Theor Appl Genet (2007) 114:1081-1090
DOI 10.1007/s00122-007-0501-9

ORIGINAL PAPER

The development of BAC-end sequence-based microsatellite
markers and placement in the physical and genetic maps

of soybean

Jeffry L. Shultz - Samreen Kazi - Rabia Bashir -
Jawaad A. Afzal - David A. Lightfoot

Received: 20 April 2006 / Accepted: 7 January 2007 / Published online: 8 February 2007

© Springer-Verlag 2007

Abstract The composite map of soybean shared
among Soybase, LIS and SoyGD (March 2006)
contained 3,073 DNA markers in the “Locus” class.
Among the markers were 1,019 class I microsatellite
markers with 2-3 bp simple sequence repeats (SSRs)
of >10 iterations (BARC-SSR markers). However,
there were few class II SSRs (2-5 bp repeats with <10
iterations; mostly SIUC-Satt markers). The aims here
were to increase the number of classes I and II SSR
markers and to integrate bacterial artificial chromo-
some (BAC) clones onto the soybean physical map
using the markers. Used was 10 Mb of BAC-end
sequence (BES) derived from 13,473 reads from 7,050
clones constituting minimum tile path 2 of the soybean
physical map (http://www.soybeangenome.siu.edu;
SoyGD). Identified were 1,053 1-6 bp motif, repeat
sequences, 333 from class I (>10 repeats) and 720 from
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class II (<10 repeats). Potential markers were shown
on the MTP_SSR track at Gbrowse. Primers were
designed as 20-24 bp oligomers that had Tm of
55+ 1 C that would generate 100-500 bp amplicons.
About 853 useful primer pairs were established. Motifs
were not randomly distributed with biases toward AT
rich motifs. Strong biases against the GC motif and all
tetra-nucleotide repeats were found. The markers dis-
covered were useful. Among the first 135 targeted for
use in genetic map improvement about 60% of class II
markers and 75% of class I markers were polymorphic
among on the parents of four recombinant inbred line
(RIL) populations. Many of the BES-based SSRs were
located on the soybean genetic map in regions with few
BARC-SSR markers. Therefore, BES-based SSRs rep-
resent useful tools for genetic map development in soy-
bean. New members of a consortium to map the
markers in additional populations are invited.

Keywords Microsatellite - Motif - Repeat - Soybean -
Legume - Physical map

Introduction

Microsatellites are 1-6 bp repeat motifs arranged in
tandem within DNA (Cregan et al. 1999a; Temnykh
et al. 2001). Class I microsatellite markers have more
than ten iterations and class II have less than ten
iterations of the repeat motif. The repeats exhibit
within species polymorphisms at high frequency. The
repeats provide an abundant source of simple
sequence repeat (SSR) markers. The use of SSRs has
been critical to molecular mapping projects in
soybean (Demirbas etal. 2001; Igbal etal. 2001;
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Song etal. 2004; Yamanaka etal. 2001; Zhang
et al. 2004; Kassem et al. 2006). SSR markers are use-
ful in polyploid or paleopolyploid genomes where
they can distiguish among composite genomes and
identify homeologous regions in BAC pools (Shultz
et al. 2006).

In soybean there were 1,011 BARC_SSR markers
listed on Soybase in 2006 (Cregan et al. 1999b; Song
et al. 2004). Among them were 605 Satt, 332 Sat, 25 Sct,
and 5 Sctt class I markers. Based on a 2,523.6 cM
(Kosambi) soybean map and the reported 1,011 SSR
markers, the mean distance between SSR marker loci
should have been less than 2.48 cM. However, there
were 24 gaps that ranged from 10 to 20 cM in the
composite map (Song et al. 2004). The gaps account for
a total of 375.1 cM, or 14.8% of the current map.

The gaps are targets for marker identification from
BAC and contig sequences (Cregan etal. 1999b;
Meksem et al. 2000; Triwitayakorn et al. 2005; Ruben
et al. 2006). The targeted filling of gaps in the genetic
map will require advanced genomic resources
(Meksem et al. 2000; Wu et al. 2004; Shultz et al.
2006), particularly large contiguous sets of overlap-
ping BAC clones (hereafter contigs) anchored to reli-
able markers.

