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Abstract

The incorporation of RAPD markers into the previous classical and RFLP genetic linkage maps will facilitate the
generation of a detailed genetic map by compensating for the lack of one type of marker in the region of interest. The
objective of this paper was to present features we observed when we associated RAPD map from an intraspecific cross
of a Glycine maxXG. max, "Essex’ X PI 437654 with the public RFLP map developed from an interspecific cross of G.
max X G. soja. Among 27 linkage groups of RAPD map, eight linkage groups contained probe/enzyme combination
RFLP markers, which allowed us the incorporation of RAPD markers into the public RFLP map. Map position
rearrangement was observed. In incorporating L.G.C-3 into the public RFLP linkage group al and a2, both pSAC3 and
pA136 region, and pA170/EcoRV and pB170/HindIll region were in opposite order, respectively. And, pK400 was
localized 1.8 ¢cM from pA%-1 and 8.4 cM from pB172 in the public RFLP map, but was localized 9.9 cM from i locus
and 189 cM from pAS85 in our study. A noticeable expansion of the map distances in the intraspecific cross of Essex
and PI 437654 was also observed. Map distance between probes pA890 and pK493 in L.G.C-1 was 48.6 cM, but it was
only 133 ¢M in the public RFLP map. The distances from the probe pB32-2 to pA670 and from pA670 to pA668 in
LG. C2 were 50.9 ¢M and 31.7 cM, but they were 35.9 cM and 13.5 ¢M in the public RFLP map. The detection of
duplicate loci from the same probe that were mapped on the same or/and different linkage group was another feature
we observed.
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Introduction

The efficiency of mapping traits of agronomic im-
portance depends on the level of polymorphisms in
segregating populations. A large number of polymorphic
markers in a single segregating population are needed
for the identification of linkages between markers and
quantitative trait loci (QTLs). Until recently, virtually all

progress in breeding has relied on a phenotypic assay of
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genotype[29]. Morphological markers are easily distin-
guishable and have advantages of speed and low cost of
detection. This allows a large number of progeny to be
screened, increasing the likelihood of linkage detection.
But, morphological markers have disadvantages of being
influenced by environmental factors and may not re-
present true genetic potential. Moreover, the utility of
phenotypic markers is restricted because only a few
markers are available in any single cross and conse-
quently linkage can be detected in only a small fraction
of the genome[32].

Biochemical genetic markers are advantageous in that
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they represent only genetic variation and are not subject
to environmental influence. In addition, biochemical ge-
netic markers may also be used to compare genetic
diversity within and among accessions and to monitor
changes in allele frequencies during maintenance and
regeneration of genetic stocks[l]. Many of the com-
plications of a phenotype-based assay can be mitigated
through direct identification of genotype with a DNA-
based diagnostic assay[34]. For this reason, DNA-based
genetic markers are being integrated into several genetic
systems, and are expected to play an important role in
the future of plant breeding[29].

Soybean [Glycine max(L.) Merr] is a crop of major im-
portance in the world. However, development of soy-
bean genetic maps proceeded slowly relative to genetic
maps of other major crops such as maize and rice. This
has been due largely to inherent difficulties in per-
forming sexual crosses, a lack of cytogenetic markers,
and a lack of genetic variation in the genetic stocks{12,
23]. The large genome size of soybean (1.29x109bp 10)
to 1.81 x109bp 9) for IN DNA content) might be another
impedement for the development of a saturated genetic
maps. The classical genetic map contains only 63 mor-
phological, pigmentation or isoenzyme markers in 19
linkage groups[19].

With the application of DNA-based genetic markers
such as Restriction Fragment Length Polymorphism
(RFLP) and Random Amplified Polymorphic DNA
(RAPD), the elucidation of soybean genetic maps has
been accelated in a short period. Since Keim et al.[12]
reported a genetic map consisting of 26 linkage groups,
which defined about 1200 cM, several groups have re-
ported the development of genetic maps. Diers et al.[7]
expanded the map to include 252 markers in 31 linkage
groups covering 2147 ¢M. Lark et al.[16] reported a 1550
cM genetic map in 31 linkage groups consisting of 132
RFLP, isozyme, morphological, and biochemical markers.
Wel6] reported the construction of 27 linkage groups
that were comprised of 137 markers including 104 RAPD

markers, 31 RFLP probes, and 2 morphological traits (i
and t locus). The linkage map defined 1,096.3 cM, and
the average map distance between two adjacent markers
was 812 cM. The current public soybean RFLP linkage
map covers approximately 3,000 cM[22].

