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RESEARCH ACCOMPLISHMENTS

The specific objectives of the proposal were to:

1) Construct a saturation linkage map in Phaseolus vulgaris, the common bean,
using isozymes and DNA restriction fragment length polymorphisms
(RFLPs), and .

2) To use these markers to map and tag, by linkage analysis, genes conferring
resistance to common bacterial blight of beans (CBB) and to bean
common mosaic virus (BCMV).

The work plan for this project was presented in detail at the International Bean
Trials Workshop held at CIAT in 1987:

Vallejos CE & Chase CD (1988) Development of DNA markers for Phaseolus
vulgaris genetics and breeding. Proceedings of the International Bean
Trials Workshop. International Center for Tropical Agriculture (CIAT).
Pp 397-409.

A genomic library of size selected Ps:I fragments was constructed and later
used as the source of probes for the mapping project. A random sample of
clones from this library were used to assess the extent of polymorphism in the
common bean. It was determined that the clones were very useful in detecting
polymorphisms among a set of different bean genotypes that were provided by
our collaborators ai CIAT. These probes were capable of discriminating
between the mesoamerican and andean gene pools. The description of this
work was published in 1991:

Chase CD, Ortega VM & Vallejos CE (1991) DNA restriction fragment length
polymorphisnis correlate with isozyme diversity in Phaseolus vulgaris L.
Theor. Appl. Genet. 81: 806-811.

The survey mentioned above indicated that maximum allelic differences could
be detected between the mesoamerican breeding line *XR-235-1-1° and the
andean cuitivar 'Calima.” For this reason, & backcross population between
these two genotypes was used as the mapping population. These genotypes also
differ dramatically in seed size and in their ability to respond to Xanthomoncs
campestris f. sp. phaseoli, the bacterial pathogen that causes CBB. 'XR-235-1-
1’ is a small seeded (ca. 250 mg) line deveioped for resistance to CBB. On the
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other hand, 'Calima’ is a large seeded (ca. 500 mg) cultivar susceptible to
CBB. These genotypes were first characterized for polymorphisms at isozyme
and seed storage protein loci, and later with RFLP markers.

The backcross population was variable for seed size and prompted us to weigh
and measure the seeds. Isozyme analysis revealed the presence of a major
gene that controls seeds size in beans. This finding is relevant in bean research
because it has been determined tha: seed size and yield are inversely correlated.
Thus, by detecting genes involved in the control of seed size it is possible to
detected some of the components of yield. This work was also published in
1991:

Vallejos CE & Chase CD (1991) Linkage between isozyme markers and a
locus affecting seed size in Phaseolus vulgaris L. Theor. Appl. Genet.
81: 413-419.

Further analysis of seed storage proteins, isozymes and a locus responsible for
seed pigmentation revealed a large linkage group containing the phaseolin locus
(Pha). This work was also published in 1991:

Vallejos CE & Chase CD (1991) Extended linkage map for the phaseolin
linkage group of Phaseolus vulgaris L. Theor. Appl. Genet. 82: 353-
357.

The bean Psil genomic library was screened to identify clones that revealed
polymorphisms between th: parental genotypes with at leust one of four
restriction enzymes. Probes known to detect polymorphic loci were hybridized
to genomic blots of the segregating progeny. Segregation data were collected
for 245 markers. Linkage analysis of these markers was pertormed using the
software program Mapmaker (Whitehead Institute for Biological Research/
MIT). The segregating markers weic assorted into 11 linkage groups and
encompass 960 cM of the bean genome. We have estimated with partial
linkage data that the size of the bean genome is approximately 1200 ¢cM in
length. The construction of the linkage map has beer described in detail in a
publication that will appear in the July 1992 issue of the scientific journal
"Genetics:"

Valle,ns CE, Sakiyama NS & Chase CD (1992) A molecular marker-based
linkage map of Phaseoius vulgaris L. Ge:stics 131: (in press).
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A total of 216 clones of mapped bean sequences have been transferred to the
Biotechnology Research Unit of CIAT in Cali, Colombia. CIAT will be the
repository of the library and will also be ix: charge of distributing the clones to
researchers around the world interested in bean genetics and breeding,.

We are continuing to add markers to the bean map. A new set of markers
called randomly amplified DNA polymorphisms (RAPD) are being incorporated
into the map. I have recently submitted for publication a chapter describing the
bean linkage map (See attachment); this chapter will appear in a book dedicated
to molecular markers in plant breeding edited by Dr. I. Vasil and Dr. R.
Phillips:

Vallejes CE (Submitted) Phaseolus vulgaris: the common bean. In; DNA-
based markers in plants. Eds I. Vasil & R. Phillips. Kluwer Academic
Publishers.

Although a chromosome segment associated with an isozyme was identified as
carrier of a gene affecting seed size, a complete analysis of the genome with the
entire set of markers is still pending. Upon completion of this work, a copy of
the manuscript describing this analysis will be sent to AID as an addendum to
this report.

Unfortunately, we were unable to accomplish the second objective of the
proposal. the censtruction of the linkage map took longer than anticipated.
Construction of the map was started with the first backcross progeny in 1987.
Too many individual plants of this progeny died before additional DNA samples
were collected. After performing linkage analysis for 110 markers with a very
small progeny (n=36), it was decided to analyze a new and larger progeny.
Furthermore, we found that the breeding line 'XR-235-1-1," chosen for its
resiscance to CBB, had not been fully characterized for its response to
inoculation with the pathogen. We have found, as part of a different project
now, that susceptibility in leaves of 'Calima’ is developmentally regulated, and
that resistance in "XR-235-1-1" is temperature sensitive. The mapping of genes
involved in resistance to CBB and those involved in resistance to BCMV are
being supported by two different grants at this time.



This work has been presented at several national and international meetings:

International Bean Trials Workshop

Title: "Development of DNA markers for Phaseolus vulgaris genetics and
breeding"

Oral presentation by C. E. Vallejos

Authors: C. E. Vallejos and C. D. Chase

Place: CIAT, Cali, Colombia

Date: October 12-16, 1987

Bean Improvement Cooperative 1987 Meeting

Title: "Development of DNA rarkers in Phaseolus vulgaris
Oral presentation by C. E. Valiejos

Authors: C. E. Vallejos, C. D. Chase

Place: Denver, Colorado

Date: October 27-29, 1987

IIT Congresso Brasileiro de Fisiologia Vegetal. Simposio de Bictecnologia
de Plantas

Title: "The Use of Molecular Markers for Bean Breeding and Genetics"

Oral presentation by C. E. Vallgjos, invited speaker

Place: Vigosa, Minas Gerais, Brazil

Date: February 24 - March 1, 1991

Biological Nitrogen Fixatior. Networking Workshop

Title: "Development of Molecular Genetic Markers in Phaseolus as Breeding
Tools: Discase Resistance"

Oral presentation by C. E. Vallejos

Place: Banff, Canada

Date: September 1-6, 1991

The International Society for Plant Molecular Biology. Third International
Congress

Title: "The Phaseolus vulgaris Linkage Map"

Poster presentation by: C. E. Vallejos

Authors:  Sakiyama, N. S., C. D. Chase, C. E. Vallejos

Place: Tucson, Arizona



Date: October 1-6, 1991

Bean Improvement Cooperative 1991 Annual Meeting
Title: "Construction of the Phaseolus vulgaris Linkage Map
Oral presentation by: C. E. Vallejos

Authors:  Sakiyama, N. S., C. D. Chase, C. E. Vallejos
Place: Lincoln, Nebraska

Date: November 4-6, 1991

TECHNOLOGY TRANSFER FRGM UF TO CIAT

During the term of the grant several members of the Biotechnology Research
Unit (BRU) and other units from CIAT have visited my lab at the University of
Florida in Gainesville. Dr. William Roca, Director of BRU visited my lab in
April of 1988. Dr. Daniel Debouk also visited my lab (6/10 to 12/88), he was
tue Curator of the Bean Germ Plasm Collection at CIAT at that time. Mr.
Hernando Ramirez, a lab technician in BRU, visited my lab for two months
(7/1 to 9/2, 1988). During his visit Mr Ramirez was trained on all techniques
related to RFLP analysis, these included: pfant and plasmid DNA isolation,
restriction enzyme digestions, nucleic acid fractionation by agarose gel
electrophoresis, Southern blotting, DNA labeling, hybridization and
autoradiography. Both Dr. Joseph Thome, staff member of BRU, and Mr.
Alejandro Calderon, a Research Associate at the BRU, have also visited my lab
in June and July of 1989 to discuss some techniques and future applications and
approaches to research with the aid of RFLP markers. Today, BRU has trained
personnel and modern lab facilities fully equipped for RFLP analysis.

I have visited CIAT in October of 1987 and in September of 1989. During
both visits I have discussed with mary staff members about the technology itself
and plant breeding approaches that can be taken using DNA markers. Dr. Ney
Sakiyama, the post-doctoral associate from Brazil that conducted most of the lab
wozk to construct the map, also visited CIAT in September of 1989. He stayed
at CIAT for a longer period. During his visit, Dr. Sakiyama shared
information with staff members in the BRU sbout the use of the polymerase
chain reaction (PCR) to amplify insert DNA, and also to share some of the "lab
tricks” he had learned at the University of Florida.

Throughout the duration of the grant we have supplied CIAT with mapped
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clones. We have now completed the transfer of 216 bean genomic clones to the
BRU of CIAT for internal use and distribution.

RESEARCH PERSONNEL

C. Eduardo Vallejos, Associate Professor

Christine D. Chase, Associate Professor

Ney S. Sakiyama, Post-doctoral Research Associate
Mr. Samuel Camp, Biological Scientist

Mr. Victor M. Ortega, Biological Scientist

Ms. Cassia Sakiyama, Laboratory Assistant
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Development of DNA markers for Phaseolys
vulgaris genetics and breeding

C. Eduardo Vallejos®
Christine D. Chase*

Introduction

Phaseolus vulgaris beans are one of the main sources of proteins in lesser
developed countries. Current average yields of 500 kg/ha in these countries
are low compared to onfarm potential yields of 3000 kg/ha. To a great
extent, the difference between actual and potential yields can be attributed
to environmental and biotic stresses.

Significant increases in yield can be effected by exploiting CIATs rich
germplasm collection of almost 23,000 working accessions. A successful
global bean-breeding program would include the identification of traits of
economic importance, and the incorporation of these traits into
commercial cultivars. These objectives are complicated by strong regional
preferences for bean type according to shape, color, and size. Nevertheless,
an efficient implementation of this program can be accomplished with the
use of molecular markers, that is, with isozymes and DNA restriction
fragments.

Unlike morphological markers, molecular markers possess a number of
features that make them very useful in plant breeding and genetics
(Beckman and Soller, 1983; Burr et al., 1983; Tanksley, 1983). Molecular
markers are naturally occurring—variation does not have to be induced
artificially. They segregate in a codominant fashion, and the exact
genotype of a segregant can be determined. Their expression as isozymes
or presence as DNA restrictior. fragments are not influenced by
environment, nor are they subject to epistatic interactions. Segregation of
an almost infinite number of these markers can therefore be studied in a
single progeny, allowing study of the entire genome,

* Decpartment of Vegetable Crops, University of Florida, Gainesville, FL, USA.
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Isozyme markers have been used to tag genes for qualitative traits via
linkage analysis. Such traits include nematode resistance (Rick and Fobues,
1974), nuclear male sterility (Tanksley et al., 1984), self-incompatibility
(Tanksley and Loaiza-Figueroa, 1985) in tomato, bean yellow mosaic virus
resistance (Weeden et al., 1984), and resistance to Fusarium race | (Hunt
and Barnes, 1982) in peas. Isozymes have also been used to detect
quantitative trait loci involved in morphological characteristics (Tanksley
et al., 1982), cold tolerance (Vallejos and Tanksley, 1983; Zamir et al.,
1982), and yield (Pollak et al., 1984). In addition, these markers can be
used as selection criteria for the expedient recovery of recurrent parent
alleles in a backcross program (Tanksley and Rick, 1980) or in effecting
high rates of fixation in a pedigree breeding program (Mendlinger, 1983).

Unfortunately, the usefulness of isozymes is restricted by their limited
number. They represent a biased sample of the genome. To be useful as
genetic markers, isozymes must show detectable electrophoretic variation
via activity-staining. Excluded are those enzymes with stainable activity
that are present in quantities below the limits of detection. Also excluded
are enzymes not amenable to activity-staining after electrophoresis, and all
structural proteins. These limitations prevent the exclusive use of isozymes
to probe entire genomes.

To overcome these limitations, DNA restriction fragments have been
proposed as additional genetic markers. To cover the entire genome,
linkage maps saturated with molecular markers have been constructed for
tomato (Bernatzky and Tanksley, 1986; Helentjaris et al., 1986), maize
(Helentjaris et al., 1986), and lettuce (Landry et al., 1987). DNA restriction
fragment loci have been used to locate specific sequences in the genome
(Vallejos et al., 1°86), and map genes controlling for disease resistance
(Landry et al., 1987).

The main objective of our program is the construction of a saturation
linkage map of DNA markers for Phaseolus vulgaris. Three basic steps
have been taken to accomplish this objective. First, segregation progenies
were obtained between two distinct genotypes: Calima, a cultivar adapted
to Colombia and East Africa and obtained from Dr. W. Roca, CIAT, and
XR-235-1, a Xanthomonas campestris resistant breeding !ine derived from
the interspecific crass P. vulgaris x P. coccineus (Freytag et al., 1982)
—seeds were obtained from Dr. M. J. Bassett, University of Florida.

Second, genomic and cDNA libraries have been constructed and are
being screened for clones that reveal DNA restriction fragment length
polymorphisms between the parents. Screening is accomplished by
digesting DNAs from both parental lines with a number of restriction
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enzymes and probing the digests with individual clones from our libraries.
This has allowed the identification of restriction enzyme-clone
combinations that reveal polymorphism between the parents.

Finally, as appropriate enzyme-clone combinations are identified, DNA
from the progeny are digested with selected restriction enzymes and probed
with appropriate clones. Once probing with a number of clones has been
completed, results will be used for the segregation and linkage analyses
that will allow the construction of the map. What follows is a detailed
description of the methodology used to accomplish our objective,

DNA Restriction Fragment Length Polymorphisms
(RFLPs)

DNA isolation

Plant cells have three genomes: mitochondrial (mt), chloroplast (cp),
and nuclear (n). The organelle genomes are small and simple. They range
in size from 0.85 x 105 t0 1.9 x 105 base pairs (bp) for chloroplasts
(Whitfeld and Bottomley, 1983), and 0.14 x 10s bp for mitochondria (Pring
and Lonsdale, 1985). In contrast, nuclear genomes are large and more
complex. They vary in size from 2 x 108 to 8 x 10 bp (Bennett and Smith,
1976). The size of the common bean genome has been estimated at 1.6 x
10° bp (Ayonoadu, 1974). It has been calculated that only 59%-109 of
higher plant genomes is expressed—this fraction is present in low copy
number and distributed throughout the genome (Flavell, 1980).
Polymorphisms among DNA fragments present in fow copy number are
used in the construction of a linkage map.

The first step taken for the analysis of RFLPs is the isolation and
Puriﬁcalion of nuclear DNA . Young bean leaf samples are collected and
immediately frozen in liquid nitrogen (-196 2C). Samples can be stored at
-79 9C for an indefinite period of time. Extraction of NA is started by
grinding 1040 g of sample with liquid nitrogen in a mortar. The tissue
powder is added to 4 volumes of chilled (4 °C) extraction buffer (tris-HCI,

pH 7.9, 0.1 M/Na,EDTA 16 mM/sucrose 0.5 M/B -mercaptoethanol 19)!
added before use.

L. M = molar solution
EDTA = cthylenediaminctetraacetic acid.
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The sample is further homogenized in a polytron homogenizer for 30-40
seconds at a medium setting. The homogenate is filtered through four
layers of cheesecloth and one layer of miracloth. Triton X-100 is added to
a final concentration of 0.5%. This detergent dissolves the organelles’
membranes, releasing their DNA, while nuclear structures are not
significantly disrupted.

The homogenate is centrifuged at 4000 x Bavg for 15 minutes. The
supernatant is discarded and the nuclear pellet is resuspended in 1 ml of
resuspension buffer (tris-HCI, pH 7.9, 0.1 M/Na,EDTA 20 mM) for every
10 g of tissue. An equal volume of 2X lysis buffer (tris-HCI, pH 7.9,

0.1 M/NaCl 2 M/CTAB 2%)? is added to the resuspension and the
mixture is incubated at 65 °C for 30 minutes with gentle inversion of the
tubes every 5 minutes. At the end of the incubation period, 1/2-volume of
chloroform (chloroform to octanol, 24:1) is added, and tubes are inverted
gently about 20 times.

Phases are separated by centrifugation in a swinging bucket rotor at
4000 x gayg for 20 minutes. The chloroform is in the lower phase,
containing all lipid compounds, including chlorophyll. The interphase
contains denatured proteins and starch. The upper aqueous phase,
containing nucleic acids (DNA and RNA) and other water-soluble
compounds, is transferred to another tube and the nucleic acids are
precipitated by adding 2/3-volume of isopropanol (at -20 °C).

The precipitable is removed with a glass hook and immersed in ethanol
(76%)/Na acetate (0.2 M) for at least 30 minutes. It can also be stored in
this solution for longer periods of time. After a short dip (20 seconds) into
ethanol (76%)/ammonium acetate (10 mM), the pellet is transferred to a
new tube, air-dried, and dissolved in tris-EDTA buffer (tris-HCI,
pH 8.0, 10 mM/EDTA | mM). The resuspended DNA occasionally
contains some starch which can be removed by centrifugation.

DNA prepared in this way is suitable for restriction digestions. Small
amounts of RNA and other impurities can be removed by centrifugation in
a cesium chloride gradient, although this step is not necessary. DNA
concentrations are determined by absorbance at 260 nm
(Az60 = 1 unit = 50 pg/ml). This procedure results in high molecular
weight DNA with yields varying from 7 to 20 ng of fresh tissue. Higher
yields are obtained with young leaves.