The publicly available physical map of soybean
used medium information content fingerprinting
(Meksem et al. 2000; Shultz et al. 2003a, 2006; Wu
et al. 2004) shown at SoyGD in two forms, build 3 and
build 4. Build 3 of the physical map of soybean (Wu
et al. 2004) consisted of 2,905 contigs of 491 Kbp
mean size. Build 4 of the physical map of soybean
(Shultz et al. 2006) consisted of 2,854 contigs of
363 Kbp mean size. However, only 762 contigs could
be reliably anchored to the physical map using
BARC_SSR markers, RFLPs and BAC DNA pools.
Marker amplicon duplication proved to be wide-
spread. Therefore, a new marker system to place con-
tigs on the genetic and physical map and to verify
contigs already placed was needed.

The derivation of SSRs from genome encompass-
ing BES has been reported for rice (Temnykh et al.
2001; McCouch et al. 2002), wheat and barley (Rota
et al. 2005). In each genome markers of class I and
class II were developed that could be mapped within
and among genomes. In soybean, clones that made up
a minimum tiling path (MTP) of the soybean genome
based on build 3 were used to develop 13,473
sequence reads. The objective was to determine
whether satellite markers found in soybean BES
would be polymorphic and reliable to allow use as
integrating markers for the genetic and physical
maps.
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Materials and methods
Source of sequences

About 16,128 sequence reads (Genbank. CG812653 to
CG826126) were attempted from 8,064 the MTP clones
identified from build 3 of the physical map (Shultz
et al. 2006). The MTP2 clones were hand picked from
the BamHI and HindIIl BAC libraries to provide
genome coverage with about 25% overlap among
neighboring clones in the tile. There were 13,473 useful
BES reads. Mean read length was about 736 bp. The
total amount of sequence generated from MTP2 was
9.9 Mbp (about 1%) of the soybean genome. There
were 5,555 paired, forward and reverse reads.

Frequency of microsatellites

A JAVA program was written to identify possible sim-
ple sequence repeats (SSRs) within the ~10 Mb of soy-
bean BES reported on Genbank (Shultz et al. 2003b).
All the BES reads were placed into a single text file,
with one line per sequence in FASTA format. Each
record was sequentially tested for 2, 3, 4, 5 and 6 base
repeated DNAs. A requirement that each group of
repeats must be at least 15 base pairs in length (3-7
repeats depending on motif size) was included in the
program. No attempt was made to filter out single
nucleotide sequences. Once detected, the microsatel-
lite region was surrounded with “[ ]” delimiters to aid
the automated primer selection. Also, once an accept-
able match was found, the program output the data
and proceeded to the next sequence record making no
attempt to find any other repeats or to increase the
length of the accepted match.

The JAVA output file was transferred to the Primer
3 program located at http://www.frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi/. Settings used for
primer design were T, 55° £ 1°C, amplicon 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. Equally, repeated DNA ampli-
cons (minisatellites, transposons etc.) were not filtered
out by Blast searching.

Polymorphism detection

The parents of four recombinant inbred line (RIL) pop-
ulations; ‘Flyer’ x ‘Hartwig’ (F x H; Yuan et al. 2002;
Kazi et al. 2006), ‘Essex’ x ‘Forrest’ (E x F; Igbal et al.
2001; Kassem etal. 2006; Lightfoot etal. 2005),
‘Pyramid’ x ‘Douglas’ (P x D; Njiti etal. 2002) and
‘Minsoy’ x ‘Noir 1 (M x N; Cregan et al. 1999b; Lark
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etal. 1993; Song etal. 2004) were tested for
polymorphism using 96 of the BES-derived microsatel-
lite primers (See Supplementary Table for sequences).
Seed were obtained from ARC seed store maintained
by Dr. Lightfoot at SIUC except Minoy and Noir that
were obtained from Dr. Orf, (University of Minnesota).
DNA was extracted as described previously (Igbal et al.
2001). Primers (Supplementary Table) were obtained
from Sigma Genosys (Woodlands, TX, USA).

