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RESEARCH ACCOMPLISHMEN'S 

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 PstI 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 
polymorphisms 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 cultivar 'Calima.' For this reason, a 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 Xanthomonos 
campestris f. sp. phaseoli, the bacterial pathogen that causes CBB. 'XR-235-1
1' is a small seeded (ca. 250 mg) line developed 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 tile phaseolin locus 
(Pha). This work was also published in 1991: 

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

The bean. PstI genomic library was screened to identify clones that revealed 
polymorphisms between tbh parental genotypes with at least one of four 
restriction enzymes. Probes known to detect polymorphic loci were hybridized 
to genomic blots of the segregating progenv. Segregation data were collected 
for 245 markers. Linkage analysis of these markers was performed using the 
software program Mapmaker (Whitehead Institute for Biological Research/
MIT). The segregating markers weiu 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 120'J cM in 
leagth. 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::" 
Val~l'-s CE, Sakiyama NS & Chase CD (1992) A molecular marker-based 

linkage map of Phaseols vulgaris L. Ge,.etics 131: (in press). 

2
 



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 i: 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: 

Vallejos 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 objectivte of the 
proposal. the construction 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 
resisance to CBB, had not been fidly 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. 
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This work has been presented at several national and international meetings: 

International Bean Trials Workshop
 
Title: "Development of DNA markers for Phaseolus vulgarisgenetics 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 -iarkers in Phaseolus vulgaris
 
Oral presentation by C. E. Vahejos
 
Authors: C. E. Vallejos, C. D. Chase
 
Place: Denver, Colorado
 
Date: October 27-29, 1987
 

III Congresso Brasileiro de Fisiologia Vegetal. Simposio de Biotecnologia
 
de Plantas
 

Title: "The Use of Molecular Markers for Bean Breeding and Genetics" 
Oral presentation by C. E. Vallejos, invited speaker 
Place: Vigosa, Minas Gerais, Brazil 
Date: February 24 - March 1, 1991 

Biological Nitrogen Fixation. Networking Workshop 
Title: "Development of Molecular Genetic Markers in Phaseolusas Breeding 

Tools: Disease 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 
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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: Lin..oln, Nebraska 
Date: November 4-6, 1991 

TECHNOLOGY TRiNSFER FROM 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 
Aprii of 1988. Dr. Daniel Debouk also visited my lab (6/10 to 12/88), he was 
the 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: plant and plasmid DNA isolation,
restriction enzyme digestions, nucleic acid fractionation by agarose gel
electrophoresis, Southern blotting, DNA labeling, hybridization and 
autoradiography. Both Dr. Joseph Thoine, 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 many staff members about the technology itself 
and plant breeding approaches that can be taken using DNA markers. Dr. Ney
Sakiyama, the post-doctoral associatc from Brazil that conducted most of the lab 
work 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 about 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 Phaseolusvulgaris genetics and breeding 

C. Eduardo Vallejos'
 
Christine D. Chase*
 

Introduction 

Phaseolusvulgaris beans are one of the main sources of proteins in lesserdeveloped countries. Current average yields of 500 kg/ha in these countriesare low compared to onfarm potential yields of 3000 kg/ha. To a greatextent, the difference between actual and potential yields can be attributed 
to environmental and biotic stresses. 

Significant increases in yield can be effected by exploiting CIAT's richgermplasm collection of almost 23,000 working accessions. A successfulglobal bean-breeding program would include the identification of traits ofeconomic importance, and the incorporation of these traits into
commercial cultivars. These objectives are complicated by strong regionalpreferences 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 offeatures 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 inducedartificially. They segregate in a codominant fashion, and the exactgenotype of a segregant can be determined. Their expression as isozymesor presence as DNA restriction fragments are not influenced byenvironment, nor are they subject to epistatic interactions. Segregation ofan almost infinite number of these markers can therefore be studied in a
single progeny, allowing study of the entire genome. 

* Dcpaxtment 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 Fobes,
1974), nuclear male sterility (Tanksley et al., 1984), self-incompatibility 
(Tanksley and Loaiza-Figueroa, 1985) in tomato, bean yellow mosaic virusresistance (Weeden et al., 1984), and resistance to Fusarium race I (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 beused 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 variationvia activity-staining. Excluded are those enzymes with stainable activity

that are present in quantities below the lirmits of detection. Also excluded
are enzymes not amenable to activity-staining after electrophoresis, and allstructural proteins. These limitations prevent the exclusive use of isozymesto probe entire genomes. 

proposed as additional genetic markers. To cover the entire genome,
proposed as atioal geniicmleark 

To overcome these limitations, DNA restriction fragments have been 
oer hve benstrd om,linkage maps saturated with molecular markers have been constructed for 

tomato (Bernatzky and Tanksley, 1986; Helentjaris et al., 1986), m aize(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., 1t 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 Phaseolusvulgaris.Three basic stepshave been taken to accomplish this objective. First, segregation progenieswere obtained between two distinct genotypes: Calima, a cultivar adaptedto 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 crss P. vulga-is x P. coccineus (Freytag et al., 1982)-seeds were obtained from Dr. M. J. Bassett, University of Florida. 

Second, genornic and cDNA libraries have been constructed and arebeing 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 restriction398 

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 rangein size from 0.85 x l05 to 1.9 x l05 base pairs (bp) for chloroplasts 
(Whitfeld and Bottomley, 1983), and 0.14 x 106 bp for mitochondria (Pringand Lonsdale, 1985). In contrast, nuclear genomes are large and morecomplex. They vary in size from 2 x 108 to 8 x 1010 bp (Bennett and Smith,1976). The size of the common bean genome has been estimated at !.6 x 

19 bp sizeno f the c t has been estimated a !.6 x
 
109bp (Ayonoadu, 1974). It has been calculated that only 5%-l0% of
 
numer and d isetrugoutthe gen 
 190)ownumber and distributed throughout the genome (Flaveli,e l1980).Polymorphisms among DNA fragments present in low copy number are
used in the construction of a linkage map.
 

The first step taken for the analysis of RFLPs is the isolation andpurification of nuclear DNA. Young bean leaf samples are collected and 
immediately frozen in liquid nitrogen (-196 C). Samples can be stored at-70 oC for an indefinite period of time. Extraction of DNA is started bygrinding 10-40 g of sample with liquid nitrogen in a mortar. The tissue 
powder is added to 4 volumes of chilled (4 0C) extraction buffer (tris-HCI,
pH 7.9, 0.1 M/Na2 EDTAadded .9, 0 . 10 mM/sucrose 0.5M/-mratehol%)M/13 -mercaptoethanol %) 

Ni = molar soluian
EDTA = thylnediaminceteraactic 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 Xgavg for 15 minutes. The 
supernatant is discarded and the nuclear pellet is resuspended in I ml of 
resuspension buffer (tris-HCI, pH 7.9, 0.1 M/Na 2EDTA 20 mM) for every
10 g of tissue. An equal volume of 2X lysis buffer (tris-HCI, pH 7.9, 
0.1 M /N aCI 2 M /CTA B 2% )2 is added to the resuspension and the 

mixture is incubated at 65 0C 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 Xgayg 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 OC). 

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 fip(20 seconds) into 
ethanol (7 6 %)/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 1 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 
(A 260 = 1 unit = 50 pg/ml). This procedure results in high molecular 
weight DNA with yields varying from 7 to 20 pg of fresh tissue. Higheryields are obt ained with young leaves. 

2. CTAB = cetyltuimethylammonium bromide. 

Restriction enzymes 

Restriction enzymes are the most important tools used to detect 
variation at the DNA level. These enzymes 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: 
G G G C C T T G*A A T T C T A T A G G 
C C C G G A A C T T A A*G A T A T C C 
This enzyme recognizes the six base-pair sequence indicated in bold 
t his n zym r o izes th e s ras a tseuen indicateds by the 

letters and hydrolizes both DNA strands at the points indicated by the 
asterisks. A single base substitution, deletion, 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 
P. .250 bp 1000 

A *
 

P2 ..... .
 1250. . .125o bp I .... 
Figure -1. Hypothetical example in which ingle base change () results in the loss of an 

EcoRI rccogniiion site in P2 and a hritahle IFLI' between PI and P2. (bp = base 
pair; RFLP = DNA restriction fragment length polymorphism.) 

Electrophoresis 

The different DNA fragments generated by digestion with a restriction 
enzyme can be physically separated according to size by horizontal agarose 
gel electrophoresis. For each gel lane, we normally digest 5 pg of DNA in a 
50-ju1 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 logl0 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. 

Figure 2. 	 Agarose gel after staining DNA with ethidium bromide. Lane on the leaf is 
bauteriophage lambda DNA digested with Ilindill. It provides molecular weight
standards. Lanes on the right are DNAs of Calima and XR-235-1 digested with 
Dral, EcoRI, EcoRV, and llindIll. 

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 ItCl (0.25 N, 10 min).In order to allow future hybridization with complementary strands, the 
DNA is denatured in NaOII (0.4 N)/NaCI (0.6 A) 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 3M M 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 selected 
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 (eDNA), or genomic. 

DNA library 

The normal flow of genetic information proceeds from DNA to RNA 
and then to proteins. Thus, the messenger RNAs (mRNAs), extracted from 
a given tissue, represent the fraction of the genome being expressed in that 
tissue at the time of sampling. Different procedures are used to construct 

cDNA libraries (Gubler and Hoffman, 1983). However, the general
procedure starts with the isolatioiL of polyadenylated mRNA. This RNA is
then used as template to synthesiz, DNA with the enzyme "reverse 
transc:iptase." 
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The product of this synthesis is a set of single-stranded cDNAs, eachrepresenting at least part of the coding sequences of an active gene in the 
nuclear genome. Double-stranded cDNAs are obtained by further 
e nzy ma tic actio n . Th e set of d ou b le-stran ded eDN A is in serted in to acloning 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 eDNA are then introduced into

bacterial cells, 
a process called transformation. 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 "eDNA 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 eDNA library will contain copies of the genes actively expressed in thetissue from where the mRNA was originally extracted. Thus, depending on
the tissue and its stage of development, a cDNA library could represent abiased sample of the genome. For the purpose of constructing a linkage
map, a eDNA library should be constructed by using mRNA from allpossible tissues at diffe rent stages o f development. 

Genomic library 

A genomic library can be constructed by simply digesting nuclear DNA
with an appropriate restriction enzyme, inserting the digested DNA into anappropriate 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 insegregating progenies. To be useful in mapping, a genomic library must be 
enriched for low copy number sequences. 