To make full use of the potential of a genetic map it
is necessary to integrate conventional markers into mo-
lecular maps. Shoemaker and Specht[24] reported the
map integration in soybean using the data from a G.
max X G. max mapping population, a near-isogenic line
(NIL) of the cultivar Clark and a NIL of the cultivar
Harosoy, which segregates for 20 classical markers and
120 molecular markers into the current public soybean
RFLP map and the classical linkage map. As a result,
about half of the 19 soybean classical linkage groups
were associated with corresponding molecular linkage
groups.

The objective of this paper was to describe features
we observed when we compared the RAPD map from
an intraspecific cross of a G. maxxG. max, "Essex’ X Pl
437654 with the public soybean RFLP map developed

from an interspecific cross a G. maxXG. soja.

Materials and Methods

Plant materials

An intraspecific cross of soybean between Essex and
PI 437654 was made and seventy-nine F»3 lines were
derived. Cultivar Essex is maturity group V, and is
characterized by yellow seed coat color (iiii), buff hilum
color (rr), and gray pubescence (t)[26]. It has desirable
agronomic traits such as high yields, excellent stand-
ability, and good seed quality, but is extremely sus-
ceptible to all known races of soybean cyst nematode
(SCN). PI 437654 is a plant introduction maintained in
the USDA Soybean Germplasm Collection (Univ. of II-
linois, Urbana, Illinois). Originally from China, it was in-
troduced from USSR in 1980[18]. Pl 437654 is char-

acterized by black seed coat color (i), black hilum color
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(RR), and tawny pubescence (TT). It has undesirable
agronomic traits including low yields, poor standability,
and seed shattering, but is resistant to all known SCN

races.

RFLP analysis

Total genomic DNA was extracted using the CTAB
method[22] with modifications for soybeans as outlined
by Keim et al.13). Purified DNA was digested with five
restriction endonucleases; EcoRI, EcoRV, Dral, Taql, and
HindIIl. Digested DNA was size fractioned through elec-
trophoresis at 0.8% agarose gels in TBE (Tris Borate
EDTA) at 35 V for 18h. The DNA was then transferred
27) to nylon membrane (Hybond-N, Amersham). Ran-
dom primer generated (dCTP”) DNA soybean RFLP
probes 14) were used for hybridization of genomic DNA
[8]. Membranes were hybridized in siliconized glass
bottles at 65°C using a hybridization incubator (Robbins
Scientific Model 310) for 16 hrs. and washed three times
each in 6.0X%, 3.0X, and 0.5xS5C and 0.1% SDS. The
membranes were exposed to X-ray film (Kodak X-
OmatAR) for at least 72 hrs. at -78°C.

RAPD analysis

The 10-base nucleotide primers from Operon Tech-
nologies, Inc. were used in PCR. Approximately 60 ng
DNA was used as a template in a 25 4l reaction volume
that contained 4.5 mM MgCl, 50 mM KCl, 10 mM Tris-
HCl, pH 8.0, 200 uM dNTPs (Pharmacia LKB Biotech.),
04 (m primer, and 05 units Ampli-Taq Polymerase
(Perkin-Elmer). Amplifications (45 cycles of 1 min. at
94°C, 1 min. at 36°C, and 2 min. at 72°C) were per-
formed in a Perkin-Elmer Cetus DNA Thermal Cycler.
Amplified products were separated electrophoretically on
14% agarose gel at 65 V for 4h and visualized by
staining with ethidium bromide. Polymorphisms were

scored based on the presence or absence of DNA bands.

Statistical analysis

Chi-square analysis to test the goodness of fit for a 3:1
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or 1:21 ratio was performed using Linkage-1[28] and
PC-SAS version 6.0[21]. MAPMAKER/EXP (version 3.0b)
[15,17] was used to create the linkage map of markers.
Linkage was declared at a minimum LOD threshold of

3.0 and recombination frequency of 0.50.