Polymerase chain reaction (PCR) was performed in
a PE 9700 (Boston, MA, USA). An initial 95°C dena-
turation for 5 min was followed by 30 cycles of 95° for
30, 55° for 30s, and 72° for 30s. After PCR was
complete, gel electrophoresis was performed in a 4%
(w/v) agarose gel stained with ethidium bromide. Poly-
morphism was documented using a BioRad GelDoc
(Hercules, CA, USA) system.

Annotation and Map representation

All potential microsatellites were named with the
SIUC_ suffix (at first mention) followed by S, the
repeat motif and the BAC of origin. In contrast, earlier
SSR markers were assigned a sequential number (Cre-
gan et al. 1999b; Meksem et al. 2000; Song et al. 2004;
Triwitayakorn et al. 2005). The altered naming conven-
tion used here was designed to aid users find the clone
of origin in the physical map. All potential markers
were shown at SoyGD in the BES_SSR track. Markers
that have been located in the genetic map by scored
RIL DNA polymorphism will also be shown on the
locus track.

Results
Frequency of microsatellite types and motifs

A total of 1,053 among 13,473 BESs contained 2-6 bp
repeats of at least 15 bp, that represented 7.8% of the
sequences tested. There were 333 from class I and 720
from class II. Among the 333 class I motifs 153 were
mononucleotide repeats. Only 180 were composed of
di- and tri-nucleotide repeats like BARC-SSRs.

Of the 1,053 repeat sequence regions, 853 were
flanked by sequence capable of PCR amplification
using the parameters indicated in methods and materi-
als. A complete list of the primers, with expected
amplicon size, contig number and SSR repeat is
included in the supplemental table. The rejected 200
contained very AT rich regions on one or both sides of
the amplicon that prevented primers being designed.
The initial AT composition of the 10 Mbp of BES was

63.7%; the 1,053 BES that contained satellites were
68.2% AT. Of the 853 BES selected for amplification
the total AT composition was 66.3%; and the ampli-
cons of about 200 bp were 65.7% AT.

Table 1 showed each microsatellite type by motif and
the frequency observed. Based on the canonical set of
SSR motifs expected were the two singlets (A or T, and
G or C runs) and 4 di-nucleotides (GC, AC, AG and
AT). Among the singlet repeats A(x) was significantly
more abundant (n = 137) than the G(x) motif (n =17),
reflecting the AT rich nature of the soybean genome.
Among the singlets (x) was 15 or greater and all mark-
ers were class 1 SSRs. Among the di-nucleotides AT
was significantly more abundant (n=196), GC was
absent (n =0) and AG (n =46) and AC (n =40) were
less abundant. Among the 12 tri-nucleotide motifs a
similar pattern was observed with AAT (reverse
complement ATT) motifs most common (n = 66), but
AAG nearly as common (n = 57). The AAC tri-nucleo-
tide was significantly more common (n =36) than all

Table 1 Simple sequence repeat motifs found in BAC end
sequences

Motif N Motif N Motif N
A 137  AACCT 1 AC 40
AAAAAC 2 AACGC 1 ACAGAG 1
AAAAAG 8 AACGT 1 ACAGGC 1
AAAAAT 7 AACT 1 ACAGT 1
AAAAC 7 AACTTC 1 ACC 4
AAAACT 3 AAG 57 ACCATC 1
AAAAG 17 AAGAG 2 ACG 2
AAAAGG 1 AAGAGG 1 ACT 2
AAAAT 55 AAGAT 5 AG 46
AAAATC 2 AAGGAG 1 AGAGC 1
AAAATT 3 AAGGTG 1 AGAT 1
AAACCC 1 AAGTAC 1 AGC 5
AAACT 3 AAT 66 AGG 18
AAACTT 3 AATAC 3 AGGGG 1
AAAG 1 AATAG 6 AGGT 1
AAAGAG 2 AATAT 3 AGGTGG 1
AAAGC 1 AATATT 1 AT 196
AAAGG 1 AATC 1 ATC 9
AAAGTG 1 AATCC 1 ATCCT 1
AAAT 7 AATCCC 1 ATCTGC 1
AAATAT 1 AATCG 1 ATG 9
AAATC 1 AATCT 2 ATGAT 1
AAATG 2 AATGAC 1 ATGT 1
AAATT 4 AATGGT 1 CC 17
AAATTC 3 AATGT 2 CCG 1
AAATTT 1 AATT 1 CGG 1
AAC 36 AATTAT 1