One strategy for enrichment is based upon the observation that thoseDNA 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 

(Doefler, 1983). We took advantage of these observations to produce agenomic library enriched for expressed sequences of Phaseolusvulgaris. 

te n iq d e s i ed Wfroem sted 5 0 cultiA w it e by 
techniques described above. We digested 50 pg of DNA with the enzyme
Pstl, which does not cut methylated recognition sequences (ltlcntjaris et
ai., 1985). Digested DNA was layered onto a 10-ml, 10%-30% 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 pl were collected; 25 pl of each fraction was run on an agarose gel in parallel with molecular weight standards
(bacteriophage lambda DNA digested with PstI). 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 pg of Pstl digested
plasmid vector (pTZI8R) (Pharmacia), and transformed into E. coli strain 
TBI. 

Detection of DNA Restriction Fragments 

Probelabeling 

Cloned probes are normally labeled with a base containing the
radioisotope of phosphorus,a i i h s h r 

32P. One common procedure is "nicko o e o 
 o 
 e u nc
translation" (Rigby et al., 1977). 
s 2p 

In this 
n 

procedure, 
m n p o 

100 ng 

ei 

of plasmid 
DNA, or the insert alone, are incubated in a small volume (50 ul) with fourbases (dATP, dGTP, dTTP, and 32 P-dCTP), DNase, DNA polymerase 1, 
Mg 2+, 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 I x
108 cpm per pg of DNA are obtained. 

Hybridizations 

Detection of DNA fragments is accomplished through hybridizations.
For this purpose, the genomic Southern blot 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 0C.As mentioned 404 
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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-labeled DNA and homologous sequences bound to themembrane. 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 autoradiography. X-ray (X-Omat, Kodak)
film is exposed to the membranes at -70 0C 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 0 C) and the membrane can beused for another hybridization with a different probe. 

L ral EcoRI EcoRV HndII 

X C X C X C X 

-, 
 -

t -t *, .m 

p . : ,~(Ber.) 

.V .Genet. 

Figure 3. Autoradiogram of Southern blot hybridized with a genornic clone. Blot obtainedfrom gel show n in Figure 2 .(C =geno mic clone; X = hy brid.)B 
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Resumen 

Los autores obtuvieron progenies segregantes entre dos genotipos distintos 
de Phaseolusvulgaris y generaron clones gen6micos y de cADN adecuados 
para la detecci6n de los RFLP. Hasta cl momento, se han hibridado, hasta
 
digestos de restricci6n, 22 clones gen6micos y de cADN de los cultivares
 
Calima y XR-235-1. 
 De dstos, II han presentado polimorfismo entre las
 
dos lineas. Contina el proceso de evaluaci6n de este potencial.
 

El empleo de estas dos lineas en el esfuerzo de localizaci6n de genes
hecho por los autores hard posible el trazado de mapas de los principales 
genes de resistencia a X. campestris pv. phaseoli;este gen estd presente en 
XR-235-I. 

Recientemente se inici6 el proceso de sondeo del ADN de una 
generaci6n F 2 que habia sido evaluada por su resistencia a las
enfermedades. En el futuro, se emplearin marcadores de ADN parasefialar otras caracterfsticas de importancia econ6mica del frijol. 
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Summary. Genetic variation in Plhaseolus vulgaris L. 
(P.vulgaris) was investigated at the isozyme and DNA 
levels. We constructed a library of size-selected PstI 
clones of P. vulgaris nuclear DNA. Clones from this li-
brary were used to examine 14 P. vulgarisaccessions for 
restriction fragment length po.ymorphisms (RFLPs). 
DNAs from each accession were analyzed with three 
restriction enzymes and 18 single copy probes. The same 
accessions were also examined for variability at 16 
isozyme loci. Accessions included four representatives of 
the T phaseolin group and five representatives each of the 
C and S phaseolin groups. One member of the S group 
(the breeding line XR-235-I-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 will 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 which 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 Mesc,merica are primarily 
of the S phaseolin type (with some exhibiting the M 
phaseolin pattern). Accessions from :he Andes are pri
marily of the T phaseolin type, v.ith some accessions 
exhibiting C, H, A, J. or I types. P. vulgaris cultivars 
include members of both the S and the C/T phaseolin 
groups, suggesting multiple domestic, tiofl events (Brown 
et al. 1982; Gepts et al. 1986). 

P. vulgaris has been successfully hybridized with 
other Phaseolusspecies (Coyne 1964; Smartt 1970), and 
interspecific variation has been reported for isozymes 
(Bassiri and Adams 1978 a) 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 hydrogense (SKDH) (E.C. 1.1.1.25). These analyses were per
within and between the genetically distinct groups. The formed as described previously (Vallejos and Chase 1991). 
assessment of genetic variationCEn:Ylnie.sat the DNA leve! is an aild reagents
esential prerequisite to the design of evolutionary. Restriction enzymes and T4 DNA ligase were purchased rombreeding, and genetic studies employing DNA probes. RsrcinezmsadT N iaewr uca dfoBethesda Research Laboratories (BRL). All enzyme reactions 
Accessions with the S. C. and T ph;z:eolin types were were performed as recommended by ie supplier in buffers pro
analyzed. The breeding line XR-23 -- 1. which was de- vided by the supplier. [Alpha-' 2 P]dCTP (3.000 Ciimmol) was 
veloped from a P. vtiqarisx P. coccineus cross (Freytag purchased from Dupont, New England Nuclear Research Prod
et al. 1982). was included to determine whether introgres- ucts. 
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 Nuclear DNA was isolated by the procedure of Kislev and 
were also analyzed for polymorphisms at 16 isozyme loci. Rubenstein (1980) from 7-day-old etiolated seedlings of the

cultivar Sprite. Pstl-digested DNA was layered ont,) ato allow direct comparison of DNA and isozyme vari-	 10-ml,10-30% (wv) linear sucrose gradient. (Sucrose was dissolved in 
ability. 10 mM TRIS, I mM EDTA, pH 8.) Gradients were centrifuged 

in an SW 41 rotor at 30,000 rpm for 8 h. Fractions of 250 p±lwere 
collected. Aliquots of each fraction were visualized following

Materials and methods agarose gel electrophoresis in parallel with molecular weight
standards. Gradient fractions containing DNA fragments ofPlant materials 0.5-2.5 kb were identified and combined. DNA was recovered 

With the exception of XR-235-1-1 and Sprite, seeds of all acces- by ethanol precipitation, rehydrated in sterile distilled water,
sions used in this study were provided by J. Tohme and W Roca, aind ligated with Psitl-digested plasmid vector (pTZISR pur-
Centro Internacional de Agricultura Trapical (CIAT), Cali. chased from Pharmacia). The ligation reaction was used to
Colombia. Seeds ofXR-235-1-1 and Sprite were provided by M. transform the Escherichia coli strain TBI by the procedure of
Bassett. University of' Florida. Gainesville/FL. The accessions Hanahan (1983). Recombinant colonies were identified by blue/

analyzed for isozyme and DNA polymorphisms are listed in white colony selection on LB-X-gal-ampicillin agar (Vieria and
 
Table 1. The breeding line Ica Pijao (CIAT No. G05773) was Messing 1982).

included as a source of reference alleles in the isozyme studies.
 

Probe preparation 

Isozyme analvsis Plasmid DNAs were prepaied by the triton lysis method (Lons
dale et al. 1981). GeneClean (BIO 101) was used (as directed byA combination of starch gel electrophoresis and enzyme activity the manufacturer) to recover the cloned Pstl inserts fromstaining was used to screen for polymorphisms of: aconitase agarose gels. The concentrations of insert DNAs were estimated

(ACO) (E.C. 1.6.4.3); alcohol dehydrogenase (ADH) by visualization: 10% of each insert preparation was visualized(E.C. 1.1.1.1); acid phosphatase (APS) (E.C. 3.1.3.2), Beta-N- following agarose gel electrophoresis in parallel with DNAs ofacetylglucosaminidase (BNAG) (E.C. 3.2.1.30); diaphorase known concentrations. Random priming (Feinberg and Vogel
(DIA) (E.C. 1.6.4.3); glutamate oxaloacetate transaminase stein 1984) DNA labeling kits (Boehringer, Mannheim) 
were(GOT) (E.C. 2.6.1.1); malate dehydrogenase (MDH) used to label 100 ng of insert DNA in the presence of 50 laCi
(E.C. 1.1.1.37); 6-phosphogluconate dehydrogenase (6PGDH) (alpha-3

2,P]dCTP. 

(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-
 Total nucleic acid preparations 

Young trifoliolate leaves (one-third to one-half expanded) wereTable 1. Phaseolus vulgaris accessions analyzed for isozyme and harvested from a single plant ofeach accession. Leaf samples of
restriction fragment length polymorphisms I g were wrapped in foil, frozen in liquid nitrogen, and stored at 

-80 -C. Total nucleic acids were purified from I g leaf samplesCIAT Name Phaseolin Type by the method of Dellaporta et al. (1983).

