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EXECUTIVE SUMMARY 

In the last 20 years, large collections of common bean (Phaseolusvulgaris)
diversity have been assembled in gene banks, notably by the USDA and CIAT in 
Colombia. While the genetic diversity contained in these collections represent a long
term investment for bean improvement, their sheer size (up to 45,000 entries at CIAT)
mak2s them less amenable to short-term use by breeders. The purpose of this study is to 
devise a strategy to identify a subsample of 5-10 % of the total number of entries (i.e. a
"core" collection) that is representative of the diversity contained in the total collection. 
Our guiding principle has been that the core collection should include the various 
evolutionary lineages contained in the species; these lineages can best be identified using
biotechnological tools such as molecular markers: only those common bean lines that 
exhibit different markers and, hence, have a different ancestor, should be included in the 
core collection. 

Our results over the three years can be summarized as follows: 1) We have been 
able to identify very high frequencies of differences for molecu!ar markers. These 
frequencies are higher than reported previously in common bean and will considerably 
facilitate subsequent work in genetic diversity conservation and breeding at CIAT and in 
U.S. programs; 2) We have identified suitable statistical tools to relate molecular and 
agronomic (i.e. disease resistance, adaptation, growth habit, etc.) variation; using these 
tools, we have been able to identify gene pools and races that can be distinguished at the 
molecular as well as agronomic levels; 3) We have identified wild P. vulgaris populations
in Ecuador where they had never been reported before; analyses show these populations 
to be intermediate between the Mesoamerican and Andean subspecies of common bean 
and may help us understand the process of gene transfer between the two subspecies; 4)
Analyses of cultivated materials show that within the same region, Andean cultivars are 
grown at higher altitudes and therefore appear to be better adapted to cooler conditions 
than their Middle American counterparts. 5) We have established a molecular linkage 
map based on genomic probes established during the first year of the project. The high 
levels of polymorphisms allowed us to establish this map in no more than a year. 6) We 
have started locating genes for agronomic traits on this molecular linkage map. The I 
gene for Bean Common Mosaic Virus resistance, which is currently introduced into most 
advanced cultivars, was located on the map as were 4 quantitative trait loci (QTLs) each 
for Rhizobium nodule number and for Xanthomonas campestris ;esistance. Transfer of 
technology from UCD to CIAT has included: 1) knowledge of the gene pool and racial 
organization of genetic diversity in common bean; 2) transfer of methodology for 
molecular marker analysis in common bean; 3) transfer of the PstI genomic library used 
in mapping; 4) training of a member of the CIAT Biotechnology Unit in RAPD 
methodology; 5) training of an Ecuadoran scientist in germplasm exploration; and 6)
identification of regions in Ecuador where wild bean populations subsist. 
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FINAL REPORT 

I. Research Objectives: 

The major thnst of this project was to clarify genetic relationships within common bean, 
Phaseolus vulgaris, in order to expedite the establishment of a "core collection." Core 
collections have been proposed by Frankel (1984) and Brown (1989) as a means towards 
improving the access to and utilization of germplasm collections, especially very large 
ones such as the bean collection at CIAT which contains over 40,000 entries. These 
collections would consist of some 5-10% of the main collection and would be 
characterized in priority over the main collection. The increased access and utilization 
would result primarily from this improved characterization. 

The establishment of such a collection requires sound sampling procedures so that the 
diversity within the core collection can be maximized. This requires a knowledge of 
patterns of diversity within the species to determine which segments of the species carry 
the most diversity or unusual diversity. Molecular markers are particularly appropriate to 
characterize genetic diversity because they are genotypic traits and thus directly reflect 
changes at the DNA level. Genetic distances among entries of a bank established on the 
basis of molecular markers are more accurate than those based on phenotypic (morpho
agronomic) trait measurements. 

Hence, our first first two objectives were as follows: 

Objective 1. Identificationof molecu:7rmarkers (RFLPs) that allow us to determine patterns 
of divorsity in common bean 

Objective 2. Study of patternsof diversity using molecularand morph-agronomictraitsand 
establish groups of relatedgenotypes ("races" or 'gene pools"). 

Preliminary observation prior to this proposal had indicated that wild beans from 
northern Peru could be potential intermediate forms between the Middle American and 
Andean gene pools of common bean. However, no wild common bean from neighboring
Ecuador had ever been reported. Because of the potential importance of these 
intermediate forms as potential bridging forms and to elucidate the origin of common 
bean, we proposed an exploration in Ecuador and southern Colombia in search of wild 
common bear. 

Objective 3. Germplasm exploration in Ecuadorand southern Colombia to discover 
unreportedwild common bean populations 

Because RFLP technology is cumbersome and generally requires the use of 
radioisotopes, it is usually impractical in developing countries. Alternative strategies that 
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obviate the use of radioactivity should be pursued. 

Objective 4. Test methodology to ,4entify markers without the use of radioactivelylabeled 
probes. 

Having completed our objectives, we turned our attention to the applicatio. of markers 
we had identified to the mapping of the common bean genome. We established a 
molecular linkage map and with this map were able to locate the first disease resistance 
genes and genes for Rhizobium nodulation. The availability of map information 

Objective 5. Develop a molecularlinkage map for common bean 

Objective 6. Locate genes for resistanceto Bean Common Mosaic Virus, common bacterial 
blight (Xanthomonascampestris pv. phaseoli), and nodulation by Rhizobium tropici. 

II. Methods and Results 

Objective 1. Identificationof molecularmarkers (RFLPs) that allow us to determine patterns 
of diversity in common bean 

Scientists involved: R. Nodari (UCD graduate student from Brazil), E. Koinange (UCD
graduate student from Tanzania), V. Becerra (UCD graduate student from Chile), P. 
Gepts (UCD) 

Two genomic libraries were obtained, one obtained by digestion of bean DNA 
with EcoRI and BainHI and the other with PstI. These two libraries showed contrasting
characteristics with regard to single copy sequence frequency and levels of 
polymorphisms (Table 1). While the PstI library, as expected, exhibited a much higher
frequency of single copy sequences, it also, unexpectedly, exhibited a very high frequency
of polymorphisms. That this is not some experimental fluke was demonstrated by the 
presence of high levels of polymorphisms in several populations. In addition to the BAT 
93 x Jalo EEP558 and Rio Tibagi x ABA 71 populations, we obtained even higher levels 
(approx. 90 %) in a third population also involving a Mesoamerican and an Andean 
genotype. Polymorphisms within the Andean or Mesoamerican groups, while lc, 'er than 
those between these groups, were still quite high (Table 2). These high levels of DNA 
polymorphisms were one of the highlights of our research in this grant because they
facilitated our characterization of genetic diversity in Phaseolusvulgaris germplasm and,
in collaboration with other groups, speeded up the mapping of the bean genome. 

Publications: 
Nodari RO, Koinange EMK, Kelly JD, Gepts P. 1992. Towards an integrated linkage 
map of common bean. 1. Development of genomic DNA probes and levels of restriction 
fragment length polymorphism. Theor. Appl. Genet. 84: 186-192 
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TABLE 1: COMPARISON BETWEEN THE EcoRI-BamHI AND PstI GENOMIC
 
LIBRARIES
 

EcoRI-BamHI Pstl 

PROPORTION OF SINGLE COPY
 
SEQUENCES 102/484 (21%) 381/426 (89%)
 

PROPORTION OF SINGLE COPY 
POLYMORPHIC CLONES: POP. A1 18/57 (32%) 50/61 (82%) 

POP. B2 0/7 (0%) 23/28 (82%) 

1 BAT 93 x JALO EEP-558 2 RIO TIBAGI x ABA 71 

Gepts P,Llaca V, Nodari RO, Panella L. 1992. Analysis of seed proteins, isozymes, and 
RFLPs for genetic and evolutionary studies in Phaseolus, In: Linskens HF,Jackson JF 
leds), Seed analysis, Modern Methods of Plant Analysis, Vol. 14. Springer, Berlin: pp. 63
93. 

Objective 2. Study of patterns of diversity using molecularand morph-agronomictraits andestablish groups of relatedgenotypes ("races" or "genepools'). 

Objective 2a: Characterization of common bean germplasm with seed protein and 
isozvme electrophoresis: Scientists involved: S.P. Singh (CIAT, on leave at UCD); P. 
Gepts (UCD) 

Two-hundred and twenty seven landraces of common bean landraces were 
analyzed for phaseolin and allozyme diversity. Nine po!ymorphic loci were observed all 
of which were unlinked to the phaseolin locus. This total of ten loci covered, hence, 
some 500-600 cM of the total bean genome. Although the precise size of the common 
bean genome is not known, figires from other crop plants suggest that this represented 
some 30 % of the common bean genome. A cluster analysis based on Nei's genetic
distance (D) was performed according to the unweighted paired group method of Sneath 
and Sokal. Our results confirmed the existence of two major groups in cultivated 
common bean, Mesoamerican versus Andean American, confirming the hypothesis of 
multiple domestications; provided indications of gene flow from wild to cultivated beans; 
and suggested at least five subgroups within Mesoamerican and four within Andean 
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TABLE 2 INTER vs. INTRA "SUBSPECIES"RFLP LEVELS 

GENOTYPES: 	 ANDEAN: JALO EEP 558, ABA 71, MIDAS 
MESOAMERICAN: BAT 93, G12873, SIERRA, 
LEF-2RB, AC1028 

ENZYMES: 	 BamHI, EcoRI, EcoRV, HindIII, PstI, Xbal 

NO. OF NO. OF RFLP LEVEL 
COMPARISON PROBES ENZYMES (%) 

INTER 

B x J 	 57 6 86
 

61 3 82
 

MxG 	 61 3 89
 

INTRA 

MESOAMERICAN 53 
 6 62
 

ANDEAN 57 6 49
 

cultivar groups. 

Publication: Singh, S.P., Nodari, R. Gepts, P. 1991. Genetic diversity in cultivated 
Phaseolus vulgaris. I. Allozymes. Crop Sci. 31:19-23 

Objective 2b: RFLP 	characterization of genztic diversiy inwild and cultivated comm-n 
bean Scientists involved: V. Becerra and P. Gepts (UCD) 

Using probes selected from the PstI library, eighty-five accessions of common 
bean (Phaseolusvulgaris L.), representing a wide geographic area of distribution from 
Mexico to Argentina, were tested for restriction fragment length polymorphisms (RFLPs)
to: 1) determine the organization of the genetic diversity of the species, both among and 
within genotypes, and 2) to compare the results with isozyme and phaseolin markers 
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previously studied. Accessions were classified into two major groups with a distinct 
geographical distribution; Middle American genotypes and Andean genotypes. Within 
each gene pool, cultivated accessions clustered together with wild forms from the same 
geographical area. Estimates of Nei's genetic distances, among the cultivated races from 
the two different gene pools varied from 0.13 to 0.39; however, genetic distances within 
races from the same gene pool were smaller, and ranged from 0.04 to 0.11. Genetic 
distances obtained by RFLP analysis tended to be higher than those obtained by isozyme 
analysis. A highly significant positive correlation was obtained between Nei's distances 
from RFLPs and isozyme data (0.82). 

Table 3. Total (Ht), within (Hs) and between (Dst) genetic diversity in 
common bean (Phaseolus vidgaris L.) detected by RFLP and isozyme 
markers. 

Marker Ht Hs Dst 

Isozymea 0.19 0.06 0.13 

RFLP 0.34 0.24 0.11 

a Data of Koenig and Gepts (1989), Singh et al. (1991c) 

The level of getetic diversity (Ht = 0.34) was twice the value obtained with 
isozyme analysis (Table 3). Genetic diversity within races (Hs = 0.24) was at least 3-4 
times higher compared to isozymes. On the other hand, genetic diversity between races 
(Dst= 0.11) was similar for both categories of markers. Average heterozygosity showed 
some reduction in the levels of diversity in cultivated genotypes compared to wild 
genotypes within the two gene pools. In addition, average heterozygosity values obtained 
from RFLP data were 3-4 times higher than those obtained from isozyme data (Table 4). 

These results corroborate parallel studies on the characterization of genetic 
diversity in common bean, based on phaseolin, isozyme, and morphological data, that 
clearly show the existence of two distinct gene pools, Middle American and Andean. 
Moreover, RFLP markers are superior to isozymes when they are used for genetic
variability studies because they provided better coverage of the genome and revealed 
higher level of polymorphisms. 



9.241 Page 7 

Table 4. Trends in genetic diversity in Phaseolus vulgaris based on isozyme 
and RFLPs (Koenig and Gepts 1989; Singh et al. 1991b; V. Becerra 1992 

Average heterozygosity 

N Isozymesa RFLPSb 

Middle American Wild 11 0.13 0.33 

Cultivated 36 0.09 0.27 

Andean Wild 11 0.07 0.25 

Cultivated 26 0.03 0.27 

a 19 loci; b 13 probes for nuclear sequences, 3 restriction enzymes 

Publications: 
Becerra Velasquez VL.1992. Characterization of the genetic diversity in common beans 
(Phaseolus vulgaris L.) using RFLP markers. MS thesis, University of California, Davis. 

Objective 2c: Morphoagronomic characterizAtion of common begn landraces: Scientists 
involved: S.P. Singh (CIAT), P. Gepts (UCD) 

Three hundred and six landraces representative of the geographic, ecological and 
morphological diversity of common bean in Latin America were evaluated for 
morphological and agronomic traits. Data on pigmentation, growth habit, and leaflet, 
pod, seed, and phenology traits, and reaction to four important diseases and an insect 
pest (Table 5), obtained from field evaluations at three environmentally contrasted 
locations in Colombia during the 1987-1988 cropping season, were analyzed by 
multivariate statistical analyses. Results permitted separation of these landraces into 
Mesoamerican and Andean groups, confirming prior phaseolin and allozyme data. A 
marker-based multivariate analysis, using phaseolin or allozymes as an initial 
classification criterion (see next section), followed by a corroborating analysis of morpho
agronomic traits, suggested the existence of subgroups within each of the major Andean 
and Mesoamerican groups, with distinctive morphology, adaptation, and disease 
resistances. Based on this information, a classification system is being proposed for the 
cultivated materials of P.vulgaris which includes three races in both Mesoamerican and 
Andean materials. 
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TABLE 5. MORPHOLOGICAL AND AGRONOMIC TRAITS USED TO
 
CHARACTERIZE GENETIC DIVERSITY IN COMMON BEAN
 

PIGMENTATION: GROWTH HABIT:
 
HYPOCOTYL COLOR CIAT CLASSIFICATION
 
FLOWER COLOR LENGTH 5TH INTERNODE
 

NODES TO FIRST FLOWER (STEM) 
LEAFLET: NODES TO FIRST FLOWER (BRANCH 1)
 
LENGTH NODES TO FIRST FLOWER (BRANCH 2)
 
WIDTH
 
ELONGATION (L/W) SEED:
 

LENGTH
 
POD: HEIGHT
 
LENGTH WIDTH
 
WIDTH ELONGATION (L/W)
 
NUMBER/PLANT FLATNESS (H/W)
 

SIZE
 
PHENOLOGY: NUMBER/PLANT
 
DAYS TO FLOWERING YIELD/PLANT
 
DAYS TO MATURITY
 

DISEASE AND PEST RESISTANCE: 
BEAN COMMON MOSAIC VIRUS (1) 
EMPOASCA LEAFHOPPER 
ANTHRACNOSE: LEAF 
ANTHRACNOSE: POD 
COMMON BACTERIAL BLIGHT (1ST TRIFOLIOLATE) 
COMMON BACTERIAL BLIGHT (ASPERSION) 
ANGULAR LEAFSPOT 

Publications: 
Singh, S.P., Guti~rrez, A., Molina, A., Urrea, C., Gcpts, P. 1991. Genetic diversity in 
cultivated Phaseolusvulgaris. II. Marker-based analysis of morpho-agronomic diversity. 
Crop Sci. 31:23-29 

Singh, S.P., Gepts, P, Debouck, D.G. Races of common bean (Phaseolusvulgaris, 
Fabaceae). Econ. Bot. 45:379-396 

Gepts P. 1992. The use of molecular and biochemical markers in crop evolution studies. 
Evol. Biol., in press 
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Objective 3. Germplasm exploration in southern Colombia and Ecuador 

Objective 3a: Germplasm exploration 
Because of scheduling conflicts and an unusual drought, the exploration was divided into 
two parts. The first part took place from June 13 to July 2, 1990, in Ecuador; the team 
consisted of Dr. D. Debouck (IBPGR), N. Dfaz (Ecuadoran national with INIAP,
Ecuador), A. Maquet (P. lunatus specialist at CIAT), 0. Toro (Colombian national and 
germplasm introduction officer at CIAT), and P. Gepts. The second part took place from 
August 23 to September 8, 1990, in Colombia; the team consisted of Daniel Debouck 
(IBPGR), L. L6pez (Colombian national with IBPGR), 0. Toro (CIAT), and N6stor 
Angulo (Colombian national with ICA, Colombia). 

Forty-one samples were collected in Ecuador: P. lunatus: wild or escaped: 21, 
cultivated: 10; P. vulgaris: wild: 4, P.coccineus-polyanthus: 2; P. "rosei": 1; P. augusti: 1;
Vigna hookei: 2. Eighty-nine samples were collected in Colombia: P.lunatus: cultivated: 
26; P. vulgaris: wild: 3, cultivated: 38; P. coccineus subsp. polyanthus: 3; Vigna candida: 7; 
V venusta: 6; V antillana:2; V adenantha: 1; V lasiocarpa:1; V vexillata: 1; and 
Ciphomandrabetacea: wild: 1. 

With the exception of two wild P. lunatus accessions, it was possible to secure 
mature seeds. In addition, for all the accessions complete passport data were obtained 
and herbarium specimens were obtained for all the wild materials. Half of the seeds 
harvested were left with INIAP (Ecuador) and ICA (Colombia). The remainder of the 
seed is currently at CIAT where it will be increased and sent to the USDA for addition 
to the U.S. collection. 

One of the P. vulgaris sites (Huigra, Ecuador) was sampled extensively and seeds 
of the places in the site were maintained separate. This population will be analyzed
collaboratively between the Genetic Resources Unit of CIAT and UCD to examine 
intra-population diversity and the concept of accession. One of the P. coccineus 
populations is actually a hybrid between coccineus and polyanthus. This population will 
be studied at Davis to further examine speciation and introgression in the P.coccineus 
complex. 

We have been fortunate to receive full support from CIAT for this activity and 
particularly from Dr. M. Iwanaga who has been very cooperative and has greatly 
facilitated our work. 

Objective 3b: Isozyme and phaseolin diversity of wild Phaseolusvulgaris of Colombia and 
Ecuador: Scientists involved: D. Debouck (IBPGR), O.Toro (CIAT), M. Paredes and P. 
Gepts (UCD) 

Wild populations of this region were of interest because previous isozyme analyses had 
shown that the transition between the Middle American and Andean genotypes of P. 
vulgaris occurred somewhere between northern Colombia and Southern Peru. Until 
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recently, however, there was a dearth if not a complete absence of wild materials from 
this region. Our exploration demonstrated the existence of wild P. vulgari" in Ecuador 
where it had not been reported before suggesting that our knowledge of the biological
diversity in that region could certainly be improved. Isozyme analyses demonstrated that 
these accessions were intermediate between the Andean and Middle American wild P. 
vulgaris accessions (Fig. 1). 

The intermediate nature resulted from the presence of either Middle American or
 
Andean alleles depending on the locus. It is not clear at this stage what the cause is of
 
this intermediate nature. It could result from hybridization between Middle American 
and Andean genotypes. Alternatively, the southern Colombia-Ecuador-northern Peru 
region could reprsent the area of origin of the species from which the Middle American 
and Andean groups have radiated. 

From a practical standpoint, the existence of intermediate genotypes suggests that it 
should be possible to obtain viable and fertile recombinants with sufficient fitness in 
crosses between Middle American and Andean genotypes. These crosses have 
represented a challenge for breeders so far but may in the long run represent a source of 
novel variability. 

Publications: Debouck DG , Toro 0, Paredes 0, Johnson W, and Gepts P. Genetic 
Diversity and Ecological Distribution of Phaseolus vulgaris in Northwestern South 
America. In preparation. 

Objective 4. Test methodolog to identify markers without the use of radioactively labeled 
probes. 

Originally this objective was to identify non-radioactive labeling methods for Southern 
hybridization. Our experience as well as the introduction of the PCR method has led us 
to revise this objective. Instead, we have attempted to use PCR to distinguish genotypes. 
Specifically, we have designed primers amplifying a portion of the phaseolin locus and 
were able to distinguish between Middle American and Andean materials, e.g., between 
'S' phaseolin materials on one hand and 'T or 'C' materials on the other (Fig. 2). This 
technique was performed on DNA extracted directly from seed (instead of leaves) and 
required low amounts of tissue. We feel that the rapidity of the PCR analysis as well as 
the direct seed analyses offer advantages over other markers. 

Objective 5. Develop a molecular linkage map for common bean: Scientists involved: P. 
Gepts (UCD), S. Singh (CIAT) 

The high levels of polymorphism observed with the PstI genomic clones developed during
the first year of this project suggested that rapid progress could be made in developing a 
molecular linkage map for common bean. This was indeed the case as we were able in 
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about one year to develop a Restriction Fragment Length Polymorphism (RFLP)-based
linkage map for common bean (Phaseolusvulgaris L.) covering 827 centiMorgans (cM)
based on a F2 mapping population derived from a cross between BAT93 and Jalo 
EEP558 (Fig. 3). The parental genotypes were chosen because they exhibited differences 
in 	evolutionary origin, allozymes, phaseolin type, and for several agronomic traits. 
Segregation of 152 markers was analyzed, including 115 RFLP loci, 7 isozyme loci, 8 
Random Amplified Polymorphic DNA (RAPD) marker loci, 19 loci corresponding to 15 
clones of known genes, 1 virus resistance gene, 1 flower color gene, and 1 seed color 
pattern gene. Using MAPMAKER and LINKAGE-i, 143 markers could be assigned to 
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Figure 1. Principal component analysis of isozyne diversity in wild Phaseolus 
vulgaris. Middle Am. = Middle America; ECD = Ecuador; N. PER = Northern 
Peru 

15 linkage groups, whereas 9 markers remained unassigned. The average interval 
between markers was 6.5 cM; only one interval was larger than 30 cM. A small fraction 
(9%) of the markers deviated significantly from the expected Mendelian ratios (1:2:1 or 
3:1) and mapped into four clusters. Probes of known genes belonged to three categories:
seed proteins, pathogen response genes, and Rhizobium response genes. Within each 
category, sequences homologous to the various probes were unlinked. 
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Figure 2. PCR amplification of a portion of the phaseolin locus in selected genotypes of
 
Middle American ('S') or Andean (T or 'C') origin in Phaseohes vulgaris and related
 
species
 

Publ ications:
 
Nodari RO, Tsai SM, Gilbertson RI.. Gepts P. 1992. Towards an integrated linkage map

of common bean. 11. Development of an RFLP-based linkage map. Theor. Appl. Genet.,
 
in press.
 

Gepts P. 1992. Linkage map of common bean (Phaseolus vulgaris L.). In: O'Brien SJ 
(ed), Genetic Maps. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, in press 
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Figure 3. RFLP-based linkage map of common bean 

Objective 6: Mapping of the I gene for B CMlV resistance and QTLs for Rhizobium nodule 
number and resistance to common bacterialblight. Scientists involved: P. Gepts and R. 
Gilbertson (UCD), S.M. Tsai (CENA, Brasil) 

The I gene for bean common rmosaic virus resistance is a very important gene in bean 
improvement because it confers resistance to all known non-necrotic strains of the 
disease. The gene is now being incorporated in all improved bean genotypes. Linkage 
experiments showed that this gene is located at one end of linkage group D2 (Fig. 3). 
The closest marker is located at i2.5cM suggesting that additional efforts should be spent 
to identify more closely linked markers for indirect selection purposes. The I gene is the 
first disease resistance gene to be located on the common bean genetic linkage map. 

RFLP-based genetic linkage maps allow us to dissect the genetic control of quantitative 
traits (QT) by locating individual quantitative trait loci (QTLs) on the linkage map and 
determing their type of gene action and the magnitude of their contribution to the 
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phenotype of the QT. We have performed such an analysis for the interaction between 
the plant host and the Rhizobium symbiont, specifically nodule number (NN), and 
between the host plant and Xanthomonas campestris pv. phaseoli (resistance to common 
bacterial blight). Analyses were conducted in the progeny of a cross between BAT93 
(fewer nodules) and Jalo EEP558 (more nodules). An RFLP-based linkage map for
 
common bean based on 152 markers had previously been derived in the F2 of this cross
 
(see above). Seventy F2-derived F3 families were inoculated in separate greenhouse

experiments with Rhizobium tropici strain UMR1899 or Xanthomonas campestris pv.

phaseoli isolate W18. Regression and interval mapping analyses were used to identify
 
genomic regions involved in the genetic control of these traits. The two methods
 
identified the same genomic regions for each trait, with a few exceptions. For each trait,
 
at least 4 putative QTLs were identified, which accounted for approximately 50% and
 
75% of the phenotypic variation in NN and CBB resistance, respectively. A chromosome
 
region on linkage group D7 carried factor(s) influencing both traits. In all other cases,

the putative QTLs affecting NN and and CBB were located in different linkage groups
 
or in the same linkage group, but far apart (more than 50 cM). Both BAT93 and Jalo
 
EEP558 contributed alleles associated with higher NN, whereas CBB resistance was
 
always associated with BAT93 alleles. The potential common factor infiuencing both NN
 
and CBB on linkage group D7 could L;' involved in the synthesis of flavonoids, which
 
have been shown that have c;ither a stih:ulatory or deleterious effect on Rhizobia and
 
pathogenic bacteria. In a separate experiment, we have mapped the P gene controlling

the presence &iflavortoids to the same region on linkage group D7. Identification of
 
these QTLs raises the possibility of initiating rap-based cloning and marker-assisted
 
selection for these traits.
 

Publications:
 
Nodari RO, Tsai SM, Gilbertson RL, Gepts P. 1992. Towards an integrated linkage map

of common bean. II. Development of an RFLP-based linkage map. Theor. Appl. Genet.,
 
in press.
 

Nodari RO, Tsai SM, Guzmn P, Gilbertson RL, Gepts P. Towards an Integrated

Linkage Map of Common Bean. 3. Mapping Genetic Factors controlling Host-Bacterium
 
Interactions. Submitted.
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developed a core collection for common bean. Selection criteria for this collection 
included, among other criteria, information from molecular data generated in this 
project. This core collection has been presented at a recent meeting organized by 
IBPGR, CENARGEN, and CNG in Brasilia (August 23-28, 1992). Regarding the latter, 
membership in races is one of the criteria used by Dr. S. Singh to select particular 
parents for crosses. He has observed that generally crosses made among genotypes 
belonging to different races are more productive than those made within a race (e.g. 
Singh et al. 1989). 

2. The availability of a genetic linkage map is expected to impact bean breeding 
in the near future because of enhanced knowledge of the genetic control of important 
traits. For example, our finding of a major gene for commmon bacterial blight resistance 
on linkage group D7 is consistent with previous observations that suggested the existence 
in certain circumstances of a major gene (e.g., Silva et al. 1989). It also paves the way for 
marker-assisted selection for certain traits difficult to select for, for example, when the 
screening is too cumbersome or when several genes for disease resistance need to be 
pyramided. 

3. Until 1989, wild common bean had not been reported from Ecuador. Research 
in this proiect was instrumental in focusing on this country as a potential source of 
additional germplasm of wild common bean. Succesful explorations were conducted that 
revealed the existence of wild common bean populations in that country. Members of the 
Ecuadoran Genetic Resources Unit (Estaci6n Experimental de Sanata Catarina, Quito) 
have been made aware of the precise !ocations and have received half of the seed 
collected. Herbarium specimen have been deposited at the Herbarium of the Catholic 
University in Quito and elsewhere. 

B. Training of Individuals from Third World Countries 

Four individuals from Third World countries have been trained in relationship to this 
project: 

Name Country Support Current position 

Viviana Chile RA-ship from Will return within 6 months to Chile 
Becerra this project upon completion of husband's PhD 

Rubens Brazil PhD research Graduated and has returned to Brazil; 
Nodari partly currently on the faculty of the Crop 

supported by Science Department, Universidade 
this project Federal de Santa Catarina 
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Epimaki Tanzania 	 PhD research Graduated and is returning to 
Koinange 	 partly Tanzania; will continue on the staff of 

supported by the Tanzania Ministry of Agriculture 
this project 

Dr. S.-M. Brazil 	 Research Has returned to Brasil and continues as 
Tsai 	 partly Head of the Microbiology Section of 

supported by CENA, Universidade de Sdo Paulo 
this project 

Ing. Colombia One month Member of the Biotechnology Unit of 
Fernando training CIAT and has returned there 
Tenjo supported by 

this project 

C. Materials Produced 

Three 	types of materials have been produced. A genomic library of PstI clones which was 
transferred in December 1990 to Dr. W. Roca (head of the Biotechnology Unit at CIAT) 
and a recombinant inbred population (BAT93 x Jalo EEP558 F6) transferred to the 
Genetic Resources Unit of CIAT. Seeds collected during the germplasm exploration 
have been divdied equally between the national programs (Eciador and Colombia) and 
CIAT. After seed increase these have been transferred to the estern Plant Introduction 
Station in Pullman, WA. 

IV. Project Activities and Output 

A. Meetings attended and Invited Presentations 

1. 	 Bean Improvement Cooperative Meeting, Toronto, November 7-9, 1989: 
Presentation (with S. Singh, A. Guti6rrez, C. Urrea, R. Koenig, and R. Nodari): 
Marker-based analysis of genetic diversity in common bean. 

2. 	 UCLA Symposium, Molecular Strategies for Crop Improvement, April 16-22, 
1990; Poster (with Shree Singh, Rubens Nodari, Belen Garrido, and Epimaki 
Koinange): Towards an integrated linkage map of common bean (Phaseolus 
vulgaris L.). 

3. 	 Washington State University (IAREC), Prosser, WA, May 17, 1990: Invited 
presentation: The use of molecular markers in genetic studies of common bean, 
Phaseolusvulgaris 

4. 	 Colegio de Ingenieros Agr6nomos de Loja y Zamora-Chinchipe, Loja, Ecuador, 
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June 22, 1990: Invited presentation: Domesticaci6n de cultivos y recursos 
fitogendticos (Domestication of cultivated plants and plant genetic resources) 

5. 	 Estaci6n Experimental Agrfcola de Santa Catalina, INIAP, Quito, Ecuador, July 2,
1990: Invited presentation: La domesticaci6n del frijol: implicaciones para los 
recursos fitogen6ticos y el mejoramiento. (Domestication of common bean: 
implications for genetic resources and breeding). 

6. 	 Centro Internacional de Agricultura Tropical, Cali, Colombia, September 11-14, 
1990: Invited presentation: Improved characterization of Phaseolusvulgaris genetic 
variability. 

7. 	 Ninth SUA/WSU Bean/Cowpea CRSP and 2nd SADCC/CIAT Regional Bean
 
Research Workshop, Sokoine University, Morogoro, Tanzania, September 17-22,
 
1990: Invited presentation: Genetic resources available in Phaseolusvulgaris
 

8. 	 American Society of Agronomy 1990 Annual Meeting, San Antonio, October 21
26, 1990: Presentation: with S.P. Singh, J.A. Guti6rrez, A. Molina, C. Urrea: 
Marker-based classification of genetic diversity in common bean 

9. 	 American Society of Agronomy 1990 Annual Meeting, San Antonio, October 21
26, 1990: Presentation: by R. Nodari (graduate student), S.P. Singh, P. Gepts 
RFLPs and linkage mapping in common bean 

10. 	 University of California, Davis, Plant Biology Graduate Group Seminar 
presentation, December 7, 1990: Germplasm exploration for wild beans in 
Ecuador 

11. 	 Michigan State University, East Lansing, MI. Mini-Symposium on Molecular 
markers in plant genetics and crop evolution, Invited presentation, December 14, 
1990: Molecules, phenotypes, and multivariate analyses in Phaseolus evolution 

12. 	 North Carolina State University, Symposium on Plant Breeding in the 1990s, 
Poster presentation, with R. Nodari: Linkage map of common bean (Phaseclus 
vulgaris L.) 

13. 	 North Carolina State University, Symposium on Plant Breeding in the 1990s, 
Poster presentation, with S.P. Singh, J.A. Guti6rrez, A. Molina, C.A. Urrea: 
Potential of wild common bean populations for improvement of cultivars in the 
tropics. 

14. 	 13th North American Symbiotic Nitrogen Fixation Conference 1991, Banff, 
Canada, August 25-30, 1991: Poster presentation with S.M. Tsai, R.O. Nodari, 
P.A. Arraes, E. Koinange: RFLP analysis of bean (Phaseolusvulgaris L.) cultivars 
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selected for nitrogen fixation. 

15. 	 AID/PSTC networking meeting, Banff, Canada, September 1-6, 1991. 
Presentation, with S.P. Singh: Establishing a core collection for Phaseolusvulgaris
genetic resources conservation. 

16. 	 AID/PSTC networking meeting, Banff, Canada, September 1-6, 1991. Invited
 
plenary presentation: Usefulness of molecular identification of plant selections
 
and microorganisms.
 

17. 	 UC Davis, Dept. of Pomology:Variations in common bean: potential implications
for breeding and disease resistance management 

18. 	 Ferry-Morse Seed Co., Hollister, CA: December 4, 1991: Invited presentation:
 
The potential of RAPD markers in breeding
 

19. 	 Miami Bio/Technology Winter Symposia: January 20-24, 1992: Poster, selected for 
short presentation: with R.O. Nodari and S.M. Tsai, Locating genetic factors for 
nodulation intensity on the RFLP map of common bean (Phaseolusvulgaris) 

20. 	 UCD-Pacific Rim Food and Agricultural Biotechnology Conference: Sacramento,
 
June 20-24, 1992: Poster presentation, with R.L. Gilbertson, R.O. Nodari, P.
 
Guzmdn, and S.M. Tsai, Mapping genetic factors controlling host-bacteria
 
interactions in common bean. 

21. 	 Third International Legume Conference, Kew, U.K., July 12-17, 1992: Invited 
Presentation: Origin and Evolution of Cultivated PhaseolusSpecies 

22. 	 Academia Brasileira de Cienia, Rio de Janeiro, July 24, 1992: Presentation by J. 
Dobereiner: S.M. Tsai, R.O. Nodari, and P. Gepts: Analise quantitativa e 
mapeamento de genes da nodulagao em feijoeiro (Phaseolusvulgaris L.)
[Quantitative analysis and mapping of nodulation genes in common bean 
(Phaseolusvulgaris L.)] 

23. 	 International Board for Plant Genetic Resources-CENARGENCNG, Brasilia: 
August 23-29, 1992: Invited presentation: Genetic markers and core collections 

B. Publications 

1. 	 1991 Singh, S.P., Nodari, R. Gepts, P. Genetic diversity in cultivated Phaseolu, 
vulgaris. 1.Allozymes. Crop Sci. 31: 19-23. 

2. 	 1991 Singh, S.P., Gutierrez, J.A., Molina, A., Urrea, C., Gepts, P. Genetic 
diversity in cultivated Phaseolus vulgaris. II. Marker-based analysis of 



9.241 Page 20 

morpho-agronomic diversity. Crop Sci. 31: 23-29. 

3. 	 1991 Singh, S.P., Gepts, P, Debouck, D.G. Races of common bean, (Phaseolus
 
vulgaris, Fabaceae). Econ. Bot. 45: 379-396.
 

4. 	 1992 Nodari, R.O., Koinange, E.M.K., Kelly, J.D., Gepts, P. Towards an 
integrated linkage map of common bean. I. Development of genomic DNA 
probes and levels of restriction fragment length polymorphism. Theor. 
Appl. Genet. 	84: 186-192 

5. 	 1992 Gepts P,Llaca V, Nodari RO, Panella L. Analysis of seed proteins, 
isozymes, and RFLPs for genetic and evolutionary studies in Phaseolus. In: 
Linskens HF,Jackson JF leds), Seed analysis, Modern Methods of Plant 
Analysis, Vol. 14. Springer, Berlin: pp. 63-93. 

6. 	 1992 Nodari RO, Tsai SM, Gilbertson RL, Gepts P. Towards an integrated

linkage map of common bean. II. Development of an RFLP-based linkage
 
map. Theor. Appl. Genet., in press.
 

7. 	 1992 Gepts P. The use of molecular and biochemical markers in crop evolution
 
studies. Evol. Biol., in press
 

8. 	 1992 Gepts P. Linkage map of common bean (Phaseolus vulgaris L.). In: 
O'Brien SJ (ed), Genetic Maps. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY, in press 

9. 1993 	 Gepts P Genetic markers and core collections. In: Hodgkin T, Brown 
AHD, Van Hintum T (eds) Proc. International Board for Plant Genetic 
Resources-CENARGEN-CNG Conference on Core Collections, Brasilia: 
August 23-29, 1992: in press. 

C. Training: see above 

V. Project Productivity 

The project has accomplished all its original objectives (Objectives 1-4) and has gone
well beyond them (Objectives 5-6). A possible exception is Objective 4. As mentioned 
earlier, this objective originally seeked to identify suitable non-radioisotopic labeling
methods for Southern hybridization. The widespread introduction of the polymerase 
chain reaction (PCR) makes Southern hybridization less attractive because it is more 
cumbsersome and time-consuming compared to PCR. We have therefore focused on 
preliminary experiments to amplify a specific sequence of the phaseolin locus. These 
experiments have been successful and open the door for future research. 



9.241 Page 21 

VI. Future Work 

The core collection at CIAT that has been developed on the basis of agroecological data 
and molecular data needs to be validated to 1) examine whether the core collection 
represents an adequate cross-section of the diversity in the main collection; 2) deternine 
whether simpler methods (e.g. geographic or morphological criteria correlated with 
molecular markers) can also be adequate sampling criteria. 

PCR-based markers offer the best opportunity to obtain a category of markers that is 
versatile (large numboer of loci, absence of environmental effects) and relatively easier 
to use so that they could be applied in developing countries. RFLPs need to be 
converted to PCR-based markers. Likewise, RAPDs should also be converted to full
fledged PCR markers (e.g., SCARs) to avoid problems of reliability associated with 
RAPDs. 

VII. Literature cited (in addition to citations in manuscripts) 

Brown AHD (1989) The case for core collections. In: Brown AHD, Frankel OH,
Marshall DR, Williams JT (eds), The use of plant genetic resources. Cambridge Univ. 
Press, Cambridge, UK, pp. 136-156 

Frankel OH (1984) Genetic perspectives of germplasm conservation. In: Arber WK, 
Llimensee K, Peacock WJ, Starlinger P (eds), Genetic manipulation: impact on man and 
society. Cambridge Univ. Press, Cambridge, UK, pp. 161-170 

Singh SP, Cajiao C, Gutierrez JA, Garcia J, Corrales MAP, Morales FJ (1989) Selection 
for seed yield in inter-gene pool crosses of common bean. Crop Sci 29:1126-31 
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Genetic Diversity in Cultivated Common Bean: I. Allozymes 

Shree P. Singh, R. Nodari, and P. Gepts* 

ABSTRACT 
Previous studies using phaseolin seed protein as a marker have 

revealed that cultivated common bean (Pkaseolns ralgaris L.) re-
suited from multiple domestications ir.Mesoamerica and in Andean 
South America. Because these studies were based on variation at a
single locus, confirmation was sought by analyzing patterns of di-
versity at nine polymorphic ailozyme loci, all unlinked to the phas-
eolin locus: ribulose bisphosphate carboxylase, shikimate
dehydrogenase, cathodal peroxidase, malic enzyme, malate dehy-
drogenase (two loci), diaphorase (two loci), and lencine aminjpep-tidase. A total of 227 iandraces representing geographical regions
from Mexico to Argentina and Chile were analyzed for these enzyme
systems. A crude homogenate of primary leaf or root tissue (de-
pending on enzymes assayed) from five seedlings of each landrace,,'own in vermiculite was used for starch gel electrophoresis. Aclus-
ter analysis based on Nei's genetic distance (D) was performed ac-
cording to the anweighted paired group method of Sneath and Sokal. 
Our results confirm the existence of two major groups in cultivated 
common bean, Mesoamerican vs. Andean American; provide indi-
cations of gene flow from wild to cultivated beans, and suggest atleast five subgroups within Mesoamerican and four within Andeancultivar groups. 

TUDIES IN CROP EVOLUTION have traditionally at-
tempted to determine the crop's ancestry based 

on morphological similarities and the production of
viable and fertile hybrids between wild ancestor and 
cultivated descendant. Recently, the use of molecular 
markers has helped identification of the actual ances-

tral populations in maize (Zea mays L.) (Doebley et
al., 1987) and pea (Pisum sativum L.) (Palmer et al.,
1985), and determination of the effect of domestica-
tion on genetic diversity in barley (Hordeum vulgare
L.) (Clegg et al., 1984; Jana and Pietr-zak, 1988) and
pearl millet (Pennisetum glaucum [L.] R. Br.) (Gepts

and Clegg, 1989). 


The common bean is an annual, diploid (2n = 2x 
S22) species that originated in the Americas and con-


sists of wild and cultivated forms. The wild forms are

distributed from northern Mexico to northern Argen-

tina (Brficher, 1988; Delgado Salinas et al., 1988).
They are morphologically similar to the cultivars and 
yield viable and fertile progenies when crossed with
them (Briicher, 1988; Gentry, 1969). Because of the
extensive distribution of the common bean's wild 
ancestor, the exact siting of its domestication has been
subject to speculation. Phaseolin diversity data sug-
gest that cultivated common bean arose from multiple
domestications along this extended distribution 
(Gepts and Bliss, 1986; Gepts et al., 1986). In partic-
ular, two major domestications appear to have given
rise to Mesoamerican and southern Andean cultivars, 
S.P. Singh, Centro Int. de Agric. Tropical (CIAT), Aparltado Aertio6713, Cali, Colombia; R. Nodari and P. Gepts, Dep. of Agron. andRange Sci., Univ ofCalifornia, Davis, CA 95616. Received 15 Dec.
1989. *Corresponding author. 
Published in Crop Sci. 31:19-23 (1991). 

respectively. A third and minor domestication may
have taken place in Colombia or Central America 
(Gepts and Bliss, 1986; Koenig et al., 1990).

Allozyme analyses of wild forms hnve confirmed
the existence of these two major groups and clarified
their geographic boundaries: the Mesoamerican forms
include wild populations from northern Mexico to
Colombia, whereas the Andean types include populations from Peru and Argentina (Koenig and Gepts,

1989b).


In this article, we report on allozyme analyses of

227 cultivated landraces representing a geographical

distribution extending from Mexico to Argentina and
 
C
 
thile. The objectives were to determine whether cultivated common bean displays a geographic pattern


of allozyme diversity similar to its wild ancestors and
 
to identify subgroups within the large groups of Me
soamerican and Andean cultivars.
 

MATERIAIS AND METHODS
 
The collection of 227 landraces analyzed in this study was
 

obtained from the Phaseolus world collection at the International Center for Tropical Agriculture (CIAT), Cali, Co
lombia, and the Western Regional Plant Introduction

Station, Pullman, WA. It is representative of major geo
graphical and ecological regions in the area oforigin of com
mon bean, which extends from Mexico to Argentina. Among

Mesoamerican and Caribbean materials, 66 originated in

Mexico, 7 in Guatemala, 5 in El Salvador, 2 each in Nica
ragua and Costa Rica, and 1 in the Dominican Republic.
Among Andean South American materials,came 54 landracesfrom Colombia, 36 from Ecuador, 19 from Peru,

from Chile, 3 from Bolivia, and I frcm Argentina. From

14
 

lowland South America, 17 Brazilian landraces were includ
ed. The wild P. vulgaris accessions included in the cluster

analysis were those studied by Koenig and Gepts (1989b).