AACAAG 6 AATTC 1

AACAC 4 AATTG 1

AACAG 3 AATTT 3

Each motif listed was present with more than four repeats in at
least one BES. The number of examples found (N) among the 853
amplicons developed from soybean BAC-end sequences are
listed
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tri-nucleotides with two Gs, Cs or a GC (n=29).
Among the latter AGG tri-nucleotides were the most
common (n=18). There were only two BESs with
repeats composed entirely of a mix of Gs and Cs.
Among the 33 different tetra-nucleotide repeat
motif classes potentially present only eight were
observed and only 15 examples were recorded. Only
AAAT (n=7) was present in multiple copies. Among
the 102 potential different penta-nucleotide motifs 31
were observed. AAAAT was most abundant (n = 55).
AAAAG (n=17) was more common than AAAAC
(n =7), but the remaining 28 motifs were rare (1 <n <5).
Among the hundreds of potential sexta-nucleotides 31

Table 2 Polymorphism of BAC-end sequence based SSR mark-
ers within four soybean mapping population parents. The BAC of
origin of the BES is shown along with the size of the core motif
and its sequence, the build 4 contig if any. For the 14 markers that

were observed. The AAAAAN motif was most
common (n=15) and AACAAG (n=6) was also
abundant. The other 29 motifs were rare.

Polymorphism

Thirty six primer pairs for class II SSR markers among
the first 96 tested were polymorphic among the 8 par-
ents (38%; Table 2). Typically amplicons were single
bands of about equal intensity on agarose gels, two
BAC-derived SSRs and two BARC-Satt amplicons are
shown in Fig. 1. Among the markers tested 5 were
polymorphic in three populations, 15 were polymorphic

were mapped shown are the map position as left and right flank-
ing markers and the linkage group. Gap indicates the markers
were not linked to any marker in the existing map and so cannot
be placed

Primers Motif Build3 Build 4 Polymorphic  Genetic map locations

- - - populations

Size (n) Sequence  Contig LG Anchor Contig LG Anchor Map L.G.

no. no. Interval

B15B14 2 AA 59 Al Satt248 ND 3 Gap
B17K12 2 AA 830 Dla  Satt370 ND 2 ND
B16A10 2 AA 366 ND 253 ND 2 ND
B04102 2 AA 1806 ND ND 2
B17P05 2 AA 283 ND ND 1
B10002 2 AA 1604 (0] Satt466 ND 1
B14G13 2 AC 1772 ND ND 1
B13M19 2 AC 217 G Satt533 28 ND 1
B09L01 2 AC 760 D2 A257 1023 Dila Satt507 1 Sct_10  Satt324 G
B02K20 2 AG 173 ND ND 3 Satt510 F
H100B10* 2 AG 1793 A2 A117 214 A2 Sat_400 1 BIt65 Satt1l62 A2
B1SLO6 2 AT 107 H Sat_122 ND 3 Gap
B15L05 2 AT 123 (0] Satt633 628 K Satt588 3 Satt76 Satt252 F
B17E19 2 AT 132 ND 158 ND 2 Gap
B16L10 2 AT 1357 A1A2 A110 ND 2
B15P23 2 AT 168 ND 244 H Sat_206 2
B15112 2 AT 1344 Al A236 ND 2
B08G14 2 AT 1590 ND ND 2 Satt129  Satt408 Dla
B0SD14 2 AT 1118 ND ND 2 Gap
BO1114 2 AT 171 Al Satt200 ND 2
B17C16 2 AT 42 H Satt253 ND 1
B14011 2 AT 573 Dla  Satt572 8198 AlDla Satt507 1
B12B12 2 AT 1555 ND ND 1
B03P01 2 AT 1123 D1b  Satt459 ND 1
B10P12 3 AAC 426 K Satt046 ND 2 Gap
B14B13 3 AAC 1216 ND ND 1
B13G15s 3 AAG 1507 ND ND 1 Gap
B02B24 3 ATT 791 Al Satt225 ND 2 Satt009  Sattl52 N
BI15A19 5 AAAAC 1417 ND 1632 ND 1
B10OM21 5 AAAAC 2365 ND ND 1
B15C01 5 AAATA 1848 ND ND 2
B12C13 5 AACAC 775 ND ND 2 Gap
B15J11 5 AACCT 791 Al Satt225 ND 1 Gap
B11006 5 AGAAC 791 Al Satt225 ND 2
B13L17 6 AAAAAG 2082 ND 9092 ND 3 Gap
B16117 6 AAAAAG 67 ND 1771 ND 1

