Up-regulation

Down-regulation

Number of genes

Proportion (%) Number of genes Proportion (%)

Biological process

Biological regulation 197
Carbon utilization 3
Cell proliferation 1
Cell wall organization or biogenesis 10
Cellular component organization 10
Cellular process 69
Developmental process 2
Establishment of localization 110
Metabolic process 633
Multicellular organismal process 1
Response to stimulus 91
Signalling process 25
Viral reproduction 0
Subtotal 1152
Cellular component
Cell part 212
Extracellular region 32
Macromolecular complex 32
Organelle 35
Subtotal 311
Molecular function
Antioxidant activity 26
Binding 965
Catalytic activity 811
Electron carrier activity 70
Enzyme regulator activity 24
Molecular transducer activity 35
Nutrient reservoir activity 0
Structural molecule activity 5
Transcription regulator activity 34
Transporter activity 61
Subtotal 2031
Total 3494

17.10 44 13.50
0.26 0 0.00
0.09 0 0.00
0.87 6 1.84
0.87 1 0.31
5.99 22 6.75
0.17 0 0.00
9.55 26 7.98

54.95 210 64.42
0.09 0 0.00
7.90 10 3.07
217 6 1.84
0.00 1 0.31

100.00 326 100.00

68.17 62 59.05

10.29 15 14.29

10.29 5 4.76

11.25 23 21.90

100.00 105 100.00
1.28 2 0.32

47.51 261 42.37

39.93 282 45.78
3.45 27 4.38
1.18 11 1.79
1.72 7 1.14
0.00 1 0.16
0.25 2 0.32
1.67 6 0.97
3.00 17 2.76

100.00 616 100.00
1047

cluster D and 353 genes in cluster H were constitu-
tively down-regulated. The genes in cluster D exhib-
ited a more dramatic decrease after 6 hai compared
with those in cluster H, which showed only a slight
decrease after 6 hai. Genes grouped into the remain-
ing five clusters E, F G, I, and ] were down-
regulated from 0 to 6 hai, but up-regulated from
6 to 12 hai (Fig. 3).

Annotation of the 1978 up-regulated and 783
down-regulated genes was carried out based on the
identification ~ of conserved PFAM  domains
(Supplementary Dataset S4). Within the group of

1978 up-regulated genes, there were 2268 PFAMs
assigned; within the 783 down-regulated genes,
824 PFAMs were identified. PFAM domains were con-
verted into GO-identities (IDs) using mapping to GO
(http://www.geneontolgy.org). Since some of the
genes were assigned to multiple PFAMs, the total
number of GO IDs was greater than that of PFAM
assignments, and these GO IDs could be assigned to
multiple GO terms (Table 2). Based on GO terms,>®
there were 3494 up-regulated and annotated genes
in the BLP-resistant NIL following Xag inoculation.
The genes were classified as follows: 1152 genes
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Figure 4. Schematic diagram of plant immunity to bacterial pathogens, adapted from Dodds and Rathjen.'® Plants use two strategies to
respond to pathogen attacks: PTI and ETI. Ultimately, through several branched and multi-component pathways, defence-related
genes are transcribed. Genes that were up-regulated in the BLP-resistant NIL are represented as reddish bold characters.

mapped to biological process terms;, 311 genes
mapped to cellular component terms; and 2031
genes mapped to molecular function terms
(Table 2). Among the 1047 down-regulated and
annotated genes, 326 mapped to biological process
terms; 105 mapped to cellular component terms;
and 616 mapped to molecular function terms. In
addition to metabolic processes, genes related to bio-
logical regulation, establishment of localization,
response to stimulus, and signalling process were
highly expressed within the biological process cat-
egory. Most of the genes categorized under molecular
function were involved in binding and catalytic
activity (Table 2). Since many of the genes that
mapped to biological process terms, particularly
‘response to stimulus’, were differentially expressed,
plant resistance genes involved in responses to
stimuli were closely evaluated using the database.””'°
The ‘response to stimulus’ group (GO:0050896)
comprised 7.90 and 3.07% of all of the up-regulated
and down-regulated genes, respectively, within the
biological process category (Table 2).

3.5. Expression of plant resistance genes

Because of the limited information available for
mapping Glyma PFAMs to GO terms, defence response

genes (GO:0006952) were further analysed by
sequence comparisons with the corresponding
Arabidopsis protein sequences using a threshold of
<e %9 Based on BLASTP analysis of the defence
response genes, 134 putative defence response genes
in Glycine max exhibited significant differences in
expression between the BLP-susceptible and BLP-resist-
ant NILs following Xag inoculation (Supplementary
Dataset S5). Interactions between plant and pathogen
were probed by analysing the transcript levels of PRRs,
ETI receptors, and jasmonic acid (JA)- and salicylic
acid (SA)-related proteins that were differentially
expressed in the BLP-susceptible and BLP-resistant NILs.

3.5.1. Expression of PTl-related genes In plants,
there are two types of immunity to bacterial patho-
gens, PTI and ETI (Fig. 4). Stimulation of PRRs is a
key step in the early stages of PTI. Based on BLASTP
searches, Glyma05g25830 and Glyma08g08810,
close homologues of flagellin sensing 2 (FLS2) and
EF-Tu receptor (EFR) in G. max, were identified as
highly expressed at 0 hai in the BLP-resistant NIL com-
pared with the BLP-susceptible NIL (Fig. 5 and
Supplementary Fig. S2A).

Respiratory burst oxidase homologue (RBOH) is an
important factor in the production of reactive oxygen
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BLP-susceptible MIL BLP-resistant NIL

Genaname 0 6 12 3 12
Glyma05g25830 000 3.21 208 347
Clyma08g08810 248 818 348 1 4.83 } EFR.FLS2
Glyma03g39610
Glyma19g42220 ; RBOHA, C, D, F
Glyma20g38000 : ; 9,67
Glyma01g40130 .7 110.49
Glyma03g31420 5 213.14
Glyma05g22420 207 0.84 190 } ACA4,11
Glyma11g05190 81.53 - 21097 7394
Glyma19g34250 7449 6469 7180 80.01
Glyma11g15700  27.07 81.82 ?3 48 } i

Glymal2g07770 26.37 10047

Glyma06g09520 _
Glyma0Bg08810 248 8. 18‘
Glyma12g00960 030 17.82
Glymal3g32630 147
Glyma14g05260
GlymaD6g40690
Glyma06g40950
Glyma06g40980

PEPR1,2

RPP1,4,5

Glyma13g03770 ; ; ;i : 450
Glyma16g10340  9.00 1288 12.21
Glyma20g06780 0,00 108 0.00

Glyma06g46810 0.0
Glyma06g46830 1.22 i
Glyma09g34360 052 151 115 :
Glyma11g35050 7.19 . 2 ( 10
Glyma18g03310  13.2 3

Glymai6g26100 0.00 0.94 077 3.24 229 1857
Glyma03g33660 = 17.71 1266 1132  47cjeelE 582
Glyma19g36370 2.69 1.49 3.13 0.29 B8.90 2.24
GlymaD2g39870  49.45 183
Glymai4g38010 66.

RPM1

MLO

I' WRKY33
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a BLP-susceptible NIL BLP-resistant NIL
- 0 6 12 12

Glyma07g03920  38.22 26,99
Glyma08g20230 2.85 3.44 0.68 i . 0.29 | LOX1
Glyma13g31280 24280618 14.72 : 8.80
Glyma02g35230 29.39 79.80 58.06 . 75.78
Glyma10g10200  59.46
Glyma01g12740  BO.50 32469 268.09
Glyma08g36720 8437 34367 224.36 . X MYC2
Glyma09g33730 223.94
Glymal3g32560 553 16.19
Glyma15g06770  17.35 i
Glyma02g04820
Glyma10g32820
Glyma10g32830
Glyma20g34810
Glyma20g34820
Glyma20g34830
Glyma13g35320
Glyma03g04920
Glyma03g04960
Glyma09g41460
Glyma18g44300
Glyma18g05890
Glyma09g08290
Glyma13g17180
Glyma15g19840
Glyma17g05540
Glyma07g04630
Glyma16g01220 :
Glyma08g10220 . 3.18 1.25 .
Glyma13g29070 . 76.23 235 . . JAZB
Glyma15g09980 00 114.38
Glymal3g17640

|' SYP121, 122

PR-6
- PR-12

PR-14

JAZA

JAZE

JAZ12

Figure 5. Heat maps of gene transcripts in BLP-susceptible and BLP-resistant NILs after Xag infection [P < 0.001 and log, (fold change)
>2.0 or<—2.0]. PTI-, ETI-, JA-, and defence-related soybean genes whose expression differed significantly are represented. Darker

colours indicate higher transcript levels.

species during the plant response to abiotic and biotic
stresses.*>*3 Changes in the expression levels of G. max
RBOHA-, C-, D-, and F-like genes in response to Xag
inoculation were assessed (Fig. 5 and Supplementary
Fig. S2B). Three soybean genes (Glyma03g39610,
Glyma19g42220, and Glyma20g38000) with hom-
ology to RBOH exhibited low level expression in the
BLP-susceptible NIL at 0 hai. In the BLP-resistant NIL,
transcript levels were relatively higher, with a slight
reduction at 6 hai; the level of these three transcripts
was markedly increased at 12 hai.

Calcium is an essential second messenger in the
signal transduction pathways that regulate plant
responses.*>%3 The expression levels of G. max Ca*"-
ATPase 4 (ACA4)- and ACA11-like genes were much
higher than any other defence-related genes (Fig. 5
and Supplementary Fig. S2C). In particular, the
expression  levels of Glyma01g40130 and
Glyma11g05190 in the BLP-resistant NIL were extre-
mely high at 0 hai relative to the BLP-susceptible NIL.

Genes involved in the mitogen-activated protein
kinase (MAPK) signalling cascade are downstream
components in PTI***3 (Fig. 4). Interestingly, the
expression of G. max MAP kinase (MPK) 4- and
MPK6-like genes was higher in the BLP-resistant NIL
at 0 hai (Fig. 5 and Supplementary Fig. S2D). High
expression of damage-associated molecular pattern

(DAMP)-related plasma membrane LRR receptor
kinase 1 (PEPR1) and PEPR2 homologues in G. max
was observed in the BLP-resistant NIL at O hai (Fig. 5
and Supplementary Fig. S2E), suggesting that DAMPs
for eliciting PAMP downstream may also be involved
in BLP resistance.

3.5.2. ETl-related genes The second type of stress
perception in plants involves recognition of pathogen
virulence molecules called effectors by specific plant
intracellular receptors, or ETI. To investigate the role
of ETI in BLP resistance, R gene sequences were col-
lected from the Plant Resistance Gene database
(PRGdb, http://prgdb.com.fvg.it).** Expression of
several corresponding G. max genes, including RPP1-,
4- and 5-, RPM1-, beet cyst nematode Heterodera
schachtii Schmidt resistance gene (HS17%°")- and
mildew-resistance  locus O (MLO)-like  genes
was induced following Xag inoculation (Fig. 5 and
Supplementary Fig. S3). Of the six RPP-like genes sur-
veyed, Glyma06g40690, Glyma06g40950, and
Glyma06g40980 exhibited significantly higher
expression levels than three other genes regardless
of time points or NILs. Furthermore, these three
genes were the most highly expressed in the resistant
NIL at O hai (Fig. 5 and Supplementary Fig. S3A).
Expression of Glyma16g10340 in the susceptible
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NIL increased steadily after Xag inoculation, whereas
in the resistant NIL, expression was reduced, with
the highest level of expression observed at 0 hai.

Three gene transcripts encoding RPM1-like genes,
Glyma06g46810  (3e '3®),  Glyma06g46830
(5e'3%), and Glyma09g34360 (9e ''®), were
identified by BLASTP searches using Arabidopsis
RPM1. These genes had the lowest e-values, and the
differences in expression of these three genes
between the NILs was considerable (Fig. 5 and
Supplementary Fig. S3B). In the susceptible NIL,
there were very low levels of Glyma06g46810,
Glyma06g46830, and Glyma09g34360, whereas
transcript levels were quite high in the resistant NIL,
particularly for Glyma06g46810 at O and 12 hai.
The transcript levels of Glyma06g46830 and
Glyma09g34360 were lower than that of
Glyma06g46810, but the pattern of expression of
Glyma06 g46830 was similar to Glyma06g46810.
The expression of Glyma09g34360 increased hours
after Xag infection in the resistant NIL
(Supplementary Fig. S3B).

Three G. max genes (Glymal1g35050,
Glyma14g06640, and Glyma18g03310) with hom-
ology to HS1™°" were identified after a BLASTP
search against the Arabidopsis database (Fig. 5 and
Supplementary Fig. S3C). The expression of these
three genes was lower in the susceptible NIL compared
with the resistant NIL. Glyma14g06640 expression
was highest in the resistant NIL at O hai, then was
decreased at 6 hai and increased again at 12 hai. The
pattern of expression of Glyma18g03310 was similar
to that of Glyma14g06640, but it was expressed to
lower levels compared with Glymal14g06640
(Supplementary Fig. S3C).

Of particular interest, Glyma03g33660,
Glyma16g26100, and Glyma19g36370 were highly
similar to MLO, which indicated that the functions of
plant resistance genes may be conserved across
species (Fig. 5 and Supplementary Fig. S3D).
Glyma03g33660 was dramatically increased in the
resistant NILat 6 hai compared with O hai, but was sub-
sequently decreased at 12 hai. Although the transcript
levels of Glyma19g36370 were much lower than
Glyma03g33660, the pattern of expression of the
two genes was similar. Glyma16g26100 remained
elevated by at least 3-fold from 6 to 12 hai in the resist-
ant NIL. The levels of expression of Glyma16g26100
and Glyma19g36370 were very low in the susceptible
NIL (Supplementary Fig. S3D).

3.5.3. Defence-related genes WRKY33, LOX1,
SYP121, SYP122, MYC2, and pathogenesis-related
(PR) genes have been implicated in plant immune
responses to pathogen attacks. WRKY transcription
factors (TFs) play important roles in plant immune

K.H. Kim et al. 491

systems in response to abiotic and biotic stress,*>*®

and are involved at various points in the signalling
pathways that regulate these responses (Fig. 4).
Glycine max genes containing WRKY domains were
selected in the search for conserved PFAM domain
(PFO3106). The expression of two WRKY33 TFs,
Glyma02g39870 and Glyma14g38010, increased
steadily following Xag inoculation in the BLP-
susceptible NIL, and both genes were expressed at
higher levels in the resistant NIL compared with the
susceptible NIL at all time points. There was a large
difference in expression between the NILs at 0 hai,
with the highest level of Glyma14g38010 observed
at Ohai in the BLP-resistant NIL (Fig. 5 and
Supplementary Fig. S4A).

Three G. max homologues of lipoxygenase 1 (LOX1)
were identified (Fig. 5 and Supplementary Fig. S4B). In
the  BLP-susceptible NIL, transcript levels of
Glyma07g03920 and Glyma13g31280 were low at
0 hai, increased at 6 hai and then subsequently
decreased at 12hai. The expression of
Glyma07g03920 in the BLP-resistant NIL was shown
a 4-fold increase in transcript levels at 6 hai relative
to 0 hai and then a subsequent decrease at 12 hai.
Although the expression level of Glyma08g20230
was much lower than the other two genes
(Glyma07g03920 and Glyma13g31280), transcript
levels were increased 6 hai in the BLP-resistant NIL
(Supplementary Fig. S4B).

Two soybean genes (Glyma02g35230 and
Glyma10g10200) were identified by BLASTP searches
for SYP121 and SYP122 homology. Expression of
Glyma02g35230 and Glyma10g10200 was elevated
in the BLP-resistant NIL only at O hai relative to the
BLP-susceptible NIL (Fig. 5 and Supplementary Fig.
S40).

MYC2, a bHLH TF, plays a crucial role in the JA-
signalling pathway.*” Four G. max genes retrieved
using Phytozome were identified: Glyma01g12740,
Glyma07g05740, Glyma08g36720, and Glyma09
g33730. Three of these (Glyma01g12740, Glyma
08836720, and Glyma09g33730) were highly
expressed in the BLP-resistant NIL at O hai compared
with any other time point in either NIL (Fig. 5 and
Supplementary Fig. S4D).

Several soybean genes related to Arabidopsis PR
genes*® were retrieved using Phytozome,*? including
soybean homologues to PR-1, -3, -4, -6, -12, and
-14. Glyma13g32560 and Glyma15g06770 (PR-1-
like G. max genes) were highly expressed in the BLP-
resistant NIL at O hai (Fig. 5 and Supplementary Fig.
S5A). Of the basic chitinase-like genes identified in
G. max (PR-3 and -4 homologues), the PR-3 homol-
ogue Glyma02g04820 was highly expressed in the
BLP-resistant NIL at 12 hai (Figz 5 and
Supplementary Fig. S5B and C). Of seven PR-6 G.
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max genes, five homologues of the proteinase inhibi-
tor PR-6 (Glyma10g32820, Glyma10g32830,
Glyma20g34810, Glyma20g34820, and Glyma
20g34830) were significantly induced in the BLP-
resistant NIL at 12 hai (Fig. 5 and Supplementary
Fig. S5D). Expression of Glyma13g35320, a homol-
ogue of the plant defensing PR-12, was elevated 2-
fold in the BLP-resistant NIL compared with the BLP-
susceptible NIL at 12 hai (Fig. 5 and Supplementary
Fig. S5E). Of the 11 homologues of PR-14, a lipid
transfer  protein, only Glyma03g04920 and
Glyma18g44300 at O hai, Glyma18g05890 at
6 hai, and Glyma03g04960 at 0 and 12 hai were
highly expressed relative to the BLP-susceptible NIL
(Fig. 5 and Supplementary Fig. S5F).

3.5.4. Plant hormones-related genes The SA and
JA-ethylene (ET) phytohormone pathways are impor-
tant regulators of defence gene expression.*”>? These
pathways function downstream in PTl and ETI, and are
well characterized relative to other steps in the
process®' 72 (Fig. 4). We examined the expression of
two non-expressor of PR gene 1 (NPR1)-like genes in
G. max, Glyma09g02430 and Glyma15g13320, since
NPR1 is an important regulatory component in SA sig-
nalling (Fig. 5 and Supplementary Fig. S6A). In the
BLP-susceptible NIL, expression of Glyma09g02430
and Glyma15g13320 started out high at 0 hai, and
then increased at 6 hai before returning to pre-inocu-
lation levels 12 hai. There were no significant differ-
ences in the expression of Glyma09g02430 and
Glyma15g13320 between the NILs.

Isochorismate synthase 1 (ICS1) is a key enzyme
responsible for increasing SA accumulation and patho-
gen resistance.>®>* Overall, the expression levels of
the ICS1-like G. max genes Glyma01g25690 and
Glyma03g17420 were not significantly different
between the two NILs (Supplementary Fig. S6B). The
expression of Glyma01g25690 was increased follow-
ing inoculation in the BLP-susceptible NIL, but was
decreased at 6 hai in the BLP-resistant NIL relative to
0 and 12 hai. In both NILs, the expression of
Glyma03g17420 was similar at 0 and 6 hai, and
then increased at 12 hai.

Enhanced disease susceptibility 1 (EDS1) and EDS5
were also evaluated. The expression of EDS1-like
genes (Glyma04g34800, Glyma06g19920, Glyma
06g19890, and Glyma06g19900) and EDS5-like
genes (Glyma11g11970 and Glyma11g11990) was
similar in both NILs (Supplementary Fig. S6C and D).
Thus, there were no major differences in the expression
of SAsignalling genes between the BLP-susceptible and
BLP-resistant NILs.