Allozyme analyses of a crude homogenate of primary leaf
 
or root tissue (depending on the enzyme system assayed)

from an average of five seedlings (10 d old) grown in ver
miculite were performed as described by Koenig and Gepts
(I989b). A total of nine enzyme systems showing polymorphism were assayed: ribulose bisphosphate carboxylase

(small subunit; RBCS), shikimate dehydrogenase (SKDH),

peroxidase (PRX), malic enzyme (ME), malate dehydrogen
ase (MDH), diaphorase (DIAP), and leucine aminopepti
dase (LAP). The MDH and DIAP enzyme systems each had 
two independent loci. Seven additional enzyme systems did 
not reveal polymorphisms among cultivars: aspartate ami
notransferase, fructokinase, glucose-6-phosphate dehydro
genase, glucose phosphate isomerase, peptidase, 6
phosphogluconate dehydrogenase, and triose phosphateisomerase. Allozyme loci and alleles were designated as inKoenig and Gepts (1989a). In the nine systems studied, the 
most common allele was designated 100 and all other al
lozymes were measured in millimeters from the standard.

In order to compare allozyme diversity in the wild ances
tor and the cultivated descendant, data from cultivated land
races were analyzed jointly with data from 83 wild formsobtained earlier (Koenig and Gepts, 1989b). A dendrogrambased on Nei's (1973) genetic distance (D) was constructedcord o te u net pie u mto onthaccording to the unweighted paired group method of Sneath 
and Sokal (1973) with a statistical package provided by Dr.K. Ritland, Univ. of Toronto. 

1 I/ 
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RESULTS AND DISCUSSION 	 maining two systems, two loci were involved: Mdh-i 
(2) 	and Mdh-2 (2), and Diap-I (2) and Diap-2(2). The 

,umber of alleles per polymorphic locus wasThe genetic control of the polymorphism for en- average 
zyme systems RBCS, SKDH, PRX, ME, MDH, therefore 2.1. 

A total of 76 genotypes, each with its distinctiveDIAP, and LAP in common bean has been deter. 
allele combination at the nine isozyme loci, were idenmined previously (Weeden, 1984, 1986; Koenig and 


Gepts. 1989a). In our study, polymorphism for five tified among the 83 wild forms (Koenig and Gepts,
 
1989b) and 227 cultivars studied (Fig. 1). Information enzyme systems each originated at a single locus (the 

number of alleles is given in parentheses): Rbcs (2), on the composition of the allozyme genotypes (allelic 

Skdh (2), Prx (2), Me (3), and Lap-3 (2); for the re- combination, wild and cultivated accessions) can be 
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obtained from the corresponding author. Because sev-
eral allelic combinations were observed in more than 
one cultivar or wild population, only one cultivar and
wild population per allelic combination were included 
in the cluster analysis (Fig. 1).

The cluster analysis based on Nei's (1973) genetic
distance revealed the existence of two major groups
of cultivars (Fig. i). These two groups exhibited a dif-
ferential geographic distribution. Most of the cultivars 
in the upper group (I to 54) of Fig. i originated in
Mesoamerica, while the cultivars of the lower group
(56 to 76) originated in the Andes. Previous studies 
on the organization of genetic diversity at the molec-
ular level in P. vulg.ris had used phaseolin seed pro-
tein in wild populations and cultivars (Gepts and
Bliss, ;985, 1986: Gepts et al., 1986; Koenig et al.,
1990) and allozymes in wild populations (Koenig and
Gepts, 1989b) and had provided evidence that the ge-
netic diversity of P.vulgaris is organized into two ma-
jor groups: Mesoamerican vs. Andean forms. As 
illustrated in Fig. 1, our allozyme data on cultivated
landraces also distinguished two major groups: Me-
soamerican vs. Andean. The allozyme profile of each
of these two groups matched that of the corresponding
wild populations in the same area (Koenig and Gepts,
1989b), providing additional evidence favoring inde-
pendent origins for these two groups of cultivars. As
had been observed in wild bean by Koenig and Gepts
(1989b), cultivars with Type S, Sd, Sb, or B phaseolin
had a Mesoamerican allozyme profile, whereas Type
T, C, and H phaseolin cultivars had an Andean pro-
file. The divergence between Mesoamerican and An-
dean landraces is therefore a consequence of the
divergence between Mesoamerican and Andean wild 
ancestors, which predates the domestication process. 

Table I. Clusters of cultivated Pkawselus vulgari from Latin Amer-
ica based on a characteristic common allozyme. 

Genotype Ciracteristic 
Cluster numbert allozyme: Representitive cultivars 

Mesotmerican 
A 1-21 Mel a 

Puebla 152, Apetito, Fiorde 
Mayo, Conejo, Cacahuate 
criollo, Frijola Jasco 20Bayo Ro Mr2de, Garapao 

C 33-39 Me" Rabia de Gato, Negro Argel, 
Pitouco

D 44-49 Md'-2" -' Flor de Mayo, Rosa de Castilla, 
Naranja coral, Ecuador 299E 50-54 Diap-2'0' Porillo Sintitico, Rio Tibi, H6 
Muhatinho 

Andean 
F 56-60 Rbcs'0 Almid6o, Balin d'Albenga, Bola 

60 d6ds
TGto16Los Angeles, to, 
Roadno, Carvmto,
Sangretoro, Algarobo


H 64-66, Prx 
 Blanco Sabanero67-68 Skdh'0' Paja'itos, Huevo de 
69-71 Mel' Bagajo 1, Huila 91 72-76 Mdh-I'' Monifio, Nuha, Boldn rojo, Bola 

roja. Bolnbayo 
t Clustering and genotypes from Fig. I. 
t Diap - diaphorase. Me  malic enzyme; Mdh - malate dehydrogenase:


Prx - peroxidase; Rbcs - ribulose bisphosphate caboxylase (small subunit); and Skdh - Shikimate dehydrogenase. Hyphenated numbers indicate
locus; superscripted numbers indicate alleles, 

At the molecular level, cultivated types of a major
group (such as the Mesoamerican group) are more
closely related to the wild ancestor of that same group
than to cultivars of the other group (in this example,
the Andean group).

Of 76 genotypes identified through analyses of al
lozyme data thus far in P. vulgaris, 34 were present
only among wild populations and 32 were found 
among cultivars but not in wild forms: only 10 geno
types were found in both wild and cultivated germ
plasm (Fig. 1). Thus, the reduction in diversity
observed upon domestication is not as pronounced for
allozymes as for phaseolin (Gepts et al., 1986). This 
may be attributed to the lower level of total allozyme
diversity prcsent among wild bean at any given locus
when compared to phaseolin diversity. For example, 
some 15 to 20 phaseolin patterns were observed 
among Mexican wild bean populations (Gepts et al.,
1986), whereas only zero to four alleles per allozyme
locus were observed among the same wild germplasm
(Koenig and Gepts !989b).

Moreover, no definte trend could be established re
garding increase or decrease in number of alleles per
allozyme locus in wild vs. cultivated germplasm. Forexample, Diap-1 displayed only two alleles (Diap-J" oo 

and Diap.195 ) in cultivars vs. four alleles (Diap-'0 2,
Diap-J'°° , Diap-J9, and Diap-15) in wild materials. 
On the other hand, Diap-2 showed two alleles (Diap
2105 and Diap-2'0) in cultivars and only one (Diap
2100) in wild populations. The absence of the Diap-2' 05
allele may be attributed to an insufficient sampling of
the Mesoamerican wild populations, especially in
Central America, from which most of the cultivated 

0landraces carrying Diap-21 originated. If, however,
the presence of Diap-2105 among wild beans is con
firmed, cultivars of Cluster E (see Fig. 1 and Table 1)would have evolved either as direct descendants or
would represent introgressants from those wild beans.
On the contrary, the Diap-2'01allele could be the result
of a mutation during or after domestication of this 
cultivar genotype. Allozymes of 34 genotypes found
only in wild populations but absent in cultivars arelikely due to inadequate sampling of the latter or else 
may suggest that all wild bean populations did not participate in the domestication and evolution ofcultivars.


Landraces in Cluster D (Fig. I and Table 1) exhibited the Mdh-2 02 allele, which was observed previously only among Mesoamerican wild beans (Koenig 
and Gepts, 1989b). The absence of this allele among
Andean cultivars aud the most predominant clusters 
(A and 9) of the Mesoamerican landraces suggests thatit may have been introduced from Mesoamerican wild 
beans by occasional gene flow. Although comaonbean is a predominantly self-pollinated species, outcrossing rates of up to 70% have recently been reported (Wells et al., 1988). Outcrossing rates of much 
lower magnitude would, however, be sufficient to assure gene flow from wild to cultivated forms.The Andean and Mesoamerican landraces exhibitedcontrasting alleles at the Diap-l, Lap-3, Me, Prx, Rbcs,
and Skdh loci (Table 2). Alleles at the same or otherloci distinguished subgroups within cultivars from the 
two major domestication centers. For example, approximately one-third of the Mesoamerican acces
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and Andean cultivated Phaseokizs vulgars.
Table 2. Allozyme distribution in Mesoamerican 

Allozymes and allelest 

Diap-! Diap-2 Lap-3 Me Mdh-l Mdh-2 Prx Rbcs Skdh 
Geographic 

103 100 100 98 100 98 103 100
origint 100 95 105 100 103 100 102 100 98 103 100 

87 13

Mesoamerican (83) 14 82 4 96 5 95 29 60 1I 1 99 8 92 68 32 96 4 

0 100 II 89 16 84 1I 89
Andean (127) 94 6 0 100 98 2 I 3 96 30 70 

29 71 12 47 41 0 100 0 100 59 41 71 29 71 29

Brazil (17) 29 71 6 94 


t Number of genotypes isgiven in parentheses. 
$Diap - diapborme, Lap - leucine aminopeptidase; Me - malic enzyme; Mdh - malate dehydrogenase: Prx - peroxidase. Rbcs - ribulose bisphosphate 

carboxylase (small subunit); and Skdh - Shikimate dehydrogenuse. Hyphenated numbers identify the locus; numbers below the allozyme identify the alleles 
at that locus. 

sions carried the Me'02 allele, whereas the other two-
thirds exhibited the Me0 allele, and 96% of the An-
dean landraces had the Me98 allele. Similarly, one-
third of the Andean accessions showed the Mdh-I 0 

allele, whereas the other two-thirds of the Andean 
accessions and most of the Mesoamerican accessions 

° showed the Mdh- I" allele. Thus, closer inspection of 
Fig. I reveals that, within the Mesoamerican and An-
dean cultivated germplasm, clusters of landraces can 
be identified that share a common allozyme and, 
therefore, can presumably be traced to a common 
ancestor (with exceptions due to independent muta-
tions or outcrossing). The common ancestry hypoth-
esis accounts for the inclusion of genotypes 40 to 43 
in Group B (Fig. 1). Table I provides the summary 
of five cluster groups in Mesoamerican cultivars and 
four cluster groups in Andean cultivars, each with 
their characteristic allozyme and representative cul-
tivars. For example, in Mesoamerica, Cluster A, com-
prising genotypes 1 to 21, is characterized by the Me' °° 

allele. Similarly, Cluster B, characterized by the Me'0 2 

allele, includes genotypes 22 to 32 and 40 to 43. Clus-
ters F and H, characterized by the Rbcs]0" allele and 
the Prx'00 , Skdh'03 , and Me'"0 alleles, respectively, 
were considered to be distinct from the G and I clus-
t2rs because their characteristic alleles are represent-
ative of Mesoamerican genotypes (Table 2). Landraces 
belonging to Clusters F and H may therefore represent 
hybrids between the Andean and Mesoamerican 
groups. The relationship between these clusters and 
morphological and agronomic variation is investigat-
ed in the companion paper (Singh et al., 1991). 

One striking feature of allozyme diversity among 
cultivars is the existence of a limited number of geno-
types represented by a large number of landraces and 
which differ from other genotypes at one or more al-
lozyme loci: e.g., gepotypes 2, 62, and 75, with 34, 56, 
and 36 cultivated re 'esentatives, respectively (Fig. 1). 
Whereas cultivars with the same allozyme genotype 
show similarities for certain morphological traits (see 
companion paper, this issue), they can exhibit consvd-
erable diversity for other morphological traits such as 
seed type (size, shape, color, and color pattern; data 
not shown). This observation suggests that most of the 

cultivars with the same allozyme genotype, following 
a common ancestor, havutheir origination from 

undergone further diversification for morphological 
traits but not for molecular markers. Exceptions to 
this evolutionary pattern could be due to independent 
mutations or occasional outcrosses. In plants, it has 
been suggested that certain morphological traits, no-

tably those involving the presence or absence of cer
tain organs, are also coded by a small number of genes 
or even a single gene (Knight, 1948; Hilu, 1983; Got
tlieb, 1984). In common bean, traits that distinguish 
wild vs. cultivated beans and cultivated beans among 
them, are also coded by few genes (with the exception 
of seed size, which is a multigenic trait) (Gepts, 1990). 
Major phcnotypic changes can therefore, have a sim
ple genetic control and occur without major diver
gence at the molecular level. 

This contrast in diversity levels between morpho
logical traits and biochemical markers raises the issue 
as to which trait should be used to assess genetic di
versity. A higher plant contains several tens of thou
sands of genes (Kamalay and Goldberg, 1980). Most 
of these genes, including allozyme and phaseolin 
genes, do not have a strong effect on the phenotype 
and are most likely selectively neutral (Kimura, 1983), 
this distinguishes them from genes determining the 
morphology of cultivars (Gepts, 1990; Gepts and De
bouck, 1991). Consequently, they are less likely to be 
subject to selection pressures; they could, however, be 
subject to genetic drift, which would ultimately lead 
to fixation. Because of their strong phenotypic effect 
and the high heritability of the traits they encode, 
genes for morphological traits constitute a sample of 
geiies that is atypical of the large majority of genes in 
a genome. Their gene action, however, makes these 
traits highly responsive to selection during and after 
domestication, which accounts for their high levels of 
diversity in the primary cultivated gene pool as a 
whole as opposed to molecular markers. Allozymes 
and phaseolin offer the additional advantage that they 
can reveal genetic relationships among accessions. 
Based on these arguments, molecular markers may be 
more accurate descriptors of the overall levels of ge
netic diversity in a genome than morphological mark
ers. 
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Genetic Diversity in Cultivated Common Bean: II. Marker-Based Analysis of Morphological
 
and Agronomic Traits
 

Shree P. Singh, J. A. Gutidrrez, A. Molina, C. Urrea, and P. Gepts*
 

ABSTRACT 

Knowledge of patterns of genetic diversity enhances the efficincy

of germplusm conservation and improvement. This study examined 
the organization of diversity for .-"orphological and agronomic char-
acteristics in 306 landraces of cultivated common bean (Phausola

rulgaris L.) from Latin America and Its relationship with phaelin 

seed protein and alloryme diversity of the landraces. Data on pig-
mentation, growth habit, and leaflet, pod, seed, and pheolo' traits, 
as well as reaction to four Important diseases and n Insect pest,
obtained from field evaluations at three locations in Colombia during
the 1987-1988 cropping season, were analyzed by mltivariate ta-
tistical analyses. In addition, these same 306 landracca were char-
acterized by electrophoresis for phaseollo seed protein and nine 
allozymes. Results permitted separation of these landraces into Me-
soamerican and Andean groups, cotfirming prior phaseolin and a
lozyme data. A marker-based multivmiate analysis, ngin lin 

or allozymes as an Initial classlficat, criterion, followed by a cor-
roborating analysis of morpho-agrtiomik traits, suggested the ex-
istence of subgroups within each of the major Andean and 
Mesoamerican groups, with distinctive morphology, adaptation, and 
disease resistances. Molecular analyses in conjunction with mor-
phological and agronomic evaluations of gene bank accessions an 

recommended, because these provide complementary informationand increase the resolving power of genetic diversity analyses. 

CULTIVATED COMMON BEAN is a morphologically
diverse crop (Hedrick, 1931). Strikingly large

variations are found for growth habit, pigmentation, 

pod, seed, phenology, and other characters (Leakey, 
1988; Singh, 1989; Vanderborght, 1986). This diver
sity reflects the wide range of ecological and human
environments under which the crop has evolved over
millennia. In spite of the importance of these traits.
the organization of their genetic diversity is poorly
understood. 

Study of patterns of variation for phaseolin seed
protein (Gepts and Bliss, 1985; Gepts et al., 1986) and
allozymes (Koenig and Gepts, 1989; Singh et al., 1991)
has revealed the existence of two major groups, a Me
soamerican and an Andean, within common bean
germplasm. Attempts have been made to suggest sub
divisions within the Mesoamerican and Andean germ

plasm. Evans (1976) and Vanderborght (1986)
proposed classifications relying primarily on growth
habit. Sngh et al. (1989) identified three races within
each of the Mesoamerican and Andean groups, and
Singh (1988, 1989) proposed the existence of 12 genepools in dry bean on the basis of growth habit and
seed, morphological, and adaptational traits. 

S.P.Singh, J.A. Guti&rez, A. Molina, and C. Urrea. Bean Proeram. 
Int. Ctr. for Tropical Agric. (CIAT), Apartado aereo 6713, Cali. 
Colombia; and P. Gepts, Dep. of Agron. and Range Sci.. Univ. of 
California, Davis.CA 95616.Received 15 Dec.1989.*Correspond
ing author. 

Published in Crop Sci. 31'23-29 (1991). 



24 CROP SCIENCE. VOL. 31, JANUARY--TBRUARY 1991 

Multivariate statistical methods have been used 
previously to analyze patterns of genetic diversity. For 
example, Polignano and Spagnoletti-Zeuli (1985) ex-
amined variation of 10 morphological and agronomic 
traits in Mediterranean populations of Vicia faba L. 
with canonical discriminant and factor analyses. They 
were able to distinguish populations of different geo-
graphic origins 	within the Mediterranean basin, and 

the specific traits responsible for the
they identified 
differences among them. In common bean, Vander-
borght (1986) analyzed the morphological diversity of 
Mesoamerican and Andean germplasm using cluster 
analysis and principal component analysis. 

Our objectives were to study patterns of diversity 
for morphological and agronomic traits in cultivated 
common bean 	and their relationship with patterns of 

diversity for phaseolin seed protein and allozymes. 

MATERIALS AND METHODS 

Plant Materials 

Our sample consisted of 306 cultivated accessions from 
Latin America obtained from the International Center for 
Tropical Agriculture (CIAT), Cali, Colombia. To the best of 
our knowledge, all accessions were landraces as defined by 
Gepts et al. (1986). Seventy-two accessions originated in 
Mexico, 10 in Guatemala, 2 in Nicaragua, 5 in El Salvador, 
! in Honduras, 2 in Costa Rica, 2 in the Dominican Re-
public, 97 in Colombia, 44 in Ecuador, 31 in Peru, 17 in 
Chile, I each in Bolivia and Argentina, and 21 from Brazil. 
Seeds of all accessions used in this study originated from 
CIAT. 

MorphologicalandAgronomic Traits 

All 306 landraces were grown at two CIAT farms, Palmira 
(1000 m above sea le' el; mean growing temperature, 24 °C) 
and Popayin (1750 m above sea level; mean growing tem-
perature, 18 °C), Colombia, iii the 1987-1988 cropping sea-
son. Plots consisted of single 3-m rows spaced 60 cm apart. 
Within-row spacing was about 10 cm between plants. Plots 
were kept free from weeds, diseases, and insects throughout 
the growing season. Soil fertility and moisture conditions 
were adequate for nornial crop growth at both locations. 
Five plants, surrounded by other plants in the row, under 
full competition were used for observations in each plot. 
Data were recorded on hypocotyl and flower color, days to 
flower and maturity, growth habit, length of fifth internode 
(cm), number of nodes to fir-t flower, length and width of 
the central leaflet of the fifth trifoliolate leaf (cm), dry seed 
length and height (mm), seed shininess, 100-seed weight (g), 
and seed yield (g/plant). 

Separate complementary nurseries were grown at Popaydn 
for observation of the reaction to anthracnose (Colletotri-
chum lindemuthianum [Sacc. & Magn.] Scrib.), and at San-
tander dt Quilizhao (990 m above sea level; mean 
temperature, 24 °C) for reaction to common bactcrial blight 
(Xanthomonascampestrispv. phaseoli [Smith) Dye) and an-
gular leaf spot (Phaeoisariopsis griseola [Sacc.] Ferraris). 
Nurseries were inoculated with a mixture of local strains 35, 
45, and 55 d after planting. Reaction to leafhoppers (Em-
poasca kraemeri Ross & Moore) was observed in a nursery 
established during the dry season in Palmira. The presence 
of the dominant I gene for resistance to bean common mos
aic virus (BCMV) was verified in glasshouse inoculations of 
7 to l0-d-old seedlings with the NL3 strain. Data on all these 
diseases and the insect damage were taken on a I to 9 scale 
(I = immune and 9 = very susceptible) according to Van 
Schoonhoven and Pastor Corrales (1987). 

Phaseolin Seed Protein 
A small sample from cotyledons of a single seed of each 

landrace was taken for phaseolin determination using one
dimensional sodium dodecylsulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) as described by Brown et al. 
(1981). Details of these results have been reported elsewhere 
(Koenig et al., 1990). 

Allozymes 

Five individuals per accession were analyzed. The pri
mary leaf or root apex tissue (depending on the enzymes 
assayed) of 10-d-old seedlings was utilized for preparation 
of crude homogenate. Paper wicks, dipped in homogenate, 
were then used for starch gel electrophoresis following the 
procedures of Weeden (1984). Nine polymorphic enzyme 
systems were assayed. The most common allele was desig
nated as 100 and all other allozymes were measured in mil
limeters from the standard. Details of these allozyme 
diversity analyses are reported elsewhere (Singh et al., 1991). 

Statistical Analysis 
The SAS UNIVARIATE procedure (PLOT option) from SAS 

Institute (1985) was performed to test for normality. All var
iables approximate normality with the exception of hypo
cotyl and flower color, growth habit, seed shininess, number 
of nodes to first flower, and reaction to bean common mos
aic virus, leafhoppers, common bacterial blight, anthrac
nose, and angular leaf spot. The first four represent 
categorical data, whereas the last five had highly skewed dis
tributions. Analyses performd with the non-normal varia
bles led, however, to results and conclusions similar to those 
of analyses performed without those variables. Results pre
sented here come from analyses including all variables. In 
order to avoid effects due to scaling differences, variables 
were standardized to zero mean and unit variance using the 
SAS procedure STANDARD (SAS Institute, 1985). 

Three types of multivariate analyses were performed, us
ing SAS Institute (1985) programs. A principal component 
analysis was performed on the standardized variables listed 
in Table I using PROC PRINCOMP. Subsequently, a discrim
inant analysis was carried out with PROC DISCRIM. The initial 
classification criterion used was either the phaseolin type 
(Gepts and Bliss, 1985; Gcpts et al., 1986; Koenig et al., 
1990) or allozyme cluster membership (Singh et al., 1991). 
Posterior probabilities of membership were calculated using 
the same procedure. The contribution of each variable to 
the classification was estimated by calculating standardized 
discriminant coefficients (Afifi and Clark, 1984). Finally, a 
canonical discriminant analysis was performed using PROC 
CANDISC with phaseolin type or allozyme cluster member
ship as an initial classification criterion. 

Univariate analyses of variance with PROC GLM (SAS In
stitute, 1985) were performed in order to identify those var
iable. that distinguish the allozyme cluster groups within the 
Andean cultigens. Duncan's multiple range test was used to 
identify diffTrences between means. 

RESULTS 

Morphological Differences between Mesoamerican 
and Andean Cultivated Genotypes 

Principal component analysis showed that Me
soamerican and Andean cultigens (i.e., cultivated 

genotypes) had a distinct morphology and that the 
Mesoamerican group was morphologically more di
verse than its Andean counterpart (Fig. 1). The first 
three principal components accounted for 24, 10, and 
9%, respectively, of total variation. The traits respon

LI 
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sible for separation along the first Principal compo-
nent included (with loadings in parentheses) the fifthinternode length (0.23), seed length (0.23), seed height(0.22), 100-seed weight (0.24). and number of seeds(-0.21). Traits affecting separation along the second
principal component included growth habit (-0.23),days to flower (0.21), nodes to first flower (0.21), leafletlength (0.32), leaflet width (0.33), and number of podsper plant (-0.20). Along the third principal compo-nent, accessions were separated according to days tomaturity (0.28) and number of nodes to first flower(0.33). In order to further examine the differences be-tween Mesoamerican and Andean cultigens, a dis-

criminant analysis was conducted using phaseolintype as a classification criterion. Landraces with Type
S, Sd, Sb, and B phaseolin were classified as Mesoam-erican, while landraces with Type T, C, and H phas-eolin were classified as Andean (Gepts and Bliss, 1986;Gepts et al., 1986; Koenig et a.., 1990; Koenig andGepts, 1989). The variables that had the strongest ef-fect on the discriminant function included length of 
fifth internode, node to first flower, leadet length, leaf-let width, seed length, seed height, and seed yield. Posterior probabilities of membership indicated thatclassification of landraces into the Mesoamerican orthe Andean group corresponded in >96%of the caseswith the classification into these same greups based 
on morpho-agronomic traits. 


Landraces whose phaseolin and morphological clas-
sifications did not match included 'deCelaya' (Mex-
ico), 'Mantequilla' (Mexico), BoyacdI 17A (Colombia),

and Cundinamarca 137 (Colombia) all of which had 
a Mesoamerican phaseolin but an Andean morphol-
ogy. Conversely, landraces 'Burrito de Enrame' 
 (PI
152313 from Ecuador), Antioquia 6 (Colombia), andCauca II (Colombia) exhibited an Andean phaseolinand a Mesoamerican morphology. Most of these land-
races originated from the Colombia-Ecuador 
 area,which was hypothesized earlier to be a meeting place
of the Mesoamerican and Andean germplasms (Gepts
and Bliss, 1986). 


A canonical discriminant analysis using phaseolin
type as a classification criterion further confirmed the 

separation of the two groups of cultigens. The traitsresponsible for the separation of the two groups were 
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Fig. 1. Principal component analysis ofdiversity for morphological

and agronomic traits ii' cultivated common bean, 

similar to those identified by principal component
analysis. 

IAentification of Subgroups within Mesoamerican 
and Andean Cultivated Genotypes

In a next stage, we examined whether the large Andean and Mesoamerican groups could be further divided into subgroups consisting of related landraces.Using principal component analysis, which attemptsto identify distinct groups independently of any priorclassification criterion, it was not possible to identify
distinct subgroups within the Mesoamerican or An
dean cultigens. The situation was improved when discriminant analysis or canonical discriminant analysis
were used, both of which rely on prior classification
criteria. However, we will focus only on the resultsobtained by canonical discriminant analysis, becausethis method provides a graphic output illustrating theexistence of morphological groups. We used bothphaseolin and allozymes as initial classification cri
teria. 

Phaseolin
 

Using phaseolina an classification criterion, canonical discriminant analysis allowed us to distinguishgroups ofcultigens with a common phaseolin type on 
the basis of their morphology. Because Andean cultivars were better adapted to the Popaydn conditions,
results from the Popaydn nursery included fewer missing data compared to the Palmira nursery. Data fromthe former nursery will, thereforc, be presented here.Among Mesoamerican cultigcns, landraces with phaseolin Type B or an Sd could be distinguished fromthose with Type S or Sb phaseolin (Fig. 2). The canonical correlations corresponding to the first two axes(r = 0.58 and r = 0.54, respectively) were significantly

different from zero (P < 0.01). Traits that separatedgroups along the first canonical variable included daysto flowering and maturity, number of nodes to first
flower, leaflet size, and seed yield (Table 1). Along thesecond canonical variable, groups were separated ac-

DIVERSITY INuMOAME cAN Pho3eouI vulgaris 
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2. Canonical disciminant analysis of diversity for morpholog0 and agronomic traits of Mesoamerican cultivated genotypesm
 
of common bean using phaseolin type as an initial classification
criterion. 
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Table I. Correlatlon coefficients between original and canonical var-
iabes in a canonical discriminant analysis of cultivated common 

bean from Latin America using phaseolin as a classification 
criterlon. 

Mesoamerican 
landraces Andean landraces 

FCVt SCV FCV SCVTrait 
_ 

0.63-0.62 0.52 0.78Hypocotyl color 0.10-0.08 0.83 -1.00Flower color 
Days to flowering 0.87 0.39 1.00 0.06 

0.89 -0.450.95 -0.05Day3 to maturity 0.92 0.39-0.51 -0.86Fifth internode length 
0.90 -0.04 	 -0.91 -0.42 

Number of nodes to firt flower 
1.00 0.070.85 0.44L.Ozet kngth 0.710.52Leaffet width 	 0.75u.03 -0.94 -0.700.9' 0.21 

Seed lngth 

0.02 -0.98 0.58 0.05Seed height 
0.30 0.55 	 -0.15 0.99Seed shininess 
0.06 -0.96 0.93 0.3810le witYield/plant 0.96 -0.20 .60 .80 


t FCV and SCV - first and second canonical variables, respectively. 


cording to flower color, fifth internode length, and 

seed size (Table 1). 


Among Andean cultivars, landraces with 'T phas-

eolin were morphologically distinct from those with 

•'C or 'H' phaseolin type (Fig. 3). The canonical cor-
relations of the first and second canonical variables (r 
- 0.60 and r = 0.47, respectively) were significantly 

at the P < 0.01 and P < 0.05 levels, respectively. The 

group of Type T phaseolin cultivars is characterized 

by a predominance of the Mdh-1100'aliele (Table 2 and 

Singh et al., 1991). Compared to the n-xt two groups, 

it has less strongly pigmented hypocotyls but more 

strongly pigmented flowers, it flowers and matures 

earlier, exhibits a more bushy growth habit (often 

Type I, as described by Singh, 1982), exhibits rela-

tively smaller and more elongated leaflets, and has
 

elongated seeds (Table 1). This group includes a high 

proportion of landraces from the northern Andes (Co

lombia and Ecuador), such as 'Algarrobo', 'Estrada 

Rosado', 'Sangretoro', 'Mortiifito', and 'Canario Alar-

gado'. There are some notable exceptions to this gen-

eral pattern, in particular with regard to growth habit. 

This group includes a proportion of cultigens with 
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Fig. 3. Canonical discriminant analysis of diversity for morpholog-

ical and agronomic traits of Andean cultivated genotypes of cm-

mon bean using phaseolin type as an initial classification criterion, 

Table 2. Distribution of phaseolin types among allozyme groups of 
bean from Latin America.cultivated common 

Allozyme groups$ 
Phaeolin 

A B C D E F G H I 
typet 


M I 0 0 0 0 0 0 0 0
 

S 42 13 4 tO 
 3 0 1 0 1
 
Sd 4 9 1 0 0 0 0 0 0
 

Sb 0 0 
 2 0 1 0 0 0 0 

0 0 0 0 0 0 0B 3 1 
40 140 0 	 0 4 3 

0 3 9 3 16T 0 0 
0 0 


H 1 0 0 0 0 0 1 0 5

C 1 0 

tAfter Koenig et l.. 1990. 
t After Singh etal., 1991. 

either Growth Habit IV (e.g., 'Cargamanto', 'Calab
zo', 'Radical'), often originating in the high altitude 
regions of the Andes, or Growth Habit III, originating
 
mostly in the southern Andes (e.g.. 'Coscorr6n', 'Bur
rito', 'Frutilla Corriente', and 'Jalo'. The Growth
 
Habit I cultivars of this group may correspond to the
 

race 'Nueva Granada' of Singh et al. (1989). The
 
Growth Habit III cultivars may fall within the race
 
'Chile' proposed by the same authors.
 

The Type C and H phaseolin cultivars are charac
terized by a high frequency of the Mdh-1'0 allele (Ta
ble 2 and Singh et al., 1991). Morphologically, these 
cultivars exhibit many alternate traits from the pre
ceding group, i.e., weaker pigmentation. late maturity. 
a stronger climbing tendency, larger and more obovate 
leaflets, and larger and more rounded seeds. Further
more, landraces possessing Type C phaseolin car. be 
distinguished from those with Type H phaseolin by 
their higher levels of seed shininess, their less elon
gated leaflets, lcnger seeds, and higher yield (Table 1). 
Thi: group of Type C and H cultivars appears to cor
respond to the race 'Peru' of Singh et al. (1989). 

Allozymes 

Canonical correlation analysis was conducted using 

observations of the Popayin and Palmira nurseries. 

Because results of the two nurseries were similar, only 

the correlation coefficients between the original Po 

payfin variables and the canonical variables are pre. 

DIVERSITY IN MESOAMERICAN Phosoolus vulgaris 
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Fig. 4. Canonical discriminant analysis of diversity for morpholog

ical and agronomic traits of Mesoamerican accessions of culti

vated common bean using allozyme groups as an initial 

classification criterion. 
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Table 3. Conelaton coefficient, between original and canonical var-lables In a canonical discriminat asralysis of cultivated commonbean from Mesoamerica using allozyme cluster memlnership as a 
classification criterion. 

Trait FCVt SCV 

r 
Hypocotyl color -0.97 0.00Flower color -0.93 -0.05Days to flowering 

-0.75 0.55Days to maturit 0.13 0.95Fifth internode length 0.79 0.10Number of nodesto first flower -0.77 0.24 
wnthLeafletLeaflet width -0.24-0.27 0.890.91S h 0.80 -0.08Seed height 0.89 0.03Seed shiiness 0.65 0.32 


100 seed weight
Yield/plant 0.92 0.150.33 0.86Leafiopnm 0.48 -0.07 ean common mosaic virs 0.84 -0.19 
Common bat l -0.79 -0.30 

Ag ldspot -0.86 0.50 

t FCV and S - fist and second cnonl vria, r tively. 

sented. When canonical discriminant analysis was
applied using individual isozyme loci as a classifica-tion criterion such as Me and Mdh-1 that differentiate 
genotypes within the Mesoamerican and Andean genepools, respectively (Singh et al., 1991), it was not pos-
sible to distinguish morphologically distinct groups.
However, when the entire array of nine isozyme lociwere used (Singh et al., 1991), a different picture
emerged. The clusters of Mesoamerican cultigens with
similar allozymes exhibited similar morphology,
phenology, adaptation, and disease resistance (Fig. 4and Table 3). The canonical correlation of the firstaxis (r = 0.91) was significantly different from zero
(P< 0.01) and the canonical correlation of the second
axis (r = 0.85) was nearly so (P = 0.07). Together,
these two axes account for 73% of the total variation.
The original variables that contributed most to the 
separation along the first canonical variable includedhypocotyl and flower color, days to flowering, growth
habit, fifth internode length, number of nodes to firstflower, seed size, and reaction to BCMV, anthracnose,
and angular leaf spot (Table 3). Along the second can-
onical variable, groups were separated according todays to maturity, leaflet length and width, and seedyield (Table 3). 

The first canonical variable seprirated principally
the E,C, A, and B clusters (in increasing order of their mean alcrig this axis). A first major group, exhibiting
the Me98 allele (Allozyme Group C) or allele Diap-21o1 
(Allozyme Group E) and a high frequency of'Sb' phas-eolin (Table 2), contrasted with Allozyme Group B 
for many trait. It exhibited darker hypocotyl andflower pigmentation, later flowering, generally Growth
Habit II, a shorter fifth internode, flowering at higher
nodes, larger leaflets but smaller seeds, and increasedincidence of resistance to BCMV and susceptibility toantiracnose. This group originates in the humid low-lands of Mexico, Central America, and Brazil andcomprises tropical blacks and the mulatinhos, includ-
ing landraces such as 'Rio Tibagi', 'Negro Argel', 'Pata
de Zope', 'Rabia de Gato', and 'Porrillo Sint6tico'. 

These landraces correspond to race Mesoamerica ofSingh et al. (1989). Compared to Cluster E, membersof er Coer arehv lgerod a eesof Cluster C flower earlier, have longer pods and seeds,
have fewer seeds per plant, and exhibit a lower frequency of BCMV resist-nce. 

A second major group is characterized by allele 
Me'0 2 (Allozyme Group B) and a high frequency ofType Sd phaseolin (Table 3). It exhibits (compared to 
other Mesoamerican groups) reduced hypocotyl andflower pigmentation, Growth Habits III or IV, a longer fifth internode, flowering starting on lower nodes, 
earlier flowering, smaller leaflets, larger seeds,andhigher incidence of susceptibility to BCMV and re-

a 
sistance to anthracnose. Members of this group originate in the arid highlands of central and northern 
Mexico and include landraces such as 'Pinto', 'BayoRio Grande', 'Durango 222', 'G 2618', 'GarbancilloZarco', and 'Garrapato' (all from Mexico). This group
corresponds to the race 'Durango' suggested by Singhet al. (1989). 

The third group, characterized by the Me"°° allele(Allozyme Groups A and D) and a high frequency of 
the Type S phaseolin (Table 2, with exceptions noted
below), is a more heterogeneous group. Its core ap
pears to consist of landraces with either Type III orType IV growth habits and small- to medium-sized 
seeds. Most members originate in the humid highlands of Mexico, Central America, and the northern
Andes. Landraces represented in this group include
'Flor de Mayo', 'Azufrado', 'Canario', 'Apetito', 'Conejo', and 'Cacahuate Criollo'. This group may cor
respond to the race Jalisco proposed by Singh et al.(1989) It could be further subdivided on the basis ofadditional markers such as Type B phaseolin (humid
highlands of Central America and Colombia; Koeniget al., 1990) or Mdh-2 02 ;Allozyme Group D; see be
low). Possible hybridizations with other groups is suggested by the presence of some landraces such as
'Pinto Texano' and 'Bayo' (Group B) and 'Carioca',
'Rim de Porco', and 'Mulatinho de Irece' (Groups C 
or E).

Allozyme Group D is separated from other groups
along the second canonical variable. It consists of
small- to medium-seeded landraces ofgrowth habit IV

originating in the humid highlands of Mexico, such as

'Charrito', 'Rosa de Castilla', 'Colorado de Teopisca',

and 'Naranja Coral'. Compared to cultivars of otherallozyme groups, cultivars in this group are later, have
larger leaflets and a higher seed yield per plant. This group is characterized by the presence of the Mdi-2 0 2 
allele (Singh et al., 1991). This allele was observed
only in some wild P.vulgaris populations from Mex
ico (Koenig and Gepts, 1989), suggesting that GroupD represents cases of introgression from wild common 
beans. 

Canonical discriminant analysis of morphological
and agronomic traits distinguishing Andean allozyme
groups did not reveal a canonical correlation that wassignificantly different from zero. However, analyses ofvariance revealed some significant differences among
the various groups. A comparison between Groups Gand I, which contain a large number of landraces, reveals that those of Group G tend to have a bush (asopposed to climbing) growth habit, tend to have rel

j,'j) 
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atively smaller and more elongated leaflets, and have 
more elongated seeds, when compared to landraces of 
Group I. 

DISCUSSION 
three methods of multivariateResults from the 

analyses consistently identified fifth internode length, 

number of nodes to first flower, leaflet size, and seed 

weight as major traits separating cultigens of Andean 
germplasmand Mesoamerican origin. The Andean 

possessed a higher number of nodes to first flower, and 
larger leaflets and seeds than Mesoamerican germ-
plasm. Our results confirm those obtained previously 
by Gepts et al. (1986), Gepts and Bliss (1986), and 

In addition, further sub-Sprecher and Isleib (1989). 
divisions within the Mesoamerican and Andean 
groups were possible. The identification of these 
groups of cultivars is made possible by the existence 
of strong associations between the traits considered in 

this study. Such associations can arise through mul-
tilocus genetic associations or developmental corre-lations. The for'mer are favored by the predominantly 

autogamous reproductive system of common bean 
and by geographical (e.g., Mesoamerican vs. Andean) 
and ecological (e.g., arid highlands vs. humid lowlands 
in Mesoamerica) isolations. The latter are exemplified 

yield and its compo-by the relationships between 

nents. 
 identifyThe approach we have followed to 
subgroups or races within Mesoamerican and Andean 

marks a departure from the traditionalgermplasm 
way of analyzing genetic diversity in cultivated com-
mon bean, which relied exclusively on morphological 
traits (Evans, 1976; Hidalgo, i988; Vanderborght, 
1986). Our approach relied on a prior classification of 
cultigens using molecular markers (phaseolin and iso-
zymes), followed by a corroborating analysis of mor-
phological and agronomic traits. This strategy was first 
used to determine that common bean cultivars of An-
dean origin, on the average, had larger seeds than Me-

bean cultivars (Gepts et al.,soamerican common 
1986). More recently, a preliminary report outlines 

detected by principalmorphological differences, as 
component analysis, in Malawian common bean cul-
tivars of Mesoamerican and Andean origin, as deter-
mined by allozyme analysis (Sprecher and Isleib, 
1989). The importance of the prior (molecular clas-

markers aresification is twofold. First, molecular 
more useful than morpho-agronomic traits in deter
mining the genetic relationships among accessions. 
Because morpho-agronomic traits are phenotypic 
traits, accessions may be similar morphologically, yet 
be distant genetically. For example, molecular mark-
ers show that Growth Habit I cultivars had two in-
dependent origins, one in Mesoamerica and the other 
in the Andes. Second, the complex genetic control of 
many of the morpho-agronormic traits often precludesthe determination of the precise genotype underlying 

the s 
each phenotype. The complexity is caused by the 
te detemntioty. peiegotyp udebyie 

number of genes i-avolved, the presence of pleiotropy 
and epistasis, and environmental influence. Because 
molecular markers are mostly devoid of these disad-

vantages, several authors (e.g., Tanksley, 1983) have 
argued in favor of marker-based selection in breeding 

we show here that a markerprograms. By analogy, 
based classificatioi of genetic diversity is an inform
ative approach towards our understanding of the ge
netic structure of a species. 

The amount of information provided by this mark

er-based approach will depend on the type and num
their linkage relationships.ber of markers, and 

Phaseolin type may be more useful in this respect than 

any individual allozyme because of its molecular corn
plexity (Gepts, 1990). Two accessions may show the 

because of common ancestry, indesame allozyme 
pendent mutation, or recombination. On the other 
hand, the molecular complexity of phaseolin makes it 

unlikely that the same phaseolin type would have ap
peared repeatedly through independent mutation. 
With either type of marker, the availability of several 
markers, preferably unlinked, may increase the power 
of the analysis because it would detect recombination.
 

bean grown in Latin America, the im-
In common 

portance or recombination especially between the Me
soamerican and Andean gene pool is probably minor

because of the self-pollinating nature of the species, 

the geographic isolation of the two gene pools, and
 
their reproductive isolation (Gepts and Bliss, 1985).
 