ND is not determined

# marker mapped to A2 was b, AY858570
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Fig.1 Agarose gel
electrophoresis of simple
sequence repeat markers.

a SIU-Sct_B02K20, b STU-
Sat_B15L06,c¢ BARC-Satt232
and d BARC-Satt 237. Lane
order is (left to right) Flyer,
Hartwig, Essex, Forrest,
Pyramid, Douglas, Minsoy
and Noirl

261bp —> LN FEEE ™

in two populations and 16 were polymorphic in one
population. Within populations 15% of markers tested
were polymorphic in F x H, 18% in E x F, 14% in
P x D, and 15% in M x N. Regardless of whether
polymorphism was detected in these populations, BES-
SSR were displayed at SoyGD (Fig. 2).

Among mononucleotide repeat motifs, 6 of 11 mark-
ers (55%) were polymorphic. Among di-nucleotide
motifs, 3 of 7 AC markers, 14 of 20 AT markers and 1
of 3 AG markers (60%) were polymorphic. Among
tri-nucleotide repeats, 2 of 12 were polymorphic
(17%). Among tetra-nucleotide repeats, only 1 was
tested and was not polymorphic. Among penta-
nucleotide repeats, 6 of 17 were polymorphic (35%).
Among sexta-nucleotide repeats, 2 of 7 were polymor-
phic (31%).

Map locations

Genetic map locations were sought for the 14 SSR
markers polymorphic in the E x F population and 17
SSRs polymorphic in the F x H population. Jointly the
markers provided 20 unique markers. The remaining
18 markers of the set of 38 were only polymorphic in
M x N or P x D and were not prioritized for map
placement.

Among the mapped markers 6 were placedon E x F
linkage groups (Table 2) and one in the F x H map by
associations (LOD > 3.0) with markers in the existing
maps (430 for E x F and 151 for F x H). The markers

188 bp

+— 248 bp

placed in the E x F map were; SIUC-SacB09L01 that
mapped between Sct_10 and Satt324 on L.G. G
(Fig. 2); STUC-SagB02K20 that was linked to Satt510
on L.G. F; SIUC-SagH100B10b (AY858570) that
mapped between BIt65 and Satt162 on L.G. A2; STUC-
SatB15L05 that mapped between Satt76 and Satt252
on L.G. F; SIUC-SatB08G14 that mapped between
Satt129 and Satt4d08 on L.G. Dla; and SIUC-
SattB02B24 that mapped between Satt009 and Satt152
on L.G. N. The marker placed in the F x H map but
not the E x F map was Sag_B02K20 linked to Satt510
on L.G. F.

The marker Sac_B09L01 shows the power of the
method in that four contigs were anchored by Satt507,
one of which is on L.G. Dla and the other three are
homeologs from other locations. The marker suggested
that ctg 8092 be moved to its correct location on L.G.
G. Further, a homeologous relationship between these
regions of L.G.s Dla and G is inferred. However,
markers H100B10a (L.G. Al) and H100B10b
(L.G.A2) mapped to different linkage groups and iden-
tified homeologous regions with conserved gene orders
(Campbell etal. unpublished). Therefore, contig
assignments will not always be correct by this method.