2. CTAB = cetyltrimethylammonium bromide.
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Restriction enzymes

Restriction enzymes are the most important tools used to detect
variation at the DNA level. These erzymes were discovered in bacterial
cells and have the distinct property of recognizing precision specific DNA
sequences (usually 4 to 6 bases) and hydrolizing both DNA strands at a
specific point. Consider the recognition sequence for the enzyme EcoRI:

GGGCCTTG*AATTCTATAGG
CCCGGAAC'TTAA*GATATCC

This enzyme recognizes the six base-pair sequence indicated in bold
letters and hydrolizes both DNA strands at the points indicated by the
asterisks. A single base substitution, dsletion, or addition within this
sequence would prevent recognition. Thus, a single base difference between
two plant lines can result in a heritable restriction fragment.

Consider a hypothetical region of the genome of two inbred lines P! and
P2 (Figure 1). In this example, both parents possess EcoRI sites A and C,
but a single base change has resulted in the loss of the recognition site B in
P2. This changes the pattern of fragments from 250 and 1000 base pairs in
P! to a single fragment of 1250 base pairs in P2. Currently, there are over
50 different restriction enzymes commercially available. By employing
several different enzymes and examining numerous regions of the genome,
a larger number of DNA markers can be analyzed in a single progeny.

A B C
Pl c:.- - $ — e
250 bp 1000 bg
A »
P2 ..... '; C'....
1250 bp -

Figure -1. Hypothetical cxample in which . :ingle base change (*) results in the loss of an
EcoRl recognition site in P2 and a heritable RFLP between P and P2, (bp = base
pair; RFLP = DNA restriction fragment length polymorphism.)

Electrophoresis

The different DNA fragments generated by digestior with a restriction
enzyme can be physically separated according to size by horizontal agarose
gel electrophoresis. For each gel lane, we normally digest § pgof DNA in a
50-pl volume under conditions specified by the manufacturer. DNA
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samples are positioned in small wells at one end of the gel. When an
electric field is applied to the gel, the negatively charged DNA fragments
move toward the other end of the gel (the anode). The rate of migration of
the DNA fragments will depend on the fragment size, the agarose
concentration, and the applied current. The rate of migration is inversely
proportional to the log,, of the molecular weight.

After electrophoretic separation, the DNA fragments are visualized by
staining with ethidium bromide. This dye intercalates into the DNA and
fluoresces when illuminated with ultraviolet light. Nuclear DNA restriction
fragments appear to have a continuous size distribution which is seen as a
smear in the gel (Figure 2). This size distribution pattern simply reflects the
complexity and large size of the nuclear genome. In contrast, simple
genomes such as those of chloroplasts or mitochondria, would yield
discrete and easily identifiable bands.

Figurc 2. Agarose gel after staining DNA with ethidium bromide. Lane on the leaf is
bacteriophage lambda DNA digested with HinglIi. It provides molecutar weight
standards. Lanes on the right are DNAs of Calima and XR-235-1 digested with
Dral, EcoRI, EcoRYV, and Hindlll.
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Southern blots

The agarose gel is fragile, bulky, and does not lend itself to continuous
manipulation. To overcome these problems, DNA fragments in the gel are
blotted onto a solid support (nitrocellulose, or nylon membranes) by the
Southern procedure (Southern, 1975). To facilitate the transfer of large
fragments, the DNA in the gel is first depurated in HCI (0.25 N, 10 min).
In order to allow future hybridization with complementary strands, the
DNA is denatured in NaGH (0.4 N}/ NaCl (0.6 Af) for 30 minutes. This
step ensures strand separation.

Alkaline transfers are normally made onto nylon membranes. The
transfers are obtained by placing the gel over 3MM filter paper on a plate,
submerging both ends of the filter in the transfer media. A sheet of nylon
membrane, the size of the gel, is placed on top of the gel. Wet filter paper
and dry paper towels are placed on top of the membrane. The transfer
media moves from the tank, through the gel, toward the paper towels by
capillarity, creating a mass flow. The single-stranded DNA fragments are
trapped on the filter and conserve the same size distribution they had in
the gel. Detection of particular DNA fragments is effected through
hybridization with a labeled sequence of DNA, usually from a select=d
clone.

Detection Tools—Complementary DNA and
Genomic Clones

Detection of a DNA restriction fragment immobilized on a blot is
accomplished by hybridization with a radio-labeled cloned sequence of
DNA contained in the restriction fragment. Two types or clones can be
used for this purpose: complementary DNA (cDNA), or genomic.

DNA library

The normal flow of genetic information proceeds from DNA to RNA
and then to proteins. Thus, the mess=nger RNAs (mRNAGs), extracted from
a given tissue, represent the fractior: of the genome being expressed in that
tissue at the time of sampling. Different procedures are used to construct
cDNA libraries (Gubler and iloffman, {983). However, the general
procedure starts with the isolatiorn of polyadenylated mRNA. This RNA is
then used as template to synthesizz DNA with the enzyme “reverse
transcriptase.”
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The product of this synthesis is a set of single-stranded cDNAs, each
representing at least part of the coding sequences of an active gene in the
nuclear genome. Double-stranded cDNAs are obtained by further
enzymatic action. The set of double-stranded cDNA is inserted into a
cloning vector at a specific restriction site. The most common vector used
for this purpose is the plasmid. A plasmid is an extrachromosomal genetic
element that can be found in bacterial cells. It is a circular and double-
stranded DNA molecule. Inside the bacterial cells it uses the host’s
enzymes for replication.

Recombinant plasmids containing a cDNA are then introduced into
bacterial cells, a process called transformatjon. The transformed bacterial
cells are plated at a density at which each cell gives rise to a single colony.
Each colony will contain a clone of a single gene. The collection of these
colonies, each containing a recombinant plasmid, represents a “cDNA
library” or a “cDNA clone bank.” A colony can be amplified in large
volumes of liquid media for the purpose of extracting significant quantities
of a recombinant plasmid. This clone can be used to detect restriction
fragments containing homologous sequences.

A cDNA library will contain copies of the genes actively expressed in the
tissue from where the mRNA was originally extracted. Thus, depending on
the tissue and its stage of development, a cDNA library could represent a
biased sample of the genome. For the purpose of constructing a linkage
map, a cDNA library should be constructed by using mRNA from all
possible tissues at different stages of development.

Genomic library

A genomic library can be constructed by simply digesting nuclear DNA
with an appropriate restriction enzyme, inserting the digested DNA into an
appropriate vector, and transforming a bacterial host in much the same
way as described for the construction of a cDNA library. However, such a
library will contain many clones of repetitive DNA sequences. Such clones
give complex hybridization patterns which are difficult to score in
segregating progenies. To be useful in mapping, 2 genomic library must be
enriched for low copy number sequences.

One strategy for enrichment is based upon the observation that those
DNA sequences which are expressed contain fewer methylated bases than
sequences which are inactive, and that certain restriction enzymes will not
cut at their normal recognition sites if the sites contain methylated bases
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(Doefler, 1983). We took advantage of these observations o produce a
genomic library enriched for expressed sequences of Phaseolus vulgaris.

Genomic DNA was isolated from the snap bean cultivar Sprite by
techniques described above. We digested 50 pg of DNA with the enzyme
Pstl, which does not cut methylated recognition sequences (Helenyjaris et
al., 1985). Digested DNA was layered onto a 10-ml, 109-309% sucrose
gradient. Gradients were centrifuged in an SW41 rotor at 30,000 rpm for
eight hours and fractionated by pumping from the bottom of the tube.
Approximately 40 fractions of 250 ul were collected; 25 pl of each fraction
was run on an agarose gel in parallel with molecular weight standards
(bacteriophage lambda DNA digested with Pstl). Gradient fractions
containing DNA fragments of 0.5-2.5 kb were identified and pooled. DNA
was recovered by ethanol precipitation, ligated with 0.5 ng of Pstl digested
plasmid vector (pTZ18R) (Pharmacia), and transformed into E. coli strain
TBI.

Detection of DNA Restriction Fragments

Probe labeling

Cloned probes are normally labeled with a base containing the
radioisotope of phosphorus, 32P. One common procedure is “nick
translation” (Rigby et al., 1977). In this procedure, 100 ng of plasmid
DNA, or the insert alone, are incubated in a small volume (50 ul) with four
bases (dATP, dGTP, dTTP, and 32P-dCTP), DNase, DNA polymerase I,
Mg?+, and buffer. While the DNase removes bases from the intact.plasmid
(including the insert), the polymerase repairs the gaps by introducing bases
from the medium, including the radio-labeled base 32P-dCTP. At the end
of the incubation period, the unincorporated bases are removed by gel
filtration and we are left with radio-labeled DNA. Specific activities of 1 x
10% cpm per pg of DNA are obtained.

Hybridizations

Detection of DNA fragments is accomplished through hybridizations.
For this purpose, the genomic Southern blat is enclosed in a plastic bag
that contains buffer and salts. The radio-labeled DNA is first denatured by
boiling and then introduced into the bag. The bag is sealed, and
hybridization is allowed to proceed for 20-36 h at 65 9C. As mentioned
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before, the DNA in the gels was also denatured before being blotted onto
the nylon membrane. Thus, hybridization occurs between added single-
stranded, radio-tabeled DNA and homologous sequences bound to the
membrane. At the end of the hybridization period, the blot is removed
from the bag and is washed to remove the unhybridized probe. The
membrane is wrapped in polyethylene film (Saran Wrap), and zones of
hybridization are detected by auteradiography. X-ray (X-Omat, Kodak)
film is exposed to the membraues at -70 °C for a period of 7 to 14 days
(Figure 3). The hybridized probe can be washed off the membrane with a
low salt solution at high temperature (100 °C) and the membrane can be
used for another hybridization with a different probe.

! qulr EcoRl EcoRV Hindlil

CXCXCXxc X

Figure 3. Autoradiogram of Southern blot hybridized with a genomic clone. Blot obtained
from gel shown in Figure 2. (C = genomic clone; X = hybrid.)
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Resumen

Los autores obtuvieron progenies segregantes entre dos genotipos distintos
de Phaseolus vulgaris y generaron clones genémicos y de cADN adecuados
para la deteccién de los RFLP. Hasta ¢l momento, se han hibridado, hasta
digestos de restriccion, 22 clones genémicos y de cADN de los cultivares
Calima y XR-235-1. De éstos, 11 han presentado polimorfismo entre las
dos lineas. Continia el proceso de evaluacién de este potencial.

El empleo de estas dos lineas en el esfuerzo de localizacién de genes
hecho por los autores har4 posible el trazado de magpas de los principales
genes de resistencia a X. campestris pv. phaseol;; este gen esta presente en
XR-235-1.

Recientemente se inicié el proceso de sondeo del ADN de una
generacion F, que habia sido evaluada por su resistencia a las
enfermedades. En el futuro, se erapleardn marcadores de ADN para
sefialar otras caracteristicas de importancia econémica del frijol.
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Summary. Genetic variation in Phaseolus vulgaris L.
(P. vulgaris) was investigated at the isczvme and DNA
levels. We constructed a library of size-selected Pstl
clones of P. vulgaris nuclear DNA. Clones from this li-
brary were used to examine 14 P. yulguris accessions for
restriction fragment length po.ymorphisms (RFLPs).
DNAs from each accession were analyzed with three
restriction enzymes and 18 single copy prohes. The same
accessions were also examnined for variability at 16
isozyme loci. Accessions included four representatives of
the T phuseolin group and five representatives each of the
C and S phaseolin groups. One member of the S group
(the breeding line XR-235-1-1) was derived from a cross
between P. vulgaris and P. coccineus. Isozymes and
RFLPs revealed very similar patterns of genetic varia-
tion. Little variation was observed among accessions
with C and T phaseolin types or among those with the S
phaseolin type. However, both isozyme and RFLP data
grouped accessions with S phaseolin separately from
those accessions with C or T phaseolin. The highest de-
gree of polymorphism was observed between XR-235-1-1
and members of the C/T group. RFLP markers wil} sup-
plement isozymes, increasing the number of polymorphic
loci that can be analyzed in breeding, genetic, and evolu-
tionary studies of Phaseolus.

Key words: Common bean ~ Molecular markers - Phase-
olin - Phaseolus coccineus - Gene pools

Introduction

Restriction fragment length polymorphisms (RFLPs)
provide a powerful tool for studies of plant genetics and

* To whom correspondence should be addressed

evolution (Beckman and Soller 1986; Helentjaris and
Burr 1989; Helentjaris et al. 1985). Application of this
technology to the study of a species requires polymor-
phism at the DNA level, and different higher plant spe-
cies exhibit different levels of DNA variability. While
inbred lines of maize exhibit RFLPs with a high percent-
age of probes, RFLPs among lines of cultivated tomato
are rare. RFLPs are readily detected, however, among
Lycopersicon species whicl: can be crossed with the culti-
vated tomato (Helentjaris et al. 1985). The level of DNA
polymorphism in these species correlates with the level of
polymorphism observed through isozyme analysis (He-
lentjaris et al. 1985).

In P. vulgaris, variability at the protein level has been
well documented (Weeden 1984; Bassiri and Adams
1978b; Koenig and Gepts 1989). Isozyme analysis
(Koenig and Gepts 1989) and the analysis of phaseolin
seed storage proteins (Gepts and Bliss 1985; Gepts et al.
1986) demonstrate two genetic:lly distinct groups of
P. vulgaris. Accessions from Mescamerica are primarily
of the S phaseolin type (with some exhibiting the M
phaseolin pattern). Accessions from the Andes are pri-
marily of the T phaseolin type, with some accessions
exhibiting C, H, A, J. or [ types. ~. vulgaris cultivars
include members of both the S and the C/T phaseolin
groups, suggesting multiple domesticaticn events (Brown
etal. 1982; Gepts et al. 1986).

P.vulgaris has been successfully hybridized with
other Phaseolus species (Coyne 1964; Sinartt 1970), and
interspecific variation has been reported for isozymes
(Bassiri and Adams 1978a) and seed proteins (Sullivan
and Freytag 1986). Therefore, lines developed from inter-
specific crosses may also provide useful variants for
DNA analysis.

Our interest in constructing a molecular marker-
based linkage map of the Phaseolus vulgaris genome led
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us to investigate the frequency of DNA polymorphisms
within and between the genetically distinct groups. The
assessment of genetic variation at the DNA leve! is an
essential prerequisite to the design of evolutionary.
breeding. and genetic studies employing DNA probes.
Accessions with the S, C. and T phaseolin types were
analyzed. The breeding line XR-235-1-1, which was de-
veloped from a P. vuigaris x P. coccineus cross (Freytag
et al. 1982). was included to determine whether introgres-
sion of DNA from close relatives of P. vulgaris can con-
tribute to variation at the DNA level. DNAs were exam-
ined with 18 single-copy genomic probes. Accessions
were also analyzed for polymorphisms at 16 isozvme loci.
to allow direct comparison of DNA and isozyme vari-
ability.

Materials and methods

Plant matrerials

With the exception of XR-235-1-1 and Sprite, seeds of all acces-
sions used in this study were provided by J. Tohme and W. Roca,
Centro Internacional de Agricultura Tropical (CIAT), Cali.
Colombia. Seeds of XR-235-1-1 and Sprite were provided by M.
Bassett, University of’ Florida, Gainesville;FL. The accessions
analyzed for isozyme and DNA polymorphisms are listed in
Table 1. The breeding line Ica Pijao (CIAT No. G05773) was
included as a source of reference alleles in the isozyme studies.

Isozyme analysis

A combination of starch gel electrophoresis and enzyme activity
staining was used to screen for polymorphisms of: aconitase
(ACO) (E.C.1.6.4.3); alcohol dehydrogenase (ADH)
(E.C. L.1.1.1); acid phosphatase (APS) (E.C. 3.1.3.2); Beta-N-
acetylglucosaminidase (BNAG) (E.C. 3.2.1.30) diaphorase
(DIA) (E.C.1.6.4.3); glutamate oxaloacetate transaminase
(GOT) (E.C.26.1.1); malate dehydrogenase (MDH)
(E.C. 1.1.1.37); 6-phosphogluronate dehydrogenase (6PGDH)
(E.C. 1.1.1.44), phosphoglucoisomerase (PGI) (E.C. 5.3.1.9):
phosphoglucomutase (PGM) (E.C. 2.2.5.1); and shikimate de-

Table 1. Phaseolus vulgaris accessions analyzed for isozyme and
restriction fragment length polymorphisms

CIAT Name Phascolin ~ Type

Number

G15416 XR-235-1-1 S Breeding line
G03645 Jamapa S Landrace
G04489 Culiapa 72 S Landrace
G04493 Ica Bunsi S Breeding line
G04459 Nep 2 S Mutant
G04435 Diacol Calima C Breeding line
G09011 Taylor Cramberry C Breeding line
G12172 Unnamed C Landrace
G12207 Canario C Landrace
G17668  Cran 28 C Breeding line
G00051 Swedish Brown T Landrace
G01293 Algarrobo T Landrace
G03668 Sangretorro T Landrace
G14192 Horoz Fasulyesi T Landrace
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hydrogenase (SKDH) (E.C. 1.1.1.25). These analyses were per-
formed us described previously (Vallejos and Chase 1991).

Enzvmes and reagents

Restriction enzymes and T4 DNA ligase were purchased tfrom
Bethesda Research Laboratories (BRL). All enzyme reactions
were performed as recommended by the supplier in butfers pro-
vided by the supplier. [Alpha-**P]dCTP (3.000 Ci/mmol) was
purchased from Dupont. New England Nuclear Research Prod-
ucts.

Genomic library construction

Nuclear DNA was isolated by the procedure of Kislev and
Rubenstein (1980) from 7-day-old etiolated seedlings of the
cultivar Sprite. Pstl-digested DNA was lavered ontn a 10-mi,
10~30°% (w.v) lineur sucrose gradient. (Suzrose was dissolved in
10 mM/ TRIS, I mdf TOTA, pH 8.) Gradients were centrifuged
inan SW 41 rotor at 30,000 rpm tor 8 h. Fractions of 250 pl were
collected. Aliquots of each fraction were visualized following
agarose gel electrophoresis in paralle! with molecular weight
standards. Gradient fractions containing DNA fragments of
0.5-2.5 kb were identified and combined. DNA was recovered
by ethanol precipitation, rehydrated in sterile distilled water,
aud ligated with Psrl-digested plasmid vector (pTZI1SR pur-
chased from Pharmacia). The ligation reaction was used to
transform the Escherichia coli strain TB1 by the procedure of
Hanahan (1983). Recombinant colonies were identified by blue/
white colony selection on LB-X-gal-ampicillin agar (Vieria and
Messing 1982).