Finally, our analysis also reveals that within the al
lozyme groups, considerable morphological variation 
can exist with respect to growth habit and seed type, 
in spite of the uniformity at the allozyme level. Cross
es may be attempted betweer two genotypes which, 
based on morphological arguments, may appear to be 
very diverse in order to maximize the potential gain 
from selection in the progeny. Our phaseolin and al
lozyme data indicate that in some cases these crosses 
may involve materials that are actually genetically 
closely related. Conversely, genotypes with similar 

be evolutionarily distantmorphological traits may 
(within the primary gene poo.) as exemplified b) the 
existence of Growth Habit I cultivars in both the Me

gene pools. The benefit ofsoamerican and Andean 
hey characterize accessionsmolecular markers is that 

evoat the genotypic level and allow us to evaluate 
and levels of genetic diverlutionary relationships 

gence more accurately than morphological markers. It 
integrateis suggested here that gene banks should 

morphological, agronomical, and biochcmical and 
resources bemolecular evaluations of their genetic 

cause the different types of traits provide complemen
tary information. 
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RACES OF COMMON BEAN 

(PHASEOLUS VULGARIS, FABACEAE)' 

SHREE P. SINGH, PAUL GEPTS, AND DANIEL G. DEBOUCK 

Shree P. Sinlh (Bear Program. CI-7.4. AA 6713. ('ah. (nlobia). Paul Gepts (Department ofAgronomy and Range Sciences. lIniversittv t!l USA). andoCaliornia. Davis. (A4 95616-8515.
Daniel G. Debouck IBPGR. Via delle Sette Chiese 142. 00145 Rome. Italy). RACTS OF COMMON 
BEAN (PHASEOLUS VULGtARitS. FABsAcEAE). 16.conomic Botany' 45(31:379--396. 1991. Evidence for
genetic diversity in cultivated common bean (Phaseolus vulgaris) is reviewed. Multivartatesta
tistical analyses of morphological. agronomic, and molecular data. as well as other available 
itformationon Latin .4merican landraces represer:ting various geographical and ecological regions
of their primary centers of domestications in the Americas. reveal the existence of two major
groups ofgermplasm: Middle American and Andean South American. which could be further 
divided into six races. Three races originated in Middle America (races Durango. Jalisco, and
Afesoamerica) and three in Andean South America (races Chile. Nueva Granada. and Peo).Their distinctive characteristics and their relationships with previously reported gene pools are
discussed. 

Razas de Frijol Comin (Phaseolustulgaris. i-abaceae). Sepresenta una revisi6n sobrelaevidencia 
de variabilidadgenvtica en elfriol cultivado (Phaseolus vulgaris). De acuerdo con los andltsisestadisticos multivariados de datos morfol6gicos agroninicos molecularesy con informacibn 
adicional disponiblesabre variedades criollasde Anirwa Latinaque representan varias regiones
ecol6gicas y geogrif'as de sus centros primarios de domesticaci6n en las .4mricas,se establecela existenci, de los dos grupos principales de germoplasma" los de Afesoamrnica y de los Andes
suramericanos: los cuales pueden ser divididos en sets razas. Tres razas se origtnaron en Ae
soamturica (razas Durango, Jalisco y Mesoamtica) y tres en los Andes suramericanos (razas
Chile. Vueva Granada y Per)). Se discuten sus caracteristicas distintivas y sus relaciones con 
otros acervos de genes reportados anteriormente. 
Key Words: Phaseolus vulgaris. domestication, crop plant evolution, genetic diversity, races 
of inomon bean, gene pools. 

All available archaeological, morphological, 
and molecular (phaseolin seed protein and al-
lozymes) evidence suggests that cultivated com-
mon bean (Phaseolus vulgaris L., Fabaceae) 
evolved from its closest relative, wild common 
bean (Briucher 1988; Delgado Salinas et al. 1988; 
Gentry 1969; Gepts 1988a,b, 1990; Gepts and 
Bliss 1986; Gepts and Debouck 1991; Gepts et 
al. 1986; Kaplan 1965, 1981; Kaplan and Kaplan
1988; Miranda Colin 1967). Although some ex-
ceptions occur (Brunner and Beaver 1988; Wells 
et al. 1988), both wild populations and cultivated 
forms are self-pollinating (Ortega V. 1974; Pe-
reira Filho and Cavariani 1984; Rutger and 
Beckham 1970; Stoetzer 1984; Tucker and Har-
ding 1975; Vieira 1960) and are diploid, with 2n 

Received 10 July 1990; accepted 8 April 1991. 
E'cononncl Botani,45(3) pp. 379-396. 1991 

= 2x = 22 chromosomes. They hybridize with 
each other easily, producing viable and fertile 
individuals (Harmsen et al. 1987; Koenig and 
Gepts 1989b; Motto et al. 1978; Weiseth 1954). 

Wild common bean is distributed from north
em Mexico to northwestern Argentina (Briicher 
1988; Burkart and Brucher 1953; Debouck and 
Tohme 1989; DelgadoSalinasetal. 1988;Gentry 
1969; Harlan 1975; Koenig and Gepts 1989a; 
Miranda Colin 1967; Nabhan et al. 1986; Toro 
et al. 1990). Marked differences are found in 
morphological (Debouck and Tohme 1989; Del
gado Salinas et al. 1988; Gepts and Debouck 
1991) and molecular characteristics (Koenig and 
Gepts 1989a; Koenig et al. 1990) among the wild 
populations from the two extremes of their geo

graphical distribution. Wild beans from Costa 
Rica, Panama, Venezuela, Colombia, Ecuador, 
and northern Peru possess intermediate traits 

(4) 1991. by The New York Botanical Garden. Bronx. NY 10458 U.S.A. 
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(Briicher 1988; Debouck and Tohme 1989; Koe- tween cultivated common beans of Middle 

nig and Gepts 1989a). Debouck and Tohme American and Andean South American origins 

(1989)and Gepts and Debouck (1991) have sum- are summarized in Table 1. 

marized variations that occur in seed size, phase- Multiple domestications from diverged ances

dlin seed protein patterns, hypocotyl texture, tral P. vulgaris populations, the self-pollinating 

bracteole size and shape, and days to flowering nature of the species, and geographical or eco-
among wild bean populations from different logical separation over millennia must have per-
regions of Latin America. Based on differences mitted multitrait genetic and developmental as-

in allelic frequencies for nine polymorphic allo- sociations to appear and, consequently, have led 

zyme loci, Koenig and Gepts (1989a) identified to the evolution ofdistinct groups ofrelated cul-

five major geographical groups, namely, Mexico, tivated populations of common bean (Singh et 

Central America, Colombia, southern Peru, and al. 199 1a). 
Argentina, in wild populations. Fewer samples In this article, we review the evidence accu-
of wild beans compared to cultivated types mulated in recent years on patterns of genetic 

(< 1000 versus >35 000) are currently available diversity within cultivated P. vulgaris. This ev-

in gene banks (Hidalgo 1991; Toro ct al. 1990). idence consists of data on molecular diversity 
As new accessions of wild common bean are cx- (phaseclin: Gepts and Bliss 1986; Gepts et al. 
amined, especially from regions where collec- 1986; Koenig et al. 1990; allozymes: Koenig and 

tions have not yet been made, a more complete Gepts 1989a; Singh et al. 1991 b; Sprecher 1988; 
picture of the organization of genetic diversity mitoclondrial RFLPs: Khairallah et al. 1990), 
in wild bean populations is likely to emerge. morphological diversity (Evans 1973, 1980;Singh 

Wild bean populations have undergone major 1989; Singh et al. 1990, 199 1a; Urrea and Singh 
changes in morphological, physiological, bio- 1991; 'landerborght 1987), breeding behavior 
chemical, and genetic characteristics under do- (Nienhuis and Singh 1988), and reproductive 
mestication (Briicher 1988; Evans 1980; Gepts isolation (Gepts and Bliss 1985; Singh and Gu-

and Debouck 1991; Kaplan 1965; Smartt 1988, tierrez 1984; Singh and Molina 1991; Vieira et 

1990ab). The most apparent changes include the al. 19,9). In particular, we identify specific as-
appearance of indeterminate and determinate sociations of molecular and morphological 
upright bush growth habits; gigantism of leaf, markers, agronomic traits, reproductive isola-
pod, and seed characteristics; suppression ofex- tion factors, ecological adaptation, and geo-
plosive pod dehiscence; loss of seed dormancy; graphical distribution that characterize "races" 
appearance ofa vast variety ofseed sizes, shapes, of cultivated common bean. 
and colors; and selection for insensitivity to pho- The term race is used here to denote a group 
toperiod. of related landraces (Gepts 1988a) within the 

Polymorphism for morphological, physiolog- Middle American and Andean components of 
ical, agronomic, and molecular characteristics the species. Members of each group share certain 
also exists among cultivated forms. Their pat- distinctive morphological, agronomic, physio-
terns of variation seem to parallel those found logical, and biochemical or molecular traits, and 
in wild populations along theirgeographical range differ from other groups in allelic frequencies of 
of distribution in the Americas (Debouck and the genes controlling differences in those traits. 
Tohme 1989; Gepts et al. 1986; Koenig et al. Each of the races defined in this article consists 
1990; Singh et al. 199 1a,b; Vanderborght 1987). ofone or more gene pools defined earlier by Singh 
This is probably because different wild bean pop- (1988, 1989, 199 1b)on the basis of morpholog-
ulations participated in the initial domestica- ical traits and breeding behavior. A tentative de-
tions in different regions, thus supporting the scription of these races was presented in a bean 
earlier proposed hypothesis of multiple domes- breeders' workshop (Singh et al. 1989b).
tication center%in Midd!c America and in An-

dean South America (Gcpts 1988a.ti. 1990: Gepts MA'IRIAIS ANt) NI"I'IIOI)Sand I)ct)uck 1991. (pts et al. !9t86. Hlarlan 

1975. leiser 1979. Kaplan 1981, Vargas ct al. PLANT MATERIAl-S 
I llt 0). Niiphidtrigital charactcristics anti phas- ()f 306 cultivated landraces studied. 72 were 

cothn seed Imilcitltn and al /)ime patterns thai from Mexico. 10 from (itatemala, 2 lioni Nic-
facilitate characteri/ation of and separation hb.- aragua. 5 from El Salvador, I from Ilonduras. 2 
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TABLE I. PRINCIPAL (HARA(' -RISTI(S (IF( Ii1IVATLI) (OMMO N BEAN (PI 4SeHr' I'I'ARIs L.) FROM 

MIoI)IF AMERICAN AN[) ANDEAN Sotrrti AMtERI'AN IDOMESIi(AIION (ENIERS. 

,t-lmv., MddI Amc- A,,.k., S-,hi Ai,, 

Shape of terminal leaflet of 
trifialiolate leaf 

Ovate, cordate llaiate or lanceolate. 
rhom hohednc 

Straight leaf hairs 
Length of the fifth internode 
Pod-bearing inflorescence 
Shape of bracteole 

Sparse, short 
Short 
Multtnoded 
Cordate. ovate 

kns. long 
Iong 
Single-nodtcd 
Lanteolate. triangular 

Base ofstandard (banner petal) Striped Smooth 
Pod beak position 
Seed si/e 
Phaseolin seed protein patterns 

Placental (dorsal suture) 
Small, medium 
S. Sb. Sd. B 

Between placental and ventral 
large 
T. C II. A 

Allozyme DTap- l ". I-ap-3 t °'. Rtu-IiM. SAdh tI lMap1Im) . Lap-3 t1 3 . RNrs vs . 
SAdJu,1, 

each from Costa Rica and the Dominican Re- m altitude: mean growing temperature. 24(U: 
public, 97 from Colombia, 44 from Ecuador, 31 ()xisol soil). Colomhia. in 1987-1988. For de
from Peru. 17 from Chile, I each from Bolivia tails on materials and methods, readers should 
and Argentina, and 21 from Brazil. Seed samples reler it) Singh et al. I991 a.h). 
ofall landraces were obtained from the Phaseolus 
germplasm bank of the Centro Internacional de ('ri eria Usedfl"r Race Idenification 

Agricultura Tropical (CIAT), Cali, Colombia. Shape atd size ol lea/let. The shape of the 
central or terminal leaflet of the fully developed 

FIELD EVALUATIONS triloliolate leaves can he cordate, ovate, rhom-
All 306 landraces were evaluated at Palmira bohedric, and lanceolate or hastate (Fig. I). These 

(1000 m altitude; mean growing temperature, differences also occur in wild bean populations 
24('; Mollisol soil) and Popayan (1750 m alti- (Ulrrea and Singh 1991). Similarly, large differ
tude; mean growing temperature. 18°(% Incep- encesin the width and length ofthecentral leaflet 
tisol soil). Colombia. in 1987-198M. iach plot are found. 
consisted of a single row, 3 m in length. Spacing L.ealhairiness Straight leaf hairs can be short 
between rows was 60 cm and within a row 10 and sparse versus long and dense. These differ
cm. Optimum conditions lIr crop growth and ences do not relir to the hooked hairs which are 
development were provided. Data on live com- found in all l'ha eoh. species (Mar&hal et al. 
petitive plants in each plot were recorded Ir 1978). 
hypocotyl. flower. and pod color length and width Length ofjternodes. This is the length of the 
of the central leaflet of the fully developed tri- fifth internode from the cotyledonary node mea
olliolate leaf,length of the lifth inlernode: growth sured on the main stem acropetally. 

habit, number of nodes to the first flower: days 'uMni'r q/ node.%to flower. This refers to the 
to Ilower and maturity bracteole si/e and shape, number of nodes on the main stem (including 
absence or presence ofstripe.s at the external base the nodes of cotyledonary and primary simple
of Ilower standard: origin of pod beak: dry seed leaves) at the axil where the first raceme to IlowcrL. 
length and height: seed shape: seed shinitiess- appears. 

100-seed weight: and seed ,icld. Additionally. revalualions for reaction It)bean common mosaic et al. (I 990), flower bracteoles can be small. me

virus. lealhoppeis. conion bacterial bhligh. an- diurn. or large (i.e., exceeding the calyx length).
gular leaf spill. and anthrac'nuse were tnade in The shape can be cordae. ovaie, lanceolate, or 
separa ic ci iletlletn tar) n LrCiies cither at Pal- slender and triangular (Fig. 2). 
unira. I'oil) 1ai.or Santadcl (I Quilithait (991 l lilho,'u'ertu' The axillary and terminal fruil

http:1988a.ti
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1 

Cordate Ovate Rhombohedric Hastate 

2 calyxor 
(2 i 

2 tooth fured) .X 

V bracteol 
pedkeI 

Cordate Ovate Lanceolate Triangular 

3 

striped smooth 

4 dorsal or placental suturedorsal o anl eGrowth 

Placental 

kpdicl 
distal developing seed ventral suture 

Central 

FIg. 1-4. Fig. I. Variation in shape of the central leaflet of the trifoliolate leaves of common bean. Fig. 2. 
Principal bracteole types found in common bean. Fig. 3. Striped versus smooth basal outer surface of flowerstandard (banner petal) ofcommon bean. Fig. 4. Placental versuscentral pod beak position in cultivated commonbean. 

bearing inflorescence can be multinoded ( _>2) or ceme. This. together with more even distribution 
single-noded. In Middle American germplasm. of photosynthates within the raceme, probably
ontogenesis seems to be strong and flowering allows it to bear pods on several nodes. In the 
somewhat more synchronous through the ra- Andean South American accessions, instead, on-
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togenesis is weaker, and the first two lor~'ers of vis.Californias. in 1986-1987 by sodium dodecyl
the multiflowered inflorescence will develop into sulfate polyacrylamide gel electrophoresis as de
pods at the first node before further devclopment scribed by Brown ct al. (198 1) and Ma and Bliss 
of pods at other nodes of the raceme. often forc- (1978). For details, readers should refer to Koe
ing the terminal pan of the raceme to senesce nig Ct al. (1990) and Singh et al. (1991a). The
prematurely, cultivated landraes from Mexico. Central 

Standard. rhe outer base ofthe standard (ban- America, Colombia, Venezuela, and Brazil usu
ner petal) of the corolla can be striped and col- ally carry S, Sb. Sd, and B phaseolin seed protein 
ored (often purple or pink) or smooth and green- types, and those from Andean South America
ish (Fig. 3). Similarly, color of the petals can be (including some from Colombia) usually possess 
white, white with pink stripes, white with a pink T, C. H. and A phaseolin types (Gepts and Blisspurple blotch, pink, or purple withintensities. varying 1986; Geptset al. 1986; Koenig et al. 1990; Varga; et al. 1990). In general. there is a much larger 

Pod beak origin. The beak or tip of the pods variability in phaseolin protein patterns in wildmay extend straight from the placental (dorsal) populations, only a small proportion of which is 

Suture or may have an intermediate or central found in landraces (Gepts et al. 1986; Koenig et
 
position between the placental and ventral su- al. 1990; Vargas ct al. 1990).
 
tures (Fig. 4). 
 Allozymes. Allozymes were analyzed at the 

Days to maturity. This varies from about 50 University of California, Davis, California, in
days to more than 250 days and is highly affected 1986-1987 as described by Koenig and Geptsby sensitivity to photaperiod, growing temper- (1989ab) and Singh et al. (1991b). For details. 
ature, their interactions, and other factors, readers should refer to Singh et al. (199 !b). Seven 

Seed size and shape. Seed weight (hence, size) polymorphic allozymes, namely, ribulose bican vary from < 15 to >90 g/100 seeds. Acces- phosphate carboxylase (small subunit; RBCS), 
sions were grouped into small- (< 25 g), medium- shikimate dehydrogenase (SKDH), peroxidase(25-40 g), and large-seeded (>40 g/100 seeds) (PRX), malic enzyme (ME), malate dehydroge

germplasm by Voysest (1983). Seed shape de- nase (MDH), diaphorase (DIAP), and leucinepends upon the length, height, and width of fully aminopeptidase (LAP) were surveyed. The MDH 
mature and dry seed. When the three dimensions and DIAP enzyme systems each had two loci. 
are considered jointly, seed shape can be round, Allozyme loci and alleles were designated as in 
oval. rhombohedric, kidney, or cylindrical (Fig. Koenig and Gepts (I 989a). The multivariate sta
5). Also, large variations in seed colors and their tistical analyses of these allozymes also supportspotting, striping, and speckling patterns are ed the existence of the Middle American and
found (Leakey 1988; Voysest and Dessert 1991). Andean groups of common beans (Singh et al.habit. Singh (1982) used the type of 1991 b; Sprecher 1988). Allelic frequencies at the 

terminal bud (vegetative versus reproductive), allozyme loci distinguish five subgroups withinstem stiffness (strong versus weak), twining abil- Middle American and four subgroups within An

ity (absent, weak, or strong), and distribution ofpod load or fruiting patterns (basal, along the 
dean landraces. For example, approximately twothirds ofthe Middle American accessions showed

entire length, or largely in the upper portion of the Afe"" allele, whereas one-;hird ofthe Middle 
the plant) to characterize the four major growth American accessions carried the Me °2 

allele. and 
habits in common bean: determinate upright (1); 96% of the Andean landraces had the Me'"allele;ndeterminate upright (11); indeterminate. weak- (Singh et al. 199 Ib). 
stemmed, prostrate nonclimbing or semiclimb
ing (Ill); and indeterminate (or determinate), MULTIVARIATE STATISTICAL ANALYSESweak-stemmed, with long guides or leaders (i.e.. Multivariate statistical analyses (principal 
elongated terminal internodes, with twining abil- component, discriminant, and canonical dis
ity) and strong climbing ability (IV). Growth criminant analyses) were applied to study thehabitsofcommon bean are thoroughly discussed organization of genetic diversity among land

by Debnuck (1991) and Debouck and Hidalgo races (Singh et al. 1991 a,b). Principal component
(1986). analysis does not require prior classification of 

Phaseolin seed protein. Phaseolin seed protein entries and was most useful in the identification 
was analyzed at the University ofCalifornia, Da- of traits distinguishing Middle American and 
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Mesoamerica Nueva Granada 

p 

Jalisco 

" " 

" i 

Peru 

e 

Durango Chile 

9W 
rn 

FIg. S. Characteristics of dry seeds of different races of cultivated common bean. 
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TAITE 2. ('ORKFtATIN (N(OFFFI(IFN1tItIW!EN ORIGINAl ANI (ANONICAI VARIABILI.%IN A (ANON-


I(AI. 1)IS('RIMINANr ANAl YSIS OF (IIVAIEI)' COMMON BEAN I-RoM LAIIN AMERICA UISING P-IiASOI IN
 

AND At I )ZYME (lUSTER MEMBERSIIII' AS (t ASSIFI(ATION (RIftRIA. 

Middle Am-n-.n land~rl- Andean I.d-n 

Iran________o _______________m _ _ o, 

Hypocotql color -0.62 0.52 -0.97 0.00 0.78 0.63 
Flower color -0.08 0.83 -0.93 -0.05 -1.00 0.10 
Days to flowering 0.87 0.39 -0.75 0.55 1.00 0.06 
Days to maturity 0.95 -0.05 0.13 0.95 0.89 -0.45 
Fifth intemode length -0.51 -0.86 0.79 0.10 0.92 0.39 
Number of nodes to first flower 0.90 -0.04 -0.77 0.24 -0.91 -0.42 

length 0.44 
Leaflet width 0.75 0.52 -0.24 0.89 0.98 0.21 
Seed length 0.03 -0.94 0.80 -0.08 -0.70 0.71 
Seed height 0.02 -0.98 0.89 0.03 0.58 0.05 
Seed shininess 0.30 0.55 0.65 0.32 -0.15 O.Y9 
Hundred-seed weight 0.06 -0.96 0.92 0.15 0.93 J.338 
Yield/plant 0.96 -0.20 0.33 0.86 0.60 0.80 

Leafhoprers - - 0.48 -0.07 - -
Bean common mosaic virus - - 0.84 -0.19 - -

MLeaflet 0.85 -0.27 0.91 1.00 0.07 

Common bacterial blight - - 0.40 0.70 -

Anthracnose - - -(,.79 -0.30 - -

Angular leaf spot -- - -0.86 0.50 - 
t Adopted from Singh ct lI 1991a F('V and SU'V - first aind second cano -p-ullelylvaica-bles. 


Andean genotypes (Table 1). Discriminant and still found in cultivated landraces. Singh et al. 
canonical discriminant analyses require prior 1989b) served as indicators of evolutionary or
classification for which molecular markers were igin. For example, it was possible to distinguish 
used as described in Singh et al. (1991a). The the two groups of landraces by the shape of the 
two analyses were useful mostly to distinguish terminal leaflet ofthe trifoliolate leaf(Fig. I), the 
races within the Middle American aad Andean density and length ofthe straight hairs, the shape 
groups. Correlation coefficients between some and size of the flower brzcteoles (Fig. 2). the 
original and canonical morphological, physio- presence or absence of stripes on the outer base 
logical, and agronomic variables in a canonical of the standard petal (Fig. 3), the number ofnodes 
discriminant analysis using phaseolin and allo- of pod-bearing inflorescence, the pod beak po
zyme groups as prior classification criteria are sition (Fig. 4), and the size and shape ofdry seeds 
given in Table 2 (modified from Singh et al. (Fig. 5). 

Middle American Races 
RESULTS Mesoamerica.This race includes small-seeded 

DIFFERENCES BETWEEN (<25 g/100 seed) landraces of all seed colors and 
MIDDLE AMERICAN AND growth habits (Table 3 and Fig. 5). Leaf size andANDEAN CULTIVATED LANDRACES internode length are small, intermediate, or large.

Through multiple domestications from an al- The group is often characterized by ao-ovate, 
ready diverged wild ancestor, two ,aajor groups cordate, or hastate terminal leaflet of the trifo
of landraces of common bean have appeared: liolate leaves and !arge, broad cordate or lanceo-
Middle American and Andean South American. late bracteoles. Flower standard often possesses 
These can be distinguished by molecular markers marked stripes at the outer base. Color of petals 
(phaseolin, allozymes) and vegetativc and repro- can be white, white with pink stripes, or purple. 
ductive traits (Table I). Molecular markers and/ Inflorescencesare multinoded. Pods are 8-15 cm 
or other ancestral traits (i.e., traits ofwild beans long, slender, fibrous or parchmented. ard easy 
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to thresh: they Contain six to eight seeds. Pha-
seolin types are predominantly S. but can also 
be Sb and B. The race isdistributed throughoutthe tropical lowlands and intermediate altitudes 
of Mexico. Central America. Colombia. Vene-
zuela. and Brazil (Fig. 6). Based on growth habit.
number of nodes to flower, and days to flowering 
and maturity, phaseolin types,and/ordlfcrnces 
in allelic frequencics at some allotyme hoc.:i two 
subgroups could be identified within this race.
One group was represented by indeterminate, 

erect, type ,l landraces such as "Rio Tibagi" (G 
4830). Porrllo Sint~tico'(G 4495). and H6 Mu-
latinho' (Ci 5059). all of which had the l)wap-2'"'"allozyme allele (cluster Eof Singh et al. 1991 b). 
The other subgroup was formed by indetermi-

nate. prostrate, type Ill early maturing landraces
includingRabia de Gato, (G 3184). 'Negro Ar-
gel' (G 3758). and "Pitouco' (G 21972). charac-
tcri,,ed by the AIe, allele (cluster C" of Singh el,-CtEou
al. 1991I b). The latter group appears to be more
primitive than the former, but both were con-
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sidered subgroups within race Mesoamerica and ly in its upper part. Pods are 8-15 cm long and
did not warrant independent race status, at least have five to eight medium-sized seeds, whose 
for the time being. Landrac.s of this race can shape is round, oval. or slightly elongated and 
carry the DI-I gene, leading to F, hybrid dwarf- cylindrical or kidney-shaped (Fig. 5). They carry
ism or lethality in the presence of the DI-2 gene an S phaseolin type and the characteristic allo-
ofAndean origin (Gepts and Bliss 1985; Shii et " zyme allele is Ate' ' (cluster A of Singh et al. 
al. 1980; Singh and Gutierrez 1984; Vieira et al. 1991 b). Their natural habitat is the humid high-
1989). or give rise to deformed leaflets (virus-like lands of ce:ntral Mexico and Guatemala. wheresymptoms) in segregating generations or inter- maximum diversity is found. Some small-seeded
racial crosses (Singh and Molina 1991). landrac--s of growth habit Ill (e.g., 'Carioca' (G

Insensitivit) to photoperiod and resistance to 4017) and 'San Crist6bal 83' (G 17722)) fell into
bean common mosaic virus (11 gene) and toler-, this group. as determined by multivariate statis-
ance to angular leaf spot, bean golden mosaic tical analyses. Thus, some heterogeneity was
virus, high temperatures, moisture stress, and found, and its small-seeded members were in-
low soil fertility can be found in this race. cluded in race Mesoamerica. 

Durango. Landraces are predominantly of in- High seed yield, positive GCA for yield, high
determinate, prostrate growth habit Ill, which is levels of resistance to Apion spp. and anthrac-
characterized by relatively small to medinm ovate nose, and tolerance to angular leafspot and low
orcordate leafletsthin stemsand branches, short soil fertility can be found in this race.

internodes. and fruiting commencing from and 

concentrated in the basal nodes. These landraces 
often possess small ovate bracteoles with a point- South Amnerican Races 
ed tip. Germplasm in this group possesses me- Nueva Granada. Germplasm is mostly of
dium-sized (5-8 cm) flattened pods with four to ,rowthhabits 1.11, and Illwith medium (25-40
five flattened rhombohedric seeds ofmedium size g/100 seeds) and large seeds (>40 g/100 seeds)
(25-40 g/100 seeds). Seed colors are often tan- of often kidney or cylindrical shapes which vary
like ('bayo'), but may also be yellow, cream. gray, greatly in color. Leaves are often large with has-
black, white, red, or pink, with or without spots tate. ovate, or rhombohedric central trifoliolate 
or stripes. Phaseolin types are predominantly S. ieaflets and long, dense, straight hairs. Stem in-
but some accessions can carry the Sd type. The tcrnodes are intermediate to long. Bracteoles are

characteristic allozyme allele is Ale"'" (cluster B 
 small or medium, and ovate, lanceolate. or tri-
ofSingh et al. 1991 b). The race is distributed in angular. Dry pods are fibrous, hard. medium to

the semiarid central and northern highlands of long (10-20 cm), and leathery, and possess four

Mexicoand the southwestern USA. The race Du-
 to six seeds. The pod beak often originates be-

rango may include groups 2 and 3 
of Bukasov tween the placental and ventral sutures. The pre-
(1930). dominant phaseolin pattern is the T type, corn-

This race could be a source ofearly maturity, bined with Mdh-1'' (cluster G of Singh et al. 
drought tolerance, high harvest index, positive 1991b) as a characteristic allozyme allele. This
general combining ability (GCA) for seed yield race is distributed mostly at intermediate alti-(Nienhuis and Singh 1988), and tolerance to some tudes (< 2000 rn) of the northern Andes in Co-

viral diseases (Morales and Singh 1991) and an-
 lombia, Ecuador, and Peru, but it is also found

Lhracnose. Members of this race are often non-
 in Argentina, Belize. Bolivia. Brazil, Chile, Pan-
carriers or the DI- I allele (Singh 1990). ama, and some Caribbean countries, including

Jalisco. This race is often characterized by in- the Dominican Republic. Haiti, and Cuba (L.oi
determinate growth habit IV. Plant height can et al. 1990). Some landraces of this group may
be over 3 m in its natural habitat. The terminal cakry the DI-2 allele (Gepts and Bliss 1985; Shii
leaflet of trifoliolate leaves is hastate, ovate, or et al. 1980; Singh and Gutierrez 1984; Vieira et
rhombohedric and sometimes relatively large. al. 1989) or produce deformed leaflets in the seg-
Stemsand branches are weak and have medium- regating generations upon crossing with races of
sized or long internodes. Most germplasm from Middle American origin (Singh and Molina 
this race possesses medium-sized. cordate. ovate, 1991). 
or lanceolate bracteoles. Fruiting is distributed Insensitivity to photoperiod. early maturity,
either along the entire length ofthe plant or most- and resistance to bean common mosaic virus, 
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halo blight, anthracnose, and angular leaf spot is distributed from the northern Colombian 
can be found in this race. highlands (>201)0 m altitude) to Argentina. Its

Chile. Landraces are predominantly of inde- members in the suuthern Andes (e.g.. 'overitos'.
terminate growth habit Ill. These are character- 'nufias'. "tiachos') occur at relatively lower alti
ized by relatively small or medium hastate. tudes, are earlier maiuring. and possess com
rhombohedric. or ovate leaves; short internodes; paratively smaller seeds with distinctive speck
small or medium, and narrowly triangular, spat- ling and spottings. 
ulate. or ovate bracteoles; light pinkish or white 
flower; medium-sized (5-8 cm) pods, often with DISCUSSION
 
reduced fiber content; and round to oval seeds 
 The combination ofan autogamous reproduc
(three to five per pod). The most common phase- tive system, geographical and ecological isola
olin patterns are C and H types, and the char- tion,and human selection over a long period willn
 

'I"(cluster G increase multilocus associations. This will occur
 
of Singh et al. 1991 b). Morphologically, 


acteristic allozyme allele is AMdh
these even among genes forapparently unrelated traits 

landraces largely resemble germplasm from race such as, for example, morphological character-
Durango. except that seeds ofrace Chile are round istics, phaseolin seed proteins, and allozymes, as
 
or oval, and fruiting is more sparse. In some of illustrated by the results ror common bean sum
the landraces 
 (e.g.. "Coscorr6n" (G 4474) and marizedinthisarticleandbySinghetal.(1991a). 
'Frutilla' (G 5852)), pods exhibit an attractive Although common bean is generally considered
anthocyanin striping, and in many countries these to be a self-pollinating species (Ortega V. 1974
 
are harvested for green 
 seeds (green shelled or Pereira Filho and Cavariani 1984; Rutger and

".granados") before physiological maturity. Some 
 Beckham 1970; Stoetzer 1984; Tucker and Har
members of this race carry the DI-2 allele. This 
 ding 1975; Vieira 1960), the recent studies of 
race is distributed in relatively drier regions at Brunnerand Beaver(1988)and Wellset al.(1988)

lower altitudes in the southern Andes (southern 
 indicate that under specific genotype x environ-
Peru. Bolivia, Chile, and Argentina). ment interactions, common bean can exhibit high

Peru. Key morphological characteristics of levels of outcrossing. Whereas outcrossing can
germplasm belonging to this race are the large account for some ofthe exceptions to our racial
hastate or lanceolate leaves (often basal) and long classification (see below) and the occurrence of
and weak internodes with either indeterminate potential weedy complexes (Debouck et al. 1989).
or determinate type IV climbing growth habit its existence does not necessarily preclude the
(Debouck et al. 1988). In its natural habitat, it formation of races as illustrated by the case of
is always grown in association with maize and outcrossingspecies such as maize. Howeveroth
other crops. Pods are often long (10-20 cm) and er features such as geographical or ecological iso
leathery. Fruiting is distributed either along the lation and human selection over millennia can
entire stem length or only in the upper part of also promote multitrait associations. 
the plants. Seeds are large and often round or These associations of traits evolved and pre
oval but can also be elongated. Predominant served over thousands of years translzte into a
phaseolin protein patterns are C, H, and T types hierarchy of groups of related landraces within
(as one moves from the southern to northern this species (Singh et al. 1991a). At the highest
Andes), and the characteristic allozyme allele is level, a major separation between Middle Amer
Mdh-110J (cluster I ofSingh et al. 1991 b). Flower ican and Andean landraces results from the di
bracteoles are large lanceolate in the 'nufia'. "nu- vergence prior to domestication of the wild an
mia'. 'apa', or popping beans from the southern cestral populations. This is revealed by a wide
Andes (Debouck 1989) and are large. broad cor- array of traits, including primarily molecular
date in landraces from northern Peru, Ecuador, markers(Geptsand Bliss 1985;Geptsetarl986;
and Colombia. The latter group often has an Khainallah et al. 1990; Koenig et al. 1990;
ovate, large terminal leaflet and pod beak orig- Sprecher 1988). but also morphological traits
inating from the placental suture, resembling (Evans 1973, 1980;Singh 1989;Singhetal. 1990,
Middle American germplasm. This group is 1991a; Sprecher and Isleib 1989; Vanderborght
highly photoperiod-sensitive and is adapted to 1987), reproductive isolation (Evans 1970; Gepts
moderately wet and cool temperatures often re- and Bliss 1985; Koenig and Gepts 1989b; Singh
quiring more than 250 days to maturity. The race and Guti6rrez 1984; Singh and Molina 1991; 
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Sprecherand Khairallah 1989; V,cira et al. 1989),
and geographical and ecological adaptation (Singh
1989; Voysest and Dessert 1991). Becauseofthe 
level of divergence and the presence of repro-
ductive isolation, one may be tempted to give
the status ofsubspecies to the Middle American 
and Andean South American groups, although 
we are not suggesting that here. At the next hi-
erarchical level, molecular, morphological, and 
physiological markers also help identify a set of 
subdivisions we proposed to call races, three each 
in the Middle American and Andean South 
American groups. These races exhibit a specific
geographical and ecological adaptation and dis-
tribution (Fig. 6) to the extent that members of 
all races never grow and develop normally in any
single environment simply because they evolved 
and were selected in different environments over 
thousands of years of evolution under domesti-
cation. In the next step, some races (e.g., races 
Mesoamerica, Nueva Granada, and Peru) can be
further subdivided into gene pools according to 
their growth habit, crop duration, ."ndyield po-
tential, asdescribedbySingh(1988, 1989, 1991b),
primarily to facilitate germpla:;m improvement
suitable for different cropping systems and grow-
ing environments. 

The identification and use ofmolecular mark-
ers (because of their genotypic nature) and other 
ancestral traits increase the probability that the 
races we have identified represent evolutionarily
distinct lineages. Similarities identified in this 
study are, therefore, not merely phenotypic but 
are based on common ancestry. This advantage
of molecular markers and other ancestral traits 
is particularly useful in common bean germ-
plasm characterization. In both Middle An-eri-
can and Andean groups, races with similar mor-
phology and adaptation have been identified. For 
example, races Durango and Chile have similar 
growth habits, have medium-sized seeds, and are 
adapted to more arid conditions at higher lati-
tudes. Races Jalisco and Peru have predomi-
nantly climbing growth habits and are adapted 
to humid highlands. Yet, molecular markers and 
other ancestral traits indicate that, in spite of 
their phenotypic similarities, the races in each of 
these pairs have different evolutionary origins
(i.e., Middle American versus Andean). The ap-
parently independent evolution ofa similar phe-
notype (i.e., growth habit, seed size) adapted to 
similar environmental conditions in geographi-
cally distant areas raises the question whether 
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these constitute ideal plant types providingmax-
imum prductivity in these,environmental con-
ditions. Further experimentation is needed to 
distinguish this possibility from others, including
coincidence. 

Molecular markers were instrumental in iden-
tifying the majr Middle American and Andean 
groups in P. rulgaris(Gepts 1988a.b, 1990; Gepts
and Debouck 199 1; Khairallah et al. 1990; Singh
et al. 1991b; Sprecher 1988), as well as their 
direct subdivisions into races (Tables I. 3). They
did not assist definitively in further subdividing 
races into gene pools due in large p.-,i to the lack 
of variability among landraces within a race for 
phaseolin and allozymes. More polymorphic
markers with high resolution power, at the DNA 
level (RFLP). need to be identified and utilized 
for that purpose. Among mornhological traits,
size and shape of the terminal leaflet of trifoli-
olate leaves, flower bracteoles, and fully mature 
dry seed; presence or absence of stripes at the 
outer base of the standard or banner petal; and 
pod beak position were among the most useful 
traits to identify the region of domestication of
individual landraces and theirassignment to spe-
cific races. The resolution power of morpholog-
ical, agronomic, and physiological traits im-
proved considerably when molecular markers 
(either phaseolin seed protein patterns or allo-
zymes) were used as a prior classification crite-
rion for multivariate statistical analyses (Singh 
et al. 19lIa). 

Because of the strong multilocus associations 
mentioned above, a good correspondence be-
tween classification based on morphological and 
molecular traits was generally cbserved (Table
2). Nonetheless, in a few cases (<5%), classifi-
cations based on morphological and molecular 
traits did not match (data not shown). For ex-
ample, landraces 'de Celaya' (G 13614) and 
'Mantequilla' (G 13673) from Mexico and 'Bo-
yac-* 17A'(G 8174) and 'Cundinamarca 137'(G
8190) from Colombia all had a Middle American 
phaseolin type but an Andean morphology. On 
the other hand, 'Burrito de Enrame' (G 17182)
from Ecuador and 'Antioquia 6' (G 3668) and 
'Cauca I ] (G 14978) (both from Colombia) pos-
sessed Andean phaseolin patterns and a Middle 
American morphology. Similarly, several land-
races belonging to the race Peru from northern 
Peru, Ecuador, and Colombia (e.g., 'Caballeros' 
(G 12597), 'Bol6n Bayo' (G 12407). 'Mortifio' 
(G 12709). 'Liborino' (G 11819),'Sangretoro'(G 
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5708). 'Blanco Sabancro' (W 12667). and 'Bola 
Azuay' (G 12229)). possessed an ovate terminal 
leaflet and large, broad cordate bracteoles with 
pod beak originating from the placental (dorsal) 
suture, all charac:eristics of Middle American 
germplasm, although they possessed Andean 
phaseolin, allozyme, and seed characteristics. 

Similarly, when landraces were classified based 
only on their phaseolin seed protein and allo-
zyme patterns, in some cases morphologically 
distinct landraces belonging to different geo-
graphical and ecological regions were grouped
together. For example, landraces 'Brazil 2' (G
3807). 'Favinha' (G 5019), 'Rim de Porco' (G
6508), and 'Siempre Asim' (G 21977) from 
northeastern Brazil; 'Boyaci 22' (G 251 1) and 
'Magdalena 3' (G 2525) from Colombia; and 
'Guatemala 1240' (G 10813), 'Orgulloso' (G
14027), and 'Rabia de Gato' (G 3184) from Cen-
tral America, all of which possess small seeds 
and are s,'iapted to lowland tropics, fell into the 
sam -groupas landraces'Conejo'(G 22029). 'Flor 
de Mayo' (G 10945), and 'Frijola' (G 2793). all 
accessions with medium-sized seeds from the 
humid highlands of Mexico. Conversely, races 
Nueva Granada and Mesoamerica each com-
prise landraces which show contrasting differ-
ences for growth habit a,- maturity. Although
Singh (1988, 1989, 1991b, separated them into 
different gene pools to facilitate breeding, they 
were grouped together (Table 3) principally be-
cause they often possess similar marker traits, 
are sympatric, and differences in growth habit 
and maturity are co::trolled by only a few major 
genes (Singh 199 1a). 

The discrepancy between molecular, on the 
one hand, and morphoagronomic, ecological, and 
geographical data, on the other, can be attributed 
to hybridization and recombination or, alter-
natively, to independent mutations in evolution-
arily distinct lineage- that lead to materials with 
identical allozyme profiles. Hybridization is like-
ly to occur mse often among races within the 
Middle American and Andean groups than 
among races bctween the two major groups be-
cause of reduced geographical isolation among
the former. In such circumstances, relatively more 
weight was given to their classifications based on
the morphoagronomic and physiological traits 
for the following reasons. First, none of the allo-
zyme or phaseolin loci (probably neutral alleles)
is known to be associated with adaptive traits,
whereas there appears to be strong association 
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oftraits such as internode length, leaflet-i,e ant 
shape, seed size and shape, and phenological trait,
with ecological adaptations tsngh 1989;Voysesi
and Dessert 1991). These latter groups of trait,
would have responded positively or rrt ,ativel. 
to different selection pressures throughout do 
mestication, with severe consequences on the or
ganization ofgenetic diversity within the species
Second, if the discrepancy results from an out
cross. the phenotypic resemblance ofthe progen%
with one of the parents implies that through link
age with morphological traits a substantial parn
of the genome of the parent may be represented
in the progeny; hence, the accession should bx. 
included in the parental race it resembles most 
An independent mutation affecting an allozymc 
or phaseolin locus in an accession is unlikely to 
affect the remainder of the genome; therefore. 
the genome ofthis accession should be primaril.
like that of the original material, and it should 
not be reclassified. 