Eight markers were not linked to any other marker
in the E x F map and so were inferred to be located in
gaps (Kassem et al. 2006). The markers in gaps were;
SIUC-SaaB15B14 from ctg59 anchored to L.G. Al by
Satt248 in build 3; SIUC-SatB15LO6 from ctglQ7
anchored to L.G. H by Sat_122; SIUC-SatB17E19
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Fig.2 Gbrowse
representation of the MTP
clones in a portion of the
soybean genome showing
build 4 linkage group D from
28t029 Mbp. A 1 Mbp region
with loci, QTL, clones, con-
tigs, sequences and gene mod-
els are shown. Loci, or genetic
map DNA markers, are
shown as red arrowheads.
QTL in the region are shown
as blue bars. BAC clones are
shown as the coalesced purple
bar. Contigs are shown as
green bars. Polyploid region
contigs have ctg numbers
greater than 8,000. Sequences
from MTP BAC ends are
shown as black lines. Related
gene annotations are shown as
purple lines (the five most
probable Blastx hits at P < e-5
are listed). Clicking on MTP
clones brings up the gene in-
dex number. MTP4 clones are
annotated below the bar with
MTP and the MTP plate ad-
dress. MTP2 clones can be
identified as they have BES
and EST hits shown. BES-
SSR markers are shown as
green arrowheads below the
MTP clones. Highlighted in
yellow is the clone BO9L01
that contains the marker
Sag B09L01 mapped to link-
age group G suggesting this
contig (one of four homeo-
logs) was misplaced in the
physical map
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from ctgl32 and ctg 158 unplaced in builds 3 and 4;
SIUC-SatB08D14 from unplaced ctgl118 (build 3);
SIUC-SaacB10P12 from ctg426 anchored to L.G. K by
Satt046 in build 3 but a singleton in build 4; SIUC-
SaagB13G15 from ctgl507 unplaced in build 3 and a
singleton in build 4; STUC-SaacacB12C13 from ctg775
unplaced in build 3 and a singleton in build 4;
SaacctB15J11 from ctg 791 anchored to L.G. Al by
Satt225 in build 3 but a singleton in build 4; and STUC-
SaaaaagB13L17 from ctg2082 and ctg 9092 unplaced in
builds 3 and 4.

Three of the markers were linked together in a clus-
ter in the F x H population. The markers that clustered
in the genetic map were SIUC-SaaaagB541.24 (build
4 ctg 3682 in Queue; build 3 ctg 360 on L.G. G), SIUC-
SaaattBO5SNO4 (build 4 singleton; build 3 ctg331 on L.G.
N) and SIUC-Sat_H35G20 (build 4 ctg 9299; build 3 ctg
853 both in Queue). The markers were from different
contigs in the physical map. Location of these markers
in a genetic map will correctly place the related contigs.

Physical map locations were predicted in build 3 for
most of the markers and the BACs of origin by associa-
tion in a contig since the clones derived from the MTP of
that build (Table 2). For example SaaB15B14 was part
of ctg59 that was anchored to L.G. Al by Satt248 in
build 3 but was unplaced in Queue in build 4. Genetic
linkage placed the marker BAC and associated contig in
a gap of the E x F genetic map. Among the mapped
markers twelve were from build 3 contigs that were
anchored to linkage groups (e.g. SaaB15B14) and 8 were
unassigned in Queue. For example SIUC-SaaB16A10
was part of ctg366 in build 3 and ctg253 in build 4, both
were assigned to Queue. Ten of the markers were from
BACG:s included in build 4 (e.g. SaaB16A10) and six of
them were assigned to linkage groups by association
with an anchored contig. For example SacB09L01 was
from ctg760 anchored to L.G D2 by RFLP A257 in build
3 but ctgl1023 anchored to L.G. D1a by Satt507in build 4
(Fig. 2). The ExF genetic map placed this marker at a

third location, between Sct_10 and Satt324 on L.G. G.
The latter is the most likely location because soybean
SSR amplicons all had homeologs that complicate BAC
anchor determinations (Shultz et al. 2006).