Number
 

G 15416 XR-235--1 S Breeding line Restriction, electrophoresis, and hybriai:ation of nucleic acids 
G03645 Jamapa S Landrace Samples containing 27 p±g of nucleic acid (DNA and RNA) wereG04489 Culiapa 72 S Landrace digested with 20 units of restriction enzyme according to theG04493 Ica Bunsi S Breeding line 	 supplier's instructions. Digested samples were loaded onto 0.8%G04459 Nep 2 S Mutant agarose gels, which were run at 2 V/cm for 18.75 h. Molecular
G04435 Diacol Calima C Breeding line size standards (Pstl fragments of bacteriophage lambda-DNA)G09011 Taylor Cramberry C Breeding line were included on each gel. Gels were stained for 1h in ethidium
G12172 Unnamed C Landrace bromide (0.5 gg/ml) and photographed over a UV (302 nm)
G 12207 Canario C Landrace transilluminator.
G17668 Cran 28 C Breeding line Following photography, DNAs were blotted to Hybond-G00051 Swedish Brown T Landrace N + nylon membranes (Amersham Corp.) as described by
G01293 Algarrobo T Landrace Southern (1975). DNAs were fixed to membranes by incubation
G03668 Sangretorro T Landrace for 20 min on Whatman 3-mm chromatography paper soaked inG 14192 Horoz Fasulyesi T Landrace 	 0.4 M NaOH. Each 20 x 20 cm blot was hybridized with 100 ng 

of heat-denatured, radiolabeled insert DNA prepared as de

http:1.1.1.44
http:1.1.1.37
http:3.2.1.30
http:1.1.1.25
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scribed above. Blots were prehybridized, hybridized, and and T phaseolin groups with respect to Aco-2, Dia-!, andwashed as described by Church and Gilbert (1984). X-ray films Skdh. Maximum variation was observed between XR
(Kodak XAR-5) were exposed under Lightning Plus intensifier 35-1-1 and members of the C/T phaseolin group, with 6 
screens (Dupont) to radiolabeled blots for 5 days. Following
autoradiography. probes were removed from blots by placing of 16 isozyme loci revealing differences.
the blots in aboiling solution oi"0.5% w/v SDS and allowing the For the investigation of DNA polymorphism. wesolution to cool to room temperature. constructed a library of size-selected PstIclones of P. vul-
Cluster analyvsis garis nuclear DNA. Others report this type of library to 

be enriched in single-copy sequences, because single-Cluster analysis was accomplished through use of the BfOSYS-I copy sequences include those which are actively ex
computer program, version 1.6 (D. L. Swofford ind R. B. Se
lander. University of Illinios at Urbana-Champaign). lsozyme pressed and therefore undermethylated. These sequences
and RFLP banding patterns were converted to allele frequen- are preferentially digested by methylation-sensitive encies. Pair-wise distances (Nei 1973) between accessions were zymes such as Pstil (Burr et al. 1988; Helentjaris et al.
computed based upon comparisons at the 18 DNA or 16 1988). This strategy was highly effective for P. vulgaris,
isozyme loci. Dendrograms based upon genetic distances wereuweihtete rou
consruced y paied mehod(Shath as 95%"of cloned inserts shorter than 2.5 kb gave simpleconstructed by the unweighted paired group method (Sneath (one to three band) hybridization patterns expected for 
and Sokal 1973). 

single-copy probes. Representative hybridization data
 
are shown in Fig. 1. 

DNAs prepared from the 14 different accessions were 
Results digested with each of three different restriction enzymes 

(EcoRI. EcoR'v: and HindIllI) and probed with 18 differ-
The results of isozyme analysis are summarized in ent probes,for a total of 54 different probe-enzyme com-
Table 2. Of the 16 isozyme loci examined, 9 revealed binations. Results of the EcoRl hybridizations are sum
polymorphisms. Relatively little variation was observed marized in Table 3. Each of the three restriction enzymes 
among members of the C/T phaseolin group. Only two resulted in useful polymorphism. Polymorphisms were 
loci (Aco-1 and Md/-l) distinguished any members of revealed in EcoRI digests by five different probes, in 
this group, and only one member was distinguished in EcoRV digests by five probes, and in HindlII digests by
each case. The S group was slightly more variable, with seven probes. With four exceptions, polymorphisms re
four loci (Ad/-1, Bnag, Got-2, and Dia-2) revealing dif- vealed with one probe-enzyme combination were not re
ferences. However, two of the four loci distinguished vealed by the same probe in combination with another 
only XR-235-1-1 (accession G15416) from the other enzyme. In three of the four exceptions, the polymorphic 
members, and XR-235-1-1 is unique in that itwas derived individual was XR-235-1-1.
 
from a P. vulgarisx P. coccineus cross. All members of 'Variation observed at the DNA level matched that
 
the Sphaseolin group differed from all members of the C 
 detected by isozyme analysis (Table 2; Koenig and Gepts 

Table 2. Zymotypes' of P. vulgaris accessions 

Accession Phaseolin Enzyme locus
 

Aco-l Aco-2 Adh-f Bnag Dia-f Dia-2 Got-2 Mdh-f Skd 

G15416 S + + a, + C30 r7 + +G03645 S + + + "t + c30 + + +G04459 S + + + + + + + + +G04489 S + + + + + + + + +G04493 S + + + + +a5 C30 + +
G04435 C r2 a, + + a, c3 +0 a,° r
G09011 C + a, + c30+ a. + + rsG12172 C + a, + + a, C30 + + r.
G12207 C + at + + a. C30 + a,0G17668 C 

r
 
+ a, + + a, c30 + + rsG00051 T + a, + + a, + - rC30


G01293 T a
+ 1 "+ + a, C30 + + rs
G03668 T + a, + + a, c30 + a,, r,
G14192 T 
 + a1 + + a, +c30 + r, 

I 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 mmrelative to the reference allele; c. indicates cathodal mobility x mm relative to the origin while mobility of the reference allele wasanodal. The accessions showed no variability at the Aps-l, Aps-2, Got-f, Mdh-2, 6Pgdh, Pgi-l, or Pgm- loci 
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S C T S 1989) and by the analysis of seed storage proteins (Gepts 
-... 	 -et al. 1986: Gepts and Bliss 1985). Relativelv little varia

kb . tion was revealed within each of the genetically 	distinct groups dtined by phaseolin type. Of the 18 probes used, 
...•" " only 4 distinguished any of the C'T accessions from the

5.0 . . ,,, . others. and no more than 3 of the 8 CiT accessions were 
.5-. differentiated by any single probe. Members of the S 

3.6 -. 
 roup 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 o"the S group from all mem

15.0- bers of the C/'T group. Maximum variation was observed 
between XR-235-1-1 and members of the CT group.8.6  with 12 of the 18 probes revealing polymorphisms. 

5.3 _ ~Agreement 	 of the isozyme and RFLP data was apparent in dendrograms based upon genetic distances calcu
lated from these data. Dendrograms based upon EcoRI,
isozyme, and combined EcoRI and isozyme data are 

a b c d e f g h i kI Imn 	 shown in Fig. 2a, b, and c,respectively. Features com
mon to these dendrogramms were also present in dendro-Fig. 1. Autoradiographs of P. vulgaris DNAs hybridized with gras (not shown) generated from EcoRV or HindIN

genomic probes. The autoradiograph in the top panel showns gras (not son graed Fm Eco orns dHindll-digested DNA hybridized with probe 2F5; this probe- data. All data sets grouped the live accessons with S enzyme combination distinguished XR-235-1-1 (accession phaseolin separately from those accessions with C or TG15416) from the other accessions. The autoradiograph in the phaseolin, and showed XR-235-1-1 (G15416) to be thebottom panel shows EcoRl-digested DNA hybridized with probe most divergent accession of the S phaseolin group. Other
2F7; this probe-enzyme combination distinguished all acces
sions with S phaseolin from those with C or T phaseolin. DNAs bgroups withn the S or the C/T phaseolin groups varwere prepared from accessions: G15416 (a), G0435 (b), G09011 ted from dendrogram to dendrogram, and there 	was no(c), G12172 (d), G 12207 (e), G 17668 (f),G00051 (g)G01293 (h), clear separation of accessions with the C phaseolin from
G03668 (i), G14192 (),G03645 (k). G04459 (I), G04489, (m), those with the T phaseolin type.

and G04493 (n). S.C,and T indicate the phaseolin types of the
 
accessions
 

Discussion
 
Table 3. Polymorphic EcoRI fragments of P. vulgaris DNA

detected by hybridization with genomic probes 
 The limited genomic variation observed within each of 

the genetically divergent groups of P. vulgaris was com-Acces- Pha- Probe parable to that observed in cultivated tomato, where onlysion seolin 2 of 22 probes revealed polymorphisms between two lines
(Helentjaris et al. 1985). No more than I of the 18 probes 

G15416 S 4.6 3.7 4.8 5.3 7.3 9.1 used in our study distinguished any pair of accessions
G03645 S 4.6/3.3 3.4 4.8 5.3 7.3 9.1 with the C or T phaseolin types or any pair of accessionsG04459 S 4.6/3.3 3.7 4.8 5.3 7.3 9.1 with the S phaseolin type (excluding XR-235-1-1 fromG04489 S 4.6/3.3 3.7 4.8 5.3 7.3 9.1/7.4 the analysis). This is in contrast to the highly polymor-
G04493 S 4.6/3.3 3.7 4.8 5.3 7.3 9.1 
G04435 C 4.6/3.1 3.7 2.6 15i8.6 10.5 5.0 phic nature of maize inbreds (Evola et al. 1986; Helent-G09011 C 4.6/3.1 3.4 2.6 15/8.6 10.5 5.0 jaris et al. 1985). Helentjaris et al. (1985) noted thatG12172 C 4.6/3.1 3.4 2.6 15/8.6 10.5 5.0 DNA variation in maize and tomato correlates with vari-G12207 C 4.6/3.1 3.4 2.6 15/8.6 10.5 5.0 ation observed at isozyme loci. Our results (Tables 2-3,
G17668 C 4.6/3.1 3.4 2.6 15/8.6 7.3 5.0
G00051 T 4.6/3.1 3.4 2.6 15/8.6 10.5 5.0 Fig. 2),taken with the results of others (Geptset al. 1986;G01293 T 4.6/3.1 3.4 2.6 15/8.6 10.5 5.0 Koenig and Gepts 1989), demonstrate that DNA varia-G03668 T 4.6/3.1 3.4 2.6 15/8.6 10.5 5.0 tion is well correlated with isozyme variation in P. vul-
G14192 T 4.6/3.1 3.4 2.6 15/8.6 10.5 5.0 garis. 

Sizes of fragments are given in kilobase pairs (kb). No varia- Helentjaris et al. (1985) suggested a number of factors 
tion was observed among these accessions when EcoRl digest that could account for differences in genomic variability;were probed with 2B12. 2C6. 2E9, 2El0. 2F5, 2F6, 2F8, 2F9, these include differences in mating systems, breeding sys
2H4, 2H9, 4B10. or 4C2 tems, and domestication events. Studies of natural plant 
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Fig. 2a-c. Dendrograms of P. vulkarts accessions based upon comparisns at isozyme and RFLP loci. Dendroaram a was based 
upon comparison of the accessions at DNA loci detected by probing EcoR[ digests with the 18 probes described in Table 3. 
Dendrogram b was based upon comparisons at the 16 isozyme loci described in Table 2. The data used to generate dendrograms a 
and b were combined to generate dendrogram c 

populations demonstrate high variability at i:ozyme loci 
in cross-pollinating populations and low levels of vai-
ability in self pollinating populations (Hamrick et al. 
1979; Rick et al. 1977, 1979). The two genetically distinct 
groups of P. vulgaris are believed to originate from two 
distinct wild gene pools - Andean and Mesoamerican 
(Gepts and Bliss 1985: Gepts et al. 1986; Koenig and 
Gepts 1989). 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). Variability between the two major genetic 
groups of P. vulgaris has been documented through anal 
ysis of seed storage proteins (Gepts and Bliss 198; Gepts 
et al. 1986) and isozymes (Koenig and Gep's 1)89). We 
have extended these analyses to the DNA level. RFLP 
data, considered independently from phaseolin or zymo-
type data, group accessions in a manner consistent with 
isozyme and seed storage protein groupings (Fig. 2). 

