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Abstract

To understand chemically-induced genomic differences in soybean mutants differing in their
ability to enter the nitrogen-fixing symbiosis involving Bradyrhizobium japonicum, molecular
techniques were developed to aid the map-based, or positional, cloning [1]. DNA marker technology
involving single arbitrary primers was used to enrich regional RFLP linkage data. Molecular techniques,
including two-dimensional pulse field gel electrophoresis, were developed to ascertain the first physical
mapping in soybean, leading to the conclusion that in the region of marker pA-36 on linkage group H, 1
cM equals about 500 cM [2]. High molecular weight DNA was isolated and cloned into yeast or
bacterial artificial chromosomes (YACs/ BACs). YACs were used to analyze soybean genome
structure, revealing that over half of the genome contains repetitive DNA. Genetic and molecular tools
are now available to facilitate the isolation of plant genes directly involved in symbiosis. The further
characterization of these genes, along with the determination of the mechanisms that lead to the
mutation, will be of value to other plants and induced mutation research.

1. INTRODUCTION

The precise recognition of molecular differences between organisms of different traits is
thought to permit the eventual understanding of underlying structure-function relationships.
This has become a major paradigm of the various "genome projects", but may require
additional information about protein folding and function.

To understand the complexity of eukaryotic genomes, molecular genetic analysis is
coupled with classical genetics. Molecular marker technology has permitted the construction of
recombination as well as physical maps. The eventual goal is to have available the entire
genome sequence for several major plants and animals, permitting functional comparisons and
determination of fundamental rules governing gene expression, genome plasticity, and
evolution.

To isolate genes defined by mutant phenotypes has become a challenge. In some
organisms such as the crucifer Arabidopsis thaliana [3] or the cereal crop Zea mays,
insertional mutagenesis has facilitated this process [4]. In most plants, this is not feasible
because of low transformation frequencies. Accordingly, other approaches of gene discovery
needed to be developed [5]. In some cases, complementation in Escherichia coli or yeast
mutants is an alternative; this requires the functional sharing of biochemical steps, as frequently
found in metabolic pathways. However, the approach is not available, when the analysis of a
developmental pathway such as nodulation or flowering is required. In those cases, gene
discovery can be achieved through a strategy called positional or map-based cloning [6]. The
essence of the approach is to utilize the co-segregation of a molecular marker and the causative
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gene for a known phenotype (as defined by mutation) to isolate the relevant genomic region

Map-based cloning for gene discovery involves (i) detection of genetic differences [8],
(ii) determination of the mode of inheritance, (iii) association of a molecular marker with the
segregating phenotype [9], (iv) determination of marker order in the relevant genomic region,
(v) isolation of anchored high molecular weight clones carrying either one or two of the closely
flanking molecular markers in either yeast or bacterial artificial chromosomes (YACs and
BACs; [10,11,12]), (vi) detection of candidate gene sequences on the isolated YAC/BAC, and
finally (vii) verification of the candidate gene sequences through functional complementation
using gene transfer technology [13].

2. RESULTS

2.1. Generation of genetic diversity

Genetics is based on the comparison of heritable differences. At times these exist in a
population, especially when it is in its natural state. However, many crop plants have been
selected for a long time and genetic bottlenecks have restricted variation. Likewise, natural
relatives are too distinct to be valuable in a breeding programme, or carry alterations that are
based on multigenic traits, which are difficult to dissect genetically.

In such cases, as with soybean (Gfycine max L. Merrill) and genetic variation for
nodulation and nitrogen fixation, induced mutagenesis is a way to generate genetic variation.
Both physical and chemical mutagenesis of soybean were used to produce nodulation mutants.
Irradiation by gamma-rays was found to be less effective than ethyl methanesulphonate (EMS)
mutation [8,14]. Using EMS with soybean cultivar Bragg, several symbiotic mutants were
isolated [1,13,15]. All are single Mendelian recessives. Three major classes were isolated: non-
nodulation (equivalent to 'resistance to Bradyrhizobium'), supernodulation (absence of
autoregulation of nodulation leading to nitrate-tolerant nodulation; nts) and absence of nitrate
reductase (for review see [1]). For these mutants there is no information concerning the nature
of the mutation. Reversions have not been observed. Non-nodulation and supernodulation
mutants nod49, nodl39 and nts382 are non-allelic and segregate independently [16]. We are
attempting to clone each locus by positional cloning.