JA functions as an antagonist of SA in plant
hormone pathways, and several Arabidopsis genes
involved in JA signalling pathways have been

[Vol. 18,

identified.”> Soybean homologues of jasmonate
resistant 1 (JAR1), an enzyme that catalyses the con-
jugation of JA to isoleucine,”® and coronate insensitive
1 (COI1), a jasmonate receptor,>” were not signifi-
cantly expressed between the NILs (Supplementary
Fig. S7A and B). Jasmonate ZIM-motif (JAZ) proteins
bind to TFs such as MYC2 and control a variety of jas-
monate-mediated responses, including defence gene
expression and growth responses to wounding.>%>?
The expression of JAZ3- and JAZ4-like genes was
unchanged at both time points after inoculation
(Fig. 5 and Supplementary Fig. S7D and E).
Expression of four other JAZ-like proteins, JAZ1, JAZ6,
JAZ8, and JAZ12, was significantly elevated at O hai
in the BLP-resistant NIL; of these genes, JAZ1 was the
most highly expressed (Fig. 5 and Supplementary
Fig. S7C, F—H).

3.6. Validation of RNA-Seq results by gRT—PCR

gRT—PCR was used to validate several of the differ-
entially expressed genes identified by RNA-Seq in the
BLP-susceptible and BLP-resistant NILs. Nine genes
involved in defence mechanisms, including PTI and
ETI (Fig. 6), were evaluated: Glyma08g08810 (EFR
and FLS2), Glyma01g40130 (ACA4 and 11),
Glymal11g15700 (MPK4 and 6), Glyma06g09520
(PEPRT and 2), Glyma06g40980 (RPP1, 4 and 5),
Glyma14g06640  (HS1™*%")  Glyma14g38010
(WRKY33),  Glymal5g19840  (JAZ1), and
Glyma09g33730 (MYC2), all of which were shown
by RNA-Seq analysis to be up-regulated at O hai in
the BLP-resistant NIL compared with the BLP-suscep-
tible NIL. The primer sets used for gRT—PCR are
listed in Supplementary Table S2. The validation
results were consistent with the gene expression pat-
terns identified by RNA-Seq. The expression levels of
Glymal11g15700 and Glyma06g09520 at 12 hai in
the resistant NIL were slightly higher based on qRT—
PCR than RNA-Seq. These results highlighted the fide-
lity and reproducibility of the RNA-Seq analysis used in
the present study.

4. Discussion

Plants have two main defence mechanisms that can
be activated in response to microbial plant pathogens,
PTI and ETI>'° (Fig. 4). PAMPs trigger an influx of
calcium ions and an oxidative burst in the early
stage of infection. This is followed by activation of
MAPK and calcium-dependent protein kinase, and
stomatal closure and transcriptional reprogramming
in the intermediate stage. Finally, SA accumulation
and callose deposition occur in the late stage of infec-
tion.**3  Plant pathogenic bacteria, including
Xanthomonas, deliver effector proteins into host cells
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Figure 6. Validation of RNA-Seq data by qRT—PCR. Nine PTI-, ETI-, and defence-related genes were selected for validation.

via a TTSS to promote parasitism.' "' These bacterial
effectors are recognized directly or indirectly by
specific R genes, leading to the gene-for-gene theory
of ETL®? Specific recognition of pathogen effectors
leads to the induction of disease resistance and
HR.13’14

In the current study, plant immune responses trig-
gered by the interaction of soybean with the plant
pathogen Xag were investigated. The expression pat-
terns of PTI- and ETl-related genes in response to
Xag infection in BLP-susceptible and BLP-resistant
NILs were compared using RNA-Seq. Most of the
genes related to PTI were up-regulated at O hai in
the BLP-resistant NIL relative to the BLP-susceptible
NIL (Figs 2 and 5). EFR- and FLS2-like genes, as puta-
tive PAMP receptors, were highly expressed at O hai
(Fig. 5 and Supplementary Fig. S2A). Of note, key PTI
genes triggered by PAMPs, such as ACA4, ACAT1,
MPK4, MPK6, and RBOH genes, were highly expressed
in the BLP-resistant NIL at Ohai (Fig. 5 and
Supplementary Fig. S2B—D). Recently, the first DAMP
receptors (PEPR1 and PEPR2) were identified by
virtue of their ability to recognize AtPep1,°’ DAMPs
are involved in the activation of plant immune
responses, and include polysaccharides released

from the cell wall and cuticular fragments, as well as
some endogenous peptides.®#®® The expression of
PEPR1 and 2 in soybean differed significantly in the
BLP-resistant and BLP-susceptible NILs at O hai
(Fig. 5 and Supplementary Fig. S2E). Based on
expression patterns, the PTl-related genes (EFR-,
FLS2-, RBOH-, ACA4-, ACA11-, MPK4-, and MPK6-like
G. max genes) and DAMP receptors (PEPR1- and 2-
like G. max genes) were grouped into clusters H and
I (Fig. 3 and Supplementary Dataset 4). The up-regu-
lation of PTl-related genes at O hai could potentiate
the immune reaction to pathogen attack. Genes
expressed in early stage responses, such as 0 hai,
might be more important for BLP resistance than
those expressed at later stages (i.e. 6 hai). This is sup-
ported by the observation that sufficient accumu-
lation of R proteins in the initial stage of response
influences effective resistance against biotrophic
pathogens, demonstrated by the mildew-resistance
locus A R gene in barley.®* Thus, the gene response
at 0 hai may be involved in BLP resistance to Xag in
the BLP-resistant NIL.

Among the R genes obtained from the Plant
Resistance Genes database (PRGdb),** RPP1-, 4-, and
5-like; RPM1-like; HS17R9'-like; and MLO-like genes

$T0Z ‘T |udY Uo Sg 1Y e /BI0'S[euINo [pI01X0°Uyd1easa.reup//:dny Wo.j papeo lumod




http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsr033/-/DC1


http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsr033/-/DC1


http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsr033/-/DC1


http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsr033/-/DC1


http://dnaresearch.oxfordjournals.org/


http://dnaresearch.oxfordjournals.org/





494 RNA-Seq Analysis in Soybean NILs for BLP Resistance

were significantly different in expression between the
BLP-susceptible and BLP-resistant NILs (Fig. 5 and
Supplementary Fig. S3). RPP genes trigger localized
cell death in Arabidopsis upon recognition of downy
mildew avirulence genes.°® The transcript levels of
the  three  RPP  genes  (Glyma06g40690,
Glyma06g40950, and Glyma40980) were much
higher at 0 hai in the BLP-resistant NIL relative to
the BLP-susceptible NIL. In Arabidopsis, RPM1
encodes an intracellular immune sensor that is
induced in response to Pseudomonas syringae, and
attack by this pathogen leads to the expression of
RPM1 disease resistance proteins.°®®” In the BLP-
resistant NIL, the expression of soybean RPM1 homol-
ogues was elevated. In sugar beet, the HS1™%°" gene
reportedly confers resistance to the beet cyst nema-
tode.®® Soybean homologues of HS17*°! were also
expressed at high levels at 0 hai in the BLP-resistant
NIL. These patterns suggest that a strong surveillance
system exists in the BLP-resistant NIL, and that these
genes play important roles in the modulation of
defence responses to biotic and abiotic stress
stimuli. In contrast, MLO, which plays an important
role in defence responses to biotic and abiotic stres-
ses,®? exhibited a different pattern. The expression of
G. max MLO increased hours after Xag infection.
Thus, MLO might be involved downstream of the
other R genes in defence response signalling
pathways.

Defence-related genes were analysed using the GO
term ‘defence response’ (GO:0006952) (Fig. 5 and
Supplementary Fig. S4). The expression of LOX1-,
SYP121-, SYP122-, WRKY33-, and MYC2-like genes
differed significantly between NILs. With the excep-
tion of LOX1, these genes were all grouped into
cluster H or I, which consisted of genes that were
up-regulated at O hai, down-regulated at 6 hai, and
then up- or down-regulated slightly at 12 hai in the
BLP-resistant NIL relative to the BLP-susceptible NIL
(Fig. 3 and Supplementary Dataset 4). LOX1-
mediated pathways are crucial for lipid peroxidation
during plant defence responses to pathogen infec-
tion.”® An important gene for defence, SYP121
(closest homologue, PEN1), is required for the timely
formation of cell wall appositions.”' These defence-
related genes were highly expressed in the BLP-
resistant NIL. WRKY33 expression levels were also
much higher in the resistant NIL (Supplementary
Fig. S4A). WRKY TFs have also been shown to be
involved in plant immune responses to bacterial
pathogens.*>46

Plant resistance to biotrophic pathogens is thought
to be controlled largely by SA-mediated signalling
pathways. In contrast, resistance to necrotrophic
pathogens is mediated by the JA and ET signalling
pathways.®* Even though Xanthomonas is a known

[Vol. 18,

biotrophic pathogen, we did not observe any signifi-
cant difference in the expression of SA-related genes
in the NILs (Supplementary Fig. S6). However, the
core JA-signalling components JAZ (JAZ1, JAZ6, and
JAZ8) and MYC2 were highly expressed in the BLP-
resistant NIL at O hai, and the expression patterns of
all of these genes were very similar (Fig. 5 and
Supplementary Figs S4D and S7). Up-regulation of
JAZs and MYC2 related to JA-signalling was shown in
the BLP-resistant NIL at O hai. One possibility for the
elevated expression of JA signalling components may
be that spraying by the atomizer was perceived as
wounding. Alternatively, endogenous levels of JA may
be elevated in the BLP-resistant NIL compared with
the BLP-susceptible NIL. According to Chini et al.,>®
JAZ genes are constitutively overexpressed in MYC2
transgenic plants in the absence of jasmonate treat-
ment. Furthermore, JAZ genes were found to be tran-
scriptional targets of MYC2 via negative regulation,
leading to the self-repression of MYC2 in response
to increased MYC2 expression levels.>® Binding of
the active form of JA, JA-isoleucine, to COI1 and sub-
sequent interaction of the complex with JAZ proteins
is followed by ubiquitination by SCF*'"" and proteaso-
mal degradation, allowing the release of MYC2 and
activation of JA responses.”? Our results are consistent
with these previous studies of JA signalling pathways.

Previously, QTL mapping was used to place rxp
along with eight SSRs and two SNPs in the centre of
chromosome 17.” Three candidate genes for rxp,
Glyma17g09770, Glyma17g09780, and Glyma
17809790, were also proposed as putative BLP resist-
ance genes. The chromosomal position of rxp was
confirmed using the same BLP-susceptible and BLP-
resistant NILs used in the current study. Of note, no
significant differences were observed in the expression
levels of the three rxp candidate genes
(Supplementary Table S3). These results could be
explained by either a dilution effect or to differences
in sampling time between the two studies. A strong
dilution effect of mMRNA from un-inoculated regions
of the leaves could be avoided by laser capture micro-
dissection (LCM), which allows the selective isolation
of targeted cells from a tissue section, thereby avoid-
ing contamination from adjacent non-infected tissue
or cells.”>”* In both studies, the leaves were cut
manually, not by LCM, introducing potential inconsis-
tencies in the area of the excised leaf tissue, which
may in turn result in small differences in expression
levels of the candidate resistance genes. Compared
with the previous QTL mapping study,” the current
study employed a different sampling schedule after
Xag inoculation. There are a variety of reasons why
there might be differences between the results of
transcriptome analysis just hours after Xag inocu-
lation and QTL mapping based on a BLP resistance
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phenotype a week after Xag inoculation. Since a
change or alteration of causal genes for resistance
does not necessarily mean changes at the transcript
level, the instability of the translation product might
be a factor. Thus, translational changes may be
responsible for BLP resistance, although there were
no significant differences in transcript accumulation
of the candidate genes between the NiILs.

In conclusion, 2415 differentially expressed genes
were identified in BLP-resistant and BLP-susceptible
NILs following Xag inoculation. PTI-, ETI-, defence-,
and hormone-related genes were identified and ana-
lysed for their potential role in plant immune reactions
using the methods of clustering and GO analysis. The
PAMP receptors EFR and FLS2 and PAMP-induced
genes, including RBOH, ACA4, ACA11, MPK4, and
MPK6, were all highly expressed in the BLP-resistant
NIL at O hai. Furthermore, the DAMP receptors PEPR1
and PEPR2 were also highly expressed at 0 hai, support-
ing the idea that DAMP-induced genes are involved in
BLP-resistance. These results indicate that the plant
surveillance system for detecting pathogen invasion is
well-established in the BLP-resistant NIL. PAMP and
DAMP receptors share common pathways from the
initial steps of the defence mechanism, and these two
factors may be crucial in mediating BLP resistance. No
significant differences were observed for several com-
ponents of SA-signalling pathways, whereas core JA-sig-
nalling components such as JAZ proteinsand MYC2 TFs
exhibited significant differences in expression between
the NILs. Although JA participates to a greater extent
than SA in the BLP defence mechanism, both the JA
and SA pathways are associated with PR genes and
PR-mediated signalling mechanisms. Thus, the
defence mechanisms involved in BLP resistance are
likely to be quite complex. The current findings contrib-
ute a better understanding of plant pathogen defence
responses, plant—pathogen interactions, and signal
transduction pathways. TFs such as WRKY33 and
MYC2 were highly expressed in the BLP-resistant NIL
at 0 hai. These differentially expressed TF genes open
up an interesting avenue of study into the cis- or
trans-elements involved in BLP resistance using other
advanced technologies such as Chip-Seq.

Supplementary data: Supplementary data are
available at www.dnaresearch.oxfordjournals.org.
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Abstract

The availability of next generation sequencing instruments has
made large-scale and genome-wide sequence analysis more
feasible in a wild variety of species with large complex ge-
nomes, especially crops. This report suggested an approach
for characterizing large complex genomes of less-studied/or-
phan crops. Degenerate oligonucleotide primed PCR
(DOP-PCR) is a useful tool for the survey of genomes in
less-studied/orphan crops, as prior sequence information is not
necessary. Here, four different degenerate primers were rede-
signed from previously described DOP-PCR primers. The de-
generacy of these primers was increased with the addition of
two more ‘Ns’. The amplified DOP-PCR products from
Sinpaldalkong 2, a soybean genotype, were applied to GS-FLX
and the reads from Sinpaldalkong 2 were mapped against
Williams 82 as a reference (http://www.phytozome.net/soy-
bean.php), using the Burrows-Wheeler Aligner (http://bio-b-
wa.sourceforge.net/). These results suggest the identification
of 4 single nucleotide polymorphisms between Sinpaldalkong
2 and Williams 82 and recent duplication of the soybean
genome. The sequenced reads were subsequently assembled
into contigs by Newbler under default conditions. A total of
29 Sinpaldalkong 2 contigs exhibited 95% similarity and <
E-100 when mega-blasted with Williams
sequences. These contigs were mapped to the soybean chromo-
somes and positioned as clusters within each chromosome.
Most of the contigs also showed similarity with the
Arabidopsis RNase H domain-containing protein, suggesting
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a potential way to study retrotransposons in less-studied/or-
phan crops. Using these modified DOP-PCR primers and
GS-FLX, it is possible to obtain insight into the large complex
genomes of less-studied/orphan crops.

Keywords DOP-PCR; Genome duplication; GS-FLX; Le-
ss-studied/orphan crops; Retrotransposons; Soybean

Introduction

In spite of international efforts for crop improvements, the
food supply is still in demand and its nutritional value is one
of the main considerations for enhancing food quality
(Godfray et al., 2010; Varshney et al., 2010). The combination
of molecular breeding and genome sequence analysis holds
the potential for the development of many new cultivars that
may increase food security (Tester and Langridge, 2010;
Varshney et al., 2009; Varshney et al., 2010). Since the pro-
duction of many crops is considered minor, especially, in de-
veloping countries, molecular breeding and genome sequence
analysis may permit the investigation of these less-studied/or-
phan crop species.

High-throughput sequencing technology can now be con-
ducted using next-generation sequencing (NGS) instruments.
Compared to older tools, these instruments produce longer
read lengths and greater numbers of sequence reads. Several
companies are already working towards the introduction of the
next generation of technology, designated third generation se-
quencing (TGS) (Rusk, 2009). Igbal and Bashir (2011) de-
scribed the fundamental principles of TGS and its applications
using the Nanopore sequencer. Illumina developed HiSeq 2000
as running form at 2 x 150 bp, producing 1.13 Tb of output
per run and 81 Gb daily (http://www.illumina.com/portfolio).
From the development of NGS technologies, whole genome
sequences of many plant species has become available and
continue to be produced (Feuillet et al., 2011; Van et al.,
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2011). However, the sequencing projects of many crop species
are plagued with difficulty due to complex gene structure and
larger genome sizes, resulting from high levels of repetitive
and transposable element DNA and ploidy (Feuillet et al.,
2011).

Polyploidy, the presence of more than two chromosome sets
within a nucleus, is a common phenomenon in plant evolution.
The presence of polyploidy became obstacle for the whole ge-
nome sequencing of many economically important polyploid
crops, such as wheat, sugarcane (Saccharum spp.), potato
(Solanum tuberosum), cotton (Gossypium hirsutum), and ba-
nanas (Musa spp.) (Feuillet et al., 2011). Prior to the develop-
ment of NGS, a portion of the soybean (Glycine max) genome
was also sequenced using a BAC-by-BAC approach. Because
of the duplication nature of the soybean genome, two different
BACs (with one BAC selected based on the BAC-end se-
quences of the other BAC) did not form a contig during the
assembly process with the BAC clones (Van et al., 2008).
Additionally, two other homeologous regions of these two
BACs were identified in the soybean genome (Kim et al.,
2009). Now, many highly duplicated genome-containing crops
have been routinely sequenced using newly developed tools
and strategies (Feuillet et al., 2011). Many crop species with
very large genomes, such as bread wheat (Triticum aestivum)
with a hexaploid genome (2n = 42) of 17 Gb and barley
(Hordeum vulgare) with a diploid genome (2n = 14) of 5.1
Gb, have been difficult to be sequenced by de novo assembly
without a reference genome (Barabaschi et al. 2011).

The availability of genome sequence information will im-
prove molecular marker-assisted crop breeding (Feuillet et al.,
2011). Among the various molecular markers that have been
developed, single nucleotide polymorphisms (SNPs), including
insertions/deletions (indels), are a popular choice for mark-
er-assisted selection (MAS) (Rafalski, 2002; Zhu et al., 2003).
SNPs are the most abundant polymorphism in both plant and
human genomes (Brookes, 1999; Cho et al., 1999; Collins et
al., 1998; Kuppuswamy et al., 1991; Kwok and Gu, 1999)
and can sometimes lead to dramatic phenotypic changes. The
genome-wide discovery of SNPs became more feasible with
the development of NGS via resequencing whole -genome or
sub-genome representations (Feuillet et al., 2011). Haplotype
maps with SNPs in the B73 genome of maize (McMullen et
al., 2009) and SNP discovery in different grapevine cultivars
(Martinez-Zapater et al., 2010) and soybean genotypes (Lam
et al., 2010) represent examples for the characterization of crop
genomes using a combination of NGS technology and SNPs.

Before the NGS era, the comparison of directly sequenced
amplicons among individuals was the most simple and basic
strategy for SNP detection using locus-specific primers (Janiak
et al., 2008). The requirement for sequence information, the
high cost of primer design, and limitations to SNP detection
led to the development of a new strategy. This new approach,
degenerate oligonucleotide primed PCR (DOP-PCR), has been
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employed for massive SNP genotyping in human, mouse, soy-
bean, and Arabidopsis thaliana (Jordan et al., 2002; Janiak
et al., 2008). For DOP-PCR, the initial PCR primers were com-
plementary to interspersed repetitive sequences. This led to
increased SNP detection by multiplexing. Modified PCR pri-
mers containing degenerate oligonucleotide in the middle and
various lengths of unique nucleotides (6 - 10 nt) at the 3’
end were later used to amplify a wide range of sequences from
the Arabidopsis genome (Jordan et al., 2002). Due to the fea-
ture of DOP-PCR, this strategy may be suitable for analyzing
less-studied/orphan crop species at the DNA sequence level.