Additional variability is r-_sent 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 accessions with 
novel phaseolins and those with C, T, and S types. 
RFLPs may also be useful in investigatiag the genetic 
diversity of P. vulgaris accessions from the Colombia-
Peru region, a minor center of genetic diversity and do-
mestication for common bean (Gepts and Bliss 1986; 
Koenig and Gepts 1989). 

XR-235-1-1 contributed a high degree of variability 
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 
(,')served 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 (his generalization the polymorphic 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. vulgariswill 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: Aco-1 - 20 cM 
- Dia-!; Adh-I - 2 cM - Got-2."and Est-2 - 11 cM - Pha. 
Statistical comparisons were made between the means of 
genotype classes at each segregating locus for all seed size 
parameters. The results from two independently obtained 
BCts and the F: consistently indicated that the Adh-I-
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-l. 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 - Isozymes - Link-
age 

Florida Agricultural Experiment Station, Journal SeriesNo. R00696 
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Introduction 

Seed size (weight) is considered a component of yield in 
dry bean breeding programs (AI-Mukhtar and Coyne 
1981; Conti 1982, 1985). Negative correlations between 
seed size and yield have been reported for some crosses 
(Coyne 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 ofseeds 
produced by each individual of a BC1 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 F1 p!ants 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 material 

Two Phaseohls vudgaris L. inbreds that have allelic differences at 
nine enzyme loci and a twofold difference in seed size were 
selected to produce backcross and 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 has an 
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, proge-ny and as the 
recurrent parent for the backcross progenies. 

Iso:vne analy-sis 

A combination of starch gel electrophoresis and enzyme activity
staining was used to detect polymorphisms between parental
lines for eight enzymes: alcohol dehydrogenase (ADH) 
(E.C.I.1.I.1), aconitase (ACO). (E.C. 4.2.1.3), fl-N-acetylglu
cosaminidase (BNAG) (E.C. 3.2.1.30), diaphorase (DIA)
(E.C. 1.6.4.3), 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 resolved with a 
histidine buffer system: gel buffer (5mM histidine •HCI, adjust-

ed to pH 7.0 with NaOH), electrode buffer (135mM TRIS, 

43 mM citric acid, final pH 7.0). Samples 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, 3.9 mM citric acid, pH 7.8), electrode buffer (0.3 Af 
H3 BO3 adjusted to pH 7.9 with 4 N NaOH). Samples were
loaded for 15 min at 13.3 V/cm, the wicks were then removed 
and the gel was run at 13.3 V/cm for I 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/cm2 on constant current at all 
stages. Finally, DIA was resolved in a TRIS-citrate lithium bo
rate system: electrode buffer (190 mM borate adjusted to pH 8.1
with 2 M LiOH), gel buffer (9vol. of 50 mM TRIS adjusted to 
pH 8.4 with citric acid and 1vol. 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 was incubated in a microcentrifuge tube with 60 p1 of ex
traction buffer (0.1 Ml TRIS • HCI, pH 7.8) for 30 min ice.on 
Samples were collected from the supernatant with filter paperwicks after a 2-min spin. Samples for ACO, BNAG. GOT, andSKDH were obtained by grinding petioles wi.iL 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 onSDS-PAGE. Briefly, seed flour was obtained as described above,and 5mg of seed flour was incubated with 50 p1 of extraction 
buffer [0.0625 . TRIS HCI (pH 6Sf. 0.5 Al NaCII for 30 m. 

The samples were centrifuged for 5 min at 16.000 g and 5 l-1of 
the supernatant was mixed ,,ith 195 pl of SDS sample buffer(Laemmli 1970) and incubated at 37'"C for I 11.Protein extracts 
were separated by SDS PAGE in 12% gels. 

Seed paramee,s and statistical analysis 

Seed measurements in the different progenies were taken on theseed of the individuals themselves, i.e.. seeds harvested from 
'XR-235" after pollination with 'Calima' for the Ft, from 
"XR-235' after pollination with the F, for BC1, and from the F,
after selfing for F. Individual seed 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 Systum (SAS Institute, Cary/NC). 

Results 

Quantitative trait-seed size 

The descriptive parameters of seed size (weight, length,
width, and thickness) ane .:'iape (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-l', 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/Wlc,,>(L/W)xR. and (L/T)c,,>
 

(L/T)xR] and that they were also proportionally thinner
 
[(W/T)cAt<(W/T)xR] (Table 1). As expected from the pre
vious measurements the F had intermediate ratios.
 

Seeds of the parents and F1 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 (BC1 A and BCB) were obtained at differ
ent times. Seed weight and sizes were slightly higher for 
the BCtA than for the BC 1B, 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 BCA and F. progenies could 
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Table 1. Seed size and shape measurements of the parents ('XR-235-t" and "Calima'), their F, ('XR-235-1'x "Calima'), two BC,
('XR-235' x F,) sets (A and B). and the F, 

"XR-235" F1 	 "Calima BCAb BCB F, 

Weight (mg) 	 , 276.7 405.0 505.5 x 415.3a 383.6 518.2 
s, 7.6 11.8 9.9 s 102.1 62.3 85.8 
if 30 25 30 n 52 38 99
 

Length (mm) x 10.74 13.00 
 15.38 x 13.13 12.80 15.40 
s, 0.12 	 0.14 0.15 s 1.39 1.41 1.22 

Width (mm) x 6.77 7.51 7.93 x 7.96** 7.63 8.21 
s, 0.07 0.08 0.06 s 0.66 0.40 0.49 

Thickness (mm) x 4.78 5.45 6.00 x 5.48 5.51 5.87 
s 0.06 0.10 0.06 s 0.69 0.51 0.53 

L,W 	 x 1.59 1.73 1.94 x 1.64 1.67 1.88 
sx 0.02 0.01 0.01 s 0.08 0.15 0.13 

L.T 	 x 2.25 2.40 2.57 x 2.42 2.32 2.64 
s, 0.02 0.05 0.03 s 0.20 0.21 0.21 

W T 	 x 1.42 1.39 1.32 x 1.46' 1.39 1.41 
s, 0.02 0.03 0.01 s 0.15 0.12 0.13 

x=mean, sx=standard error, s=standard deviation. n=sample sizeb t-tests were used to compare the means of the two independent backcrosses; no significant differences were found between means 
that undei lined 

L=length, W=width, T=thickness. 
*-** Significant differences at the 0.05 and 0.01 levels, respectively. Comparisons of BC1 A and F, using t-tests showed significant
differences at the 0.001 level for all parameters listed 

Table 2. Segregation analysis of enzyme loci backcross and F2 progenies using the X test 

Locus Genotype x 2 x 2 Locus Genotype x x 2 

x/xa x/c c/c 1:1 1:2:1 x/x x/c c/c 1:1 	 1:2:1 

Aco-I BCA 32 20 2.77 Est-2 BCA 20 24 0.36 
BCB 20 !8 0.10 BCB 21 17 0.42
 
F2 31 61 31 0.01 F, 37 68 5.87 . b
 

Aco-2 BC1 A 26 23 
 0.18 Got-2 BC1A 19 33 3.77

BCB 18 20 0.10. BCtB 21 17 0.42

F, 32 70 21 4.32 24 58
F2 41 5.10
 

Adl-I BCA 20 32 2.77 
 Mdh-l BCtA 25 27 0.08

BCB 21 17 0.42 
 BCB 20 18 0.10
F2 25 59 39 3.39 F, 25 58 40 4.06 

Bnag ECIA 22 21 0.02 	 Skdh BC1 A 18 23 0.61
 
BCB 20 18 0.10 BC1 B 13 25 3.79

F, 33 57 33 0.66 F, 38 58 27 
 2.36
 

Dia-I BCtA 
 26 23 0.18 Pha BCtA 29 23 0.69
 
BCB 17 21 0.42 ECB 18 20 
 0.10
 
F, 33 65 25 1.44 
 F2 31 59 29 0.07 

&x/x and c/c are homozygous for "XR-235' and 'Calima' alleles, respectively; x/c is heterozygous
b 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 ly, tests of normality using the Shapiro-Wilk statistic 
at the same time and under identical greenhouse condi- (n<51) (Shapiro an Wilk 1965) or the Kolomogorov
tions. One-tail t-test indicated that the means for seed statistic (n>50) (Stephens 1974) indicated that all of the
weight, length, width, and thickness of the F were signif- seed weight and size parameters were normally distribut
icantly larger than those of the BCtA (0.001 level). Final- ed. 
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Table 3. Tests of independent assortment for linked isozyme loci using two-wav contingencv tables. Results from two independently
obtained backcross progenies 

Loci Genotypes X- p 

Y Z Parentals Recombinants 
YXII Z"' YX/C VIC Y-+ZVI YVZll 

Aco-2 Dia-! Ah 19 16 7 7 8.91 * 28.6
B 13 16 5 4 10.45* 23.7 26.1 

Adh-I Got-2 A 18 31 2 1 40.06** 5.8
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.t 11.1 

a Percent recombinationb A and B indicate rows for data obtained with the BCA and BCB 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-I 	 cM 

X/x 	 c/c C/Ca 

Acc-2 x/x 23 8 1 19.7+2.9
x/c 8 49 13c/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 

c_/ 1 43 22 

Genotypes: x/x and c/c stand for homozygotes for 'XR-235' 
and 'Calima' alleles, respectively; x/c stands for heterozygotes;m_/ 
cstands for a mixture of homozygotes and heterozygotes 