Among the 7 markers that were linked to the
genetic map, two agreed with the build 3 position for
the contig (e.g. SagH100B10b) and 5 suggested the
contig may be placed incorrectly or composed of BACs
from different genetic locations (e.g. SacB09L01;
Fig.2). The two markers with consistent positions
were; SatB14011 part of ctg573 anchored to L.G. Dla
by Satt572 in build 3 and ctg8198 anchored to both
L.Gss Al and Dla by Satt507 in build 4; and
SagH100B10b anchored to ctgl793 on L.G A2 by
RFLP A117 in build 3 and ctg214 on A2 by Sat_400.
The genetic map of ExF placed the BAC between
SCAR BIt65 and Satt162, also on L.G. A2.

Discussion

The distribution of satellite motifs in soybean DNA was
not random. AT rich motifs were more common in gen-
eral. Certain AT rich motifs were significantly more
common than expected. For example, the AAG motif
was much more common than the AAC motif suggest-
ing runs of pyrimidines and purines are more stable
motifs in soybean. The selection of the AT and ATT
motifs for BARC-SSR and composite map develop-
ment by Song et al. (2004) was clearly justified (Table 3)
by their abundance. Should more random microsatel-
lites be sought the AAG and AAAAT motifs were
abundant and might map to gaps frequently.

The tetra-nucleotide repeats were significantly
underrepresented as a group compared to the penta-
and tri-nucleotide repeat motifs. The reduction in tetra-
nucleotide motifs is not seen among grass genomes
(Rota et al. 2005) or non-legume dicots (Paniego et al.
2002). Some tetra-nuclotide motifs were common in the

Table 3 Numbers of microsatellite repeats in soybean genomic DNA. Mapped SSRs (BARC) compared to BES Derived SSRs. (A)
The unselected set includes all the motifs found in the BES. (B) The selected set are the satellites within amplicons with useful primers

TAAT TTAA CTGA CAGT TAAATT Other tri-N Quad to sex Total motifs
(A) Unselected
SIUC-BES 290 192 34 58 81 109 289 1,053
BARC-SSR 386 0 24 0 598 11 2 1,021

Mono-N  Di-N  Tri-N  Quad-N  Quint-N  Sext-N  Total motifs

(B) Selected
SIUC-BES 154 282 210 14 136 59 853
BARC-SSR 0 410 609 0 2 0 1,021
Polymorphism-BES (%) 55 58 17 0 35 31 42
Polymorphic-SSR (%) 68 69
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legume peanut (Genbank search 2006). There is one
tetra-nucleotide motif in the composite map (BARC-
Staga002; Song et al. 2004).

Apparently, all tetra-nucleotide motifs and the GC
dinucleotide repeat have been strongly selected against
in the soybean genome. Long class I tetra- and di-
nucleotide repeats were reported clustered around
centromeres in tomato (Areshchenkova and Ganal
1999) but not in soybean (Walling et al. 2006). Since
the BES used here were derived from a MTP, provid-
ing a sequence read about each 70 Kbp, clusters of
motifs would be expected to be under-represented in
the data set in the manner observed for tetra-nucleo-
tide motifs and the GC di-nucleotide repeat.

Alternately, selection for widespread distribution of
penta- and sexta-nucleotide repeats in soybean may be
inferred. For example, the CAAAA motif was inferred
to be selected for in the legume Trifolium repens
because it may be involved in breakage-reunion mech-
anism of tandemly repeating arrays (Ansari et al.
2004). Therefore, satellites containing penta-nucleo-
tide motifs might be selected to be more polymorphic
than tetra-nucleotides.