This study demonstrates the power of combining DOP-PCR
with modified primers and GS-FLX for genome-wide scans
using a soybean genotype as an example of large complex
genome containing crops. Furthermore, the identifications of
SNPs by this strategy is also suggested. In particular, this ap-
proach may facilitate the massive screening of sequence varia-
tions in less studied/orphan crops that have large complex ge-
nomes and little known sequence information.

Materials and Methods

DOP-PCR amplification and GS-FLX sequencing using
Sinpaldalkong 2

DOP-PCR was performed with an MJ Research Tetrad thermo-
cycler (MJ Research Inc., Watertown, MA, USA) as described
by Janiak et al. (2008) with slight modifications. Genomic
DNA extracted from ‘Sinpaldalkong 2’, a recommended
Korean soybean cultivar (Kim et al., 1994; Kim et al., 2004),
was used as the template. Four different degenerate primers
were redesigned from previously described DOP-PCR primers
in order to increase degeneracy. This was accomplished by
adding two more ‘Ns’ (Janiak et al., 2008) (Table 1). PCR
reactions were conducted in a total volume of 50 pl containing
400 ng of genomic DNA, 1.6 uM of DOP primer, 0.2 mM
of each dNTP, and 2 U of Tag polymerase (Vivagen,
Sungnam, Korea). The annealing temperature was 36 °C and
the remaining cycling conditions were as detailed previously
(Janiak et al., 2008). After nebulizing approximately 3 pg of
mixed PCR products, the samples were used for GS-FLX li-
brary construction. Emulsion PCR, bead enrichment, and se-
quencing were performed according to the GS-FLX procedure
(Roche Applied Science, Mannheim, Germany), using a pico-
titer plate (25 x 70 mm’) with four regions.

Sequence analysis and annotation

Modified DOP-PCR primers of Sinpaldalkong 2 reads were
trimmed prior to assembly. Using Williams 82 sequences as
a reference (http://www.phytozome.net/soybean.php; Schmutz
et al., 2010), Sinpaldalkong 2 reads were aligned by the
Burrows-Wheeler  Aligner (BWA) software package
(http://bio-bwa.sourceforge.net/) with the algorithm BWA-SW
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designed for long reads (Li and Durbin, 2010). After the output
bam file was subjected to varFilter script provided from the
SAMtools package (http://samtools.sourceforge.net/) using the
default option (Li et al., 2009), the SNPs without hetero as-
signment were retrieved.

Newbler, a software package for de novo DNA sequence
assembly, was used for constructing contigs with default
conditions. The generated Sinpaldalkong 2 contigs were map-
ped using Mega BLAST, if the contigs showed less than
1E-100 as a threshold E-value compared to the Williams 82
reference sequence and contained a threshold similarity of 95
%. All of the resulting data was visualized using Circos
(http://mkweb.bcgsc.ca/circos/) (Krzywinski et al., 2009). The
annotation information of these contigs was retrieved from
Phytozome (http://www.phytozome.net/soybean.php), if the
mapped contigs partially overlapped with soybean genes.

Results

Generation and sequencing of DOP-PCR amplification prod-
ucts

Four separate DOP-PCR reactions were conducted with four
different degenerate primers (Table 1) and DNA templates
from Sinpaldalkong 2 (Fig. 1). Three degenerate primers,
9B-2, 9C-2 and 9D-2, provided a reasonable quantity and
range of PCR products after examining on 1% agarose gel
stained with ethidium bromide (data not shown). The
DOP-PCR amplification products were applied to GS-FLX af-
ter the three DOP-PCR reactions were combined (Fig. 1). Of
the 2,240,946 bp with an average length of 299 bp, a total
of 7,491 reads were generated by GS-FLX from the DOP-PCR
amplification products of Sinpaldalkong 2 (Supplementary
Table 1). Only 1,202,430 bp of high quality sequences with
an average length of 161 bp were used for further study (Suppl.
Table 1).

Analysis of sequenced reads and contig annotation

The 7,491 reads from Sinpaldalkong 2 were aligned with
Williams 82 using the BWA software package. The SNPs were
identified by SAMtools using default conditions (Fig. 1) and
a total of four putative SNPs between Sinpaldalkong 2 and
Williams 82 were identified. Chromosomes (Chrs) 2, 4, 12
and 15 each contained one of the SNPs (Fig. 2, red dots; Table
2). Among three SNPs located in a genic region, two SNPs

Table 1. List of modified DOP-PCR primers.

Primer name Sequence (5'> 3"

8BJ-2 CTC GAG NNN NNN NNG CGA TG

9B-2 CTC GAG NNN NNN NNC GAG CTG
9C-2 CTC GAG NNN NNN NNG ACT CGC
9D-2 CTC GAG NNN NNN NNC ATC CGT

8B-2: 5 CTC GAG NNN NNN NNC GAG CTG 3
— —s «— —
— - —
8C-2; 5 CTC GAG NNN NNN NNG ACT CGC 3

—

9D-2: 5' CTC GAG NNN NNN NNC ATC CGT 3

I N
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Figure 1. Detection of sequence variations in soybean genotypes after
DOP-PCR performance and GS-FLX analysis. DOP-PCRs were per-
formed with DOP-PCR primers. After DOP-PCR products were vi-
sualized on a 1% agarose gel stained with ethidium bromide, the
products were applied to GS-FLX. Using ‘Williams 82' reads
(http://www.phtozome.net/soybean.php)as a reference, the un-
assembled reads of ‘Sinpaldalkong 2' were aligned and putative SNPs
were identified by SAMtools. Newbler was used to construct contigs
and these contigs were mapped using MegaBLAST with a similarity
higher than 95% and less than E-100.

on Chrs 2 and 15 were positioned in introns. And, one SNP
on Chr 12 was non-synonymous, which is leaded to the amino
acid change from Leucine (CTC) to Valine (GTC) (Table 2).

A genome-wide sequence comparison between Sinpaldal-
kong 2 and Williams 82 was visualized by Circos (Figs. 2
and 3). Newbler software generated a total of 85 Sinpaldalkong
2 contigs (Supplementary Table 2). After contigs were mega-
blasted with Williams 82 reference sequences at < E-100 as
cut-off, 53 Sinpaldalkong 2 contigs were filtered out. Among
32 Sinpaldalkong 2 contigs, a total of 29 contigs were safely
mapped on Williams 82 reference genome at 95% similarity
(Fig. 3). The rest three contigs generated by the Newbler soft-
ware were positioned on the soybean scaffolds (Glyma0022s,
Glyma0071s and Glyma0416s) instead of chromosomes (data
not shown). The contigs of Sinpaldalkong 2 were multiply
mapped on the chromosomes of Williams 82 (Fig. 2, green
stacked tiles). After the duplication region data of Williams
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Table 2. Detailed information of SNPs between Williams 82 and Sinpaldalkong 2.

Gm Position  Context" Genic/non-genic  Exon/intron  Syn/non-syn
Gm2 235252 ATTAATGCATTAACTGTAGC(T/C)GTAGCCTTGGCGCTCATAGA  Genic Intron NA"
Gm4 678090  TGAGTTCTGACACATTCTCT(T/C)CCCCTTTCGCTGCGTGGCTT Non-genic NA NA

. Non-syn
Gml2 375460  CTTCTCTGCTTCCCCCATCC(C/G)TCATACAAGAAGAACAGCAA  Genic Exon (CTC/GTC(LV)
Gml5 46015 GCCTTCAACCAAGCCCACGA(C/G)CTGCATTTGACAGATTCAAA  Genic Intron NA

* Bold characters represent mutated positions showing SNPs between Williams 82 and Sinpaldalkong 2.
® NA: not applicable.

82 at Phytozome, visualized duplication regions of G. max mosome (Fig. 3, colored lines), suggesting high similarity of
genome (Fig. 2, gray ribbons) and multiply mapped  Sinpaldalkong 2 contigs to G. max genome. And, the posi-
Sinpaldalkong 2 contigs were compared. It suggested that the tions of these contigs were clustered within each chromosome
recent duplication of the Sinpaldalkong 2 genome. The 29  (Fig. 3).

Sinpaldalkong 2 contigs were mapped on more than one chro- Because of the degeneracy of DOP-PCR primer sequences,
‘i,‘ f

Gongy

Gmig G5

1S
Gont Gt

L

G
&

Ganpy
1w

Figure 2. Recent duplication of the Sinpaldalkong 2 genome. Sinpaldalkong 2 contigs were mapped to the Williams 82 reference genome
with the BWA software package. Red dots on the first outer layer indicate putative SNPs. Detailed information for the SNPs is available
in Table 2. The second outer layer visualizes the depth of multiple mapped contig represented as green stacked tiles. Using duplication
region data of Williams 82 at Phytozome, the inside of the second outer layer visualizes duplicated positions of the G. max genome,
represented as ribbons after similar duplicated regions are grouped as bundles.
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Figure 3. Visualization of similarity between Sinpaldalkong 2 contigs and the Williams 82 reference genome. After a total of 85 Sinpaldalkong

2 contigs were megablasted to Williams 82 with an E-value under

E-100 and similarity over 95, the 29 Sinpaldalkong 2 contigs were

mapped to the Williams 82 reference genome. Similar regions between these 29 Sinpaldalkong 2 contigs and Williams 82 reference genome

were linked as colored lines.

29 mapped contigs were multiply matched with various
Glyma IDs (Suppl. Table 3). For the annotation information
of 29 mapped contigs, each Glyma ID was able to obtain
its corresponding Pfam ID for function, with the exception
of six Glyma IDs (Glymal3gl1810, Glymal3gl12000,
Glymal3gl12050, Glymal3gl2060, Glymal4g25450 and
Glyma0416s00200) (Table 3). The soybean genes correspond-
ing to the mapped contigs had 14 different domains and a
large portion of soybean genes were assigned to four domains
(PF03732, PF00078, PFO0075 and PF00665). These four do-
mains are elements of long terminal repeat-retrotransposons
(LTR-RTs) in plants, such as Copia and Gypsy (Wicker et
al., 2007). Annotations of the mapped contigs suggested that
most of the contigs showed similarity to the Arabidopsis
RNase H domain-containing protein (Table 3). Therefore,
DOP-PCR primers amplified the soybean genome randomly
due to the degenerate nucleotides and, to a degree, target cer-

tain regions, such as LTR-RTs, on the soybean genome be-
cause of the specific nucleotide sequences in the primers (Figs.
2 and 3).

Discussion

DOP-PCR was originally used for genome-wide amplification
to scan SNPs from numerous PCR products located at a ma-
jority of genomic loci (Janiak et al., 2008; Jordan et al., 2002).
This technology was later developed for genome complexity
reduction using primers containing G/C-rich 5' anchors (CTC
GAG), six degenerate nucleotides, and at least eight specific
nucleotides at the 3' end (Jordan et al., 2002). This strategy
was applicable to both animal and plant genomes, including
the complex and duplicated soybean genome (Janiak et al.,
2008; Jordan et al., 2002). In this study, DOP-PCR primers
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Table 3. List of Glycine max (var. Williams 82) genes similar to Sinpaldalkong 2 contigs and their corresponding Pfam IDs and Arabidopsis

gene descriptions

Glyma 1D

Pfam 1D

Arabidopsis

Description

Glyma01g23740
Glyma02g22960
Glyma03g13510
Glyma03g33220
Glyma04g27590
Glyma05g17700
Glyma05g17910
Glyma06g26140
Glyma06g31330
Glyma09g23070
Glymal0g13500
Glymal0g13910
Glymal0g18830
Glymal0g23910

Glymal1g06870

Glymallg22070
Glymall1g23880
Glymal 1g36230
Glymal3g11810
Glymal3g11820
Glymal3g11940
Glymal3g11980
Glymal3g12000
Glymal3g12020
Glymal3g12030
Glymal3g12050
Glymal3g12060
Glymal3gl12070
Glymal3g15350
Glymal4g25450
Glymal4g30510
Glymal5g33030
Glymal6g09970
Glymal7g27570

Glymal9g19460

Glyma0022s00460°
Glyma0071s00200°

Glyma0416s00200°

Glyma01g23740.1
Glyma02g22960.1
Glyma03g13510.1
Glyma03g33220.1
Glyma04g27590.1
Glyma05g17700.1
Glyma05g17910.1
Glyma06g26140.1
Glyma06g31330.1
Glyma09g23070.1
Glymal0g13500.1
Glymal0g13910.1
Glymal0g18830.1
Glymal0g23910.1

Glymal1g06870.1

Glymal1g22070.1
Glymal1g23880.1
Glymallg36230.1
Glymal3g11810.1
Glymal3g11820.1
Glymal3g11940.1
Glymal3g11980.1
Glymal3g12000.1
Glymal3g12020.1
Glymal3g12030.1
Glymal3g12050.1
Glymal3g12060.1
Glymal3g12070.1
Glymal3g15350.1
Glymal4g25450.1
Glymal4g30510.1
Glymal5g33030.1
Glymal6g09970.1
Glymal7g27570.1

Glyma19g19460.1

Glyma0022s500460.1
Glyma0071s00200.1

Glyma0416s00200.1

PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF06814
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665

PF05687

PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078

PF03991,PF02044
PF08057,PF05953,PF03991,PF02044,PF05001
PF08057,PF05001,PF03991,PF02044,PF05953

PF05953,PF02044
PF03991,PF02044,PF05001,PF08057,PF08251

PF05953,PF01585,PF00078,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665

PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665
PFO01585,PF00078,PF00075,PF00665
PF03732,PF00078,PF00075,PF00665

PF10551

PF03732,PF01585,PF00078,PF00075,PF00665
PF03732,PF01585,PF00078,PF00075,PF00665

AT3G01410.1
AT3G01410.1
AT3G01410.1
AT5G18520.1
AT3G01410.1
AT3G01410.1
ATMG00860.1
AT3G01410.1
AT3G01410.1

ATMG00860.1
AT3G01410.1
AT3G01410.1
AT3G01410.1

AT1G75080.1

AT3G01410.1
AT3G01410.1
AT3G01410.1

AT3G01410.1
AT3G01410.1

AT3G01410.1
AT3G01410.1
AT3G01410.1
AT3G01410.1

ATA4G38180.1

AT3G01410.1
AT3G01410.1

AT5G28530.1

RNase H domain-containing protein
RNase H domain-containing protein
RNase H domain-containing protein
unknown protein

RNase H domain-containing protein

RNase H domain-containing protein

RNase H domain-containing protein

RNase H domain-containing protein

RNase H domain-containing protein
RNase H domain-containing protein
RNase H domain-containing protein

BZR1 (BRASSINAZOLE-RESISTANT 1);
DNA binding / transcription regulator/
transcription repressor

RNase H domain-containing protein
RNase H domain-containing protein

RNase H domain-containing protein

RNase H domain-containing protein

RNase H domain-containing protein

RNase H domain-containing protein
RNase H domain-containing protein
RNase H domain-containing protein
RNase H domain-containing protein
FRSS (FARI-related sequence 5);
zinc ion binding

RNase H domain-containing protein
RNase H domain-containing protein

FRS10 (FARI-related sequence 10);
zinc ion binding

* Only mapped contigs corresponding to Glyma IDs (Phytozome, http://www.phytozome.net/soybean.php) were listed.

® PF00075, RNase H; PF000dr78, reverse transcriptase (RNA-dependent DNA polymerase); PF00665, integrase core domain; PF01585, G-patch
domain; PF02044, bombesin-like peptide; PF03732, retrotransposon gag protein; PF03991, copper binding octopeptide repeat; PF05001, RNA
polymerase Rpbl C-terminal repeat; PF05687, domain of unknown function; PF05953, allatostatin, PF06814, lung seven transmembrane receptor;
PF08057, erythromycin resistance leader peptide; PF08251, mastoparan; PF10551, MULE transposase domain.

 The rest three Glyma IDs are located on the soybean scaffolds according to Phytozome.
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were redesigned to include eight degenerate nucleotides in-
stead of six and a minimum six specific nucleotides at the
3" end (Fig. 1). These semi-targeted and modified primers en-
abled a comparison of the sequences of Williams 82 and
Sinpaldalkong 2 due to fixed nucleotides at both the 5' anchors
and the 3' end. Thus, complexity was reduced and the ran-
domly distributed DOP-PCR products that were amplified us-
ing our modified primers were massively analyzed by GS-FLX
(Fig. 1).

The modified DOP-PCR primers bound successfully to
many sites. Although the GS-FLX reads were positioned on
different chromosomes, the read locations were somewhat ag-
gregated on each chromosome (Figs. 2 and 3). Two approaches
were used to analyze the sequences of the DOP-PCR products.
As a resequencing approach, GS-FLX reads were directly map-
ped on the G. max genome by the BWA program (Fig. 1).
Because of the composition of the modified DOP-PCR pri-
mers, with G/C-rich 5' anchors and at least eight specific nu-
cleotides at the 3' end, semi-targeted regions were amplified
and only a total of 4 SNPs were identified (Table 2, Fig. 2).
Among the SNPs identified by this approach, three SNPs were
positioned on the genic regions. Two out of three SNPs were
located on the intron regions of Glyma02g00430 (no func-
tional annotation) and Glymal5g00250 (similar to histone ace-
tyltransferase of the CBP family 1) (Table 2). The SNP on
Chr 12 could be used as a functional marker because it was
non-synonymous change in Glymal2g00760 gene, which con-
tains the domain similar to No Apical Meristem protein.
Additionally, the recent duplication of soybean genome was
observed.

The second analysis approach was de novo assembly.
Newbler generated a total of 85 Sinpaldalkong 2 contigs with
GS-FLX reads. After these contigs were megablasted against
Williams 82 reference sequences at 95% similarity and <
E-100, only 29 Sinpaldalkong 2 contigs were mapped on soy-
bean chromosomes. The contigs of Sinpaldalkong 2 were posi-
tioned on more than two chromosomes of Williams 82 (Fig.
2). Again, these Sinpaldalkong 2 contigs were highly dupli-
cated and showed multiple mapped positions throughout the
Williams 82 genome. The positions of the contigs were clus-
tered within each chromosome (Fig. 3). Annotations of the
mapped contigs suggested that most of the contigs showed
similarity with the Arabidopsis RNase H domain-containing
protein (Table 3).