Segregationand linkage analysis of isozyme loci 

Monogenic segregations of the isozyme loci were ana-
lyzed with X2 tests in the backcross and F2 progenies 
(Table 2). All loci tested in the backcrosses segregated in 
the expected 1: 1ratio. Slight but not significant skewings 
were observed for Aco-1, Adh-1, and Got-2 in BC1A, and 
for Skdh in BCB. No significant deviations from 
Mendelian ratios were detected in the F2, 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 Adhi-I, Got-2, and Mdh-I loci, 

whereas 	 the opposite was true for the A-o-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 studyfor these pairs. The average recombination obtained with 
the two BCts was 26% for the Aco-2-Dia-I 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-I 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 of11% 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 BC,s. Thus, genes of this genotype that
control embryo size by overcoming maternal control 
would be segregating in these progenies. In order to in
vestigate possible linkage between these genes and 
isozyme loci, one-tail f-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-I and Got-2 loci. It has already been established 
that these loci are 2 cM apart. Therefore, it can be con
cluded that there isat 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 and a locus that affects seed size. One-tailed t-test was used to compare
the means of homozygotes (xx) and heterozygotes (x,'c) at each segregating locus 

Locus Genotype Weight (mg) Length (mm) Width (mm) Thickness (mm) 

x/x x/c xx xic t-T X/x x/c t-T x/x xIc t-T xIx X:c t-T 

Aco-) A 
B 

32 
20 

20 
18 

396.5 
376.7 

445.2 
391.3 

* 
NS 

12.8 
12.4 

13.6 
13.1 

* 
NS 

7.78 
7.56 

8.24 
7.70 

* 
NS 

5.42 
5.53 

5.58 
5.48 

NS 
NS 

Aco-2 A 
B 

26 
18 

23 
20 

441.0 
390.6 

405.4 
377.3 

NS 
NS 

13.6 
13.0 

12.9 
12.5 

NS 
NS 

8.09 
7.63 

7.96 
7.62 

NS 
NS 

5.66 
5.56 

5.37 
5.46 

NS 
NS 

Ad/i-I A 
B 

20 
21 

32 
17 

329.5 
353.5 

468.9 
420.8 

"" 
* 

11.9 
12.1 

13.9 
13.6 

'*" 

* 
7.39 
7.50 

8.31 
7.79 

" 
*" 

4.96 
5.35 

5.81 
5.71 

* 
* 

Bnag A 
B 

22 
20 

21 
18 

414.2 
394.4 

438.6 
371.5 

NS 
NS 

13.1 
13.1 

13.5 
12.3 

NS 
NS 

7.96 
7.68 

8.08 
7.57 

NS 
NS 

5.50 
5.56 

5.64 
5.45 

NS 
NS 

Dia-t A 
B 

26 
17 

23 
21 

424.4 
380.0 

424.1 
386.5 

NS 
NS 

13.3 
13.0 

13.2 
12.6 

NS 
NS 

7.95 
7.62 

8.12 
7.64 

NS 
NS 

5.63 
5.50 

5.41 
5.52 

NS 
NS 

Est-2 A 
B 

20 
21 

24 
17 

443.1 
367.7 

416.9 
403.2 

NS 
' 

13.4 
12.4 

13.3 
13.2 

NS 
NS 

8.02 
7.55 

8.10 
7.72 

NS 
NS 

5.74 
5.44 

5.40 
5.59 

NS 
NS 

Got-2 A 
B 

19 
21 

33 
17 

324.5 
353.5 

467.5 
420.8 

* 
* 

11.8 
12.1 

13.9 
13.6 

* 
* 

7.33 
7.50 

8.31 
7.79 

** 

** 
4.99 
5.35 

5.77 
5.71 

* 
* 

Md/-I A 
B 

25 
20 

27 
18 

407.9 
384.3 

422.1 
382.8 

NS 
NS 

13.0 
13.0 

13.3 
12.5 

NS 
NS 

7.91 
7.58 

8.00 
7.68 

NS 
NS 

5.49 
5.50 

5.48 
5.52 

NS 
NS 

Skdi A 
B 

18 
13 

23 
25 

424.6 
385.4 

425.6 
382.6 

NS 
NS 

13.4 
12.8 

13.2 
12.7 

NS 
NS 

8.04 
7.66 

8.00 
7.61 

NS 
NS 

5.50 
5.44 

5.60 
5.49 

NS 
NS 

Pia A, 
B 

29 
18 

23 
20 

413.4 
377.3 

417.6 
389.2 

NS 
NS 

13.0 
12.5 

13.3 
13.0 

NS 
NS 

7.85 
7.56 

8.09 
7.70 

NS 
NS 

5.55 
5.55 

5.41 
5.46 

NS 
NS 

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) 

xtx X/C cc x/x X/C C/C x/x xiC c/c x/X x/c c/c x/x x/c c/c 

Aco-I 24 48 27 518 514 524 15.1 15.4 15.7 8.18 8.18 8.30 5.80 5.94 5.80Aco-2 24 57 18 511 523 511 15.4 15.4 
' 

15.0 8.13 8.25 8.20 5.87 5.85 5.91
Adh- 16 49 34 471 .b 5 17a"b 541- 14 .9 *b 15.3a b 15.8' 8.17 8.25 8.17 5.58* ' b 5.81 ab 6.08'
Bnag 26 49 24 513 535 487 15.3 15.6 15.0 8.27 8.30 7.27 5.93 5.92 5.70
Dia-I 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-2Id 31 62 506 521 15.2 15.4 8.12 8.23 5.98 5.82 
Got-2 15 48 36 ' 6 7i"b 5 14"'b 544- 14 .8 *b 15.2

'
b 15.8' 8.17 8.25 8.19 5 .5 9 ss 

' 
b 5 .7 9 b 6.09a

Mdh-I 24 44 31 499 517 534 14 .9 *
' b 15.4 ' b 15.8a 8.14 8.23 8.24 5.94 5.82 5.87Skdh 31 44 24 525 518 507 15.6 15.7 15.2 8.24 8.24 8.14 5.94 5.86- 5.77 

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

was used for the Est-2 locus, because the heterozygotes both cases, the two homozygote classes were significantly
could not be distinguished from the homozygotes for different from each other, but each was not significantly
'Calima' alleles. These results showed that the chromo- different from the heterozygote class. However, the mean 
some segment marked by Adh-i -Got-2 had significant of the heterozygote class was always intermediate, sug
effects on all seed size parameters, with the exception of gesting additivity at this locus. Noteworthy are the con
width (Table 6). Duncan tests were used to evaluate the trasting sensitivities of the statistical tests for the BC, 
difference between the genotype means at these loci. In (P=0.001) and the F2 (P=0.05) progenies. 

2,t
 



418 

Marginal significant differences were detected only in 
BCA at Aco-1 for weight, length. and width. Similar 
results were obtained for the seed weight of BCI 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 Got-2 and all the other loci 
showed that the chromosome segment marked by Got-2 
was the only source of variation; when the variation at 
the Got-2 locus was accounted for, variation at the other 
loci was not detected. Furthermore. inspection of the 
two-way contingency tables showed slight deviations for 
the pair combinations ofboth .co-I (in BCA) and Est-2 
(in BC1 B) with Got-2: these anomalies can account, at 
least in part. for the artifacts observed. Interestingly, the 
two-way factorfio analysis between Ad/i-I and Gut-2 in 
BC1 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 useful-
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. Ita seed size 
gene in this chromosome segment had a detectable effect 
only in the F, seed and not in the BC, seed, 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 
study. Finally, this result may be due to the observed 
underrepresentation of the double homozygote class for 
"XR-235"alleles for Got-2 and Mdh-l. At best, the role of 
this chromosome segment cannot be assessed conclusive-
ly in this study. 

Discussion 

The normal distribution detected in the BC, and F2 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 action of these poly-
genes is additivity. Seeds of the F progeny had interme-
diate weights between the progenitors. The mean seeds 
weight of the BCIA was closer to the small-seeded recur-
rent parent than the mean seed weight of the F2 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 few 
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 obtained 
with two independently obtained back:rosses and the F 
strengthened the validity of the linkage between (Adi-i
2cM-Got-2) and the locus that contributes to seed size. 
Inspection of the mean seed weights of the three geno
types at either the Got-2 or Ad/i-I loci indicates that the 
mode of action of this gene is additive. The mean seed 
weight of heterozygotes was intermediate to the two ho
mozygote classes. This locus is assigned the symbol Ss-I 
to indicate seed size. An interesting feature of this gene is 
its ability to overcome the maternal control of seed size, 
which is normally observed in beans. 

The contrasting sensitivities of the statistical analyses 
observed between the BCand 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 (n) 
involved in a character, the number of genotypes per 
class at each locus will be a power base higher in the F, 
than in the BC1 [(F,) 3- 1> (BC1 ) 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 seed 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 ii 
BCtB. This weight difference represents 50% of the vari
ation in seed weight between the F, and the small-seeded 
progenitor. On the other hand, the difference between the 
two homozygous classes in the F2 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 
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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 BCS t and F 3 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 - (SpaiSpb) - 16 - Spba - 22 - Md/-I. In addition, 
another iinkage group was detected: (Spd/SpflSph) - 5 -
Spca. Therefore, the seed proteins appear to be organized 
in clusters in the bean genome. 

Key words: Common bean - Seed proteins - Isozymes -
Mapmaker 

Introduction 

Limited linkage information is currently available for 
Phaseolus 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-01 131 
* 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 geo'eticists have 
found it difficult to work with lines that carry more than 
two recessive mutations, because of reductd vigor and 
fertility (Bassett 1988). 

The use of molecular markers (isozyr!es and other 
proteins) for linkage analysis in common bean has been 
introduced in more recent years. Brown et al. (1981 b) 
reported that the gene encoding the major seed storage 
protein (phaseolin, Pha) was linkA to genes encoding 
other seed storage proteins. Weeden (1984) reported link
age between the small s'ibunit of Rubisco and malic en
zyme: later, Weeden and Liang (1985) detected linkage 
between Est-2 and the P locus. The P locus 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 
Got-2 (2 cM), 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 natericl 

Two inbred lines of beans were used to generate the segregatingprogenies: 'Calima' and 'XR-235-1.' 'Calima' is a large-seededcultivar 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 isa small, white-seeded (pp) bean which belongs
to the phaseolin type Sgroup. This breeding line was used as the 
pistillate parent to produce both the F1 and the backcross (BC,) 
progeny; and F, progeny was also produced. All BC, and F2 
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plants were grown to maturity and selfed to produce the BC1 S ,and F, progenies, respectively. 

Iso:mes 

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-i, Aco-1, Aco-2. Bnag, Dia-i. Est-2, 
Got-2, Md/i-i. and Skdi. 