Measurement of polymorphism frequencies suggests
that the new markers will be frequently polymorphic in
mapping populations. The overall 38% polymorphism
rate is somewhat less than that reported for the
BARC_SSR markers with the same populations (Njiti
et al. 2002; Song et al. 2004; Kazi et al. 2006). Within
populations 15% of markers tested were polymorphic
in F x H compared to 33% of BARC-SSRs (Yuan
et al. 2002; Kazi 2005; Kazi et al. 2006) scored on aga-
rose gels. The 18% polymorphic in ExF compared to
the 38% reported (Igbal etal. 2001; Kassem et al.
2006). The 14% in P x D compared to the 39%
reported by Njiti et al. (2002), and 15% in M x N com-
pared to the 41% reported by Song et al. (2004). The
lower polymorphism frequencies among the SIUC-
BES-SSRs compared to BARC-SSR did not seem to
be related to the use of sequencing gels compared to
agarose gels (Kazi 2005). Probably, the shorter motif
lengths cause the lower overall polymorphism frequen-
cies.

The SIUC-BES-SSR class I motif types showed
polymorphism frequencies equal to the class I BARC-
SSRs of Song et al. (2004). Even among the mononu-
cleotide motifs (all class I), six of 11 markers (55%)
were polymorphic suggesting these markers should
have been used for BARC-SSR development.

However, some class II markers were highly poly-
morphic. Among di-nucleotide motifs 3 of 7 AC mark-
ers, 14 of 20 AT markers and 1 of 3 AG markers (60%)
were polymorphic (3 class I and 15 class II). Motifs

@ Springer

composed primarily of As were highly polymorphic.
Several factors may contribute to the polymorphisms
in poly-A tracts. Mononucleotide tracts cause DNA
polymerase to slow down or stall during synthesis;
DNA editing is error prone in such regions; cDNA
copied from mRNAs of retrovirus’ and incorporated
into the nuclear genome carry with them long poly-A
tracts. The latter could explain the greater polymor-
phism of poly-A compared to poly G tracts.

Anchoring BES-SSR to the genetic map proved to
be an effective, independent method to check on the
assignment of BACs to contig and contigs to linkage
groups in the physical map. Build 4 proved to be a
more accurate physical map than build 2 or 3, as pre-
dicted (Shultz et al. 2006). However, build 4 was not
completely correct in marker assignments. Every
marker was present in build 3 but only some of the
source BACs were included in build 4. The opposite
will be true of the MTP4 derived markers under devel-
opment. As noted (Shultz et al. 2006) the homologous
regions of the soybean genome cause most BARC-Satt
markers to have multiple amplicons at different loca-
tions in the BAC pools used to anchor contigs (Fig. 2).
The number of potential amplicons increased as pool
complexity decreased. However, markers like and
Sac_BO09L01 were effective is assigning particular con-
tigs from sets that shared a common anchor to a sepa-
rate chromosomal location. Markers of this type will
greatly improve the quality of the anchors on physical
maps.

The large number of BES-SSR markers that
mapped into gaps in the genetic map suggest the use of
an MTP has reduced the tendency of polymorphic
markers to cluster. Although the composite map of
soybean currently available on Soybase (March, 2006)
contained 3,049 molecular markers, only 1,011 were
SSRs. In any single population about 35% can be
placed (Njiti et al. 2002; Song et al. 2004; Lightfoot
et al. 2005). The maps that result are 30-50% smaller
than the known soybean genome size. Gaps in marker
coverage are inferred. For example, in the E x F map
(Kassem et al. 2006) from the first 50 BES-SSR 25 of
the markers were placed into 21 gapped regions on 12
chromosomes (Bashir and Lightfoot, unpublished).
Many new QTL were identified. Revising existing
maps and the derived composite maps by adding a few
hundred BES-SSR markers per population will be pro-
ductive. A community mapping project will be neces-
sary. The results will strengthen both the genetic and
the physical maps of soybean.

SSR markers are highly reliable, co-dominant and
simple to use. Consequently, the additional markers
reported here should improve coverage of the soybean
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genome by maps. The polymorphism rates of the BES-
SSRs may be increased if sequencing gels are used to
detect amplicons. The 10 Mb of BAC-end sequence
used in this marker development project has recently
been augmented by seven thousand more BAC-ends
and hundreds of thousands of EST sequence. The addi-
tional resources will be used to add more markers to
SoyGD. A consortium of laboratories are mapping the
markers in additional populations (Gore et al. 2002;
Yamanaka et al. 2004; Guo et al. 2005) and additional
members are invited from the readership.
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