Results and Discussion

We used three different RAPD marker selection
strategies: (1) selection of RAPD markers transmitted
from PI 437654 to cv. Hartwig[25], (2) selection of RAPD
markers using comparative screening of bulks of culti-
vars with sources for resistance to SCN 5), and (3) se-
lection of polymorphisms between Essex and PI 437654
6). From these marker selection strategies, 164 RAPD
markers (96 polymorphisms between Essex and Pl 437654,
18 polymorphisms from transmission analysis, and 50
polymorphisms from comparisons of RAPDs in Pl 437654
with bulks of cultivars susceptible and resistant to SCN
races 3, 5, and 14) were selected. In our experiment, the
selection of RAPD markers for segregation analysis was
biased toward markers which differed between suscep-
tible and resistant germplasms (e.g., bulks of resistant vs
susceptible cultivars) and differed among resistant
sources for a specific race (e.g., comparison of Peking, PI
88788, and PI 437654).

In addition to RAPD marker selections, RFLP analysis
was employed to associate the RAPD linkage map de-
veloped in our study with the public soybean RFLP map
[22]. In RFLP analysis, 123 probes on 18 linkage groups
of the public soybean RFLP map were hybridized with
DNA digested with each of five restriction enzymes (Fig.
1). Twenty-one polymorphic probe/enzyme combination
markers and 20 probe/enzyme non-combination markers
were detected[6]. Based on RAPD and RFLP analyses, a
total of 207 markers consisting of 41 RFLP probes, 164
RAPD markers, and 2 morphological traits [seed coat
color (i locus) and pubescence color (¢ locus)] were

selected and analyzed for the segregation ratio. One
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Fig. 1. Restriction fragment length polymorphism analysis in parents, Essex and PI 437654 using probes from the public
soybean RFLP map (Shoemaker and Olson, 1993). Black circles represent the probe/enzyme combination
polymorphic probes, and white circles representmono morphic probes. Map distances are in centimorgans.
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Fig. 1. continued

hundred thirty-seven markers including 104 RAPD
markers, 31 RFLP probes, and 2 morphological traits (i
and t locus) were mapped into 27 linkage groups and 46
markers remained unlinked at a minimum LOD score of
3.0 6). The linkage map defined 1,0963 cM of the
soybean genome, and the average map distance between
two adjacent markers is 8.12 cM 6).

Linkage assignments

Eight linkage groups (LG.C-1, C-2, C3, C4, C11,
C-18, C-21, and C-24) contained RFLP markers from
probe/enzyme combinations. Thus, the incorporation of
RAPD linkages into the public soybean RFLP map was
possible.

Linkage group L.G.C-3 is part of linkage group A in
the molecular linkage groups (MLG) (Fig. 2). Four RFLP
probe/enzyme markers and 1 morphological trait for
seed coat color (i locus), which has already been linked

to this group, were mapped. However, the order of the
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markers has been changed ; (1) both pSAC3 and pA136
region, and pA170/EcoRV and pB170/HindIll region
were in opposite order, respectively, and (2) pK400 was
localized 1.8 cM from pA9%-1 and 8.4 cM from pB172 in
MLG, but was localized 9.9 cM from i locus and 18.9 ctM
from pA8b in our study. One probe/enzyme combi-
nation, pB170, was linked with the X14 polymorphism in
L.G.C-18 (Fig. 2). The X14-pB170 region could be incor-
porated if additional markers would facilitate the ex-
panded distance.

Map position rearrangement was observed in two
regions in merging an intraspecific cross of G. maxxG.
max, Clark xHarosoy, linkage group into its corre-
sponding G. maxXG. soja linkage group 24). At first,
probe pA816-1 was mapped between pAl112-1 and
pA121-2 in ClarkXHarosoy Groupl4, but was localized
217 <M away from pA121-2 in MLG. Secondly, probes
PA588-1 and pA702-2 were adjacent with a map distance
of 9.9 cM in MLG, but, these probes were mapped at the
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Fig. 2. Incorporation of LG.C-3 and L.G.C-18 into the
MLG-al and MLG-a2.

ends of two different linkage groups, pA702-2 in Clark X
Harosoy groupl and pA588-1 in Clark X Harosoy groupl0.
In merging these 2 probes into molecular linkage group
bl, the positions of these probes were in reverse di-
rection[24).

Linkage group L.G.C-11 contains probe pA333 which
is localized in linkage group B of MLG (Fig. 3). It also
includes two probe/enzyme non-combination markers of
the same probe which were digested with restriction
enzymes EcoRl and Hindlll as well. The map distance
between probe/enzyme combination marker and non-
combination markers were 11.7 <M and 140 M, re-
spectively.