Probe preparation

Plasmid DNAs were prepaied by the triton lysis method (Lons-
dale et al. 1981). GeneClean (BIO 101) was used (as directed by
the manulacturer) to recover the cloned Pstl inserts from
agarose gels. The concentrations of insert DNAs were estimated
by visualization: 10% of each insert preparation was visualized
following agarose gel electrophoresis in parallel with DNAs of
known concentrations. Random priming (Feinberg and Vogel-
stein 1984) DNA labeling kits (Boehringer, Mannheim) were
used to label 100 ng of insert DNA in the presence of 50 pCi
(alpha-32P}dCTP.

Total nucleic acid preparations

Young trifoliolate lezves (one-third to one-half expanded) were
harvested from a single plant of each accession. Leaf samples of
1 g were wrapped in foil, frozen in liquid nitrogen, and stored at
-80°C. Total nucleic acids were purified from 1 g leaf samples
by the method of Dellaporta et al. (1983).

Restriction, electrophoresis, and hybridization of nucleic acids

Samples containing 27 pg of nucleic acid (DNA and RNA) were
digested with 20 units of restriction enzyme according to the
supplier’s instructions. Digested samples were loaded onto 0.8%
agarose gels, which were run at 2 V/cm for 18.75 h. Molecular
size standards (Ps: fragments of bacteriophage lambda-DNA)
were included on 2ach gel. Gels were stained for 1 h in ethidium
bromide (0.5 ug/mi) and photographed over a UV (302 nm)
transilluminator.

Following photography, DNAs were blotted to Hybond-
N+ nylon membranes (Amersham Corp.) as described by
Southern (1975). DNAs were fixed to membranes by incubation
for 20 min on Whatman 3-mm chromatography paper soaked in
0.4 M NaOH. Each 20 x 20 cm blot was hybridized with 100 ng
of heat-denatured, radiolabeled insert DNA prepared as de-
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scribed above. Blots were prehybridized, hybridized. and
washed as described by Church and Gilbert {1984), X-ray tilms
{Kodak XAR-3) were exposed under Lightning Plus intensifier
screens (Dupont) to radiolabeled blots for 5 days. Foilowing
autoradiography. prubes were removed from blots by placing
the blots in a boiling solution of 0.5% w/v SDS and allowing the
solution to cool to room temperature.

Cluster analysis

Cluster analysis was accomplished through use of the BIOSYS-I
computer program, version 1.6 (D. L. Swoiford ind R. B. Se-
lander. University of [llinios at Urbana-Champaign). Isozyme
and RFLP banding patterns were converted to allele frequen-
cies. Pair-wise distances (Nei 1973) between accessions were
computed based upon comparisons at the 18 DNA or 16
isozyme loci. Dendrograms based upon genetic distances were
constructed by the unweighted paired group method (Sneath
and Sokal 1973).

Results

The results of isozyme analysis are summarized in
- Table 2. Of the 16 isozyme loci examined, 9 revealed
polymorphisms. Relatively little variation was observed
among members of the C/T phaseolin group. Only two
leci (Aco-1 and Mdh-1) distinguished any members of
this group, and only one member was distinguished in
each case. The S group was slightly more variable, with
four loci (4dh-1, Bnag, Got-2, and Dia-2) revealing dif-
ferences. However, two of the four loci distinguished
only XR-235-1-1 (accession G15416) from the other
members, and XR-235-1-1 is unique in that it was derived
from a P. vulgaris x P. coccineus cross. All members of
the S phaseolin group differed from all members of the C

Table 2. Zymotypes® of P. vulgaris accessions

and T phaseolin groups with respect to Aco-2, Dia-1, and
Skdh. Maximum variation was observed between XR-
235-1-1 and members of the C,/T phaseolin group, with 6
of 16 isozyme loci revealing differences.

For the investigation of DNA polymorphism. we
constructed a library of size-selected Pst! clones of 2, vul-
garis nuclear DNA. Others report this type of library to
be enriched in single-copy sequences, because single-
copy sequences include those which are actively ex-
pressed and therefore undermethylated. These sequences
are preferentially digested by methylation-sensitive en-
zymes such as PstI (Burr etal. 1988; Helentjaris et al.
1988). This strategy was highly etfective for P. vulgaris,
as 95% of cloned inserts shorter than 2.5 kb gave simple
(one to three band) hybridization patterns expected for
single-copy probes. Representative hybridization data
are shown in Fig. 1.

DNAs prepared from the 14 different accessions were
digested with each of three different restriction enzymes
(EcoRI. EcoRV, and HindlIl) and probed with 18 differ-
ent probes, for a total of 54 different probe-enzyme com-
binations. Results of the £coRI hybridizations are sum-
marized in Table 3. Each of the three restriction enzymes
resulted in useful polymorphism. Polymorphisms were
revealed in EcoRI digests by five different probes, in
EcoRV digests by five probes, and in HindIII digests by
seven probes. With four exceptions, polymorphisms re-
vealed with one probe-enzyme combinaticn were not re-
vealed by the same probe in combination with another
enzyme. In three of the four exceptions, the polymorphic
individual was XR-235-1-1.

Variation observed at the DNA level matched that
detected by isozyme analysis (Table 2; Koenig and Gepts

Accession  Phaseolin  Enzyme locus
Aco-1 Aco-2 Adh-1 Bnag Dia-1 Dia-2 Goi-2 Mdh-1 Skdh

G15416 S + + a, d4, + Cyo r, + +
G03645 S + + + + + o + + +
G04459 S + + + + + + + + +
G04489 S + + + + + + + + +
G04493 S + + + ag + Cyg + + +
G04435 C r a, + + ag C30 + a9 ry
Goso11 C + a, + + a, C3p + + ry
Giz1mn2 C + a, + + ag 30 + + rs
G12207 C + a, + + a Cip + a0 Iy
G17668 C + a, + + ag Cyo + + rs
G00051 T + a, + + ag Cio + + Iy
G01293 T + a, + + ag Cio + + I
G03668 T + a, + + ag 30 + a, ry
G14192 T + a, + + a, C30 + + Is

* Electrophoretic mobilities were determined relative to reference alleles of Ica Pijao (G05773); + indicates mobility equivalent to
that of the reference allele; a, indicates mobility advanced x mm relative to the reference allele; r, indicates mobility retarded x mm
relative to the reference allele; c, indicates cathodal mobility x mm relative to the origin while mobility of the reference allele was
anodal. The accessions showed no variability at the Aps-/, Aps-2, Got-1, Mdh-2, 6Pgdh, Pgi-1, or Pgm-! loci
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Fig. 1. Autoradiographs of P. vulgaris DNAs hybridized with
genomic probes. The autoradiograph in the top panel showns
HindllI-digested DNA hybridized with probe 2F5; this probe-
enzyme combination distinguished XR-235-1-1 (accession
G15416) from the other accessions. The autoradiograph in the
bottom panel shows EcoRI-digested DNA hybridized with probe
2F7; this probe-enzyme combination distinguished all acces-
sions with § phaseolin from those with C or T phaseolin. DNAs
were prepared from accessions: G15416 (a), G04435 (b), G09011
(), G12172(d), G12207 (e). G17668 (f'), GO0OS51 (g) GO1293 (h),
GO03668 (i), G14192 (j), GO03645 (k), G04459 (/), GO4489, (m),
and G04493 (). S. C. and T indicate the phaseolin types of the
accessions

Table 3. Polymorphic EcoRI fragments® of P. vulgaris DNA
detected by hybridization with genomic probes

Acces- Pha- Probe
sion seolin

2CH 2E7 2F3 2F7 2F12 4A9
Gl15416 S 4.6 3.7 48 5.3 7.3 9.1
G03645 S 4.6/3.3 34 48 5.3 7.3 9.1
G04459 S 4.6/3.3 3.7 48 5.3 7.3 9.1
G04489 S 46/3.3 37 438 53 73 9.1/7.4
G04493 S 46/3.3 3.7 48 5.3 7.3 9.1
G04435 C 4.6/3.1 3.7 2.6 1586 105 5.0
Go9o11 C 4.6/3.1 34 26 15/86 10.5 5.0
G12172 C 46/3.1 34 26 15/86 105 5.0
G12207 C 46/3.1 34 26 15/8.6 10.5 50
G17668 C 46/3.1 34 26 1586 13 50
Gooost T 4.6/3.1 34 26 1586 10.5 5.0
G01293 T 46/3.1 34 26 1580 10.5 5.0
G03668 T 46/3.1 34 26 1586 105 5.0
G14192 T 4.6/3.1 34 26 158.6 10.5 5.0

* Sizes of fragments are given in kilobase pairs (kb). No varia-
tion was observed among these accessions when EcoRI digest
were probed with 2B12, 2C6. 2E9, 2E10, 2FS, 2F6, 2F8, 2F9,
2H4, 2H9, 4B10. or 4C2
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1989) and by the analysis of seed storage proteins (Gepts
etal. 1986: Gepts and Bliss 1985). Relatively little varia-
tion was revealed within each of the genetically distinct
groups defined by phaseolin type. Of the 18 probes used,
only 4 distinguished any of the C/T accessions from the
others. and no more than 3 of the 8 C/T accessions were
differentiated by any single probs. Members of the S
group were more variable than those of the C'T group:
9 of the 18 probes distinguished one or more members of
the S group. However, 4 of the 9 probes distinguished
only XR-235-1-1 from the others. Variation was readily
detected between the two groups: 6 of the 18 probes
distinguished all members of the S group from all mem-
bers of the C; T group. Maximum variation was observed
between XR-235-1-1 and members of the C, T group.
with 12 of the 18 probes revealing polymorphisms.

Agreement of the isozyme and RFLP data was appar-
ent in dendrograms based upon genetic distances calcu-
lated from these data. Dendrograms based upon EcoRI,
isozyme, and combined EcoRI and isozyme data are
shown in Fig. 2a, b, and c, respectively. Features com-
mon to these dendrogramms were also present in dendro-
grams (not shown) generated from EcoRV or HindIII
data. All data sets grouped the five accessions with S
phaseolin separately from those accessions with C or T
phaseolin, and showed XR-235-1-1 (G15416) to be the
most divergent accession of the S phaseolin group. Other
subgroups within the S or the C/T phaseolin groups var-
ied from dendrogram to dendrogram, and there was no
clear separation of accessions with the C phaseolin from
those with the T phaseolin type.

Discussion

The limited genomic variation observed within each of
the genetically divergent groups of P. vulgaris was com-
parable to that nuserved in cultivated tomato, where only
2 0f 22 probes revealed polymorphisms between two lines
(Helentjaris et al. 1985). No more than 1 of the 18 probes
used in our study distinguished any pair of accessions
with the C or T phaseolin types or any pair of accessions
with the S phaseolin type (excluding XR-235-1-1 from
the analysis). This is in contrast to the highly polymor-
phic nature of maize inbreds (Evola ct al. 1986; Helent-
jaris etal. 1985). Helentjaris etal. (1985) noted that
DNA variation in maize and tomato correlates with vari-
ation observed at isozyme loci. Qur results (Tables 23,
Fig. 2), taken with the results of others (Gepts et al. 1986;
Koenig and Gepts 1989), demonstrate that DNA varia-
tion is well correlated with isozyme variation in P. vul-
garis.

Helentjaris et al. (1985) suggested a number of factors
that could account for differences in genomic variability;
these include differences in mating systems, breeding sys-
tems, and domestication events. Studies of natural plant

2
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Fig. 2a--c. Dendrograms of P. vulgarts accessions based upon comparisans at isozyme and RFLP loci. Dendrogram a was based
upon comparison of the accessions 2t DNA loci detected by probing EcoRI digests with the 18 probes described in Tabie 3.
Dendrogram b was based upen comparisons at the 16 isozyme loci described in Table 2. The data used to generate dendrograms a

and b were combined to generate dendrogram ¢

populations demonstrate high varability at i-ozyme loci
in cross-pollinating populations and low levels of vari-
ability in self pollinating populations (Hamrick et al.
1979; Rick et al. 1977, 1979). The two genetically distinct
groups of P. vulgaris are beiieved to originate from two
distinct wild gene pools - Andean and Mesoamerican
(Gepts and Bliss 1985; Gepts et al. 1986; Koenig and
Gepts 1089). P. vulgaris therefore provides an example of
a naturally self-pollinating species that exhibits low levels
of DNA and isozyme variation within gene pools.

Self-pollination, however, also results in increased ge-
netic variability betweer gene pools (Loveless and Ham-
rick 1984). Varability between the two riajor gepetic
groups of P. vulgaris has been documented through aaal
ysis of seed storage proteins (Gepts and Eliss 1987; Gepts
et al. 1986) and isozymes (Koenig and Gep*s 1989). We
have exteunded these analyses to the DNA levei. RFLP
data, considered independently from phaseolin er zymo-
type data, group accessions in a manner consistent with
isozyme and seed storage protein groupings (Fig. 2).

Additional variability is rresent in accessions of wild
P. vulgaris. Novel phaseolin types have been identified in
wild populations of Mexico (Romero-Andreas and Bliss
1985), Colombia (Gepts and Bliss 1986), and Andeaa
South America (Gepts et al. 1986). RFLPs may be useful
in investigating the relationships among accassions with
novel phaseolins and those with C, T, and S types.
RFLPs may also be useful in investigating the genetic
diversity of P. vulgaris accessions from the Colombia-
Peru region, a minor center of genetic diversity and do-
mestication for commecn bean (Gepts and Bliss 1986;
Koenig and Gepts 1989).

XR-235-1-1 contributed a high degree of varability
to the S phaseolin group in this study and was distin-
guished from members of the C/T group by more probes
and isozymes than any other S type accession examined.
This high degree of variation may result from the
P. coccineus genome contributions to the genome of

XR-235-1-1. High pollen abortion has been observed in
F, plants from crosses between P. vulgaris and P. coc-
cineus. While Cheng et al. (1981) reported evidence that
chromosomes of P. vulgaris and P. coccineus differ by
two inversions. others found the chromosomes of the two
species to be very similar if not identical (Shii et al. 1982).
This discrepancy could be due to the different plant
accessions analyzed. Most of the DNA polymorphisms
ehserved in this study were probably the result of single
base changes. as polymorphisms revealed by a given
probe-enzyme combination were generally not revealed
by the same probe in combination with other restriction
enzymes, We note that in three of the four exceptions
to chis generalization the polymorplic individual was
XR-235-1-1. This may be indicative of minor structural
differences (short insertions, deletions, or inversions) be-
tween the genomes of the two species.

Construction of a linkage map (based upon RFLP
and isozyme markers) of the P.vulgaris genome is in
progress. The breeding lines XR-235-1-1 (G15416) and
Diacol Calima (G04435) were selected as appropriate
mapping parents exhibiting maximum levels of polymor-
phism. Maximum variation is an obvious advantage in
linkage studies. However, application of RFLPs to inves-
tigations of P. vulgaris will not necessarily require mate-
rials generated by interspecific crosses. as one-third of
our probes revealed polymorphisms between two genetic
groups of this species. RFLPs will therefore supplement
isozymes, increasing the number of polymorphic loci that
can be analyzed in breeding, genetic, and evolutionary
studies of Phaseolus.
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Summary. Backcross and F, progenies were produced
between two bean genotypes, ‘XR-235" and ‘Calima,
which differ in seed weight by a factor of two. The small-
seeded ‘XR-235" was used as the pistillate and recurrent
parent. These genotypes showed polymorphisms at nine
isozyme loci and at the phaseolin locus. Seed size
parameters (weight, length, width. and thickness) were
determined for each BC, and F, individual, i.e., for seeds
harvested from ‘XR-235 after pollination with F, and
from the F, after selfing, respectively. A combination of
starch gel electrophoresis and enzyme activity staining
was used to determine the genotype of each BC, and F,
individual at the segregating loci. SDS-PAGE and
Coomassie blue staining were used to determine geno-
type at the phaseolin locus. Tests for independent assort-
ment using two-way contingency and maximum likeli-
hood tables revealed three linkage pairs: 4co-1 - 20 cM
- Dia-1; 4dh-1-2cM - Got-2; and Est-2 - 11 ¢cM - Pha.
Statistical comparisons were made between the nieans of
genotype classes at each segregating locus for all seed size
paraneters. The results from two independently obtained
BC;s and the F, consistently indicated that the Adh-1~
Got-2 segment was linked to a locus that affected seed
size and overcame maternal control over seed size. This
locus has been designated Ssz-1. This gene exhibited ad-
ditive gene action and accounted for 30 - 50% of the seed
size difference between the parents.

Key words: Beans ~ Seed size - QTL -~ [sozymes - Link-
age
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Introduction

Seed size (weight) is considered a component of yield in
dry bean breeding programs (Al-Mukhtar and Coyne
1981; Conti 1982, 1985). Negative correlations between
seed size and yield have been reported for some crosses
(Covne 1968); however. such correlations can impose lim-
itations in breeding programs of large-seeded types. Seed
size in cultivated beans has been described as polygenic
(Sax 1923; Yarnell 1965) and, from crosses between culti-
vated and wild types, it has been estimated that there are
at least ten genes involved (Motto et al. 1978). The use of
genetic markers to identify genes involved in seed size
control may help assess more clearly their role. Sax (1923)
pointed out that the genes controlling continuous varia-
tion could be identified through linkage with qualitative-
ly inherited characters. In fact, he identified a gene affect-
ing seed size in beans. which was linked to a gene that
controls pigmentation, the P locus. More recently, quan-
titative trait loci have been identified and mapped using
isozyme loci (Tanksley et al. 1982) and DNA restriction
fragment length polymorphisms (RFLPs) (Paterson et al.
1988) in tomato.

