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Abstract

Background: Many of the world's most important food crops have either polyploid genomes or
homeologous regions derived from segmental shuffling following polyploid formation. The soybean
(Glycine max) genome has been shown to be composed of approximately four thousand short
interspersed homeologous regions with |, 2 or 4 copies per haploid genome by RFLP analysis,
microsatellite anchors to BACs and by contigs formed from BAC fingerprints. Despite these similar
regions,, the genome has been sequenced by whole genome shotgun sequence (WGS). Here the
aim was to use BAC end sequences (BES) derived from three minimum tile paths (MTP) to examine
the extent and homogeneity of polyploid-like regions within contigs and the extent of correlation
between the polyploid-like regions inferred from fingerprinting and the polyploid-like sequences
inferred from WGS matches.

Results: Results show that when sequence divergence was |-10%, the copy number of
homeologous regions could be identified from sequence variation in WGS reads overlapping BES.
Homeolog sequence variants (HSVs) were single nucleotide polymorphisms (SNPs; 89%) and single
nucleotide indels (SNIs 10%). Larger indels were rare but present (1%). Simulations that had
predicted fingerprints of homeologous regions could be separated when divergence exceeded 2%
were shown to be false. We show that a 5-10% sequence divergence is necessary to separate
homeologs by fingerprinting. BES compared to WGS traces showed polyploid-like regions with less
than 1% sequence divergence exist at 2.3% of the locations assayed.

Conclusion: The use of HSVs like SNPs and SNis to characterize BACs wil improve contig building
methods. The implications for bioinformatic and functional annotation of polyploid and
paleopolyploid genomes show that a combined approach of BAC fingerprint based physical maps,
WGS sequence and HSV-based partitioning of BAC clones from homeologous regions to separate
contigs will allow reliable de-convolution and positioning of sequence scaffolds (see BES_scaffolds
section of SoyGD). This approach will assist genome annotation for paleopolyploid and true
polyploid genomes such as soybean and many important cereal and fruit crops.
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Background

Soybean (Glycine max) is the second most valuable crop in
the U.S., accounting for $12-17 billion in annual revenue
(USDA-NASS Agricultural Statistics 2000-2007). Genom-
ics has had a profound effect on plant biology, but the
impact on major crop species such as soybean remains
limited to a few marker characterized disease resistant
germplasm releases [1,2]. A primary difficulty is that the
soybean genome is 4-10 times larger than the model
plants Arabidopsis thaliana, Medicago truncatulata or Lotus
japonicus. Further, the soybean genome shows evidence of
a paleopolyploid origin with gene-rich islands that were
highly conserved following duplication [3,4].

Shultz et al., [4] used BAC fingerprint derived contig clone
density to estimate that 25-30% of the genome was
highly conserved after both duplications, leading to 50-
60% of the genome existing in a two- or four-copy state.
That conclusion was supported by the gene number in
gene families inferred from EST hybridizations to BAC
minimum tile paths (MTPs) [5]. Ultimately, Shultz et al.,
[4] predicted the genome could be resolved into about
four thousand segments (each about 150-350 Kbp in
size) that differed in copy number per haploid genome.
The regions appear interspersed at random, with no evi-
dence for conserved neighbor relationships.

Toward the end of developing a complete map describing
where duplicated regions were located, contigs represent-
ing each of the genomic segments were rebuilt at high
stringency and a minimum number of merges allowed
[4]. Despite the high stringency, homeologous regions
coalesced to single contigs. Consequently, each contig was
measured for the number of BAC clones per unique DNA
band. Six clones per unique band in a clone fingerprint
was expected, yet regions of 12 and 24 clones per unique
band were common. Since homeology could not be dis-
tinguished from over-representation of regions in the BAC
libraries, contigs were labeled to distinguish their
expected copy number. The 2,408 contigs in the 1 to
3,500 series were expected to be largely single copy (1,092
numbers were removed when contig merges were made).
The 240 contigs in the 8,000 to 8,999 series were pre-
dicted to be present in two copies and derive from the
more recent tetraploidy event. Therefore, with further
analyses the 8,000 series of contigs were each expected to
be separated into two, resulting in 480 different regions
[6]. The 406 contigs in the 9,000 to 9,999 series were pre-
dicted to be largely coalescences of 4 genomic regions
derived from both the genome duplication and hybridiza-
tion events that produced an octaploid-like genome
(though an octaploid-like soybean may never have existed
since the two events were separated by millions of years).
With further analyses, contigs containing clones from 4
genomic regions were expected to separate into 1,624 dif-
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ferent regions. In total, 2,104 multi-copy regions and
2,408 single-copy regions were expected.

DNA markers that anchored the soybean physical map to
the genetic map also showed evidence of variation in copy
numbers derived from ancient ploidy shifts [4]. All RFLP
markers hybridized to clones in two or more contigs. Even
the majority (239/363) of microsatellite markers could
generate amplicons from clones in two or more contigs.
Markers were labeled with an alphabetic suffix, with -a the
smallest amplicons, or band, -b the next smallest (some-
times up to -z in cases where many amplicons were
found). Alignment of contigs with the genetic map using
these anchors was error prone, requiring each marker
anchored contig to be shown at each possible location.

To resolve the problem of genetic map placement, micro-
satellite markers derived from BAC end sequences were
used to align contigs with the genetic map [7]. Here, only
one outcome was expected, the placement of a single con-
tig to a single location. Maps generated with the markers
did show single locations, often in gaps in the existing
maps [8]. There were 25,123 BES reads available from the
physical map of the 'Forrest' cultivar of soybean that pro-
vided about two thousand potential satellite markers.
These markers should be enough to locate and orientate
every contig at a single map location. These markers, how-
ever, cannot separate the polyploid-like regions that are
composed of nearly identical homeologous BACs as
markers in these regions produce multiple amplicons.
New approaches are needed to map these regions cor-
rectly.