Linkage group L.G.C-4 includes probe/enzyme com-
bination probe pA635 which is localized in linkage
group C in MLG (Fig. 4). The incorporated region also
includes probe/enzyme non-combination duplicate loci

pK418E; and pK418E;, morphological trait for pubescence
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Fig. 3. Incorporation of L.G.C-11 into the MLG-bl.
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Fig. 4. Incorporation of LG.C4 and LG.C-24 into the
MLG-C2.
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color (¢ locus), and 7 RAPD markers. The t locus, which
mapped on the largest classical linkage group, linkage
group-01[19], was localized to the linkage group C2 of
MLG and in Clark xHarosoy linkage group 6 with
pA635[24]. Another probe/enzyme combination probe
from linkage group C in MLG, pK455, was mapped to
LG.C-24 at a distance of 10 cM from non-combination
marker pK455/Taql (Fig. 4). The separation of these two
markers might be caused by the expansion of map
distances in this study.

Linkage group L.G.C-1 is a fragment of the linkage
group G of MLG (Fig. 5). The diagnostic probes for
linkage group G, pA890 and pK493, were mapped to
this linkage group. Three markers for probe/enzyme
non-combination markers of pAll2 digested with EcoRI,
EcoRV, and Hindlll, and 2 markers for the probe/

enzyme non-combination markers of pA890 digested
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Fig. 5. Incorporation of L.G.C-1 into the MLG-g.
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with Dral were also mapped with 8 RAPD markers.

Linkage group L.G.C-2 matches the linkage group K
of MLG (Fig. 6). Three probe/enzyme combination mark-
ers pA668, pA670, and pB32-2 were arranged in the
same order, but map distances between molecular mark-
ers in this study showed expansion compared with dis-
tances on the public RFLP map. One probe/enzyme non-
combination marker pB32/EcoRV was localized next to
pB32-2 toward the probe pA670 showing map distance
6.7 <M from pB32-2. Five RAPD markers, A162, A201,
HO051, T022, and T141, were assigned to this linkage
group. One probe/enzyme combination marker in link-
age group K of MLG, pA199-1, was mapped into L.G.C-
21 with 2 RAPD markers, B07' and F103 (Fig. 6).

A probe/enzyme non-combination probe pA226, di-
gested with restriction endonuclease EcoRV, was mapped
to linkage group L.G.C-7 with 5 RAPD markers (Fig. 7).
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Fig. 6. Incorporation of L.G.C-2 and L.G.C-21 into the
MLG-k.
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Fig. 7. Two linkage groups(L.G.C-7 and L.G.C-20) that
were not incorporated into MLG yet.

The probe/enzyme combination for pA226 is on linkage
group M in MLG. Another linkage group L.G.C-20 is
composed of probe/enzyme non-combination markers
pK418C and pK418E; with 1 RAPD marker W13 (Fig. 7).
Assignment of these RAPD and RFLP polymorphisms
into the corresponding segements of MLG requires
further mapping study.

In our mapping experiment, a noticeable expansion of
the map distances in the intraspecific cross of Essex and
PI 437654 in comparison with MLG was observed. For
example, the map distance between probes pA890 and
pK493 in LG.C-1 was 48.6 cM, but it was only 133 <M
in MLG (Fig. 5). The distances from the probe pB32-2 to
pA670 and from pA670 to pA668 in L.G. C-2 were 50.9
cM and 31.7 ¢M, but they were 359 cM and 135 cM in
MLG (Fig. 6). Map distance expansion was obvious in
the other intraspecific cross of G. maxXG. max linkage
map as well[24]. This might be explained by the sup-
pression of recombination in the interspecific cross that
was used for estimation of genetic distances{[12,22].

Multiple polymorphic loci were detected from RFLP
analysis. DNA probes that showed duplicate loci were

from probe/enzyme non-combinations. Probe pK418, di-

gested with restriction enzyme HindIIl (probe/enzyme
combination for Tagl digestion), showed triplicate loci ;
one locus was mapped in linkage group L.G.C-20 (Fig.
7), and other two loci were mapped in L.G.C-4 with
map distance between these two loci 11.9 cM (Fig. 4).
Duplicate loci from the same probe that mapped to the
same linkage group were detected in another intra-
specific cross of G. maxxG. max 24). In Clark X Harosoy
linkage group 4, pK644-2 and pK644-3 were localized
next to each other with map distance of 225 c¢M. Four
markers were mapped to Clark XHarosoy group 21, of
these, 2 markers were duplicate loci from the probe
pK002 (pK002-1 and pK002-2) at map distance of 32.6
cM, and other 2 markers were duplicate loci from the
probe pK644 (pK644-1 and pKé644-4) at a close distance
of 3.6 <M.