Some landraces belonging to race Peru and 
distributed in the northern Andes possessed
bracteole, leaflet, pod, and flower charac!eristics 
typical of small-seeded race Mesoamerica, but 
they had Andean seed characteristics and allo
zyme and phaseolin protein patterns. This might
reflect the fact that the wild beans from this re
gion (Colombia, Ecuador, northern Peru) also 
show a morphology that is intermediate between 
the northernmost Middle American and south
ernmost Andean wild bean populations (Briichei 
1988; Debouck and Tohme 1989). Moreover. 
ranall-seeded cultivated landraces possessing B 

phaseolin and morphology typical of race Me. 
soamerica are distributed from nor-theastern Bra
zil to Central America, including Colombia where 
their wild counterpart is also distributed (Gept.
and Bliss 1986; Koenig et al. 1990). Moreover. 
there are strong indications that beans were ex
changed in both directions between Middle 
American and Andean regions by pre-Colum
bian natives after domestication had begun. For 
example, in northern Cajamarca in Peru (e.g.
Cutervo, Chota, Celendin), beans were brought
in frequently from different places (including the 
northern Andes and perhaps Middle America)
and became more diversified. These sites con
trast with places such as Junin and Apurimac in 
southern Peru, where beans actually seem to have 
been domesticated. Individual landraces from the 
latter sites are more uniform for ancestral traits 
and phaseolin types typical for the Andes, where
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as landraces from northern Cajamarca show a maintenance of different ecotype'S. Moreover, 
mixture of traits, including those round in ac- several najor phaseolin t: es t. H.o.A. TO)
ce of typically from Middle ,merica. are found int cultivated ladraces from the An-cessions t her Midl Ame ica de sundsin that severa from eAn -

In regions where geographical and ecological des, suggesting that several wild bean popula-
separation is largely a function ofdifferences in tionswe,-e domesticated there. at different placesaltitudes (e.g., in Colombia, Ecuador. and Peru and times. Moreover, race Peru may still be 
in the Andes; and Guatemala, Jalisco, Oaxaca, evolving, partly due to the presence of the wild-
Puebla, etc., in M iddle A m erica). movem ent of weed-crop com plex (Debouck et al. 1989).
germplasm from one microregion to another by The proposed classification ofeultivated land-
pre-Columbian natives could have occurred races into races (this article and Singh et al. 1989b)
rather easily and frequenti, (Gene exchange andgenepools(Singh 1988, 1989, 1991b) should 
through outcrossing in sympatric regions would by no means be considered final. Domestication 
have occurred among wild forms and cultivated efforts were multiple in space and time (and
landraces. For example, in some parts of Peru probably are still taking place even today in some 
and Mexico, it is not uncommon even today to Andean regions [Debouck 1990; Debouck ct al. 
find wild, weedy, and cult:vated forms growing 1989) and relatively small samples of primitive
in close proximity or in the same field, thus in- landraces ,.ave been carefully studied for molec-
creasing and facilitating occasional gene ex- ular markers. As more accessions of wild and 
changethroughoutcrossing(Deboucket al. 1989; cultivated bean populations are examined, es-
DelgadoSalinaset al. 1988; Vanderborght 1983). pectally by using molecular markers at the DNA 
Outcrossing will very likely blur the limits of level and by gathering information on crossing 
races and will also be responsible for the occa- and breeding behavior, further refinements ofthe 
sional lack of correspondence in morphological current classification are likely as are more con-
and molecular traits and some heterogeneity ob- vincing explanations cf the occasional discrep-
served among members of races Jalisco. Me- ancies recorded among molecular and morpho-
soamerica. and Peru. Thus, for identification of logical data. 
races we would need several characters including The genetic distance between Middle Ameri-
molecular, morphological, physiological, agro- can and Andean races seems to be considerable. 
nomic, and adaptive attributes, along with Asa consequence. although hybridization among
breeding behavior, these races is easily effected, various degrees and 

In the opinion of one author (I). Debouck). kinds of hybrid problems (Coyne 1965; Evans 
both Andcan and Middle American beans were 1970; Gepts and Bliss 1985; Koenig and Gepts 
probably initially harvested for their green, young 1989b; Shii et al. 1980; Singh and Gutiirrez 1984;pods. That use continued in Middle America un- Singh and Molina 1991; Spre-cher and Khairallah 
til ceramics was found, but in the southern An- 1989; Vieira et al. 1989) are observed beginning
des. in addition to use as a vegetable, the aes- in the F, and subsequent generations, thus in-
thetic value of dry seed was highlighted and terfering with effective recombination of genes 
progressively selected for popped beans or nufias, among races. These phenomena are more pro-Occurrence ofpolymo,-phism for phaseolin types nounced in crosses between parents belonging to 
(C. H, and T types) in nufias may indicate that the race Mesoamerica (probably the most prim-
the selection pressure for popping ability was itive) and those of Andean origins (races Nueva 
widely distributed in the region and looked for Granada and Chile are probably mos' highly
in several wild populations ofcommon bean. But evolved, in that order), possibly because they are 
once ceramics was discovered and maize intro- farthest apart genetically. However. as noted ear-
duced into the Andes, other ways ofcooking beans lier in this article and by Singh (1989). some 
were developed. A unique selective pressure was members of each race possess certain desirable 
disrupted, and with it. probably a possibility ofmore phenotypic un.formity traits that are either not found or adequately ex-in the race Peru. p-, sed in othermore races. In addition, differences 

Additionally, the southern Andes are not uni- for most agronomic traits, including responses
form climaically, and 3 to 5 microregions may to varying photoperiod and temperature, time to 
be rtcognized. Sint -vironment is thought to maturity, plant type, seed yield, tolerance to 
be one of the most important sources ofselective drought and low soil fertility, and resistance to 
pressure, that could have helped evolution and diseases and insects, are much greater among 
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races than within them. It is therefore imperative nada. This could be -ombined with race-specifit
that for any tangible and long-lasting progress. resistance found in small-seeded germplasm (egall available genetic variation across races and Ecuador 299. Compuesto Negro Chimaltenango 
gene pools must be used in breeding programs Stavely 1990) of the race Mesoamerica, in ordec 
for thebenefit ofmankind. Forexample. thelarge- to obtain much broaderand stable resistance. Aseeded landraces of Andean America. particu- similar case could be made for bean golden mo 
larly the bush determinate and indeterminate saic virus (Morales and Singh 1991). anthracnos 

ma r the cs hi e and Nue tr na te S a r tz etal. 1989), anth ra 
memfenofthe races Chile and Nueva Granada. (Schwartz et al. 1982), .angular leaf spot (orrea
(crop dry weight) relative growth rate Larvest le 17 )owever. oncomI moresystematicstudies 

index, and seed yield compared to their small-
 intng abilityandgenet c recombinationsamon
 
seeded counterparts (race Mesoamerica) from a d within races are required for their eficen
 
Middle America in tropical environments (White use in improvement programs. Some strategic
and Gonzilez 1990; White and liquierdo 1991; fbr gene transfer among races and gene pool,
White et al. 1991). Moreover, from crosses with- %erediscussed earlier by Singh (1989. 1991 b 
in races and gene pools, littleor no progress could Characterization and classification of germ
be achieved for yield due to insufficient genetic plasm bank accessions into races (this article anti 
variatio.t;Singh and GutiErrez 1990; Singh ei al. Singh et al. 1989b) and gene pools (Singh 19889 8 91 c).On the other hand, substanial yield gains 1989. 1991b) should also facilitate (I) elimina
 
could be made from interracial populations in- tion ofduplications, (2) formation ofa core cot
 
volvingparents possessing positive general com- lection, (3) acquisition of new ger-nplasm, (4)

bining ability for seed yield (Singh et al. 
1989a, genetic and evolutionary studies and (5) efficient 
199 Ic; Singh and Gutierrez 1990). Similarly, for management and conservation of genetic re 
diseases such as anthracnose caused by (Cile- sources. Correlating genetic distance between
 
totrichum lindernuthianum (Sacc. & Magn.) 
 parents (as indicated by group membership) anti 
Scrib.. angular leaf spot caused by Phaeoisarop- their breeding behavior may help improve thc 
sis griseola (Sacc.) Ferraris, and rust caused by predictiveness of their progey performance foi 
Urom vces appendculatu; (Pers.) tlnger var. ap- agronomic traits. 
pendiculatus. all characterized by a large varia
tion in their pathogenic populations, the sources 
of resistance identified in the Middle American ACKNOWLEDGNIENTS 
races of common bean seem to offer protection W-"¢I -randeIf,totrawful 

ms.g W 
t. 

the 
11llHardy,. , A[, 

.... i-pt e-d samplesuppied by in.
against a much wider range of pathogenic pop- tentlc Re.,urn Unt andilluslntions pn,rprdbythe traph An.
ulations occurring in the Andean South Ameri- %--f AT( . ait gre -efus.Lowed 
can bean-growing environments and vice versa 
(M. A. Pastor-Corralt, pers. comm.). The im- LITERATURE CITED 
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Summary. Two genomic libraries were established to 
provide markers to develop an integrated map 
combining molecular markers and genes for qualitative 
and quantitative morpho-agronomic traits in common 
bean. Contrasting characteristics were observed for the 
two libraries. While 89% of the PstI clones were classi
fied as single-copy sequences, only 21% of the EcoRI-
BamHI clones belonged in that category. Clones of these 
two libraries were hybridized against genomic DNA of 
nine genotypes chosen according to their divergent evo-
lutionary origin and contrasting agronomic traits. Eight 
restriction enzymes were used in this study. Pstl clones 
revealed 80-90% polymorphism between the Andean 
and Middle American gene pools and 50-60% polymor-
phism within these gene pools. However, under the same 
conditions only 30% of the EcoRI-BamHI clones showed 
polymorphism between the Middle American and An-
dean gene pools. Hybridization with Pstl clones to 
EcoRI-, EcoRV-, or HindIII-digested genomic DNA re-
suited in a cumulative frequency of polymorphism of 
approximately 80%. Hybridizations to BamHI-, HaeIII-, 
Hinfl-, Psi!-. and Xbal-digested genomic DNA detected 
no additional polymorphisms not revealed by the former 
three enzymes. In the Pstl library, a positive correlation 
was observed between the average size of hybridizing 
restriction fragments and the frequency ofpolymorphism 
detected by each restriction enzyme. This relationship is 
consistent with the higher proportion of insertion/dele-

* Permanent address: Departamento de Fitoteenica, Universi-
dade Federal de Santa Catarina, Florianpolis, SC, Brazil 
** Permanent address: Ministry of Agriculture, Lyamungu Re-
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*** Correspondence to: P.Gepts 

tion events compared with the frequency of nucleotide 
substitutions observed in that library. 

Key words: Phaseolus vulgaris - RFLP - Genetic diversity 

Introduction 

Common bean (Phaseolus vulgaris L., 2n=2 x =22) is 
grown worldwide on more than 12 million hectares 
(Singh 1989) and constitutes a major source of dietary 
protein in Third World countries (Pachico 1989). Most of 
the common bean production and consumption consists 
cf dry bean. although green pods can also be important 
on a regional basis (Singh 1989). Recently, its health 
benefits (e.g., source of fibers, hypocholestesterolemic 
effect) have also received considerable attention (An
dersen et al. 1984). 

Although common bean has been used to identify or 
confirm important genetic concepts (e.g., segregation. 
Mendel 1865; genotype versus phenotype, Johannsen 
1909; quantitative trait locus, Sax 1923), there have been 
fewer genetic studies conducted with common bean than 
with other crop plants such as maize, pea, or tomato. 
This has been due in part to the lack of available markers. 
This situation can be remedied using restriction fragment 
length polymorphism (RFLP) markers. Compared to 
traditional morphological and biochemical markers, the 
advantages of RFLPs include their high number, their 
higher levels of polymorphism, co-dominance, freedom 
from environmental, epistatic, or deleterious effects, and 
detectability in all tissues and developmental stages 
(Beckmann and Soller 1986; Tanksley 1983). 

Our long-term goal is to establish an integrated link
age map of common bean, i.e., a linkage map including 
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both molecular markers (particularly RFLPs) and genet- most samples had been digested to completion as indicated b% 
ic factors controlling agronomic traits. Because most of the detection of single bands by almost 90% of the probes. In 

addition, the banding patterns observed in these screening ex
penments were heritable (R. Nodari and P. Gepts unpublished 

gene pool sensu Harlan and de Wet (1971). polymor- observations). 
phisms at the molecular level should be identified within 
P. vulgaris. This. in turn. should increase the opportuni- Development olgenonic libraries 

ties of applying the information form the linkage map to Total plant DNA from P. vulqaris cv *California Dark Red 

the development of improved bean cultivars by marker- Kidney* was purified in a cesium chloride gradient (Sambrook
assisted introduction of' recessive or quantitative traits. et al. 1989). After digestion kitl either PcoRI and BamHl or

Pstl. fragments smaller than ...0 kb %ere size selected on a 0.8%0 

Hence. a first objective ofour mapping effort, detailed in agarose gel for the EcoRl-Bai library or on a 10% -40% 

this article, has been to identify bean genotype-DNA sucrose gradient for the Pstl library (Weis and Quertermous 

probe combinations that reveal high levels of in- 1987). Subsequently, DNA was precipitated vith 95% ethanol 

traspecific polymorphism. We describe here the establish- at - 20 C (overnight). rinsed with cold 70% ethanol, and resus

ment of two common bean genomic libraries and com- pended in TE. The size-selected fragments were ligated into the 
pUCI8 plasmid (Sambrook e al. 1989). and competent bacteri

pare levels of polymorphisms between and within gene al cells (DH5-x) were transformed with the ligated products. 
pools of P. vulgaris. After selection on LB medium with ampicilhin. X-gal. and IPTG 

(Sambrook et al. 1989). plasmids from white colonies were iso
lated through a minipreparation (Holmes and Quigley 1981). 

Material and methods Identyication of single-c ,py genotinc probes 
Plant material Approximately I jig of plasmid DNA from clones of each li-
In order to increase levels of polymorphim both at the molecu- brary (around 500) was digested with either EcoR I and BamllI 
lar and agronomic levels, nine P. vulgaris genotypes were chosen or Pstl. size separated on a 0. 8% agarose gel to verify the 
according to two criteria: (I) divergent evolutionary origin: and presence of an insert, and subsequently transferred to a 
(2) contrasting agronomic traits. BAT93 is a Middle American Zetabind membrane, as described above. These blots were 
breeding line that is resistant to bean common mosaic virus probed with I ,g of total genomic DNA radio-labelled with 
(BCMV), rust (Uromyces phaseoli), common bacterial blight %-32 PdCTP (Amersham) by nick translation (Rigby et al. 1977). 
(Xanthomonas phaseoli). and anthracnose (Colletotrichum linde- Clones showing the absence or near-absence of signal on the 
mnuthianum). but is susceptible to angular leafspot (Phaeoisariop. X-ray film were selected as single-copy clones. 
sis angularis). Jalo EEP558. an Andean landrace, exhibits oppo
site reactions to the same pathogens. 'Rio Tibagi'. a small black- Probes 
seeded Middle American cultivar. and ABA7!, a large white- Single-copy sequence inserts were separated from the plasmid 
seeded Andean breeding stock, have distinct response to abiotic after restriction digestion and electrophoresis in low-melting
stress such as drought and low soil phosphorus levels. Midas. an temperature agarose. Approximately 30 ng of DNA from each 
Andean wax snap bean. and G12873, a Middle American wild insert was radio-labeled with )a-32PdCTP (Amersham) b%the 
accession, exhibit contrasting growth habits, pign..:ntation. pod random primer method (Feinberg and Vogelstein 1984). 
fiber content, and photoperiod sensitivity. 

Sierra, LEF2RB, and AC1028, all of Middle American 
origin, are breeding lines developed at Michigan State Univer
sity and represent introgression between germ plasm from the 
arid upland Durango race with the humid lowland Mesoamerica Results 
race (Kelly et al. 1990: Singh et al. 1991 a). Comparison of the two genomic libraries 

DNA isolation, restriction enzyme digestion, and electrophoresis The two genomic libraries, one resulting from the diges-

Genomic DNA was isolated as described in Gepts and Clegg tion of genomic DNA with Pstl and the other with 
(1989) and Gepts et al. (1992). Seven to ten micrograms of DNA EcoRl-BamHI, exhibited contrasting characteristics. 
was digested at 37-C for 4-5 h with different restriction en
zymes (4-5 U yg DNA) according to the recommendations of Whereas 89% of 426 Psi! clones were classified as single
the manufacturers (BRL and Ne,v England Biolabs). Digested copy sequences. only 21% of 484 clones from the EcoRl-
DNA was separated by electrophoresis on 0.8% Pgarose gels in BatnHl library belonged to the same category. 
TAE running buffer for 16-20 h at 1V/cm of gel. The two libraries also exhibited different levels of 

Southern blotting and hYbridization polymorphism detected by the single-copy sequences. 

randomly chosen Pstl clones
The Southern hybridization followed the Zetabind membrane Eighty-two percent of 61 

protocol of AMF-CUNO (Meriden. Conn). Hybridizations identified polymorphisms with at least one of eight re

with "2P-labelled probes (1-15 x 108 dpm) were performed at striction enzymes (Banifl, EcoRl, EcoRV. Haelll. 
42 C in 50% formamide. Sequential washes were carried out for HindIll, Hinfl. Pstl, and Xbal) in the BAT93 versus Jalo 
60min each in 2xSSC, 0.1% SDS at room temperature. EEP558 comparison. A similar level was observed in a 
0.1 x SSC. 0.1% SDS at room temperature, and 0.1 x SSC, 0.1% second comparison. 'Rio Tibagi' versus ABA71 This 
SDS at 60-C. The washed nylon membranes were exposed to 
X-Omat X-ray film for I h to 5 days. Inspection of the autora- high level of polymorphism detected by the Psit librar, 

diograms revealed that under these experimental conditions was in marked contrast with lower levels of polymor
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Fig. 1. Level of polymorphism detected by various restriction 
enzymes. A Cumulative polymorphism frequency detected by al. 
eight restriction enzymes; B cumulative polymorphism frequen-
cy detected by EcoRl, EcoRV, and HindIl1 

phism (321o) detected by 57 EcoRI-BamHI clones in the 
BAT93 versus a!,o EEP558 comparison using the same 
eight restriction enzymes. 

When Psi clones were used, we observed that the 

restriction enzymes used to digest parental DNA detcct-
ed different levels of polymorphism. In the BAT93 versus 
Jalo EEP558 comparison, levels of polymorphism ranged
between 6.5"a (Pstl) and 66% (EcoRV) 1). In thebetweeion vo(l)ndi 660agi aEnod) (Fig.(Fig. 1).lnehe oAn 
comparison involving "Rio Tibagi' and ABA71, levels of 
polymorphism varied between 100/ (HinfI) and 67%/ 

(Hind!!!) (not shown). In both comparisons, high levels 
of polymorphisms (60-70%) were detected by EcoRV 
and HindIII, and intermediate levels were detected by 
EcoRI, HaeIII, BamHil, and XbaI. Any polymorphism 
seen with Barnif, HaeIII, Hinfl, PstI. or KbaI, was also 
seen with EcoRI, EcoRV, or HindlI. Hence, the poly-
morphism observed with the latter three enzymes was as 
high as that observed with all eight restriction enzymes, 
i.e., approximately 80 % (Fig. 1). 

A different pattern was observed for the EcoRi-
BamnHI clones. All of the enzymes detected similar low 
level ons o etcTed s arsAollrphism the nzymrson
levels of polymorphism in the comparison BAT93 versus 

Jalo EEP558 (2-17%). Combined polymorphisms de-

tected by these clones with the eight restriction en, ymes 
amounted to 32%, whereas polymorphisms detected in 
EcoRI-. EcoRV-, or HindIII-digested genomic DNA 
amounted to 21% (Fig. 1). 

What is the probability that an additional clone will 
reveal a polymorphism between two bean genotypes and, 
hence, can be mapped? Data from single comparisons -
BAT93 versus Jalo EEP558 or Midas versus G12873 
indicated that approximately four-fifths of the Pstl 
clones were capable of detecting a polymorphism with 
the restriction enzymes EcoRI, EcoRV, or Hindlll. When 
the data from two different comparisons were combined, 
46 out of 61 clones (75%) detected polymorphisms in 
both comparisons; 12 out of 61 randomly chosen Pstl 
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Fig. 2. Relationship between average fragment size and poly
morphism level revealed by Pstl or EcoRl-BamlHl clones after 
restriction digestion of genomic DNA 

clones (20%) detected differences in one or the other 
comparison, and 3 out of 61 clones (5%) detected no 
polymorphism in either comparison. Hence. using two 
populations. it would be possible to map 95% of the Psil 

clones. 

Fragment si:e andfrequency of polymorphism 
analysis involving 61 Pst[ probes in the comparison

BA 93vruJa EP58soesinfctdfer
BAT 93 versus Jalo EEP558 showed significant differ
ences in the average size of the genomic fragments gener
ated by different restriction enzymes (Table 1). Whereas 
Hinfl, Psi!, and HaeIIL produced small fragments of 
sizes 1.0. 1.4, and 2.3 kb. respectively, EcoRV XbaI. and 
BanHI generated fragments with an average size of 10.4. 
11.6 and 13.5 kb, respectively. Between these extremes. 
two restriction enzymes, EcoRI and HindlII, generated 
fragments with average size of 7.7 and 7.8 kb, respective
ly. In general. the average fragment size generated by 
each restriction enzyme was positively correlated with 
th leelo enymerpai oiveldcbyrthat enym 
telvlo oyopi-, eeldb htezm 
(Fig. 2). This association between fragment size and level 
ofplmrhs wantobevdorheER
of lones (Fg 2).
BatnHl clones (Fig. 2). 

The level of polymorphism was also affected by the de
gree of genetic similarity among genotypes chosen to 
identify polymorphisms. Results on levels of polymor
phism presented in the previous two paragraphs involved 
comparisons between Mesoamerican and Andean geno
types. Comparisons within the Andean or Mesoamerican 
group yielded the following results. Of 57 Psi! clones 
49% detected polymorphisms between the three cultivat
ed genotypes from the Andean region (ABA71, Jalo 
EEP558, and Midas) (Table 2). Within the Middle Amer
ican germ plasm (BAT93, G12873, AC1028. LEF2RB. 
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Table i. Average fragment size generated by various restriction enzymes 

Restriction enzyme Psti library 	 EcoRl-Bamn-1l library 

Number Average Standard Number Average Standard 
of bands si7e (kb) error of bands Si7C (kb) error 

Hinll 	 50 1.0 a' 0.06 35 0.8 a 0.08 
Pstl 	 49 1.4 b 0.15 33 15.6 f 1.24 
Haelll 	 65 2.3 c "0.31 52 2.3 b 0.33 
EcoR[ 	 57 7.7 d 0.94 37 4.7 c I.S4 
Hindll 	 65 7.8 d 0.82 40 6.8 cd 0.88 
EcoRV 	 58 10.4 de 0.89 35 10.3 d 1.30 
Xhal 	 48 11.6 e 1.21 38 10.2 d 1.26 
BanHl 	 52 13.5 e 1.25 32 7.4 cd 1.19 

Averages followed by the same letter within acolumn are signilicantly different according to pairwi, /-tests (Steel and Torrie 1980) 

Table 2. RFLP levels between and within the Mesoamerican Xbal Pstl Hinfl Hindill Haelll EcoRV EcoRI BamHl 
and Andean cultivar groups 	 J B J B J J B J J B J BiBJ 

Comparison 	 Number Number RFLP
 
of probes of enzymes level (%) .,
 

Between Mesoamerican 	and Andean ,'. " " 6 
cultivar groups 

BAT93. Jab EEP558 	 57 60 86
 
61 82
 

Midas, G12873 	 61 3 89
 
Within Mesoamerican or Andean
 
cultivar groups
 

Mesoamerican 53 6 62 Fig. 3. Polymorphism detected by Psil genomic clone 
Andean' 57 6 49 GUC1049 between BAT93 (B) and Jalo EEP558 (J) 

' 	 Mesoamerican: BAT93. G12873, Sierra, LEF2RB. AC1028: 
Andean: Jalo EEP558, ABA71. Midas
b 	BamHI. EcoRl. EcoRV. HindlII, Pstl, Xbal and Sierra). 62% of 53 Pstl clones revealed a polymor-

EcoRI, EcoRV. Hind!ll phism. As expected, therefore, comparisons within the 

Mesoamerican or Andean groups showed lower levels of 
polymorphism than between these two groups. 

Table 3. Frequency (in percentage) of site mutations and chro- Type o]'polrn'orphisms
mosomal rearrangements Polymorphisms can be generated either through nucle-
Comparison 	 Number Frequency (%) otide substitution or through insertions/deletions. If di

of gestion with one or two of the eight restriction enzymes
probes Site 	 Insertions/ Ambi-Ste Aprbe dnetions s showed a 	polymorphism, then a nucleotide substitution 

muta- deletions guous 

tions 	 at the specific recognition site was inferred. If a consis
tency in the polymorphism was observed among live or 

Pst! library more restriction enzymes (e.g.. one parent consistently 
BAT93 versus 50 20 32 48 exhibited a larger fragment, as illustrated in Fig. 3). the 
Jalo EEP558 polymorphism was assumed to be due to an insertion 
Rio Tibagi versus 23 13 35 52 deletion (or chromosomal rearrangement). Intermediate 
ABA71 cases were classified as ambiguous. Using these criteria. 

EcoRI-BamHI library 	 a majority of the polymorphisms revealed by Psil clones 
appeared to be due to an insertiondeletion event, where-

Jalo EEP558 	 as EcoRI-BanHI clones recognized mostly nucleotide 

substitutions (Table 3). 
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Discussion 

Libraries enriched with single-copy sequences have been 
obtained in common bean (95% single-copy sequences: 
Chase et al. 1991) and in other species such as rice (85%: 
McCouch et al. 1988). maize (50.6%: Burr et al. 1988). 
tomato (92%,0: Miller and Tanksley 1990b). and barley 
(89%o: Graner Ct al. 1990) when DNA was digested with 
Psti. a methylation-sensitive enzyme (as opposed to 
BamI-Il and EcoRl. two methylation-insensitive en-
zymes). Lack of methylation has been associated with 
gene activity in vertebrates and plants (e.g.. Antequera 
and Bird 1988: Schwartz 1989: Monk 1990). 

The relatively high level of polymorphism revealed by 
the Pstl library compared to that detected by the Eco-RI-
BamHI library (80% versus 32%) was unexpected. Psil 
clones also exhibited high levels of polymorphisms in 
other species. In tomato. higher levels of polymorphism 
were observed with Pstl clones than with EcoRI clones 
(Miller and Tanksley 1990a). Of the Pstl probes 75% 
were polymorphic with three enzymes when tested in 38 
2n potato lines (Gebhardt et al. 1989). 

The wide range of polymorphisms revealed by differ-
ent libraries illustrate the paramount importance of the 
restriction enzymes used to digest DNA for the establish-
ment of a genomic library. The cloning procedure, such 
as the restriction enzyme and the fragment size, appar-
ently induces a sampling bias which favors certain re-
gions of the genome or specific sequences, depending on 
their base composition. copy number, or methylation 
level. Pstl will not cleave DNA at the recognition se-
quence (5'-CTGCAG-3') if the cytosine at the 5' end is 
methylated (Nelson and McClelland 1987; Gruenbaum 
et al. 1981). Our data suggest that DNA sequences ho-
mologous to the Pstl clones (or DNA sequences adjacent 
to them) are more variable than those homologous to the 
EcoRI-BantI clones. This variability revealed by PstI 
clones appears to be due more often to small rearrange-
ments than to nucleotide substitutions, although the lat-
ter could also play an important role. Variability revealed 
by EcoRI-BanHl clones appeared to be due mostly to 
nucleotide substitutions. We are not aware of an explana-
tion that could account for this difference in polymor-
phism levels detected with the two libraries. 

Recently. two other groups have obtained estimates 
of RFLP levels in common bean. Chase et al. (1991) 
found that in a group of 14 Middle American and An-
dean accessions. 5 out of 18 (28%) random Pst! clones 
revealed polymorphisms in EcoRI digests of genomic 
DNA. For the EcoRV and HindIll digests, polymor-
phisms were observed with 5 out of 18 (28%) and 7 out 
of 18 (39%) of the clones, respectively. Within the Mid-
die American group (excluding accession XR-235-1-1, 
which includes P. coccineus in its background), 5 out of 
18 (28%) revealed polymorphisms whereas in the An- 

dean gene pool 4 out of 18 (22%) revealed polymor
phisms. The lower levels of polymorphisms observed by 
these authors can be attributed to differences in the plant 
material analyzed. For example. all Middle American 
accessions analyzed by Chase et al. ( 1991) belong to race 
Mesoamerica. whereas the accessions analyzed in our 
study belong to either race Mesoamerica or race Duran
go of the Middle American gene pool (Singh et al. 
1991 a). 

Guo et al. (1991) observed only 22-261 o polymor
phisms within P. ruIgarisbut 70-80o between P. vulgar
is and P. coccineus. The lower level of polymorphisms 
may be due to the use of a single restriction enzyme 
(EcoRl). to the expression of their results as the propor
tion of polymorphic bands to the total number of bands 
and to different sources of probes (mostly anonymous 
cDNA probes and clones of genes of known function). 

Although experimental conditions are not strictly 
comparable. the RFLP levels we have identified in com
mon bean (around 80-90%) compare favorably with 
those observed in other species (Table 4), especially self
pollinated plants such as soybean (40-50%) and tomato 
(14%) (Keim et al. 1989; Helentjaris et al. 1985). Table 2 
shows that while between gene pools we were able to 
detect 80-90% polymorphism, within gene pools we still 
detected 50-60% polymorphism. Hence, RFLP analysis 
confirmed the divergence between Mesoamerican and 
Andean gene pools detected previously with morpholog
ical. biochemical, and reproductive isolation data (Van
derborght 1987; Gepts et al. 1986; Gepts 1990; Gepts and 
Debouck 1991: Sprecher 1988; Khairallah et al. 1990: 
Koenig and Gepts 1989: Shii et al. 1980: Singh et al. 
1991 b. c). In order to increase levels of polymorphisms at 
the molecular level, parents should belong to contrasting 
gene pools. i.e., Mesoamerican versus Andean. However. 
the level of polymorphism within gene pools appears to 
be still high enough to develop efficient applications with 
these markers, such as marker-assisted selection or evo
lutionary studies. 

Strong correlation have been found between the aver
age size of the hybridizing restriction fragments and the 
frequency of polymorphisms generated by different re
striction enzymes (McCouch et al. 1988; Miller and 
Tanksley 1990a). By testing 61 probes against BAT93 
and Jalo EEP558 genomic DNA digested with eight re
striction enzymes, we found similar results. This positive 
correlation is consistent with our finding that a majority 
of the RFLPs can be attributed to insertions deletions. 

From a practical point of view, mappinv, efficiency 
increases when the number of restriction enzymes used to 
digest DNA of parents and of segregating generations 
can be decreased without a significant reduction in poly
morphism levels. Our results inJicate that the level of 
polymorphism detected by the combined use of EcoRV 
EcoRI. and Hi,dill is the same as the one detected by all 



bean and other plantsTable 4. Comparison of RFLP levels in common 

Crop Genotypes Type oflclone 

Arabidopis 
Barley 

I strains 
48 cultivars 
4 cultivars 

Genomic: EcuRI 
Genomic: Pstl 
Genomic: Pstl 

Brassha 3 species Genomic: Pstil 
(37 culti,.ars or 
genetic stocksl 

Common 7 cultivars + Genomic: Psi 
Bean I wild 

Lentil 2 cultivars+ Gnomic: Pstl. EcoRl 
2wild cDNA 

Lettuce 4 cultivars Genomic: Mbol 
cDNA 

Maize 3 cultivars cDNA 
Potato phrejax (tuherosum 

. chacoense) 
Genomic: Psil. EcoRl 
eDNA 

Rice indica xjavanica Genomic: Pstl 
Soybean 5 cultivars 

58 wild +cultivated 
Genomic: Sau3Al. EcoRi 
Genomic: Sau3Ai 

Tomato 2 cultivars cDNA 
esculentum-cheesmannii cDNA 
esculenium-pennellhi eDNA 

eight restriction enzymes together (around 80%). These 

three enzymes were also very efficient in detecting poly-
s icies. 

morphisms in lettuce (Landry et al. 1987) and potato 

(Bonierbale et al. 1988). When the data from two differ-

ent pairwise genotypic comparisons were combined, the 
level of polymorphism was even higher than in a single 

comparison. This observation suggests that mapping in 

more than one population will lead to a denser map. in 
general. and will increase the probability of identifying 

polymorphic markers in a chromosome region of inter-

est. 
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Summary. Two genomic libraries were established to 
provide markers to develop an integrated map 
combining molecular markers and genes for qualitative 
and quantitative morpho-agronomic traits in common 
bean. Contrasting characteristics were observed for the 
two libraries. While 89% of the PstI clones were classi
fied as single-copy sequences, only 21% of the EcoRI-
BaniHI clones belonged in that category. Clones of these 
two libraries were hybridized against genomic DNA of 
nine genotypes chosen according to their divergent evo-
lutionary origin and contrasting agronomic traits. Eight 
restriction enzymes were used in this study. Psil clones 
revealed 80-90% polymorphism between the Andean 
and Middle American gene pools and 50-60% polymor-
phism within these gene pools. However, under the same 
conditions only 30% of the EcoRI-BamHl clones showed 
polymorphism between the Middle American and An-
dean gene pools. Hybridization with Pstl clones to 
EcoRI-, EcoRV-, or HindlIl-digested genomic DNA re-
suited in a cumulative ftequency of polymorphism of 
approximately 80%. Hybridizations to BamHl-, HaeIl-, 
HinfI-, Pstl-. and Xbal-digested genomic DNA detected 
no additional polymorphisms not revea!cd by the former 
three enzymes. In the Pstl library, a positive correlation 
was observed between the average size of hybridizing 
restriction fragments and the frequency of polymorphism 
detected by each restriction enzyme. This relationship is 
consistent with the higher proportion of insertion/dele-
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tion events compared with the frequency of nucleotide 
substitutions observed in that library. 

Key words: Phaseolus vulgaris - RFLP - Genetic diversity 

Introduction 

Common bean (Phaseolus vulgaris L., 2n=2 x =22) is 
grown worldwide on more than 12 million hectares 
(Singh 1989) and constitutes a major source of dietary 
protein in Third World countries (Pachico 1989). Most of 
the common bean production and consumption consists 
of dry bean, although green pods can also be important 
on a regional basis (Singh 1989). Recently, its health 
benefits (e.g., source of fibers, hypocholestesterolemic 
effect) have also received considerable attention (An
dersen et al. 1984). 

Although common bean has been used to identify or 
confirm important genetic concepts (e.g., segregation, 
Mendel 1865; genotype versus phenotype, Johannsen 
1909; quantitative trait locus. Sax 1923), there have been 
fewer genetic studies conducted with common bean than 
with other crop plants such as maize, pea, or tom,.tu. 
This has been due in part to the lack of available markers. 
This situation can be remedied using restriction fragment 
length polymorphism (RFLP) markers. Compared to 
traditional morphological and biochemical markers, the 
advantages of RFLPs include their high number, their 
higher levels of polymorphism, co-dominance, freedom 
from environmental, epistatic, or deleterious effects, and 
detectability in all tissues and developmental stages 
(Beckmann and Soller 1986, Tanksley 1983). 

Our long-term goal is to e!;tablish an integrated link
age map of common bean, i.:., a linkage map including 
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both molecular markers (particularly RFLPs) and genet- most samples had been digested to completion as indicated by 
ic factors controlling agronomic traits. Because! most of the detection of single bands by almost 90% of the probes. In 

common bean breeding takes place within the primary addition, the banding patterns observed in these screening ex
periments %%ereheritable fR. Nodari and P. Gepts unpublished 

gene pool sensu Harlan and de Wet (1971). polymor- observations). 
phisms at the molecular level should be identified within 
P. vulgaris. This. in turn. should increase the opportuni- Developmient olgenomic libraries 

ties of applying the information form the linkage map to Total plant DNA from P. %-u.iarisc%'California Dark Red 
the development of improved bean cultivars by marker- Kidney" was purified in a cesium cnloride gradient iSambrook 
assisted introduction of recessive or quantitative traits. et al. 1989). After diLestion vith either EcoRI and Banl-I or

Pstl. fragments smaller than 4.0 kb were size selected on a .8". 
Hence, a first objective of our mapping effort, detailed in agarose gel for the EcoRI-BamHl library or on a 1°i00 ,, 

this article, has been to identify bean genotype-DNA sucrose gradient for the Pstl library (Weis and Quertermous 
probe combinations that reveal high levels of in- 1987). Subsequently. DNA was precipitated "ith 95%o ethanol 

traspecific polymorphism. We describe here the establish- at -20 C (o~ernight). rinsed %%ithcold 70". ethanol, and resus

ment of two common bean genomic libraries and com- pended in TE. The iize-selected fragments were ligated into the 
pUCI8 plasmid (Sambrook et al. 1989). and competent bacteri

pare levels of polymorphisms between and within gene al cells (DH5- ) were transformed %&ith the ligated products. 
pools of P. vulgaris. After selection on LB medium with ampicillin. X-gal. and IPTG 

(Sambrook et al. 19891. plasmids from white colonies were iso
lated through a minipreparation (Holmes and Quig!ey 1981 

Material and methods Identification oj'single-copy genotnic probes 
Plant material Approximately I jig of plasmid DNA from clones of each li-
In order to increase levels of polymorphism both at the molecu- brary (around 500) was digested with either EcoRl and Ban-ifl 
lar and agronomic levels, nine P.vulgarisgenotypes were chosen or Pstl. size separated on a 0.8% agarose gel to verify the 
according to two criteria: (1) divergent evolutionary origin; and presence of an insert, and subsequentl% transferred to a 
(2) contrasting agronomic traits. BAT93 is a Middle American Zetabind membrane, as described above. These blots %%ere 
breeding line that is resistant to bean common mosaic virus probed with I pg of total genomic DNA radio-labelled %ith 
(BCMV). rust (LUronvces phaseoli). common bacterial blight 2-3 2PdCTP (Amersham) by nick translation (Rigby et al. 1977). 
(Xanthomonas phaseoli). and anthracrnose (Colletotrichum linde- Clones showing the absence or near-absence of signal on the 
muthianum), but is susceptible to angular leafspot (Phaeoisariop- X-ray film were selected as single-copy clones. 
sis angularis). Jalo EEP558. an Andean landrace. exhibits oppo
site reactions to the same pathogens. *Rio Tibagi'. a small black- Probes 
seeded Middle American cultivar, and ABA71, a large white- Single-copy sequence inserts were separated from the plasmid 
seeded Andean breeding stock, have distinct response to abiotic after restriction digestion and electrophoress in low-meltine

rmeachstress such as drought and low soil phosphorus levels. Midas, an teperte agaro aely 3 n o 
temperature agarose. Approximately 30 ng of DNA from each 

Andean wax snap bean. and G12873, a Middle American wild insert was radio-labeled with )t- IPdCTP (Amershani) b%the 
accession, exhibit contrasting growth habits, pigmentation, pod random primer method (Feinberg and Vogelstein 19841. 
fiber content, and photoperiod sensitivity. 

Sierra, LEF2RB. and AC1028, all of Middle American 
origin. are breeding lines developed at Michigan State Univer
sity and represent introgression between germ plasm from the 
arid upland Durango race with the humid lowland Mesoamerica Results 
race (Kelly et al. 1990; Singh et al. 1991 a). Comparison of the two genomi' libraries 

DNA isolation, restriction en:yme digestion, and electrophoresis The two genomic libraries. one resulting from the diges-

Genomic DNA was isolated as described in Gepts and Clegg tion of genomic DNA with Pstl and the other with 
(1989) and Gepts et al. (1992). Seven to ten micrograms of DNA EcoRI-Bamfl, exhibited contrasting characteristics. 
was digested at 37 -C for 4-5 h with different restriction en
zymes (4-5U pg DNA) according to the recommendations of Whereas 89% of 426 Pstil clones were classified as single
the manufacturers (BRL and New England Biolabs). Digested copy sequences, only 2 1 % of"484 clones from the EcoRl-
DNA was separated by electrophoresis on 0.8 %agarose gels in BanHI library belonged to the same category. 
TAE running buffer for 16-20 h at 1V/cm of gel. The two libraries also exhibited different levels of 

Southern blotting and hybridi:ation polymorphism detected by the single-copy sequences. 
randomly chosen Pstl clones

The Southern hybridization followed the Zetabind membrane Eighty-two percent of 61 

protocol of AMF-CUNO (Meriden, Conn). Hybridizations identified polymorphisms with at least one of eight re
with 32P-labelled probes (1-15 x 10" dpm) were performed at striction enzymes (BanHl, EcoRl, EcoRV. Hatlll. 
42 -C in 50% formamide. Sequential washes were carried out for Hindlil, Hinfl. PstI, and Xbal) in the BAT93 versus Jao 
60min each in 2xSSC, 0.1% SDS at room temperature, EEP558 comparison. A similar level was observed in a 
0.1 xSSC, 0.1% SDS at room temperature, and 0.1 x SSC, 0.1% second comparison, 'Rio Tibagi" versus ABA71 This 
SDS at 60'C. The washed nylon membranes were exposed to 
X-Omat X-ray film for I h to 5days. Inspection of the autora- high level of polymorphism detected by the Pstl librar, 
diograms revealed that under these experimental conditions was in marked contrast with lower levels of polymor
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Fig. 1. Level of polymorphism detected by various restriction 
enzymes. A Cumulative polymorphism frequency detected by all 
eight restriction enzymes; B cumulative polymorphism frequen-
cy detected by EcoRl. EcoRV. and HindlII 

phism (32%) detected by 57 EcoRI-BamHl clones in the 
BAT93 versus Jalo EEP558 comparison using the same 
eight restriction enzymes, 

When Pstl clones were used, we observed that the 
restriction enzymes used to digest parental DNA detect-
ed different levels of polymorphism. In the BAT93 versus 
Jalo EEP558 comparison, levels of polymorphism ranged 
between 6.5%/0 (Psi) and 66% (EcoRV) (Fig. 1). In the 
comparison involving 'Rio Tibagi' and ABA71, levels of 
polymorphism varied between 10% (Hinfl) and 670% 
(HindlII) (not shown). In both comparisons. high levels
Hd (nly (60n0%) highctedEcatedotishon) bohcorin leel 

ofdpolorphisms rmediate were bylevls detected 
and Hindll. and intermediate levels were detected by 
EcoRl. HaelI, BarHl, and Xba. Any polymorphism 
seen with BanI. Had!. orHine Psh!, orpobo was also 

seenwit EcR!.EcoV.r Hnd!!. enc, te ply-
morphism observed with the latter three enzymes was as 
mophighasmt observed withthegattertr ienzymes . 
high as that observed with all eight restriction enzymes.8 0 /i.e.. approximately (Fig. I). 

A different pattern was observed for the EcoR-
BamnHl clones. All of the enzymes detected similar low 

the nzymrson s 
levels of polymorphism ie 

lev lone.ofpolymorphism etcTed ars 

Jalo EEP558 (2-17%/). Combined polymorphisms de-

tected by these clones with the eight restriction enzymes 

amounted to 3 2 %. whereas polymorphisms detected in 
EcoRI-, EcoRV-, or HindIll-digested gLt'onic DNA 
amounted to 210% (Fig. 1). 

What is the probability that an additional clone will 

reveal a polymorphism between two bean genotypes and, 
hence, can be mapped? Data from single comparisons -
BAT93 versus Jalo EEP558 or Midas versus G12873 
indicated that approximately four-fifths of the Psil 
clones were capable of detecting a polymorphism with 
the restriction enzymes EcoRI, EcoRV, or Hindll. When 
the data from two different comparisons were combined, 
46 out of 61 clones (75%) detected polymorphisms in 
both comparisons: 12 out of 61 randomly chosen Pstl 

70 0 s c~-Bml e EcoRV 

- Pstl EcoFi-BamHl eHindl~l 
60- 

.
50 - BamHi 

9 EcaRt 
E-40_ 
6 HaeM
 
C30 - Xba I
 

>'20-

Haemff EcaRl -ndl EcoRV 

- Hind 
0 2 L, 6 8 10 12 14. 16 
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Fig. 2. Relationship between average fragment size and poly
morphism level revealed by Psi! or EroRl-BamHl clones after 
restriction digestion of genomic DNA 

clones (20%) detected differences in one or the other 
comparison, and 3 out of 61 clones (5%) detected no 
polymorphism in either comparison. Hence. using two 
populations, it would be possible to map 95% of the Pstl 
clones. 

Fragmentsize andfrequency of polymorphisin 
An analysis involving 61 Psil probes in the comparison 
BAT 93 versus Jab EEP558 showed significant differ
ences in the average size of the genomic fragments gener

by different restriction enzymes (Table 1). Whereas 
Hinfl, Psil, and Haelll produced small fragments of 
sizes 1.0, 1.4. and 2.3 kb, respectively, EcoRV. Xbal. and 
BainHI generated fragments with an average size of 10.4. 
11.6 and 13.5 kb, respectively. Between these extremes. 
two restriction enzymes, EcoR! and HindllI, generated
twreriioeny sEoladHdlgnrtd 
fragments with average size of 7.7 and 7.8 kb. respective
ly. In general. the average fragment size generated by
each restriction enzyme was positively correlated with 

athelevel of polymorphism revealed by that enzyme 
thlelofpymrimrvaedbtatnz e 
(Fig. 2). This association between fragment size and level 
of polymorphism was not observed for the EcoRl-
BmIcoe Fg ) 

Inzer'ersus Intra-genepool polvntorphism 

The level of polymorphism was also affected by the de
gree of genetic similarity among genotypes chosen to 

identify polymorphisms. Results on levels of polymor
phism presented in the previous two paragraphs involved 
comparisons between Mesoamerican and Andean geno
types. Comparisons within the Andean or Mesoamerican 
group yielded the following results. Of 57 Psil clones 
49% detected polymorphisms between the three cultivat
ed genotypes from the Andean region (ABA71. Ja 
EEP558. and Midas) (Table 2). Within the Middle Amer
ican germ plasm (BAT93, G12873, AC1028. LEF2RB. 