SoyGD, based on a distributed annotation systems (DAS)
called the generic model organism databases (e.g.
GMOD) [9], was developed to show polyploid genomic
regions to users (Figure 1). A track for duplications can be
inserted into GBrowse [10], however, for highly dupli-
cated genomes, new classifications and ontology for rep-
resenting large-scale genome duplications had to be
developed [4]. Exciting new tools that were developed to
compare syntenic regions among genomes [11] demon-
strate that the GMOD platform has the potential to dis-
play homeology.

The cultivars Forrest and 'Williams 82' provide a large set
of useful genomic tools for soybean genomics [6,12,13].
The two cultivars can be thought models in the same way
as are cultivars 'Columbia’ and 'Landsberg erecta' to Arabi-
dopsis thaliana, or 'Mo17' and 'B73' are to Zea mays. The
soybean community is committed to advancing both
resources, with Williams 82 as the lead for a complete
genome sequence. In 2007 there were 7.4 million trace
sequences at NCBI. Some preliminary sequence contigs
with annotations for about 90% of the genome were avail-
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Description of chromosome LG Al resources at SoyGD. The current build 4 representation of 10 Mbp of the 51.5

Mbp LG Al in SoyGD. Shown are the chromosome (cursor), DNA markers (top row of features); QTL in the region (second
row); coalesced clones comprising the anchored contigs (third row); BAC end sequences (fourth row); geneic BES (fifth row);
EST hybridizations to MTP2 (sixth row); MTP4 clones (seventh row); BES derived SSR (eighth row); EST hybridizations to build

4 (ninth row); WGS trace file matches from Megablast (tenth and last row). It is recommended readers visit updated site at
SoyGD [4] to see a full detailed color version.
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able. Sequence contigs can be viewed on the genetic map
at a new section of SoyGD [4]. These sequence resources
represent tools for in silico biology that can resolve the
physical map and de-convolute the complete genome
sequence. Here, these resources were tested for usefulness
as tools to determine if the existing contig annotations
truly reflect genomic regions that are polyploidy-like, to
identify HSVs that can distinguish homeologs within cul-
tivars and to identify HSVs that can distinguish among
soybean cultivars.

Results and discussion

Genomic regions

A MegaBlast of Forrest BES (Table 1) to Williams 82 WGS
showed some homeologous regions had diverged signifi-
cantly and were essentially single-copy (Figure 2). For
example, one of the pair of BES from B47P08 (ctg312; LG
Al; Figure 1) showed only 90% identity between Forrest
and Williams 82. Only one sequence read matched this
BES in Williams 82 trace files, with about 60 SNPs and 6
SNIs. That degree of divergence between cultivars had
been reported in sequenced AFLP bands [14,15]. At this
degree of divergence though, the Williams 82 sequences
may represent a homeologous region. In that case the
region being examined was not represented in the Wil-
liams 82 WGS. Under-representation may be due to clon-
ing bias against some regions since the WGS is based on a
single insertion site in a single high copy number vector.

Examination of the second BES from B47P08 (ctg 312;
LGA1; Figure 1) showed three sequences with 99% iden-
tity between Forrest and Williams 82 (Figure 3). The dif-
ferences represent probable SNPs between cultivars.
However, in addition there were 43 sequences with >95%
identity. Those homeologous sequences could be clus-
tered into 4 different groups based on SNPs among HSVs
(H-SNPs). Contig 321 appears to be octaploid-like at one
end and diploid-like at the other end. Contigs of this type
are dangerous to merge with neighboring contigs, as eight
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different regions might match, only one of which would
be correct.

Contig 9077, also from LG A1 (Figure 1), is a potentially
octaploid-like contig. Examination of the four BES from
H53F21 (Figure 4 and not shown) and H51D13 (Figure 5
and not shown) showed evidence to support the octa-
ploid-like nature of the contig. For example, at H53F21
there were three sequences with 99% identity between
Forrest and Williams 82 (Figure 4). The differences among
these three and the Forrest BES may represent SNIs
between cultivars (few or no SNPs). However, in addition
there were 22 sequences with >90% identity. Those clearly
homeologous sequences could be clustered into 3 differ-
ent groups based on H-SNPs.

At BES H51D13 (Figure 5), about 300 Kbp away on LG A1
(Figure 1), the genomic region was less well represented
among trace files. There were three sequences with 99%
identity between Forrest and Williams 82 (Figure 5). The
differences represent probable SNIs between cultivars
(few or no SNPs were found). However, in addition there
were 5-6 different sequences with >90% identity. Those
clearly homeologous sequences could be clustered into 3
different groups based on H-SNPs.

Fourteen BAC clones were chosen from contig 9077 and
used for PCR amplification of the BES. Sequencing these
amplicons revealed two sequences, each representing one
of two homeologs mixed together throughout the contig
(Figure 4; Panel C). The A type and the G type were
present but the T type and the C type found in WGS were
not present. Therefore, the third and fourth homeologs
predicted to be in the contig by WGS to BES alignments
could not be distinguished by the >600 bp of DNA
sequence. The G type and A type clones can each be used
to form a new contig. The SNHs will be used to split
ctg9077 (Figure 1) in two. Map locations for the split con-
tigs may be determined if cultivar differences can be found

Table I: Summary of sequence coverage of the three minimum tile paths (MTPs) used for BAC end sequencing made from three BAC

libraries.