In the absence of prior sequencing information, the
DOP-PCR primers can amply multiple loci from a genome.
Thus, DOP-PCR is a useful method for collecting sequencing
information from less characterized crop species. Genome du-
plication and polyploidy, common phenomena in plant ge-
nomes, are obstacles for genome sequencing using a
BAC-by-BAC approach (Van et al., 2008). Although NGS
technology has recently and rapidly developed, the high level
of polyploidy and heterozygosity, along with a high content

of transposable elements (TEs), has created complications for
whole genome sequencing (Barabaschi et al., 2011). The ap-
proach described here can be applied to genomes of less-stud-
ied/orphan crop species to observe some glimpses of genome
duplication. Most of the sequenced GS-FLX reads were posi-
tioned in limited locations of the soybean genome because the
DOP-PCR primers were originally designed to complement in-
terspersed repetitive sequences (Figs. 2 and 3, Table 3). The
sequences were very similar to the Arabidopsis RNase H do-
main, an element of LTR-RTs and the most abundant genomic
component in flowering plants (Du et al., 2010). The rapid
amplification of numerous LTR-RT families was responsible
for plant genome expansion along with polyploidization
(Bennetzen et al., 2005). LTR-RTs also impacted the regu-
lation of the expression of adjacent genes in rice and wheat
genomes (Kashkush et al., 2003; Kashkush and Khasdan,
2007). Retrotransposons are not only used as molecular mark-
ers to study plant diversity (Kalendar et al., 2011) but are also
useful for the study of evolutionary conservation by ge-
nome-wide analysis and multi-specific comparison (Du et al.,
2010). Approaches involving a combination of modified
DOP-PCR primers and NGS technology may help in the char-
acterization of genomes of less-studied/orphan crops in terms
of genome duplication and TEs.
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Abstract Mungbean [Vigna radiata (L.) Wilczek], a self-
pollinated diploid plant with 2n = 22 chromosomes, is an
important legume crop with a high-quality amino acid
profile. Sequence variation at the whole-genome level was
examined by comparing two mungbean cultivars, Sun-
hwanokdu and Gyeonggijaerae 5, using Illumina HiSeq
sequencing data. More than 40 billion bp from both
mungbean cultivars were sequenced to a depth of 72x.
After de novo assembly of Sunhwanokdu contigs by
ABySS 1.3.2 (N50 = 9,958 bp), those longer than 10 kb
were aligned with Gyeonggijaerae 5 reads using the Bur-
rows—Wheeler Aligner. SAMTools was used for retrieving
single nucleotide polymorphisms (SNPs) between Sun-
hwanokdu and Gyeonggijaerae 5, defining the lowest and
highest depths as 5 and 100, respectively, and the sequence
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quality as 100. Of the 305,504 single-base changes iden-
tified, 40,503 SNPs were considered heterozygous in Gy-
eonggijaerae 5. Among the remaining 265,001 SNPs,
65.9 % (174,579 cases) were transitions and 34.1 %
(90,422 cases) were transversions. For SNP validation, a
total of 42 SNPs were chosen among Sunhwanokdu contigs
longer than 10 kb and sharing at least 80 % sequence
identity with common bean expressed sequence tags as
determined with est2genome. Using seven mungbean cul-
tivars from various origins in addition to Sunhwanokdu and
Gyeonggijaerae 5, most of the SNPs identified by bioin-
formatics tools were confirmed by Sanger sequencing.
These genome-wide SNP markers could enrich the current
molecular resources and might be of value for the con-
struction of a mungbean genetic map and the investigation
of genetic diversity.

Introduction

Mungbean [Vigna radiata (L.) Wilczek] is an important
legume crop in Asia, particularly in India and in South,
Southeast and East Asia, where tropical and subtropical
weather conditions are prevalent (Lambrides and Godwin
2007; Chankaew et al. 2011). The South and Southeast
Asian diet is mostly cereal-based, and thus mungbean with
its highly digestible protein (ca. 25 %) can be an important
nutritional complement for the balanced nutrition of people
in these regions. In addition, mungbean sprouts are popular
in Asian cuisine because they are a good sources of vita-
mins and minerals (Lambrides and Godwin 2007; Somta
and Srinives 2007). Therefore, mungbean studies have
focused on seed traits, such as size, shape, color, sprouting
quality and protein quality and quantity. The seed yield has
been increased by improving resistance against diseases

@ Springer




http://dx.doi.org/10.1007/s00122-013-2114-9





2018

Theor Appl Genet (2013) 126:2017-2027

such as mungbean yellow mosaic virus (MYMV) and
Cercospora leaf spot (Lambrides and Godwin 2007,
Chankaew et al. 2011).

Although mungbean shows a photoperiod response to
short-day length, this crop can be grown at a wide range of
latitudes (Imrie 1996). In addition, this warm-season grain
legume can mature in approximately 60 days and adapt to
relatively harsh conditions such as drought. Similar to other
legumes, mungbean is able to fix atmospheric nitrogen
through its symbiotic relationship with the soil-borne
bacteria Rhizobium (Lawn 1979; Tangphatsornruang et al.
2009; Chankaew et al. 2011). Thus, mungbean is a valuable
legume crop not only from an economic, but also from a
nutritional standpoint.

Cultivated Vigna spp. are classified into three groups,
two originating from Africa and one from Asia. A phylo-
genetic study with molecular markers showed that the
African Vigna spp. were more diverse than the Asian Vigna
spp., which evolved more recently (Fatokun et al. 1993;
Lambrides and Godwin 2007). V. radiata has been divided
into three subgroups: subspecies radiata (green grams and
golden grams including the cultivated mungbean), sub-
species sublobata and subspecies glabra (Verdcourt 1970).
Archaeological studies have suggested that mungbean was
domesticated in the Indian subcontinent about 3,500 years
ago, and that cultivated mungbean spread to other parts of
Asia and into North Africa during the early domestication
process (Vishnu-Mittre 1974; Smartt 1984). Domestication
and selection processes promoted the distribution of culti-
vated mungbean throughout Southern and Eastern Asia,
Africa and Austronesia (Lambrides and Godwin 2007).

The cultivated Vigna species belongs to the subgenus
Ceratotropis and is a self-pollinated diploid plant with
2n = 22 chromosomes (Lambrides and Godwin 2007,
Somta and Srinives 2007; Tangphatsornruang et al. 2009).
Although mungbean chromosomes are difficult to study due
to their small size, the genome size of mungbean was esti-
mated as 1.2 pg/2C or 579 Mb by flow cytometric analysis
(Arumuganathan and Earle 1991). Murray et al. (1979)
estimated that 65 % of the nuclear DNA content consisted of
single-copy sequences, and that 46 % of the single-copy
mungbean DNA was interspersed within repetitive sequen-
ces. A restriction fragment length polymorphism (RFLP)
study by Menancio-Hautea et al. (1993) suggested the
duplication of the mungbean genome because duplicate
markers were positioned at more than one linkage group.

Construction of a mungbean genetic map is an important
step for the improvement of mungbean cultivars. Lambrides
and Godwin (2007) summarized genetic linkage maps in the
genus Vigna using mapping populations mainly derived
from a cross between cultivated mungbean genotypes and
wild progenitors. Humphry et al. (2002) constructed the
most comprehensive mungbean map of a Berken x ACC41
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population, and many mungbean mapping studies including
this genetic map followed the first published mungbean map
constructed by the University of Minnesota (Menancio-
Hautea et al. 1993). The first generation of mungbean
genetic maps was constructed with RFLP and random
amplified polymorphic DNA (RAPD) markers (Somta and
Srinives 2007). Although simple sequence repeat (SSR) or
microsatellite markers have been developed recently, the
number of published SSR markers is low because of the
lack of polymorphisms in this species (Gwag et al. 2006;
Somta et al. 2008; Tangphatsornruang et al. 2009). There-
fore, instead of using SSR markers directly from mungbean,
SSR markers generated from common bean, cowpea and
Azuki bean, etc. could be used for comparative genomic
studies (Chaitieng et al. 2006; Isemura et al. 2007; Lam-
brides and Godwin 2007; Somta and Srinives 2007; Datta
and Gupta 2009; Chankaew et al. 2011).

Single nucleotide polymorphisms (SNPs) including
insertions/deletions (indels) are very feasible for multiple
applications such as increasing marker density, quantitative
trait loci (QTL) mapping and high-throughput marker-
assisted selection (MAS) (Rafalski 2002; Zhu et al. 2003;
Choudhary et al. 2012). SNPs are not only abundant in plant
and human genomes, but they can also lead to dramatic
changes in phenotype when they are located within the exon
(Van et al. 2004, 2012). There are currently no published
reports describing mungbean SNP markers except for a
recent transcriptome analysis that identified a significant
number of mungbean SNPs (Moe et al. 2011). The rapid
development of next-generation sequencing (NGS) instru-
ments will facilitate genome-wide SNP discovery, and sev-
eral companies are already working toward the production of
longer read lengths and greater numbers of sequence reads.
For example, with a run form at 2 x 150 bp, the Illumina
HiSeq 2000 produces 1.13 Tb of output per run and 81 Gb
daily (http://www.illumina.com/portfolio). Whole-genome
or subgenome sequences of many plant species have recently
become available with the development of NGS technolo-
gies (Feuillet et al. 2011; Van et al. 2011). This suggests that
mungbean SNPs could be identified using NGS technologies
and applied for crop improvement and breeding programs.

In this study, whole genomes of two mungbean culti-
vars, Sunhwanokdu and Gyeonggijaerae 5, were sequenced
to develop SNPs using Illumina HiSeq and de novo
assembly. More than 300,000 SNPs between these two
mungbean cultivars were identified, and some sequence
variations between Sunhwanokdu and Gyeonggijaerae 5
were closely examined to validate our SNP identification
strategy. The genome-wide SNPs identified from the
present study could be used for their potential application
for mungbean improvement via QTL mapping, association
mapping and MAS. Also, all of these SNPs will contribute
to the development of the mungbean genetic map.
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Materials and methods
Plant materials

Sunhwanokdu was first introduced as VC1973A, which
was generated from a cross between Bangasa and EG-MG-
16 by the Asian Vegetable Research and Development
Center in 1980 (Hong et al. 1983). In 1983, Sunhwanokdu
became a recommended mungbean cultivar in Korea after
it was selected from the pure line ‘Suwon 3’ (Table 1).
Gyeonggijaerae 5 is a local accession collected from the
Gyeonggi Province, Korea (Table 1). Sunhwanokdu and
Gyeonggijaerae 5 show different plant morphological
phenotypes. The Sunhwanokdu hypocotyls are green,
whereas Gyeonggijaerae 5 has purple hypocotyls. Seeds of
Gyeonggijaerae 5 are easily shattered, but Sunhwanokdu
seeds show moderate shatter rates (Hong et al. 1983). One
of the most important agronomic traits of Sunhwanokdu is
its high yield, and this variety is also fairly resistant to
mungbean mottle virus (MMV) and powdery mildew
(Erysiphe polygoni). However, Gyeonggijaerae 5 shows
moderate to severe susceptibility to infection by MMV,
Cercospora leaf spot and powdery mildew (Hong et al.
1983).

DNA isolation and whole-genome sequencing

After Sunhwanokdu and Gyeonggijaerae 5 were purified by
self-pollinating for a few generations, genomic DNA was
prepared from 2-week-old leaves of homozygous individ-
uals from Sunhwanokdu and Gyeonggijaerae 5 using a
cetyltrimethyl ammonium bromide method (Gelvin and
Schilperoort 1995). Prior to being processed with the
INlumina HiSeq Sequencing System (Illumina, Inc., San
Diego, CA, USA), the extracted DNAs were treated with

Table 1 List of mungbean cultivars used in this study

RNase A and proteinase K followed by ethanol precipita-
tion. After the construction of sequencing libraries
according to the manufacturer’s recommended protocols
(Illumina), paired-end shotgun sequencing was performed
with fragments of the library.

Sequence analysis and SNP discovery

After the production of raw sequences from Sunhwanokdu
and Gyeonggijaerae 5 by Illumina HiSeq, sequences were
trimmed based on quality, if the quality scores of the end
sequences of the raw data were dramatically decreased to
less than ten. These trimmed Sunhwanokdu sequences
were assembled de novo using the ABySS 1.3.2 software
(http://www.bcgsc.ca/platform/bioinfo/software/abyss/rel
eases/1.3.2).

Gyeonggijaerae 5 reads were aligned to contigs of
Sunhwanokdu generated by ABySS 1.3.2 using the Bur-
rows—Wheeler Aligner (BWA)’s short read aligner for
Ilumina reads (Li and Durbin 2009; http://bio-bwa.
sourceforge.net) with a read quality threshold of 20 for
end trimming. To remove false positives of SNPs derived
from duplication and sequencing error, SNP calling was
performed using SAMTools (Li et al. 2009; http://samtools.
sourceforge.net/index.shtml) with the lowest and highest
depths of 5 and 100, respectively. SNP filtering was per-
formed with a Phred quality score cutoff of 100. Nucleotide
diversity (0) was calculated according to Van et al. (2004).

Validation of putative SNPs by Sanger sequencing

To validate the putative SNPs identified by bioinformatics,
sequence variations between Sunhwanokdu and Gy-
eonggijaerae 5 were selected using the following proce-
dures. Common bean ESTs (Phaseolus_vulgaris_release_

Cultivar IT No.* Origin Purpose

Sunhwanokdu IT144011 Korea Reference mungbean genome and SNP discovery
Gyeonggijaerae 5 IT182269 Korea Counterpart of Sunhwanokdu for SNP discovery
PI 381374 IT145300 Nigeria SNP validation

Yellowgram IT154085 Pakistan SNP validation

EC15172 IT163201 USA SNP validation

NPE28 IT163278 Netherlands SNP validation

EC15043 1T182239 Turkey SNP validation

Binh Khe D.X. IT208075 Vietnam SNP validation

Jangannokdu IT216796 Korea SNP validation

2 All mungbean accessions were provided by the National Agrobiodiversity Center (http://www.genebank.go.kr), National Academy of Agri-

cultural Science, Korea
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1.fasta; http://plantta.tigr.org/, Childs et al. 2007) were
mapped against the Sunhwanokdu contigs, using the est2-
genome software  (http://bioweb2.pasteur.fr/docs/EMB
OSS/est2genome.html) with >80 % sequence similarity.
The 1-kb regions harboring SNPs were retrieved with a
Python script, and Primer3 (http://frodo.wi.mit.edu/) was
used to design primers for targeting putative SNPs within
these 1-kb regions.

In addition to Sunhwanokdu and Gyeonggijaerae 5,
seven mungbean genotypes of various origins were selec-
ted for SNP validation (Table 1), and the genomic DNAs
from these seven mungbean genotypes were prepared as
described above. Genomic DNA from Sunhwanokdu was
used to perform a gradient PCR to determine the optimal
annealing temperature of each primer. Then, 10 pM each
of forward and reverse primer, 2 pl of 10x reaction buffer
[750 mM Tris-HCI (pH 8.5), 200 mM (NH,4),SO, and
25 mM MgCl,], 1.6 pl of 2.5 uM dNTPs and 0.3 pl of 2 U
Taq DNA polymerase (VIVAGEN, Sungnam, Korea) were
added to the extracted genomic DNA in a total volume of
20 pl. The PTC-225 Peltier Thermal Cycler (MJ Research,
Inc., Watertown, MA, USA) was used to perform PCR with
the following conditions: an initial denaturation at 94 °C
for 5 min, 30 cycles each of denaturation, annealing and
extension at 94 °C for 30 s, primer annealing at 50-70 °C
for 30 s, 72 °C for 1 min, final extension at 72 °C for
10 min and storage at 18 °C. The amplified PCR products
were separated by gel electrophoresis on 1.0 % ethidium
bromide-stained agarose gels. Those primer sets producing
a single discrete amplicon with the DNA from Sun-
hwanokdu were used to amplify the genomic DNA from
the other eight mungbean genotypes using the same con-
ditions as described above with optimized primer annealing
temperatures.

PCR products showing a single discrete band were
confirmed on the agarose gel and purified using 2 U exo-
nuclease I and 1 U shrimp alkaline phosphatase at 37 °C
for 1 h and at 75 °C for 15 min. These purified fragments
were used as templates in sequencing reactions with a
BigDye Terminator Cycle Sequencing Kit (Applied Bio-
systems, Foster City, CA, USA). The reaction mixture
consisted of 0.2 pl of BigDye Terminator, 3.2 uM primer
(one of the primers used in the PCR amplification), 5x
reaction buffer [400 mM Tris—HCI (pH 9.0) and 10 mM
MgCl,] and 1 pl of the purified fragment as template DNA.
The labeling reaction mixture was ethanol-precipitated and
resuspended in 10 pl of water. Sequence analysis was
conducted with an ABI 3730 DNA sequencer (Applied
Biosystems, Foster City, CA, USA). To confirm the SNPs
among the nine mungbean genotypes, ABI trace files were
aligned, and sequence variations were identified using ABI
Prism SeqScape Software version 2.5 (Applied Biosys-
tems, Foster City, CA, USA).

@ Springer

Results
Mungbean whole-genome sequencing by NGS

Whole-genome sequencing of the mungbean cultivars
Sunhwanokdu and Gyeonggijaerae 5 was performed using
a shotgun paired-end library (500-bp insert) and Illumina
HiSeq technology. More than 41.8 billion bp was
sequenced from Sunhwanokdu, and more than 42.0 billion
bp from Gyeonggijaerae 5 to a depth of 72x (Table 2).
After evaluation of the sequencing qualities of the Illumina
HiSeq reads, about 39.5 billion bp from both cultivars were
used for further analysis (68 x of sequencing depth).

Generation of Sunhwanokdu contigs and mapping
of Gyeonggijaerae 5 Illumina HiSeq reads
to the Sunhwanokdu contigs

Because a reference genome for mungbean is not available,
de novo assembly was performed with trimmed Illumina
HiSeq reads from Sunhwanokdu using ABySS 1.3.2
(Fig. 1). Various sizes of Sunhwanokdu contigs
(N50 = 9,958 bp) were produced with 33.14 % of GC
content. From a total of 137,520 contigs longer than
200 bp, 13,066 contigs were longer than N50 (9,958 bp).
The largest Sunhwanokdu contig was 92,050 bp. The total
length of contigs over 200 bp was 464.6 Mb, which cov-
ered 80.24 % of the mungbean genome. Only contigs
longer than 10 kb were used for further SNP analysis.
Using BWA software, trimmed Gyeonggijaeraec 5 reads
were successfully mapped to Sunhwanokdu contigs over
10 kb (Fig. 1).

Detection and distribution of SNPs and indels
between Sunhwanokdu and Gyeonggijaerae 5

The procedure used for SNP discovery is described in
Fig. 1. After the alignment of Sunhwanokdu contigs longer
than 10 kb with Gyeonggijaerae 5 Illumina HiSeq reads, all

Table 2 Summary of next-generation sequencing used for SNP
discovery

Sunhwanokdu Gyeonggijaerae 5
Raw data
Total produced bases (bp) 41,820, 704,200  42,033,722,200
Sequencing depth® 72.23 72.60
After trimming
Total produced bases (bp)  39,493,182,736 39,549,766,450
Sequencing depth* 68.21 68.31

% Sequencing depths were estimated based on the 579-Mb genome
size of Vigna radiata (Somta and Srinives 2007)
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(fastq) Gyeonggijaerae 5
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by ABySS 1.3.2 lllumina reads
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Contigs
(N50=9,958 bp)
> 10kb ccnR
Transition
Map Gyeonggijaerae 5 reads 65.9%
to Sunhwanokdu contigs
by BWA
l SAMTools: 5 < depth < 100
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SNP calling 8,000 Jo1a
7,
Sequencequality:> 100 000
z »n 6,000
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Fig. 1 Flow chart for mungbean SNP detection using Illumina Hiseq © 4,000
reads of Vigna radiata Sunhwanokdu as a reference @
£ 3,000
S
Z 2,000
possible sequence variants including single nucleotide 1,000
substitutions and indels were obtained using the SAMTools

program. To decrease the number of false-positive SNPs
and indels identified, the following filtering criteria were
applied: minimum read depth of 5 and maximum read
depth of 100 for the Sunhwanokdu contigs; sequencing
quality of 100 (Fig. 1). Of 13,066 contigs (231.5 Mb)
greater than 10 kb in length, 9,098 contigs yielded SNPs
having a total length of 165,840 kb, and SNPs were posi-
tioned on 71.6 % of the sequences evaluated. A total of
305,504 single-base substitutions between Sunhwanokdu
and Gyeonggijaecrae 5 were detected (Supplementary
Table 1). The six types of bi-allelic SNPs involved tran-
sitions (two possibilities, 65.9 %) and transversions (four
possibilities, 34.1 %) (Fig. 2a). Of the 174,579 transitions
detected, the numbers of A/G and C/T variants were 87,252
and 87,327, respectively, which accounted for 33 % of the
total number of SNPs. Of the 90,422 transversions detec-
ted, 22,607 (8.5 %) were A/C, 24,599 (9.3 %) were A/T,
20,433 (7.7 %) were G/C and 22,783 (8.6 %) were T/G
(Fig. 2a). The pattern of single nucleotide substitutions
(transitions or transversions) in the remaining 40,503 SNP
loci could not be determined because ABySS produced
monogenic Sunhwanokdu sequences, and Gyeonggijaerae
5 appeared to be heterozygous.