Duplicate loci might be the evidence of a tetraploid
state in a diploid organism’s evolutionary past[11,31].
According to Keim et al[12], in most cases (with the
exception of pA-256a and b, and pK474d and e), the
duplicate RFLP markers occur in independent linkage
groups in soybean. Similar observations have been at-
tributed to the existence of ancient homologous chro-
mosomes in maize[11]. Furthermore, Keim et al[12]
found that duplicate loci linked in one group do not
occur again in another single linkage group and ex-
plained that these duplicate loci might originate by
mechanisms other than polyploidy.

In this paper, we presented differences we observed in
comparing results of our study with the MLG such as
map distance expansion in RFLP probes, map position
exchange in incorporating markers into the MLG, and
duplicate loci in the same or/and different linkage
groups. The differences might be caused by the fact that
the intraspecific cross of Essex and PI 437654 differed in
genomic regions that were not genetically diverse
between the two parents of the G. maxXG. soja. This
might be explained by the consistency of the results of

this study with another intraspecific cross between Clark
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and Harosoy[24].

The best way to saturate the genetic linkage maps is
to identify a large number of markers to score from a
single segregating population. In order to be used in a
plant breeding program from any single genetic map,
one must have a sufficient number of markers to be able
to distinguish between any two genomes of interest at a
minimum map resolution of 20 ¢cM. The total number of
mapped markers must exceed 1300 to have a standard
genetic map that provides an average map resolution of
20 cM between markers for any two inbreds[30]. This
requires tremendous effort when one considers that
about 20% of the polymorphisms are generated from the
probes tested in the interspecific cross of G. max X G. soja
2), and about one third of probes mapped in the in-
terspecific cross are useful for mapping in intraspecific
cross of G. maxxG. max 24). In this regard, the in-
corporation of RAPD markers into the previous classical
and RFLP genetic linkage maps will facilitate the gen-
eration of a detailed genetic map by compensating for

the lack of one type of marker in the region of interest.
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A8 : 29| RAPD MBX|TE RFLP HIZXIS9 Bh

(Zgtheta 4298

RAPD G#A =S RFLP H#AE9} §H S shs AL 429 431 markerSe] B A2 Hgsla AY
B A ARREE Lol & Yok B AFE Essexd) PI 4376549 F, 2 F; 3UASSS Ags
3t 24 € RAPD A#A g Fo| RFLP Q#AE9} F8L & gdolM Yehd 272 EASS

A g BH0E g w2 EHEL ofgis} 2o gH

1. RAPD A#X = olA19] RFLP probeE 2] $JX)7} RFLP A#AEA oA 2] 9% 9} = FEAog HER ¥
’§o] Webgth. RAPD d#1E LGC-3S RFLP 03_%:1% al % a29} ke TYolA] pSAC3SH pA136, 1
2]al pAl170/EcoRVS} pBl170/Hindllle] Mz wiiwrske @ 9)x54c). pK400& RFLP H#AR LAl A=
pA9-13} pB1728] Atolol]l ¢JA13t ¥l RAPD ABAEANAE i locusst pASS Atolel] 9)x)5H5ic}.

2. RAPD A#A=el A9 F markerE7he] 7tZo] RFLP A#AT4o|A ] 1A R "ol dido] T
H A LERET) pAST pKa93zhe] 7+AS RAPD d#12 LGCIo)ME 486 cMo|lE vl RELP a3
2FFME B 133 M2 LT 8 pB32-25h pA670, pA6703} pA668 Alo|o} 7HA-E RAPD g
3% LGC2o A& 509 cM#} 317 cMo|$iw whi, RFLP dA@xTA oMo 4L 742} 359 M3} 135 <M
o2 Yehyt

3. f1te] RFLP probe2 78 74 ol 0¥3 d4& Uehd markerEo] $93 Adagol} tha
#ag AAsle d4o] velgth A$E4 Hindlll2 A9 probe pK4182 A|7le] markers Jeh)Q
g, 1 F e LG.C209) gxsgen, & Fre LG.C4d 9x35-9th

el Yehd 552 RAPD ABA 5+ intraspecific cross?] EHAESS |52 3}] A5 vbd RFLP
FHEAEE interspecific cross®] FUATES ARE st FAH Ao HIFH Aoy YRl RO F
foh
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