Seed storage proteins 
After removing the seed coat under the raphe. seed flour was 
obtained by carefully scraping the cotyledons with a scalpel. 
Five milligrams of seed flour was incubated with 50 gl of extrac-
tion buffer (0.0625 M TRiS HCI. pH 6.8) for 30 min on ice. 
The samples were centrifuged for 2 min at 16.000 x g and 5 ll of
the supernatant was mixed with 195 pdof SDS sample buffer 
(Laemmli 1970) and incubated at 65 C for I h. Protein extracts 
were separated by SDS-PAGE (13%). Five microliter of each
SDS sample was loaded in gels that were 16 cm long and I mm 
thick (Protean II: Bio-Rad. RichmondCA). 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 thez 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 seed 
proteins, the gels were destained and then silver 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 
gets were incubated in acetic acid (10%) after development of
the silver stain. 

Seed proteins of the parental genotypes were extracted and 
separated into GI, G2, albumin, and prolamine fractions ac
cording to the procedures of Brown et al. (1981 a). The fractions 
were further separated by SDS-PAGE (Laemmli 1970) and visu
alized by silver staining as described above. This procedure
allowed for further characterizaion 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 comp,,ter package
"MAPMAKER" (Lander et al. 1987), which allows for 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 

Mdh-1 alleles were detected as doublet bands. The 'Cali-
ma' allele was ca. 5 mm more advanced than the 'XR-

235-l' 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' horaozygotes in the F2 . 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 intomato (Tanksley and Rick 1980). All other enzyme loci 

were detected as single bands of different mobility, as 
described earlier (Vallejos and Clase 1991).

The seed coat is maternal tissue and therefore reflects 
the genotype of the mother plant. For this reason, the 
pigmentation pattern was recorded for seeds harvested

Z 
from 13C, and F, progenies. Seeds of the progenies wereeither white (pp) or pigmented (Pp for BC 1 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 identiwere 
fled for 5 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-l' (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 Spc (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 GI 82.8 79.1 
Spb G1 58.5 53.3 
Spba
Pha 

G2 
GI 

52.1 
45.3 
44.0 44.5 
42.4 42.4 

Spca G2 3.34.8 
Spd G2 31.0 
Spe G2 20.5 
Spf G2 17.0 17.4 
Spg 
SphSpiG 

01 
G2 

16.0 
14.8 15.4 
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Est-2 Pha Spe P Spa SOba Mdh-1 loci, although it was less pronounced for Spba than for 
i 11 i 8 '1 ,z4 ; 9 16 1 22 -2 Spc. This deficiency persisted for Spc in the F,. In addi-Fig. 1. Average map distances in centiMorgans for the Phalink- tion, in the-F, progeny, two different loci displayed sig

age group nificant (P=0.05) deviations from expected ratios. One 

of them. Est-2, had an excess of homozygotes for 'XR235' alleles. whereas the linked pair Spa/Spb showed a 

Table 2. Analysis of monogenic segregation ratios in backcross deficiency for the same class.
 
(BC,) and F, progenies
 

Locus Backcross F, 	 Linkage anahysis 
During the process of recording the segregation data, itGenotype X12:, 	 X( 1)Genotype :,:XL:3) was noticed that some of the seed proteins were inherited 

in clusters, i.e., only parental combinations could be detected. These clusters were made up as follows: (Spa/ 

Est-2 41 41 0.00 37 68b 5.87' Spb), (Spd/Spj'Sph), and (Spe/Spg). One member of each
Pha 47 43 0.18 31 59 29 0.07 group was included in the data set for linkage analysis.
Spe, g 47 43 0.18 37 8 0 b 2.74 "Mapmaker" was usedP 31 37 0.37 	 to analyze the linkage relation22 10 1b 332
Spa, b 43 47 0.18 20 5 43 8.90* ships among the segregating loci in both progenies (BC,Spba 35 52 4.13' 30 92b 0 . and F,). The linkage criteria for the analysis were such
Mdh-i 45 45 0.00 25 58 40 4.06 that linkage was considered only if the LOD scores wereSpc 31 59 8.71 21 101 3.94' greater than 3.0 and the recombination value was less 
Spca 83 30 0.14 than 0.30. The maximum LOD score is the log1 o of the
Spd f. h 42 48 0.40 26 95 0.80 ratio between the likelihood when the locus pair is at its 
I Genotypes: x/x homozygous for XR-235 alleles; c/c ho- maximum likelihood recombination fraction and when 
mozygous for Calima alleles; x/c heterozygous the loci are taken to be unlinked. Thus, a LOD score ofb When heterozygous plants could not be distinguished from 	 3.0 for a locus pair means that the pair is 1,000 times 
homozygous for either Calima or XR-235 alleles, a 1:3 ratio was

tested in the F, progeny more 
 likely to be linked than not linked. The analysis
*'** Significant deviation at the 0.05 and 0.005 levels, respec- confirmed our previous report (Vallejos and Chase 1991)
tively 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 comer contains data from 

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

Est-2 Pha Spe P Spa Spba Mdh-1 

Est-2 'p' - 0.11 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 Ip' 0.11 -	 0.190.07 	 0.22 - 
cM 10.87  6.74 20.47 23.86 - -
LOD 13.57 - 17.52 5.85 6.39 - -


Spe 'p' 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 - 7.33 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 -  - 4.95 7.02 

'p': recombination fraction; cM: centiMorgan distance; LOD: maximum LOD score 
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(Aco-2 - Dia-!), and (Est-2 - Pha). A linkage cluster was 
detected for a group of seed proteins: (Spd/Spf/Sph) 
5 cM - Spca. Furthermore, five additional seed proteins, 
the P locus, and Mdh-I 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-) 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 
Afdh-I 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 F2 -Est-2 - Pha - Spe - P - Spa 
- Spba. However, it should be pointed out that in the 
BC1 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 !oci 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 in 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 BC1 and F 2 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 F2 , defficiencies of 'XR-235-1' 
homozygotes were detected for Spba in the BC1 and for 
Spa in the F2 . 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 detected in interspecific 
progenies in Lvcopersicon (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. coccineousprogenitor 
of "XR-235-1,' whereas others may involve interactions 
between the two P. vulgaris gene pools. 

The linkage group flanked by Est-2 and Mdih-I and 
comprising ca. 80-100 cM is the largest identified for 
beans with molecular markers. The greater distances be
tween loci observed in the F 2 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 loci 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-I' and the Andean cultiva" 'Calima'; the former was used as 
the recurrent parent. A bean Pstl genom.c library enriched for single copy sequences (95%) was the 
source of DNA probes. Sixty percent ofthe probes tested detected polymorphisms betwen the parental 
genotypes with at least one of the four restriction enzymes used here (Dral, EcoRI, EcoRV and 
HindII). 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. 

, HASEOLUS vulgaris L., the common bean, is a ulation is a prerequisite for the construction of a 
.P. diploid (2n = 22) legume with a relatively small comprehensive linkage map. Low levels of RFLPs 
genome [633 Mbp (0.66 pg)/1C] (ARUMUGANATHAN have been detected within each of the gene pools of 
and EARLE 1991). This beau is an importart source common bean (CHASE, ORTEGA and VALLEJOS 1991). 
of dietary protein for over half a billion people in This problem has been solved in other species through 
Africa and Latin America (PACHICO 1989), and hy- the development of mapping populations from inter
pocholesterolemic properties add to its dietary value specific crosses. However, this is not a viable option 
(ANDERSON et a!. 1984). However, in spite of the for the common bean. Although interspecific crosses 
importance of this crop species, its genetics has been between P. vulgaris and P. coccineus or P. acutifolius 

poorly characterized. For instance, only a few mor- can be obtained (HucL and SCOLES 1985), the result
phological and seed and flower color markers have ing progenies are far from normal and of limited 
been used to develop a rudimentary linkage map value for mapping purposes. However, moderate lev

(BAssETT 1991). More recently, a few isozyme and els of polymorphism can be detected between the 
protein markers have been added to the map (VAL- Mesoamerican and Andean gene pools of the common 

LEJOS and CHASE 1991a,b). Although cytogenetic bean (CHASE, ORTEGA, and VALLEJOS 1991). In ad

studies have been hampered by the small size of the diticn, the extent of detectable polymorphisms can be 

chromosomes (ZHENG et al. 1991), five primary tri- increased by the inclusion of breeding lines carrying 

somics have been characterized (ASHRAF and BxsSE-I introgressions from either P. acutifolius, or P. cocci

1987). neus. We report the construction of a linkage map for 

The construction of linkage maps based on DNA P. vulgaris based mostly on RFLP markers. 

markers (restriction fragment length polymorphisms, MATERIALS AND METHODS 
RFLPs) has been accomplished for a number of spe
cies: Arabidopsis(CHANG et al. 1988; NAM et al. 1989), Parental genotypes: Single inbred representatives ofeach 
lettuce (LANDRY et al. 1987), maize (HELENTJARIS, of the two major P. vulgarisgene pools were used to gen-

WEBER and WRIGHT 1986), potato (BONIERBALE, PLA- erate the backcross mapping population, viz., 'XR-235-1-1' 
for the Mesoamerican gene pool and 'Calima' for the An-

ISTED and TANKSLt Y 1988), rice (McCoucH et al. dean gene pool. However, the Mesoamerican breeding line 
1988), soybean (KEIm et al. 1990) and tomato (BER- 'XR-235-1-1'(FREYTAG, BASSETr and ZAPATA 1982) carrics 
NATZKY and TANKSLEY 1986). Extensive polymor- some chromosome segments from P. coccineus. 'XR-235-1

between the progenitors of the mapping pop- 1 was used as the pistillate parent to obta.n the F,progeny.
phism The resulting F, plants were used to pollinate the recurrent 

ho whom correspondence should be addressed, parent. 'XR-235-1-1.' The parental genotypes differ in a 
YPresent address: Conselho de Pesquisas. Univeridade Federal de Vicosa. large number of morphological and molecular characters. 