-I 



189 

Table I. Average fragment size generated by various restriction enzymes 

Restriction enzyme Psil library EcoRl-BamH"brary 

Number Average Standard Number Average Standard 
of bands size (kb) error of bands size (kb) error 

Hinfl 50 1.0 a' 0.06 35 0.8 a 0.08 
Pvtl 49 1.4 b 0.15 33 15.6 f 1.24 
Hael11 65 2.3 c 0.31 52 2.3 b 0.33 
EcoR1 57 7.7 d 0.94 37 4.7 c 0.84 
Hind I11 65 7.8 d 0.82 40 6.8 cd 0.88 
EcoRV 58 10.4 de 0.89 35 10.3 d 1.30 
Xhal 48 11.6 e 1.21 38 10.2 d 1.26 
Bam Hl1 52 13.5 e 1.25 32 7.4 cd 1.19 

Averages followed by the same letter within acolumn are significantly different according to pairwi, i-tests (Steel and Torrie 19801 

Table 2. RFLP levels between and within the Mesoamerican Xbal Pstl Hinfl Hindlil Haelll EcoRV EcoRI BamHI 
and Andean cultivar groups J B J B J B B J B J B J B J B A 

Comparison 	 Number Number RFLP 
of probes of enzymes levei,/) U , -

Between Mesoamerican and Andean '. _ 
cultivar groups 

BAT93. Jalo EEP558 	 57 6" 86 
61 3 82
 

Midas. G12873 	 61 3 89 

Within Mesoamerican or Andean
 
cultivar groups
 

Mesoamecan' 53 6 62 	 Fig. 3. Polymorphism detected by Psil genomic clone 
GUC1049 between BAT93 (B) and Jalo EEP558 (Ji 

Mesoamerican: BAT93, 	C12873, Sierra. LEF2RB, AC1028; 
Andean: Jalo EEP558, ABA71, Midas 
" 	BamHl. EcoRl. EcoRV. HindIll, Ps!l, Xbal and Sierra), 62% of 53 Pstl clones revealed a polymor-

EcoRl. EcRV Hindlil phism. As expected, therefore, comparisons within the 

Mesoamerican or Andean groups showed lower levels of 
polymorphism than between these two groups. 

Table 3. Frequency (in percentage) of site mutations and chro- Type of polymorphisms 
mosomal rearrangements 

Polymorphisms can be generated either through nucle-
Comparison Number Frequency (%) otide substitution or through insertions/deletions. If di

of gestion with one or two of the eight restriction enzymesprobes Site Inserlions/ Ambiitamub deetions/ 	 us showed a polymorphism, then a nucleotide substitutionmuta- deletions guous 

tions at the specific recognition site was inferred. If a consis
tency in the polymorphism was observed among five or 

Pstl library more restriction enzymes (e.g., one parent consistently 
BAT93 versus 50 20 32 48 exhibited a larger fragment, as illustrated in Fig. 3). the 
Jalo EEP558 polymorphism was assumed to be due tc an insertion 
Rio Tibagi versus 23 13 35 52 deletion (or chromosomal rearrangement). Intermediate 
ABA71 cases were classified as ambiguous. Using these criteria. 

EcoRI-BamHI library a majority of the polymorphisms revealed by PstI clones 
appeared to be due to an insertion/deletion event. %%here-

Jalo EEP558 as EcoRI-BamHI clones recognized mostly nucleotide 
substitutions (Table 3). 

7 
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Discussion 

Libraries enriched with single-copy sequences have been 
obtained in common bean (95% single-copy sequences: 
Chase et al. 1991 )and in other species such as rice (85o: 
McCouch et al. 1988). maize (50.6"!o: Burr et al. 1988). 
tomato (92)0: Miller and Tanksley 1990b). and barley 
(890o: Graner et al. 1990) when DNA was digested with 
Pstl, a mneth~lation-sensitive enzyme (as opposed to 
BamHl and EcoRl. two methylation-insensitive en-
zymes). Lack of methylation has been associated with 
gene activity in x'ciuebrates and plants (e.g.. Antequera 
and Bird 1988: Schwartz 1989: Monk 1990). 

The relativel. high level of polymorphism revealed by 
the Pstl library compared to that detected by the Eu'- Rl-
BanHl library (80% versus 320,o) was unexpected. Pstl 
clc"is also exhibited high levels of polymorphisms in 
other species. In tomato. higher levels of polymorphism 
% re observed with Pstl clones than with EcoRl clones 
(Miller and Tanksley 1990a). Of the Pstl probes 75,o 
were polymorphic with three enzymes when tested in 38 
2n potato lines (Gebhardt et al. 1989). 

The wide range of polymorphisms revealed by differ-
ent libraries illustrate the paramount importance of the 
restriction enzymes used to digest DNA for the establish-
ment of a genomic library. The cloning procedure, such 
as the restriction enzyme and the fragment size, appar-
ently induces a sampling bias which favors certain re-
gions of the genome or specific sequences, depending on 
their base composition. copy number, or methylation 
level. Pstl will not cleav:e DNA at the recognition se-
quence (5'-CTGCAG-3') if the cytosine at the 5' end is 
methylated (Nelson and McClelland 1987: Gruenbaum 
et al. 1981). Our data suggest that DNA sequences ho-
mologous to the Pstl clones (or DNA sequences adjacent 
to them) are more variable than those homologous to the 
EcoRI-BamHl clones. This variability revealed by Pstl 
clones appears to be due more often to small rearrange-
ments than to nucleotide substitutions, although the lat-
ter could also play an important role. Variability revealed 
by EcoRI-BamHl clones appeared to be due mostly to 
nucleotide sebstitutions. We are not aware of an explana-
tion that couid account for this difference in polymor-
phism levels detected with the two libraries. 

Recently. two other groups have obtained estimates 
of RFLP levels in common bean. Chase et al. (1991) 
found that in a group of 14 Middle American and An-
dean accessions. 5 out of 18 (2 8 %) random Pstl clones 
revealed polymorphisms in EcoRl digests of genomic 
DNA. For the EcoRV and Hindlil aigests, polymor-
phisms were observed with 5 out of 18 (2 8 %) and 7 out 
of 18 (39 %) of the clones, respectively. Within the Mid-
die American group (excluding accession XR-235-1-1, 
which includes P. coccineus in its background), 5 out of 
18 (28%) revealed polymorphisms whereas in the An-

dean gene pool 4 out of 18 (22%) revealed polymor
phisms. The lower levels of polymorphisms observed by 
these authors can be attributed to differences in the plant 
material analyzed. For example, all Middle American 
accessions anal%zed by Chase et al. (1991) belong to race 
Mesoamerica. whereas the accessions analyzed in our 
study belong to either race Mesoamerica or race Duran
go of the Middle American gene pool (Singh et al. 
1991 a). 

2 2 Guo et al. (1991) observed only - 26'0 polymor
phisms within P. vutiaris but 70-800o between P. vulg'ar

is and P. coccineus. The lower level of polymorphisms 
may be due to the use of a single restriction enzyme 
(EcoRl!. to the expression of their results as the propor
tion of polymorphic bands to the total number of bands. 
and to different sources of probes (mostly anonymous 
cDNA probes and clones of genes of known function). 

Although experimental conditions are not strictl% 
comparable. the RFLP levels we have identified in com
mon bean (around 80-90%) compare favorably with 
those observed in other species (Table 4), especially self
pollinated plants such as soybean (40-50/o) and tomato 
(14%) (Keim et al. 1989: Helentjaris et al. 1985). Table 2 
shows that while between gene pools we were able to 
detect 80-90% polymorphism. within gene pools we still 
detected 50 - 60% polymorphism. Hence, RFLP analysis 
confirmed the divergence between Mesoamerican and 
Andean gene pools detected previously with morpholog
ical. biochemical, and reproductive isolation data (Van
derborght 1987: Geptset al. 1986: Gepts 1990: Geptsand 
Debouck 1991: Sprecher 1988: Khairallah et al. 1990: 
Koenig and Gepts 1989, Shii et al. 1980: Singh et al. 
1991 b. c). In order to increase levels of polymorphisms at 
the molecular level, parents should belong to contrasting 
gene pools, i.e.. Mesoamerican versus Andean. However. 
the level of polymorphism within gene pools appears to 
be still high enough to develop efficient applications with 
these markers, such as marker-assisted selection or evo
lutionary studies. 

Strong correlation have been found between the aver
age size of the hybridizing restriction fragments and the 
frequency of polymorphisms generated by different re
striction enzymes (McCouch et al. 1988: Miller and 
Tanksley 1990a). By testing 61 probes against BAT93 
and Jalo EEP558 genomic DNA digested with eight re
striction , nzymes. we found similar results. This positive 
correlation is consistent with our finding that a majority 
of the RFLPs can be attributed to insertionsdeletions. 

From a practical point of view, mapping efficienc, 
increases when the number of restriction enzymes used to 
digest DNA of parents and of segregating generations 
can be decreased without a significant reduction in poly

morphism levels. Our results indicate that the level of 
polymorphism detected by the combined use of EcoRV. 
EcoRl. and Hindlll is the same as the one detected by all 
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Table 4. Comparison of RFLP levels in common bean and other plants 

Crop Genotypes Type of clone 

4rahicois I strains Genomic: EcoRl 
Barley 48 cultivars 

4 cultivars 
Genomic: Psti 
Genomic: Pstl 

Brassbi.a species Genomic: Pstl 
(37 culti'ars or 
genetic stocks) 

Common 7 cultivars + Genomic: Pstl 
Bean I wild 

Lentil 2 cultivars Genomic: Psil. EcoRl 
2 wild cDNA 

Lettuce 4 cultivars Genomic: Mbol 
cDNA 

Maize 3 cultivars cDNA 
Potato phureja x ituberosun Genomic: Psil. EcoRl 

x chacoense) cDNA 
Rice indica xiavanica Genomic: Psi! 
Soybean 5 cultivars Genomic: Sau3Al, EcoRl 

58 wild +cultivated Genomic: Sau3Ai 
Tomato 2 cultivars cDNA 

esculentunl-cheesmannii eDNA 
csculentUni-pennellii eDNA 

eight restriction enzymes together (around 80%). These 

three enzymes were also very efficient in detecting poly-

morphsms in lettuce (Landry et al. 1987) and potato 

(Bonierbale et al. 1988). When the data from two differ- 

ent pairwise genotypic comparisons were combined, the 
level of polymorphism was even higher than in a single 

comparison. This observation suggests that mapping in 

more than one population will lead to a denser map, in 

general. and will increase the probability of identifying 
polymorphic markers in a chromosome region of inter-
est. 
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Analysis of Seed Proteins, Isozymes,
and RFLPs for Genetic
 
and EvGlutionary Studies in Phaseolus
 
P. GEPTS, V. LLACA, R.O. NODARI, and L. PANELLA 

General Introduction 

Common bean (Phaseolus vulgaris L.) has been used repeatedly as an experimental organism to derive important concepts in genetics. After discoveringthe rules of segregation and independent assortment governing the inheritanceof heritable traits in pea (Pisum sativum L.), Mendel (1865) confirmed his observations on peas in crosses involving P nanus (nowadays bush P vulgaris)and P vulgaris (nowadays climbing P vulgaris). Johannsen (1909) was instrumental in introducing the distinction between phenotype and genotype follow
ing his investigations of seed size in pure lines of P vulgaris. The first exampleto our knowledge of a linkage betweenlocus (QTL) was provided by Sax (1923) 

a marker locus and a quantitative traitwho established an association between a locus for seed pigmentation and a seed size factor in commonMore recently, bean.one of the first plant genesphaseolin seed protein (Sun et al. 
to be cloned was a gene for19811. A comparison of the nucleotide sequence of cDNA and genomic clones of phaseolin established the presence ofintervening sequences in higher plants in addition to other eukaryoti- organisms. Our understanding , f how plants defend tleaiselves against pathogenshas been considerably enhanced b-', the studies of Lamb and collaborators (reviewed in Dixon and Lamb 1990) on the relationship between common beanand Colletotrichum iindemuihianum, causal agent of anthracnose.Common bean also constitutes an excellent model for evolutionary studies.The species consists of two major subdivisions, which are geog'aphically separated (i.e., Mesoamerican vs. Andean) and show divergence for a wide rangeof characters, including morphological, agronomic, molecular, and adaptation
traits. These two subdivisions are in the process of speciation 
as suggested by
the simple genetic control of reproductive isolation between Mesoamericanand Andean genotypes (Shii et al. 1980; Gepts and Bliss 1985; Gepts 1988b,19 9 0a; Gepts and Debouck 1991). Hence, common bean can be used to investigate such speciation issues as the presence and configuration of hybrid zonesand the molecular basis of reproductive isolation mechanisms. Furthermore,there is increasing evidence that domestication has induced a strong reductionin diversity at the molecular level in Phaseolus beans (e.g., Gepts et al. 1986;Schinkel and Gepts 1988). This reduction contrasts with the increase in diversity observed for morphological traits during and after domestication. Hence, 
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common bean can also be used to study the apparent uncoupling between mo-lecular and phenotypic evolution, 

The study of several of these issues has been and will continue to be sub-stantially enhanced through the use of molecular markers. We include amongthese molecular markers seed proteins, isozymes, and RFLPs. The qualitativeanalysis of variation for these markers by various electrophoretic techniquesprovides an assessment of the degree of genetic relatedness (i.e., common an-cestry) and levels of genetic diversity free of environmental influence in mostcases. In addition, electrophoretic techniques allow us to analyze the largernumber of samples necessary in evolution and population studies.In this review, we describe the procedures and protocols adopted or devel-oped in our laboratory to analyze seed proteins, isozyme, and I'FLP variationprimarily in Phaseolus. We have worked primarily with P vulgaris but ourmethodology has also been applied in other Phaseolus species and in cowpea(Vigna unguiculata).For each of these marker types, we L,.efly illustrate howthey have been applied to investigate evolutionary concepts. We end our reviewby a comparison of the relative merits of the three types of markers as evolu-
tionary markers. 

2 Seed Protein Analysis 

2.1 Introduction 

Seed proteins of common bean contain predominantly globulins, which aresalt-soluble (Osborne 1907). Among globulins, phaseolin is the major consti-tuent followed by lectins or phytohemagglutinins, which account for
35% -50% and 5%- 10%Bliss 1978; Osborn et al. of1985).total bean seed protein, respectively (Ma andPhaseolin, also called globulin-IMcLeester (G-l:et al. 1973) or glycoprotein 11 (Pusztai and Watt 1970), is a 7Svicilin-like protein with homologies to vicilin of Pisum sativum and Viciafaba,Ii-conglycinin in Glycine max, and f-conglutin in Lupinus anguslifolius (re-viewed in Gepts 1990b). It undergoes a pH-dependent, reversible associationbetween polypeptide svbunits of approximately 44 kD (3S) at pH 12, pro-tomers of 163 kD (7.IS) at pH 7, and tetramers of protomers of 653 kD (18.2S)at pH 3.6. The polypeptide subunits range in molecular weight between 43 and54 kD and in isoelectric point between pH 5.6 and 5.8. Qualitative variation asassessed by electrophoresis is controlled by a single locus (Phs) exhibiting co-dominant expression in heterozygotes (Brown et al. 1981 a, b). The Phs locusis actually a complex locus constituted by six to eight tightly linked genes be-longing to the a and fl subfamilies of the phaseolin multigene family (Thlbotet al. 1984; Slightom et al. 1985).

Seed lectin, also known as phytohemagglutinin (e.g., Staswick et al.or glycoprotein I (Pusztai 1986)
1966), has polypeptide subunits with molecular 

Analyi%of Seed Pioicin%,. to.,ymc. and RF I'N or Sludic%in Phusenlus 
weights of 29 to 36 kD and isoelectric points between pH 4.9 and 7.9. In itsnative conformation, lectin is a tetramer with molecular weight ranging between 85 and 150 kD. Lectin qualitative electrophoretic variation is coded bya single locus (Lec) consisting of !wo tightly linked genes (Brown et al. 1981 a;Hoffman and Donaldson 1985; Osborn and Bliss 1985). The Lec locus is unlinked to the Phs locus (Brown et al. 1981 a).Arceiin, a seed protein first described by Romero-Andreas et al. (1986), isfound in both the globulin and albumin fractions (Osborn 1988). It haspolypeptide subunits of molecular weight ranging between 35 and 42 kD andisoelectric points that are more basic than those of phaseolin and lectin. It exhibits 80% nucleotide sequence similarity with lectin (Osborn et al. 1988). Thearcelin locus (Ari) is tightly linked to the lectin locus (Lec: Osborn et al. 1986).For further information on phaseolin, lectin, and arcelin the reader is referredto reviews by Bliss and Brown (1983) and Osborn (1988).Numerous analytical methods have been used to characterize seed proteins.Of these, electrophoretic techniques have been used most frequently to characterize seed protein variation because of their rapidity, low, cost, and capacity to 

handle a iarge number of samples. Stegemann and Pietsch (1983) have outlinedthe major electrophoretic separation methods, including polyacrylamide gelelectrophoresis in one and two dimensions. In the n.ext paragraphs, we will describe these methods of polyacrylamide gel electrophoresis as they are appliedspecifically to bean seed proteins in our lab. A more general overview of gel elec
trophoresis of proteins can be found in Haies and Rickwood (1981) and manu
facturers of gel apparatuses also provide protocols similar to the ones presented 
here but with quantities adjusted for the size of their equipment. 

2.2 One-Dimensional Sodium Dodecyl Sulfate

Polyaerylamide Gel Electrophoresis (SDS-PAGE)
 

Most electrophoretic analyses of common bean and cowpea seed proteins have
used 
a discontinuous sodium dodecyl sulfate (SDS) polyacrylamide slab gelelectrophoresis system as described by Laemmli (1970) because of its high resolving power and the possibility of measuring the molecular weight of individual polypeptides. Polyacrylamide is the preerred separation matrix becauseit offers fewer problems of reproducibility, is chemically inert and stable overa wide range of pH, temperature, and ionic strength, and it offers a wider rangeof pore sizes. The discontinuous system is a system in which proteins migratefirst through a large-pore "stacking"
"running" 

gel and second through a small-poregel. When moving through the stacking gel (37 polyacrylamide;pH 6.8), proteins form thin bands (or "stacks") one above the other in orderof decreasing mobility; when they reach the running gel (120- 15%polyacrylamide; pH 8.8), the proteins encounter a higher pH and much smallerpore sizes, hence, they will migrate according to their intrinsic charge and size.The discontinuous system results in much greater resolution of individual protein bands in the running gel and has, therefore, become the preferred system. 
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SDS is an ionic detergent which will bind to proteins in a constant ratio of 
1.4 gSDS/g protein and confers a negative charge. As a consequence, migra-
tion will be proportional to polypeptide size and not charge density. The added 
advantage of SDS is that minute amounts of protein (of the order of a jig) arenecessary. An alternative dissociating agent is urea at high concentrations (ap-
prox. 8 M); unlike SDS, however, it does not affect charge. 

2.2.1 Protein Sample Preparation 

A flour sample is prepared by removing a portion of the raphe end of the seed,
which is the nonembryo end of the seed. If needed for further progeny studies,

the seed can thus be saved and germinated. Removal of the raphe end can take 

place in several ways. It can either be scraped with the edge of a razor blade
directly into a 1.5-mi microfuge tube or it can be cut with 
a razor blade and

crushed between glassine paper with a pestle. In either case the presence of the
seed coat does not interfere with electrophoretic separation. When seeds are 

very small, such as seeds of wild relatives, the entire seeds may have to be ana-

lyzed destructively by crushing them with a pestle between glassine paper.


The flour sample is suspended for at least 30 min, but usually overnight,
in a mixture of equal volumes of 0.5 M NaCI pH 2.4 and cracking buffer 
(0.0625 M Tris-HCI, pH 6.8; 2 mM EDTA; 2% w/v SDS; 40% w/v sucrose; IsSv/v 2-mercaptoethanol, 0.01% w/v bromophenol blue; Brown et al. 1981 b), to
dissolve the seed proteins. Approximately, 25 to 30 mg of flour are suspended 
in i50 jil of the NaCI  cracking buffer mixture. Protein samples, extracted 
with cracking buffer only, provide satisfactory analyses as well. The capped
tube with the mixture is heated at 100°C for 10min and then centrifuged at
15000 g for 5 min at room temperature. Five to 8 4. of the sample supernatantis loaded on the gel. 

2.2.2 Gel Assembly 

Discontinuous gel separation can only be done with a vertical electrophoresis
apparatus, of which several designs exist. Usually slab gels are used because
they can accommodate a larger number of samples. Besides commercially
available slab gel apparatuses such as the Bio-Rad Protean It(Bio-Rad, Rich-
mond, CA), a popular design has been the Studier (1973) model which can be
easily and cheaply made in a laboratory workshop. For actual dimensions, the 
reader is referred to Hames (1981) or Schuler and Zielinski (1989).

Two glass plates of appropriate dimensions to fit the gel apparatus are used 
to mold the gel. One plate has a rectangular shape, whereas the other plate of
the same overall dimensions has a Z.5-cm notch along one of the long sides 
leaving two I-cm-wide "rabbit ears" at the edge of the plate (e.g., Hames 
1981). Both plates are cleaned with 95% ethanol to remove any trace of protein
and after drying are assembled to form a "sandwich". The plates are held at 
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Table 1. Composition of running and stacking gel solutions for one-dimensional SDS polyacr]
amide gel electrophoresis 

Running gel: 30 ml of solution for a 16cmx IIcm x 0.75 mm gel 

Stock solution 13% w/v 15% 

Deionized 120 
Acrylamide: bisacrylamide, 30:0.15 
Tris-HCI 3.5 M, pH 6.8 
SDS 20% 

Acrylamide Imll 
13.44 
13.00 
4.00 
0.20 

Acrylamide Im 
11.44 
15.00 
4.00 
0.20 

EDTA 0.5 M 0.16 0.16 
Mix well and add 
Ammonium persulfate 7.597 (prepared freshly) 0.32 0.32 
N,NN',N'-tetraethylenediamine (TEMED) 0.04 0.04 

Stacksiongel 
Stock solution 

ImlI
Deionized H 20 4.40 
Acrylamide:bisacrylamide, 30:1.5 0.50 
Tris-HCI 1.25 M, pH 6.8 0.50 

full 
20.DTA 0.5 M 

Ammonium persulfate 7.5% 25 
80 

N,N,N',N'-tetraethylenediamine (TEMED) 5
 
Optional: trace of bromophenol blue 

a correct distance with of uniformspacers thickness (between 0.75 anc 
1.5 mm) and clamped together with binder clips on each side. The clamps ar
positioned in such a way that they will press on top of the spacers. To avoic any leakage of acrylamide during gel polymerization between the spacer anc 
the glass plates, both sides of the spacers are coated with stopcock grease.One ml of running gel solution (ibble 1) is injected with a syringe into thc
bottom of the gel mold in order to establish an impermeable bottom border.
An additional 4 pl of ammonium persulfate 7.50o is added along the spacers
at the bottom of the gel to help polymerization of this bottom seal of the run
ning gel. (Care siiould be exe.'cised not to add too much stopcock grease on
the spacers because the excess grease may interfere with polymerization.)

After polymerization of the bottom seal, the remainder of the running gel
is poured on top of the bottom border, leaving a space of about 3.5 cm, half 
of which is filled with H20-saturated n-butanol to obtain a straight to gel
edge. The gel is allowed to set for at least 45 min and may be left overnight.

Following polymerization of the running gel as shown by the presence of 
an interface, the butanol layer is removed and the space on top of the running
gel is thoroughly rinsed with distilled water (three or four times) and dried with 



68 . (;epis et al. 

paper towels. Care should be exercised not to disturb the top edge of the run-
ning gel in this process as this will affect subsequent migration. Tha stacking 
gel (Table 1) is then poured on top of the running gel and a comb is inserted 
to form the wells. Air bubbles under the comb teeth should be removed. The 
upper corners of the comb are clamped with the uppermost glass plate. The 
stacking gel takes 45 to 60 min to polymerize. 

The combs are carefully removed under running distilled water and the 
wells are rinsed tG eliminate any excess acrylamide, after which excess water is 
also removed. Any well separations that have been disturbed can be reposi-
tioned using a needle or a spatula. The glass plates are placed in the gel appara-
tus and clamped with binder clips. To avoid leakage of the upper chamber buf-
fer, the area around the apparatus notch is coated with stopcock grease. The 
position of the wells is marked with a felt-tip pen on the glass plates before 
adding the upper chamber buffer. Alternatively, a small amount of dye can be 
added to the stacking gel mixture before polymerization (Thble I). A small 
spatula can be used to clear any air bubbles in the wells. 

2.2.3 Sample Loading and Running 

Running buffer (0.025 M Tris; 0.192 glycine; 0.107o SDS; 0.002 M EDTA) is 
added in sufficient quantity to cover the wells in the top chamber by approxi-
mately I cm; at this time, one should check for any leaks between the appara-
tus and the gel plates. If none are found, running buffer is also added to cover 
the bottom of the gel in the lower chamber. The electrophoretic apparatus is 
then connected to a power supply, with the cathode connected to the top and 
anode to the bottom chamber. Initially, 7.5 mA per gel is used during gel load-
ing. After all samples have been loaded, the current is increased to 12.5 mA 
per gel for I h or until the continuous blue dye line acrqss the gel, formed by 
the loaded protein samples, reaches the running gel. For the remainder of the 
running time (approximately 4 h), a constant current of 30 mA per gel is used 
until the bromophenol blue dye line reaches the bottom of the running gel. If 
there is a provision for cooling the gel during operation, a current of up to 
50 mA per gel may be used. The cooling of the gel will provide a better resolu-
tion of the bands. 

2.2.4 Gel Staining and Drying 

The glass plates are carefully pried apart and the gel is lifted from the plates 
and transferred to a glass dish containing Coomassie Brilliant Blue stain 
(0.15% w/v Coomassie Brilliant Blue R250; 45% v/v methanol; 9% v/v glacial 
acetic acid). The dish is placed on a shaker for overnight staining. The next 
day, the stain is replaced with destain solution (45% v/v methanol; 9% v/v gla-
cia! acetic acid) and after 5 to 8 h additional shaking (the destain solution can 
be changed if needed), the gel can be evaluated and photographed. 
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For permanent storage the gel can be dried according to two methods. In 
the first one, the gel is air dried by placing it between two sheets of cellophane 
and tightly clamping it in a plastic frame. Alternatively, the gel can be vacuum 
dried. In this case, both the gel and the cellophane are soaked overnight in a 
solution of 2% glycerol and 2% acetic acid on a shaker. If the soaking causes 
the gei to expand too much, it need not be soaked (but the cellophane must 
be). The next day, the gel is allowed to dry between the cellophane sheets dur
ing 2 h at 80'C under vacuum. To avoid any acid damage to the pipes, the gel 
drier exhaust should be connected to a cold trap containing dry ice or liquid 
nitrogen. 

Either before or after drying, molecular weights of the polypeptides can be 
determined according to the method of Weber and Osborn (1969). Molecular 
weight marker proteins can be purchased commercially and include, for exam
pIe, phosphorylase B (94000 daltons), bovine serum albumin (68000 daltons), 
catalase (58000 daltons), fumarase (49000 daltons), aldolase (40000 daltons), 
malate dehydrogenase (34000 daltons), and soybean trypsin inhibitor (21000 
daltons). 

2.3 Two-Dimensional Polyacrylamide Gel Electrophoresis 

Proteins can be separated either by mobility determinel by size and net charge 
(as outlined in the previous section) or, alternatively, by equilibrium deter
mined primarily by clhrge (electrofocusing). With both methods of separa
tion, a given band car .. 3nsist of different co-migrating proteins. It order to 
decrease the probabilit; of this cocc'.rrence, two-dimensional electrophoietic 
methods have been devised that will separate proteins at right angles according 
to different criteria. The two-dimensional method most used in bean seed pro
tein analysis has been that of O'Farrell (1975) in which proteins are separated 
by isoeectric focusing in the first dimension and by SDS polyacrylamide gel 
electrophoresis (SDS/PAGE) in the second dimension. Separation in the first 
dimension provides an estimate of the isoelectric point (pi), whereas separa
tion in the second dimension provides an estimate of the molecular weight. 
The specific methodology used to analyze common bean ;eed protein was first 
established by Ma and Bliss (1978) and Brown et al. (1981 b) and will be de
scribed in the next sections. 

2.3.1 Protein Sample Preparation 

A sample of flour from the raphe end of the seed is suspended in 0.5 M NaCI 
pH 2.4 for at least 30 min to dissolve seed proteins. After centrifugation at 
14000g for 5 min, the supernatant is mixed 1 : 1 with sample or lysis buffer 
(9.5 M urea, 2% w/v NP-40, 507o ,8-mercaptoethanol, 1.6076 pi;l 5-7 am
pholines, and 0.4% pH 3.5- 10 ampholines.) Protein samples can be stored at 
-20 or -70°C. 
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2.3.2 First Dimension 

mm diameter or less. The tubesThe first dimension is run in tube gels of 1-2 
are usually made of glass and should be extremely clean. We have used a I:1 

mixture of xylene and Micro detergent (Cole-Parmer), followed by rinses with 

distilled H20 and a 1:600 Photoflo solution. The bottom end of each tubes 

istightly wrapped in parafilm to avoid leakage of the gel solution and the tubes 

maintained in a vertical position during the entire polymerization proceare 
dure. The gel solution (Table 2) is injected into the ,ubes using a syringe to 

which narrow plastic tubing has been attached. Care is exercised not to trap 

air bubbles. The top surface of the gel solution in each tube is evened out to 

obtain first dimension gels of similar length. Each tube gel is overlayed with 

a few drops of distilled H20 and left to polymerize for 45-60 min. 

The distilled H20 and the parafilm are discarded. The bottom end of each 

tube iscovered with dialysis tubing secured with rubber bands while care istak-

en not to trap air bubbles. The tubes are placed in the first dimension gel appa-

ratus with the bottom end of the tubes extending into the acidic buffer of the 

lower chamber (0.01 M H 3PO 4). The top end of the gels is overiayed with 

15 pI 8 M urea and the tubes are filled with the basic buffer of the upper chain-

ber (0.02 M NaOH), after which the upper chamber is then filled with basic 

buffer and checked for leaks. The pH gradient in the tube gels is created by 
100, 150, and 200 V (con-a pre-electrophoresis consisting of 30 min each at 


stant voltage). 

After the pre-electrophoresis, the upper buffer chamber isdis-carded and the 

top of the tubes is rinsed with distilled H20. The samples are loaded and 

overlayed with 15 gl of 15% sucrose and I% ampholines (7: 3 v/v ratio of pH 

5-7 and pH 3.5- 10 ampholiihes). The tubes are filled with basic buffer solu-

tion, after which the upper chamber is also filled with basic buffer. Electro

phoresis takes place - usually overnight - for 16 h at 200 V (constant voltage) 

followed by I h at 400 V (constant voltage). 
untilAfter electrophoresis, the gels can be stored in their tubes at -70°C 

further analysis in the second dimension or analysis can proceed immediately 

solution fur the isolectricTable 2. Composition of gel 


focusing dimension of wo-dimensional IEF/SDS poly-


acrylamide gel electrophoresis

a__rylamide ___l__letrophorsisdomestication 

2.91 g 


Acrylamide: bisacrylamide, 30:2.3 0.8 ml 

Urea 

1.2mtNP-40 1007 0.82mlNP-40 20 


[:)(:ione H5- 0.2 ml 


0.1 mlAmpholines pH 3.5- 10 
7.50 lAmmoniums pers I0.1 

t
8 pAmmonium persulfatec 7.5% 

RUL~IN for Studie% in I'hasenlusAnialysis of Seed P'rotein%, l..oymnes. and 

as follows. Gels are removed from their tubes by injecting distilled H20 with 

a needle between the glass and the gel and rotating the tube. Subsequently, gets 

are placed in equilibration solution (0.0625 M Tris-HCI pH 6.8, 2.3% w/v SDS, 

5% v/v fl-mercaptoethanol, 10% w/v glycerol) for at least 20min. 

2.3.3 Second Dimension 

The second dimension is run in polyacrylamide slab gels, cast as described in 

Section 2.2, with two major exceptions. The first exception regards the glass 

plates used to cast the gel. While one plate is anormal, thin (2.5 am) gel plate, 

the other gel plate is thicker and beveled at the top so that the first dimension 

gel can be positioned and sealed into place. The second exception concerns the 

stacking gel, which is cast to the top of the plates and without well comb in 

order to assure continuity with the positioned first-dimension gel. Before 

polymerization of the stacking gel, individual wells can be formed at the side 

of the stacking gel for reference to one-dimensional gels, in which case samples 

should be loaded when the blue front of the second dimension reaches the bot

tom of the wells. 
After equilibration of the first-dimension gels, agarose solution (1% 

agarose, 0.125 M Tris-HCI pH 6.8, 0.010O0 SDS, trace of bromophenol blue) is 

poured to fill the gap between the top of the plate and the first-dimension gel. 

The tube gel is positioned in the bevel and a note is made of the position of 

the acid end of the gel. After all air bubbles are removed, the top side of the 

gel is coated with agarose solution. The second dimension is run similarly to 

the one-dimension gel (Sect. 2.2) and stained with Coomassie Blue. Gels can 

be dried and stored as described for one-dimensional gels. 

2.4 Applications 

Phaseolin electrophoretic type has been the first molecular marker used to 

identify patterns of genetic diversity and domestication in Phaseolus vulgaris, 

P lunatus (lima bean), and P acutifolius (tepary bean) (Brown et al. 1981 b, 

1982a; Manen and Otoul 1981; Gepts and Bliss 1986; Gepts et al. 1986; Gepts 

1988 a; Schinkel and Gepts 1988, Debouck et al. 1989; Koenig et al. 1990; Lioi 
data provided the initial evidence that1989a, b). Phaseolin diversity 

had induced a sometimes marked bottleneck in genetic diversity 

and, hence, that the current relative lack of diversity in crop plants traced back 
several thousands of years ago (Gepts et al. 1986; Schinkel and Gepts 1988; 

Koenig et al. 1990). 
In P vulgaris, phaseolin also suggested that the sp,.es consisted of two ma

jor gene pools, one from Mesoamerica and the other from the Andes. Figure 1 
displays phaseolin diversity among some Mesoamerican and Andean cultivars 

as revealed by one-dimensional polyaycrylamide gel electrophoresis. Through 

multiple domestications in the two areas, two major groups of cultivars were 
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1 2 3 4 5 6 7 

Fig. 1.Genetic diversity for phaseolin in common bean cultivars as determined by one-dimension-
al SDS polyacrylamide gel electrophoresis. Lane I: "T" phaseolin (cultivar Jalo);lane 2: "H" 
(Cocacho); lane 3: "C" (Burrito); lane 4: "S"(BAT 93); lane 5: "B" (Orgulloso), lane 6: "Sb" 
(Black Turtle Soup); lane 7: "Sd" (Mexico 222). Vertical bar (P): molecular weight range of 
phaseolin po'ypeptides. T, H, and C are Andean phaseolin types and S, B, Sb, and Sd are 
Mesoamerican phaseolin types as previously defined on the basis of one- and two-dimensional 
lectrophoresis (Brown et al.1981 b;Gepts etal.1986; Gepts and Bliss 1986; Koenig etal.1990) 

generated with distinctive agronomic traits (Gepts 1988b, 1990a) and some re-
productive isolation (Singh and Guitdrrez 1984; Gepts and Bliss 1985).

Lectin variation has also been analyzed by PAGE: 12 electiophoretic vari-
ants have been identified (Brown et al. 1981 c, 1982b). In addition, a genetic 
association was identified between qualitative and quantitative lectin variation 
(Osborn et al. 1985). Arcelin was first identified by PAGE (Osborn et al. 1986;
Romero-Andreas et al. 1986) and subsequently was found to possess insec-
ticidal properties (Osborn et al. 1988). 

Analy,,is of Seed Protein,, Iotymes,and RlI.s for Studie,, in Phaseolus 

3 Isozyme Analysis 

3.1 Introduction 

Isozymes have been defined as different variants of the same enzymes, having 
identical or similar functions, and present in the same individual (Markert and 
Moller 1959). Since their discovery by Hunter and Markert (1957), they have 
played an important role in numerous aspects of biological research (Stebbins 
1989). In plants, in particular, isozymes have been used principally in popula
tion genetic and evolutionary studies (reviewed in Brown 1979; Gottlieb 1981; 
Tanksley and Orton 1983, Hamrick and Godt 1990). In recent years, several 
volumes have been published that include general descriptions of isozyme 
methodology and applications (Tanksley and Orton 1983; Pasteur et al. 1988; 
Soltis and Soltis 1989; Hillis and Moritz 1990). In this chapter, we will describe 
our isozyme methodology as applied to Phaseolus. 

3.2 Preparation 

3.2.1 Choice of Plant Tissue 

When choosing the plant sample it is important that the enzyme of interest be 
present in sufficient quantity. Visualization of the enzyme is due to a success
fully catalyzed reaction which results either in the deposition of a dye resulting
in a colored band or the metabolization of a dye resulting in an achromatic 
area within the colored gel. In Phaseolus, young (2- to 4-week-old) seedlings
provide tissue which is rapidly growing and has a large amount of enzymes pre

sent. Young tissues (before flowering) also contain less pigmentation thanmore mature plants and pigmentation can interfere with enzyme function. On

ly a small amount of tissue is needed (I to 3 g) and the choice of tissue is generally a matter of trial and error for each species. Some enzymes are present inlarger quantities in the roots, leaves, or cotyledons. In general, leaf tissue is 
easier to use, especially from field-grown plants. If the root tissue is needed, 
the plants, which may need to grow a little larger to provide enough tissue, can 
be grown in vermiculite or sand which is easily washed away without harming 
the plant. This is especially true of the small seeded wild taxa. The seed itself 
may also be used. It is imbibed overnight and the cotyledons are removed and 
used. This procedure necessitates the sacrifice of the seed of small seeded taxa 
but can be useful when screening homogeneous material, especially when time 

is an important consideration. Using root and leaf tissue allows us to assay a 
plant and still grow it to maturity. ible 3 lists the source of tissue that has giv
en the best results for P vulgaris under our conditions. Readers should be 
aware that under their specific conditions other tissues may also give satisfac
tory results (e.g., Sprecher and Vallejos 1989 for P vulgaris). In addition, dif
ferent species may require different sources of tissues or buffer systems (e.g., 
Schinkel and Gepts 1989; Garvin et al. 1989 in P acutifolius). 
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Gel Preparation 

Adequate separation of enzyme variants will depend on the buffer system uti. 
In order to streamline our analyses, we have attempted to limit the num

ber of buffer systems to two: either lithium hydroxide tris borate pH 8.1 
(Selander et al. 1971) or histidine citrate pH 6.5 (Cardy el al. 1980; Table 4).
Other buffers have been suggested by Weeden (1984 a) and Sprecher and Valle
jos (1989). The gels are poured into a horizontal form similar to that described 
by Johnson and Shaffer (1974). The "legs" are immersed in the buffer reser
voirs. The wicking action of the gel is utilized to draw the buffer from the 
reservoir into the gel. 

Table4. Recipes for isozyme buffers and gels 

A. Buffers: Lithium hydroxide -boric acid bufferLithium hydroxide (0.03 M) 1.2 g 

Boric acid (0.19 M) 11.9 g 
to 800ml dH20 and stir until dissolved. Brir. volume to I I and adjust pH to 8.1 with 

LiOH or boric acid. 
bfe(0.065 M) 10.18 

Add to 800 ml dH20 and stir until dissolved. P! ;ng volume to I I and adjust pH to 6.5 with citric 
acid. 

Tris-citrate buffer 
r 6.2 g

Add to 800 ml dH 20 and stir until dissolved. Bring volume to I I and adjust pH to 8.4 with citricacid monohydrate (about 1.2 g/l). 

B. Grinding buffer 
Glutathione (reduced) 1.5 g
Add to 30 ml dH 20 and stir until dissolved. Bring volume to 40 ml and adjust pH to 7.6 with 

I M unacidified Tris. 

C. Gels: LiOH-boricacid - Tris-citrate starch gel 
Tris-citrate buffer 320 ml 
LiOH-boric acid 30 ml
Mix well and separate 150-ml aliquot. The remainder is brought to boiling in the microwave.
Hydrolyzed starch 35 g 

Sucrose 	 log
The starch and sucrose are mixed in a I-I Erlenmeyer flask with side arm. The 200-ml buffer re
maining is added and the mixture gently swirled until the starch and sucrose are dissolved. Follow 
the protocol described in Section 3.2.2. 

H istidine starch gelH is t i d ine b u ffe r 	 8 7 .5 rot 

dH 20 	 262.5 ml 
Mix well and separate 150-ml aliquot. The remainder is brought to boiling in the microwave. 
Hydrolyzed starch 35g 
Sucrose log

starch and sucrose are mixed in a I-I Erl..meyer flask with side arm. The 200-ml buffer re
maining is added and the mixture gently swirled until the starch and sucrose are dissolved. Followthe protocol described in Section 3.2.2. 
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76 The gel forms are carefully washed and then rinsed with Photoflo 11 :600 

deionized water (dH 2O
] dilution] to prevent the starch from sticking to the gel 

from leaking
form. Masking tape is used to prevent the heated liquid starch 

out of the form before the starch has solidified. 

The starch solution can be heated using a microwave. This allows enough 
sucrose

starch solution for two gels to be preparated at once. The starch and 

(see Table 4 for iecipcs) are well mixed in an Erlenmeyer flask with side arm 

(to allow degassing). Ha!f of the buffer (either lithium or histidine) is added.
 

The solution is gently shakn to dissolve the starch and sucrose. The other half
 

of the buffer is heated in th,! microwave until boiling. The boiling liquid is add-


ed to the dissolved starch solution and vigorously shaken. The mixture is then
 

to boil. The mixture
returned to the microwave and heated until it begins 


should be removed from the ,nicrowave at 60-s intervals and swirled to insure 

onto the bottom of


uniform heating and to prevent the starch from burning 


the flask. 

Upon boiling the flask is removed (use an insulated glove) and immediately 

!hich the rising air bubbles become larger.
degassed for 30 to 60 s, the point at 

The degassed liquid starch is poured c;.refully into the gel form to avoid form-

ing air bubbles. If a few bubbles form the may be quickly removed with a plas-

tic disposable pipette. If the starch has been degassed too long or burned on 
can be seen in the clear

the bottom of the flask, pieces of resolidified starch 

liquid. These pieces and air bubbles can interfere with the protein migration 
over again,

and must be avoided. This is the easiest place at which to start 

to coci on the bench uitil it begins to turn
The starch shou!d be allowed 

It should then be gently covered with 
an opaque white (about 30-45 min). 

plastic wrap and allowed to set up overnight.
 

Loading and Running the Starch Gels 

3.3 

3.3.1 Refrigerate the Gels and Buffer 

I h before loading and
The gels and running buffer should cool for at least 

running the gel. The gel, wrapped in the plastic wrap, is put into the refrigera-

tor first thing in the morning. The running buffer needed should be measured 

out and put in a labeled graduated cylinder which is also set into the refrigera-

tor to cool. 