MTP4E MTP4BH MTP4BH MTP2 BH Totals
Vector pBeloBACI | pCLD04541 pCLDO04541 pCLD04541 na
Insertion site EcoRlI BamHI/Hindlll BamHI/Hindlll BamHI/Hindlll na
Ploidy inferred diploid diploid polyploid-like mixed na
Number of clones 3,840 4,608 576 8,064 17,088
Mean insert size (kbp) 175+7 173 +£7 1737 140 £ 5 na
Clone coverage? 0.7 0.8 0.2 1.4 3.1
BES good reads 3,324 6,772 924 13,473 25,123
BES coverage (Mbp) 29 5.0 0.7 9.9 18.5
Predicted gene-like reads 1,512 3,649 498 7,260 12,919

2 To calculate the percentage of the soybean genome covered by the clones (clone coverage) in our EcoRI- (MTPE) and BamHI or Hindlll insert
libraries (MTP2BH and MTP4BH), the genome size of soybean was assumed to be 1,130 Mb.
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CG825374SOYBA22TV LargelnsertSoybeanGenLib Glycine max genomic clone B47P08:MTP7C19, genomic survey

sequence

1546960481BIWS535643.y2
1547840359BXCC54981 .91
1607454735FGNN173762.b1
1597034748FGNN43751.b1
1610955864FGNN203808.b1

185 CAATGAATGGCACGAGAAAATGATCTTTTCTGGTTACCTGGTTCCGCCTCCTATAATCAA 244

177 236
152 211
493 434
401 342
493 552

CG825374S0YBA22TV LargelnsertSoybeanGenLib Glycine max genomic clone B47P08:MTP7C19, genomic survey

sequence

1546960481BIWS535643.y2
1547840359BXCC54981 .91
1607454735FGNN173762.b1
1597034748FGNN43751.b1
1610955864FGNN203808.b1

245 TGCTTATGAGGATCAGGGGGCTTTAGAARAGATATGATCTTCGTGGACATCAGGGGGAATC 304

237 296
212 271
433 374
341 282
553 612

CGB825374SOYBA22TV LargeInsertSoybeanGenLib Glycine max genomic clone B47P08:MTP7C19, genomic survey

sequence

1546960481BIWS535643.y2
1547840359BXCC54981 .91
1607454735FGNN173762.b1
1597034748FGNN43751.b1
1610955864FGNN203808.b1

305 ATGGTGGAACAAACAATACGG GGGTGAAGAAGCTAATGAGGATCTCCACTTGCAAGA 364

297 LT.o...T.. 356
272 T....T.. 331
373 LT.o...T.. 314
281 T....T. 222
613 T LT 672

CG825374SOYBA22TV LargelInsertSoybeanGenLib Glycine max genomic clone B47P08:MTP7C19, genomic survey

sequence
1546960481BIWS535643.y2
1547840359BXCC54981.91
1607454735FGNN173762.b1
1597034748FGNN43751.b1
1610955864FGNN203808.b1

365 ACATGAAACTCGGGCAGCAAATGTATCAGTCTAGTCTG-GAGAAARATATGGAACACTATC 423

357 Cuovnnnnnnn S T....C..... T—. ... Covieens CC.. 415
332 C..niaaa.. Tt i it T....C..... T—..... Covvvnnnnnt CC.. 390
313 Cuovnnnnnnn S T....C..... T—..... Covinenns CC.. 255
221 Cuovvnnnnnn T T....C..... T-..... Covnnnnns CcC.. 163
673 C......... S T....C..... TT..... Covinnnnnnns CcC.. 732

CG825374SOYBA22TV LargelnsertSoybeanGenLib Glycine max genomic clone B47P08:MTP7C19, genomic survey

sequence

1546960481BIWS535643.y2
1547840359BXCC54981 .91
1607454735FGNN173762.b1
1597034748FGNN43751.b1
1610955864FGNN203808.b1

424 ATAAGGAA-ATAGAATGCACAAGCTCACATAAGTGAAATCAGGTGCAGCTATCTATGTAA 482

416 . T.. . T= Teiiiiinnns 1 C....ccc... 474
391 T e 1 C....CCC... 449
254 L T.. . T— Teiiiiinnn. 1 C....ccC... 196
162 T T T 1 C....CcC... 104
733 T...G.T..T..vviinnnnnnn 1 774

CG825374S0YBA22TV LargelnsertSoybeanGenLib Glycine max genomic clone B47P08:MTP7C19, genomic survey

sequence
1546960481BIWS535643.y2
1547840359BXCC54981.91
1607454735FGNN173762.b1
1597034748FGNN43751.b1

483 GAGTCTTCTCACGAGGTGGAGGTCGAGTCATG-T-CATCAGTATGAAAATCAGTAATGGA 540

475 532
450 507
195 138
103 46

CGB825374SOYBA22TV LargeInsertSoybeanGenLib Glycine max genomic clone B47P08:MTP7C19, genomic survey

sequence
1546960481BIWS535643.y2
1547840359BXCC54981.91
1607454735FGNN173762.b1
1597034748FGNN43751.b1

541 ATGCT. TCAGAATATCCAGAATCACCAGCAAC TACTC TGCTC TG 600
533 592
508 567
137 78
45 7

CG825374SOYBA22TV LargelnsertSoybeanGenLib Glycine max genomic clone B47P08:MTP7C19, genomic survey

sequence
1546960481BIWS535643.y2
1547840359BXCC54981.91
1607454735FGNN173762.b1

B.

rectangle | slanted | radial force [ Show distance

601 CAGAGAATGACGAGGAAGCACACTATGC-TACACTAATCGAAGAAAGGTACCATTTATTT 659

593 651
568 626
77 .C....— 20

Mouse over an internal no

e

Figure 2

Analysis of the left hand BES (CG825374) from B47P08 in diploid contig 321. Sequence analysis supported the
inferred diploidized region detected by fingerprints at 90% sequence identity. Panel A: MegaBlast of BES CG825374 against 7.3
million reads with repeat masking gave 5 identical matches. From position 74 to 160 in the BES an extensive set of polymor-
phisms between Forrest and Williams 82 traces were evident. Panel B: Tree cluster analysis at 90% sequence identity showed
the most similar homeologs clustered into | set as expected for low copy, diploid region in an inbreeding species.

Page 5 of 15

(page number not for citation purposes)



BMC Genomics 2008, 9:323 http://www.biomedcentral.com/1471-2164/9/323

A.