.6570 Vicosa. MG. Brazil. These include seed size, seed pigmentation, plant morphol-
Genetcs 11: 0 {.uly. 1992) 
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ogy, quantitative resistance to bacterial blight, phaseolin 
type 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 ispresent in 'Calima.' the donor parent, and 
absent in 'XR-235-1-l.' 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 dodecvl sulfate (SDS)-polyacrylamide 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 mm 
NaEDTA/0.95 MNaCI/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 chlo-
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 2s volumes of isopropanol; 
the precipitate was transferred with aglass hook (made from 
a Pasteur pipet) to the first washing solution (76% ethanol/ 
0.2 MNa acetate) and held for 30 min to a few hours. This 
washing step eliminated flavonoid pigments and some oi-
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, EcoRl, EcoRV and HindlIl) 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 NaCI for 30 min. SOUTHERN (1975) blots were obtained 
by alkaline transfer (20 mN NaOH/0.6 MNaCI) overnight, 
Membranes (Nytran; Schleicher & Schuell. Keene, New 
Hampshire) were then washed in 2 x SSPE (1 x SSPE = 
150 mM NaCI/10 mm NaH2PO 4 , 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 Pstil 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, ORTEGA and VALLEJOS 1991). The 

mungbean cDNA of the chlorophvll a/b binding protein 
was also included (THOMPSON et al. 1983). 

Inserts for hybridizations were obtained via the polym
erase chain reaction (SAIKI et al. 1988). Wells of a microtiter 
plate were loaded with 100 ul of LB containing ampicillin 
(50 g/ml). Each well was inoculated with a different clone, 
and the plate was incubated overnight at 370 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 ,l1of 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 100-1 reaction volumes containing: 10 mm Tris-HCI 
(pH 8.8), 50 mm KCI, 15 mM MgCl,, 0.1% Triton X-100, 
200 jM of each dNTP, 100 nM of each primer. 0.5 unit of 
Taq DNA polymerase (Promega, Madison, Wisconsin), and 
5 td 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 PstI 
cloning site of the plasmid pTZ18R. Amplification was 
carried out in a thermocvcler (Coy Laboratory Products, 
Inc., Ann Arbor, Michigan). The initial denaturation was at 
940 /or 2 min followed by 10 cycles of 1min at 94*/1 min 
at 55'/3 min at 720, 25 cycles of 1 min 94'/1 min at 55"/ 
2.5 min at 72', 10 cycles of 1 min at 940/1 min at 550/3 
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 [-P]dCTP 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 
ofa 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 (I X Denhardt's solution = 
bovine serum albumin 0.02%/Ficoll 0.02%/polyvinylpyr
rolidone 0.02%). Hybridizations were carried out at 650 for 
16-20 hr. Blots were washed twice in 2 XSSPE/0.1% SDS 
for a few seconds followed by three washes with 2 x SSPE/ 
0.1% SDS at 650 for 15 min each and a final wash with 0.5 
x SSPE/0.1% SDS for 15 min at 650. The membranes were 
wrapped with polyethylene film and the hybridizing frag
ments were visualized by autoradiography on X-Omat film 
(Kodak) using intensifying screens (Lightening Plus, Du 
Pont). Segregation data for the DNA markers was collected 
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 (SAMBROOK. FRITSCH and MANIATIS 1989). This step 
was taken to avoid high background on the blots. 

The library was screened to identify restriction enzyme
probe combinations that detected length polymorphisms 
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 
enzyme on nonoverlapping areas of the blot were mixed to 
probe Southern blots of the segregating population. Multi
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at this locus. In contrast, the0 ° 
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block of nine distal loci in group H showed a highlysignificant excess of heterozygotes. 

Linkage analysis: The linkage relationships of the , . " 
 "
-segregating markers were analyzed with the multi
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A B C 
FiURE I-Southern hvbrdi zahions of test blots used to screenthe Psil genomic library for sirgle copy sequences that detected 

RFLPs between the parental genotypes. From left to right: lambdaDNA (Hind!!! digest), 'Calima' (C)and 'XR-235-1-1' (X)digestedwith Dral. EcoRl. EcoRV and Hindll. Hybridization patterns of. 
A, highly repetitive DNA: B.multigene 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 usedto screen 362 clones for their ability to detect poly-norphisms between the parental genotypes. Theseclones had insert sizes ranging between 500 and 4000 
bp. Eight (2.2%) of these clones produced hvbridiza-
tion patterrs typical of highly repetitive DNA (
3A),while nine (2.5%) clones yielded hybridization 
patterns expected of multigene families (IFigure 1B).The hybridization patte-n of the remaining 345
clones was typical of single copy sequences (Figure
I C). RFLPs between the parental genotypes were
detected with 227 clones, although 11 of these clones were redundant. Redundancy was assumed when two
clones yielded identical segregation, displayed identi-cal hybridization patterns with the four enzymes, 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 abiiity to reveal poly-
morphisms between 'Calima' and 'XR-235-1-I':Dral
(4 2 %),HindIII(53%),EcoR(62%)andEcoRV( 

6 4 %).Monogenic segregation ratios: Ratios distorted
from the expected 1:1 were detected at 19 loci inthree 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 data indicated that th~edeviation detected for Bng35 may be an artifact. Inthe four plants that were missing data for Bng35, allloci within 25 cM from Bng35 were heterozygous.
Thus, if we assume that these plants were also heter-
ozygous at the Bng35 locus, then, no significant devia-

point linkage analysis software Mapmaker version 1.9 
(LANDER et al. 1987). Segregation data were collectedefficiently by carrying simultaneous hybridizations 
with multiple probes F . After obtaining all 
the two-point linkage data, the markers were sorted 
into di.ztinr-r gwUps Vsing an LOD of 4.0 and a dis

of 25 cM (Haldane function) as default linkagecriteria. This procedure resulted in the formation of12 groups and six isolated markers; two of thesemarkers showed no recombination between them andwere linked to a third one. The three-point linkagedata were obtained next. A framework order for each 
group was obtained using an LOD of 3.0 and a distance of 25 cM as linkage criteria. A three-point LOD 
exclusion threshold of -3 was also used for this process. Loci included in the framework are marked onthe map i ure . Linkage between the six isolatedmarkers and the 12 linkage groups was tested relaxing
the distance criterion while keeping the LOD criterionat 4.0. These markers were found to assort with three 
of the established linkage groups and were also assigned to the framework (B: Bng7l, Bngl51, Bngl60;
E: Bngl61, Bng162; I:Bng200). The remaining lociwere placed on the map using the try command. This
command determines the relative likelihoods of mapswhere 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 100times better than the second best order. Markers forwhich 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 reasons, 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). Thedistance between these subgroups, 36 cM. was calcu
lated using the KOSAMBI (1944) function; this function
isnormally 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 I
 

List of loci displaying deviations from Mendelian ratios (1:1)
 

Group Locus x/4 x/c X2 

C Bng124 44 24 5.88* 
C Bng32 44 24 5.88* 
C Bng216 43 25 4.76* 
C Bng221 43 25 4.76* 
C Bngl64 44 24 5.88* 
C Bng3 43 24 5.39* 

C Bng123 43 25 4.76* 
C Bng1l4 44 24 5.88* 
C Bng75 43 25 4.76* 
K Bng35 40 24 4.00* 

a x/x: homozygous for XR-235-1-1 alleles: x/c. heterozygous. 

ACX BACKCROSS 

--- W-7 
-

I S ~S"5 U'5S"' 2 

= 

FIGURE 2.-Southern blot displaying the segregation of four 
RFLP loci. Lambda and bean genomic DNAs were digested with 
Hindill. From left to right: lambda fragments, 'Calima' (C), 'XR-
235-1-l' (X) and 27 backcross individuals. The blot was probed 
simultaneously with radiolabeled inserts for Bng79, Bng123, 
Bng 165, and Bng208. Restriction fragments detected with the same 
probe are marked with arrows of asingle shading pattern. Arrows 
with a label are pointing at segregating fragments, whereas those 
without a label are pointing at recurrent or nonsegregating allelic 
fragments. 

isozvme 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 BCI plants had missing data for 
this locus. However, data from a different population 
had previously placed Acol between Bng90 and 
Bng180. . 

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),J (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%) by two markers, 8 
(5.6%) by three markers, and seven clusters (4.8%) 
contained between 5 and 10 markers each. These 

Grour. Locus x/x x/C X"1 

H Bng65a 24 44 5.88, 
H Bng4 24 44 5.88* 
H Bng188 22 46 8.47* 

H Bng39 21 47 9.94** 
H Bng36 '22 46 8.47** 
H Bng41 29 48 11.53* 
H Bng72 23 45 7.12"* 
H Bng195 20 48 11.53"* 
H Bng130 19 49 13.24*" 

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 (A) 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 1991 b). Spfand Sph have 
been renamed AA (1 and AAI2, respectively, because 
they comigrated and cosegregated with two bands 
detected by wesLern analysis with a poivclonal anti
body produced against the bean a-amylase inhibitor 
(MnRENO and CHRISPEELS 1989). The mung bean 
cDNA clone of the chlorophyll a/b binding protein 
(pMB 123, 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 Cab] 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. 'n 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 
randomly chosen from a genome of size (G) has an 
LOD score 2: 7'. 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 
LOD _>T is (.ffP(T, G), where N is the number of 

r lT~7fn(:J
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FIGURE 3.-Linkage map of P. vulgaris L., the common bean. With the aid of Mapmaker (LANDER et al. 1988) 244 markers were assigned
to 145 loci/locus clusters on I I linkage groups (A-K). The exact position of Acol on group D could not be located due to incomplete dataFor this locus: Aco I is listed at the bottom of the group. A framework order was obtained after grouping the markers (LOD 4.0. 25 cM), and 
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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 = 

iQ4) (tV)t2x,'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 a. 1984). Thus, agenomic 
library of small fragments would be expected, in thelibrry f sallframens
wuldbe xpeted inthe 

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 PstI, would yield genomic libraries 
enriched in single copy sequences. This phenomenon 
has been observed previously in tomato (TANKSLEY et 
al. 1987) and maize (BURR et al. 1988), but not in rice 
(McCoucH et al. 1988). New flow cytometry measure-
ments indicate that the bean genome is intermediate 
in size between rice and tomato (ARUMUGANAT11AN 
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 leach 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 ofwhich 
are organized in 4separate clusters. Several nonexclu-
sive explanations could account for the disparity in 

the distribution of these markers. If all regions of the
 
genome were to be evenly represented in our librarv,
 
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 GOLD-

BERG 1980). Thus, in comparison, the small number
 
of markers used in this project may represent abiased
 
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.' Therei. re, densely populated
 
chromosome segments may correspond to regions of
the genome that are variable between the two gene 
t
 
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 chromcsome inversions can also act as 
suppressors of recombination and explain the pres
ence of clusters. Finally, the recombination frequency/00.