We are constructing a linkage map in beans based on
isozymes and RFLPs. The general strategy has been to
produce backcross and F, progenies from a pair of con-
trasting genotypes. Some of this contrast encompasses a
twofold size difference in seed weight. Traditionally, the
genetic analysis of bean seed weight has been carried out
with progeny tests, using the average seed weight of seeds
produced by each individual of a BC, and/or F, gener-
ation. This procedure is dictated by the control of the
maternal tissue genotype over the size of the seed it bears
(Bassett 1982). However, when we harvested F, seeds, i.e,,
seeds harvested from ‘XR-235" after pollination with
‘Calima,’ it was noticed that these seeds had a weight
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intermediate between the parents. Furthermore, seed size
variation was observed in the BC, seed harvested from
the small-seeded parent (‘"XR-235') after pollination with
the F;. and in the F, seed harvested from F, ptants after
selfing. This variation suggested that some genes from the
large-seeded "Calima’ parent could exert a direct effect on
the size of the embryo and overcome the maternal effect
on seed size. The objective of this project was to deter-
mine whether any of the segregating isozyme loci could
be used to detect genes that affect seed s.ze in the mode
described above.

Materials and methods

Plant maierial

Two Phaseolus vulgaris L. inbreds that have allelic differences at
nine enzyme loci and a twofold difference in seed size were
selected to produce backcross und F, progenies: *XR-235-1", a
breeding line obtained from Dr. M.J. Bassett (University of
Florida, Department of Vegetable Crops), which carries resis-
tance to common bacterial blight (Freytag et al. 1982) and hasan
average seed weight of 275 mg, and ‘Calima’, a cultivar obtained
from Dr. W. Roca (CIAT), which is adapted to Colombia and
East Africa with an average seed weight of 500 mg. *XR-235" was
used as the pistillate parent to obtain the F, progzny and as the
recurrent parent for the backcross progenies.

Isozyme analysis

A combination of starch gel electrophoresis and enzyme activity
staining was used to detect polymorphisms between parental
lines for eight enzymes: alcohol dchydrogenase (ADH)
(EC. LLL1), aconitase (ACO)_ (E.C.4.2.1.3), B-N-acetylglu-
cosaminidase (BNAG) (E.C.3.2.1.30), diaphorase (DIA)
(E.C. 1.64.3), esterase (EST) (E.C. 3.2.1.2), glutamate oxaloac-
etate transaminase (GOT) (E.C. 2.6.1.1), malate dehydrogenase
(MDH} (E.C. 1.1.1.37), and shikimate dehydrogenase (SKDH)
(E.C. 1.1.1.25). Enzyme activity stains were those described by
Tanksley (1984) for ACO, by Vallejos (1983) for ADH, EST,
GOT, MDH, and SKDH, and by Weeden (1984 and 1986) for
DIA and BNAG. ADH, ACO, and MDH were resolvad with a
histidine buffer system: gel buffer {5 mM histidine - HCI, adjust-
ed to pH 7.0 with NaOH), electrode buffer (135 mM TRIS,
43 mM citric acid, final pH 7.0). Saiaples were loaded in the gel
at 13.3 V/cm for 15 min, the wicks were then removed and the
gel was run for 3 more hours. BNAG, EST, GOT, and SKDH
were resolved using a TRIS-citrate system: gel buffer (15.2 mM
TRIS, 39 mM citric acid, pH 7.8), electrode buffer (0.3 Af
H,BO, adjusted to pH 7.9 with 4 ¥ NaOH). Samples were
loaded for 15 min at 13.3 V/em, the wicks were then removed
and the gel was run at 13.3 V/em for 1 h, and at 20 V/cm until
the borate front reached 10cm from the origin. Alternatively,
this system can be run at 2.6 mA/cm? on constant current at all
stages. Finally, DIA was resolved in a TRIS-citrate lithium bo-
rate system: electrode buffer (190 mA borate adjusted to pH 8.1
with 2 M LiOH), gel buffer (9 vol. of 50 mM TRIS adjusted to
pH 8.4 with citric acid and 1 vol. of electrode buffer). Samples
were loaded at 15 V/cm for 20 min and, after the wicks were
removed, the gel was run at the same conditions for 4 moure
hours (Sprecher and Vallejos 1989).

Seed samples were used for ADH and MDH. Seed flour was
obtained by scratching the cotyledons with a scalpel blade under
the raphe after partially removing the seed coat; 20 mg of seed

flour wus incubated in a microcentrifuge tube with 60 pl of ex-
traction bulfer (0.1 3 TRIS- HCI, pH 7.8) for 30 min on ice.
Sumples were collected from the supernatant with filter paper
wicks after a 2-min spin. Samples for ACO, BNAG. GOT. and
SKDH were obtained by grinding petioles wi.a 1,3 vol. of buffer,
and those for DIA and EST were obtained from root tissue in
a similar manner.

Phaseolin type was determined by resolving seed extracts on
SDS-PAGE. Briefly, seed Mlour was obtained as described above,
and 5mg of seed flour was incubated with 50 pl of extraction
buffer {0.0625 .\ TRIS - HCI (pH 6.8), 0.5 M NaCl] for 30 min.
The samples were centrifuged for 5 min at 16.000 gand 5 pl of
the supernatant was mixed with 195 pl of SDS sumple buffer
(Laemmli 1970) and incubated at 37°C for | h. Protein extracts
were separated by SDS PAGE in 12% gels.

Seed purameters and statistical analysis

Sced measurcments in the different progznies were taken on the
seed of the individuals themselves, ie.. seeds harvested from
"XR-235" after pollination with ‘Calima’ for the F,, from
"XR-235" after pollination with the F, for BC,. and from the F,
after selfing for F,. [ndividual sced weights were measured with
an analytical balance (Mettler AE 100) to 0.1 mg of resolution,
Length, width and thickness of individual seeds were measured
with a Vernier caliper to a resolution of 0.; mm. All statistical
analyses were performed on a mainframe computer using the
Statistical Analysis System (SAS Institute, Cary/NC).

Results
Quantitarive trait-seed size

The descriptive parameters of seed size (weight, length,
width, and thickness) an¢ "ape (ratios of the three di-
mensions) for the parents and their F, are listed on
Table 1. The mean seed weight of ‘Calima’ was about
twice that of the breeding line *XR-235-1", whereas the
seed weight of their hybrid was intermediate (Table 1).
The three one-dimensional parameters of ‘Calima’ seeds
also exceeded those of the breeding line, whereas the
dimensions of the F, seeds were intermediate. Regardless
of size, comparisons of the ratios of the three dimensions
showed that ‘Calima’ seeds were more elongated than
‘XR-235" seeds [(L/W)ey>(L/W)ge: and (L/T)g, >
(L/T)xg] and that they ware also proportionally thinner
[(W/T)cy <(W/T)xg] (Table 1). As expected from the pre-
vious measurements the F, bad intermediate ratios.
Seeds of the parents and F, used for the measure-
ments were obtained in the greenhouse at the same time.
However, those of the segregating progenies were ob-
tained at different times and under slightly different
greenhouse conditions. For this reason, direct compari-
sons between parents and progeny, and heritability calcu-
lations cannot be made with the available data. The two
BC, progenies (BC, A and BC, B) were obtained at differ-
ent times. Seed weight and sizes were slightly higher for
the BC,A than for the BC,B, although only the differ-
ences in width and W/T ratio were significantly different
(0.01 level). This difference lead to their independent anal-
ysis. On the other hand, the BC, A and F, progenies could
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Table 1. Sced size and shape measurements of the parents (*XR-235-1" and *Calima’

(*XR-235"x F\) sets (A and B), and the F,
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), their F; (*XR-235-1"x *Calima"), two BC,

'XR-235° F, *Calima’ BC,A® BC,B F,
Weight (mg) x? 276.7 405.0 505.5 X 413.3a 383.6 518.2
S, 7.6 11.8 9y s 102.1 62.3 85.8
n 30 25 30 n 52 38 99
Length (mm) X 10.74 13.00 15.38 X 13.13 12.30 15.40
S, 0.12 0.14 0.15 $ 1.39 {.41 1.22
Width (mm) X 6.77 7.51 7.93 x 7.96** 7.63 8.21
5, 0.07 0.08 0.06 5 0.66 0.40 0.49
Thickness (mm) X 4,78 5.45 6.00 X 548 5.51 5.87
5, 0.06 0.10 0.06 s 0.69 0.5t 0.53
Lwse X 1.59 1.73 1.94 x 1.64 1.67 1.88
Sy 0.02 0.0t 0.01 s 0.08 0.15 0.13
LT X 2.25 2,40 2.57 X 242 2.32 2.54
S, 0.02 0.05 0.03 s 0.20 0.21 0.21
WT X 1.42 1.39 1.32 X 1.46* 1.39 1.41
Ky 0.02 0.03 0.01 s 0.15 0.12 0.13

 x=mean, s,=standard error, s=standard deviation, n=sample size

® r-tests were used to compare the means of the two independent backcrosses; no significant differences were found between means

that underlined

¢ L=length, W =width, T =thickness.
*** Significant differences at the 0.05 and 0.01 levels, res
differences at the 0.00t level for all parameters listed

Table 2. Segregation analysis of enzvme loci backcross and F, progenies using the ¥ * test

pectively. Comparisons of BC,A and F, using r-tests showed signifizant

Locus Genotype z? z? Locus Genotype x? P&
X/x*  x/c cfc 1:1 1:2:1 x/x x/c  cfc 1: 1:2:1

Aco-1 BC,A 1220 2.77 Est-2 BC,A 20 24 0.36

BC,B 20 18 0.10 BC,B 21 17 0.42

F, A 61 3 0.01 F, 37 68 5.87%"
Aco-2 BC A 26 23 0.18 Got-2 BC,A 19 33 3.77

BC,B 18 20 0.10, BC,B A 17 0.42

F, 32 70 21 432 2 24 58 41 5.10
Adh-1 BC A 20 32 2.77 Mdh-1 BC,A 25 27 0.08

BC,B 21 17 0.42 BC,B 20 18 0.10

2 25 59 39 3.39 F, 25 58 40 4.06
Bnag BC,A 2 21 0.02 Skdh BC,A 18 23 0.61

BC,B 20 18 0.10 BC,B 13 25 3.79

F, 33 57 33 0.66 2 38 58 27 2.36
Dia-1 BC,A 25 23 0.18 Pha BC,A 29 23 0.69

BC,B 17 2 0.42 BC,B 18 20 0.10

. 33 65 25 1.4 F, Kk} 59 29 0.07

-

* x/x and c/c are homozygous for *XR-235" and ‘Calima’ alleles, respectively; x/c is heterozygous

® A 1:3 ratio was tested because the heterozygotes could not be distinguished from the homozygotes for ‘Calima’ alleles

* Significant at the 0.05 level

be compared with each other because they were obtained
at the same time and under identical greenhouse condi-
tions. One-tail r-test indicated that the means for seed
weight, length, width, and thickness of the F, were signif-
icantly larger than those of the BC, A (0.001 level). Final-

ly, tests of normality using the Shapiro-Wilk statistic
(n<51) (Shapiro an Wilk 1965) or the Kolomogorov
statistic (n> 50) (Stephens 1974) indicated that all of the
seed weight and size parameters were normally distribut-

ed.

") i
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Table 3. Tests of independent assortment for linked isozyme loci using two-way

obtained backcross progenies

contingency tables. Results from two independently

3

Loci Genotypes 1 p* p
Y Z Parentals Recombinants
Yx/x Z(/x Yx/: le: Yx.x z\.c Y u\:zxu

Aco-2 Dia-1 Ab 19 16 7 7 891~ 28.6

B 13 16 5 4 10.45 ** 25.7 26.1
Adh-{ Got-2 A 18 31 2 1 40.06 *~ 3.8

B 21 17 0 0 38.00*= 0.0 2.6
Est-2 Pha A 20 20 4 0 30.56** 9.1

B 17 16 4 1 21.24 %= 13.1 1.1

* Percent recombination

® A and B indicate rows for data obtained with the BC,A and BC, B respectively

*-** Significant at the 0.005 and 0.001 levels. respectively

Table 4. Calculation of linkage by the maximum likelihood
method (Allard 1956) for three pairs of linked loci using F, data

Dia-{ cM
x/x c/c c/c?
Acc-2 x/x 23 8 1 19.7+29
x/c 8 49 13
¢/c 2 8 11
Got-2
Adh-1 X/x 24 1 0 2.0+0.9
x/c 0 56 3
c/c 0 1 . 38
Pha
Est-2 x/x 28 5 3 10.8+3.2
_Jc 1 43 22

* Gerotypes: x/x and c/c stand for homozygotes for *XR-235’
and ‘Calima’ alleles, respectively; x/c stands for heterozygotes;_/
¢ stands for a mixture of homozygotes and heterozygotes

Segregation and linkage analysis of isozyme loci

Monogenic segregations of the isozyme loci were ana-
lyzed with z? tests in the backcross and F, progenies
(Table 2). All loci tested in the backcrosses segregated in
the expected 1:1 ratio. Slight but not significant skewings
were observed for Aco-1, Adh-1, and Got-2 in BC A, and
for Skdh in BC,B. No significant deviations from
Mendelian ratios were detected in the F,, with the excep-
tion of Est-2, for which an excess of ‘XR-235" alleles was
detected; a 1:3 ratio was tested at this locus because the
heterozygotes could not be distinguished from the ho-
mozygotes for the ‘Calima’ allele. In this progeny again,
a slight but not significant overabundance of ‘Calima’
alleles was detected at the Adh-1, Got-2, and Mdh-{ loci,

whereas the opposite was true for the 4-0-2 and Skdh
loci.

The linkage relationships between isozyme loci were
also investigated. Tests of independent assortment for all
pair combinations were conducted using two-way con-
tingency tables. These tests revealed three linked pairs
(Table 3). Significant deviations from independent as-
sortment were detected in all three progenies under study
for these pairs. The average recombination obtained with
the two BC,s was 26% for the Aco-2-Dia-{ pair, while
the maximum likelihood method using F, data gave a
linkage intensity of 19.8+2.9 cM (Table 4). The average
recombination between Adh-/ and Got-2 estimated with
BC, data (2.6%) was in good agreement with the linkage
intensity determined with F, data (2 +0.9 cM). Finally,
an average recombination of 11% between Est-2 and Pha
observed with BC, data was confirmed with the maxi-
mum likelihood estimate from F, data of 10.8 +3.2 cM.

Detection of QTLs for seed size

Large-seeded ‘Calima’ was used as the donor parent to
generate the BCs. Thus, genes of this genotype that
control embryo size by overcoming maternal control
would be segregating in these progenies. In order to in-
vestigaie possible linkage between these genes and
isozyme loci, one-tail /-test were used to compare the
means of seed size parameters between homozygotes and
heterozygotes at all segregating enzyme loci (Table 5).
The means of all seed size parameters of heterozygotes
were significantly higher than those of homozygotes at
the Adh-{ and Gor-2 loci. It has already been established
that these loci are 2 cM apart. Therefore, it can be con-
cluded that there is at least one locous affecting seed size
in this chromosome region. These results were confirmed
with one-way analyses of variance for seed size parame-
ters of the F, progeny at each segregating locus. A t-test
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Table 5. Detection of linkage between segregating isozyme loci und a locus that affects seed size. One-tailed r-test was used to compare
the means of homozygotes (x/x) and heterozygotes (x.c) at each segregating locus

Locus Genotype Weight (mg) Length (mm) Width (mm) Thickness (mm)
XX Xic Xix XicC T Xx/ix  xfc T X/x  xc¢c T X x.¢c T

Aco-t A 32 20 3965 4452 » 128 136 = 7.78 824 * 542 538 NS
B 20 18 376.7 3913 NS 124 13.1 NS 7.56 1.0 NS 553 548 NS

Aco-2 A 26 23 4410 4054 NS 13.6 129 NS 8.09 7.96 NS 366 537 NS
B 18 20 390.6 3773 NS 13.0 12,5 NS 7.63 7.62 NS 356 546 NS
Adh-t A 20 32 3295 4689 =+ 11.9 13,9 ¢»= 7.39  8.31 e 496 5.81 ww=
B 21 17 3535 4208 e 12,1 13.6 **= 7.50 7.79 == 335 3571 0+

Bnag A 22 21 4142 438.6 NS 13.1 13.5 NS 7.96 8.08 NS 350 5.64 NS
B 20 18 3944  371.5 NS 13.1 123 NS 768 7.57 NS 356 545 NS

Dia-{ A 26 23 4244 4241 NS 13.3 13.2 NS 795 8.12 NS 563 541 NS
B 17 21 380.0 386.5 NS 13.0 126 NS 7.62 7.64 NS 350 5.52 NS

Esi-2 A 20 24 431 4169 NS 13.4 13.3 NS 8.02 8.10 NS 574 540 NS
B 21 17 367.7 4032 124 132 NS 7.35 172 NS 544 559 NS

Gor-2 A 19 33 3245 4675 wex 11.8 139 == 7.33 8.3t e 199 577 e
B 21 17 353.5  420.8 e 12,1 13,6 *»* 7.50 779 »» 335 571 0+
Mdh-t A 25 27 4079 4221 NS 13.0 13.3 NS 791 8.00 NS 549 548 NS
B 20 18 3843 3828 NS 13.0 12,5 NS 7.58 7.68 NS 550 5352 NS

Skdh A 18 23 4246 4256 NS 134 132 NS 8.04 8.00 NS 5350 360 NS
B 13 25 3854 3826 NS 12.8 12,7 NS 7.66 7.61 NS 544 549 NS

Pha A 29 23 4134 4176 NS 13.0 133 NS 7.85 8.09 NS 335 541 NS
B 18 20 3773 389.2 NS 125 130 NS 7.56 7.70 NS 555 546 NS

*.#%.ws Significant at the 0.05, 0.01, and 0.001 levels, respectively

NS - not significant

Table 6. Results of the analyses of variance and Duncan’s tests (0.05 level) used to compare the means of the F, genotypes at each

isozyme locus

Locus Genotypes Weight (mg) Length (mm) Width (mm) Thickness (mm)
X/x x/jc c/c X/x x/c cic x/x x/c c/c x/x x/c c/c x/x x/c c/c

Aco-1 24 48 27 518 514 524 15.1 154 15.7 8.18 8.18 8.30 5.80 5.94 5.80
Aco-2 24 57 18 511 523 511 15.4 154 15.0 8.13 8.25 8.20 5.87 5.85 5.91
Adh-1 16 49 34 471%0 517%b 5413 149%b 15325 158+ 817 8.25 8.17 5.58*%b 581%% 608+
Bnag 26 49 24 513 535 487 153 15.6 15.0 8.27 8.30 7.27 5.93 592 3.70
Dia-1{ 24 52 23 514 516 526 15.3 15.5 15.3 8.14 8.20 8.30 5.89 5.84 5.91
Est:29 31 62 506 521 15.2 15.4 8.12 8.23 5.98 5.82