3.3.2 Preparing the Plant Tissue 

4 Plexiglass well board (with 2.5 cm diameter, numbered wells) is placed in a 

tub of ice at a slight angle and allowed to cool. One hundred fifty to 200 ml 

of grinding buffer (Table 4) is pipetted into each well to be used (grinding buf
or im-

fer should not be more than 2 weeks old). The plant tissue (leaf, root, 

bibed cotyledon) is put in the numbered wells and macerated in the grinding 

lot Studies in Phuaseolusand RI'IPsAnalysis of Seed Proteins, Isowyme,. 

buffer using a plastic pestle. The plant tissue should be as fresh as possible. 

We bring the growing plants in flats into the lab to remove the tissue immedi
a small

ately before grinding it. Once all the samples have been well ground 

to push the solid plant material to the uphill side of the well 
spatula is used 
to allow the tissue extract with the freed plant protein to gather at the bottom 

of the well. Small filter paper wicks (1.5 x 0.2 cm) are carefully placed into the 

tissue extract and allowed to absorb the solubilized protein. 

or Freezing Them3.3.3 Inserting the Wicks in the Gel 

The gel is cut lengthwise 4 cm from the cathodal end (unless an cathodal sys

from the cathodal end) and wiped dry on
 
tem is to be run, then it is cut 5 cm 


either side of the cut (to make it easier to spread the gel at the cut). The wicks
 
remove 

are removed from the wells with forceps, dabbed on paper towels to 

tissue extract, and placed in the cut through
adhering plant tissue and excess 

the gel about 2- 3 mm apart. The wicks containing the protein can be frozen 

at this time to be used at a latter date or as a backup in case of problems with 

the gels. We have kept wicks frozen in microtiter well plates wrapped in cello

phane for up to 2 weeks at -20°C. 
blue dye are placed on the outside of the

Wicks soaked in bromophenol 
used to mark both where the samples are (when the gel is

samples. They are 
migrated. A 

to be removed from the form) and how far the protein hascut 
plastic spacer is placed between the frame and the short (4 cm) piece to hold 

the wicks firmly in the gel. 

3.3.4 Running the Gel 

filled with the cooled running buffer. The gels
The two buffer reservoirs are 
run from the negative (black) to the positive (red) and the forms are placed on 

the buffer reservoirs with the legs in the buffer. Histidine-citrate gels are run 

at 10 mA until the proteins (i.e., the dye) has migrated about I cm from the 
at 20 mA and

wick (30 min). Li-hium hydroxyide Tris borate gels are started 

run for 40 min. Once the protein has migrated for that time, the wicks are car

fully removed using forceps and the gels are covered with plastic wrap. It is al

ways best to turn the power off when handling the gels. Histidine citrate gels 

are then run at 20 mA and the lithium hydroxide Tris borate gels at 40 mA. The 

5 to 6 h; for good reproducibility all gels should be run at the same 

run.gelsamperagerun and for the same length of time each 

3.3.5 Preparing and Staining Gel Slices 

The gel is removed from the reservoirs and cut with a sptula. The front and 

back area which were in contact with the reservoir are removed. A small piece 
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is cut from the side to make it easier to remove the gel from the form. The gel
is placed on the "cutting board" which consists of two pieces of Plexiglass
(Icm widex0.15cm thick, which are about 10cm longer than the gel) glued
to a glass plate a little wider apart than the width of the gel which is laid be-
tween them. Four more equally sized spacers are laid on the glued spacers on 
either side of the gel to serve as guides. The 4-cm anodal piece of the gel is 
kept and used to press against the portion of the gel containing the migrated 
I otein. This helps assure an even cut. A "cheese cutter" which has been made
using a hack saw frame and a fine guitar string (metal) is used to cut the gelhorizontally in 0.15-cm slices. It is slowly and continuously pulled through the 
gel guided by the spacers. One spacer from each side is removed and the gel
is sliced again. This is repeated until there are five cuts, leaving a top and bot-
tom piece (which will be discarded) and four 0.15-cm thick slices. The gel slices are stained in plastic boxes (19x II x3.5 cm). The stain boxes are lined with 
plastic wrap and the gel slices are carefully placed in them. The stain is mixed 
and placed over the gels (or vice versa) which are then s~t on the shaker to incu-
bate (shake gently or they may break apart). The bands appear in anywhere
from 0.5 h to overnight, depending on the enzyme-staining system, with the ex-
ception of methylumbelliferyl esterase (MUE), which has to be read on a UV 
transilluminator within 5- 10 minafter addition of the stain. 

3.4 Stains 
3.4.1 Staining Preparation 

While the gels are running, the stain recipes should be prepared. It is best to 
start I or 2 h before the gel is done, depending on the number of different sys-
tems to be stained. Always measure the chemicals and solutions kept at room 
temperature first, followed by the refrigerated chemicas, and those stored in-
the freezer last. Whenever possible use stock solutions because it is both faster 
and more accurate to pipet small amounts. We have found that NAD and
NADP solutions (10 mg/I ml) can be aliquoted and frozen at -70°C, PMS 
at -20°C, and MT-T refrigerated, with no loss of activity. When needed, they 
can be thawed and kept on ice until mixed into the stain. 

It is best to measure the reagents beforehand, keeping the temperature-sen
sitive ones at the proper temperature until the stain solution is mixed. We line 
the boxes with plastic wrap because it makes the gel slices easier to handle afterthey have been stained. The staining solution should be mixed and added im-
mediately to the gel slice in the box. It is then incubated on the shaker the req-
uisite time needed for the staining reaction to occur. It is important to check 
each gel at regular intervals because some will reach an optimum point rather
quickly (within 0.5 h) and after that point the background increases, making
scoring more difficult. 
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3.4.2 Stain Recipes 

For the sake of conciseness, stain recipes will not be repeated here. They have 
been detailed by several authors among which Shaw and Prasad (1970), Valle
jos (1983), Pasteur et al. (1988), Wendel and Weeden (1989), and Murphy 
et al. (1990). Table 3 lists the particular recipe we have used in our Phaseolus 
analyses. 

3.5 Interpretation of Gels 

3.5.1 Naming Loci and Alleles 

Nomenclature for isozyme loci and alleles in Phaseolus follows the proposal
of Myers and Weeden (1988). Loci are designated using the appropriate two 
to four italicized letter abbreviation of the biochemical name of the enzyme,
the first letter of the abbreviation being capitalized (e.g. Me for malic enzyme,
Skdh for shikimate dehydrogenase). The accepted names for most enzymes are 
given in the International Union of Bichemistry (1984) and appropriate ab
breviations have been established for most enzymes (Wendel and Weederl 

1989). When more than one isozyme locus is identified, they are distinguished 
by a numeric suffix, the most anodal isozyme being given the suffix I (e.g.,
Diap-, Diap-2).

The most common allele at each locus is designated 100 and all other alleles 
are designated by their migration distance measured in millimeters from the 
standard (e.g., slower migrating: 98; faster migrating: 102) (Koenig and Gepts1989a, b). Figure 2 shows polymorphisms for various enzymes analyzed as de
scribed in Thble 3. The two P vulgaris reference cultivars included in all our 

gels have the following genotype:
ICA-Pijao: Rbcs'0', Skdh'0 3 , Prxl °, MeOO, Mdh-Il o0 , Mdh-2' oo , Diap-)95 ,
 
Diap-2 05 , Lap' ° , Aco-2"° ° , Mue'00
 
California Dark Red Kidney: Rbcs98, Skdh"0. Prx 8, Me, Mdh-' 03 ,
°° °Mdh-21 , Diap-I10, Diap-2" , Lap-3 03 , Aco-2 °2 , Mue"10 

3.5.2 Genetic Control 

Table 3 lists the number of loci and their respective alleles as observed in our 
analyses of P vulgaris genetic diversity. Additional polymorphic loci have been 
identified by Weeden (1984a, b; 1986a, b) and Weeden and Liang (1985). They
include adenylate kinase (Adk; two alleles), esterase (Est-] and Est-2; each two
alleles), glucose phosphate isomerase (Gpi-cl; two alleles), and N-acetyl
glucoseaminidase (Nag). Most loci are unlinked with the possible exception of 
Rbcs and Me (Weeden 1984 b; Koenig and Gepts 1989a), which in certain pop
ulations form a linkage group with the lectin-arcelin locus: Rbcs-jLec-Arj-Me. 
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cm This general absence of linkage indicates that !he polymorphic isozyme loci 

RBCS SKDH MDH characterize different regions of the genome, an important feature in evolu
0 _tionary 

5 _103 studies.
 

100 - 100 100 103 

102 
98 100 


3 	 3.6 Preservation of Gels 
10 0 

t 	 I _It is important that gels be preserved in order to compare results across experi
0 _ments. Gels can be placed overnight in 5C,% ethanol and then stored indefinite-
I _ ly at 4°C. It is important that the gels be scored before this is done since some 
cm resolution is lost through this processing. Photographs can also be taken at thistime. A 35-mm camera with 100 ASA Ektachrome film is adequate to photo

7 _ DIAP 
e _ ACO 	 graph the gel on a light box. These slides provide a more easily stored copyof the gel and are especially useful when a centimeter scale is included in the5 
4 -9j 100 9595 90 102 1Dap-1	 photograph. The lab has also used a Bio-Rad gel dryer at 70°C for I h. The" - __ 

_ 
 -(and 	
gels are dried between cellophane in the same manner as polyacrylamide gelson the same drying cycle), however, the dyes stain the backing and cover 

uHereers 1 102-2-	
of the gel dryer quite severely. 

-
 105 3.7 Applications
 
10- 10-10- 10 
 100 The earliest isozyme analyses in Phaseolus were performed by Wall and Wall 

cm7 (1975) and Bassiri and Adams (1978 a, b). More recently, several more detailed 
ME MUE LAP 

studies have been conducted on the patterns of geneiic diversity in P vulgarisand P acutifolius (Weeden 1984a; Sprecher 1988, Koenig and Gepts 1989b;---- a- Lp-s Singh et al. 1991 b). 
5 

La- In P vulgaris, these studies have revealed or confirmed :hat: (I) tide speciesa3 I0 a Lap-. consists of two diverged geographical subdivisions - Mesoamerican vs. An
3 

3 - 102 a 0L3
98 100 a 	

dean - which, based on independent data, appear to represent two subspecieso2o10 (Sprecher 1988; Koenig and Gepts 1989b; Singh et al. 1991b); (2) the species
I" is characterized by extensive multilocus associations even among 'anlinked loci0 _ 	 (Gepts, unpubl. observ.); (3) even in presumed secondary centers of diversity 

I_ where both Mesoamerican and Andean genotypes are grown together, there isa dearth of recombinants between the two groups for reasons unknown so farFIg. 2. Allozyme diversity for eight enzyme systems in wild and cultivated common bean. RBCS (Sprecher 1988); (4) snap beans, which as a group are very homogeneous morribulose bisphosphate carboxylase (small subunit); SKDHshikimate dehydrogenase; MDHmalate phologically, appear to be relatively more diverse than other commercial beandehydrogenase; DIAP diaphorase; ACO aconitase; ME malic enzyme; MUE methylumbelliferyl
esterase; LAP leucine aminopeptidase. For locus and allele designations, see Section 3.5.1 	

classes (Weeden 1984a); and (5) certain allozyme variants correlate with mor
phological and geographical variation and have allowed us to identify races of 
related cultivars in both Andean and Mesoamerican cultivars (Singh et al. 
1989, 1991 a). 

In P acutifolius, isozyme analyses have confirmed the reduction of diver
sity during domestication revealed by phaseolin (Schinkel and Gepts 1989).
They also identified geographic patterns of variation, such as the diver
gence between populations west and east of the Sierra Madre Occidental in 
Mexico. 
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4 RFLP Analysis 

4.1 Introduction 

The methodology for restriction fragment length polymorphism (RFLP) anal-
ysis is based on the properties of Type 11 restriction enzymes. Restriction en
zymes are sequence-specific bacterial endonucleases. Of the three types of re
striction enzymes that have been described (Yuan 1981), the Type I1enzymes
comprise ATP-independent endonucleases cleaving DNA at specific sites with-
in or very close to short (usually 4 or 6 bp) recognition sequences. Hence, this
cleava e activity will produce equimolar amounts of the same discrete frag-
ments for a given DNA molecule. The fragments obtained by restriction diges-" 
tion can then be separated by size using agarose gel electrophoresis and visualized by ethidiun, bromiide staining. Defined fragments can be easily detected 
from the bulk of DNA fragments by hybridization procedures using
radiolabeled fragment-specific sequences as probes and exposure to X-ray 
films. 

Differences in the array of restriction fragments between two related se
quences is indicative of modification in the DNA primary structure. Thesemodifications can be due to gain/loss of recognition sites, rearrangements, or 
insertion/deletion of sequences between sites. RFLPs are thus molecular 
markcrs providing data about quantitative and qualitative differences between 
two sequences. Currently, they constitute one of te most efficient methods for 
detection of variation at the DNA level, being surpassed only by direct se-
quencing. Although RFLP analysis is less informative than direct sequencing,
it is faster and less expensive. Moreover, in cases where many different samples
must be analyzed, it isthe only feasible procedure. As molecular markers, 
plant unclear RFLPs have already been broadly used in applied and basic ge
netics, systematics, and evolution (reviewed in lelentjaris and Burr 1989).Variation at the DNA sec~tence level as determined by RFLP analysis has 
been examined for various seed proteins of common bean. These include 
phaseolin (e.g., Talbot et al. 1984), lectin (e.g. Staswick et al. 1986), and arcelin 
(Osborn et al. 1988). For example, phaseolin types can be recognized by specif-
ic restriction fragment patterns (Fig. 3). Each of these patterns is produced by
the hybridization of a radiolabeled phaseolin gene fragment to the 7-8 genes
in the phaseolin gene family. Nevertheless, because of tight linkage at the Phs 
locus, all the bands corresponding to the various phaseolin genes tend to segre-
gate as a single Mendelian unit and represent a simple .o-dominant marker 
(Brown et al. 1981 a). 

4.2 Methodology 

Out methodology for RFLP analysis of bean DNA sequences, and, in particu-
lar, bean seed pro'ein genes can be divided as follows: 
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Fig. 3. Genetic diversity forphaseolin in common bean cuhfivars as determined by RFLP analysis 
Cienomic DNA of lines with various phaseolin types was digested with EcoRl (A) or HindlI1 (B)
electrophoresed in a 0.8% agarose gel, Southern blotted, and hybridized to phaseolin probe MC3(provided by IL Slightom). Lane 1:"" phaseolin (cultivar Jalo); lane 2: "H"(Burrito); lane 4: "S" (BAT93);3: "C" 	 lane 5:"B"(Orgulloso); lane 6:"Sb" (Black

(Cocacho);
Trtle Soup)

Ian 

lane 7: "Sd" (Mexico 222). T. H, and C are Andean phaseolin types and S. B, Sb,and Sd ar 
Mesoamerican phaseolin types as previously defined on the basis of one- and two-dimensiona 
electrophoresis (Brown et al. 1981 b; Gepts and Bliss 1986; Gepts et al. 1986; Koenig etal. 1990 

I) Total or nuclear DNA s oh: nec from leaf tissue 
2) The DNA is digested with restriction enzymes.
3) The restriction fragments are separated by agarose gel electrophoresis.
4) Fragments in the gel are denatured and transferred to a nylon o 

nitrocellulose membrane. 
5) Probes (genomic or cDNA) are radioactively labeled. 
7) Hebran is expo t anmXra ne to the rest 
7)The membrane isexposed to an X-ray film inorder to visualize tht restric

tion patterns for the specific DNA 	 region. 

4.2.1 DNA Extraction 
Currently, a number of protocois for genomic DNA extraction from plants 

developed et 	 ThompsonSaghai-Maroofhave been et al. (Bendich al. 1980; Murray and 1980;1984; Rogers and Bendich 1988; Doyle and Doyle 1990).
We have found that a modification of the method by Murray and Thompson 
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(1980; as modified by Saghai-Ma-oof et al. 1984 and Gepts and Clegg 1989)
and Doyle and Doyle (1990) in leaf tissue is particularly adequate forPhaseolus. This method is relatively fast and inexpensive, and allows us to han-
dIe a large number of samples at the same time. Yields are general:y good (ap-
proximately 50- 10 pg/g fresh tissue) and the average size of the DNA mole-
cules (approximately 40 kb) is sufficient for RFLP analysis.

Young leaves (4-6 cm) are harvested and used immediately (alternatively,
they can be stored at -70 *C for several months). Three to 5g of leaf tissue
is ground to a powder in a mortar containing liquid nitrogen. The ground tis-
sue is placed in 10 ml extraction buffer (50 mM Tris pH 9, 0.7 M NaCI, ImM 
EDTA, 1% SDS, I% ,-mercaptoethanol, 50 mg/mi polyvinyl polypyrro!idone 
or PVPP), mixed and promptly incubate- 60'C for 30-60 min,with occa-
sional swirling. The incubated mixture is cooled off for 10 min.Ten ml of chlo-
roform: isoamyl alcohol (24: 1) is added. The two phases are mixed repeatedly

by gentle inversion of the tube. The sample is centrifuged at 1600 g for.15 min 

at room temperature, and the aqueous (upper) phase is recovered. A second 

chloroform: isoamyl alcohol extraction is made. The aqueous phase is trans-

ferred and two-thirds of its volume in isopropanol is added. The tube is invert
ed gently several times until DNA strands appear. DNA strands are recovered
by hooking them out with a bent Pasteur pipet (if the strands are too sheared 
to be hooked out, DNA is pelleted by centrifu;ing at 16910g for a few seccndsand the supernatant is discarded). DNA is removed to a sterile tube containing
washing solution (76% ethanol, 10mM ammonium acetate). At this stag-, the 
DNA strands may have a greenish or brownish tint, which is usually eliminated 
after incubating 2- 12 h at room temperature in washing solution with occa-
sional swirling. If needed, th washing solution can be replaced with fresh so-
lution. After washing, the solution is discarded, the DNA is air-dried and re-
suspended in 300-500 plTE (!0 mM Tris- HCI pH 8, I mM EDTA). After the 
DNA is dissolved the solution is centrifuged at 3500 g for 10 min and the su-
pernatant is saved. 

In some cases, the DNA appears brownish even after a long washing period,probably due to the oxidation of polyphenolics (Rogers and Bendich 1988). In 
this case, we suggest a digestibility test for the specific sample prior to further
work. Extracted DNA may be .Iirther purified by a cesium chloride gradient
(Sambrook et al. 1989). This procedure yields highly purified DNA, eliminat-
ing RNA, polysaccharides, and other contaminants, but it is time-consuming
and expensive. In practice, we have seen that most of the samples can be effi-
ciently digested without cesium chloride gradients. 

The DNA concentration of samples purified by cesium chloride gradient 
can be estimated by UV spectrophotometry at 260 nm ( I unit, equivalent to 
50 pg/ml DNA; Sambrook et al. 1989). However, if the sample is going to be
used without purification, UV estimates are not reliable. In that case, DNA 
can be more precisely quantified using a fluorometer (Br'znk et al. 1979; 
Cesarone et al. 1979). The final concentration for the extracted DNA in theTE solution should be around 0.4 to I Vg/pl. For short periods, DNA solu-
tions can be stored at 4°C; long-term storage takes place at -70'C. 
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4.2.2 Digestion 

Restriction enzymes have different optimal assay conditions. All require Mg2' 
as cofactor, and most of them have a similar pH range (7.4- 8) and incubation 
temperature (37 'C). The most critical difference lies in the ionic strength (Fuchs
and Blakesley 1983). Most of the manufacturers provide a buffer of the appro
priate concentration and instructions to achieve optimal activity for each en
zyme. Alternatively, a standard buffer (50 mM Tris-lHCI pH 8, 10 mM M CI2,
ImM dithiothreitol, 100 pg/ml bovine serum albumin) can be used, in which 
low, medium or high concentrations (0, 50, and 100 mM, respectively) of NaCI 
are used according to the enzyme (Fuchs and Blakesiey 1983).

In a typical assay, 5- 10 pg DNA is digested in a total volume of 30- 50 pi.
Generally, the restriction enzyme is added in five- to six-fold excess (25-30
units for a 5 pg digestion), and the reaction mix is incubated for 4-7 h, in or
der to achieve total digestion. If the sample to be used has not been purified
by cesium chloride gradient, I -4 pg DNAse-free RNAse (Sambrook et al. 
1989) is added. 

4.2.3 Gel Electrophoresis 

Electrophoresis is performed according to Sambrook et al. (1989). Agarose at 
a concentration of 0.8% is dissolved in TAE (40mM Tris-Acetate pH 7.4, 
I mM EDTA) to which 0.5 pg/mI ethidium bromide is added. For a large sam
pie number, we use large horizontal gels (25x20cm, available from several 
companies (e.g., Bethesda Research Laboratories, Gaithersburg, MD), allow
ing us to run up to 60 samples at the same time. The digested samples are mi". 
ed (6: 1) with a solu. in containing glycerol (50%) and bromophenol blue 
(0.5%), and loaded into the wells. One pg lambda phage DNA digested with 
HindIll is used as size marker (Sambrook et al. 1989). The optimal voltage to 
be used is IV/cm.

After the overnight electrophoresis run, DNA is visualized by ethidium bro
mide -fluorescence using a UV transilluminator to check for digestion. Corn
pletely digested DNA should be seen as a smear along the lane; some bands 
(e.g., cpDNA, highly repetitive DNA) may be brighter in relation to the 
smeared background. Incompletely digested or undigested DNA samples will
show a strong band above the 23000 base pairs molecular weight marker band. 
The positions of the lambda Hindi11 fragments should be marked by punctur
ing the gel with an 18-gauge needle containing India ink in order to establish 
the correct position of the restriction fragments in the next steps. 

4.2.4 Transfer 

Restriction fragments can be transferred to either nylon- or nitrocellulose-bas
ed membranes. Nylon membranes are more desirable than nitrocellulose paper 



10076 

86 	 P. Gepts et al. 

because they have a much higher mechanical strength than the former and,
hence, can be reused several times. In our hands, Zetabind membranes (AMF-CUNO, Meriden, CT) can be reused 10 to 15 	 times. Protocols can change
slightly according to the properties of the membranes and it is therefore recom-
mended to follow the protocol of the manufacturers. We describe here the
Zetabind protocol. 

The gel is washed for 3U min at 40-60 rpm in a tray with 0.2 N NaOH,
0.6 M NaCI to denature the DNA. The denaturing solution is replaced then by
0.5 M Tris pH 7.5, 1.5 M NaC! and again shaken gently (40-60 rpm) for 
30 min, to neutralize the gel. Capillary transfer is made overnight according to 
Southern 	(1975; cited in Sambrook et al. 1989). 


Membranes 
onto which DNA has been transferred are prehybridized in

sealed plastic bags for 2-24 h at 42°C 
in 	5xSSC (20xSSC = 3M NaCI,
0.3 M sodium citrate, pH 7), 10x Denhardt's solution (100xDe! ,ardt's = 2% 
Ficoll, 2% polyvinyl pyrrolidone, 2% bovine serum albumin), 50 mM NaPO4 
pH 6.7, 5076 dextran sulfate, 50% formamide, and 500 1g/ml sonicated or
sheared salmon sperm DNA. Sonicated or sheared salmon sperrn hould beheated in a water bath at 100°C for 10 min and immediately cooled off on ice 
for 10 min prior to addition to the prehybridization solution in order to maintain denaturation. Five ml of prehybridization solution is used for each
100cm 2 of membrane. Several membranes can be place in the same bag. if 
not used immediately, they can be stored in their plastic bag at 41C. 

4.2.5 Probes 

Probes include either genomic or cDNA cloned fragments. They can be either 
anonymous sequences or sequences of specific genes, some of which are ex
pressed in seeds such as phaseolin (Slightom et al. 19E5), lectin (Hoffman and
Donaldson 1985), or arcelin (Osborn et al. 1988). Plasmids containing clone sequences are amplified in E. coli liquid cultures and isolated by the quick-
b o iling m in ip rep ara tio n (H o lmes a n d Q u igley 19 81). T h e vector is th en cut
with the appropriate restriction enzymes. Once digested, the fragment is isolat-
ed by low melting point agarose gel electrophoresis or by DEAE-NA45 paperaffinity (Selden and Chory 1987). 


The cloned sequence probe is radioactively labeled by the random primermethod (Feinberg and Vogelstein 1984); kits for random priming are available 
from several manufacturers, who also give instructions for us-. Alternatively, 
the component solutions such as the nucleotide solutions or the reaction buf
fer can be prepared in the lab. After labeling, unincorporated nucleotides are
removed with a Sephadex G50 spun column as described by Sambrook et al.
(1989). Specific activity for the probe is determined by measuri.ig a smalfl
aliquot (1-2p1l) in a scintillation counter and should be at least 
lx 08- 109dpm/pg of probe to minimize background and exposure time.A total of 0.6- I x 107 dpm of probe is used for each 100 cm 2 of membrane to 
be 	hybridized. 
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4.2.6 Hybridization 

The prehybridization solution is totally removed and the following hybridiza
tion solution is added: 5xSSC, Ix Denhardt's, 20 mM NaPO4 pH 6.7,
dextran sulfate ml, 5007o formamide, and 100mg/mi boiled sonicated or
sheared salmon sperm DNA. This solution also contains the probe, previously
denatured by boiling and cooled on ice. 

Hybridization is carried on in a temperature-controlled orbital shaker
(42°C, 150rpm) for 20 h according to Sambrook et al. (1989). After hybridiza
lion, the membrane is removed from the bag and briefly washed at low strin
gency in 2x SSC, 0.1 % SDS at room temperature. Membranes are then washed 
twice in 0.1 xSSC, 0.106 SDS at 60'C. Membranes are lightly blotted to 
remove excess washing solution, wrapped in plastic wrap, and exposed to a
Kodak X-Omat X-ray film. Exposure times can vary trom I to several days,
depending on the amount of DNA sample used and/or probe-specific activity. 

4.2.7 Reuse of Solutions and Membranes 

Nylon membranes can be reused by washing for 30 min in 0.4 M NaOH, neu
tralizing with 0.1xSSC, 0.507 SDS, 0.2M Tris pH7.5 for 30min, and 
prehybridizing as described. 

Prehybridization and hybridization solutions can be recovered after use and 
stored at -20°C. Before reusing, the solutions are heated al 75-80'C for
15 min in a water bath, and immediately added to the incubation bag.
Prehybridization solution can be reused 3-4 times and stored for weeks. Hy
bridization solution should not be stored for more than I week. 

4.3. Applications 
This methodology has been applied successfully to several areas of study in our 

at a to e a n d 
program that are still under way: (I) RFLP ni wild and 

T his th a s b e y: (1) leve li of i vated 
levels cultivated 

Phaseolus vulgaris. Figure 3 shows restriction fragment length polymorphismsdetected with a phaseolin probe (R. Nodari, E. Koinange, V. Becerra, J.Kelly, 
and P.Gepts, inprep.); (2)chloroplast DNA evolution inthe P vulgaris -
P coccineus complex (V. Llaca and P. Gepts, in prep.); and (3) mapping of the 
common bean genome (Gepts et al. 1990). 

5. Conclusion: Com,',arison of the Three Classes
 
5. Coluion: Markron outenTr Classes 
of Evolutionary Markers in Evolutionary Studies 

Each of the three types of markers discussed in this chaptei possess advantages
and disadvantages as evolutionary markers. In general, an ideal marker should 

http:measuri.ig
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exhibit a sufficiently high level of polymorphism to identify genetic diversity 
among the entries of the studies; yet, this level of polymorphism should not 
be so high as to include repeated or parallel mutations that wculd obscure pat-
terns of common ancestry. The specific marker(s) most suitable for a given
study will depend on the inherent variability of the marker and the genetic dis-
tance among entries of the study. For example, chloroplast DNA is generally
highly conserved and is therefore most useful at higher taxonomic levels (Palm-
er 1987); on the other hand, hypervariable markers such M 13 or human mini-
satellite sequences are usually sufficiently variable to detect differences among
individuals of the same species, whether animal (Jeffries et al. 1985) or plant
species (Dallas 1988; Rogstad et al. 1988). On the other hand, rare variants 
may be useful in detecting introgression and gene flow, for example between 
wild ancestral beans and cultiv.,ted descendant beans (e.g., the Mdh-210 2 allele 
in P vulgaris Singh et al. .991 b). An empirical preliminary study will have 
to be conducted to identify the most suitable markers, 

The second desirable attribute of evolutionary markers is environmental 
stability. Ideally, the expression of evolutionary markers should be indepen-
dent of any confounding environmental influence. If this is the case, differenc-
es can be attributed exclusively to genetic causes. The third attribute is the 

_num! "rof loci detected by any category of markers. Categories that detect 
larger numbers of markers, preferably unlinked, will afford a more complete 
coverage of the genome; this will permit the detection of recombinants, 
translocations, inversions, linkage drag, etc. 

A fourth attribute is the molecular basis of the variation. The more com-
piex the molecular basis, the less likely that a particular variant will have ap-
peared more than one. Hence, individuals that share a variant with a complex
molecular basis, will most probably have a common ancestor (Gepts 1990a, 
b). Finally, preference should be given whenever possible to markers that are 
easy and cheap to analyze. In order to increase confidence levels, evolutionary 
studies require fairly large sample numbers that can only be achieved with 
markers that can be analyzed in a routine fashion. 

How do these three categories of markers - phaseolin, isozmyes, and 
RFLPs - match these five attributes (Table 5)? As argued by Gepts (1990b), 
the advantages of phaseolin as a marker include a high level of polymorphism, 
a high degree of environmental stability, a complex molecular basis of the elec-
trophoretic banding pattern, along with the simplicity and low co;i of the 

Table S. Comparison of molecular electrophoretic markets in evolutionary studies 

Seed protein (phaseolin) Isozymes RFLPs 

Polymorphism 
Environmental stability
Number of loci 

High 
High
Single locus 

Low 
Moderate 
Low (15- 20loci) 

High 
High
High 

Molecular basis 
Practicality 

Complex 
Quick, cheap 

Simple 
Quick, cheap 

Intermediate 
Slow, expensive 

Analysis of Seed Proteins, lsozymes, and RFL.Ps for Studies in Phaseolus 

analysis. Its major disadvantage is the simple genetic control since all variation 
in the banding pattern is controlled by a single locus (Phs; Brown et al. 1981 a; 
Bassett 1989). 

The advantages of isozymes are the larger number (15-20) of (unlinked) 
loci and the simplicity and low cost of analysis. Their disadvantages include 
the low levels of polymorphism, their environmental sensitivity (which can be 
alleviated by working under standardized conditions), and their simple molec
ular basis (which can be alleviated by considering several isozmye loci simulta
neously). 

The advantages of RFLPs are their high levels of polymorphism, not only
between the Mesoamerican and Andean subspecies, but also within these sub
species (Nodari, Koinange, Kelly, and Gepts, in prep.), their high lev.: )f envi
ronmental stability, and the high (potentially infinite) number of loci. Their 
main disadvantages is the high cost and cumbersomeness of the analysis and 
to a lesser extent the simple molecular basis (in many cases, singee racleotide 
substitutions), which can also be overcome by 'onsidering several RFLPs si
multaneously. 

Because each of these markers have advantages and disadvantages, r.cne 
"represents a straightforward choice when initiating a study. The particular
marker(s) chosen will depend principally on the resources available (person
nell, equipment, funds) and prior informtaion about molecular variatic , in 
the plant materials to be studied. Our own approach has been to start w; the 
easiest and cheapest marker (phaseolin), continue with isotyraes on a subset 
of the entries analyzed for phaseolin, and, finally to analze an even smaller 
subs . for RFLPs. Both isozymes and RFLPs have provided new information 
(e.g., strong multilocus associations shown by isozyme data) or confirmed pre
vious findings (e.g., reduction of diversity during domestication by RFLPs). 
Hence, our repeated analyses with different markers ha~e not been futile exer
cises but are providing a more in-depth and dependablz picture of the evolu
tionary history of Phaseohs beans. 
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The Genetics committee of the Bean Improvement Cooperative is a central 
clearinghouse for genetic data on common bean and allied species. Its functions are: 1) to
establish guidelines and nomenclature rules for assigning new gene symbols; 2) to review
manuscripts involving the interpretation of genetic control and assignment of new gene
symbols; 3) to maintain a list of published gene symbols for mapped and unmapped loci (latest
version: see 5). and 4) to establish a Genetic Stock Collection. Authors wishing additional 
information should contact the author. 

In this report, a classical and a molecular map are presented, as well as a table of
 
miscellaneous reported linkages. The classical map was established primarily by Lamprecht

(36) with additional work by several authors as reviewed by Bassett (6). It involves mainly
morphological traits and consists of 12 linkage groups (Fig. I and Table 1). Distances represen
recombination fractions (in %). Three markers were linked to the (I-B] locus on linkage group
III; however, their respective has not been determinted yet. Two versions, established 
independently, exist for linkage group VII. 

The molecular map was established by Nodari et al. (46) and involves primarily
molecular markers (RFLPs, RAPDs, and isozymes) and additionally a virus (B.-an Common 
Mosaic Virus) resistance gene (I), a flower color gene (Fc; presumably V), and a seedcoat
color pattern gene (Cor) (Fig. 2 and Table 2). It current!y consitts of 14 linkage groups (linkage 
groups D6 and D12 have been joined) covering 960 .M. All itervals have a LOD score > 3.0
and map distance < 30 cM (Kosambi diszancc.) except two intervals (on D1, D6) where the 
map distance > 30cM but the LOD score is > 3.0. 

The correspondence between classical an molecular linkage groups is as follows: Dl -
IV, D2 - III and VI, D6 - I and VII, D7 - X and XII. Additional miscellaneous linkages are 
reported in Table 3. 

Note added in proof: An additional common bean molecular linkage map was recently
published (65) 
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Figure 1. Common Bean Classical Unkage Map 
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Figure 2. Common Bean Molecular Unkage Map 
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Table 1. Common Bean Classical Map Gene List 

Locus Locus Name 
Symbol 

Ane Anebulosus 

arg argenteus 

B Bronz. 

C-R Complex C 
!--us 

Cay Caruncula 

verruca 

ci circumlineatus 

Cor Corona 

D Hilum ring 
factor 

Da Straight pod 

dgs dark green 
savoy 

dia diamond 

ds dwarf seed 

Ea Flat p)d 

Est-2 Esterase-2 

Fb Pod parchment 

fin finitis 

i Inhibitor 

J Joker 

miv minor intervallis 

No Nopal 

Linkage 

Group
 

Ill 


V 


III 


I 


VI 


VIII 


I 


I 


11 


VI 


IX 


VI 


!! 


X 


if 


IV 


III 


Xl 

VI 
IV 

Phenotype 

Seedcoat color. Graish brown motting on buff background (e.g., cv. Contender) 

Greenish gray (silvery) pod color; with y gives white pod color 

Bronze-brown seedcoat color 

Several tightly !inked genes or multiple alleles of the same locus influencing color and 
color pattern in flower, pod, and seed, including R (red seed), M/ (mancha na flor or 
flower blotch), Mt (seedcoat mottling), etc. 
Wrinkling of the seedcoat starting from the caruncula 

In partly colored seeds, colored areas are delineated with a strongly pigmented line 
Colored ring outside the seed hilum ring 

Brown seed hilum ring 

In conjunction with Db, straight pod 

Dark green, glossy, leathery and wrinkled leaves 

Leaflets angular, slightly chlorotic, thick, and sm,-iler 

Small seeds and short pods (xenia) 

In conjunction with Eb, flat pod cross-section 

Isozyme 

In conjunction with Fa, Fc, and Fd, fully parchmented pod walls 

Determinate stem and branch growth 

Resistance to systemic infection by non-necrotic strains of Bean Common Mosaic 
Virus. Tight linkage or pleiotropy for resistance to Blackeye cowpea mosaic virus 
(Bcm), Olackeye cowpea mosaic virus (Bcm), Cowpea aphid-borne mosaic virus 
(Cam), Soybean mosaic virus (Smy), and Watermelon mosaic virus-2 (Hsw). Tight 
linkage to B. 

Seed shininess and postharvest seedcoat darkening; brown hilumring 

Short distance between successive funicula leading to seeds with flattened ends 
Red (light salmon with brownish tinge) flower color 

References 

27, 53 

31 

19,26 

26,38,52
53,66 

35 

51 

27 

6,36,50 

25 

42 

42 

4 

25 

70 

25 

27 

1,24 

30,50 

33 

32 



Locus Locus Name 
Symbol 

P Primary 

Phs Phaseolin 

pre progressive 

chlorosis 
rf reclining foliage 

rk red kidney 

rnd round 

Sal Salmon 

sb spindly branch 

s1 stipelless 

lanceolate 
St String!ess 

Sur Sursum versus 

T Total 

le tenuis 

Urs Uromyces 

resistance 
V Violet 

Y yellow 

Linkage Phenotype References 
Group 

X Required for pigment production in all plant parts 30 
XIl Principal seed protein 5,8 
IX Chlorosis of fully expanded leaves; emerging and expanding leaves are green 2,42 

VII Downward slanting petiole 3 
III Red kidney seedcoat color 57 
VI Primary lear and lateral leaflet tips rounded 42 
V Salmon to geranium red flower color 32 

IX Thin, drooping, short branches and petioles 2 
Vi Lanceolate leaflet form with absence of stipels from terminal leaflet 42 

III Absence of "strings" (pod suture fibers) 49 
VI Leaves and petals point downwarOs with pulvinus rotated 180" 29 

VII Colored flowers and self-colored seeds 27 
VI Narrow and short pod 34 
X1 Nine linked loci (Urs to Urs-9) for resistance to Uromyces phaseoli 6,58 

VII Violet flower color and pale violet to black seed color 30 
VI Yellov (wax) pod 31 

Table 2. Common Bean Molecular Map Gene List 

Locus 
Symbol 

aAI 

Aco-2 

AH 

Locus Name 

a-amylase inhibitor 

Aconitase - 2 

Arcelin 

Linkage 

Group 

D4 

D5 

D4 

Phenotype or Comments 

aAi, Arl, and Lec form a tightly linked small multigene family with around80% nucleotide sequence similarity 

lsozyme 

See aA. The Arl locus consists of at least 4 structural genes. 

Reference 

41,48 

64 

20,47,48 



Locus Locus Name 

Symbol 

B Bronze 

Ce! Cellulase 

Ch Chitinase 

Chi Chalcone Isomerase 

ChS Chalcone Synthase 

Cor Corona 

Diap Diaphorase 

Fc Flower color 

GS-c Glutamine 
synthetase 
(cytosolic) 

D0096-
D0252 

D1009-

D1862 

Gluc Glucanase 

Inhibitor 

Lap-3 Leucine 
aminopeptidase-3 

Lec Seed lectin 

Linkage 


Group
 

D2 

D2 

D9 

D7 

D2 

D6 

D5 

D6 

D8 

D9 

D2 

_ 

D2 

D4 

Phenotype or Comments Reference 

Bronze-brown si.edcoat color (see classical map) 19,25 

RFLP to homologous common bean probe 62 

RFLP to homologous common bean probe 7 

RFLP to homologous common bean probe 39 

RFLP to homologous common bean probe 54 

Colored ring outside the seed hilum ring (see classical marker map table) 27 

Isozyme; consists of two tightly linked loci, Diap-1 and Diap-2 58 

Temperary symbol pending verificatior. of allelism with V (see classical 30,46 
marker map table) 

RFLP to heterologous soybean probe 40 

EcoRI-BamHl random genomic probes developed at the University of 45 
California, Davis 

PstI random genomic probes developed at the University of California, Davis 45 

RFLP to homologous common bean probe 13 

Resistance to systemic infection by non-necrotic strains of Bean Common 1,24 
Mosaic Virus. Tight linkage or pleiotropy for resistance to Blackeye cowpea 
mosaic virus (Bcm), Blackeye cowpea mosaic virus (Bcm), Cowpea aphid
borne mosaic virus (Cam), Soyne-im mosaic virus (Smv), and Watermelon 
mosaic virus-2 (Hsw). Tight linkage to B (see classical map) 

Isozyme 22 

RFLP to homologous common bean probe. The Lec locus contains two 8,18,46
structural genes, dleel and dlec2, corresponding to erythro- and 
leucoagglutinating polypeptides ; co-segregation between RFLP and SDS-PAGE protein polymorphism at this locus. See also aAI. 



Locus Locus Name 
Symbol 

Lec-2 and 

Lec-3 


Me 	 Malic enzyme 

Mue Mthylumbellferyl 

esterse 

P1012 -

P3040 

Pal 	 Phenylalanine 

ammonialyase 

Phs Phaseolin 

PvPR-I Phaseolus vulgaris 
pathogenesis-

related protein 2 

PvPR-2 Phaseolus vulgaris 

pathogenesis
related protein 2 

Rbcs Ribulose 

bisphosphate 
carboxylase (small 

subunit) 

rRNA Ribosomal RNA 

ROAOI -

ROEIO 

Skdh Shikimate 
dehydrogenase 

SS Sucrose synthetase 

Linkage 


Group
 

D13 

D4 

D3 

DI 

D7 

D3 

D2 

D4 

DIO 

D3 

D3 

Phenotype or Comments 

DNA sequence homology with Lec; however, no co-segregation with seed 
lectin protein polymorphism 

Isozyme 

Isozyme 

MboI random genomic probes developed at the University of Paris 

RFLP to homologous common bean probe. Presumably Pal-I 

RFLP for principal seed protein; small multigene family of 7-8 tightly linkedgenes. Co-segregation between RFLP and SDS-PAGE protein polymorphisiii 

RFLP to homologous common bean probe; belongs to the same multigene
family of about 	12 genes as PvPR-2 

RFLP to homologc us common bean probe. See PvPR-l. 

4ozyme 

RFLP to heterologous pea probe for one of several rRNA loci identified by 
in situ hybridization 

RAPD markers (Operon primers) 

Isozyme 

RFLP to heteroogous soybean probe 

Reference 

46 

22,68,69 

16 

11,44 

10,14 

5,8.46,56,60 

67 

67 

68,69 

12,21,46 

44,46 

68,69 

15.61 



Locus Locus Name Linkage Phenotype or Comments Reference 
Symbol Group 

Uri and 
Uri-2 

Uricase D9 and 
D13 

RFLP to heterologous soybean probe 43 

Table 3. Additional link:ages and correspondaace between classical and molecular linkage maps 

Traits (linkage distance in cM unless otherwise noted) Molecular 	Linkage Group if Source 
known 

Est-2 - 12% - P 	 D7 70 

Adh-! - 2 - Aat-2 .4 

Est-2 11 - Phs - 8- Spe/Spg - 24 - P - 9 - Spa/Spb - 16 - Spba 2. - Mdh-I D7 65 

Spd/Spf/Sph - 5 - Spca 65 

fin - 8% - early flowering Dl 9,23 
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[... No doubt man selects varying individuals,sows their seeds, and againselects their varying
offspring ...Man therefore may be said to have been trying an experiment on a giganticscale;
and it is an experiment which natureduring the long lapse of time has incessantly tried ...] 