CG825359SOYBA22TH LargeInsertSgfbganGenLib Glycine max genomic clone B47P08:MTP7C19, genomic survey sequence
121 TCITGCACCATTTTAATTACTGATTAGTCTTAATTGTCAAATTAATTAGACAGTTC 177

1580556748BXCB582941. 1 R 437
385 .. 329

1549846403BINS711523. 135 191
165918558 7FFOF433557. 694 el 640
1658560407FFOF427646.91 775 .J-el. 721
1580699997FFYA302656.91 262 .Gl. 316
1580617293BXCB609214.g1 308 .G 254
1580584028BXCB592653.b1 261 .G 315
15714 9BXCB403561.b1 556 .G 502
1562102736BXCB270225.b1 465 .G 411
1554402628BINS802461.g91 223 .G 277
1315572609BIWS247420.x1 392 .G. 338
1315568427BIWS242425.y1 474 .G. 420
1680111238FFOF43 661 .G. 607
1673336953FGC0O23135.b1 678 .G. 732
1605029308FFYA588508.91 65 .G. 119
1597322205FGNN84885.91 223 .G. 277
1590393512FGNN63662.g1 506 .G. 560
1590338048FGNN9790.91 761 .G. 707
1558605717BXCB197897.g1 601 .G. 547
1558563631BXCB172707.g1 136 .G. 82
1315098343BINS39828. 187 .G. 241
1549933601BXCC66076. 312 .G. 258
1615769011FFYA187653.x2 704 .G. 758
1615367048FGNN32938 710 .G. 764
1585783741BXCB685696.91 370 .G. 316
1397202491BIWS424916.x2 236 .G. 182
1642827055FFOF328831. 776 .G 722
1576018521BXCB510286.g1 379 .G 325
1574784464FFYA236886.g91 744 .G 690
1568386683FFOF50384.b1 580 .G 528
1637650929FGNN729537.g1 546 .G 492
1594232876BXCB706853.g1 441 .G 495
1558449665BXCB50197.b1 58 .G 112
1549836938BIWS692208.y2 609 Gl 555
1583047014BXCB651971.b1 83 \g 137
1566718780BXCB 7. 444 . 498
1553695962BIWS818825.x1 627 573
1586693466FFYA495387.g1 102 156
1586491383FFYA429286.91 372 426
1586465347BXCB761703.g1 146 200
1585814098BXCB746677.b1l 594 546
1585761609BXCB655788.b1 161 107
1315887644BINS378248.x2 722 674
1315337147BINS140214.y2 493 439
B.
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Figure 3

Analysis of the right hand BES CG825359 from B47P08 in diploid contig 321. Sequence analysis suggested the
inferred diploid contig contained a short octaploid-like region not detected by fingerprints. Panel A: Analysis of the BAC end
from B47P08 detected an octaploid-like region on the end of ctg321. MegaBlast of CG825359 against 7.3 million reads with
repeat masking gave 3 nearly identical sequences and 42 homeologus sequences. Among the 3 nearly identical matches a SNP
was evident at nucleotide position 123 (circled). From positions 141 to 177 a set of four SNH polymorphisms were evident
(circled in red at 141, blue at 143, dotted 148 and black at 170) that separated the homeologs into 4 groups. Panel B: Tree clus-
ter analysis at 90% sequence identity showed the most similar homeologs clustered into 4 sets as expected for octaploid-like
region in an inbreeding species. Clusters sharing SNHs are circled in red at nucleotide 141 (3 reads), blue at 143 (five reads),
black dotted 148 (I3 reads) and black solid at 170 (21 reads).
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A

DX409547SOYFK12TH LargelInsertSoybeanGenLibBuild4 Glycine max genomic clone H53F21:Build4MTP8A23, genomic survey
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sequence
1587408390FFYA466822.x2

1645481618FFOF353160.b1

1558430135BIWS948569.x1

1594323530FFYA560607.y2

1559927967BXCB212749.9g1

1580476593BXCB552535.91

1559913219BXCB315601.gl

1564454727FFYA110813.b1

1580383838BXCB524105.g1

1580748770FFYA346301.g1

1315473315BIWS198915.y3

1315592865BINS253663.x2

1597304772FGNN95100.g1
1547297263BIWU102117.b1

1563485876BXCB282850.b1

1315286149BIWS119045.b1

1587384578FFYA424540.x2
1680112410FFOF435772.g1

1576170959FFYA331684.y2

1547040313BIWS586771.y1
1553727822BXCB30662.g1
1564467352FFYA129198.9gl
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Figure 4

(TTACTAGCTTATTTCH
JTTACTAGCTTATTTCH
GTTACTAGCTTATTTCA
GTTACTAGCTTATTTCA
GTTACTAGCTTATTTCA
CTTACTAGCTTATTTCA
¢TTACTAGCTTATTTCA

Analysis of sequence identity between WGS trace files and the BES DX409547 from H53F21 in octaploid-like
contig 9077. Sequence analysis showed the region was octaploid-like as inferred by fingerprints. Panel A: MegaBlast of
"H53F21_Build4MTP8A23_gi89261445_4" against 7.3 million reads with repeat masking gave 7 identical matches among 24
homeologous sequences. Cluster | was composed of traces ending in 822,160,569,607,662,749 and 105 that shared A at posi-
tion 172 (boxed). HSVs were evident among the 4 clusters inferred. Cluster 2 was composed of traces ending in 749, 850,601
and shared C at position 172. Cluster 3 was composed of traces ending in 100, |17 and 535 that shared G at position 172.
Cluster 4 also had G at that position and was heterogeneous being composed of clones with different HSVs (traces ended in
813, 663, 772, 301 and 891). Panel B: Treecluster analysis showed the most similar homeologs clustered into 4 or more sepa-
rate sets as expected for an octaploid-like region (circled). Panel C: The sequences found among eight BACs that overlapped
H53F21 in contig 9077were re-sequenced. A set of SNHs separated the BACs into two of the four groups expected to be
present in contig 9077 from the data shown in Panel A. The region shown corresponds to the 152-210 bp of the BES encom-
passing the 22 bp region in bold and underlined in Panel A that contained two HSV.
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CG816569SOYED82TH LargelnsertSoybeanGenLib Glycine max gengmic clone H51D13:MTP15N20, genomic survey

sequence 301
1566701753BXCB397340.91 553
1588657852FF0OF134924.b1 133
1571471332FFOF58694.91 248
1315123548BIWS49666.gl 215
1563584602FFYA56224.b1 532
1663440741FFOF382642.b1 65