Goi-2 15 48 36 4674° 514nb 5448 148%b 15280 [58% g {7 8.25 8.19 5.39**b 579° §09*
Mdh-1 24 44 3] 499 517 534 149*% 154%% 158* 314 8.23 8.24 5.94 5.82 5.87
Skdh 31 4 24 525 518 507 15.6 15.7 15.2 8.24 8.24 8.14 5.94 586- 577

*** Significant at the 0.5 and 0.005 levels respectively; *F* tests for the main effect
*® No significant differences were detected between means bearing the same letters
‘@ A r-test was used at this locus because only two electrophoretic phenotypes could be distinguished

was used for the Est-2 locus, because the heterozygotes
could not be distinguished from the homozygotes for
‘Calima’ allelcs. These results showed that the chromo-
some segment marked by 4dh-1-Goi-2 had significant
eifects on all sced size parameters, with the exception of
width (Table 6). Duncan tests were used to evaluate the
difference between the genotype means at these loci. In

both cases, the two homozygote classes were significantly
different from each other, but each was not significantly
different from the heterozygote class. However, the mean
of the heterozygote class was always intermediate, sug-
gesting additivity at this locus. Noteworthy are the con-
trasting sensitivities of the statistical tests for the BC L
(P=0.001) and the F, (P=0.05) progenies.
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Marginal significant differences were detected only in
BC,A at Aco-1 for weight. length. and width. Similar
results were obtained for the seed weight of BC, B at the
Est-2 locus. However, these results were proven to be
artifacts under closer scrutiny. Two-way factorial analy-
ses of variance between Gor-2 and all the other loci
showed that the chromosome segment marked by Gor-2
was the only source of variation; when the variation at
the Gor-2 locus was accounted for, variation at the other
loci was not detected. Furthermore. inspeciion of the
two-way contingency tables showed slight deviations for
the pair combinations of both -co-f (in BC,A) and Est-2
(in BC,B) with Got-2: these anomalies can account, at
least in part. for the artifacts observed. [nterestingly, the
two-way factoriol analysis between dh-/ and Gur-2 in
BC, A suggested that the latter was closer to the locus
responsible for seed size. However, this observation can-
not be considered conclusive. The tight linkage between
these loci resulted in only one individual in one recombi-
nant class and two in the other (Table 3); the excessive
disproportion in class sizes seriously reduced the usetul-
ness of this analysis of variance. Significance for seed
length at the Mdh-1 locus was detected in the F,. Several
interpretations are possible for this results. It a seed size
gene in this chromosome segment had a detectable effect
only in the F, sced and not in the BC, secd, then a
recessive allele would be expected; however, the ho-
mozygous class for the ‘Calima’ allele was not signifi-
cantly different from the heterozygous class. Another
explanation is the possible interaction between the Mdh-
1- linked locus with other factors not detected in this
studyv. Finally, this result may be due to the observed
underrepresentation of the double homozygote class for
*XR-235 alleles for Gor-2 and Mdh-1. At best, the role of
this chromosotne segment cannot be assessed conclusive-
ly in this study.

Discussion

The normal distribution detected in the BC, and F, pro-
genies underscored the polygenic nature of the seed size
character, as others have previously reported (Motto
et al. 1978; Sax 1923; Yarnell 1965). Two lines of evidence
indicate that the principal mode of actjon of these poly-
genes is additivity. Seeds of the F, progeny had interme-
diate weights between the progenitors. The mean seeds
weight of the BC, A was closer to the small-seeded recur-
rent parent than the mean seed weight of the F, progeny.
Additive gene action for genes involved in seed size has
also been reported previously (Hamblin and Morton
1977; Conti 1985).

The twofold difference in seed size between the pro-
genitors suggested that either a large number of polyge-

nes with similar effects or at least one major and a rew
others with minor effects would segregate in the proge-
nies. With a limited number of markers. one can expect
to detect minor genes with tight linkages or major genes
with moderate linkage. The consistent results obtainad
with two independently obtained backsrosses and the F,
strengthened the validity of the linkage between (Adfi-1-
2cM-Got-2) and the locus that contributes to seed size.
Inspection of the mean seed weights of the three eno-
types at either the Gor-2 or Adi-1 loci indicates that the
mode of action of this gene is additive. The meun seed
weight of heterozygotes was intermediate to the two ho-
mozygote classes. This locus is assigned the symbol Ssz-1
to indicate seed size. An interesting feature of this gene is
its ability to overcome the maternal control of seed size.
which is normally cbserved in beans.

The contrasting sensitivities of the statistical analyses
observed between the BC,and F, progenies makes for an
interesting observation. The much higher level of signifi-
cance detected with the BC, indicates clearly that this
gene can easily overcome the maternal control of the
recurrent parent genotype (XR-235). On the other hand.
the marginal level of significance observed with the F,
suggests two nonexclusive explanations. First, a greater
variation is expected in each class of the F, relative to
each class of the BC,. For a given number of genes (1)
involved in a character. the number of genotypes per
class at each locus will be a power base higher in the F,
thanin the BC, [(F,) 3""'>(BC,) 2"~ !]. The second and
more interesting possibility i~ that this gene has a smaller
effect when it is present in seeds coming from the hybrid
genotype (XR-235 x Calima). The fact that there are not
many reports on this type of gene action for sced size
leads to the question of whether this effect would be more
frequently observed in compatible crosses between the
two gene pools of beans. These results also suggest that
there may be specific interactions between genes ex-
pressed in the embryo and genes expressed in the mater-
nal plant. These interactions could be more noticeable in
wide crosses. We have begun to investigate this possibil-
ity.

Parental and progeny seed sizes were obtained from
seeds produced under different greenhouse conditions
and direct comparisons cannot be made. However, with
the available data it is possible to obtain a first approxi-
mation of the contribution to seed weight by this gene.
The smallest difference (67 mg) between heterozygotes
and homozygotes at the Got-2 locus was detected in
BC,B. This weight difference represents 50% of the vari-
ation in seed weight between the F, and the small-seeded
progenitor. On the cther hand, the difference between the
two homozygous classes in the F, at the Got-2 locus is
about 33% of that of the parents. Therefore, this appears
to be a major gene that can explain from 33 to 50% of the
variation in seed size. These results also mean that there



must be other genes responsible for the remainder of the
seed size variation besides environmental effects.

Tagging of Ssz-f provides a unique opportunity to
study the mechanism by which this gene controls seed
size. Does Ssz-1 contro! the extent of cell division in the
developing embryo or the finai cell size? For instance.
these results indicate that Ssz-1 affects lenght to a greater
extent than it does the other two dimensions. suggesting
in turn that this gene also affects seed shape. What effect
does this gene have on source-sink relationships during
embryo development? The availability of tags for genes
that control seed size can be useful in studies of bean
evolution. In addition to phaseolin type. seed size is one
of the major ditferentiating characters between meso-
american and andean Phaseolus vulgaris beans (Gepts
1988). The availability of genetic markers for genes in-
volved in seed size control in beans will certainly aid
physiological and evolutionary studies centered around
this important agronomic character.
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Summary. The linkage relationship of 11 bean (Phaseolus
vulgaris) seed proteins (including phaseolin), 9 enzyme
loci, and the P locus were analyzed in backcross and F,
progenies by use of the software package “Mapmaker.”
The progenies were obtained by crossing the breeding
line *XR-235-1" and the cultivar ‘Calima’. Allelic differ-
ences for seed protein loci were detected with SDS-PAGE
and those for enzyme loci with starch gel electrophoresis
and activity stains. The seed coat color of ‘Calima’ is a
red/beige mottled pattern and that of ‘XR-235-1" is
white. Segregation at the P locus was followed by record-
ing the phenotype of the BC,S, and F, seed. A linkage
group comprising ca. 90 cM was detected with the fol-
lowing gene order: Est-2 - 11 - Pha - 8 ~ (Spe/Spg) - 24
—P-9-(Spa/Spb) ~16 - Spba - 22 - Mdh-{. In addition,
another linkage group was detected: (Spd/Spf/Sph) - 5 -
Spca. Therefore, the seed proteins appear to be organized
in clusters in the bean genome.

Key words: Common bean - Seed proteins - [sozymes ~
Mapmaker '

Introduction

Limited linkage information is currently available for
Fhaseolus vulgaris L. Only nine small linkage groups
have been identified and they are defined by as few as two
or as many as six morphological marker loci (Bassett

* Florida Agricultural Experiment Station, Journal Series No.

R-01131
** To whom correspondence should be addressed

1988). The paucity of linkage data in common bean is
due to reliance on morphological markers provided by
natural and induced mutations; bean geaeticists have
found it difficult to work with lines that carry more than
two recessive mutations, because of reduced vigor and
fertility (Bassett 1988).

The use of molecular markers (isozyries und other
proteins) for linkage analysis in comm.on bean has been
introduced in more recent years. Browa et al. (1981 b)
reported that the gene encoding the major seed storage
protein (phaseolin, Pha) was link.d to genes encoding
other seed storage proteins. Weeden (1984) reported link-
age between the small s1bunit of Rubisco and malic en-
zyme: later, Weeden and Liang (1985; detected linkage
between Est-2 and the P locus. The Plocus is essential for
the expression of pigmentation in common bean (Leakey
1988). We have recently reported (Vallejos and Chase
1991) three pairs of linked isozyme/protein loci: Adh-1 —
Gor-2 (2cM), Aco-2 - Dia-1 (20 cM), and Est-2 - Pha
(11 cM). We report here an extended linkage map of the
latter group, which spans ca. 90 cM and includes six seed
storage proteins, two enzyme loci, and the P locus.

Materials and methods

Plant materic!

Two inbred lines of beans were used to generate the segregating
progenies: *Calima’ and *XR-235-1 ‘Calima’ is a large-seeded
cuitivar which belongs to the phaseolin type C group. The seed
coat has a red/beige mottled pattern; this line is homozygous
dominant (PP) at the P locus. ‘XR-235-1" is a breeding line
derived from an interspecific cross with P. coccineous (Freytag
et al. 1982); this is a small, white-seeded (pp) bean which belongs
to the phaseolin type S group. This breeding line was used as the
pistillate parent to produce both the F, and the backcross (BC,)
progeny; and F, progeny was also produced. All BC, and F,
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plants were grown to maturity and selfed to produce the BC,S,
and F, progenics, respectively.

[sozymes

Preparation of samples. electrophoretic separation in starch
gels. and enzyme activity staining have been described elsewhere
(Vallejos and Chase 1991). Segregation for the following enzyme
loci was recorded: Adh-1, Aco-1, Aco-2, Bnag, Dia-1, Est-2,
Got-2, Mdh-1, and Skdh.

Seed storage proteins

After removing the seed coat under the raphe. seed flour was
obtained by caretully scraping the cotyledons with a scalpel.
Five milligrams of seed flour was incubated with 50 pl of extrac-
tion buffer {0.0625 M TRIS - HCL. pH 6.8) for 30 min on ice.
The samples were centrifuged for 2 min at 16.000 x ¢ and 5 ulof
the supernatant was mixed with 195 pl of SDS sample buffer
(Laemmli 1970) and incubated at 65°C for | h. Protein extracts
were separated by SDS-PAGE (13%). Five microliter of cach
SDS sample was loaded in gels that were 16 cm long and | mm
thick (Protean II: Bio-Rad. Richmond:CA). Phaseolin bands
were visualized by staining with Coomassie brilliant blue. These
were the only protein bands that were clearly visible in the gel
at these protein concentrations. Under thesz conditions, it was
possible to clearly identify the three Pha genotypes (SS, SC, and
CC) in the F, progeny. In order to visualize the other sced
proteins, the gels were destained and then siiver stained using the
procedure of Morrissey (1981), with the following modifica-
tions: gels were fixed overnight in ethanol (30%)/acetic acid
(10°%) and then incubated in glutaraldehyde (1.5%); finally, the
gels were incubated in acetic acid (10%) after development of
the silver stain.

Seed proteins of the parental genotypes were extracted and
separated into G1, G2, albumin, and prolamine fractions ac-
cording to the procedures of Brown et al. (1981a). The fractions
were further separated by SDS-PAGE (Laemmli 1970) and visu-
alized by silver staining as described above. This procedure
allowed for further characterization of the protein bands that
showed polymorphism between the selected parents,

Segregation and linkage analysis

Statistical analyses were carried out on a mainframe computer
using the Statistical Analysis System (SAS Institute. Cary/NC).
Linkage analysis was performed using the compnter package
“*MAPMAKER" (Lander et al. 1987), which allows {or a simul-
taneous multipoint linkage analysis, This program uses the Lan-
der and Green (1987) algorithm to calculate the “best" map for
a given order of loci.

Results

Polymorphisms

Mdi-1 alleles were detected as doublet bands. The ‘Cali-
ma’ allele was ca. 5 mm more advanced than the ‘XR-
235-1" allele, and the three possible genotypes could be
distinguished in the F, progeny. On the other hand, the
EST banding patterns of ‘Calima’ and XR-235 were al-
most identical, except that the second most anodal band
of *Calima’ stained more intensely than that of *XR-235-
1." It was not possible to distinguish between het-
erozygotes and ‘Calima’ homozygotes in the F,. For this

reason the *Calima’ allele was treated as dominant. Al-
lelic differences in staining intensity between bands of
identical electrophoretic mobility have been described in
tomato (Tanksley and Rick 1980). All other enzyme loci
were detected as single bands of different mobility. as
described earlier (Vallejos and Chase 1991).

The seed coat is maternal tissue and therefore reflects
the genotype of the mother piant. For this reason, the
pigmentation pattern was recorded for seeds harvested
from BC, and F, progenies. Seeds of the progenies were
either white (pp) or pigmented (Pp for BC, and P- for
F,). In the pigmented class the patterns varied from plain
beige to varying intensities of red mottling, indicating the
presence of other genes involved in mottling.

Comparisons of the seed storage protein profiles re-
vealed size polymorphisms for at least 11 different
proteins (Table 1). The two parental alleles were identi-
fied for § of the 12 proteins, including phaseolin (Spa,
Spb. Spf. Sph. and Pha). Full segregation information
was recorded for these proteins in the F, progeny. Of the
remaining protein bands, five were unique to ‘Calima’
and their corresponding alleles were unidentified in *XR-
235-1' (Spba. Spc. Spd. Spe, and Spg). The segregation of
these proteins was recorded according to genotype in the
BC, and according to phenotype in the F, progeny. One
band was unique to *XR-235-1’ (Spca), and its allelic
counterpart was aot identified in ‘Calima’; the segrega-
tion of this protein was recorded only in the F,.

Monogenic segregations

Results of the tests for Mendelian ratios in the BC, (1:1)
are depicted in Table 2. Significant deviations were de-
tected for only two of the lcci studied: Spba (P=0.05)
and Spe (P=0.005). A significant deficiency of recurrent
parent (XR-235) alleles was detected at each one of these

Table 1. Characterization of seed proteins that display allelic
differences between *Calima® and *XR-235-1": molecular weights
and protein fraction

Protein Molecular weights (kD)
Band Fraction Calima XR-235
Spa Gl 82.8 79.1
Spb Gl 58.5 53.3
Spba G2 52.1
Pha GI 453

44.0 44.5

424 424
Spc G2 379
Spca G2 . 34.8
Spd G2 31.0
Spe G2 20.5
Sgf G2 17.0 174
Spg Gl 16.0
Sph G2 14.8 15.4

“J
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Fig. 1. Average map distances in centiMorgans for the Pha link-
age group

Table 2. Analysis of monogenic segregation ratios in backcross
(BC,) and F, progenies

Locus  Backcross F,
Genotype ., Genotype Gz Loy
x/x* x/c X/X x/c cfc
Esr-2 41 41 0.00 37  68° 5.87+
Pha 47 43 018 31 59 29 0.07
Spe,.g 47 43 018 37 80° 2.74
P 3 37 037 22 101° 332
Spa,b 43 47 048 20 58 43  8.90*
Spba 35 52 413* 30 92° 0.01
Mdh-1 45 45 000 25 58 40 4.06
Spc 31 59 871t 21 101 3.94*
Spca 83 30 0.14
Spd. f,h 42 438 040 26 95 0.80

* Genotypes: x/x homozygous for XR-235 alleles; ¢/c ho-
mozygous for Calima alleles; x/c heterozygous

® When heterozygous plants could not be distinguished from
homozygous for either Calima or XR-235 alleles, a 1: 3 ratio was
tested in the F, progeny

*** Significant deviation at the 0.05 and 0.005 levels, respec-
tively
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loci, although it was less pronounced for Spba than for
Spc. This deficiency persisted for Spc in the F,. In addi-
tion, in the-F, progeny. two different loci displayed sig-
nificant (P =0.03) deviations from expected ratios. One
of them. Est-2, had an excess of homozygotes for *XR-
235" alleles. whereas the linked pair Spa/Spb showed a
deficiency for the same class.