Whole-genome NGS enabled the detection of indels of
various sizes in Sunhwanokdu and Gyeonggijaerae 5. A
total of 32,551 indels ranging from 1 to 6 bp were
identified (Fig. 2b). Single and dinucleotide indels were
the most frequent (78.1 %), and indels >3 bp were
the second most frequent (21.9 %). Overall, 305,504

-5 -4 -3 -2 -1 1 2 3 4 5 6
Size of indels

Fig. 2 Discovery of SNPs including indels of mungbean. a Patterns
of single nucleotide substitutions between Sunhwanokdu and Gy-
eonggijaerae 5. b Distribution of the lengths of indels between
Sunhwanokdu and Gyeonggijaerae 5. The sizes of the indels were
determined based on Sunhwanokdu sequences as a reference. The
number at the top of each bar indicates the number of indels

single-base changes and 32,551 indels were observed in
the contigs longer than 10 kb, with an estimated detection
rate of 1 SNP per 685 bp in the set of contigs analyzed.
Considering the numbers of single-base changes and
small indels, nucleotide diversity (0) was estimated to be
0.00146 in the 231,500 kb of the mungbean sequences
analyzed.

Validation of putative SNPs

To confirm the SNPs identified by our bioinformatics
strategy, some single nucleotide substitutions located in
genic regions were selected and validated by the traditional
Sanger sequencing method. Because a limited number of
mungbean transcripts (5,254 contigs) are currently avail-
able (Moe et al. 2011), in the present study, SNP confir-
mation was performed using 9,749 common bean ESTs.
The common bean ESTs from various tissues were mapped
onto a total of 13,066 Sunhwanokdu contigs longer than
10 kb using est2genome (Supplementary Fig. S1). Putative
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mungbean exon regions were extracted based on at least
80 % similarity between the two sequences.

The results of in silico SNP discovery in mungbean were
verified with a subset of 42 candidate SNPs (SNP_1 to
SNP_42) randomly selected from 42 different contigs. The
common bean EST accession numbers and the descriptions
of these 42 different contigs are listed in Table 3. Sup-
plementary Table S2 lists the partial sequences of the 42
contigs that were used for designing the primers; the
putative SNPs were positioned around 500-bp flanking
contig sequences. SNP flanking primers were designed
with Primer3 (Supplementary Table S3), and the SNPs
were confirmed by PCR amplification followed by Sanger
sequencing (Supplementary Fig. S1). In addition to Sun-
hwanokdu and Gyeonggijaerae 5, seven additional mung-
bean cultivars from various origins were used for SNP
validation (Table 1). The target mungbean DNA of all 42
randomly selected contig sequences was successfully
amplified by PCR after melting temperatures were opti-
mized by gradient PCR. Of these 42 putative SNPs, 39
(92.9 %) were validated (Table 3), indicating a fairly high
SNP validation rate. SNP_35 and SNP_37 were miscalled,
but it could not be determined whether these two SNPs
were false positives. Although SNP_35 was not detected
between Sunhwanokdu and Gyeonggijaerae 5 by Sanger
sequencing, a ‘T’ deletion was identified when seven other
mungbean genotypes were included for SNP validation. In
the case of SNP_37, the Sanger method could not confirm
the T/C SNP because multiple PCR bands were generated
from not only Gyeonggijaerae 5, but also EC 15043.

Minor allele frequency (MAF) of each SNP locus is also
listed in Table 3. SNPs with an MAF greater than 0.2 were
selected as markers with normal allele frequencies (Lu
et al. 2009). Of the 39 SNPs (excepting SNP_2, SNP_35
and SNP_37), six (15.4 %) SNP loci showed abnormal
allele frequencies (0.11), in which only one mungbean
genotype has a different single nucleotide at the position
compared to the other eight genotypes. Nine (23.1 %) and
ten (25.6 %) SNP loci had MAFs of 0.22 and 0.33,
respectively. A total of 14 SNP loci (35.9 %) had MAFs of
0.44, indicating almost equal allele frequencies among the
nine mungbean genotypes.

Discussion

Mungbean, as an important legume crop in terms of both
nutrition and economics, has been researched extensively
to develop MAS strategies for crop improvement. How-
ever, compared to other crops, molecular markers and
saturated genetic maps of mungbean are less developed.
NGS technology may enable the identification of whole-
genome molecular markers for mungbean breeding
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programs. Although more than 30 crop species have been
sequenced by the traditional Sanger method (BAC-by-BAC
approach), NGS, or both, the whole-genome sequence of
mungbean has not yet been completed. Therefore, the
present study focused on the identification of putative
mungbean SNPs using NGS for an SNP discovery pipeline
and validation of some of the SNPs.

In addition to having the most abundance as genetic
variation among individuals, SNPs are becoming more
popular as genetic markers in various crops including
maize and soybean because high-throughput genotyping
methods have been developed (Mammadov et al. 2010).
However, the recently developed technology, sequencing-
by-synthesis (SBS), could not be applied to genome-wide
and numerous SNP identifications in some crops due to
genome complexity and the lack of a reference genome
sequence. The rapid development of NGS technology and
bioinformatics tools allows the collection of reference
sequences of highly repetitive and duplicated genomes
such as maize and soybean (Mammadov et al. 2010). Since
mungbean has a non-duplicated genome about half the size
of the soybean genome, genotyping using SBS technology
combined with resequencing could be more feasible than
with any other crop. Thus, the establishment of reference
sequences is very important prior to genome-wide SNP
discovery in the mungbean genome.

Although reference genome sequences for rice and
maize are available, high-quality resequencings of various
genetic resources within species are still required for future
crop improvement. In addition, Xu et al. (2012) suggested
that de novo sequencing of multiple maize genomes should
be conducted to obtain a high-quality reference genome
sequence. Resequencing of various accessions with a high-
quality reference genome would be useful for studying
domestication and improvement (Huang et al. 2010, 2012;
Lai et al. 2010; Lam et al. 2010). Also, a high-resolution
genetic map of a segregating population can be constructed
by the resequencing of parents and a high-quality reference
genome. Furthermore, NGS data from a resequenced
population could be very useful because these sequences
can fill gaps in the reference genome, and the information
related to crop breeding program, such as genome-wide
recombination frequency variation and segregation distor-
tion, can be acquired (Xu et al. 2012). Thus, the de novo
assembly of Sunhwanokdu and resequencing of Gy-
eonggijaerae 5 are very important for the establishment of a
mungbean reference sequence and the construction of a
high-resolution genetic map.

Errors occurring during the mapping of short reads to
the reference genome and de novo assembly are typical
sources of error in SNP discovery (You et al. 2011).
Although the percentage of sequencing errors is less than
1 % in NGS platforms, sequencing errors are still a source
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of false SNP calling. In particular, false calling is generated
from indels in all three platforms, Illumina Solexa, SOLiD
and Roche 454 (Harismendy et al. 2009). Huse et al. (2007)
suggested that sequencing errors can be reduced if indels
and homopolymers are filtered out. In the present study, of
the high-quality SNPs that were aligned with mungbean
putative exon regions, one SNP per Sunhwanokdu contig
was selected for SNP validation (Fig. 1). The 42 SNP loci
in 42 contigs were tested for SNP confirmation, and our
validation rate (92.9 %) was higher than those reported
previously (Barbazuk et al. 2007; Novaes et al. 2008;
Deschamps et al. 2010; Hyten et al. 2010a, b). Of the 42
putative SNPs, only three were false positives. One false-
positive SNP (SNP_35) might be miscalled by a long
stretch of “T” repeats as a homopolymer in the process of
contig assembly (Table 3). The other false-positive SNP
(SNP_37) was not called correctly because Gyeonggijaerae
5 produced multiple PCR bands instead of one band con-
taining a T/C base substitution (Table 3). The numbers of
SNPs and false-positive SNP rates are dependent on SNP
filtering criteria because read mapping and SNP calling are
determined by bioinformatics tools in NGS platforms (You
et al. 2011). Our stringent SNP criteria were sufficient to
identify the appropriate numbers of SNPs and reduce the
false-positive SNP rates. Furthermore, our SNP discovery
pipeline is very successful and applicable for less-studied/
orphan crop species.

Since single allele frequency has a large impact on
linkage disequilibrium (LD) and leads to inaccurate esti-
mations, any marker with an MAF less than 0.05 is elim-
inated from the genome-wide LD estimation and
association mapping (Igbal et al. 2012). Before selecting
markers for a subset of SNPs, the MAF of each SNP locus
was evaluated. The subset of SNP markers was selected for
studying LD, association mapping, routine genetic diver-
sity, mapping studies and SNP chip/array, based on SNP
markers with MAF values greater than 0.200 (relatively
frequent) (Lu et al. 2009; Igbal et al. 2012; Peace et al.
2012; Semagn et al. 2012). Although nine mungbean
genotypes of various origins were used for SNP validation,
33 of 39 confirmed SNP loci had MAFs higher than 0.200.
Higher MAFs were observed by consequently increasing
the number of SNP loci (Table 3). In particular, a total of
16 SNP loci showed MAFs of 0.44, indicating that these
nine mungbean genotypes are highly diverse. Thus, the
validated SNP loci along with our various mungbean
accessions might be suitable for studying mungbean
genetic diversity.

In this study, we were able to obtain large numbers of
SNPs and indels between two mungbean cultivars, Sun-
hwanokdu and Gyeonggijaerae 5, using NGS technology.
The large number of marker data accumulated in this study
could be helpful for a mungbean breeding program. There

are many advantages of using SNP markers in crop
improvement; they are the most abundant form of genetic
variations, and high-throughput automated systems for
SNP genotyping like the Illumina GoldenGate SNP geno-
typing assay are available. Thus, SNPs are helpful for
developing high-density genetic maps and for advancing
generations by MAS (Shirasawa et al. 2010; Choudhary
et al. 2012). A mungbean genetic map can be constructed
from the large number of SNPs between Sunhwanokdu and
Gyeonggijaerae 5. With various mungbean accessions in
addition to these two mungbean cultivars, genetic diversity
and high-resolution association and linkage mapping of
target traits could be achieved for mungbean. Furthermore,
the rapid development of high-throughput automation
systems for SNP genotyping will enable the application of
the identified SNPs and indels to QTL analysis and MAS
for mungbean cultivar development. The present results
suggest the potential for a wider application of comparative
genomics and genetic diversity for crop improvement
purposes.

Acknowledgments This research was supported by a grant from the
Next Generation BioGreen 21 Program (Code No. PJO0811701),
Rural Development Administration, Republic of Korea.

References

Arumuganathan K, Earle ED (1991) Nuclear DNA content of some
important plant species. Plant Mol Biol Rep 9:208-218

Barbazuk WB, Emrich SJ, Chen HD, Li L, Schnable PS (2007) SNP
discovery via 454 transcriptome sequencing. Plant J 51:
910-918

Chaitieng B, Kaga A, Tomooka N, Isemura T, Kuroda Y, Vaughan
DA (2006) Development of a black gram [Vigna mungo (L.)
Hepper] linkage map and its comparison with an azuki bean
[Vigna angularis (Willd.) Ohwi and Ohashi] linkage map. Theor
Appl Genet 113:1261-1269

Chankaew S, Somta P, Sorajjapinun W, Srinives P (2011) Quanti-
tative trait loci mapping of Cercospora leaf spot resistance in
mungbean, Vigna radiata (L.) Wilczek. Mol Breed 28:255-264

Childs KL, Hamilton JP, Zhu W, Cheung F, Wu H, Rabinowicz PD,
Town CD, Buell CR, Chan AP (2007) The TIGR plant transcript
assemblies database. Nucleic Acids Res 35(Database issue):
D846-D851

Choudhary S, Gaur R, Gupta S, Bhatia S (2012) EST-derived genic
molecular markers: development and utilization for generating
an advanced transcript map of chickpea. Theor Appl Genet. doi:
10.1007/s00122-012-1800-3

Datta S, Gupta S (2009) Use of genomic resources in improvement of
Vigna species. J Food Legum 22:1-10

Deschamps S, Rota ML, Ratashak JP, Biddle P, Thureen D, Farmer
A, Luck S, Beatty M, Nagasawa N, Michael L (2010) Rapid
genome-wide single nucleotide polymorphism discovery in
soybean and rice via deep resequencing of reduced representa-
tion libraries with the Illumina genome analyzer. Plant Genome
3:53-68

Fatokun CA, Danesh D, Young ND, Stewart EL (1993) Molecular
taxonomic relationships in the genus Vigna based on RFLP
analysis. Theor Appl Genet 86:97-104

@ Springer




http://dx.doi.org/10.1007/s00122-012-1800-3





2026

Theor Appl Genet (2013) 126:2017-2027

Feuillet C, Leach JE, Rogers J, Schnable PS, Eversole K (2011) Crop
genome sequencing: lessons and rationales. Trends Plant Sci
16:77-88

Gelvin SB, Schilperoort RA (1995) Plant molecular biology manual.
Kluwer Academic Publishers, Norwell

Gwag JG, Chung JW, Chung HK, Lee JH, Ma KH, Dixit A, Park YJ,
Cho EG, Kim TS, Lee SH (2006) Characterization of new
microsatellite markers in mungbean, Vigna radiata (L.). Mol
Ecol Notes 6:1132-1134

Harismendy O, Ng PC, Strausberg RL, Wang X, Stockwell TB,
Beeson KY, Schork NJ, Murray SS, Topol EJ, Levy S, Frazer
KA (2009) Evaluation of next generation sequencing platforms
for population targeted sequencing studies. Genome Biol 10:R32

Hong EH, Lee YH, Kim SD, Hwang YH, Moon YH, Ham YS (1983)
New disease resistant and high yielding mungbean variety
“Seonhwanogdu”. Res Rept ORD 25:178-180

Huang X, Wei X, Sang T, Zhao Q, Feng Q, Zhao Y, Li C, Zhu C, Lu
T, Zhang Z, Li M, Fan D, Guo Y, Wang A, Wang L, Deng L, Li
W, LuY, Weng Q, Liu K, Huang T, Zhou T, Jing Y, Li W, Lin Z
(2010) Genome-wide association studies of 14 agronomic traits
in rice landraces. Nat Genet 42:961-967

Huang X, Zhao Y, Wei X, Li C, Wang A, Zhao Q, Li W, Guo Y,
Deng L, Zhu C, Fan D, Lu Y, Weng Q, Liu K, Zhou T, Jing Y, Si
L, Dong G, Huang T, Lu T, Feng Q, Qian Q, Li J, Han B (2012)
Genome-wide association study of flowering time and grain
yield traits in a worldwide collection of rice germplasm. Nat
Genet 44:32-39

Humphry ME, Konduri V, Lambrides CJ, Magner T, McIntyre CL,
Aitken EAB, Liu CJ (2002) Development of a mungbean (Vigna
radiata) RFLP linkage map and its comparison with lablab
(Lablab purpureus) reveals a high level of colinearity between
the two genomes. Theor Appl Genet 105:160-166

Huse SM, Huber JA, Morrison HG, Sogin ML, Welch DM (2007)
Accuracy and quality of massively parallel DNA pyrosequenc-
ing. Genome Biol 8:R143

Hyten DL, Cannon SB, Song Q, Weeks N, Ficks EW, Shoemaker RC,
Specht JE, Farmer AD, May GD, Cregan PB (2010a) High-
throughput SNP discovery through deep resequencing of a
reduced representation library to anchor and orient scaffolds in
the soybean whole genome sequence. BMC Genomics 11:38

Hyten DL, Song Q, Fickus EW, Quigley CV, Lim JS, Choi IY,
Hwang EY, Pastor-Corrales M, Cregan PB (2010b) High-
throughput SNP discovery and assay development in common
bean. BMC Genomics 11:475

Imrie BC (1996) Mungbean. In: Hyde K (ed) The new rural
industries. A handbook for farmers and investors. Rural Indus-
tries Research and Development Corporation, Canberra,
pp 355-360

Igbal MJ, Mamidi S, Ahsan R, Kianian SF, Coyne CJ, Hamama AA,
Narina SS, Bhardwaj HL (2012) Population structure and
linkage disequilibrium in Lupinus albus L. germplasm and its
implication for association mapping. Theor Appl Genet
125:517-530

Isemura T, Kaga A, Konishi S, Ando T, Tomooka N, Han OK,
Vaughan DA (2007) Genome dissection of traits related to
domestication in azuki bean (Vigna angularis) and comparison
with other warm-season legumes. Ann Bot 100:1053-1071

LaiJ, Li R, Xu X, Jin W, Xu M, Zhao H, Xiang Z, Song W, Ying K,
Zhang M, Jiao Y, Ni P, Zhang J, Li D, Guo X, Ye K, Jian M,
Wang B, Zheng H, Liang H, Zhang X, Wang S, Chen S, Li J, Fu
Y, Springer NM, Yang H, Wang J, Dai J, Schnable PS, Wang J
(2010) Genome-wide patterns of genetic variation among elite
maize inbreds. Nat Genet 42:1027-1030

Lam HM, Xu X, Liu X, Chen W, Yang G, Wong FL, Li MW, He W,
Qin N, Wang B, Li J, Jian M, Wang J, Shao G, Wang J, Sun
SSM, Zhang G (2010) Resequencing of 31 wild and cultivated

@ Springer

soybean genomes identified patterns of genetic diversity and
selection. Nat Genet 12:1053-1059

Lambrides CJ, Godwin ID (2007) Mungbean. In: Kole C (ed)
Genome mapping and molecular breeding in plants, vol 3.,
Pulses, sugar and tuber cropsSpringer, Germany, pp 69-90

Lawn RJ (1979) Agronomic studies on Vigna spp. in southeastern
Queensland 1. Phenological response of cultivars to sowing date.
Aust J Agric Res 30:855-870

Li H, Durbln R (2009) Fast and accurate short read alignment with
Burrows—Wheeler transform. Bioinformatics 25:1754-1760

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth
G, Abecasis G, Durbin R (2009) 1000 genome project data
processing subgroup. The sequence alignment/map (SAM)
format and SAM tools. Bioinformatics 25:2078-2079

Lu Y, Yan J, Guimaraes CT, Taba S, Hao Z, Gao S, Chen S, Li J,
Zhang S, Vivek BS, Magorokosho C, Mugo S, Makumbi D,
Parentoni SN, Shah T, Rong T, Crouch JH, Xu Y (2009)
Molecualr characterization of global maize breeding germplasm
based on genome-wide single nucleotide polymorphisms. Theor
Appl Genet 120:93-115

Mammadov JA, Chen W, Ren R, Pai R, Marchione W, Yalcin F,
Witsenboer H, Greene TW, Thompson SA, Kumpatla SP (2010)
Development of highly polymorphic SNP markers from the
complexity reduced portion of maize [Zea mays L.] genome for
use in marker-assisted breeding. Theor Appl Genet 121:577-588