1680211740FGC0O72287.gl 268
1315340397BIWS181123.x2 673
1662644273FGC035026.b1 442

TTTGTGAGGGTATGTTAGTCGGTTAATATRACTAACTTTTGTGT--AAAAAAGCTGTGTA 358

610

CG816569SOYED82TH LargelnsertSoybeanGenlLib Glycine max genomic clone H51D13:MTP15N20, genomic survey

sequence 359
1566701753BXCB397340.g1 611
1588657852FFOF134924.b1 191
1571471332FFOF58694.91 190
1315123548BIWS49666.9gl 263
1563584602FFYA56224.bl 484
1663440741FFOF382642.b1 112
1680211740FGC0O72287.9gl 316
1315340397BIWS181123.x2 721
1662644273FGC035026.0b1 490

AATTGTATTCGACTCCTTTCATTTACAGTTCTTTTITTTAGTATTGTAAGTAC-TTTTTGG 417

669
249

322
427
169
373
780
547

CG816569SOYED82TH LargelnsertSoybeanGenlLib Glycine max genomic clone H51D13:MTP15N20, genomic survey

sequence 418
1566701753BXCB397340.g1 670
1588657852FFOF134924.b1 250
1571471332FFOF58694.91 131
1315123548BIWS49666.9l 323
1563584602FFYA56224.bl 426
1663440741FFOF382642.b1 170
1680211740FGC0O072287.gl 374
1315340397BIWS181123.x2 781
1662644273FGC035026.b1 548

Figure 5

TAAATTTAGGTAATAAGTACTTAGTGTCCCACTTTTIGTGTATTTAATAACCTTTCCATTT 477

729

MegaBlast analysis showing sequence identity to WGS reads using the BES CG816569 from H51D13 in octa-
ploid-like contig 9077. Sequence analysis only partly supported the inference that the contig was a product of four coalesced
regions. Shown is an alignment of 301—477 bp of the BES "H51D13_Build4MTP8A23_gi89261445_4" against 7.3 million reads
with repeat masking that gave 3 identical matches among 9—10 homeologous sequences. Cluster | was composed of traces
ending in 340, 924 and 694 that shared T rather than C at position 330 (circled). Cluster 2 was composed of clones ending in
666 and 123 and shared T rather than C at position 375. Cluster 3 was composed of clones ending in 694, 224, 642, 287 and
026 that shared GG at position 385. The homeologs clustered into 3 separate sets, one less than the number expected for an

octaploid-like region in an inbreeding species.

linked closely to the HSVs among common mapping pop-
ulation parents.

Of further note, micro-satellite marker Sat_368 anchoring
contig 9077 was on the G-type clone ISO56K20. Sat_368
did not appear to have any close homeologs (Additional
File 1). Therefore, the octaploid-like regions can be quite
heterogeneous across contig-sized regions and suggests
diploidization acts on regions less than the size of a BAC
clone.

A similar pattern was observed on LG G (Figure 6). Exam-
ination of the pair of BES from H77P02 (Figure 7) in Con-
tig 9354 shows that four genomic regions potentially

coalesced and indicates the octaploid-like nature of the
contig. For example, at BES SOYFK12TH there were three
sequences with 99% identity between Forrest and Wil-
liams 82 (Figure 7; Panel A). The differences represent
probable SNIs between cultivars (no SNPs). In addition,
there were 65 homeologous sequences with >95% iden-
tity which could be clustered into 4-9 different groups
based on H-SNPs (Figure 7; Panel B).

Even the satellite marker Satt688, anchoring BAC H77P02
to contig 9354 and the genetic map showed evidence for
conserved homeologs (Figure 8). There were four different
HSV sequences with 99% identity. Differences among
homeologs were evident as 1 (trace file -021), 2 (trace file
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Description of a region of chromosome LG G at SoyGD encompassing the examples shown. The current GMOD
representation the build 4 representation of 1.0 Mbp of the 51.5 Mbp LG G in SoyGD. Shown are the chromosome (cursor),
DNA markers (top row of features); QTL in the region (second row); coalesced clones comprising the anchored contigs (third
row); BAC end sequences (fourth row); geneic BES (fifth row); EST hybridizations to MTP2 (sixth row); MTP4 clones (seventh
row); BES derived SSR (eighth row); EST hybridizations to build 4 (ninth row); WGS trace file matches from Megablast (tenth

and last row). It is recommended readers visit updated site at SoyGD [4] to see a full detailed color version and a build 5 view.

The gaps between contigs will be filled in build 5 by contig merges suggested by BES-SSRs and contig end overlap data.
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Figure 7