Linkage analyvsis

During the process of recording the segregation data, it
was noticed that some of the seed proteins were inherited
in clusters, i.e., only parental combinations could be de-
tected. These clusters were made up as follows: (Spa/
Spb), (SpdiSpt;Sph), and (Spe; Spg). One member of each
group was included in the data set for linkage analysis.
“Mapmaker” was used to analyze the linkage relation-
ships among the segregating loci in both progenies (BC,
and F,). The linkage criteria for the analysis were such
that linkage was considered only if the LOD scores were
greater than 3.0 and the recombination value was less
than 0.30. The maximum LOD score is the log,, of the
ratio between the likelinood when the locus pair is at its
maximum likelihood recombination fraction and when
the loci are taken to be unlinked. Thus, a LOD score of
3.0 for a locus pair means that the pair is 1,000 times
more likely to be linked than not linked. The analysis
confirmed our previous report (Vallejos and Chase 1991)
for three isozyme/protein locus pairs: (Got-2 - Adh-1),

Table 3. Two-point linkage data for loci associated with the phaseolin (Pha) linkage group. The upper right corner contains data from

the BC, and the lower left corner for the F,

Est-2 Pha Spe p Spa Spba Mdh-1
Est-2  ‘p - 0.1 0.18 0.24 0.26 - -
cM - 11.18 19.19 26.02 28.27 - -
LOD - 12.36 7.74 4,17 4.42 - -
Pha ‘P’ 0.11 - 0.07 0.19 0.22 - -
cM 10.87 - 6.74 20.47 23.86 - -
LOD 13.57 - 17.52 5.85 6.39 - -
Spe ‘r’ 0.16 0.10 - 0.21 0.18 - -~
cM 16.25 10.03 - 22.26 18.61 - -
LOD 9.75 15.29 - 5.25 8.80 - -
P ‘p’ - 0.18 0.25 - 0.05 0.17 -
cM - 18.50 28.14 - 4.51 17.37 -
LOD - 133 3.79 - 14.85 6.95 -
Spa ‘p’ - 0.31 - 0.13 - 0.13 -
cM - 36.91 - 13.31 - 13.84 -
LOD - 4.04 - 10.26 - 11.51 -
Spba  ‘p’ - - - 0.26 0.18 - 0.21
cM - - - 29.37 18.61 - 22.75
LOD - - - 3.20 8.37 - 6.75
Mdh-1 ‘p - - - - 0.29 0.21 -
cM - - - - 33.88 22.14 -
LOD - - - - 495 7.02 -

‘p": recombinaticn fraction; cM: centiMorgan distance; LOD: maximum LOD score
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(Aco-2 - Dia-1), and (Est-2 - Pha). A linkage cluster was
detected for a gronp of seed proteins: (Spd/Spf/Sph) -
5 ¢M - Spca. Furthermore, five additional seed proteins,
the P locus, and Mdh-/ were found in the linkage group
of the Pha locus. The two-point linkage results from both
progenies (BC, and F,) for the members of this linkage
group are shown in Table 3.

“Mapmaker™ assigned seven loci (Spa, Spe, Spba,
Pha, P, Est-2, and Mdh-1) to one linkage group based on
two- and three-point linkage analyses. Inspection of
these results led to the selection of the first six loci for
determination of gene order. With the multipoint map-
ping capability, “Mapmaker™ evaluates all possible gene
orders and then selects the best 20 orders. To reduce the
number of permutations and save computer time, the
Mdh-1 locus was not included. After the gene order was
established, this locus was positioned based on the two-
point linkage results. The best gene orders were identical
in both the BC, and the F,-Est-2 - Pha - Spe - P - Spa
~ Spba. However, it should be pointed out that in the
BC, this order was only 2.5 times more likely than the
second order, in which the positions of P and Spa were
reversed. The possibility of this order reversal was not
apparent in the F, data. The distances between loci were
calculated using the simultaneous multipoint linkage
capability of “Mapmaker.” The Kosambi (1944) func-

tion was selected to estimate map distances. Simlar dis- .

tances between loci were calculated with both progenies;
however, the major discrepancy was observed for the
distance between P and Spa (see Table 3). The distances
between loci were averaged for the two progenies (Fig. 1).

Discussion

Two interesting observations can be made about the seed
proteins described in this project. First, the polymor-
phisms detected by SDS-PAGE suggest that insertions
and/or deletions in the coding regions may be responsible
for the size differences; however, one cannot disregard
the possibility of critical amino acid changes, which can
alter mobility in an SDS gel (Ferl 1985). Second, some of
the seed proteins appear to be organized iu clusters in the
bean genome. These observations raise questions about
the nature of these polymorphisms and the bases for
cluster organization. Proteins from a single cluster may
be related and may have arisen by tandem gene duplica-
tion and subsequent divergence, as proposed for the
phaseolin multigene family (Talbot et al. 1984).

The BC, and F, differed in the loci that displayed
significant deviations from Mendelian ratios. Although
there was an excess of ‘XR-235-1' allele homozygotes at
the Est-2 locus in the F,, defficiencies of *XR-235-1°
homozygotes were detected for Spba in the BC, and for
Spain the F,. These differences suggest the possibility of

specific interaction between the genomes of the two bean
groups. Noteworthy is the fact that the deviations in the
same direction occurred in two neighboring loci. Devia-
tions from Mendelian ratios have been detected previ-
ously in bean progenies resulting from crosses between
accessions from middle America and those of Andean
origin (Koenig and Gepts 1989). Furthermore, distorted
ratios have been reported for interspecific progenies be-
tween P. vulgaris and P. coccineous (Smartt 1970). This
type of deviation has also been deiected in interspecific
progenies in Lycopersicon (Rick 1969: Tanksley et al.
1982: Vallejos and Tanksley 1983). Thus. in this particu-
lar cross, some of the observed skewings may involve
chromosome segments from the P. coccineous progenitor
of "XR-235-1,” whereas others may involve interactions
between the two P. vulgaris gene pools.

The linkage group flanked by Est-2 and Mdh-1 and
comprising ca. 80-100cM is the largest identified for
beans with molecular markers. The greater distances be-
tween loci observed in the F, suggests that perhaps re-
combination is not uniform in male and female gametes.
The use of molecular markers and the multipoint map-
ping capability of “Mapmaker" have made it possible to
define such a linkage group. This group appears to be
that identified by Bassett (1988) as Group VII. This
group is also the largest group that has been identified
with morphological markers.
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ABSTRACT

A seed and flower color marker (P), nine seed protein, nine isozyme and 224 restriction fragment
length polymorphism marker lori were used to construct a linkage map of the common bean, Phaseolus
vulgaris L. (n = 11). The mapping population consisted of a backcross progeny between the
Mesoamerican breeding line *XR-235-1-1" and the Andean cultiva: *Calima’; the former was used as
the recurrent parent. A bean Piti genomic library enriched for single copy sequences (95%) was the
source of DMA probes. Sixty percent of the probes tested detected polvmorphisms betwen the parental
genotypes with at least one of the four restriction enzymes used here (Dral, EcoRI, EcoRV and
Hindlll). The computer software Mapmaker was used to determine the linkage relationships and
linear order of segregating markers. These markers assorted into 11 linkage groups covering 960 cM
of the bean genome. Partial linkage data were used to estimate the total length of the genome at
1200 cM. This estimate and that for the physical size of the genome yield an average ratio of 530 kb/
cM. The relatively small size of the genome makes this crop species a good candidate for the isolation

of genes via chromosome walking techniques.

HASLEOLUS vulgaris L., the common bean, is a

diploid (2n = 22) legume with a relatively small
genome [633 Mbp (0.66 pg)/1C] (ARUMUGANATHAN
and EaRLE 1991). This bean is an importart source
of dietary protein for over half a billion people in
Africa and Latin America (PacHico 1989), and hy-
pocholesterolemic properties add to its dietary value
(ANDERSON et al. 1984). However, in spite of the
importance of this crop species, its genetics has been
poorly characterized. For instance, only a few mor-
phological and seed and flower color markers have
been used to develop a rudimentary linkage map
(BASSETT 1991). More recently, a few isozyme and
protein markers have been added to the map (VaL-
LEJos and CHASE 1991a,b). Although cytogeuetic
studies have been hampered by the small size of the
chromosomes (ZHENG et al. 1961), five primary tri-
somics have been characterized (ASHRAF and BASSETT
1987).

The construction of linkage maps based on DNA
markers (restriction fragment length polymorphisms,
RFLPs) has been accomplished for a number of spe-
cies: Arabidopsis (CHANG et al. 1988; NaM et al. 1989),
lettuce (LANDRY et al. 1987), maize (HELENTJARIS,
WEBER and WRIGHT 1986), potato (BONIERBALE, PLA-
ISTED and TANKSLY 1988), rice (McCoucH et al.
1988), soybean (KEM et al. 1990) and tcmato (BER-
NATZKY and TANKSLEY 1986). Extensive polymor-
phism between the progenitors of the mapping pop-
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ulation is a prerequisite for the construction of a
comprehensive linkage map. Low levels of RFLPs
have been detected within each of the gene pools of
common bean (CHASE, ORTEGA and VALLEJOs 1991).
This problem has been solved in other species through
the development of mapping populations from inter-
specific crosses. However, this is not a viable option
for the common bean. Although interspecific crosses
between P. vulgaris and P. coccineus or P. acutifolius
can be obtained (HucL and ScoLgs 1985), the result-
ing progenies are far from normal and of limited
value for mapping purposes. However, moderate lev-
els of polymorphism can be detected between the
Mesoamerican and Andean gene pools of the common
bean {(CHASE, ORTEGA, and VALLEjos 1991). In ad-
diticn, the extent of detectable polymorphisms can be
increased by the inclusion of breeding lines carrying
introgressions from either P. acutifolius, or P. cocci-
neus. We report the construction of a linkage map for
P. vulgaris based mostly on RFLP markers.

MATERIALS AND METHODS

Parental genotypes: Single inbred representatives of each
of the two major P. vulgaris gene pools were used to gen-
erate the backcross mapping population, viz., ‘XR-235-1-1"
for the Mesoamerican gene pool and ‘Calima’ for the An-
dean gene pool. However, the Mesoamerican breeding line
‘XR-235-1-1" (FREYTAG, BASSETT and ZAPATA 1982) carries
some chromosome segments from P. coccineus. ‘XR-235-1-
1' was used as the pistillate parent to obta.n the F, progeny.
The resulting F, plants were used to pollinate the recurrent
parent. ‘XR-235-1-1." The parental genotypes differ in a
large number of morphological and molecular characters.
These include seed size, seed pigmentation, plant morphol-




—

©AP APRMV2 GEN7$$692G (2cm-2106/2120) gqdp. gene-7 159692 1k/xy 05-06-92 20-15-30

W@T

-
(5:/’ 4

ogy. quantitative resistance to bacterial blight, phaseolin
tvpe and other seed proteins, isozymes, and DNA marker
loci (VALLEJos and CHASE 1991a.b; CHASE, ORTEGA and
VaLLEJos 1991).

Seed color and protein markers: The P locus controls
the development of pigmentation on the seed coat: the
dominant allele is present in *Calima.’ the donor parent, and
absent in *XR-235-1-1." Thus, the segregation at this locus
was followed by recording the presence or absence of pig-
mentation on the seeds collected from BC, individuals. The
segregation of seed proteins was followed using SDS-PAGE
as described earlier (VALLEJoS and CHASE 1991b). The a-
amvlase inhibitor was monitored using a combination of
sodium dodecyl sulfate (SDS)-polvacrvlamide gel electro-
phoresis and Western analysis using polyclonal antibodies
obtained from M. CHRISPEELS (MORENO and CHRISPEELS
1989).

RFLP marker analysis: A modified procedure of Mur-
RAY and THoMpsoN (1980) was used to isolate total DNA
from 2-4 g of young leaf tissue. Briefly, a liquid nitrogen
powder of this tissue was mixed with three volumes of
extraction buffer (133 mm Tris-HCI (pH 7.8)/6.7 mMm
NaEDTA/0.95 v NaCl/1.33% Na Sarkosyl/1.33% mercap-
toethanol) in a polypropylene tube and incubated at 65° for
30 min: the tubes were inverted gently every 5 min. The
homogenate was then extracted with one volume of chio-
roform (CH,Cl/octanol: 24:1) and the aqueous phase sepa-
rated by centrifugation. DNA was precipitated from the
aqueous phase by the addition of % volumes of isopropanol;
the precipitate was transferred with a glass hook (made from
a Pasteur pipet) to the first washing solution (76% ethanol/
0.2 M Na acetate) and held for 30 min to a few hours. This
washing step eliminated flavonoid pigments and some oli-
gosaccharides that coprecipitated with the DNA. The DNA
was finally transferred to the second washing solution (76%
ethanol/10 mM ammonium acetate) for 30 sec. After elimi-
nating most of the liquid by pressing the pellet against the
tube walls, the pellet was transferred to a new tube where it
was dried and the DNA was dissolved in TE buffer. DNA
was quantitated by electrophoresing undigested aliquots in
agarose gels along with undigested lambda DNA standards.
Concentrations were estimated by comparing the fluores-
cence intensities of the ethidium bromide stained samples
against those of the standards.

DNA samples were digested with restriction enzymes
(Dral, EcoRI, EcoRV and HindIll) under conditions rec-
ommended by the manufacturer (Life Technologies, Inc.,
Gaithersburg, Maryland). DNA restriction fragments (1.5-
2.0 ug/lane) were separated in 0.9 or 1.0% agarose gels
using a modified TAE buffer (100 mm Tris-acetate/1 mM
NaEDTA/pH 8.1; MURRAY and THoMPsoN 1980). DNA in
the gels was stained with ethidium bromide and visualized
under UV light. DNA in the gels was depurinated with 0.25
M HCI for 10 min, and then denatured in 0.4 N NaOH/1.5
M NaCl for 30 min. SOUTHERN (1975) blots were obtained
by alkaline transfer (20 mn NaOH/0.6 M NaCl) overnight.
Membranes (Nytran; Schleicher & Schuell. Keene, New
Hampshire) were then washed in 2 X SSPE (1 X SSPE =
150 mm NaCl/10 mM NaH:PO,, pH 7.4 (NaOH)/1 mM
EDTA), air dried for 30 min over filter paper. and then UV
cross-linked in a stratabox at a setting of 1200 (Stratagene,
La Jolla, California). This procedure allowed the reprobing
of blots for at least 8-10 times.

Probes and hybridizations: A Pstl genomic library en-
riched for single copy sequences was used as the source of
probes. The construction of this library has been described
elsewhere (CHAsE, OrRTEGA and VALLEjos 1991). The
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mungbean ¢cDNA of the chlorophvil a/b binding protein
was also included (THOMPSON et al. 1983).

Inserts for hvbridizations were obtained via the polvm-
erase chain reaction (SAIKI et al. 1988). Wells of a microtiter
plate were loaded with 100 ul of LB containing ampicillin
(50 pg/ml). Each well was inoculated with a different clone,
and the plate was incubated overnight at 37° on a rotary
shaker. Overnight cultures were transferred to 500-ul mi-
crocentrifuge tubes and the cells pelleted for 2 min at
11,000 X g. The supernate was removed and the cells were
resuspended in 100 gl of distilled water. The cell suspension
was freeze-thawed and then spun at 16,000 X g for 15 min.
The aqueous supernate was transferred to a new tube and
stored at =20°. Amplification of insert DNA was carried
out in 100-g! reaction volumes containing: 10 mm Tris- HCI
(pH 8.8), 30 mm KCI, 15 mm MgCls, 0.1% Triton X-100.
200 uM of each dNTP, 100 nMm of each primer. 0.5 unit of
Tag DNA polvmerase (Promega, Madison, Wisconsin), and
5 ul of the aqueous supernate from the freeze-thawed bac-
terial cells. Primers were synthesized at the DNA Synthesis
Core Laboratory, University of Florida, and corresponded
to the 18-base sequences up- and downstream from the Pstl
cloning site of the plasmid pTZ18R. Amplification was
carried out in a thermocycler (Coy Laboratory Products,
Inc., Ann Arbor, Miclugan). The initial denaturation was at
94° Yor 2 min followed by 10 cycles of 1 min at 94°/1 min
at 55°/3 min at 729, 25 cycles of 1 min 94°/1 min at 55°/
2.5 min at 72°, 10 cycles of 1 min at 94°/1 min at 55°/3
min at 72°. Amplified insert DNA was precipitated in
ethanol and later resuspended in TE buffer. DNA concen-
tration was estimated in ethidium bromide stained agarose
gels. Insert DNA was labeled with [**PJdCTP using a ran-
dom primer kit (Boehringer Mannheim Biochemicals, Indi-
anapolis, Indiana).

Hybridizations of Southern blots with **P-labeled probes
were carried out in glass bottles mounted on the rotisserie
of a Hyb-Aid oven (Hyb-Aid, Middlesex, United Kingdom).
The hybridization solution contained 5 X SSPE, 5 X Den-
hardt’s solution, 1% SDS, 100 ng/ml of carrier DNA, and
5-10 ng/ml labeled insert DNA (1 X Denhardt’s solution =
bovine serum albumin 0.02%/Ficoll 0.02%/polyvinylpyr-
rolidone 0.02%). Hybridizations were carried out at 65° for
16-20 hr. Blots were washed twice in 2 X SSPE/0.1% SDS
for a few seconds followed by three washes with 2 X SSPE/
0.1% SDS at 65° for 15 min each and a final wash with 0.5
X SSPE/0.1% SDS for 15 min at 65°. The membranes were
wrapped with polvethylene film and the hybridizing frag-
ments were visualized by autoradiography on X-Omat film
(Kodak) using intensifying screens (Lightening FPlus, Du
Pont). Segregation data for the DNA markers was coliected
with high efficiency by carrying simultaneous hybridizations
with three to five probes. Typically, 12 hybridizations were
carried out in a single day with a total of 36 to 45 probes.
For single probe hybridizations labeled DNA was used di-
rectly without purification. On the other hand, for multiple
probe hybridizations, a mixture of selected probes were
labeled in a single vial, and then cleaned by spun column
dialysis (SAMEROOK. FRITSCH and MANIATIS 1989). This step
was taken to avoid high background on the blots.

The library was screened to identifv restriction enzyme-
probe combinations that detected length polvmorphisms
between ‘Calima’ and ‘XR-235-1-1." Thus, test blots con-
taining parental DNA digested with the four restriction
enzymes were hybridized with each probe. Probes that
detected polymorphic fragments with the same restriction
enzvme on nonoverlapping areas of the blot were mixed to
probe Southern blots of the segregating population. Multi-
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FIGURE 1.—Southern hybridizations of test biots used to screen
the Pstl genomic library for sirigle copyv sequences that detected
RFLPs between the parental genotypes. From left to right: lambda
DNA (Hindl11 digest), ‘Calima’ (C) and *'XR-235-1-]" (X) digested
with Dral, EcoRl. EcoRV and Hindlll. Hvbridization patterns of:
A, highlv repetitive DNA; B, muitigene familv sequences; and C,
single copy sequences.

point linkage analysis was conducted using Mapmaker (LAN-
DER et al. 1987).