C. DARWIN (1868), The Variation of Animals and Plants under Domestication. 
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I. INTRODUCTION 

When de Candolle (1882) initiated the study of crop evolution, his major concern 

was to identify the geographic origin, i.e. the domestication center, -If individual crops. In 

his opinion, the following four types of data would shed light on this question: 1) 

archeology; 2) botany; 3) philology or linguistics; and 4) history. Of these four types of 

data, the first two are the most reliable (Harlan and de Wet ':)73). Archaeological 

remains attested to the antiquity of the cultivation of a crop in a region compared to 

other regions devoid of archeological remains. Botanical arguments referred to the 

existence in a defined region of a wild-growing form that was sufficiently similar 

morphologically to the crop that it could represent its ancestral form (or at Jeast the 

immediate descendant of the ancestral form). The existence of words designating a 

particular crop, particularly in native languages, was considered a testimony to the 

relative antiquity of cultivation of the crop. Finally, historical desciiption such as the 

treatises of Dioscorides and Theophrastus, the Herbals of the sixteenth and seventeenth 

centuries, or descriptions of the New World short after the Spanish Conquista by, for 

example, Cieza de Le6n (between 1541 and 1550) or Acosta (1590), also would provide 

some evidence towards identifying the area of origin of crops. 

While these types of evidence are still relied upon in the study of crop evolution, 

the range of available techniques of analysis has expanded since de Candolle's time. 

Consequently, crop evolutionists have been able not only to ask a broader range of 

questions but also in certain cases to obtain more specific answers to their questions. In 

this review, I will focus on the use of molecular and biochemical markers to strengthen 

the botanical argument in the study of crop evolution. Molecular markers include any 

markers reflecting directly changes at the DNA sequence level, principally restriction 

fragment length polymorphisms (RFLPs), but also random amplified polymorphic DNA 

(RAPDs), mirdisatellite markers, etc. Because crop evolution studies require a sufficient 

sampling of the diversity contained in the species, direct DNA sequencing L1as rarely 

been used, if at all, because of its inherent cumbersomeness. Biochemical markers have 

included principally isozymes and seed proteins. The major advantage of these markers is 

their evolutionary neutrality which allows us to dis nguish those similarities that are due 
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1 to common ancest,y from similarities due to convergence. Over the last years, an 
2 increasing body -f data in crop evolution has been accumulated based on molecular and 
3 biochemical markers (reviewed in Doebley 1989, 1992; Gepts 1990; Clegg 1990). 
4 This review 6ill be divided in three parts. The first part will address some 
5 methodological aspects, including the need for adequate sampling and the relative merits 
6 of various classes of molecular or biochemical markers in crop evolution studies. The 
7 second part will deal primarily with the traditional endeavor of crop evolution studies, 
8 i.e. the identification of the wild ancestor of crop plants and related questions such as 
9 the organization of genetic diversity in crop species and possible introgression between 

10 wild and cultivated forms of crop species. The second part will be devoted to examining 
11 diffe-,ences between wild and cultivated forms at the genetical level, an area that is 
12 perhaps more recent because the identity of the wild ancestor should be known at the 
13 onset of these studies. Throughout this review, I will use the information that has been 
14 accumulated on the evolution of Phaseoluscultivated species as a starting point because 
15 this genus has proven to be an interesting experimental material for crop evolution 
16 studies; I then compare these results with those obtained for other crop species. Because 
17 of the extensive literature in this area, I will not attempt to do an exhaustive review but 
18 rather I will emphasize some of the more recent results. Additional references are 

19 available in the reviews mentioned above. 
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1 II. METHODOLOGICAL ASPECTS 
2 Crop evolution studies in a given species require an adequate sampling according 

3 to two criteria. A first criterion is a geographic one. Both wild and cultivated genotypes 

4 from the entire area of origin should be adequately represented in the initial sample in 

order to increase the confidence level of the study. Genotypes of the presumed wild 
6 progenitor provide an essential geographic framework of reference that allows us to trace 

7 certain variants observed among the cultivated genotypes to a specific geographic area. 
8 Unfortunately, most of the emphasis in germplasm conservation was concentrated until 
9 recently on the cultivated materials. Hence, with few exceptions, it was difficult to 

assemble a representative sample of wild progenitor accessions. This emphasis may be 

11 shifting now in part because of studies involving molecular and biochemical markers that 
12 show higher levels of diversity among the wild progenitors compared to the cultivated
 

13 descendant (see below).
 

14 Among cultivated materials, preference should be given to so-called landraces.
 

Landraces are defined here as cultivated genotypes that have not resulted from scientific 

16 breeding programs. Hybridizations in these programs will tend to obscure associations of 

17 traits observed in either the wild ancestor or cultivated races descended from the 

18 ancestor. In addition, these programs may also introduce successful varieties from other 

19 countries. Until recently, most of the cultivated genotypes found in the domestication 

areas were landraces because developing countries in the tropical and subtropical areas 

21 where most crops were domesticated, did not have the resources to establish strong 

22 breeding programs. In addition, these new breeding programs have often emphasized for 

23 practical reasons a limited number of the commercially most desired types. Hence, most 

24 of the cultivated materials collected until recently in these countries are land-aces and, in 

general, it should not be difficult, at least for the major crops, to constitute an adequate 

26 sample of cultivated genotypes. 

27 This geographic sampling car also be an iterative process as illustrated by our 
28 data on allozyme diversity in common bean. As explained in more detail below, 

29 allozyme frequency data indicated that the transition between the Middle American and 

Andean gene pools in this species was located somewhere between northeastern 

(/j 
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1 Colombia and southern Peru (Koenig and Gepts 1989b). With the exception of a few 
2 wild common bean accessions collected by D.G. Debouck in northern Peru, no other 
3 wild materials were available from this region, particularly in southern Colombia and 
4 Ecuador. On the basis of these results, germplasm explorations were organized in 1989 
5 and 1990, which found several wild P.vulgaris in Ecuador where this species had 
6 previously not been reported. Allozyme and phaseolin seed protein data of these newly 
7 collected accessions confirmed that they represent a group that is distinct, not only at the 
8 biochemical level, but also ecologically from the Middle American and Andean gene 
9 pools (O.M. Paredes, D.G. Debouck, and P. Gepts, unpubl. results). It is striking that at 

10 this stage we are still defining the boundaries of the natural distribution of the wild
 
11 
 progeitor of a crop that is a mainstay in the nutrition of Latin American countries. In 
12 the 1980s alone, previously undescribed wild bean populations have been identified in 
13 northern Mexico (Chihuahua: Nabhan 1985), eastern Mexico (Quer~taro) and Costa 
14 Rica (Gepts and Debouck 1991), and Panama (Brficher 1988) in addition to the 
15 populations of Ecuador and northern Peru mentioned above. This observation has some 
16 bearing upon other crops, especially those for which the progenitor has not yet been 
17 identified. While extinction of the ancestor is a possible cxplanation, absence in 
18 germplasm collections is an equally plausible one in light of our experience in Phaseolus. 
19 The second sampling criterion is the genome. Plants harbor one nuclear and two 
20 cytoplasmic genomes (in the chioroplasts and the mitochondria). Each of these can 
21 provide molecular or biochemical markers for crop evolution studies although the type of 
22 information provided by each of them may not be the same. Cytoplasmic genome 
23 markers may shed light on the origin of one of the parents especially in polyploid plants 
24 for those taxa where cytoplasmic inheritance is uniparental, whether maternal or paternal 
25 (Soltis et al. 1992a). There are differences, however, between mitochondrial and 
26 chloroplast DNA markers. The peculiar evolutionary dynamics of plant mtDNA, which is 
27 characterized by high levels of rearrangements, low rates of point mutations, and the 
28 presence of foreign sequences, makes it difficult to establish phylogenies based on 
29 mtDNA sequence variation although by the same token the rapid changes can make this 
30 genome useful to carry out rapid surveys of genome types (Palmer 1992). The size and 
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1 gene order of chloroplast DNA, on the other hand, is highly conserved but its nucleotide 

2 substitution rate is higher than in mtDNA (Palmer 1990). Intraspecific diversity for 

3 cpDNA has been observed and used in phylogenetic and crop evolution studies (Soltis et 

4 al. 1992b). 

Nuclear markers, whether single-copy or repeated sequences, will provide 

6 information on both progenitor genotypes because of the biparental inheritance of the 

7 nuclear genome. Depending on the particular sequence, a wide range of diversity exists 

8 in regard to level and molecular basis of the polymorphisms (Clegg 1990). Whenever 

9 possible, it is preferable to obtain information about linkage relationships of the markers. 

This information will help ascertain that different regions of the nuclear genome are 

11 being characterized and may help interpret, for example, cases of introgression or 

12 discrepancies in trends affecting genetic diversity when measured by different markers. 

13 A second methodological consideration is the choice of molecular markers. A 

14 survey of the literature reveals that isozymes, seed proteins, RFLPs (for nuclear and 

cytoplasmic sequeitces), minisatellite sequences, and RAPDs have been used in crop 

16 evolution studies. There are several attributes by which one can assess the potential 

17 usefulness of a particular category of markers. These include level of polymorphism, 

18 environmental stability, the number of loci, molecular basis of the polymorphism, and the 

19 ease and cost of analysis (Table 1). Depending on the objective of the study, a certain 

level of polymorphism is required: at higher taxonomic level (species or above), more 

21 conserved markers are needed, whereas at the population level more variable markers 

22 are desirable. Electrophoret-c patterns should be free of environmental influence to 

23 confirm that observed differences are ge,!otypic differences. The number of loci should 

24 be as high as possible to ensure adequate genome coverage. The molecular basis of the 

polymorphism should be complex, thus decreasing the probability of homoplasy. Finally, 

26 the methodology employed should be as cheap and simple as possible to permit the 

27 analysis of samples of adequate size. 

28 The main advantages of isozymes include the simplicity and low cost of the 

29 analysis and a reasonable genome coverage (1020 loci per species: Hamrick and Godt 

1990). In addition, standardized experimental conditions allow us to detect genotypic 
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1 differences although isozymes are phenotypic markers. Disadvantages include a generally 
2 low level of polymorphism with only a few alleles per locus (Hamrick and Godt 1990) 
3 and a simple molecular basis: some nucleotide changes lead to charged amino acid 
4 substitutions and, hence, changes in electrophoretic migration. 
5 Advantages of seed proteins as electrophoretic markers include their high level of 
6 polymorphism, their high level of environmental stability (although a few exceptions have 
7 been reported: e.g., Gayler and Sykes 1985), and the complex molecular basis of the 
8 electrophoretic patterns that includes nucleotide substitutions, insertions/deletions; and 
9 co- and posttranslational modifications. This complexity at the molecular level, however, 

10 makes it difficult to relate phenotypic changes in electrophoretic banding pattern with 
11 changes at the molecular level. Hence, one is usually limited to phenetic analyses with 
12 this category of markers. A disadvantage is the low number of loci involved (usually less 
13 than 10) (reviewed in Gepts 1989). 
14 RFLP markers can display a wide range of levels of polymorphism depending on 
15 the species (Table 2; Nodari et al. 1092), the genome (e.g., cytoplasmic vs. nuclear: 
16 Curtis and Clegg 1984; Palmer 1987; Zurawski and Clegg 1987; Wolfe et al. 1987), or the 
17 particular sequence. In general, however, RFLPs are be more polymorphic than 
18 isozyrmes. For example, in a direct comparison between the two classes of markers in the 
19 same set of maize genotypes, Messmer et al. (1991) found that RFLPs were more 
20 polymorphic than isozymes both in terms of the number of polymorphic loci (94 vs. 68 
21 %) and the average number of variants per polymorphic locus (3.4 vs. 2.5). Additional 
22 advantages of RFLPs include their better genome coverage and environmental stability. 
23 The molecular basis of RFLPs can be quite simple as a single nucleotide change can 
24 lead to a restriction site loss, or less likely a site gain. The likelihood of a repeat 
25 mutation involving a nicleotide change may be higher than that involving a 
26 rearrangement characterized by its size as well as location. Through restriction mapping, 
27 it is possible to identify the molecular basis of the polymorphism although this limits the 
28 number of sequences that can be analyzed (Gepts and Clegg 1989). Finally, the RFLP 
29 technology is cumbersome and costly, which effectively limits the sample size. 
30 Minisatellite markers, principally those revealed through cross-hybridization with 
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I human mini-satellites or M13 (e.g., Dallas 1988; Rogstad et al.1989; Stockton et al. 

2 1992), reveal very high levels of polymorphism. The fingerprinting pattern is not 

3 influenced by environmental conditions (G. Sonnante, T. Stockton, and P. Gepts, unpubl. 

4 results). Little is known about the actual molecular basis of hypervariable sequences in 

5 plants. The complexity of the fingerprinting pattern and actual mapping data (T. 

6 Stockton, R. Nodari, and P. Gepts, unpubl. results) suggest, however, that several loci are 

7 involved although the genome coverage may not be as extensive as that of RFLPs or 

8 RAPDs. The technology is similar to RFLP technology with the exception that several 

9 loci can be sampled at once. 

10 The advantages of RAPD markers are that they can be more polymorphic than 

11 RFLPs (Williams et al. 1990), they offer genome coverage equivalent to that of RFLPs, 

12 and their methodology can be quite simple provided a rigorously standardized 

13 methodology with the necessary controls is adhered to. Disadvantages include limited 

14 information about the molecular basis of RAPDs and the environmental stability of the 

15 polymorphism. 

16 In summary, each class of molecular or biochemical markers possesses advantages 

17 and disadvantages. Depending on the goals of the study, one or the other or a 

18 combination of markers can be used. 

(Itf
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1 III. PATrERNS OF GENETIC DIVERSITY AND DOMESTICATION 

2 A. Phaseolus 

3 The genus Phaseolas consists of some 55 species (Debouck 1991), all of which 
4 originated on the American continent (Mar6chal et al. 1978; Delgado Salinas 1985). Four 

Phaseolus species contain cultivated forms: P. vulgaris (common bean), P. lunal's (lima 
6 bean), P. coccineus (runner bean and year bean), and P. acutifolius (tepary bean). 
7 Depending on the taxonomic treatment, the year bean is either included in P.coccineus 

8 as a subspecies (P.coccineus subsp. darwinianus:Hernandez Xolocotzi et al. 1959; or P. 
9 coccineus subsp. polyanthus: Mar6chal et al. 1978) or considered a separate species (P. 

polyanthus: Schmit and Debouck 1991). Each of these species has a characteristic life 
11 history and reproductive system. Common bean is an annual species with predominantly 

12 self-pollinated reproductive system (< 5% outcrossing) although higher levels of 
13 outcrossing have been reported by Wells et al. (1988). Lima bean is similar to common 
14 bean but with a longer life cycle and higher levels of outcrossing (Webster et al. 1979; 

Lyman et al. 1985; Baudoin 1988). Runner bean is a perennial, predominantly 

16 allogamous species pollinated by insects (honey bees and bumblebees) (Webster et al. 
17 1980; Delgado Salinas 1988). Finally, tepary bean is a short-lived annual with a markedly 
18 autogamous (cleistogamous) reproductive system (Pratt and Nabhan 1988). Of these four 
19 species, P.vulgaris is by far the most important because it is grown on a worldwide scale 

and, hence, has been the subject of most studies. The other three species can be 
21 important locally either as a subsistence crop (all three species) or as a commercial crop 
22 (e.g., lima bean in California); some more specific studies have been conducted on these 

23 species. 

24 1. Identification of the wild ancestor 

The use of molecular markers has confirmed the identity of the wild ancestor of 
26 cultivated Phaseolusspecies previously determined on the basis of morphological 

27 similarities and crossability studies. In addition, molecular markers have provided 
28 additional information on the pattern of domestication, specifically whether the cultivars 
29 in the various species resulted from a single or multiple domestications. 

30 The coasiderable distribution of wild P. vulgaris, which extends from northern 
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1 Mexico to Argentina (reviewed in Delgado Salinas 1988; Briichii- 1988), the distinctness 

2 of seed remains among the various archeological sites in Latin America, and the 

3 differential geographic distribution between large-seeded and small-seeded cultivars (see 

4 below), led Kaplan 1,1965), Harlan (1971), Heiser (1965), and Evans (1976) to suggest 

that common bean had two or more domestication centers. 

6 Various biochemical and molecular markers (phaseolin seed protein, isozymes, 

7 RFLPs for nuclear and mitochondrial DNA, and minisatellite sequences), correlated with 

8 morphological markers and F1 hybrid lethality, have now provided solid evidence for this 

9 initial suggestion (Table 2). Analyses with molecular markers reveal a divergence 

between Middle American and Andean wild-growing bean populations as illustrated by 

11 Fig. 1, which shows the result of a principal component analysis of banding pattern 

12 frequencies for RFLPs of nuclear single copy sequences. Similai results have been 

13 obtained with phaseuiin seed protein (Gepts et al. 1986; Gepts and Bliss 1986; Koenig et 

14 al. 199-9), isozymes (Koenig and Gepts 1989b), and se-quences hybridizing with M13 or 

human minisatellite sequences (G. Sonnante, T. Siockton, and P. Gcpts, unpubl. results). 

16 Cultivars of Middle American and Andean origin display the same divergence and show 

17 the highest similarity with the wild beans of their respective region as illustrated by 

18 RFLP data (Fig. 1) or data from other molecular or biochemical markers (Table 2). This 

19 divergence between Middle American and Andean genotypes is responsible in part for 

the high levels of RFLP present in P. vulgaris compared to other species, especially 

21 autogamous species (Table 3). 

22 This divergence at the molecular level is correlated with divergence for 

23 morphological traits. Multivariate analyses, such as principal component and canonical 

24 discriminant analyses, of traits including seed size and shape, leaf size and shape, 

internode length, reveal that Andean cultivars, as determined on the basis of molecular 

26 markers, have larger leaves, longer internodes, and larger seeds (Singh et al. 1991a). 

27 Prior to analyses with molecu!ar markers, various cases of F1 hybrid lethality or 

28 weakness had been described (e.g., Shii et al. 1980; Singh and Gutidrrez 1984). Markers 

29 allowed us to determine that, so far without exceptions, each of these case arose in 
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1 crosses between a Middle American and an Andean cultivar (Gepts and Bliss 1985). 
2 This F1 lethality is controlled by two complementary genes (DI-1 and Dl-2: Sbii et 
3 al.1980) present not only in cultivated beans but also in wild beans (Koinange and Gepts 
4 1992). The simple genetic control of this reproductive isolation mechanism and the 
5 overall divergence at the molecular, biochemical, and morphological levels between the 
6 Middle American and Andean genotypes suggests that P.vu!garis could have entered a 
7 speciation process leading to two new species if the Dl genes were to become fixed over 
8 an evolutionary time scale in their respective gene pools or "subspecies". Additional 
9 forms of reproductive isolation include chlorophyll variegation (e.g., Coyne 1966) and 

10 segregation distortion (Koenig and Gepts 1989a). 
11 The domestication scenario suggested by these results is the following. The wild 
12 progenitor appears to have diverged prior to domestication, which took place some 7,000 
13 to 10,000 years ago into two entities showing incipient reproductive isolation and often 
14 contrasting alleles at molecular and biochemical marker loci. Independent domestications 
15 in these two regions has led to two groups of cultivars whose divergence mirrors that of 
16 their respective wild ancestors. While this multiple domestication scenario appears to be 
17 the most likely possibility, other scenarios involving a single domestication in one area 
18 followed by migration and escape from cultivation in the other area, or involving gene 
19 flow between wild and cultivated beans cannot entirely be excluded. 
20 Recently, we have identified a group of wild P.vulgaris that appears to bridge the 
21 gap, both geographically and at the molecular level, between the Middle American and 
22 Andean gene pools. Isozyme analyses had shown that the wild beans from the Middle 
23 American genc pool extend from northern Mexico to northeastern Colombia and wild 
24 beans from the Andean gene pool are distributed from southern Peru to Argentina. It 
25 was only in the mid 1980s that wild P. vulgaris in northern Peru were first described and 
26 in 1989-1990 in Ecuador (Debouck et al. 1989a; Gepts and Debouck 1991). Wild beans 
27 in northern Peru and Ecuador are distributed on the western slope of the Andes in 
28 Ecuador and northern Peru whereas wild beans elsewhere in the Andes are distributed 
29 on the eastern slope of the Andes. Isozyme analyses show that this group carries a 
30 combination of Middle American and Andean isozyme alleles (O.M. Paredes and P. 

((1 
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1 Gepts, unpubl. results). It has apparently not been involved in bean domestication 

2 because its phaseolin type ('I') is not represented among bean cultivars (Koenig et al. 

3 1990). 

4 Phaseolin studies in other cultivated Phaseolusspecies have revealed that tepary 

bean resulted probably from a single domestication although it was not possible to 

6 determine where this occurred in the distribution area of wild P.acutifolius, which 

7 extends from the southwestern U.S. to Central America (Schinkel and Gepts 1988). In P. 

8 coccineus subsp. polyanthus, the highest diversity was observed among wild accessions, all 

9 originating in Guatemala. Cultivars displayed a divergence between the northern half of 

their distribution (predominance of the 'b' phaseolin type) and the southern half 

11 (predominance of the 'k' phaseolin type) (Schmit and Debouck 1991). It should be noted 

12 that the 'k' phaseolin type has yet to be discovered among wild accessions. In lima bean, 

13 phaseolin studies showed that the wild progenitor is also diverged in two major groups as 

14 in common bean (Debouck et al. 1989b). The two groups, however, have a different 

geographic distribution. One group, which gave rise to the small-seeded cultivars found 

16 mostly in Mexico, Central America, the Caribbean, aid Brazil) (the so-called Sieva and 

17 Potato types of Mackie 1943, is distributed from Mexico to Argentina. In South America, 

18 ir, particular, it is found on the Eastern slope of the Andes. The other group, which gave 

19 rise to the large seeded group (the so-called Big Lima group of Mackie 1943, has a much 

more restricted distribution on the western slope of the Andes in Ecuador and Peru 

21 (Debonck et al. 1989b; D.G. Debouck, A. Maquet, and P. Gepts, unpubl. results). 

22 2. Divergence in the cultivated gene pool 

23 Information derived from phaseolin and isozyme analyses has provided evidence 

24 for further divergence within the Middle American and Andean gene pools. When 

phaseolin or isozymes are used as a priori classification criteria, multivariate analyses 

26 such as canonical discriminant analysis reveal correlations with phenotypic traits such as 

27 growth habit, internode length, leaf and seed size, phenology, disease resistances, and 

28 general ecological adaptations (Singh et al. 1991a, b). These data have led to a proposal 

29 for 6 races or groups of related cultivars, three in each major gene pool (Singh et al. 
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1 1991c). In the Middle American gene pool, race Jalisco represents the predominantly 
2 climbing cultivars of the southern, humid highlands of Mexico and Central America. 
3 Race Durango includes cultivars with a prostrate growth habit from the northern, arid 
4 highlands of Mexico and race Mesoamerica includes bush indeterminate cultivars from 
5 the humid, hotter lowlands of Mexico, Central America, and South America. 
6 In the Andean gene pool, race Nueva Granada includes cultivars with determinate 
7 bush or indeterminate climbing growth habits adapted to moderate altitudes. Race Peru 
8 consists of cultivars with a climbing growth habit adapted to higher altitudes, whereas 
9 race Chile includes cultivars with a prostrate growth habit. In it is interesting to note that 

10 races Durango and Chile display a similar phenotype, which includes medium-sized seeds 
11 and light pigmentation, in addition to the prostrate growth habit. These two races are 
12 diverged, however, at the molecular and biochemical levels (Gepts et al. 1986; Singh et
 
13 al. 1991b; O.M. Paredes, V. Becerra and P. Gepts, unpubl. results). Their similar
 
14 phenotype may have resulted from convergence due to selection for adaptation to arid
 
15 environments prevalent in northern Mexico and Chile.
 

16 3. Gene flow between wild and cultivated forms 
17 In spite of their morphological distinctness, the wild progenitor and cultivated 
18 descendant in P.vulgaris and in other cultivated Phaseolusspecies belong to the same 
19 biological species. The two forms can be crossed and the progeny is viable and fertile 
20 (Burkart and Briicher 1953; Miranda Coin 1979; Evans 1980; Koenig and Gepts 1989a). 
21 Although common bean is generally considered to be a predominantly self-pollinated 
22 species, cross-pollination of various intensities has been reported (Bliss 1980; Wells et al. 
23 1988). In addition, it may be that in the areas of origin there is a higher frequency of 
24 cross-pollinating insects than in the other bean-growing areas where most of the 
25 estimates of cross-pollination have been established. During dissemination of beans from 
26 their domestication area to other regions, these insects would likely not have been 
27 dispersed. The absence of reproductive isolation as well as the sympatry of wild and 
28 cultivated forms, favor, therefore, the existence of gene flow between them. 
29 On the other hand, the natural and cultivated growing environments are quite 



16 

1 distinct and hybrid forms may be adapted to neither of these environments. In addition, 

2 humans display a marked preference for certain qualities of the harvested product, for 

3 example, seed color or cooking time that can be lost in the hybrids. Selection in these 

4 contrasting environments will then lead to a return to the respective parental phenotype. 

5 Although the genetic control of the differences conferring adaptation to the two 

6 environments and the linkage relationships among the genes involved are only 

7 imperfectly known (see below), it is likely that several genes are implicated. Linkage 

8 drag around these genes during the selection process subsequent to hybridization may 

9 further reduce the possibility of recombination between wild and cultivated forms. 

10 Hence, disruptive selection and linkage drag may reduce the apparent frequency of gene 

11 flow. 

12 The detection of gene flow poses a methodological problem. Gene flow between 

13 wild and cultivated forms will result in parallel geographic patterns of variation between 

14 the two forms. However, other processes such as convergent evolution and common 

15 ancestry can also lead to such patterns. Traditionally, gene flow has been inferred from 

16 morphological traits. Because of their phenotypic nature, however, these traits can be 

17 subject to selection and convergence. The selective neutrality of molecular and 

18 biochemical markers allows us to distinguish similarity through convergence from the 

19 other two possibilities. In our experience, gene flow can then be inferred -- with caution -

20 - from the existence of rare molecular or biochemical variants with a limited geographic 

21 distribution as illustrated below. 

22 In P.vulgaris, most wild and cultivated genotypes display the Mdh-2§ allele. 

?3 Exceptions include a limited number of wild-growing accessions and race Jalisco cultivars 

Z4 from the southern highlands of Mexico, which show the Mdh-2 - allele. The rarity and the 

Z5 narrow geographic localization argue in favor of gene flow although it is not possible to 

!6 determine the direction of the gene flow (Singh et al. 1991b). It is interesting to note, 

!7 however, that the phenotype of the cultivars involved does not display any hint of past 

!8 hybridization with wild beans (S. Singh, pers. comm.). Phaseolin data also provide 

!9 evidence for occasional outcrosses between wild and cultivated beans. All cultivated 

0 accessions from Mexico analyzed so far show the 'S' phaseolin type with the exception of 
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1 one accession with an 'M' phaseolin type characteristic of wild-growing accessions of the 
2 same region. The latter accession also displays morphological signs of hybridization with 
3 wild beans such as smaller seeds and the striping and spotting pattern characteristic of
 
4 wild bean seeds (Koenig et al. 1990). Some wild accessions from Coiombia, Ecuador, and
 
5 northern Peru also show signs of introgression from cultivars based on phaseolin data
 
6 (Gepts and Bliss 1986; Gepts et al. 1986; O.M. Paredes and P. Gepts, unpublished
 

7 results).
 

8 In summary, evidence for gene flow between wild and cultivated P. vulgaris has
 
9 been identified although it is difficult to quantify the magnitude of this process because:
 

10 of our reliance on markers that are rare in the wild or cultivated gene pools.
 

11 B. Other crops 

12 1. Identification of the wild ancestor 

13 Avocado: The use of molecular markers has helped clarify the relationships
 
14 between the three varieties of Persea americanacurrently cultivated (var. americana,var.
 
15 drymifolia, and var. guatemalensis) and other Perseaspecies. Restriction site analyses of 
16 cpDNA, rDNA, and cellulase confirmed the distinction between the three varieties made 
17 en morphological grounds (Fumier et al. 1990). P.americanavar. guatemalensis appeared 
18 to be a hybrid between P. steyermarkii as a female parent and P.nubigena as a male 
19 parent, both species being native to the forested mountains of western Guatemala. The 
20 combination of nuclear and cytoplasmic markers appeared to be a more powerful tool to 
21 assess phylogenetic relationships than either type alone. 

22 Barle: Barley is one of the most intensively studied species for variathia at the 
23 molecular and biochemical levels, principally, through the activities of the Davis (e.g., 
24 Saghai-Maroof et al. 1984; Neale et al. 1986) arid Israel groups (e.g., Nevo et al. 1979). 
25 Isozyme variation studies by J0rgensen (1976), Kahler and Allard (1981), and Nevo et al.
 
26 (1979; 1986) and cpDNA or mtDNA analyses by Clegg et al. (1984), Neale et al. (1986),
 
27 and Holwerda et al. (1986) confirmed that Hordeum vulgare subsp. spontaneum is the
 

28 progenitor of cultivated barley.
 
29 Brassica spp.: The relationships among the nuclear genomes of cultivated Brassica
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1 species are summarized by the triangle of U (1935). In this triangle, the diploid species 

2 (B. rapa (syn. campestris), n = 10; B. nigra, n =8; B. oleracea,n =9) occupy the apices and 

3 the three amphidiploid species (B. carinata,n = 17; B. juncea, n= 18; B. napus, n= 19) the 
4 sides between their respective progenitors. 

Because of maternal inheritance of cpDNA, it was possible to identify the 

6 maternal parent of the amphidiploids (Erickson et al. 1983; Palmer et al. 1983). B. 
7 carinataand B. juncea derived their cytoplasm from B. nigra and B. campestris, 

8 respectively. Part of B. napus derived its cytoplasm from B. oleracea,whereas the other 
9 	 part may have derived its cytoplasm through introgressive hybridization from another
 

Brassica species (Palmer et al. 1983). Identity of the parents of the amphidiploids was
 
11 confirmed by Song et al. (1988a) and Hosaka et al. (1990) on the basis of nuclear 
12 genome-specific RFLP markers and by Delseny et al. (1990) on the basis of nuclear 
13 rRNA gene polymorphism. The molecular data also confirmed previous results obtained 

14 by various approaches such as cytogenetics, isozymes, and artificial resynthesis (see 
Hosaka et al. 1990 for references). 

16 Cotton: There are four species of cultivated cotton. Two are diploid, Old World 
17 species with an A genome -- Gossypium arboreum from Asia and G. herbaceum from 
18 Africa -- and the other two are allotetraploid, New World species combining the A and 
19 D genomes -- G. barbadenseand G. hirsutum. Wendel et al. (1989) observed that the two 

Old World species, which overlap considerably in their morphology, could readily be 
21 distinguished by certain isozyme alleles. These data were consistent with earlier 
22 cytogenetic and F2 hybrid breakdown data and suggested that the two species resulted 
23 from independent domestication although the actual ancestors of these two species are 
24 not known with reasonable certainty and may have become extinct. Isozyme analyses of 

G. barbadenseby Percy and Wendel (1990) showed that the area of northwestern South 
26 America contains the highest diversity and that advanced cultivated genotypes are mostly 
27 derived from western Andean materials. In addition, the diversity of advanced cultivars 
28 appears to have been enriched through introgression with G. hirsutum. Analyses of 
29 cpDNA showed that an A genome was maternal parent of both New World 

allotetraploids (Wendel 1989). In addition, the degree of divergence of between cpDNA 
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1 of the New World species and that of Old World A genome species suggested that the 
2 allotetraploid species arose 1-2 million years ago most likely after natural dispersal of an 
3 A genome species to the New World (Wendel 1989). 
4 Lentil: Morphological, ecological, cytogenetic, and archaeological data support 
5 Lens culinarissubsp. orientalis (nomenclature of Ladizinsky et al. 1984) as the ancestor of 
6 lentil, L. culinarissubsp. culinaris.Allozyme and nuclear RFLP analyses confirmed the 
7 close relationship between the two taxa (Pinkas et al. 1984; Hoffman et al. 1986; Havey 
8 and Muehlbauer 1989). 
9 Lettuce: Kesseli et al. (1991) analyzed diversity for nuclear RFLP loci detected 

10 by cDNA or genomic PstI cilones in Lactuca spp. The probes were chosen on the basis of 
11 two criteria: 1) the polymorphism, preferably a simple banding pattern, had a known 
12 location on the lettuce genetic map; and 2) the loci identified were distributed at regular 
13 intervals along linkage groups, at the end of linkage groups, or near disease resistance 
14 genes. Based on these analyses, the closest wild relative of lettuce -- Lactuca sativa -- is 
15 L. seriola,whereas other species -- L. salignaand L. virosa -- were more distantly
 
16 related. The different cultivar groups of lettuce (butterhead, crisphead, cos, and
 
17 looseleaf) could be distinguished at the RFLP level. Some 30 % of the alleles of L.
 
18 sativa, however, were not found in L. serriola.Some of these alleles were found either in
 
19 the butterhead or crisphead cultivar groups but not both. Overall, these data suggest that
 
20 cultivated lettuce resulted from several domestications each leading to a separate cultivar 
21 group, although it was not possible to identify all the actual wild ancestors. 
22 Maize: Several theories have been proposed to account for the origin of maize 
23 (Galinat 1971; Mangelsdorf 1974; Beadle 1978; Iltis 1983). One of the issues 
24 distinguishing these theories is the role of teosinte, a wild relative of maize from Mexico 
25 and Central America. Several lines of evidence, among them molecular and biocherical 
26 markers, now factor teosinte as the actual and immediate progenitor of maize. 
27 Multivariate analyses of allUozyme frequencies in the genus Zea by Doebley et al. (1984) 
28 showed that the wild taxon most similar isoenzymatically to the cultivars is Z. mays 
29 subsp. parviglumis,a short-spikeleted annual teosinte adapted to mesic intermediate 
30 altitudes. Other teosintes, such as Z. mays subsp. mexicana, a large-spikeleted annual 



5 

10 

15 

20 

25 

20 

1 teosinte adapted to arid high altitudes, Z. luxurians,an annual teosinte from southeastern 

2 Guatemala, and perennial teosintes Z.perennis and Z. diploperennis,were more distantly 
3 related to the cultivars. Chloroplast DNA restriction site analyses confirmed that annual 
4 teosintes were closely related to maize; however, these analyses could not distinguish 

between Z. mays subsp. parviglumis and mexicana as the most likely ancestral form 
6 (Doebley et al. 1987). Further confirmation that teosinte is the ancestor of maize was 
7 provided by rDNA restriction site analysis (Zimmer et al. 1988). 
8 Isozyme data agreed with morphological and ecological information in that they
 
9 were able to distinguish between Z. mays subsp. parviglumis and subsp. mexicana, which
 

also showed differences in morphology and adaptation. Isozyme data did not agree with
 
11 morphological data in that they showed Z. mays subsp. parviglumis to be the most
 

12 closely related to maize, whereas morphologically Z. mays subsp. mexicana is most
 
13 similar (maizoid) to maize (Doebley 1990).
 

14 Pea: An analysis of cpDNA diversity in Pisum spp., including cultivated pea, 
Pisum sativum, and wild pea species P. humile, P.elatior,and P.fulvum, showed that the 

16 most common cpDNA type among cultivars was also found in an accession of P.humile 

17 of northern Israel confirming morphological and isozyme data (Palmer et al. 1985). 
18 Peanut: Peanut (Arachishypogea) is an allotetraploid native to South America as 
19 is a closely related wild species, A. monticola. RFLP analyses using random PstI genomic 

probes and RAPD markers, revealed high level of similarity between the two species, 

21 confirming earlier observations resulting from morphology, crossability, and seed protein 
22 studies (Halward et al. 1991; Kochert et al. 1991). This strongly suggested that A. 

23 monticola is the wild ancestor of peanut.
 

24 Pearl millet: Chloroplast DNA data showed no differences between Pennisetum
 
glaucum subsp. monodii and P. glaucum subsp. glaucum, confirming that the former could 

26 be the ancestor of this African cereal (Gepts and Clegg 1989). 

27 Peppers: The genus Capsicum is native to the Americas and contains five 
28 domesticated taxa. Isozyme analyses have shown that these five taxa did not result from 
29 a single domestication, but rather that at least three domestications can be suggested 
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1 (McLeod et al. 1982, 1983). Indeed, dendrograms based on isozyme genetic distances 
2 showed three clusters, each containing at least one domesticated and two wild taxa. In 
3 one group, C. baccatum var. baccatum is the ancestor of C. baccatum var. pendulum. In 
4 the second group, it is not possible to suggest a progenitor for C. pubescens but the 
5 closest wild species is C. eximium. Finally, in the third group, the cultivated forms of 
6 three species -- C. annuum, C. frutescens, and C. chinense -- were very similar among 
7 themselves and to a wild taxon, C. annuum var. aviculare. No allozyme analyses were 
8 conducted on the wild taxa within C. frutescens and C. chinense and, therefore, it was not 
9 possible to determine whether the three taxa in this group resulted from a single 

10 domestication followed by divergence or from three domestications involving an already 
11 diverged arcestor. Numerical taxonomy study by Pickersgill et al. (1979), however, 
12 suggested that the wild forms of these three species form a complex that shows a weak
 
13 geographic diffeientiation and in which multiple domestications could have taken place.
 
14 Potato: Cultivated potato includes several species at various ploidy levels. At the
 
15 diploid level, there are three cultivated species: Solanum goniocalyx, S. phureja,and S.
 
16 stenotomum. At the tetraploid level, S. tuberosum is subdivided into two subspecies: 
17 subsp. andigenaand subsp. tuberosum. Restriction digests of cpDNA showed that the 
18 three cultivated diploid species are closely related, confirming morphological, genetic, 
19 and biochemical traits. In addition, S. goniocalyx and S. phureja did not originate 
20 independently but appeared to have been derived from S. stenotomum (Hosaka and 
21 Hanneman 1988b). At the tetraploid level, S. tuberosum subsp. andigena contained 
22 several cpDNA types some of which (A, S, and C types) were also found among the 
23 diploid cultivated species, suggesting that this taxon was derived from the cultivated 
24 diploid species probably by repeated bilateral sexual polyploidizations involving the 
25 fusion of 2n gametes. This polyploidization process may also have involved wild diploid 
26 species as shown by the presence of the W type cpDNA (Hosaka and Hanneman 1988b). 
27 S. tuberosum subsp. tuberosum display a characteristic T cpDNA type, which is not found 
28 in any wild materials but can also be observed in S. tuberosum subsp. andigena. In South 
29 America, this T type is found at high frequencies in coastal Chile in both subsp. 
30 tuberosum and subsp. andigena. These data suggest that subsp. tuberosum was derived 
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1 from subsp. andigena from Chile. Additional data show that subsp. tuberosum supplanted 

2 subsp. andigena in Europe after the late blight epidemic in the 1840s. 

3 Rice: Cultivated rice consists of two species, each with its corresponding wild 

4 species: Asian rice (Oryza sativa) and the associated wild species 0. rufipogon, African 

rice (0. glaberrima)and the associated wild species 0. breviligulata (syn. 0. barthii). 

6 Relationships among and within these species have been extensively studied by Second 

7 and collaborators (Second 1982; Cordesse et al. 1990; Dally and Second 1990) and 

8 Japanese workers (e.g., Endo and Morishima 1983) on the basis of a combination of 

9 molecular, biochemical, and hybridization data. Isozyme analyses showed that Asian rice 

was derived from 0. rufipogon via at least two domestications, one in South or Southeast 

11 Asia leading to the Indica types and the other in China leading to the Japonica types. 

12 Isozyme data further showed that African rice was distinct from the Asian species and 

13 arose from 0. breviligulata.(Second 1982). Chloroplast DNA and ribosomal gene spacer 

14 	 length data confirmed independent domestication of 0. glaberrimaand the origin of the 

differentiation within 0. sativa (Indica or Ilsien and Japonica or Keng) in a divergence 

16 within 0. rufipogon predating domestication (Cordesse et al. 1990; Dally and Second
 

17 1990).
 

18 Soybean: Cultivated soybean (Glycine max) and its presumed wild ancestor (G.
 

19 	 soja), both annual species, showed identical ribosomal gene repeats and no variability
 

was found within these two taxa in contrast with the wild perermial species, which 

21 displayed extensive repeat and restriction site variation (Doyle and Beachy 1985). 

22 Tomato: The cultivated tomato (Lycopersicon esculentum) is part of a group of 

23 three Lycopersicon species synthesizing colored carotenoid pigments in contrast with 

24 other, green-fruited Lycopersicon species. Rick and Fobes (1975) examined isozyme 

variation in these three species to determine the wild ancestor of the cultivated tomato. 

26 The taxon with the closest relationship appeared to be L. esculentum var. cerasiforme, the 

27 cherry tomato, an aggressive weed from the Andean region. L. cheesmannii is native to 

28 the Galapagos Islands and it crosses freely with L. esculentum. The majority of its 

29 accessions deviated from the L. esculentum isozyme profile by one or two alleles. L. 



23 
1 cheesmannii did not apparently play a role in tomato domestication but was derived from 
2 L. pimpinellifolium populations in northwestern Peru as suggested by the close 
3 relationship in isozyme profile with accessions of the latter from that area. The 
4 heterogeneity at the allo7-yme level was much higher in L. pimpinellifolium than in L. 
5 esculentum and the number of allelic differences between the two species ranged from 2 
6 to 7. Based on these data, Rick and Fobes (1975) propose that the ancestor of the
 
7 cultivated tomato is L. esculentum var. cerasiforme. Mitochondrial DNA studies of
 
8 McClean and Hanson (1986) and single-copy nuclear RFLP studies of Miller and
 
9 Tanksley (1990) confirmed the ancestral nature of L. esculentum var. cerasiforme. 

10 Wheat: Wild and cultivated wheats form a polyploid series at three ploidy levels. 
11 The diploid level includes Triticum monococcum and T. urartu (AA genome), T. 
12 speltoides (genome related to the B genome of tetraploid and hexaploid wheats), and T. 
13 tauschii (genome related to the D genome of tetraploid and hexaploid wheats). The 
14 tetraploid level includes T. timopheevii (AABtB' or AAGG genome) and T. turgidum 
15 (AABB' genome), whereas the hexaploid level consists of T aestivum (AABCB'DD 
16 genome) (Dvofik et al. 1988). Several studies have attempted to identify the actual wild 
17 ancestor for each of the cultivated taxa and the donors of the various genomes. Studies 
18 based on chromosome pairing have provided a substantial amount of information on 
19 these questions although these results should be interpreted with caution because of the 
20 genetic control over chromosome pairing in amphidiploids (Dvoi',k 1988). Molecular 
21 and biochemical markers have been used to provide additional evidence in support of 
22 cytogenetic analyses or in those case where c)togenetic analyses had not been conclusive. 
23 Isozyme analyses had shown that the wild ancestor of T. monococcum subsp. 
24 monococcwn (einkorn wheat) is T. monococcum subsp. aegilopoides(syn. var. boeoticum) 
25 and that the donor of the D genome is T. tauschii subsp. strangulata(Asins and 
26 Carbonell 1986; Jaaska 1980, 1981; Nakai 1981). Analyses of cpDNA and mt DNA show 
27 that T. turgidum var. dicoccoides was the maternal parent of T turgidum var. turgidum 
28 and that the latter, in turn was the progenitor of T. aestivum (Tsunewaki and Ogihara 
29 1988; Graur et al. 1989). More recently, Dvofk et al. (1988) showed that 



1 Polymorphisms in the abundance and length of restriction fragments of repetitive 24
2 sequences (RSAPs and RFLPs, respectively)
3 were a very useful tool to determine theorigin of genomes in polyploid plants and, particularly, in wheat. Specifically, they were4 

5 
able to confirm that while the donor of the A genome of T. monococcum subsp.monococcum is T. monococcum subsp. aegilopoides,the donor of the A genome in the6 tetraploid and hexaploid species is T. urartu (Dvofk et al. 1988).7 The origin of the B genome has been a long-standing controversy. Based on8 morphological and isozyme analyses, the most likely donor appeared to be T. speltoides9 although other species of the Sitopsis section (T. longissimum, T. searsii,T. bicorne, and10 T sharonense) could not be excluded (Sarkar and Stebbins 1956; Jaaska 1980, 1981;11 Asins and Carbonell 1986). Analyses of cytoplasmic genomes showed that a B genome12 
 species was the maternal parent of the polyploid species but could not identify
13 specifically this species (Tsunewaki and Ogihara 1988; Graur et al. 1989). However,
14 nucleotide sequences of 26S and 18S rRNA genes (Dvoftk and Appels 1982) and
15 
 RSAPs and RFLPs of repetitive sequences (Dvofdk and Zhang 1990) revealed that T.
16 
 speltoides is the closest extant species of the Sitopsis section to both tetraploid species.17 The G genome of T. timopheevii was contributed by T. speltoideswhereas the B genome18 of T. turgidum was contributed by a species in the evolutionary lineage of T speltoides.19 This species may not have been discovered yet or is extinct.20 Wid rice: Isozyme data of Warwick and Aiken (1986) confirmed a taxonomic21 
 treatment that considered two species, Zizania aquaticawith three varieties, and Z.
22 palustris with two varieties, var. palustris and var. interior.These analyses further showed23 that the cultivars were derived from Z. palustrisvar. interior. 