CG817343SOYER10TV LargelnsertSoybeanGenLib Glycine max genomic clone H77P02:MTP19A20, genomic survey
sequence 61 GGGTTAAGC-TTATAGGGAAGGACACAGGTCTTGGCTGGGATGGGGAGAAGAARAACCATT 119
1315548371BIWS231440.x2 131 - 189
1319859902BIWS459810.g1 68 126
1315552054BIWS233625.y3 872 814
1548538899BIWS614963.x1 1019 961
1558185698BIWS771688.x2 839 781
1624018355FFYAT724254.x2 888 830
1558603329BXCB200885.g1 546 488
1633576001FGNN581278.g1 547 489
1637793156FGNN780489.g1 379 437
1547097760BIWS666903.x1 1129 1129
1611027829FGNN339150.b1 377 319
1607407458FFYA630429.y3 508 450
1562119813BXCB306790.b1 309 367
1553753525BXCB51233.b1 430 372
1558671129BIWS861613.x2 555 497
1617600170FGNN513714.b1 262 320
1574894651FFYA333326.b1 580 522
1547319680BXCB66934.b1 251 309
1547268157BIWU79443.bl 750 692
1559785986BIWS838149.y2 516 574
1564474184FFYA134686.b1 705 647
1637632759FGNN694183.b1 586 528
1585850552FFOF109595.b1 239 297
1607466482FGNN197413.b1 256 314
1563598163FFYA105893.g1 347 405
1590325444FFYA505682.b1 835 781
1554420105BIWS819994.x2 404 346
1314154255BIWS26240.x1 567 625
1547376618BXCC78848.b1 17 75
1612469006FGNN260221.b1 498 440
1612447012FFYA634591.y2 598 540
1610908461FFOF172338.g1 376 434
1580388036BXCB528495.b1 522 468
1576089975BXCB556332.g1 446 500
1574712594BXCB485084.g1 167 221
1563605898FFYA137628.g91 886 832
1562030819BIWS716043.x2 875 821
1612467837FGNN232172.g1 572 630
1612450187FFYA638580.y2 211 265
1605071318FGNN116261.g1 219 273
1397296792BINWS450750.x2 721 667
1547819761BXCC25743.gl 451 .| 505
1583029486BXCB570411.g1 315 .C.| 257
1597015401FGNN16436.91 831 .C.| 773
1638868546FFOF306884.g1 91 .C.| 149
1315106535BIWS46830.91 297 .C.| 355
1608270089FGNN227866.g91 605 .C.| 547
1315545712BIWS231457.y2 503 .C.|. 445
1597026119FGNN38290.gl 638 .C.|. 580
1588605933BXCB718429.b1 246 .C.| 304
1399250155BIWU9338.9g1l 792 .C.|. 734
1571484050FFYA81745.x2 523 .C.|. 465
1589695482FFYA514308.g1 865 840
1615321172FGNN284185.b1 761 C 703
1576163826FFYA291356.y2 327 C 385
1397327974BIWS453410.y1 639 C 697
1588680785FFYA472147.x2 83 93
1315787897BIWS311873.y2 558 Cfos = T 616
1673377425FGC062087.b1 270 - LT - 328
1607401204FFYA621806.y3 876 - Tf. . 818
1630190010FGNN463361.b3 440 - Tl . 498
1558309683BIWS786930.y2 700 - T 642
1607449167FGNN174818.b1 131 .. R R i 189
1397423913BIWS474377.y3 849 [ o] A LI 1 791
1611028504FGNN340113.b1 285 .. 14Q .. 227
1606503045FFYA592474.g1 496 [P @ P - .. 554
1610958444FGNN209940.b1 512 V..... — 566
1433646536BXCC6695.g1 805 e 753

Figure 7

MegaBlast analysis showing sequence identity to WGS reads using the BES CG817343 from H77P02 in octa-
ploid-like contig 9354. Sequence analysis strongly supported the inferred octaploid-like structure for the region coalesced
by fingerprints. MegaBlast against 7.3 million reads with repeat masking gave 3 identical matches (trace files ending 440, 810 and
625) among 68 homeologous sequences. Homeolog cluster | was composed of traces ending in 688, 254 278, 421 and 994 that
shared GT instead of AC at position | 14—115 (circled). Cluster 2 was composed of clones ending in 790, 233, 613 and 714
shared C instead of T at position 64 but not the G of Cluster 3. Cluster 3 was composed of clones ending in 326, 934, 443, 682
and 172 that shared G instead of A at position 73. Clusters 4, 5 and 6 contained more than 4 reads suggesting this region may
be over-represented in the WGS collection or contain repetitive DNA.
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-796) and 11 (trace file -795) probable SNPs compared to
the trace file -270. None of the four genomic regions was
adequately represented among the trace files, suggesting a
cloning bias against each. An alternate hypothesis is that
the sequence variations are errors in the reads of a single
region, which is unlikely given the genomic context of the
marker.

Whole genome comparisions

Because BAC clones were selected from the MTP to gener-
ate BES, there are many fewer BES from polyploid-like
regions than diploidized regions (Table 2). Nonetheless,
there are sufficient numbers to examine the usefulness
ploidy annotations found at SoyGD. Allowing for 90%
identity, the mean number of homeologs inferred from
the BES to WGS matches was 8.4 for octaploid-like con-
tigs; 4.5 for tetraploid-like contigs and 1.5 for diploidized
contigs. Those means were in good agreement with those
inferred from clones per unique band metric used to label
contigs in the physical map as potentially repeated and
octaploid-like [4]. At 95% identity there were about half
as many matches on average, suggesting divergence fol-
lowing the most recent genome duplication has been less
than after the first event. At 98 and 99% identity there was
evidence for sequence pairs that share significant identity
in the polyploid-like regions but not in the diploidized
regions.

Genes and markers

BAC end sequences anchored to a robust physical map are
important tools for genome analysis. BES have been
developed from MTP2BH, MTP4BH and MTPE4 (Table
1). Enquiries to GenBank nr and pat databases identified
12,919 potentially geneic homologs. Analysis of the loca-
tions of the inferred genes showed evidence of gene rich
islands on each chromosome (Figure 1; Figure 6).

Eighty one homologs of DNA markers found in genetic
maps were detected in the BES, i.e. forty two BES's con-
tained sequence highly homologous (over 80-341 bp
from e30 to e300) to 80 different genetic markers (20
RFLPs, 61 microsatellites), or about 4% of the markers
with sequences in GenBank. About three thousand new
microsatellite markers were identified within the whole
BES collection.

SNPs among the HSVs were found in nearly every BES
examined. SNIs among the HSVs were found among 24%
of sequences (Figure 2, 3, 4, 5, 6, 7, 8). Clones in plates 11
and 12 were re-sequenced and so have 2 records for each
BAC end in GenBank. Re-sequenced clones help deter-
mine the sequence error rate and greatly facilitate SNP
detection. Along with the few clones tested directly by
mapping (data not shown), about 67.5% of SNPs and

http://www.biomedcentral.com/1471-2164/9/323

SNIs detected in single pass sequence are expected to be
validated [8].