/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' 
(VALtJOs and CHASE 1991b). Significant skewings 
have been reported also in progenies obtained be
tween Mesoamerican 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 each group (LOD 3.0. 25 cM, 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 I have an LOD score > 4.0 and have 
been included in the framework. The distance (35.9 cM) between Bng2O5a 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 in:.;tance, gametes are eliminated whencertain allelic comi.inations are present at the Ge 

partially funded by U.S. Agency for International Developmentnocusof" tomato Grant DPE-5542-G-SS-7060-0().(RicK I 66). An alternative explanation' (Floridacould be found in chromosome inversions. CHENG, 
BASSE-cr and QUESF.NBEKR' (1981) have presentedevidence for chromosome inversions in interspecific 
crosses of P. vulgaris arid P. cocc .neus.Indeed, inver-sions can also explain reduced r'ecombination frequen-
cies and the appearance of cstiers. We are currentlycor
investigating these issues in prcgcnies between pureP. vulgaris lines oLtained within and between gene 
pools.

The linear order fbr the protein/isozvme loci ingroup .4is the same as that found previously (VALLE-.
jos and CHASE 1991B), ALTHOUGH THE DISTANCES
AROUND Est2 are at variance with those previously
obtained due mainly to missing data points for thislocus. The distances for the locus pai Aco2-Dial 
(group E) and AdhI-Got2 (group K) were essentiallyas previously reported (VALLEJOs and CHASE 19 91a).The Genetic Resources Unit of CIAT manages alarge and well diversified bean germ rlasm collectionr40.000 accessions (HDaLGO 1991). It maywith over t0 accessionsbe possible Ogri)ul t m ayto tag man,/genes of agricultural inpor-

tance found in that cohection using the markers pre-sented here. Many of these genes. such as those re-sponsible for disease resistance, have eluded isolationvia standard cDNA cloning approaches. Map-based 
cloning has been suggt,,t.d as an alternative approachfor the molecular cloning of these genes (TANKSLEYet 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 at. 1989). We have estimated the length ofthe bean genome to be approximately 1200 cM. This 

estimate 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 withinbronze locus of maize (DOONER 1986); 
the 

this is about
orders of magnitude smaller thantwo 

the average
ratio. On the other hand, a ratio severalfold above 

The bean genomic clones (Bngs)will be available through the Biotechnology Research Unit of Cip,Agricultural Experiment,0,2,,. Station Journal Series No. R-
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ABSTRACT
 

The common bean, Phaseolus vulgaris L., is a diploid organism (n= 11) with a 

small genome (0.66 pg/i 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 PstI 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 andean gene pools and from the ancillary gene pools, QTL analysis of yield 

components, and the localization and genomic isolation of disease resistance 

genes. 

2
 



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 (DraI,EcoRI, EcoRV, and HindlII). 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, BglII, KpnI, and XbaI. 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: KpnI 

(40%); Drab (42%); BamHI, BgllI and HindII (53%); EcoRI (62%); and 

EcoRV (64%). 
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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 et al., 1992) with the aid of the 

computer software MapmakeZ (Lander et 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 et al., 1992). The current map comprises 227 RFLP loci. 

Eight out of the 219 genomic clones listed in Table 1 hybridize to homologous 

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 et 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 az-amylase inhibitor proteins (identified by western blots with antibody 

provided by M. Chrispeels (Moreno & Chrispeels, 1989), and other globulins 

(Vallejos & Cha-e, 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 et 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 OAlOa 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
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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 modem 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 DL2 ) 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 

9
 



analysis" to investigate the genetic components of yield and their interactions 

with the environment. In addition, Hoogenboon et 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 et 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 yi.eld 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 et al., 1989). The average 

ratio of physical distance to map distance has been estimated at 530 Kb/cM in 

beans (Vallejos et 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 lir' ..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) 

Bngl J 3 1790 Bng14 K 9 3370 

Bng2 K 1 1800 Bng15 A 6 3220 

Bng3 C 12 1200 Bng16 C 16 2040 

Bng4 B 9 1270 Bngl7 D 2 1600 

Bng5 K 12 1470 Bng18 F 10 1100 

Bng6 K 3 1400 Bng19 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 

BnglO K 13 4190 Bng23 A 8 620 

Bng11 D 19 3180 Bng24 K 7 1070 

Bng12 C 17 2700 Bng25 J 7 1100 

Bng13 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 1260 Bng43 F 2 1060 

Bng28 A 4 2110 Bng44 C 5 970 

Bng29 C 9 1120 Bng45 D 1 890 

Bng3O B 4 1350 Bng46 G 9 2370 

Bng31 F 5 1130 Bng47 A 2 2480 

Bng32 C 4 950 Bng48 B 13 1790 

Bng33 C 5 1100 Bng49 E 4 1320 

Bng34 D 11 4330 Bng5O A 3 850 

Bng35 K 16 1020 Bng5l K 10 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 

Bng4O 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) Locus Group Position size(bp) 

Bng61 D 20 1580 Bng76 J 10 3120 

Bng62a K 3 2310 Bng77 D 5 2500 

Bng62b F 11 2310 Bng78 J 10 2270 

Bng63 C 6 1560 Bng79 K 13 2610 

Bng64 K 7 1620 Bng8Oa A 1 1300 

Bng65a B 7 2080 Bng8Ob G 14 1300 

Bng65b E 7 2080 Bng81 A 3 1090 

Bng67 J 10 2170 Bng82 D 10 1480 

Bng68 1 3 2530 Bng83 B 1 870 

Bng69 F 11 1000 Bng84 D 6 2190 

Bng7O J 1 1970 Bng86 C 15 1650 

Bng7l B 7 2240 Bng87 G 3 3350 

Bng72 B 14 3880 Bng88 G 9 2510 

Bng73 F 1 2410 Bng89 D 840 

Bng74 D 19 650 Bng9O D 13 1850 

Bng75 C 15 1600 Bng91 J 8 1470 
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Linkage Relative Insert Linkage Relative Insert 

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

Bng92 J 10 1130 BnglO7b K 5 2560 

Bng93 K 13 800 Bngl08 D 8 1540 

Bng94 G 4 1460 Bngl09 K 13 1930 

Bng95 G 10 1580 Bng11O K 7 1270 

Bng96 F 6 1140 Bng111 K 1 1970 

Bng97 J 8 1380 Bng112 J 10 820 

Bng98 D 17 1750 Bng113 B 4 660 

Bng99 K 12 1260 Bng114 C 14 1540 

BnglO0 1 5 2160 Bng115 D 10 1930 

BnglOl J 6 670 Bng116 C 16 1930 

Bngl02 K 11 1400 Bng117 D 16 1430 

BnglO3 B 3 1410 Bng118 A 6 1760 

BnglO4 G 1 1830 Bng119 D 18 2220 

BnglO5 D 15 1260 Bng120 J 10 1520 

BnglO6 C 17 2680 Bng121 1 6 1710 

BnglO7a A 3 2560 Bng122 B 4 1330 
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Linkage Relative Insert Linkage Relative Insert 

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

Bng123 C 13 1180 Brg140 K 6 1780 

Bng124 C 3 1270 Bng141 D 4 1340 

Bng125 F 11 1140 Bngl42a C 19 3470 

Bng126 B 5 2510 Bng142b B 13 3470 

Bng128 F 11 2340 Bng143 K 8 950 

Bng129 K 13 1710 Bng144 D 6 2220 

Bng130 B 16 950 Bng145 J 5 1930 

Bng131 F 2 1190 Bng146 A 14 1550 

Bng132 K 13 1120 Bng148 D 14 2220 

BngA133 E 5 3120 Bng149 K 13 820 

Bng134 K 6 3830 Btg150 K 2 1940 

Bng135 A 16 3000 Bng151 B 8 1030 

Bng136 J 2 1190 Bng152 E 6 1070 

Bng137 G 12 1710 Bng153 A 15 1900 

Bng138 F 9 1320 Bng154 J 10 1050 

Bng139 F 12 2540 Bng155 C 8 2810 
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Linkage Relative Insert Linkage Relative Insert 

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

Bng156 K 4 2500 Bng172 I 7 3120 

Bng157 A 7 1310 Bng173 B 2 2050 

Bng158 J 10 2310 Bng174 D 12 2600 

Bng159 D 3 3210 Bng175 C 13 880 

Bng160 B 8 2280 Bng176 K 12 3120 

Bng161 E 9 1290 Bng177 G 7 930 

Bng162 E 2 590 Bng178 D 13 1310 

Bng163 K 13 2180 Bng179 G 2 2240 

Bng164 C 11 1480 Bng180 D 17 2550 

Bng165 C 9 2260 Bngl81 K 15 1770 

Bng166 E 7 2170 Bng182 J 9 1180 

Bng167 K 6 520 Bngl83 G 4 1210 

Bng168a A 22 2210 Bng184 B 4 530 

Bng168b K 4 2210 Bng186 F 11 1350 

Bngl70 A 20 1170 Bng187 J 4 1860 

Bng171 B 3 1900 Bng188 B 10 1960 
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Linkage Relative Insert Linkage Relative Insert 

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

Bng189 B 4 2030 Bng206 J 10 1290 

Bng190 D 9 1330 Bng209 G 10 1020 

Bng191 A 22 2030 Bng211a A 21 1810 

Bng192 J 5 1300 Bng211b C 1 1810 

Bng193 G 5 2620 Bng212 D 16 1380 

Bng195 B 15 2700 Bng213 F 4 2180 

Bng197 K 14 2560 Bng214 F 11 2330 

Bng198 K 12 2140 Bng215 G 5 1350 

Bng199 A 19 1230 Bng216 C 6 2040 

Bng200 1 1 2340 Bng218 I 8 2020 

Bng201 D 4 1320 Bng219 I 4 580 

Bng202 G 1 1620 Bng220 F 11 4250 

Bng203 A 10 2990 Bng221 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) 

Bng225 G 11 1030 Bng231 K 13 2100 

Bng226 K 13 2220 Bng232 C 7 1770 

Bng227 B 6 700 Bng234 1 2 900 

Bng228 K 9 1840 Bng235 E 1 2030 

Bng230 K 6 500 
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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 AAI1 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 

'I1,Vallejos & Chase, 1991a; 2, Vallejos & Chase, 1991b; 3, Vallejos et aL, 

1992. 
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Figure 1. Phaseolus vulgaris L. linkage map. Mapmaker (Lander et al. 

1987) Was uused to group and order 250 markers. These marekers have been 

assigned to 150 loci/locus clusters on 11 linkage groups (A-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 Lhe 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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