RESULTS

Library screer - Four restriction enzymes were used
to screen 362 clones for their ability to detect poly-
morphisms between the parental genotypes. These
clones had insert sizes ranging between 500 and 4000
bp. Eight (2.2%) of these clones produced hybridiza-

tion patterrs typical of highly repetitive DNA (Eigure

A), while nine (2.5%) clones vielded hybridization
patterns expected of multigene families (Figure 1B).
The hybridization patterri of the remaining 345
clones was typical of single copy sequences (Figure
1C). RFLPs between the parental genotypes were
detected with 227 clones, although 11 of these clones
were redunclant, Redundancy was assumed when two
clones vielded identical segregation, displaved identi-
cal hybridization patterns with the four enzvmes, and
had the same insert sizes. Thus, only 216 unique
clones (60%) were used in this study. The four restric-
tion enzymes differed in their ability to reveal poly-
morphisms between ‘Calima’ and ‘XR-235-1-1": Dral
(42%), Hind111(53%), EcoR1 (62%) and EcoRV (64%).

Monogenic segregation ratios: Ratios distorted
from the expected 1:1 were detected at 19 loci in
three different linkage groups . The nine
loci located centrally in group C, and a distal locus
(Bng35) in group K displayed an excess of homozy-
gotes. Examination of raw dat indicated that the
deviation detected for Bng35 may be an artifact. In
the four plants that were missing data for Bng35, all
loci within 25 ¢M from Bng35 were heterozygous.
Thus, if we assume that these plants were also heter-
ozygous at the Bng35 locus, then, no significant devia-

@3

—5—

tions would be found at this locus. [n contrast, the
block of nine distal loci in group H showed a highiy
significant excess of heterozygotes.

Linkage analysis: The linkage relationships of the
segregating markers were analyzed with the multi-
point linkage analysis software Mapmaker version 1.9
(LANDER et al. 1987). Segregation data were collected
efficiently by carrying_simultaneous hybridizations
with multiple probes (Figure 2). After obtaining all
the two-point linkage data, the markers were sorted
into distinet gioups using an LOD of 4.0 and a dis-
tance of 25 c¢M (Haldane function) as default linkage
criteria. This procedure resulted in the formation of
12 groups and six isolated markers; two of these
markers showed no recombination between them and
were linked to a third one. The three-point linkage
data were obtained next. A framework order for each
group was obtained using an LOD of 3.0 and a dis-
tance of 25 cM as linkage criteria. A three-point LOD
exclusion threshold of ~3 was also used for this proc-
ess. Loci included in the framework are marked on
the map (Figure 3). Linkage between the six isolated
markersand the 12 linkage groups was tested relaxing
the distance criterion while keeping the LOD criterion
at 4.0. These markers were found to assert with three
of the established linkage groups and were also as-
signed to the framework (B: Bng71, Bngl51, Bngl60;
E: Bngl6l, Bngl62; I: Bng200). The remaining loci
were placed on the map using the try command. This
command determines the relative likelihoods of maps
where a marker is placed at different intervals of a
gene order. A place was selected for a marker only
when the log-liklihood for that order was at least 100
times better than the second best order. Markers for
which an order could not be established with a log-
likelihood greater than 2 were encased by brackets to
indicate this fact (Figure 3). Tests for possible linkage
between two of the 12 identified linkage groups were
carried out because P. vulgaris is known to have 11
chromosomes. The link command was used with all
possible group pair combinations to test for possible
associations. Linkage was detected between two of the
smallest linkage groups, although the LOD score was
of only 2.22. Bng7 and Bng22 have been found to be
ca. 15 ¢cM (LOD = 4.4) apart in the analysis of a
smaller backcross population (n = 34). For these rea-
sons, these small groups have been assigned to the
same linkage group (F). A thin line on the map was
used to indicate the low LOD score (Figure 3). The
distance between these subgroups, 36 cM, was calcu-
lated using the Kosams (1 944) function; this function
is normally used with high recombination frequencies.
The final linear orders were tested with the ripple
command; this test consists of comparing the likeli-
hood of the current map with those of maps obtained
by permuting the orders of all adjacent triplets. The
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TABLE 1
List of loci displaying deviations from Mendelian ratios (1:1)
Group Locus x/5° x/c X* Grouf. Lncus x/x x/c X#

C Bngl24 44 24 5.88" H Bngé6ia 24 44 5.88~*
c Bng32 14 24 5.88* H Bngd 24 44 5.8~
C Bng2l6 43 25 4.76* H Bngi88 22 46 8.47*
¢ Bng221 43 25 4.76* H Bng39 21 47 9.94**
C Bnglé4 44 24 5.88* H Bngié 22 46 8.47%*
C Bng3 43 24 5.39* H Bng4l 29 48 11.53*=
c Bngl23 43 25 4.76* H Bng72 23 45 7.12%
C Bngll4 14 24 5.88* H Bngl95 20 48 11.53**
c Bng7s 43 25 4.76* H Bngi30 19 49 13.242~
K Bng35 40 24 4.00*

9 x/x: homozygous for XR-235-1-1 alleles: x/c: heterozygous.
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FIGURE 2.—Southern blot displaying the segregation of four
RFLP loci. Lambda and bean genomic DNAs were digested with
Hind!ll. From left to right: lambda fragments, ‘Calima’ (C), ‘XR-
235-1-1" (X) and 27 backcross individuals. The blot was probed
simultaneously with radiolabeled inserts for Bng79, Bngl23,
Bngl65, and Bng208. Restriction fragments detected with the same
probe are marked with arrows of a single shading pattern. Arrows
with a label are pointing at segregating fragments, whereas those
without a label are pointing at recurrent or nonsegregating allelic
fragments.

isozyme locus Acol was assigned to group D and listed
at the bottom of the group. This locus could not be
placed at any specific location within this group be-
cause 8 out of the 68 BC, plants had missing data for
this locus. However, data from a different population
had previously placed Acol between Bng90 and
Bngl80. .

The P locus, 17 protein, and 226 DNA marker loci
presented in this report define 963 cM of the common
bean genome. These markers have assorted into 11
linkage groups ranging in size from 56 to 104 cM: A
(104.7), B (104), C (94.6), D (85.8). E (85.5), F (78),
G (73.6), H(73.3),1(70.6), ] (60.7) and K (56.2). The
244 markers fell into only 145 loci/locus clusters with
the following distribution: 90 (62%) loci were occu-
pied by a single marker, 40 (28%) bv two markers, 8
(5.6%) by three markers, and seven clusters (4.8%)
contained between 5 and 10 markers each. These

-
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clusters were located on four linkage groups and four
of these clusters were detected in the smallest linkage
group (K).

Five seed proteins (Pha, Spa, Spb, Spba and Spe),
Esi2,and the P locus were detected in the same linkage
group (4d) as previously reported (VALLEJOS and
CHase 1991b). In addition, we had also reported that
three seed proteins named Spd, Spf and Sph were
linked (VALLEJos and CHASE 1991b). Spfand Sph have
been renamed A-{! and AA/2, respectively, because
they comigrated and cosegregated with two bands
detected by wesiern analysis with a poiyclonal anti-
body produced against the bean a-amvlase inhibitor
(MORENO and CHRISPEELE 1989). The mung bean
cDNA clor.e of the chlorophyll a/b binding protein
(PMB123, THOMPSON et al. 1983) detected 10 EcoRV
fragments in each of the parents, ‘Calima’ and ‘XR-
235-1-1"; these fragments ranged in size between 1.4
and 11 kb. Five of those fragments were common to
both genotypes. Two fragments unique to ‘Calima’
(9.4 and 8.8 kb) cosegregated and were assigned to
locus Cabl in group B. Three other fragments (6.4,
5.9 and 1.5 kb) also cosegreg. ed, but assorted inde-
pendently from the previous ones and were assigned
to locus Cab2 in group D. Eight of the 216 genomic
clones detected two independent loci each and were
given the letters a or b after the number to differen-
tiate them. in all cases the homologous sequences were
located on different linkage groups suggesting dupli-
cation/translocation events.

Genome size: The length (cM) of the P. vulga~is
genome was estimated using the method of HULBERT
et al. (1988). This method is based on calculating the
probability (P(T, G)] that a pair of linked markers
randomlv chosen from a genome of size (G) has an
LOD score = T. A first-order approximation of P(T,
G) is given by the expression 2x/G, where x is the
distance (cM) between the markers; this distance is
relatively small in relation to the size of the genome.
The expected frequency (K) of locus pairs having an
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markers. Mapmaker was used to determine that there
were 433 locus pairs each within 25 ¢cM and with an
LOD score = 4.0. These pairs were extracted from
the 145 loci identified in this study. Only a single
member of a cluster was used in the calculations
because inclusion of all cluster members would have
artificially increased the probability estimate. With
this_information at hand and the relationship G =
(M(2x/K), we have estimated the bean genome to be
approximately 1,200 cM in length. Thus, the markers
presented here cover 80% of the estimated bean ge-
nome.

DISCUSSION

Reassociation kinetics measurements have shown
that 60% of the common bean genome contains single
copy sequences (TALBOT et al. 1984). Thus, a genomic
library of small fragments would be expected, in the
best of cases, to have 60% of the clones from the slow
reassociating class of DNA. However, the results from
the library screen clearly demonstrated that the size
selected Pstl fragments of bean genomic DNA were
highly enriched in single copy sequences (95%). BURR
et al. (1988) pointed out that small DNA fragments
obtained with restriction enzymes sensitive to C-meth-
ylation, such as Pstl, would yield genomic libraries
enriched in single copy sequences. This phenomenon
has been observed previously in tomato (TANKSLEY et
al. 1987) and maize (BURR ez al. 1988), but not in rice
(McCoucH ¢t al. 1988). New flow cytometry measure-
ments indicate that the bean genome is intermediate
in size between rice and tomato (ARUMUGANATHAN
and EARLE 1991). This observation suggests the ques-
tion of whether there is a relationship between ge-
nome size and the extent of C-methylation in plant
repetitive DNA.

We have constructed a linkage map with 145 loci/
locus clusters. These loci/locus clusters are occupied
by 244 markers. An interesting feature of this map is
the uneven distribution of markers on the linkage
groups; approximately 20% of the markers were
found in 7 clusters. Groups B, E and I each have seven
to eight loci which delimit 104, 85 and 70 cM, respec-
tively. Groups A (104.7 cM) and D (85.8 cM) are more
densely populated and contain approximately 30-33
markers each which are distributed among 20 loci/
locus clusters. Finally, group K is the smallest linkage
group (56.2 cM), but contains 44 markers, 27 of which
are organized in 4 separate clusters. Several nonexclu-
sive explanations could account for the disparity in

C. E. Vallejos, N. S. Sakivama and C. D. Chase

the distribution of these markers. If all regions of the
genome were to be evenly represented in our library,
then one must assume that small PstI fragments (500
4000 bp) containing single copy sequences are evenly
distributed throughout the bean genome and that the
number of clones used to construct the linkage map
was large enough to give an unbiased sample. It has
been estimated that about 60,000 genes are expressed
during the life cycle of a plant (KaMaLay and GoLp-
BERG 1980). Thus, in comparison, the small number
of markers used in this project may represent a biased
sample of the bean genome and be in part responsible
for the uneven distribution of markers. In addition,
one must consider that the library was screened for
probes that detected polymorphisms between the Me-
soamerican breeding line ‘XR-235-1-1" and the An-
dean cultivar ‘Calima.’ Therercre, densely populated
chromosome segments may correspond to regions of
the genome that are variable between the two gene
pools of beans, whereas sparsely populated segments
may carry more conserved sequences. Differences in
recombination frequencies throughout the genome
may also account for marker density differences
among different chromosome segments. The fact that
‘XR-235-1-1" has P. coccineus introgression must also
be taken into account. Some bias was expected to-
wards sequences that detect polymorphisms between
P. vulgaris and P. coccineus, but only to the extent by
which the latter has been introgressed into ‘XR-235-
1-1." Small chromc:ome inversions can also act as
suppressors of recombination and explain the pres-

ence of clusters. Finally, the recombination frequency/ Ut

/changes from 10 to 50% in a stretch of chromosome
2 of tomato in two different interspecific crosses (PAT-
TERSON et al. (1989). It remains to be determined
whether differences in recombination values in certain
chromosome regions are due to the presence of P.
coccineus chromosome segment, to the combination of
Andean and Mesoamenrican backgrounds, or both.

Strong distortions of Mendelian ratios detected for
a distal section of group H have been observed previ-
ously for a marker from this group (Spc) in two
different progenies of ‘XR-235-1-1' and ‘Calima’
(VALLEJOS and CHASE 1991b). Significant skewings
have been reported also in progenies obtained be-
tween Mesoarm.erican and Andean genotypes (KOENIG
and GEPTs 1989), and for interspecific crosses be-
tween P. vulgaris and P. coccineus (SMARTT 1970).
These distortions could be interpreted as the result of
pre- or postsyngamic selection of certain allelic com-

then ordering cach group (LOD 3.0, 25 c¢M, exclusion LOD —3.0). Markers that belong to the framework order have been marked with
thicker crossbars. Loci for which an order could not be established (LOD < 2.0) have been enclosed by brackets. Numbers on the left of a
linkage group represent map distances in cM. Loci at distances that exceed 25 cM in groups B, E and [ have an LOD score > 4.0 and have
been included in the framework. The distance (35.9 cM) between Bng205a and Bng7 (group F) was calculated using the Kosambi function.
Although an LOD of 2.22 was found for this linkage, other independent data supports the assignment to this group.
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binations. For instance, gametes are eliminated when
certain allelic comLinations are nresent at the Ge locus
of tomato (Rick 1966). An alternative explanation
could bLe found in chromosome inversions. CHENG,
BasseTr and QUESENBEKRY (1981) have presented
evidence for chromosome inversions in interspecific
crosses of P. vulgaris and P. coccineus. Indeed, inver-
sions can also explain reduced recombination frequen-
cies and the appearance of clusters, We are currently
investigating these issues in fregenies between pure
P. vulgaris lines ok:rained within and between gene
pools.

The linear order for the protein/isozvme loci in
group A 15 the same as that found previousiy (VALLE-
Jos and CHASE 1991B), ALTHOUGH THE DISTANGES
AROUND Est2 are at variance with those previously
obtained due mainly to missing data points for this
locus. The distances for the locus paics Aco2-Dial
(group E) and Adh{-Got2 (group K) were essentially
as previously reported (VALLEJOS and CHasE 1991a).

The Genetic Resources Unit of CIAT manages a
large and well diversitied bean germ plasm collection
with over 40.000 accessions (HipaLco 1991). It may
be possible to tag many genes of agricultural impor-
tance found in that coliection using tne markers pre-
sented here. Many of these genes. such as those re-
sponsible for disease resistance, have eluded isolation
via standard cDNA cloning approaches. Map-based
cloning has been sugges.cd as an alternative approach
for the molecular cloning of these genes (TANKsLEY
et al. 1989). The relarively small size of the bean
genome makes this species a good candidate for gene
isoiation via chromosome walking techniques (Rom-
MENS et al. 1989). We have estimated the length of
the bean genome 1o be approximately 1200 cM. This
estinate and that of the physical size of the bean
genome (637 Mbp) lead to an average estimate of 530
kb/cM. However, an accurate estimate of this rela-
tionship would be needed for a targeted region before
any of these efforts are initiated in beans, For instance,
a ratio of 14 kb/cM has been detected within the
bronze locus of maize (DoONER 1986); this is about
two orders of magnitude smaller than the average
ratio. On the other hand, a ratio severalfold above
the average has been detected around the Tm-2a locus
of tomato (GANAL, YOUNG and TANKSLEY 1989).
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ABSTRACT

The common bean, Phaseolus vulgaris L., is a diploid organism (n=11) with a
small genome (0.66 pg/1 C). Segregation data obtained from a backcross
population between the mesoamerican breeding line *XR-235-1-1" and the
andean cultivar "Calima’ have been used to construct a linkage map based
primarily on RFLP markers. A genomic library of Psi size-selected
fragments, enriched for single copy sequences, was the source of probes used
for this purpose. The map encompasses 980 cM with a total of 250 markers
assigned to 11 linkage groups. These markers correspond to 227 RFLP loci,
two chlorophyll a/b binding protein loci, one pigmentation locus (P), nine

isozymes, nine seed proteins, and two RAPD markers.

A brief discussion is included about some relevant problems in common bean
research that can be effectively addressed with RFLP markers. These include
the identification genetic factors that restrict gene flow between mesoamerican
and andear: gene pools and from the ancillary gene pools, QTL analysis of yield
components, and the localization and genomic isolation of disease resistance

genes.
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INTRODUCTION

Gregor Mendel (1866) conducted the first genetic analysis of common beans.
Mendel studied the inheritance of growth habit, and pod color and shape in a
progeny between P. vulgaris and P. nanus (=P. vulgaris, bush type) in order
to confirm his findings with peas. Unfortunately, further studies on the
inheritance of flower and seed coat color were hampered by his use of
interspecific hybrids between P. nanus and P. multiflorus (=P. coccineus),
these are now known to yield aberrant ratios. Later on, Shaw and Norton
(1918) used intraspecific crosses and determined that pigmentation and
pigmentation patterns of the seed coat are controlled by multiple independent
factors. A few years later Karl Sax (1923) began to identify the multiple
components that determine the inheritance of these traits. A single factor was
identified as responsible for pigmentation, while two linked factors were
identified to control mottling; this appears to be the first report of linkage in
beans. Furthermore, Sax (1923) was the first to report linkage between a
Mendelian character (seed coat pigmentation) and a QTL (for seed size).
Although the common bean was used as experimental material at the inception
of genetics, its genetic characterization has lagged behind that of many other

crop species.
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The common bean is a diploid organism (n=11) with relatively small
chromosomes (Zheng et al., 1991) and a small genome estimated by flow
cytometry to be 637 Mbp or 0.66 pg /1C (Arumuganathan & Earle, 1991). It
has also been estimated, via DNA reassociation kinetics, that 60% of the
genome comprises of single copy sequences (Talbot et al., 1984). The
chromosome number and genome size of P. vulgaris are very similar to those
of P. acutifolius and P. coccineus (Arumuganathan & Earle, 1991), these two
species are partially compatible with the common bean and represent an
important source of germ plasm for plant improvement (Hucl & Scoles, 1985).
A rudimentary linkage map has been developed through the years with mostly
morphological markers and a few isozymes (Bassett, 1991; Vallejos & Chase,
1991a, b). Electrophoretic analysis of the major seed storage protein
(phaseolin) and a group of isozymes has led to the identification of a
mesoamerican and an andean gene pool (Gepts et al., 1986; Koenig & Gepts,
1989). Moreover, preliminary survey of DNA restriction fragment length
polymorphisms showed that DNA probes can be used to differentiate the two
groups because low levels of polymorphism were detected within each gene
pool, but moderate levels were found between the gene pools (Chase et al.,

1991).