Menancio-Hautea D, Fatokun CA, Kumar L, Danesh D, Young ND
(1993) Comparative genome analysis of mungbean (Vigna
radiata L. Wilczek) and cowpea (V. unguiculata L. Walpers)
using RFLP mapping data. Theor Appl Genet 86:797-810

Moe KT, Chung J-W, Cho Y-I, Moon J-K, Ku J-H, Jung J-K, Lee J,
Park Y-J (2011) Sequence information on simple sequence
repeats and single nucleotide polymorphisms through transcrip-
tome analysis of mungbean. J Integr Plant Biol 53:63-73

Murray MG, Palmer JD, Cuellar RE, Thompson WF (1979)
Deoxyribonucleic acid sequence organization in the mungbean
genome. Biochem 18:5259-5266

Novaes E, Drost DR, Farmerie WG, Pappas GJ Jr, Grattapaglia D,
Sederoff RR, Kirst M (2008) High-throughput gene and SNP
discovery in Eucalyptus grandis, an uncharacterized genome.
BMC Genomics 9:312

Peace C, Bassil N, Main D, Ficklin S, Rosyara UR, Stegmeir T,
Sebolt A, Gilmore B, Lawley C, Mockler TC, Bryant DW,
Wilhelm L, Iezzoni A (2012) Development and evaluation of a
genome-wide 6 K SNP array for diploid sweet cherry and
tetraploid sour cherry. PLoS ONE 7:e48305

Rafalski A (2002) Application of single nucleotide polymorphisms in
crop genetics. Curr Opin Plant Biol 5:94-100

Semagn K, Magorokosho C, Vivek BS, Makumbi D, Beyene Y,
Mugo S, Prasanna BM, Warburton ML (2012) Molecular
characterization of diverse CIMMYT maize inbred lines from
eastern and southern Africa using single nucleotide polymorphic
markers. BMC Genomics 13:113

Shirasawa K, Isobe S, Hirakawa H, Asamizu E, Fukuoka H, Just D,
Rothan C, Sasamoto S, Fujishiro T, Kishida Y, Kohara M,
Tsuruoka H, Wada T, Nakamura Y, Sato S, Tabata S (2010) SNP
discovery and linkage map construction in cultivated tomato.
DNA Res 17:381-391

Smartt J (1984) Gene pools in grain legumes. Econ Bot 38:24-35

Somta P, Srinives P (2007) Genome research in mungbean (Vigna
radiata (L.) Wilczek) and blackgram (V. mungo (L.) Hepper).
ScienceAsia 33(Suppl 1):69-74

Somta P, Musch W, Kongsamai B, Chanprame S, Nakasathien S,
Toojinda T, Sorajjapinun W, Seehalak W, Tragoonrung S,
Srinives P (2008) New microsatellite markers isolated from
mungbean (Vigna radiata (L.) Wilczek). Mol Ecol Res
8:1155-1157







Theor Appl Genet (2013) 126:2017-2027

2027

Tangphatsornruang S, Somta P, Uthaipaisanwong P, Chanprasert J,
Sangsrakru D, Seehalak W, Sommanas W, Tragoonrung S,
Srinives P (2009) Characterization of microsatellites and gene
contents from genome shotgun sequences of mungbean (Vigna
radiata (L.) Wilczek). BMC Plant Biol 9:137

Van K, Hwang E-Y, Kim MY, Kim Y-H, Cho Y-I, Cregan PB, Lee
S-H (2004) Discovery of single nucleotide polymorphisms in
soybean using primers designed from ESTs. Euphytica 139:
147-157

Van K, Kim DH, Shin JH, Lee S-H (2011) Genomics of plant genetic
resources: past, present and future. Plant Genet Resour 9:155-158

Van K, Kang YJ, Shim SR, Lee S-H (2012) Genome-wide scan of the
soybean genome using degenerate oligonucleotide primed PCR:
an example for studying large complex genome structure. Genes
Genomics 34:467-474

Verdcourt B (1970) Studies in the Leguminosae—Papilionoideae for
the flora of tropical East Africa. IV. Kew Bull 24:507-569

Vishnu-Mittre A (1974) Palaeobotanical evidence in India. In:
Hutchison J (ed) Evolutionary studies in world crops. Cambridge
University Press, Cambridge, pp 3-30

Xu Y, Lu Y, Xie C, Gao S, Wan J, Prasanna BM (2012) Whole-
genome strategies for marker-assisted plant breeding. Mol Breed
29:833-854

You FM, Huo N, Deal KR, Gu YQ, Luo M-C, McGuire PE, Dvorak J,
Anderson OD (2011) Annotation-based genome-wide SNP
discovery in the large and complex Aegilops tauschii genome
using next-generation sequencing without a reference genome
sequence. BMC Genomics 12:59

Zhu YL, Song QJ, Hyten DL, Van Tassell CP, Matukumalli LK,
Grimm DR, Hyatt SM, Fickus EW, Young N, Cregan PB (2003)
Single-nucleotide polymorphisms in soybean. Genetics 163:
1123-1134

@ Springer







			Genome-wide SNP discovery in mungbean by Illumina HiSeq


			Abstract


			Introduction


			Materials and methods


			Plant materials


			DNA isolation and whole-genome sequencing


			Sequence analysis and SNP discovery


			Validation of putative SNPs by Sanger sequencing





			Results


			Mungbean whole-genome sequencing by NGS


			Generation of Sunhwanokdu contigs and mapping of Gyeonggijaerae 5 Illumina HiSeq reads to the Sunhwanokdu contigs


			Detection and distribution of SNPs and indels between Sunhwanokdu and Gyeonggijaerae 5


			Validation of putative SNPs





			Discussion


			Acknowledgments


			References












2014_GG_Genome wide comparative analysis of flowering genes between arabidopsis and mungbean.pdf

Genes Genom
DOI 10.1007/s13258-014-0215-8

RESEARCH ARTICLE

Genome-wide comparative analysis of flowering genes

between Arabidopsis and mungbean

Sue K. Kim * Taeyoung Lee - Yang Jae Kang -
Won Joo Hwang * Kil Hyun Kim - Jung-Kyung Moon -
Moon Young Kim - Suk-Ha Lee

Received: 13 May 2014/ Accepted: 19 August 2014

© The Genetics Society of Korea and Springer-Science and Media 2014

Abstract Mungbean is one of the major crops grown in
South, East and Southeast Asia because of a high quality of
amino acid profile; however, its asynchronous flowering
time makes difficult to harvest at a time. Synchronization
of flowering time is important to reduce labor costs for
harvesting. With the availability of next generation
sequencing data of mungbean, we approached a strategy of
comparative genomics to identify mungbean homologous
counterpart of A. thaliana genes that are known to be
involved in flowering pathways, followed by a comparative
soybean quantitative trait loci (QTL) analysis of the puta-
tive mungbean flowering-related genes. Co-localization of
mungbean QTL associated with days to first flower day
(FLD) was also identified using the EST-SSR markers from
a previous study. Additionally, based on the mungbean
transcriptome data with a distinct flowering stage of R2,
FPKM (Fragments Per Kilobase per Million mapped reads)
expression analysis of all the genes found in paralogous
synteny blocks was conducted to examine expression pat-
terns of the genes that have undergone a whole genome
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duplication event. Our results indicate that the paralogous
flowering genes along with other genes within a same
synteny block have evolved together at the macro-synteny
scale. This study provides insights into mungbean flower-
ing genes, in which they can be used as tools in order to
improve flowering synchronization and to increase yield.

Keywords Mungbean - Comparative mapping -
Quantitative trait loci - Comparative genomics - FPKM -
Whole genome duplication

Introduction

Cultivated mungbean (Vigna radiata var. radiata) is pre-
sumed to be domesticated from wild relative V. radiata var.
sublobata, and archeological records suggests that it is
considered to have been domesticated in India (Jain and
Mehra 1980; Smartt 1990). It is a major crop in South, East
and Southeast Asia cultivating about 90 % of the world’s
mungbean production (Lambrides and Godwin 2007). Due
to nutritional quality of high protein, it is used in a variety
of food applications. However, although it has a valuable
contribution to human diet, one of the characteristics of
mungbean results in difficult to harvest and time consum-
ing (Mondal et al. 2011), because of a phenomenon of
asynchrony in pod maturity. In mungbean, there are three
different harvesting periods—an initial harvest occurs in
about 70-75 days after sowing (DAS), and subsequently,
two additional harvests are conducted approximately after
3 and 10 days from the first harvest (Mondal et al. 2011;
Rahman 1991).

In the Pulses Research Center (PRC) at the Bangladesh
Agricultural Research, the examination of mungbean yields
response to synchronous versus asynchronous flowering
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was conducted using mungbean accessions with different
maturity groups. The accession NM-94 that had synchrony
in maturity introduced from the Asian Vegetable Research
and Development Center (AVRDC) yielded approximately
1.6-2.0 tons per hectare (t/ha), whereas relatively lower
yields were produced for those accessions belonging to
asynchrony and quite synchrony in maturity. The asyn-
chronous accession BMX841121 developed from the PRC
yielded 1.1-1.3 t/ha, and the quite synchronous accession
NM-92 from the AVRDC produced a total yield of
1.4-1.45 t/ha (Ali 2011). Therefore, synchronization of
flowering plays an important role in crop species to
increase the number of flowers, pods, and ultimately to
maximize the yield production (Marcolino-Gomes et al.
2014).

There have been increased efforts to identify genetic
loci controlling important agronomic traits (quantitative
trait loci or QTLs) in mungbean using genetic markers and
linkage maps, including days to first flower (FLD), days to
first pod maturity (PDDM), days to maturity of first pod
(PDDM), days to harvest (PDDH), 100 seed weight
(SD100WT), and pod length (PDL) (Kajonphol et al. 2012;
Isemura et al. 2012), as well as quantitative disease resis-
tance QTL of yellow mosaic Indian virus (Chen et al.
2013) and powdery mildew (Kasettranan et al. 2010).
However, the genetic linkage maps alone cannot establish
what the underlying gene or genes influencing flowering
time in mungbean because many of the QTLs span broad
regions of the genome. In contrast to mungbean, there have
been many soybean QTLs identified and reported in Soy-
Base corresponding to approximately 900 quantitative
traits (http://www.SoyBase.org). These information may
provide important clues in investigating of flowering genes
in mungbean by a comparative QTL mapping approach.

With advances of sequencing technologies, comparative
genomic analyses have been able to shed light on identi-
fication of agronomic traits and genes corresponding to
those traits for plant improvement in many crop species.
Once a first sequencing draft of whole genome of an
organisms is available, it can be used as the reference
genome for detecting single-nucleotide polymorphisms
(SNPs) of a closely related species by comparing its
sequence reads to that of the reference sequence (Now-
rousian 2010). This approach for SNP discovery of
between or among species has been commonly used in
various crops including rice, maize and soybean (Lam et al.
2010; Huang et al. 2009; Lai et al. 2010). Furthermore,
along with the identification of genetic variants, tran-
scriptome analysis using RNA sequencing has been an
important tool as it provides expression profiling of genes,
especially, that are being involved in particular responses.
The mungbean genomic data of two domesticated V. rad-
iata, and its wild relative V. radiata var. sublobata, are now
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available (http://plantgenomics.snu.ac.kr). These data,
thereby, have initiated a genome-wide comparative ana-
lysis between domesticated and wild mungbean regarding
flowering genes since synchronized flowering is a common
domesticated traits along with a loss of seed dormancy and
changes in photoperiod sensitivity (Doebley et al. 2006). In
addition, the V. radiata var. radiata transcriptome analysis
from flowering tissues at a R2 stage performed by Illumina
next-generation sequencing is also available, enabling the
elucidation of how flowering genes have evolved after a
whole genome duplication (WGD) event.

The objectives of this study were (1) to search mung-
bean homologues of A. thaliana flowering genes that are
known to be involved in flowering pathways, (2) to identify
wild-allele-specific nonsynonymous SNPs using de novo
and resequencing data of the two V. radiata var. radiata
and one V. radiata var. sublobata accessions, (3) to
investigate mungbean nonsynonymous homologous genes
to Arabidopsis thaliana genes, (4) to perform a compara-
tive mapping of soybean QTLs associating flowering time
and first flower across the mungbean genome to speculate
whether the putative flowering genes were co-localized
with any of the soybean QTLs, (5) to reveal expression
patterns of the mungbean paralogous flowering genes
affected by a WDG event based on transcriptome analysis.

Materials and methods
Mungbean flowering genes analysis

We acquired the de novo sequence of domesticated
V. radiata var. radiata accession VC1973, referred to as a
cultivar ‘Seonhwanogdu’ in Korea. To investigate the
mungbean homologue counterpart to a total of 207
A. thaliana flowering-related genes retrieved from our pre-
vious study (Kim et al. 2013), of which 183 are known to be
involved in flowering regulatory pathways (Fornara et al.
2010) and 24 genes that had the orthologue groups as known
flowering genes (Jung et al. 2012), we used the sequence of
VC1973 and found the A. thaliana flowering gene homologs
using BLASTX with an e-value cutoff of le-10.

The sequenced reads of a domesticated landrace of V.
radiata var. radiata accession V2984 called ‘Kyung-Ki Jae-
rae #5 and its wild relative V. radiata var. sublobata accession
TC1966 were acquired (http://plantgenomics.snu.ac.kr/) and
were mapped to the reference genome of VC1973. For the
identification of wild-allele nonsynonymous specific SNPs,
all of the sequence reads were aligned, and a SNP calling was
made when there was an allelic variant at the locus in the wild
mungbean compared to the two domesticated mungbeans
having no allelic variant. We found the flowering-related
homologs and genes exhibiting nonsynonymous substitutions
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between the wild and domesticated mungbeans using
BLASTX with an e-value cutoff of le-10.

The five important loci controlling response to flowering
time in soybean, E1 (Glyma06g23040; Xia et al. 2012), E2
(Glymal0g36600; Watanabe et al. 2011), E3 (Gly-
mal9g41210; Watanabe et al. 2009), E4 (Glyma20g22160;
Liu et al. 2008), and GmFTs (Glymal6g26660/Gly-
mal6g04830; Kong et al. 2010), were used to investigate
homologous genes containing nonsynonymous base substi-
tutions in wild mungbean. Once the mungbean flowering
homologs were speculated, co-localization of the reported
soybean QTLs of flowering time and first flower using the
identified mungbean genes ranging within the flanking
interval of 1-Mb was investigated. Mungbean QTLs were
identified based on comparative mapping of soybean QTLs
retrieved from the Soybase Web site (http://www.soybase.
org/dlpages/index.php). A comparative QTL mapping was
done by comparing every synteny block containing DNA
markers flanking the soybean QTL interval of 1-Mb to its
corresponding mungbean synteny block using BLASTP
searches, and then they were then positioned on the mung-
bean genome through software MCScanX with default
parameters (Wang et al. 2012).

We used EST (sequence tag)-SSR (short tandem
repeats) markers from a previous study (Isemura et al.
2012) located near the days to first flower (FLD) QTL on
the genetic linkage map to see which markers are aligned
to our wild mungbean accession. This analysis was per-
formed by implementing the electronic polymerase chain
reaction (ePCR) program from the National Center for
Biotechnology Information website (www.ncbi.nlm.nih.
gov/sutils/e-pcr).

Analysis of whole genome duplication (WGD)

The V. radiata WGD was estimated by comparing collin-
earity of synteny blocks. The mungbean protein sequences
were self-compared using BLASTP searches with an
E-value threshold of le™> and parsed out top 5 hits. Con-
sequently, the collinear synteny blocks were calculated by
software MCScanX with default parameters (Wang et al.
2012). We calculated Ks values of the homologs within
collinearity blocks using the perl script, add_ka_and_k-
s_to_collinearity.pl, from MCScanX package. All of the Ks
values were distributed and its peak value was detected at
0.64 corresponding to WGD. The synteny blocks at the peak
had the median value of 0.65 of which this Ks value was
considered to be a representative of the collinear blocks.

Expression patterns of paralogous flowering genes

We acquired all of the WGD derived paralogous flowering
gene pairs in mungbean that were homologous to A.

thaliana flowering genes within the substitutions per syn-
onymous site (Ks) range between 0.6 and 0.7. After
retrieving the transcriptome data of tissues from a R2
flowering stage of one of the domesticated V. radiata
(Seonhwanogdu) deposited at http://plantgenomics.snu.ac.
kr/, the Tuxedo suite pipeline of bowtie (Langmead et al.
2009), tophat (Trapnell et al. 2009), and cufflinks (Trapnell
et al. 2010) was performed to evaluate expression values of
paralogous flowering gene pairs by calculating Fragments
Per Kilobase of exon per Million fragments mapped
(FPKM) (Mortazavi et al. 2008), and these values were
plotted as log;o(FPKM + 1). Expression association of
paralogous gene pairs was determined by the Pearson
correlation coefficient (r).

Results
Mungbean homologues of A. thaliana flowering genes

In V. radiata, 129 mungbean genes were matched to the
207 A. thaliana flowering genes (Fig. 1, Table S1). We
classified these genes into seven major flowering pathways
including light signaling pathway (L), ambient temperature
(AM), autonomous pathway (AU), flowering pathway
integrators (FPI), meristem identity (MI), gibberellins (G),
and vernalization pathway (V).

We identified that the majority of 44 mungbean genes
that were homologues of 65 A. thaliana genes in corre-
spondence to the light signaling pathway, which included
PHYTOCHROME A and B (PHYA and PHYB), CON-
STANS-LIKE 2 and 3 (COL2 and COL3), LATE ELON-
GATED HYPOCOTYL (LHY), CRYPTOCHROME (CRY),
FLAVIN BINDING KELCH REPEAT F-BOX (FKFI), and
TIMING OF CAB EXPRESSION 1 (TOCI). Most of the
light signaling pathway A. thaliana genes were detected in
mungbean as a one-to-one homolog relationship with an
exception of PHYTOCHROME. There were PHYA though
PHYE in Arabidopsis, whereas only PHYB was present in
mungbean. Moreover, 20 homologous genes accounting for
the vernalization pathway were found in mungbean out of
27 of the A. thaliana genes, such as REDUCED VER-
NALIZATION RESPONSE 1, 2, and 5 (VRNI, VRN2, and
VRN5), AGAMOUS-LIKE 24 (AGL24), PHOTOPERIOD-
INDEPENDENT EARLY FLOWEIRNG 1 (PIEl), VER-
NALIZATION INDEPENDENCE 4 (VIP4), AGAMOUS-
LIKE 19 (AGL19), and MADS AFFECTING FLOWERING
1, 3,4, and 5 (MAFI, MAF3, MAF4, and MAF5). Among
these four FLC paralogs MAFs, only MAFI was homo-
logue to a mungbean gene (Vradi08g02530). Furthermore,
using 26 Arabidopsis flowering pathway integrator genes,
half of those genes were detected to be homologues to
mungbean, and the rest of the missing genes were identified
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Fig. 1 Circos plot of mungbean
genome-wide analysis. a SNP
distributions between
domesticated and wild
mungbeans, b distribution of
wild-allele-specific
nonsynonymous SNPs,

¢ V. radiata homologous
(green) and nonsynonymous
homologous (black) genes of A.
thaliana flowering genes; those
mungbean homologs
corresponding to soybean
GmFT2a (VradiOlg09590.1),
E3 (VradiO8g11890.1), and E4
(VradiO8g11890.1) were circled
in red, d mungbean
chromosomes accompanied by
the co-localization of soybean
QTLs for two traits of flowering
time and first flower and the
four mungbean SSR markers
closed to days to first flower
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to be involved mostly in NUCLEAR FACTOR (NF-Y) and
GENERAL REGULATORY FACTOR (GRF). There were
13 mungbean homologs counterparts of 20 Arabidopsis
genes involved in the autonomous pathway, in which they
were FLOWERING LATE KH MOTIF (FLK), FLOW-
EIRNG LOCUS D (FLD), LUMINIDEPENDENS (LD), and
FLYV [also known as MULTICOPY SUPPRESSOR OF IRA
1, 2, and 3 (MSI1, MSI2, and MSI3)]. In mungbean, the two
members of the MSI family were missing (MSII and
MSI3), as well as SWN which is one of the three homologs
of E(z), one of the component of the Polycomb Repressive
Complex 2 (PRC2). Nearly all of the nine genes that are
known to be involved in the ambient temperature pathway
in Arabidopsis—only those genes in the following path-
ways were missing: SHORT VEGETATIVE PHASE (SVP),
PHYE, and PSEUDO-RESPONSE REGULATOR 7
(PRR7). In terms of the floral meristem identity genes, we
detected 15 homologs in mungbean where there were a
total of 26 genes involved in LFY, APETALA 1 (API),
FRUITFUL (FUL), CAULIFLOWER (CAL), and PI-
STILLALA (PI). Interestingly, all of the four SEPALLATA 1
through 4 (SEPI, SEP2, SEP3, and SEP4) were absent in
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mungbean in which they are important for encoding MADS
domain transcription factors. The two homologs of the
gibberellin pathway in A. thaliana were detected in
mungbean, including SECRET AGENT (SEC) and SPIN-
DLY (SPY).