Conclusion

The comparison of Forrest and Williams 82 sequences
represents a powerful tool for soybean geneticists. There
are abundant SNPs and SNIs among the sequences, with
many linked to predicted gene sequences (Table 1). The
high frequency of single nucleotide changes between
genomic regions of soybean cultivars has been reported
previously [14,15] and stands in contrast to the very low
frequency between ESTs [16]. Clearly, further investment
in genomic SNP identification is called for. MTP BES [17]
make an excellent starting point, providing markers
spaced at regular intervals in the genome.

In comparison to SNIs, indels larger than 2 bp are very
rare. This bias against indels may explain why RFLPs and
AFLPs are rare in soybean [3,14]. Further the scarcity of
indels will have contributed to the inability of FPC to sep-
arate BACs into different contigs, once their sequence
identity exceeded 90% [4,18]. The use of SNPs and SNIs
to characterize BACs will improve contig building meth-
odology. For example, plate 13 of MTP4BH was devel-
oped from just 6 octaploid-like contigs by picking
redundant clones from putatively octaploid-like contigs
[4]. This set of 748 sequences should resolve into 48
regions when the genome sequence is properly de-convo-
luted.

Bioinformatic and functional annotation of polyploid
genomes can be greatly improved using a combination of
BAC fingerprint based physical maps, WGS sequence and
HSV partitioning of BAC clones in polyploid regions. The
separation of contigs will allow the de-convolution of
sequence and allow whole genome annotation in poly-
ploids. Preliminary results from stringent BLAT analysis of
BES to sequence scaffolds can be viewed at SoyGD [4]

Major challenges will have to be overcome in assigning
function to the duplicated regions. Reverse genetic
approaches like gene silencing and mutation would be
expected to be effective only in certain small gene families
and particular genomic regions. Gene silencing should
work when duplicated genes of redundant function are
close enough in sequence to be inhibited by the same
probe [19]. During over-expression [20], the co-suppres-
sion response of the endogenous gene family will have to
be considered. Will co-suppression actually reduce the
activity of the members of the gene family in patterns not
predicted by the experimenters? In the case of the identifi-
cation of mutations for loss of function by TILLING [21-
23], the functions of the homeologous genes must have
been sufficiently diverged over evolutionary time for suc-
cess to be expected. Secondly, no aneupleurotic pathways
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Figure 8
CC454041BARC-Satt688 Size-selected soybean genomic Glycine max genomic, genomic survey seguence
479 AATCACCAGAGAGCTTCAGAAGATGGGTCAATGGGCAGTTATCCTTAACTGAACTAATTA 538

1630114347FFYAG96270.X2 543 ittt it ittt ettt e e e e e 484
1321453278BIWS499796.01 4L i ettt et e e e e 353
1586480137FFYALS4221 .01 440 i e e et et e e e 504
1585823563BXCB763918.g1 825 ... e e e e e 872
1547791893BIWS680021.¥2 338 ittt it i e et et e e e e 397
1559805877BIWS884975.y2 911 ittt e e e Covivnnn [ 852

CC454041BARC-Satt688 Size-selected soybean genomic Glycine max genomic, genomic survey sequence
539 AATTAAAAAGTATTGATTAAATTTAATTCAACCTAGATTTTCTTAAAGCATGTAAGTCAT 598

1630114347FFYAG96270.X2 483 ittt ittt ettt e e e e e e e . 425
1321453278BIWS499796.01 352 L. e e e e e e EEEE 294
1586480137FFYALS54221 .01 500 it e e e e e e e e e 563
1547791893BIWS680021.y2 398  ......... ..., A e e e e e . 456
1559805877BIWS884975.y2 851 ittt e e e e e Coviiininnn R 793

CC454041BARC-Satt688 Size-selected soybean genomic Glycine max genomic, genomic survey sequence
599 GATTAAGATCCTTCCAAAGTAACAATACTCCACAATTAAACTGCGAGAATGTTCCACTCT 658

1630114347FFYA696270.x2 424  ..... e 366
1321453278BIWS499796.b1 293  ..... S 235
1586480137FFYA154221.b1 564  ..... BT T T S 622
1547791893BIWS680021.y2 457  ..... BT T S, 515
1559805877BIWS884975.y2 792  ..... R e e e e 734

CC454041BARC-Satt688 Size-selected soybean genomic Glycine max genomic, genomic survey segquence

659 718
1630114347FFYA696270.x2 365 306
1321453278BIWS499796.b1 234 175
1586480137FFYA154221.b1 623 682
1547791893BIWS680021.y2 516 575
1559805877BIWS884975.y2 733 674

CC454041BARC-Satt688 Size-selected soybean genomic Glycine max genomic, genomic survey sequence
719 GAATAACCTAATCCGATGTGTCGCCTCTTGAATCTTTTGCTTCACTTTCTGTAATTAGTT 778

1630114347FFYAG96270.X2 300 i ittt it i i e e et e e e et e e 246
1321453278BIWS499796.01 174 ittt e ettt e e e e e e 115
1586480137FFYALS4221 .01 683 ittt e e et e e e e e e 742
1547791893BIWS680021.¥2 576 ittt ittt ittt et ettt e e et e 635
1559805877BIWS884975.y2 673  ......... P Cov A e 614

CC454041BARC-Satt688 Size-selected soybean genomic Glycine max genomic, genomic survey sequence
779 TATTTTTTAAGAAAAAAGT-GAGTGAGTTT-ACCA 811

1630114347FFYA696270.x2 245 ... ..., IR, —-.... 213

1321453278BIWS499796.b1 114 ... ... ... G..A. ... .. -.... 81

1586480137FFYA154221.b1 743 ... ..., RIS —.... 775

1547791893BIWS680021.y2 636 ..ot I, -.... 668

1559805877BIWS884975.y2 613 L.AAG. L. e G.... 580
Figure 8

MegaBlast analysis showing sequence identity to WGS reads using the sequence of the satellite marker BARC-
Satt688 (CC454041) that anchored the BES from H77P02 (CG817343 and CG817333) to contig 9354. MegaBlast
against 7.3 million reads with repeat masking gave 4 nearly identical. If the few differences were HSVs then there might be 3
homeologous sequences. Each homeolog was represented by a single read suggesting this region is under-represented in the
sequence database. The ATT repeat that formed the microsatellite polymorphism was at 360—418 bp (not shown) and was 2
bp shorter in Williams 82 than Forrest. A potential SNP between Forrest and Williams 82 is circled (SIUC-SNP_Satt688).
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Table 2: Characteristics of ploidy among the three groups of contigs with BESs.