2.2. Detection of molecular diversity: use of molecular markers

As a first step in this direction, RFLPs were useful but limited and costly. However, they
were mostly co-dominant and robust. The 1990s brought amplification technology either
driven by specific or arbitrary primers. The techniques include randomly amplified polymorphic
DNA (RAPD), arbitrarily primed PCR (AP-PCR), DNA amplification fingerprinting (DAF),
amplified fragment length polymorphism (AFLP), selective amplification of microsatellite
polymorphic loci (SAMPL), cleaved amplified polymorphic sites (CAPS), randomly amplified
microsatellite polymorphism (RAMPO) and simple sequence repeats (SSR).

We developed and optimized the DAF technology, based on single short arbitrary
primers (see [17]; US patent No. 5,413,909). The procedure was improved through the use of
minihairpin primers that gave rich amplification profiles for a wide range of species (turfgrass,
soybean, pea, several forest trees and others). Such primers contain a mini-hairpin of 4
nucleotides, flanked by a double and opposed G.C stem [18]. The 3' end of the hairpin is
extended through the use of three selective nucleotides [19,20]. Each mini-hairpin is thus

14



available as a 64 primer set. We have found that primers with different hairpin sequences, but
identical 3 nucleotide extensions on their 3' end give different amplification markers [21,22].
The amplification products are routineLY separated on polyacrylamide gels (thin, 10%,
denaturing with 7M urea) and stained with silver (as commercialized through Promega Inc. in
their Silver Sequence kit, and Pharmacia in their Plus One kit). All kits are based on a patented
procedure (see [19]; US patent Nos. 5,567,585 and 5,492,810).

Molecular approaches were used to determine further details about genome structure in
soybean. For example, we discovered a 92 base pair (bp) satellite DNA that exists in about
100,000 copies clustered in four centromeric regions [5]. Likewise, we used soybean YACs to
amplify their insert DNA with degenerate PCR primers and fluorescent label to detect soybean
metaphase chromosomes with different distributions of repeated DNA sequences [10].

2.3. DAF improvements

It was recognized that different thermocyclers, characterized by different ramping
regimes, give different amplification profiles. However, when we programmed a MJ Research
thermocycler to have the same ramping regime as we used in an Ericomp Twinblock
thermocycler, the same profile was obtained.

The ability of DAF to detect molecular differences was increased through mini-hairpin
primers [19] and ASAP, in which DAF products from a first reaction were reamplified with
arbitrary primer or primers representing a potential micro satellite sequence [20].

We found that increasing the annealing temperature to 55°C gave strong amplification
profiles (30 s. at 96°C, 60 s. at 55°C, then 72°C for 30 s., for 35 cycle (Ghassemi and
Gresshoff, in preparation). We use Stoffel enzyme (Perkin-Elmer) at 4 units per 20 uL (or 2
units per 10 uL to save enzyme); primer concentration is usually 3 uM. Primer quality was
determined by running 20% polyacrylamide gel electrophoresis (PAGE) gels and silver
staining. Separation of normal DAF products is by 10% PAGE. Such gels are backed by
GelBond from FMC and are air-dried to permit permanent storage. DNA bands can be excised
with the polyacrylamide and silver, still producing good reamplification [23]. Reamplification
may lead to multiple products, some smaller, some larger than expected. We clone and then
select a large number of transformants and select the clone with the expected amplification
product. At times, multiple products may be cloned, leading to a paradox relating to proper
fragment assignment. We regularly then test the clone for hybridization to a DAF-blot as well
as a genomic blot. Frequently, a DAF polymorphism is no longer polymorphic on a DAF-blot,
suggesting that the difference stems from quantitative differences. It is worthwhile to clone the
"null" area as a control allowing, if necessary, the detection of comigrating bands and their
amplification products. The critical feature of a DAF marker is to be able to detect the PCR
difference on a DAF gel by Southern hybridization [24].

High concentration PAGE gels have the problem of drying out. We have available an
"anti-cracking solution", combining glycerol, ethanol and water. We have alternative methods
for semi-automated gel separation, most attractive is capillary electrophoresis [25]. This still
requires gel separation but it is at high resolution and semi-automatic. We used the Phast-
System and find it operationally difficult [26].
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2.4. Some applications of DAF technology

2.4.1. Turfgrass

We are actively involved in commercial turfgrass DNA analysis [25,27]. This involves
mainly bermudagrass, that is propagated as triploid clones. Several clones are used for different
applications; genetic diversity occurs for unknown reasons. We have used DAF to sort out
these differences, and concluded for one genotype (Tifway 419) that contamination is the
major cause of genetic instability. DAF data were accepted in a court decision of Boca Del
Mar Country Club vs. Aetna Insurance (December 1996).