Wild-allele-specific mungbean homologs
of the flowering-related genes of A. thaliana

We investigated the flowering genes in mungbean exhib-
iting nonsynonymous substitutions between wild and
domesticated mungbean. First, we detected a total number
of 2,425,069 wild-allele-specific SNPs including a total of
26,752 synonymous and 24,599 nonsynonymous SNPs
(Table 1) from genome sequence comparison obtained
from three different mungbean genotypes. And then,
flowering-related genes were identified by conducting
BLASTX searches. There were 79 homologs of 207 A.
flowering-related genes (Fig. 1), showing
nonsynonymous substitutions between wild and domesti-
cated mungbean, of which approximately 20 % of the wild
mungbean flowering allele were found to be involved in the

thaliana
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Table 1 Classification of the wild-allele specific SNPs of mungbean revealed by genome sequence comparison obtained from two domesticated

mungbeans (Seonhwanogdu and Kyung-Ki Jaerae#5) and wild mungbean (accession TC1966)

Acc. Variant Genic
type
P No. of Total (No. 5" UTR (No. CDS (No. of genes) 3’ UTR (No. Intron (No.
variants of genes) of genes) of genes) of genes)
Synonymous Nonsynonymous
Wild SNP 2,425,069 306,024 9,147 26,752 24,599 (9,344) 8,957 236,569
mungbean (1 bp) (17,165) (4,092) (10,766) (3,976) (14,050)

Table 2 Mungbean flowering-

- Loci Soybean functional gene Mungbean homologs Amino acid change

gene homologs to the important
flowering-related genes in El Glyma06g23026 Vradi02g13810.1 synonymous
soybean E2 Glymal0g36600 - -

E3 Glymal9g41210 Vradi08g11890.1 nonsynonymous

E4 Glyma20g22160 Vradi08g11890.1 nonsynonymous

GmFT2a/ Glymal9g41210/ Vradi01g09590.1/ synonymous/

GmFT2b Glyma20g22160 Vradi0007s01810.1 nonsynonymous

light singling pathway. The remaining genes were identi-
fied including two AM, eight AU, eight FPI, seven MI, one
G, and 12 V pathway genes. Most of the genes that were
identified to have SNPs between the two species were
targeting to the light signaling and vernalization pathways,
which include the genes of PHYTOCHROME (PHY),

flower and flowering time soybean QTLs were positioned on
the mungbean genome, and we detected 17 loci controlling
flowering behaviors in which they were co-localize on chro-
mosome (chr) 3, chr 7, chr 8, and chr 11 (Fig. 1). Among 79
nonsynonymous flowering genes in mungbean, 15 genes were
detected within a 1-Mbp flanking interval of flowering QTLs.

CRYPTOCHROME (CRY), HYPOCOTYL (LHY), and  These genes were: Vradi03g04520.1, Vradi03g05800.1,
CONSTANS-LIKE 2 (COL2), AGAMOUS-LIKE 19  Vradi07g13200.1, Vradi07g14630.1,  Vradi07g15250.1,
(AGL19), REDUCED VERNALIZATION RESPONSE 1 VradiO7¢17180.1,  Vradi07g22250.1,  VradiO8g01900.1,
(VRN1), and VERNALIZATIONS/VIN3-LIKE PROTEIN 1 VradiO8g02530.1,  Vradi08g02950.1,  VradiO8g03650.1,

(VELI) (Table S2).

Co-localization of the nonsynonymous and flowering
genes with QTLs

VradiO8g16780.1, Vradillg01760.1, Vradillg03240.1, and
Vradil 1g04600.1. Moreover, the SSR markers near the QTL
traits of days to first flower (FLD) from the current available
genetic linkage map (Isemura et al. 2012) were positioned on

mungbean chr 1 for CEDG281 (position:
We compared the sequences of the five identified important 14044856-14045055), chr 2 for CEDG245 (position:
loci in soybean (El, E2, E3, E4, and GmFTs) controlling 7010514-7010642), chr 3 for MBSSRO15 (position:

flowering time to that of the putative mungbean flowering
genes. The homologous counterparts of these soybean
genes were detected in mungbean, and they are Vrad-
i02g13810.1 (E1), VradiO8g11890.1 (E3, E4), and Vrad-
i01g09590.1/VradiO007s01810.1 (GmFT2a/GmFT2b).
Among these, three of the genes that were homologues of
E3, E4, and GmFTs revealed nonsynonymous nucleotide
substitutions (Table 2); however, the scaffold Vrad-
i0007s01810.1 gene that was homologue of GmFT2b could
not be positioned on the mungbean genome as it has not yet
been anchored.

To determine whether the nonsynonymous mungbean
genes identified by the comparison between wild and
domesticated mungbean were co-localized with the soybean
QTLs associating flowering time and first flower, the first

9286515-9286670), and chr 5 for CEDGO026 (position:
2534969-2535115. We found that two nonsynonymous
genes, Vradi01g08230.1 and Vradi05g15770.1, that were co-
localized with the EST-SSR markers of CEDG281 and
CEDGO026 (Fig. 1).

Expression patterns of paralogous flowering genes

In the mungbean genome, there were 300 pairs of synteny
blocks. The Ks values of each duplicated pair were dis-
tributed, exhibiting a distinct peak at a Ks value of 0.64
(Fig. 2a). In the Ks peak ranged between 0.6 and 0.7, we
retrieved 16 synteny blocks containing at least one putative
mungbean flowering gene pair assumed to be derived from
a WGD and showing duplication syntenies between
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Fig. 2 Summary of synteny A 7
relationships in the mungbean
genome. a Distribution of the
Ks values of mungbean 50
homologs generated by RNA- 40

seq data. The peak value was at
0.64, b Duplication patterns of 30
the synteny blocks and

. 20
flowering-related genes (black
dots) derived from an ancient 10
duplication event 0
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chromosomes (Fig. 2b). Based on the transcriptome data of
domesticated mungbean (Seonhwanogdu), we were able to
identify expression patterns of the genes within pairs of
paralogous synteny block sets.

Within the 16 synteny blocks, there were 523 paralogous
gene pairs, among which 19 genes were putative mungbean
flowering genes. Expression values were calculated based
on the number of fragments per kilobase of exon per mil-
lion fragments mapped (FPKM) (Mortazavi et al. 2008).
We found that the genes located in seven synteny blocks
showed a moderate to strong correlation between the pairs

@ Springer
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of the synteny blocks. The Pearson correlation coefficient
was considered to be moderate when the values ranging
between 0.40 and 0.59 and 0.6-0.79 as strong. In the
synteny blocks exhibiting a strong correlation to each other
(block 3, 42, 63, 88, 121, 144, and 202), there were key
Arabidopsis flowering genes involved in the light signaling
pathway such as CCAI, CO, COLI, COL2, PIF, and CIBI
and in the autonomous pathway including FPA, and FLC
(Table S3). Moreover, there were two synteny paired
blocks exhibiting bidirectional FPKM expression patterns
(Fig. 3), where all of the genes on each paralogous synteny
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had equalizing gene expression. In addition, these synteny
blocks had a flowering STM gene involved in a shoot
meristem regulating pathway in block 193, and in block
206, there were flowering genes of CKAI, CKA2, TOES3,
AP2 (Table S3).

Discussions

We have provided insights into mungbean flowering genes
from the integration and comprehension of the current
available genome and RNA sequence data of mungbean.
Up until now, very little research has been done regarding
the evolution and domestication of flowering traits in
mungbean has been reported, even though it is one of the
valuable crops in Asia. Using the 207 Arabidopsis flow-
ering-related genes (Kim et al. 2013), we have detected that
there are 129 V. radiata homologs of A. thaliana flower-
ing-related 207 genes (Table S1), showing the existence of
gene copy-number variations (CNVs) between the two
species. The difference in gene numbers may have derived
from gene duplications and deletions occurred during the
evolutionary process in mungbean. From the comparison of
mungbean and Arabidopsis flowering genes, some of the
Arabidopsis flowering genes among paralogous family
members are missing in mungbean. For example, the three
paralogues of MSII through MSI3 and four paralogues of
MAF] through MAF4 found in Arabidopsis were not all
identified in the mungbean genome. Only MSI2 and MAF]
were detected in the mungbean flowering gene set. Thus,
such CNVs are playing may have contributed to pheno-
typic variation including flowering time in mungbean as
these CNVs can substantially affect the gene expression
and transcriptome levels (Henrichsen et al. 2009).

From a genomic comparison between wild and domes-
ticated mungbean, we have identified flowering-related
genes in mungbean exhibiting nonsynonymous nucleotide
substitutions as changes in amino acids may have affected
protein structure and function that could have contributed
to the domestication process. Nonsynonymous nucleotide
substitutions are of great resources in investigating the
genes influenced by phenotypic changes as they may lead
to some extents of domestication. Since there has not been
much research done associated with flowering genes in
mungbean, we used five key genes underlying flowering
time in soybean and Arabidopsis flowering-related genes to
determine whether nonsynonymous substitutions were
present in the putative mungbean flowering genes (Fig. 1).
Among them, nonsynonymous SNPs were detected in the
putative flowering genes in wild mungbean including E3
(Watanabe et al. 2009), E4 (Liu et al. 2008), and GmFTs
(Kong et al. 2010). Both E3 and E4 are known to be
involved in encoding PHYA homologs (Xia et al. 2012).

@ Springer

The E3 and E4 genes were located in two different posi-
tions on chr 19 and chr 20 in the soybean genome,
respectively; however, only one homolog for both E3 and
E4 was identified in mungbean (Table 2). From the pre-
vious studies in soybean, the normal function allele at E3
flowering locus delays under long-day (LD) conditions
when exposed to high red/far-red (R:FR) (Cober et al.
1999). In contrast, early flowering is promoted under LD
conditions with a loss-of-function allele of E4 (Liu et al.
2008). These findings suggest that early and late flowering
can be caused by the function of E3 and E4, and that
mungbean having only one gene instead of two like in
soybean may have affected the flowering time in
mungbean.

We have performed a comparative mapping of QTLs in
mungbean as it is a powerful tool in investigating putative
QTLs associating to particular traits. Based on the soybean
and mungbean QTLs, we have detected 15 genes co-
localized with the soybean QTLs of flowering time and first
flower traits, and two genes co-localized with the mung-
bean QTL of days to first flower. Furthermore, with EST-
SSR markers from the mungbean genetic linkage map
(Isemura et al. 2012), we positioned four markers,
CEDG026, MBSSRO15, CEDG245, and CEDG281, cor-
responding to days to first flower (FLD) at the QTL posi-
tion on LG2, LG4, LG6, and LG11, respectively. Two of
the markers (CEDG281 and CEDG026) were detected to
be overlapped with the nonsynonymous genes (Vrad-
i01g08230.1 and VradiO5g15770.1) between wild and
domesticated mungbean. This finding implies that these
genes detected by both soybean and mungbean QTLs can
be used as excellent candidate genes to identify flowering
time in mungbean, as well as further gene functional ana-
lysis. Additionally, there were many nonsynonymous genes
resided on the regions of the soybean flowering QTLs. This
phenomenon of nucleotide substitutions in the flowering
QTL is high likely attributed to phenotypic differences
between wild and cultivated crops (Tanksley and McCouch
1997).

Based on the RNA-seq data analysis, our transcriptome
data representing a flowering stage of R2 from the
domesticated mungbean show that pairs of paralogous
synteny blocks which include the mungbean flowering
genes have moderate to high positive correlated FPKM
values. These paralogous synteny blocks have exhibited the
co-regulation expression patterns (Fig. 3). In soybean,
similar expression patterns and gene functions were
detected in those paralogous flowering genes located
within the same clades in the phylogenetic tree (Jung et al.
2012). The co-regulation expression patterns in paralogous
synteny pairs in mungbean are highly likely to be induced
by WGD in order to maintain balanced expression patterns.
It is plausible to say that these duplicated genes are the
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dosage-balanced genes. They have a short lifespan in
which they eventually become pseudogenes (Moore and
Purugganan 2005), sub-functionalized (Cusack and Wolfe
2007), and neo-functionalized (Blanc and Wolfe 2004)
duplicates exerted selective forces on the entire synteny
block, instead of one single gene. The two synteny blocks
showed bidirectional expression patterns on synteny block
193 and 206, in which they contain important flowering
homolog genes of A. thaliana including STM, CKAI,
CKA2, TOE3, and AP2. Only one of the synteny blocks had
high expression whereas relatively low expression on its
paralogous synteny block. It could be possible that these
are the dosage sensitive or subfunctionalized genes for the
maintenance of gene dosage balance (Edger and Pires
2009).

Overall, we showed that the flowering-related homologs
of A. thaliana have caused amino acid changes between
wild and domesticated mungbean. These genes involved in
the major flowering pathways can be candidate genes for
controlling flowering time in mungbean. Also, evidence of
how flowering genes were evolved during WDG was
observed. In mungbean, genes underlying flowering time
have not been reported, and out data provide insights that
can be utilized in the future mungbean breeding for syn-
chronization of flowering time.
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Abstract

Nitrogen fixation in legumes is an important agricultural trait that results from symbiosis
between the root and rhizobia. To understand the molecular basis of nodulation, recent
research has been focused on the identification of nodulation-related genes by functional anal-
ysis using two major model legumes, Medicago truncatula and Lotus japonicus. Thus far, three
important processes have been discovered, namely Nod factor (NF) perception, NF signalling
and autoregulation of nodulation. Nevertheless, application of the results of these studies is
limited for non-model legume crops because a reference genome is unavailable. However,
because the cost of whole-transcriptome analysis has dropped dramatically due to the Next
generation sequencer (NGS) technology, minor crops for which reference sequences are yet
to be constructed can still be studied at the genome level. In this study, we sequenced the
leaf and root transcriptomes of Vigna angularis (accession IT213134) and de novo assembled.
Our results demonstrate the feasibility of using the transcriptome assembly to effectively
identify tissue-specific peptide clusters related to tissue-specific functions and species-specific

nodulation-related genes.

Keywords:

Introduction

Nodulation is an important trait of legumes that
allows atmospheric nitrogen to be converted into plant-
consumable ammonia by symbiosis with the rhizobia
(Ferguson et al., 2010). This process can be exploited
in sustainable agriculture to replace chemical nitrogen
fertilizers, the cost of which continues to rise along
with the price of fossil fuels. For the breeding practices
to improve its efficiency, it is essential to understand
the molecular basis of nitrogen fixation.

* Corresponding author. E-mail: sukhalee@snu.ac.kr
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Previous research has attempted to identify nodulation-
related genes using mutants of two major model legumes,
Medicago truncatula and Lotus japonicus, with regard to
flavonoid compound secretion for attracting rhizobia and
bacterial Nod factor (NF) perception of the root and auto-
regulation of nodulation (AON). Several genes have been
reported to be involved in the steps of these processes
(Ferguson et al., 2010).

In this study, we sequenced the leaf and root transcrip-
tomes of Vigna angularis (accession 1T213134) using
Mlumina HiSeq2000 and then assembled using the
Trinity software. Cluster analysis of the coding sequences
for each tissue revealed tissue-specific genes. The homol-
ogues of nodulation-related genes were assessed for
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tissue specificity and conservation among the legume
genomes.

Materials and methods

V. angularis (accession 1T213134) was used in this study.
The leaf triplet and root tissue samples were harvested at
stage V4. RNA was extracted using TRIzol (Invitrogen,
Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The mRNA was converted
into the template-sequencing library suitable for sub-
sequent cluster generation using the TruSeq RNA Sample
Preparation Kit (Illumina, San Diego, CA, USA). For RNA
sequencing, the Illumina HiSeq2000 platform was used to
produce about 5 GB for each library, and de novo assembly
using the Trinity software resulted in 49,509 and 62,922
complete coding sequences for leaf and root tissues
(Table S1, available online) (Grabherr et al., 2011).

Results and discussion
Transcriptome assembly and clustering

The peptide sequences derived from each tissue were
clustered using the OrthoMCL software to identify
tissue-specific peptides (Fig. 1(a)) (Li et al., 2003). The
longest peptide from each cluster was chosen as a repre-
sentative gene for gene ontology (GO) enrichment anal-
ysis (Fig. 1(a)). Notably, GO enrichment of root-specific
clusters revealed genes associated with ‘jon binding’,
‘protein binding’ and ‘calmodulin binding’ within the
‘Binding’ category, which is consistent with published
reports that demonstrated a role for MtDMI3/PsSYM9, a
calcium- and calmodulin-dependent protein kinase, in
the NF signalling cascade (Levy et al., 2004; Mitra et al.,
2004). The ‘Protein binding’ category includes receptor-
like kinases (RLKs) involved in NF binding. The RLK-
like genes in V. angularis were surveyed in detail follow-
ing RLK classification by Shiu and Bleecker (2001) using
the MapMan software (Fig. 1(b)) (Thimm et al., 2004).
This analysis revealed that LRR I, 1II, VII, X, and XI,
Crinkly4-like, DUF26, LRK10-like and RKF3-like are
mainly found in root-specific clusters.

Identification of nodulation-related genes

The 38 nodulation-related genes were obtained from the
NCBI (National Center for Biotechnology Information)
according to the literature (Ferguson et al., 2010). Of
these, 37 sufficiently matched to representative genes
from 24 clusters (Table 1). In addition, we aligned
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these nodulation-related genes against peptides derived
from the entire V. angularis transcriptome, including
those predicted from partial coding sequences, and
retrieved best hits to determine the orthologues of
V. angularis genes derived using the BLAST score
(Table S2, available online). All genes related to NF per-
ception matched to cluster C4537. The orthologues of
these genes were all root-derived peptides.