Diploid-like Tetraploid-like Octaploid-like
Number of sequences? 20,548 1,070 3,506
Mean number of homeologsP detected at 90% identity 1.5 4.5 84
Mean number of homeologs detected at 95% identity 1.3 24 4.1
Mean number of homeologs detected at 98% identity 1.2 2.1 2.6
Mean number of homeologs detected at 99% identity 1.1 1.9 23

Megablast searches and SNP analysis were used to identify the mean number of homeologous groups of sequences above three identity
percentages. Most BES from ctgs 1-3500 showed matches to regions that were single copy, however a significant number of regions from contigs
formed from 2 or 4 coalesced regions could be detected at 90, 98 and even 99% sequence identity.

2 Two hundred sequences were selected from these groups for visual scoring of the BLAST searches.

bThe BAC libraries were each constructed from DNA derived from twenty five different seedlings of cultivar Forrest, bulked after single pod
selection at F2:5 from F2:6 to F2:13, but otherwise inbred. Therefore, less than 7% heterogeneity should have remained from 'Dyer' and 'Bragg' the

parents of Forrest.

with functional redundancy must exist. The physical map
should be used to guide these approaches. A complete
map of homeologous regions can help identify genes in
regions likely to be unique, single copy, and others likely
to be redundant in 2 or 4 copies like an allo-polyploid.

Methods

Source of sequences

Forrest genome resources used included all three MTPs
described in Table 1. There were 13,473 BES reads from
MTP2 (CG826126 to CG812653). There were 7,700 BES
reads from MTP4BH (DX406713 to DX414412) and
3,324 reads from MTP4E (ER962965 to ER966289). After
trimming, the mean read length for these BES was about
736 bp. The total sequence generated was 18.5 Mbp, or
about 2% of the soybean genome. There were 9,386
paired, forward and reverse reads.

At the time of enquiry (mid 2007), there were 7.4 million
reads of Williams 82 genome reported in the trace
sequence section of NCBI [29]. The total amount of
sequence was 6,000 Mbp, about six fold the soybean
genome. Most were paired forward and reverse reads from
2-3 kb inserts. These sequences were not trimmed and
most contained 50-60 bp of sequence from pUC18 at the
start of the sequence. About 36,000 reads had another
tract from pUC18 at the end of the sequence.

In silico polymorphism detections

MegaBlast enquiries were made of the Glycine max WGS
database using individual BES [29]. Criteria set were; data-
base Glycine max-WGS; hits computed 250; all low com-
plexity filter selected; expect was set to 10; word size was
set to 32 or 64; percent identity used was normally 90%
though 99%, 98%, 95%, and 85% were manually tested
in instances noted in the results.

Results were assembled into groups of 100 by expected
copy number and 600 were examined by a manual editor.

Distance trees of the results were selected (some some typ-
ical result trees were captured as screen shots (Figures 2, 3,
4). "Show multiple alignment" was selected from the root
of the tree. Multiple alignments were examined for the
presence of HSVs, SNPs, SNIs and SSRs and illustrative
examples used to make Figures 2, 3, 4, 5, 7 and 8. For the
means in Table 2, multiple alignhment was selected directly
and the results automatically recorded.

In vitro HSV polymorphism detection

BACs from homeologous regions that assembled into sin-
gle contigs were picked from BAC library master plates.
DNA was extracted as previously described [4,17]. Primers
were designed from within the BES to encompass HSV.
Settings used for primer design were T, 55° + 1°C, ampli-
cons 100-500 bp, primer length 20 + 2 bp. No constraints
on GC% were set to avoid potential bias against the AT
rich regions of the soybean genome. Repeated DNA
amplicons (mini-satellites, transposons etc.) were filtered
out by Blast searching, unlike Shultz et al., [7]. Primers
were obtained from Sigma Genosys (Woodlands, TX).

Polymerase chain reaction (PCR) was performed in a PE
9700 (Boston, MA). An initial 95°C denaturation for 5
min was followed by 30 cycles of 95° for 30 s, 55° for 30
s, and 72° for 30 s. After PCR was complete, gel electro-
phoresis was performed in a 2% (w/v) agarose gel or a 4%
(w/v) PAGE stained with ethidium bromide and ampli-
con documented using a BioRad GelDoc (Hercules, CA)
system. Bands were isolated in pGEM3T. SNP polymor-
phism was identified by DNA sequencing of PCR ampli-
cons following plasmid isolation using a CEQ2000
(Beckman Coulter, Fullerton, CA).

Annotation and map representation

All potential SNPs, SNIs and microsatellites that distin-
guish either cultivars or homeologs were named with the
SIUC_ suffix (at each database entry and first mention in
the text) followed by N-, I- or S- prefix. For cultivar poly-
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morphisms this was followed by the motif and BAC of ori-
gin. For HSVs the letter H- was suffixed, then followed by
the motif and BAC of origin. In contrast, earlier markers
were assigned a sequential number [30-33]. The altered
naming convention used here was designed to help users
find the clone of origin in the physical map. All potential
markers will be shown at SoyGD in the BES_SSR,
BES_SNP or BES_SNI track (not shown). Markers that
have been located in the genetic map by DNA polymor-
phism scored in RIL populations will be shown on the
locus track.
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