CONSTRUCTION OF THE LINKAGE MAP

Recently, a linkage map, based mainly on RFLP markers, has been constructed
using a backcross progeny between a mesoamerican breeding line and an
andean cultivar (Vallejos et al., 1992). A genomic library of size-selected
(500-4000 bp) PstI fragments was the main source of probes (Chase et al.,
1991). This library was enriched for single copy fragments as 95% of the 362
clones tested yielded hybridization patterns typical of single copy sequences.
Sixty percent of the clones tested revealed polymorphisms between the parental
genotypes ('XR-235-1-1" and 'Calima’) with at least one of four restriction
enzymes (Dral, EcoRl, EcoRV, and HindIIl). More recently, 28 of the clones
that had not detected RFLPs with any of the previously used enzymes were
tested with four new enzymes: BamHI, Bglll, Kpnl, and Xbal. About 50 % of
these clones have revealed polymorphisms with at least one of these enzymes.
These results bring the estimated polymorphism between the parental genotypes
at 80 % with at least one of the 8 restriction enzymes. These enzymes differed
in their ability to detect polymorphisms between the parental genotypes: Kpnl
(40%); Drab (42%); BamHI, Bglll aﬂd HindIll (53%); EcoRI (62%); and

EcoRV (64%).



Segregation data obtained from a backcross between the mesoamerican breeding
line *’XR-235-1-1" and the andean cultivar *Calima’ have been used to assemble
a linkage map for the common bean (Vallejos er al., 1992) with the aid of the
computer software Mapmakex (Lander er al., 1987). This map (Fig. 1) was
constructed by first establishing a framework order using stringent "linkage
criteria’ (LOD 3.0, 25 cM, and three point LOD exclusion threshold -3.0).
Additional loci have been added later using either the try or place commands.
The linkage between Bng205a and Bng7 in group F has an LOD score of
2.22; although weak, this linkage is supported by data from two different
progenies (Vallejos er al., 1992). The current map comprises 227 RFLP loci.
Eight out of the 219 genomic clones listed in Table 1 hybridize to l:emologous
sequences located in different linkage groups. The map also includes two loci
of the chlorophyll a/b binding protein in groups B and D ; these loci were
identified with pMB123, a mungbean cDNA clone (Thompson ef al., 1983).
Also included are: one phenotypically identified pigmentation locus (P), nine
isozymes and nine seed proteins (Table 2). The seed proteins are: phaseolin,
the a-amylase inhibitor proteins (identified by western blots with antibody
provided by M. Chrispeels (Moreno & Chrispeels, 1989), and other globulins
(Vallejos & Chase, 1991b). Electrophoretic variation at the protein level could
be due to either variation oat the DNA level and/or variation in post-

translational events--protease processing and/or glycosylation. Nevertheless,
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Southern analysis of genomic blots with a phaseolin clone (Sun ef al., 1981) has
showed perfect co-segregation between a restriction fragment identified by this
clone and phaseolin protein bands identified by SDS-PAGE. Thus, these results
strongly suggest that variation at the protein level in phaseolin is due to
variation at the DNA level and that the locus mapped with protein data
corresponds to th: structural gene of phaseolin. We have recently begun to use
RAPD markers (Williams et al., 1990) and have added two of these markers to
the map: OAla in D and OAIOa in F (Random primers were obtained from
Operon Technologies, Inc; Alameda, CA) (Z.H. Yu & C.E. Vallejos,
unpubl.). In summary, a linkage map of the common been has been
assembled that includes 250 markers assigned to 150 loci/locus clusters and
comprise 980 cM, or approximately 82% of the bean genome. The
development of the bean genomic clones at the University of Florida was
financed in part by a grant from the Agency for International Development
(AID). These clones have been transferred to the International Center for
Tropical Agriculture (CIAT) in Cali, Colombia, and can be requested from its

Biotechnology Research Unit.

SOME APPLICATIONS OF RFLP MARKERS IN COMMON BEAN



Although the current and potential uses of molecular markers have been treated
in detail in the first chapter of this book, I would like to point out three targets
of interest in common beans: identification of genetic factors that affect gene
flow between gene pools, analysis of QTL that affect yield, and tagging genes
for resistance to disease for plant breeding purposes and direct genomic
cloning. Mesoamerica and the northern Andean region of South America have
been identified as the two major centers of diversity (Gepts et al., 1986; Koenig
& Gepts, 1989). In addition to the group of land races and modern cultivars
that constitute the primary gene pool of common beans, additional genetic
variation can be found in: the secondary gene pool that comprises the wild
forms of P. vulgaris, the tertiary gene that corresponds to the P. coccineus
complex, and finally the quaternary gene pool that includes P, acutifolius and
other species (Hidalgo, 1991). All these pools represent a valuable source of
genes of economic importance. Unfortunately, gene transfer between these
pools can be hampered by intra- and interspecific genetic barriers. For
instance, differential photoperiodic responses within the andean gene pool alone
can present some difficulties for within-pool gene transfer (Briicher, 1988).
Even more dramatic is the dwarf-lethal two gene system (DL, and DL, ) that
restricts gene flow between some mesoamerican and andean accessions (Gepts
& Bliss, 1985; Shii et al., 1980; Singh & Gutierrez, 1984). The existence of

some genetic factors that affect compatibility in interspecific crosses has been
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suggested and it is supported by the identification of certain genotype
combinations with increased compatibility (Hucl & Scoles, 1985; Parker &
Michaels, 1986). The extent of structural similarities in the chromosomes of
different gene pool members can also affect the effectiveness of gene transfer.
Only a modest characterization of the cytogenetics of the Phaseolus group has
been achieved due to the small size of the chromosomes. It is not known for
instance whether the chromosomes of closely related species are
homosequential. For example, Cheng et al. (1981) reported two chromosome
inversions on different chromosomes in an interspecific hybrid between P.
vulgaris and P. coccineus; however these findings have been contested by Shii
et al., (1982). Identification and molecular tagging of genetic factors that
restrict gene flow between the gene pools of beans will permit the design of
strategies to facilitate an effective gene transfer. The availability of the RFLP
map in beans will also permit to compare the genomes of the secondary,
tertiary and quaternary gene pools, a project that is currently underway in my
laboratory. Comparisons of this kind have already been performed in the

solanaceae (Bonierbale et al., 1988; Tanksley et al., 1988).

Common beans lend themselves as a good model system to study QTLs that

affect yield. Wallace & Masaya (1988) have developed a “yield system
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analysis" to investigate the genetic components of yield and their interactions
with the environment. In addition, Hoogenboon e al. (1988) have developed
a computer simulation model for common beans -- BEANGRO. The
application of molecular markers to recombinant inbred lines (Burr et al.,
1989), generated from suitable contrasting genotypes, will be useful in the
identification of both genetic factors that affect yield and the responses these
factors have to different environments. Molecular markers have been used to
detect a number of QTLs in tomato (Paterson ez al., 1988; See also QTL
chapter in this book). This information can in turn be used to refine computer
simulation programs that would take into account specific genetic factors. For
instance, a negative correlation between seed size and yield has been reported
for beans (Coyne, 1968). A genetic factor that affects seed size has been
identified via isozyme linkage analysis (Vallejos & Chase, 1991a). Thus,
tagging genes that affect the different components of yield can lead to the
construction of specific genetic stocks carrying one or multiple combinations of
these genes. These stocks can then be used to ask specific questions about the
role certain genes play on different physiological processes such as sink-source

relationships or photosynthate partitioning.

Finally, a large number of genes involved in disease resistance are available for
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molecular tagging in beans. There are at least 21 genetically characterized
monogenic virus resistances (Provvidenti, 1987), and a few other resistances to
bacterial and fungal pathogens (Bassett, 1989). Molecular tags can facilitate the
efficient pyramiding of appropriate resistances into single breeding lines tailored
for specific environments. Furthermore, the relatively small size of the bean
genome opens the possibility of molecular cloning of any of these resistances
via chromosome walking techniques (Rommens ef al., 1989). The average
ratio of physical distance to map distance has been estimated at 530 Kb/cM in
beans (Vallejos er al., 1992). Development of high density maps around a

specific disease resistance gene will expedite the isolation of its genomic clone.
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Table 1. List of loci identified with genomic clones (pBngN), their
corresponding link .ge group association, and relative position. The insert size

of each clone is also included.

Linkage Relative Insert Linkage Relative Insert

Locus Group  Position size(bp)  LOCUS Group  Position size(bp)
Brgl T 3 190 Bngld K5 mo

Bng?2 K 1 1800 Bngl5 A 6 3220
Bng3 C 12 1200 Bngl6 C 16 2040
Bng4 B ‘ 9 1270 Bngl7 D 2 1600
Bng5 K 12 1470 Bngl8 F 10 1100
Bng6 K 3 1400 Bngl9 K 12 2370
Bng7 F 9 2800 Bng20 K 7 1430
Bng8 G 8 800 Bng2l C 2 1980
Bng9 G 8 4510 Bng22 F 7 1780
Bngl0O K 13 4190 Bng23 A 8 620
Bngll D 19 3180 Bng24 K 7 1070
Bngl2 C 17 2700 Bng25 J 7 1100
Bngl3 B 5 1560 Bng26 G 13 1960
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Linkage Relative Insert Linkage Relative Insert

Locus Group  Position size(bp)  LOCUS Group  Position  size(bp)
Bng27 G 6 1280 BB r o
Bng28 A 4 2110 Bngd4 C 5 970
Bng29 C 9 1120 Bng45 D 1 890
Bng30 B 4 1350 Bng46 G 9 2370
Bng31 F 5 1130 Bngd7 A 2 2480
Bng32 C 4 950 Bng48 B 13 1790
Bng33 C 5 1100 Bng49 E 4 1320
Bng34 D 11 4330 Bng50 A 3 850
Bng35 K 16 1020 Bng51 K 12 1150
Bng36 B 12 2500 Bng52 K 4 1140
Bng37 K 6 1250 Bng54 F 11 1170
Bng38 F 3 1800 Bng55 B 5 1650
Bng39 B 11 2300 Bng56 K 6 2480
Bng40 A 21 800 Bng57 D 21 2090
Bng4l B 13 2780 Bng58 F 4 2400

Bng42 A 18 1500 Bng60 A 16 2290
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Linkage Relative Insert Linkage Relative Insert

Locus Group  Position size(bp) = L-OCUS Group  Position  size(bp)
Brgsl | D 20 180 Bmghs 0
Bng62a K 3 2310 Bng77 D 5 2500
Bng62b F 11 2310  Bng’8 J 10 2270
Bng63 C 6 1560 Bng79 K 13 2610
Bng64 K 7 1620 Bng80a A 1 1300
Bngé65a B 7 2080  Bng80b G 14 1300
Bng6sb  E 7 2080  Bng8l 4 3 1090
Bng67 J 10 2170  Bng82 D 10 1480
Bng68 I 3 2530 Bngé83 B 1 870
Bng69 F 11 1000 Bng84 D 6 2190
Bng70 J 1 1970 Bng86 C 15 1650
Bng71 B 7 2240 Bng87 G 3 3350
Bng72 B 14 3880 Bng88 G 9 2510
Bng73 F 1 2410 Bng89 D 12 840
Bng74 D 19 650  Bng® D 13 1850

Bng75 C 15 1600 Bng9l J 8 1470
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Linkage Relative Insert Linkage Relative Insert

Locus Group  Position size(bp)  LOCUS Group  Position  size(bp)
Brg2 1 10 100 Bl R
Bng93 K 13 800 Bngl08 D 8 1540
Bng94 G 4 1460 Bngl09 K 13 1930
Bng95 G 10 1580 Bngll0 K 7 1270
Bng96 F 6 1140 Bnglll K 1 1970
Bng97 J 8 1380 Bngli?2 J 10 820
Bng98 D 17 1750 Bngll3 B 4 660
Bng99 K 12 1260 Bngll4d  C 14 1540
Bng] 00 { S 2160 Bngll5 D 10 1930
BnglOl  J 6 610 Bnglls _C 16 1930

Bngl02 K 11 1400 Bngll7 D 16 1430

Bngl03 B 3 1410  Bngll8 A 6 1760

BnglO4 G 1 1830 Bngll9 D 18 2220

Bngl05 D 15 1260  Bngl20 J 10 1520

Bngl06 C 17 2680  Bngl2l I 6 1710

Bngl07a A 3 2560  Bngl22 B 4 1330
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Linkage Relative Insert Linkage Relative Insert

Locus Group  Position size(bp) Locus Group  Position size(bp)
Bngl23 C 13 1180 Brgl40 K 6 1780
Bngl24 C 3 1270 Bngl4l D 4 1340

Bngl25 F 11 1140 Bngl42a C 19 3470

Bngl26 B S 2510 Bngl42b B 13 3470
Bngl28 F 11 2340 Bngl43 K 8 950
Bngl29 K 13 1710 Bngl44 D 6 2220
Bngl30 B 16 950 Bngl45 J 5 1930
Bngl3l F 2 1190 Bngl46 A 14 1550

Bngl32 K 13 1120  Bngl48 D 14 2220

‘Bng133 E 5 3120 Bngl49 K 13 820
Bngl34 K 6 3830 Bngl50 K 2 1940
Bngl35 A 16 3000 Bngl51 B 8 1030
Bngl36 J 2 1190 Bngl52 E 6 1070

Bngl37 G 12 1710 Bngl53 A 15 1900

Bngl38  F 9 1320  Bngl54 7 10 1050

Bngi39 F 12 2540 Bngl55 C 8 2810
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Linkage Relative Insert Linkage Relative Insert

Locus Group  Position size(bp)  LOCUS Group  Position  size(bp)
Bngl56 K 4 2500 Bngl72 I 7 3120
Bngl57 A 7 1310 Bngl73 B 2 2050
Bngl58 J 10 2310  Bngl7d D 12 2600
Bngl59 D 3 3210 Bngl75 C 13 880
Bngl60 B 8 2280 Bngl76 K 12 3120
Bngl6l E 9 1290  Bngl77 G 7 930
Bngl62 E 2 590 Bngl78 D 13 1310
Bngl63 K 13 2180  Bngl79 G 2 2240
Bnglo4 C 11 1480  Bngl80 D 17 2550
“Bngl6s C 9 2260  Bagl8l K 15 1770
Bngl66 E 7 2170 Bngl82 J 9 1180
Bngl67 K 6 520  Bngls3 G 4 1210
Bngl68a A 22 2210 Bngl84 B 4 530
Bngl68b K 4 2210 Bngl86 F 11 1350
Bngl70 A 20 1170 Bngl87 J 4 1860
Bngl71 B 3 1900 Bngl88 B 10 1960
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Linkage Relative Insert Linkage Relative Insert

Locus Group  Position size(bp) Locus Group  Position size(bp)
Bngl89 B 4 2030 Bng206 J 10 1290
Bngl90 D 9 1330 Bng209 G 10 1020

Bngl9l A 22 2030  Bng2lla A 21 1810

Bngl92 J 5 1300  Bng2llb  C 1 1810

Bngl93 G 5 2620 Bng212 D 16 1380

Bngl95 B 15 2700 Bng213 F 4 2180

Bngl97 K 14 2560 Bng214 F 11 2330

Bngl98 K 12 2140 Bng215 G 5 1350
Bngl99 A 19 1230 Bng2l6 C 6 2040
Bng200 1 1 2340 Bng218 1 8 2020
Bng201 D 4 1320 Bng219 I 4 580
Bng202 G 1 1620 Bng220 F 11 4250

Bng203 A 10 2990  Bng22l C 10 2100

Bng204 A 12 1420 Bng222 A 12 2480

Bng205a F 8 1350 Bng223 A 13 2350

Bng205b  E 7 1350  Bng224 B 1 880
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Linkage Relative Insert Linkage Relative Insert

Locus Group  Position size(bp) Locus Group  Position size(bp)

T —————
Bng225 G 11 1030 Bng231 K 13 2100

Bng226 K 13 2220 Bng232 C 7 1770
Bng227 B 6 700 Bng234 I 2 900
Bng228 K 9 1840 Bng235 E 1 2030

Bng230 K 6 500
m
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Table 2. List of Protein Marker Loci: Isozymes and Seed Storage Proteins.

Isozyme Linkage Relative References' Seed Protein Link. Relat. References
Locus Group  Position Locus Grp. Posit.

Acol D - 1,3 AAll B 2 3
Aco2 E 3 1,3 AAI2 B 2 3
Adhl K 9 1,3 Pha A 15 2,3
Bnag F 11 1,3 Spa A 9 2,3
Dial E 8 1,3 Spb A 9 2,3
Est2 A 16 1,3 Spba A 5 2,3
Got2 K 10 1,3 Spc H 6 2,3
Mdhl A 1 1,3 Spd B 2 2,3
Skdh C 18 1,3 Spe A 14 2,3

“

'1, Vallejos & Chase, 1991a; 2, Vallejos & Chase, 1991b; 3, Vallejos et al.,

1992.
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Figure 1. Phaseolus vuigaris L. linkage map. Mapmaker (Lander e al.
1987) Was uused to group and order 250 markers. These marekers have been
assigned to 150 loci/locus clusters on 11 linkage groups (4-K). The exact
position of Acol on group D could not be located due to incomplete data for
this locus; Acol is listed at the bottom of the group. A framework: order was
obtained after grouping the markers (LOD 4.0, 25 cM), and then ordering each
group (LOD 3.0, 25 cM, three point exclusion LOD -3.0). Markers that
belong to the framework order have been marked with thicker crossbars. Loci
for which an order could not be established (LOD < 2.0) have been enclosed
by brackets. Numbers on the left of a linkage group represent map distances in
cM. Loci at distances that exceed 25 ¢cM in groups B, and E, have an LOD
score > 4.0 and have been included in the framework. The distance (35.9
cM) between Bng205a and Bng7 (group F) was calculated using the Kosambi
function. Although an LOD of 2.22 was found for this linkage, other

independent data support their assignment to this group.
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