Genes associated with NF signalling were matched to
16 clusters. Root-derived orthologues were identified
for ten genes, namely MiDMI2, MtDMI3/PsSYMO,
MINSP1, MtERN1, MtIPD3/LjCYCLOPS, LjCERBERUS,
LjERF1 and MIEFD (Table S2, available online). On
the other hand, leaf-derived peptides were identified
as the orthologues of five genes, MININ, MtENODI11,
LjSIP1, MtRPG and MtHMGR1. However, the expression
of MtENOD11 has been demonstrated during nodule
development in M. truncatula (Journet et al., 2001),
while MtNIN is reportedly expressed in the leaf, root
and nodule, where its expression is highest (Schauser
et al., 1999). The expression of LjSIP1 has also been
shown in the leaf and root tissues of L. japonicus
(Zhu et al., 2008), while MtRPG has been detected at
low levels in the leaf and root of M. truncatula (Arrighi
et al., 2008). Nevertheless, MIHMGR1 is expressed in
the root and nodule of M. truncatula (Kevei et al.,
2007). The differences might result from the sampling
time of mRNA extraction. MtDMI1/LiCASTOR/LiPOLLUX,
LiNup85, LiNup133, MINSP2 and LjERF1 had ortho-
logues that were co-expressed in both leaf and root
tissues (Table S2, available online), consistent with
previous research on these model legumes. MtDMI1/
LiCASTOR/LJPOLLUX encodes potassium ion-channel
proteins. Although MtDMI1 is reportedly root specific
in M. truncatula, LjCASTOR and LjPOLLUX are expre-
ssed in the leaf and root (Imaizumi-Anraku et al.,
2005). LiNupi133 and LiNup85 encode nucleoporins,
which are expressed in both the root and leaf of
L. japonicus (Kanamori et al., 2006; Saito et al., 2007).
Similarly, MINSP2 is expressed in the leaf and root
of M. truncatula (Kalo et al., 2005). The expression
of LjERFI has been assessed in nodule-containing root
tissues and found to be present at the initial stage of
nodulation (Asamizu et al., 2008).

AON-related genes were matched to seven clusters, of
which three consisted of only root-derived peptides. This
analysis demonstrated that the orthologues of GmKAPP1,
GmKAPP2, PsNOD3 and LjKLAVIER were root-derived
peptides (Table S2, available online). Grafting exper-
iments have linked PsNOD3 to a root-specific function
in Pisum sativum (Li et al., 2009). LjKLAVIER is expressed
in the leaf and root of L. japonicus (Miyazawa et al.,
2010), while GmKAPP1 and GmKAPP2 have been
found to be expressed in the soybean leaf tissue
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Fig. 1. (@) Venn diagram depicting the tissue-specific peptide clusters and common peptide clusters. BinGO ontology
diagrams show the gene ontology enrichment pattern of leaf- and root-specific clusters. The numbers within parentheses
indicate the number of peptides within the clusters. (b) Receptor-like kinases (RLKs) in leaf- and root-specific clusters.
Several types of RLKs are root specific.
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Table 1. Nodulation-related peptide clusters derived from root and leaf transcriptomes

Y. ). Kang et al.

Number of
complete
peptides
Functions Cluster 1D Nodulation-related genes Root Leaf Ratio®
Nod factor perception C4537 GmNFR5, LiNFR1, LiNFR5, MtLYK3, 6 1 6.00
MtLYK4, MINFPand PsSYM10

Nod factor signalling cascade C3624 LjCASTOR, LjPOLLUX and MtDMI1 6 2 3
C1181 LjCERBERUS 2 40 0.05
C14626 LjCYCLOPS and MtIPD3 2 0 Rs
C13985 LjERF1 2 0 Rs
C11450 LjNup133 2 1 2
C15268 LjNup85 1 1 1
C2924 LjSIP1 1 9 0.11
C1666 MtDMI2 21 0 Rs
C11552 MtDMI3 and PsSYM9 3 0 Rs
C15320 MLEEFD 1 1 1
C14666 MIENODT11 2 0 Rs
C13602 MLEERNT 2 0 Rs
C2154 MENIN 15 0 Rs
C9428 MEtNSP1 4 0 Rs
C6073 MIENSP2 3 2 1.5
C6915 MtRPG 2 2 1

Autoregulation of nodulation C4613 GmKAPP1 and GmKAPP2 7 0 Rs
C3358 GmNARK, LjHART and MtSUNN 3 6 0.5
C10335 LjASTRAY 0 3 Ls
C5277 LjEIN2a 2 4 0.5
C2218 LJETR1 6 8 0.75
C14206 LjKLAVIER 2 0 Rs
C4531 PsNOD3 7 0 Rs

Rs, root specific; Ls, leaf specific.

?Ratio refers to number of complete root peptides to number of complete leaf peptides.

(Miyahara et al., 2008). Similarly, the orthologues of
GmNARK/LIHAR1/MISUNN were leaf-derived peptides.
GmNARK, LjHAR and MISUNN have been found to be
expressed in the leaf and root of Glycine max, L. japonicus
and M. truncatula, respectively (Nishimura et al., 2002a;
Searle et al., 2003; Schnabel et al., 2005). GmNARK con-
trols root nodule development by recognizing the root-to-
shoot Q signal and its orthologues expressed in the leaves
of V. angularis may play a similar role. It is notable that the
orthologues of GmKAPP were detected in the root tissue
and that its corresponding cluster, C4613, consisted of
only root-derived peptides (Table 1). We identified partial
coding sequences in the leaf that aligned against GmKAPP
with a score similar to that of the root orthologue (Table S2,
available online). This leaf-derived partial sequence may
play a role similar to that played by Kinase-associated pro-
tein phosphatases (KAPP), which interacts with Nodule
autoregulation receptor kinase (NARK) in the leaf accord-
ing to the model of systemic communication for nodulation
in P. sativum (Li et al., 2009). The orthologues of LJASTRAY
were found among both the leaf- and root-derived
peptides, despite a previous report showing the presence
of LJASTRAY complementary DNA in only the root tissue

of L. japonicus (Nishimura et al., 2002b). LjETRI and
LjEIN2a are required for monitoring ethylene sensitivity.
While the orthologue of LjETR1 was co-expressed in the
leaf and root, that of LjEIN2a was leaf specific.

Conclusion

We used clustering and GO enrichment analysis to
identify candidate RLK genes that may participate in NF
signalling and the orthologues of nodulation-related
genes. Transcriptome-derived peptides of V. angularis
possessed the orthologues of nodulation-related genes
with a high similarity. Tissue specificity was slightly
different between the model legumes; however, possible
paralogues that clustered with the orthologues exhibited
root- or leaf-specific expression, suggesting that the
evolution of V. angularis subfunctionalization differs
from that of other model legumes. These results demon-
strate the feasibility of applying the NGS technology to
effectively discover agriculturally important genes in
minor crops that do not have a complete reference
genome sequence.
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Abstract Adzuki bean, also known as red bean
(Vigna angularis), with 2n = 22 chromosomes, is an
important legume crop in East Asian countries,
including China, Japan, and Korea. For single nucle-
otide polymorphism (SNP) discovery, we used Vigna
accessions, V. angularis IT213134 and its wild relative
V. nakashimae IT178530, because of the lack of DNA
sequence polymorphism in the cultivated species.
Short read sequences of 1T213134 and IT178530 of
approximately 37 billion and 35 billion bp were
produced using the Illumina HiSeq 2000 system to a
sequencing depth of 61.5x and 57.7x, respectively.
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After de novo assembly was carried out with trimmed
HiSeq reads from IT213134, 98,441 contigs of various
sizes were produced with N50 of 13,755 bp. Using
Burrows—Wheeler Aligner software, trimmed short
reads of V. nakashimae 1T178530 were successfully
mapped to IT213134 contigs. All sequence variations
at the whole-genome level were examined between the
two Vigna species. Of the 1,565,699 SNPs, 59.4 %
were transitions and 40.6 % were transversions. A
total of 213,758 SNPs, consisting of 122,327 non-
synonymous and 91,431 synonymous SNPs, were
identified in coding sequences. For SNP validation, 96
SNPs in the genic region were chosen from among
IT213134 contigs longer than 10 kb. Of these 96
SNPs, 88 were confirmed by Sanger sequencing of 10
adzuki bean genotypes from various geographic
origins as well as IT213134 and its wild relative
IT178530. These genome-wide SNP markers will
enrich the existing Vigna resources and, specifically,
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could be of value for constructing a genetic map and
evaluating the genetic diversity of adzuki bean.

Keywords Adzuki bean - De novo assembly -
Resequencing - Single nucleotide polymorphism

Results and discussion

Adzuki bean (Vigna angularis), a self-pollinating
diploid legume with 2n = 22 chromosomes, has been
an important pulse crop in East Asia for thousands of
years. Adzuki bean is particularly popular in China,
Japan, and Korea, but it is also consumed in Himalaya,
Nepal, and India (Tomooka et al. 2002; Lumpkin and
McClary 1994). Most East and Southeast Asian people
use adzuki beans to make desserts because of their
natural sweetness and nutritional value. In Korea,
adzuki beans are the second most important legume
crop after soybeans, and they are used in traditional
Korean dishes such as adzuki porridge, adzuki rice
cake, adzuki noodle, adzuki jelly, and shaved ice with
adzuki bean. Adzuki beans are believed to have been
domesticated from the wild species, V. angularis var.
nipponensis. The site of domestication is still
unknown, but it is reasonable to postulate that this
took place in China, Japan, and Korea, where native
adzuki beans grow widely. On the other hand, V.
nakashimae, the other type of wild relative of V.
angularis, can be found across east Asia and can be
hybridized with V. angularis; it was suggested to be a
good genetic resource for adzuki breeding.

Improvement of the adzuki bean crop has been
focused on resistance to biotic and abiotic stresses,
local adaptation, and seed yield. However, because of
the relatively low polymorphism rate in V. angularis, a
genetic map was constructed using a population
interspecific between V. angularis and its wild rela-
tive, V. nakashimae (Kaga et al. 1996). This map was
established with random amplification of polymorphic
DNA and restriction fragment length polymorphism
markers that were not amenable to high-throughput
analysis. Identification of a large number of single
nucleotide polymorphisms (SNPs), including indels,
at the whole-genome level could be an important
initial step in fine mapping of useful traits and in the
application of a marker-assisted breeding strategy (Lai
et al. 2012; Choudhary et al. 2012; Shirasawa et al.
2010).
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Two Vigna accessions, 1T213134 (V. angularis)
and IT178530 (V. nakashimae), were selected for this
study. IT213134 was selected from a cross between
Dagokjosaeng, a Japanese cultivar, and SA8413-2, a
Korean breeding line, and became a recommended
adzuki bean cultivar, Kyeongwonpat, in Korea (Moon
et al. 2003). V. nakashimae (IT178530) was collected
at Yesan-Gun, Chungnam Province in Korea in 1993,
and self-pollinated several times to reduce heterozy-
gosity. Vigna accessions were provided by the
National Agrobiodiversity Center (http://www.
genebank.go.kr), National Academy of Agricultural
Science, Korea. Genomic DNA from both genotypes
was sequenced using the Illumina HiSeq 2000 system
to produce the draft genome sequences and to develop
genome-wide SNP/indel markers in the two species.

Whole-genome sequencing of IT213134 and
IT178530 was performed using a shotgun, paired-
end library of 500-bp insert size. A total of 37 billion
bp of 100-bp paired-end reads were produced from V.
angularis (IT213134) with a sequencing depth of
61.5x, and 35 billion bp of similar reads were
obtained from V. nakashimae (IT178530), providing
a sequencing depth of 57.7x (Supplementary
Table 1). After evaluation of the quality of the
Illumina HiSeq raw reads with FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/), de
novo assembly was performed for Kyeongwonpat
IT213134 using ABySS software with read quality
cut-off of Q20 (Simpson et al. 2009), and was
deposited as AUGGO00000000. A total of 98,441
contigs were longer than 200 bp. The length of N50
was 13,755 bp, and the total length of IT213134
contigs over 200 bp was approximately 466 Mb,
which covered 76.1 % of the adzuki genome of
612 Mb; this was estimated using flow cytometry
(Table 1 and Supplementary Table 2). The flow
cytometric analysis of nuclear DNA isolated from leaf
tissue was conducted by the Benaro Research Institute
(Seattle, WA, USA). The reads that were used in the
assembly were re-aligned to the contigs over 10 kb to
address the quality of assembly, and 71.33 % of reads
were mapped while 59.96 % of reads were mapped
with expected insert size (Supplementary Table 1).
Genes were predicted for these contigs, without tran-
scriptome support, by ab initio gene prediction using
Geneid with gene prediction parameters of the com-
mon bean (Blanco and Abril 2009). A total of 44,185
genes was predicted from the contigs, and 11,508 were
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Table 1 Assembly of IT213134 using ABySS software

Size (bp) Number of
contigs®
N90 2,181 40,869
N70 7,494 18,739
N50 13,755 9,651
N30 22,188 4,259
N10 38,336 945

465,855,922 98,441
289,655,896 14,524

Total number of contigs

Total number of contigs over
10 kb

# Only contigs longer than 200 bp were included

Pfam-annotated using InterProScan5 software (Finn
et al. 2010; Quevillon et al. 2005).

The raw reads from the wild relative, IT178530,
were mapped to the IT213134 contigs that were over
10 kb in length using Burrows—Wheeler Aligner
software applying reads = quality cut-off of Q20
(Supplementary File 1, Assembly.zip). The proportion
of the mapped reads with expected insert size is half of
the total mapped reads that would result from the
structural variation including deletion and insertion
between two distinct species (Supplementary table 1).
All possible sequence variants, including single
nucleotide substitutions and indels, were retrieved
from the genomic regions with range of mapped reads
of depth 5-100 and with quality score over 100 using
the SAMTools program (Li et al. 2009; Li and Durbin
2009). Approximately 1.5 million SNPs between
IT213134 and IT178530 were predicted (Supplemen-
tary File 2, SNP_context.zip). The proportions of

transitions and transversions were 59.4 and 40.6 %,
respectively. Of a total of 929,432 transitions, a
similar proportion of bi-allelic types were detected,
i.e., 463,560 for A/G and 465,872 for C/T. In 636,267
transversion mutations, each of four possibilities for
base substitution (T/G, G/C, A/T, A/C) represented
approximately 10 % of all SNPs (Table 2 and Sup-
plementary Fig. 1A). Notably, the number of G/C
substitutions was slightly lower than those of other
substitutions; however, the number of non-synony-
mous changes due to the G/C substitutions was higher
than for other transversion substitutions. Whole-
genome next-generation sequencing (NGS) enabled
the detection of indels of various sizes in IT213134
and IT178530. A total of 182,682 indels, ranging from
1 to 110 bp, were identified. IT178530 had 88,361
insertions, with a length of 489,488 bp, and 94,321
deletions, representing 305,600 bp. Single-nucleotide
indels were the most abundant type of indel (54 %)
among indels ranging in size from 1 to 6 bp (Supple-
mentary Fig. 1B).

A total of 213,758 SNPs were detected in coding
regions, corresponding to 34,467 genes, and the
number of non-synonymous SNPs was 122,327. These
non-synonymous SNPs in coding regions may directly
represent functional changes in the corresponding
genes, and can be used as functional markers if the
corresponding gene affects a phenotypic trait. Using
gene annotation with Pfam, we could retrieve the 17
nucleotide-binding site—leucine-rich repeat (NBS-
LRR) genes that have been widely reported as
resistance genes (PF00931 for the NBS domain,
PF00560 and PF07725 for the LRR domain) (Kang

Table 2 Statistics for SNPs

between IT213134 and Number of Coding  Synonymous - No synonyimous
IT178530
Transition
A/IG 463,560 68,388 33914 34,474
C/T 465,872 68,469 33,747 34,722
Total 929,432 136,857 67,661 69,196
Transversion
T/G 161,835 19,701 6,058 13,643
G/C 149,942 19,472 4,477 14,995
A/T 162,354 18,293 7,334 10,959
A/C 162,136 19,435 5,901 13,534
Total 636,267 76,901 23,770 53,131
Total 1,565,699 213,758 91,431 122,327

@ Springer







500

Mol Breeding (2014) 33:497-501

Table 3 Number of

Gene Pfam annotation® Number of Number of
synonymous/non-synonymous name synonymous changes non-synonymous
SNPs in putative NBS-LRR

. changes
coding sequences

k_81_11 PF00560, PF00931, PF13504 8 10

k_167_2 PF00560, PF0O0560, PF00560, PF01582, 2 16

PF00931, PF13504

k_2630_6  PF00931, PF00560, PF00560 5

k_2630_7  PF00560, PF00931, PF05659 9 3

k_4369_2  PF00481, PF00931, PFO0931, PF00560, 8 17

PF00560

k_6486_5 PF00931, PFO1582, PF07725, PF13855 3 8

k_7046_12 PF00931, PF12799, PF00560 15 5

k_7696_4  PF00560, PFO0560, PF00931 0 3

k_8117_1  PF00560, PFO0560, PF00931 0

k_10755_1 PF00931, PFO0560 9 16

k_10755_3 PF00560, PF00931 18 12

k_11220_5 PF00560, PF00931 3 7

k_11615_1 PF00931, PFO0560 6 11

k_12465_1 PF00560, PFO0931, PF01582, PF12799 0 0

k_13590_4 PF00560, PFO0560, PF00931 0 0
2 PF00931 for NBS domain, k_13681_3 PF05659, PF00931, PF00560 0 0
PF00560 and PFO7725 for LRR ¢ 13894 3 PF01582, PF00560, PF00931 0 1

domain

et al. 2012). The wild-type alleles with non-synony-
mous changes within these genes may be good
resources for improving disease resistance of adzuki
bean cultivars; for example, the non-synonymous
changed LRR domains have the possibility to confer
different recognition specificity against pathogens
(Table 3, Supplementary Fig. 2).

The results of in silico SNP discovery in adzuki
bean were validated with a subset of 96 candidate
SNPs, randomly selected from 96 different contigs.
The putative SNPs for validation were positioned
within genic regions, including 1 kb each of upstream
and downstream sequence. Primer3 (http://frodo.wi.
mit.edu/) was used to design primers for targeting
putative SNPs within 1-kb regions between IT213134
and IT178530 (Supplementary Table 3). In addition to
IT213134 and IT178530, 10 adzuki bean accessions of
various geographic origins were selected for SNP
validation (Supplementary Table 4). The candidate
SNPs were validated by polymerase chain reaction
(PCR) amplification followed by Sanger sequencing
(Supplementary Table 5). The target DNA of all 96
randomly selected contig sequences was successfully
amplified by PCR after melting temperatures were
optimized by gradient PCR. Of the 96 candidate SNPs,
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88 (92 %) were validated (Supplementary Table 5),
which is a fairly high SNP validation rate. It is inter-
esting to note that only two of 88 validated SNPs
showed polymorphism among the 10 adzuki bean
genotypes, indicating the remarkably low allelic
diversity of V. angularis. A single base ‘A’ deletion
was found at SNP_36 in IT236588. Only one acces-
sion, IT236564, which had the same base as V. nak-
ashimae 1T178530, had a different single nucleotide
‘A’ at the SNP_79 position, where the other nine V.
angularis accessions had a ‘G’. The low allelic
diversity among V. angularis accessions suggested the
need for introgression of desirable traits from wild
species, such as insect resistance in V. nakashimae,
into the adzuki cultivar. Therefore, populations
developed from the cross between V. angularis and its
wild relative V. nakashimae may be good resources in
an adzuki bean breeding program (Kaga et al. 1996).

In this study, we were able to develop large
numbers of SNPs and indels between V. angularis
and V. nakashimae using the Illumina HiSeq system
and a shotgun, paired-end library of 500-bp insert size,
although a reference genome sequence is not available
for adzuki bean. NGS-based de novo assembly of a
single genotype and one additional resequencing were
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quite effective for developing the large number of
SNP/indel markers. The large amount of SNP marker
data will be helpful for developing a high-density
genetic map for an adzuki bean breeding program.
Moreover, the draft adzuki bean genome sequence
generated in this study will serve as a valuable
genomic resource for comparative analysis with other
legume crops.
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