2.4.2. Soybean

We have used DAF in two applications. The first involved a blind comparison of ten
soybean genotypes to establish the relatedness [28]. We matched the pedigree as well as the
dendrogram established by 53 RFLP clones. This is due to the greater multiplex power of
DAF.

DAF was used in bulked segregant analysis (BSA) for markers close to the
supernodulation (nts-J) gene [29]. A window of homozygosity was created using the RFLP
haplotype of the region. A linked marker was found and converted into a sequence
characterized amplified region (SCAR). BSA was used with DAF to look for additional
markers next to enod2, which maps close to the "/" locus on linkage group 1 (Ghassemi and
Gresshoff, in preparation). Homozygotes for enod2 were selected and pooled to give a
localized richness of markers. The enod2 gene was identified as enod2b, because the 5' region
contained a micro satellite that was mapped using specific primers to the same position as the
RFLP. Other nodulin genes failed to map in the same region, suggesting that in soybean, genes
involved in a common developmental process are not clustered.

2.4.3. Pea

As in soybean, BSA was coupled with DAF and found two markers close to the sym31
locus governing non-nitrogen fixation in pea. One marker was placed about 3.7 cM, the other
16 cM, from sym31 (Men and Gresshoff, unpublished data).

2.4.4. Aphids

In collaboration with Dr. Chuck Niblett (Florida) and Farshid Ghassemi (University of
Tennessee), we used DAF to analyze aphids that spread a major citrus virus from South
America. Individual aphids were profiled. The population analysis suggested that of 3 Brazilian
populations (which are distinct), one became mobile and infected Costa Rica, then Cuba, and
now southern Florida. Major crop damage is expected as there is no known resistance.

2.4.5. Forest trees

As part of a forensic test, we profiled dried leaf DNA from tulip poplar, white oak and
beech. DNA profiles were compared to fresh leaf samples taken in the vicinity of the putative
crime scene.
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2.4.6. YAC and BACs

We have constructed BACs and YACs for two legumes, and have demonstrated their
utility. For example, three putative YACs and two BACs homologous to pUTG-132a, closely
linked to the supernodulation gene of soybean (0.7±0.5 cM) were obtained. We are planning to
construct a contig in this chromosomal region and will use endclones as well as DAF markers
generated from the YAC/BAC candidates [24]. YACs were also used together with degenerate
primer PCR to obtain high intensity FISH images allowing the determination of chimerism in
YACs as well as painting chromosomes with either anchored or random YACs. YACs with
high hybridization strength value (HSV) to total soybean DNA were found to contain repeated
DNA, while low HSV YACs gave single target spots [10].

2.4.7. Lotus japonicus

We are developing this plant with short life span and high transformation and
regeneration potential as a model legume [21,30]. YACs and BACs have been constructed
[12]; transformation is possible in four to six months using two Agrobacterium strategies;
reporter genes have been expressed as well as some developmentally sensitive cDNA and
promoter regions. We have established the classical and molecular genetics of the plant [21],
and constructed a skeletal map based on DAF markers and NEP (naked eye polymorphisms =
morphological traits). DAF markers were predominantly dominant, but were detected at high
frequencies between genotypes 'Gifu' and 'Funakura', the parents for the F2 and F6 RIL
population (available for sharing). Some markers were inherited in an apparently uniparental
fashion, confirming data of Prabhu and GresshofF [31]. Alternatively, the marker may be
repeated, giving skewed segregation.

3. DISCUSSION

Although we see different marker systems available, we feel that DAF fulfills many
requirements for DNA profiling. The increased annealing temperature has even further
increased the robustness of the technique. While AFLPs are deemed very useful, we are
concerned about clustering of markers when using EcoKL andMsel. Perhaps the use of PstI or
ifwdlll as the rare cutter can correct this problem. In a detailed study using 2 genotypes and
replicate restriction /amplification, we found that AFLP still produced an average of 9.1 %
irreproducible bands. AFLP (a term actually first coined by my laboratory, but used by
KeyGene Inc for an alternative procedure; see [17]) may be convenient for large scale DNA
identity testing, but may be limited for map-based cloning and marker-assisted selection.

Recently we utilized our experience with DAF to look at differential display products
from soybean [32]. We propose the use of high annealing temperature as well, along with high
primer concentration (3 yM).

The use of arbitrary primer technology has enriched our tool kit to investigate the nature
of genomes. More is to come with the advent of oligonucleotide arrays produced
lithographically on silicon wafers (genosensors). Perhaps large scale automation with low cost
through-put will then be possible for application in agricultural and medical screening.
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