24 2. Dive in h ltivatd25 ene oolpIn addition to the information mentioned for several crops in the previous section,26 some more detailed studies have been performed on the following crops: 

27 BrsEasp : Nuclear RFLPs showed that B. rapa consists of two major groups,28 the European group, including turnip, turnip rape, spring broccoli raab, and sarson, and 
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1 the East Asian group, including Chinese cabbage, pak choi, and narinosa. This separation 
2 confirms previously obtained morphological and isozyme data. Initial domestication may 
3 have taken place in Europe from a wild B. rapa.Wild populations or primitive cultivars 
4 may have been disseminated to Asia where additional domestication or diversification 
5 took place. Within the European group, turnip, turnip rape, and spring broccoli raab, can 
6 be distinguished from sarson, the former having originated in Europe and the latter in 
7 India. In the Eastern Asian group, Chinese cabbage appears to have been derived from 
8 pak choi, the more primitive form (Song et al. 1988b, 1990). 
9 B. oleracea appears to have a mbnophyletic origin based on nuclear RFLP data 

10 (Song et al. 1988b, 1990). Diversification following the initial domestication has yielded a 
11 wide variety of morphotypes. Portuguese tree kale and Chinese kale seemed to be the 
12 most closely related forms to wild B. oleracea. Cabbage was closely related to these kale 
13 forms, whereas broccoli and cauliflower were clustef-ed together. 
14 Maize: Wellhausen et al. (1952) established a racial classification of Mexican
 
15 maize on morphological grounds. Doebley et al. (1985) provided evidence that these
 
16 maize races can be grouped into three complexes of morphologically and ecologically
 
17 similar races: 1) the high elevation, Mexican pyramidal complex, including races 
18 Palomero Toluquefio, Chalquefio, and C6nico; 2) the northern complex, which includes 
19 races Azul and Apachito; 3) the remaining bulk of races, including the southern and 
20 western lowland dents and flours such as Tuxpefio and Tabloncillo. Frequencies of 22 
21 isozyme alleles were correlated with altitude, which, in Mexico, is associated with 
22 precipitation and temperature, i.e. the lowlands are hotter and moister whereas the 
23 highlands tend to be cooler and drier. 
24 In the United States, the Northern Flint and Southern Dent, the two landraces 
25 that gave rise by hybridization to the Midwestern dent, the basis for many of the 
26 contemporary elite hybrid maize cultivars, exhibit a marked divergence at the isozyme 
27 level (Doebley et al. 1988). This differentiation is correlated with pronounced differences 
28 in morphology and genome size and with a strong heterotic response. 
29 Potato: Chloroplast DNA in S. tuberosum subsp. andigena,displayed a continuous 
30 gradient between Mexico and Chile. At the northern end of this gradient, this subspecies 
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1 was monomorphic for the A cpDNA type. Further south, the frequency of the A type 
2 decreased whereas the frequency of the C, S, and W cpDNA types increased. At the 
3 southern end of the distribution in Chile, a high frequency of T cpDNA was observed 

4 (Hosaka and Hanneman 1988a). 
Rice: Second (1982) and Glaszmann (1987) were able to identify two major 

6 groups of 0. sativa varieties based on isozyme diversity. These two groups correspond to 
7 the Indica and Japonica types previously identified on the basis of morphological, 

8 hybridization, and ecogeographical arguments, among others. The Japonica group also 
9 included the Javanica types - tropical variants of the temperate Japonica types, 

confirming previous results of Oka (1958). Second (1982) also suggested that some of the 

11 allozyme diversity of 0. sativa could have originated from crosses between Iniica and 
12 Japonica types. Studies of the rDNA spacer polymorphism showed that the Japonica 
13 genotypes have generally shorter spacers than Indica genotypes. No variation was 
14 observed for spacer length in 0. glaberrima(Cordesse et al. 1990). RFLPs for nuclear 

sequences confirmed the divergence between the Japonica and Indica types, showed that 
16 the Indica group contains a higher amount of variation compared to the Japonica group, 
17 and revealed that the process Indica-Japonica differentiation affected at least 11 of the 

18 12 chromosomes of Asian rice (Zhang et al. 1992; Wang et al 1992). This organization of 
19 genetic diversity in Asian rice resembles in many ways that of P.vulgaris. 

3. Gene flow between wild and cultivated forms 

21 Brassica spp.: B. napus contains at least two cpDNA types, one of which is similar 
22 to the cpDNA of B. campestris, the maternal parent of the amphidiploid. The other 
23 cpDNA appears to have been derived from an ancestral form prior to the divergence of 
24 B. campestrisand B. oleracea. Irrespective of their cpDNA type, the B. napus accessions 

tested showed equal contributions of the B. campestrisand B. oleraceagenomes. This 

26 contradiction between cpDNA-based and nuclear DNA-based phylogenies suggested to 
27 Palmer et al. (1983) that introgression may have played a role in the origin of B. napus. 

28 The latter cpDNA type may have been introduced by hybridization and backcrossing 

29 via the maternal parent into B. napus. Additional evidence for a polyphyletic origin of B. 

V-
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1 napus - and B. juncea - was obtained by Song et al. (1988a) and Hosaka et al. (1990) 
2 using nuclear RFLP markers. 

3 Maize: As mentioned earlier, the progenitor of cultivated maize is an annual 
4 teosinte, Z. mays subsp. parviglumis.A distinct annual teosinte, Z. mays subsp. mexicana, 
5 is not the direct progenitor of maize but may have contributed genetic diversity to the 
6 cultivated gene pool: in the region where maize and subsp. mexicana are sympatric, 
7 isozyme alleles characteristic of the wild taxon were observed in cultivars. These alleles 
8 were absent from the cultivars elsewhere (Doebley et al. 1987). Evidence for 
9 introgression in the other direction is provided by the perennial teusinte Z. diploperennis 

10 in which a plant showed isozyme alleles at two linked loci characteristic of the cultivated 
11 gene pool, suggesting that the chromosome segment marked by the two loci was 
12 introduced from maize (Doebley et al. 1984). 
13 Pearl millet: Cultivated pearl millet is sympatric with its wild ancestor in the 
14 Sahel. Viable and fertile hybrids can be formed, although male sterility in these crosses 
15 has been described (Marchais and Pern~s 1985). Isozyme analyses revealed that pollen 
16 from wild forms was preferentially involved in fertilization on wild pistils in pollination 
17 experiments with mixtures of pollen from wild and cultivated forms. Conversely, pollen 
18 from cultivated forms preferentially effec#ed fertilization on cultivated pistils after mixed 
19 pollinations with wild pollen (Robert et al. 1991). This type of reproductive isolation may 
20 explain at least in part why wild and cultivated pearl millet maintain their phenotypic 
21 integrity in spite of their sympatry and predominant allogamy. 
22 Rice: Some accessions of 0. breviligulata,the ancestor of African rice, contained 
23 isozyme alleles that were absent in most of the other 0. breviligulataaccessions, but were 
24 found in Asian rice, 0. sativa. This suggests that some 0. breviligulataaccessions arose 
25 from hybridizations between wild 0. breviligulataand 0. sativa, after the introduction of 
26 cultivars of the latter in ifrica (Second 1982). 
27 Tomato: L. pimpinellifolium, the currant tomato, is native to the coastal areas of 
28 Ecuador and Peru with maximum isozyme diversity observed in northern Peru. In coastal 
29 areas of Ecuador and Peru, L. pimpinellifolium and L. esculentum, including var. 
30 cerasiforme, share certain isozyme alleles that are not found in L. esculentum of other 

\
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1 regions. This suggests introgression from L. pimpinellifoliim into L. esculentum in that 

2 region and confirms similar observations based on shared traits such as the cm gene 

3 (severe leaf distortions at low temperatures) and the Ge2 gene (gamete eliminator) (Rick 

4 and Fobes 1975). 



29 
1 IV. DIFFERENTIATION BETWEEN WILD PROGENITOR AND CULTIVAT,:D 
2 DESCENDANT 
3 Having identified the likely wild ancestor, it is possible then to examine the 
4 evolutionary processes that have led from this wild ancestor to the modem cultivated 
5 descendant. The study of crop evolution is a potentially useful experimental approach to 
6 the study of evolution in general because both the starting material and the end product 
7 are available, the time frame (approximately 10,000 years) is known, and the genetics of 
8 crop plants is generally more developed than that of wild plants. 

9 A. Fate of genetic diversity during and after domestication
 
10 The domestication process has involved selection 
-- whether conscious or
 
11 unconscious (Harlan 1975; Rindos 1984; Heiser 1988) 
-- for particular characteristics that 
12 make the crop more amenable to cultivation and more attractive to consumers. Like any 
13 other selection process, domestication is expected to lead to a reduction in diversity 
14 (Ladizinsky 1985). Isozyme and, to a lesser extent, seed protein and RFLP studies have 
15 confirmed this expectation, although exceptions to this trend have been described. 

16 1. Phaseolusspp.
 
17 Comparison of phaseolin diversity in wild and cultivated P.vulgaris shows a
 
18 reduction in diversity during the process of domestication. For example, in the Middle
 
19 American gene pools, wild beans from Mexico show some 20 'M' phaseolin variants
 
20 whereas Mexican cultivars show one major phaseolin type ('S') and two variants ('Sb' and
 
21 'Sd') (Gepts et al. 1986; Koenig et al. 1990). In the Andean gene pool, the reduction is 
22 not as marked partly because the diversity in the wild ancestor is not as h'gh and perhaps 
23 also because multiple domestications may have taken place leading to the existence of 
24 several phaseolin types among cultivars of that region ('C', 'T', 'H', and 'A'). Various 
25 phaseolin types have, however, been identified among wild beans in the Andean gene 
26 pool that are absent from the cultivated gene pool. 
27 Further evidence for reduction in diversity during domestication has come from 
28 the identification of arcelin seed protein and its role in resistance against seed weevils 
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1 (Bruchidae). Resistance against these insects has only been found in wild P.vulgaris but 

2 not in cultivated P.vulgaris in spite of surveys of several thousands of cultivated 

3 accessions (Van Schoonhoven and Cardona 1982). Resistance is due to the presence of 

4 arcelin seed protein (Osborn et al. 1988), which has only been found in wild P.vulgaris 

accessions from Mexico (Romero et al. 1986; Osborn et al. 1986). Further analyses have 

6 shown that this protein is part of a tightly linked family if genes coding for seed proteins 
7 including also a lectin and an a-amylase inhibitor (Hoffman and Donaldson 1985; 

8 Osborn et al. 1986, 1988; Moreno and Chrispeels 1989). 

9 Isozyme analyses have not shown as pronounced a reduction in diversity during 

domestication mainly because levels of diversity, i.e. the number of alleles per isozyme 

11 locus, are much lower than those for phaseolmn in wild beans (Koenig and Gepts 1989b; 

12 Singh et al. 1991b). These same analyses show, however, that among cultivars there are 

13 large groups of genotypes that cannot be distinguished by isozymes (although they often 

14 can be dltinguished at the morphological level) whereas wild accessions that cannot be 

distinguished by isozymes are much rarer. It appears that domestication has led to an 

16 increase in the frequency of certain multilocus associations. It is not known, however, 

17 whether these specific associations have some type of adaptive advantage or if they result 

18 from random processes. 

19 Additional evidence for this reduction in diversity has been provided by a study on 

photosynthetic parameters by Lynch et al. (1992). They reported that wild beans sampled 

21 along the distribution area from Mexico to Argentina displayed considerably more 

22 diversity for photosynthetic parameters than landraces in the same areas. 

23 After the biitial domestication process, dissemination of common bean cultivars 

24 from their dom,stication area resulted in additional reductions in diversity. Phaseolin 

diversity data of landraces and heirloom varieties in Europe, Africa, and the U.S.A., 

26 show a reduction: in the number of phaseolin types present compared to those observed 

27 in landraces of the domestication areas (Gepts and Bliss 1988; Gepts et al. 1988). 

28 Minisatellite sequence fingerprinting data of California common bean cultivars show high 

29 levels of uniformity within commercial classes such as the kidney and pink beans. This 

near-uniformity contrasts with the high levels of polymorphism observed among landrace 

N\ 
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1 cultivars of the corresponding races in Latin America, races Nueva Granada and 
2 Durango, respectively (G. Sonnante, T. Stockton, and P. Gepts, unpubl. data). Such 
3 uniformity is brought about by the stringent agronomic and product quality requirements 
4 imposed on any new cultivar, which in turn favor crosses between 'closelv related, elite 

5 lines. 

6 This reduction in diversity at the molecular and biochemical levels is in contrast 
7 with the marked increase in diversity observed for morphological and phenological traits, 
8 of which seed color is perhaps the most illustrative example. Wild beans usually show 
9 seed of agouti color resulting from a dark striping and spotting pattern superposed on a 

10 clear background. There is little variation for this seed color pattern, which probably 
11 plays a role in protection from predators. In contrast, cultivated beans are known for the 
12 wide variety of colors and color patterns. This apparent contradiction between genotypic 
13 (molecular) and pnenotypic (morphological) data on the evolution of diversity during 
14 domestication will be addressed in the discussion. 

15 2. Qther crops 
16 In a sample of approximately 20 wild ancestor-cultivated descendant comparisons 
17 of isozyme diversity, Doebley (1989) calculated that, on the average, total heterozygosity 
18 (H,) and expected heterozygosity per population (He) decreased around 25%, and the 
19 proportion of polymorphic loci and number of alleles per locus around 10% in the 
20 domesticate compared to the wild progenitor. Some 7 wild ancestor-cultivated 
21 descendant comparisons of cpDNA diversity showed a reduction in RFLP diversity 
22 (reviewed in Doebley 1992). Nuclear DNA markers such as genes for ribosomal RNA 
23 and single-copy RFLPs were also characterized by a reduction in diversity (Doyle 1988; 
24 Allard 1988; Gepts and Clegg 1989; Havey and Muehlbauer 1989; Cordesse et al. 1990). 
25 Recently, Kochert et al. (1991) and Halward et al. (1991) analyzed diversity for RFLPs 
26 and RAPD markers in peanut, Arachis hypogea, its wild ancestor A. monticola, both 
27 tetraploid species, and related wild diploid Arachis species. They observed considerable 
28 levels of diversity at the diploid level but not at the tetraploid level. The limited number 
29 or single allotetraploidization event that led relatively recently to the A. hypogea - A. 

( 
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1 monticola complex, may have induced a strong bottleneck in genetic diversity. Similar 
2 bottlenecks have taken place in other allopolyploid species of recent origin such as 
3 hexaploid wheat (Chao et al. 1989). Allopolyploidy is not, however, always associated 
4 with low diversity levels as shown by Wang et al. (1992) for Oryza latifolia, a wild 

5 allotetraploid species. 

6 A few exceptions to this trend have been reported. In barley, isozymes and 
7 cpDNA showed equivalent levels of diversity in,wild and cultivated accessions whereas 
8 mtDNA diversity was higher in the cultivars than in the wild ancestor(Holwerda et al. 
9 1986; Jana and Pietrzack). These results contrast with those of Brown and Munday 

10 (1982) for isozymes and Clegg et al. (1984) and Neale et al. (1986) for cpDNA. It is not 
11 clear what the cause is of these discrepancies. O'ie possibility is the sampling of the plant 
12 material which differed among these studies for the total number of accessions, the 
13 relative number of wild and cultivated accessions, and their respective geographic origins. 
14 In pearl millet (Pennisetum glaucum), RFLPs of genes for ribosomal RNA and the Adh-1 
15 locus analyzed on the same set of wild and cultivated accessions showed contrasting 
16 trends in diversity: whereas the former showed a clear reduction in diversity between the 
17 wild ancestor and the cultivated descendant, the latter showed comparable levels of 
18 diversity (Gepts and Clegg 1989). It is possible that the diversity at the Adh-1 locus in 
19 the cultivars is maintained through introgression with the sympatric wild ancestor. For 
20 rRNA genes, this mechanism would not operate if these genes are tightly linked to an 
21 essential feature of the cultivated phenotype; hence, after outcrossing with a wild 
22 population, selection for the cultivated phenotype in subsequent generations would 
23 eliminate introgressed rRNA genes from wild populations. Information on the actual 
24 linkage relationships between these molecular markers and genes controlling the 
25 cultivated phenotype is needed to verify this hypothesis. 

26 B. Genetics of morphological and physiological differentiation between wild 

27 ancestor and cultivated descendant 

28 There have been surprisingly few comprehensive studies on the genetics of the 
29 morphological differences distinguishing wild progenitor and cultivated descendant in 



33 
1 crops. An important exception is the study of Doebley et al. (1990) and Doebley and 
2 Stec (1991) in maize. They crossed a cultivated accession of the primitive maize race 
3 Chapalote with a wild teosinte belonging to Z. mays subsp. mexicana. The F2 progeny 
4 was then analyzed for both vegetative and reproductive traits distinguishing teosinte and 
5 maize and for RFLP markers distributed at regular intervals on the maize RFLP map. 
6 The difference for most traits was controlled by one or two major loci and various loci 
7 with smaller effects. The loci with major effects tended to be grouped in five 
8 chromosome regions on chromosomes 1 to 4 of the maize genome. This genome 
9 distribution may explain why maize-like and teosinte-like plants can be recovered at 

10 relatively high frequency in segregating populations. These data also provided some 
11 insights on the essential steps involved in the transformation of teosinte into maize.
 
12 These included 1) changes in the lateral branches, including shortening of the
 
13 internodes and transformation of the lateral inflorescence into female rather than male
 
14 structures; 2) changes that led to development of male secondary traits in female 
15 structures such as soft glumes and paired spikelets; 3) transformation from two-ranked to 
16 four-ranked cupules; and 4) evolution to limit disarticulation of the ear, a character 
17 shared with other cereals. 
18 In pearl millet, some efforts have been made to map traits distinguishing wild and 
19 cultivated forms (Perns et al. 1984 and references therein; Marchais and Tostain 1985). 
20 Their studies indicated linkage of certain spikelet traits including the length of the 
21 spikelet pedicel, the dehiscence of the spikelet, and length of the spikelet bristles. As in 
22 maize, this linkage of traits would explain why parental types, whether wild or cultivated, 
23 can be recovered relatively easily in the progeny of these crosses. Their studies also 
24 showed, however, that other mechanisms may act to limit the gene flow and 
25 recombination between the wild and cultivated gene pools such as male sterility 
26 (Marchais and Perms 1985) or pollen competition (Marchais and Tostain 1985; Robert 
27 et al. 1991). 

28 During the domestication process, selection has significantly altered the 
29 morphology and physiology of the bean plant. The principal traits affected include seed 
30 dormancy, dispersal, and size, growth habit, photoperiod sensitivity, and harvest index 
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1 (reviewed by Smartt 1988; Debouck 1991; Gepts and Debouck 1991). Seed of cultivated 
2 genotypes are non-dormant, i.e. they will start imbibing water and germinating 
3 immediately unlike seeds of the wild ancestor. The reduced fiber content in pods of 
4 cultivated beans prevents the explosive dehiscence of the fruit at maturity and dispersal 

of the seed, characteristic of the wild progenitor. In cultivars, seed as well as other 

6 organs such as leaves and pods show "gigantism" compared to wild materials. 
7 The growth habit of the wild ancestor is a climbing habit characterized by 
8 numerous internodes and branches on the main stem. Compared to wild beans, cultivars 
9 show fewer internodes and branches. The end result of this evolution of the growth 

habit is the determinate bush cultivars found not only in certain Latin American 
11 landraces but also in snap bean and kidney bean cultivars in temperate countries. 

12 Concurrently with this trend towards a more compact growth habit is an increased 
13 earliness. In addition, the more compact growth habit, the larger seeds, and a shift in the 

14 partitioning of photosynthates towards the seeds, leads to a higher harvest index. 
Wild beans are photoperiod sensitive, i.e. they will flower only under the short 

16 days characteristic of their native environments in the tropics. In these environments, 
17 photoperiod sensitivity fulfills an important adaptive function as it allows the plant to 
18 time its flowering so that seed maturation will coincide with the onset of the dry season. 
19 Maturation in moist conditions will lead to seed germination in pods. The loss of 

photoperiod sensitivity allowed cultivated beans to be grown under different latitudes 

21 particularly at the higher latitudes of temperate countries. 

22 What is the genetic control of these differences between wild and cultivated 
23 beans? There are few published reports on segregation analyses of crosses between wild 
24 and cultivated beans. An important exception is the contribution of Motto et al. (1978), 

which showed that seed weight, an essential difference between wild and cultivated 
26 beans, is a quantitative trait of high heritability (h' 5 = 0.86). Two independent studies 

27 performed under different locations and involving cultivated x cultivated crosses obtained 
28 comparable heritability estimates (Chung and Stevenson 1973: h 2 = 0.58; Nienhuis 

29 and Singh 1988b: h 2 = 0.74) 

Photoperiod sensitivity in a wild x cultivated bean cross was conditioned by two 
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complementary genes (Rfidorf 1959). This genetic control was also observed by Coyne 
(1967), although other segregation ratios have been reported (reviewed by Singh 1991). 

For the other traits distinguishing wild and cultivated beans, only information 
from cultivated x cultivated crosses is available. This information, reviewed by Gepts 
(1990) and Gepts and Debouck (1991), shows that genetic control of these traits is 
simple: it involves only a few genes with a major phenotypic effect. Experiments are 
under way to obtain segregation and linkage information for these traits from a wild 
bean x cultivated bean cross. Preliminary results show that the genetic control of these 
traits involves the same number of genes as in cultivated x cultivated crosses (E. 
Koinange and P. Gepts, unpubl. results). 
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1 V. DISCUSSION 

2 This review leads to a number of issues, which I will discuss in the next
 

3 paragraphs.
 
4 Firstly, to what extent can we develop a general model of the domestication
 

process? This model would describe the general features in genetic terms of the process, 
6 including, for example, the domestication pattern (one vs. several domestications), the 
7 fate of genetic diversity (reduction or increase and of what magnitude), the role of gene 
8 flow between wild ancestor and cultivated descendant after domestication (direction, 
9 magnitude, and effect on overall diversity in the gene pool), and the genetk: and 

physiological differentiation between wild ancestor and cultivated descendant. From the 
11 examples discussed in this review, it is apparent that such a model can only be couched 
12 in general terms because each crop appears to have undergone a unique domestication 
13 process. This should not come as a surprise given the large number of biological, 
14 environmental, and cultural factors that may have affected domestication. 

Among the biological factors that can influence domestication, are the geographic 
16 and ecological distribution of the wild ancestor, the reproductive system (including the 
17 possibility of vegetative reproduction), and the life cycle (particularly the generation 
18 time). The larger the distribution, the more likely multiple domestications become 
19 although this need not be so as shown by results in cowpea (Vigna unguiculata) for which 

the wild ancestor is distributed across the Sahel and into southern Africa. In spite of this 
21 very extensive distribution, cowpea appears to have been domesticated only once (L. 
22 Panella and P. Gepts, unpubl. results). The ecological distribution and, particularly, the 
23 ecological amplitude can influence the distribution of the crop and the extent to which 
24 the crop will be disseminated to areas outside of its original environment. The 

reproductive system will influence the recombination system of the crop (sensu Grant 
26 1975) and this may be important especially in the initial phases of the domestication 
27 when various pre-existing genes or newly-arisen mutations had to be recombined into the 
28 same progeny in order to generate a cultivated genotype. In addition, the reproductive 
29 system plays a role in the level of gene flow between wild and cultivated forms. The 
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1 generation time will also affect the recombination system and particularly the speed at 
2 which new recombinants can be formed and spread through the early domesticated 
3 populations. These three factors alone, and notwithstanding environmental and cultural 
4 differences, can, therefore, cause major differences in the domestication pattern among 
5 various crops. Extrapolation of results from one crop to the other should generally not 
6 be attempted. One possible exception is the reduction in diversity at the molecular level 
7 during domestication that has been observed for several crops. 
8 A second issue is the apparent uncoupling between morphological variation, on 
9 one side, and molecular and biochemical variation, on the other. The reduction in 

10 diversity at the molecular level during domestication is accompanied by an increase in
 
11 diversity at the pheno'ypic level. Cultivars exhibit great diversity in phenology, growth
 
12 habit, seed type, etc., that is usually unmatched at the molecular and biochemical levels. 
13 How can this apparent paradox be resolved? Population genetics tells us that the usual 
14 fate of a mutation will be extinction (Fisher 1958, p. 81; Crow and Kimura 1970, p. 421; 
15 Kimura 1983, p. 196). Among mutations, there are, however, differences in selective
 
16 value. Other factors being equal, mutations that confer a selective advantage have a
 
17 higher chance of survival than neutral or deleterious mutations (Table 4). Mutations or 
18 novel gene combinations responsible for the cultivated phenotype (or so-called 
19 domestication syndrome, Hammer 1984) had a strong selective advantage because they 
20 conferred adaptation to the cultivated environment that was markedly different from the 
21 natural environment or because they struck the fancy of the early agriculturalists. 
22 Examples of such mutations are the lack of seed dispersal mechanism in cereals or 
23 legumes or white-seededness in beans. Under certain harvest systers, lack of rachis 
24 shattering will be selected for, whether consciously or unconsciously. Likewise, white 
25 seededness in a cultivated environment may have a selective advantage because of its 
26 novelty (although its effect on plant vigor and fitness is somewhat deleterious according 
27 to Dickson and Petzoldt 1988. SelectiVe values of 2.50 have been obtained for non-brittle 
28 rachises compared to brittle rachises when einkorn wheat plants were harvested by 
29 uprooting or reaping with sickles (Hillman and Davies 1990). (It should be clear also 
30 that these two traits, while they have a selective advantage in the cultivated environment, 
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1 can be deleterious in a natural environment because of reduced seed dispersal and 
2 increased predation, respectively.) Molecular and biochemical markers, on the other 
3 hand, are usually neutral, i.e. most of the changes at the DNA sequence level will not 
4 have a selective advantage. The divergent trends can, therefore, be reconciled by the 

following scenario. Domestication traces back to a limited number of populations leading 
6 to a bottleneck in genetic diversity at the molecular and biochemical levels. During 
7 domestication, strong selection within this limited array of populations for morphological 
8 or physiological variants increased phenotypic diversity; however, the time span between 
9 initial domestication and the present (some 8,000-10,000 yr) has been insufficient to 

replenish the diversity at the molecular level of the cultivated gene pool. Clearly, more 
11 information is needed on domestication as a selection process from actual selection and 
12 simulation experiments such as those described by Hillman and Davies (1990). 
13 A corollary of this scenario is that, for selection for traits of the domestication 
14 syndrome to be effective within the small populations and short time frame of 

domestication, these traits had to have a relatively high heritability. In this respect, high 
16 heritability may be as important as the number and magnitude of the genes involved. 
17 There are very few data on the heritability of phenotypic traits distinguishing wild 
18 ancestor and cultivated descendant. More data are available from cultivated x cultivated 
19 crosses. In Phaseolusvulgaris, these data (reviewed by Gepts 1990, Gepts and Debouck 

1991) show that most of these traits are controlled by a limited number of genes with a 
21 high heritability including seed size for which the narrow-sense heritability can reach 
22 values above 0.70 (Motto et al. 1978; Singh and Nienhuis 1988). Additional information 
23 stemming from actual wild x cultivated crosses on inheritance (such as those of Doebley 
24 et al. 1990 and Doebley and Stec 1991) and heritability in a range of crops is required to 

test this hypothesis. 
26 In addition, such experiments would shed light on another question, namely that 
27 of the linkage relationships of genes of the domestication syndrome. Both Doebley et al. 
28 (1990) in maize and Pems et al. (1984) in pearl millet observed linkage among certain 
29 traits of the syndrome. Harlan (1975) suggested that linkage should be expected because 
30 linked genes will respond more easily to selection. One could argue that linkage may be 
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1 favorable when the desired alleles are in coupling, but may be disadvantageous when 
2 they are in repulsion. Maize and pearl millet are cross-pollinated species in which 
3 linkage may be important to maintain favorable associations of alleles when cultivated 
4 and wild forms are repeatedly subjected to gene influx from the other form in their 
5 respective environments. In predominantly self-pollinated species such as common bean, 
6 linkage maybe less important because inbreeding will strengthen multilocus associations 
7 even among unlinked loci. 
8 There is limited information on the molecular basis of the changes that led to the 
9 domestication syndrome. If indeed many of these changes involved genes with major 

10 effect, as suggested by Harlan (1975), Doebley et al. (1990), and Doebley and Stec 
11 (1991), then it remains to be determined whether the major effect of a gene is due to a 
12 single mutation or a series of mutations with incremental effects at the locus of the gene. 
13 This information would also bear on the debate taking place currently as to the basis of 
14 major morphological changes in plants. Knight (1948), Hilu (1983), and Gottlieb (1984) 
15 have argued in favor of mutations with major effects, whereas Lande (1983) and Coyne 
16 and Lande (1985) have argued in favor of mutations with small effects. 
17 The bottleneck in diversity that apparently distinguishes wild and cultivated forms 
18 of crop species may have occurred at any time from the earliest stages of domestication 
19 up to the present. Modem plant breeding, responding to the need for a highly 
20 uniformized cropping systems, distribution systems and consumer preferences, has tended 
21 to emphasize crosses within a narrow gene pool of elite materials (e.g., Silbernagel and 
22 Hannan 1988) with until recently little contribution of exotic germplasm (Duvick 1984). 
23 Dissemination of cultivated materials from the domestication areas to other regions of 
24 the world has also led to reductions in diversity because only small samples of the 
25 original liversity were introduced in the new regions. Perhaps the most significant 
26 reduction may have taken place in the domestication areas themselves, somewhat 
27 paradoxically because of the direct availability cf the wild ancestor. In common bean, for 
28 example, cultivars from Mexico appear to have originated from a single domestication, 
29 possibly in the west-central part of the country (Gepts 1988). Wild common bean has, 
30 however, an extensive distribution in this country but populations from outside the 
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1 putative domestication area seem not to have contributed to the cultivated gene pool 
2 except for occasional cases of introgression. It is as if, once the first domesticated 
3 genotypes were obtained, they or the first domesticators somehow preempted additional 
4 domestications in other areas from local wild bean populations. It may have been easier 
5 to merely adopt the first domesticates than to repeat the selection procedures that led to 

6 domestication of the crop. An alternative and not mutually exclusive hypothesis is that 
7 the people who first domesticated crops obtained a selective advantage compared to 
8 people still relying on hunting and gathering perhaps because of a more abundant or 
9 more regular food supply. Following domestication, they spread to other regions and 

10 introduced their new technology. Some evidence for the latter hypothesis is provided by 
11 the studies of human gene frequencies on the European continent. Agriculture in Europe 
12 was introduced from the Near East during the Neolithic. The spread of agriculture could 
13 have taken place either via cultural diffusion without genetic consequences for human 
14 populations or via demic diffusion involving migration of the early agriculturalists from 
15 the Near East into Europe. The data of Ammerman and Cavalli-Sforza (1984), Sokal 
16 (1991) and Sokal and Rohlf (1991) provide evidence favoring demic diffusion. This may 
17 explain why, for example, cultivated cereals were introduced into Europe and no local 
18 domestications apparently took place, although wild relatives of these cereals are 
19 distributed in Europe. Analysis of these temporal and spatial patterns of variation during 
20 domestication may benefit from ancient DNA studies performed on archaeological seeds 

21 (Pidbo 1989; Paabo et.al. 1989). 

22 Finally, crop evolution studies have important consequences for genetic 
23 conservation and breeding. They allow us to identify segments of the germplasm that are 
24 not represented ox insufficiently represented in genetic resources collections such as the 
25 wild ancestral populations, which until recently had been neglected as a source of genetic 
26 diversity for breeding programs. In common bean, the discovery of arcelin genes in 
27 Mexican wild bean populations and the evidence for a genetic bottleneck between wild 
28 and cultivated common bean has led to an increased focus on wild ancestral materials in 
29 germplasm explorations and evaluations 'For disease resistance. These studies also provide 
30 us with a better understanding of the genetic relationships between various segments of 
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the cultivated gene pool. In common bean, our understanding of the divergence between 
the Middle American and Andean gene pools and the existence of races is leading to 
different breeding strategies. For example, combining ability studies have shown that in 
the Middle American gene pool, races Jalisco and Durango have high general combining 
ability for yield but race Mesoamerica has low general combining ability for yield 

(Nienhuis and Singh 1988a; Singh et al. 1989, 1992). 
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1 VI. CONCLUSIONS 

2 A wide array of molecular and biochemical markers has been used to address 
3 issues in crop evolution. Each of these markers have their respective advantages and 
4 disadvantages. Depending on the objective of a particular study, one oi the other will be 

5 more appropriate. 

6 Molecular and biochemical markers have been very useful tools to provide 
7 information that either confirmed previous evidence based on morphology, cytogenetics, 

8 and other areas, or provided new evidence not available previously. Among the most 
9 significant contribution has been the more precise identification of specific populations 

10 or groups of populations as the presumptive ancestor of crops. Such identifications set 
11 the stage for comparisons between wild ancestor and cultivated descendant involving 

12 overall levels of diversity and the genetics and linkage relationships of traits 
13 distinguishing wild and cultivated forms. Data available suggest a reduction in diversity at 

14 the molecular level during domestication which contrasts with an increase in diversity at 

15 the phenotypic level. 

16 Future studies will likely include: 1) a continuation of the current lines of study 

17 aimed at identifying the.wild ancestor and the organization of genetic diversity in those 

18 crops where this has not been accomplished as yet; 2) characterization of the genetic and 
19 physiological differences between wild ancestor and cultivated descendant; 3) 
20 identification of spatial and temporal patterns of variation using ancient DNA from 

21 .chaeological remains; and 4) study of the molecular basis of morphological and 

22 physiological evolution under domestication. 
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simple 

quick, cheap 

low 

(<10 loci) 

complex 

quick, cheap 

high 

intermediate 

slow, expensive 

moderate 

complex 

intermediate 

high 

complex 

quick, expensive 
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1 Table 2. Evidence supporting the existence of the Middle American and Andean gene 
2 pools in Phaseolusvulgaris
 

3
 

4 Evidence 


5 Biochemical markers Phaseolin 


6 	 Isozymes 

7 Molecular markers 	 Nuclear DNA: random PstI 

genorric probes 

8 Mitochondrial DNA 

9 Morphological and 

10 agronomic traits 

11 Reproductive isolation 	 F1 hybrid lethality 

12 Chlorophyll variegation 

13 Segregation distortion 

14 Yield Genotype x environment 

interactions 

Source 

Gepts et al. 1986; Gepts 

and Bliss 1986; Koenig et 

al. 1990 

Koenig and Gepts 1989b; 

Singh et al. 1991b 

Chase et al., 1991; Guo et 

al. 1991; Nodari et al. 1992 

Khairallah et al. 1990 

Kaplan 1965; Evans 1976, 

1980; Gepts et al. 1986; 

Singh et al. 1991a 

Shii et al. 1980; Singh and 

Guti6rrez 1984; Gepts and 
Bliss 1985; White et al. 

1992; Koinange and Gepts 

1992 

Coyne 1966 

Koenig and Gepts 1989a 

Ghaderi et al. 1982 
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1 General combining ability Singh et al. 1992 

2 

3 



59 Table 3. Comparison of RFLP levels in common bean and other plants (from Nodari et al. 1992) 
2 
3 Type of No. of RFLP 
4 Crop Genotypes clone enzymes (%) Source 
5 

6 
7 

8 

9 

10 

11 

12 

13 

14 

15 

Arabidopsis 

Barley 

Brassica 

Common 

Bean 

3 strains 

48 cultivars 

4 cultivars 

3 species (37 cultivars 

or genetic stocks) 

7 cultivars + 

I wild 

Genomic: EcoRI 

Genomic: Psil 

Genomic: PstI 

Genomic: PstI 

Genomic: PstI 

3 

3 

5 

1 

3 

46 

43 

54 

95 between species 

80 between subsp. 

70 within subsp. 

89 between subsp. 

62 within Middle American 

Chang et al. 1988 

Graner et al. 1990 

Heun et al. 1991 

Figdore et al. 1988 

Nodari et al., 1992 

49 within Andean 
16 

17 

Lentil 2 cultivars + Genomic: PstIl, EcoRI 4 38 Havey and 

18 

19 

20 

Lettuce 
2 wild 

4 cultivars 
cDNA 

Genomic: MboI 

cDNA 

4 

9 

9 

64 

13 

25 

Muehlbauer 1989 

Landry et al. 1987 

21 

22 

Maize 

Potato 

3 cultivars 

phureja x (tuberosum x 

cDNA 3 

Genomic: PstI, EcoRI 11 

83 

60 

Helentjaris et al. 1985 

Bonierbale et al. 1988 
23 

24 

25 

Rice 

Soybean 

chacoense) 

indica x javanica 

5 cultivars 

11 
Genomic: PstI 11 

Genomic: Sau3AI,EcoRI 13 

51 

78 

20 

McCouch et al. 1988 

Apuya et al. 1988 
26 

27 
58 wild + 
cultivated 

Genomic: Sau3Ai 4 40-50 Keim et al. 1989 
.- 28 
N.I 

Tomato 2 cultivars cDNA 3 14 lelentjaris et al. 1985 
e e tj rs' a . 1 8 
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1 esculentum-cheesmannii cDNA 3 68 
2 esculentum-pennellii cDNA 3 100 

3 
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1 Table 4. Probability of survival of mutant genes determined 
2 according to the branching process method (modified from Crow 

3 and Kimura 1970) 

4 

5 Selective Advantage 

6 

7 Generation -10% 0 % 10 % 50 % 

8 

9 0 1.00 1.00 1.00 1.00 
10 1 0.59 0.63 0.67 0.78 
11 10 0.08 0.16 0.25 0.61 
12 100 < 0.001 0.02 0.18 0.58 
13 Infinite 0.00 0.00 0.18 0.58 

14 
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1 

2 Figure caption 

3 

4 Figure 1. Principal component analysis of RFLP banding pattern 

5 frequencies in Phaseolusvulgaris. Genomic DNA of 23 wild and 62 

6 cultivated accessions was digested with EcoRV and, after Southern transfer, 

7 hybridized with 11 P.vulgaris nuclear DNA clones. Open symbols: Andean 

8 accessions; closed symbols: Middle American accessions. Squares: wild

9 growing; circles: cultivated (V. Becerra and P. Gepts, unpubl. results). 

10 
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Fig. I. RFLP-based linkage map of common bean. Linkage group numbers are indicated on top. Kosambi map distance are indicatedat the le/l side of each interval between two markers. Genomic markers are numbered from 001 to 999 (from EcoRI-BawnHI library)and from 1001 to 1862 (from Pstd library) (thie GUC prefix was removed for the sake of simplicity). Avo-2. Diap. Lap.3.. Ae. M,'e.Rhes. and Skdh are isozyme loci. RAPD marker loci are designated by ROA followed by a number (see text for explanations).Morpho-agronomic traits are C.Cor. and 1(see text for explanations). The following markers represent sequences coding for productsof known function: Arl. :.41. BACIO. CHI. CHS. CHIg.GS. Lec. PAL. Phs, PRPvI. PRPv2. rDNA. SS. and URI (see text forexplanations). The open bar in linkage group DI represents an interval with a LOD score above 3.0 but with a recombination 
frequency above 30% 

DN.A extraction, digestion, and electrophoresis mately 30-40 ng of the insert ofeach clone, except pHA2. were 
)fMLC. Total genomjic DNA from frozen leaf tissue (5-7 g) that had radiolabeled with i-("2P~dCTP (Amersham) by the random 

been harvested prior to flowering was extracted as described by primer method (Feinberg and Vogelstein 1984). The pHA2 plas-
Nodari et al. (1992). Genomic DNA sa1,,pI~s (5-l0pg) from mid was radiolabeled with the same isotope by nick translationparents and F1 and 2F plants were digested with either EcoR. (Rigby et al. 1977). Hybridizations were performed at 42 C inEoRV. aaell. or Hindlll restriction enzymes because these 50 formamide. Washes after hybridization were performedenzymes revealed the highest levels of polymorphism between according to recommendations of the manufacturer (2 x SSC. 
BAT93 and Jalo EEP558 (Nodari ct al. 1992). Restriction diges. 0.1% SDS at room temperature 0.1 x SSC.ec0.1m SDS at roomtions (4-6 U enzyme. gtgof genomic DNA) were performed temperature and twice at 60 for 30 mi each). Kodak X-Omataccording to the manufacturers' recommendations (Bethesda X-ray film 

nC 
was exposed to the membranes for a few hours to aResearch Laboratories and New England Biolabs) for 4-6 h at ,eek depending on the intensity of the signal.


37 'C. The digested DNA was electrophoresed in 0.8916agarose

gels (prepared with TAE: 40 mMV1
TRIS-acetate pH 7.4. I m,, Linkage analysis
EDTA) for 16-20 h (IV/cm of gel) in TAE running buffer. Linkage analysis was performed with MAPMAKER (LanderSouthern blotting. hvbridi:ation. mjndautoradiography et al.1987) and LINKAGE-I (Suiteret al. 1983). To identit', the 

linkage groups. pairwise comparisons and grouping of markersSouthern hybridization was performed according to the were performed with MAPMAKER under the following condi-Zetabind protocol (AMF-CUNO. Meriden. Conn.). Approxi- tions: (I)recombination frequency below 30*'0 and (2)LOD 



3.0 	 score equikl to or aboe(* ,To establish the most likely order of from the ratios mentioned above. A similar proportion of
markers within each group. the 'orders- command was used distorted segregation 10%) was recently reported in let
with the aboe-mentioned linkage criteria and with a three-point
exclusion threshold of -2.0 LOD score units. Additional mark- tuce (Kesseli et al. i99) and in barle (Heun et al. 1991).
ers were located in these groups using the -'try- command with Higher proportions of distorted markers have been de
the aforementioned linkage criteria. Kosambi map distances tected in rice (18.80 u. .NcCouch et al. 1988) and potato 
among linked marke.s w4ere used to generate the map (Fig. I). (25.5%; Gebhardt et al. 1988). The proportions of
Pairwise comparisons to confirm detected linkage relationships BAT93 and Jalo EEP5"8 alleles were almost identical 
between markers and goodnessot'-tit tests to detecc distorted 
segregation ratios %ere performed with LINKAGE-I. (0.4'42:0.508). 1 he 14 markers with distorted segregation 

were clustered in four regions of the bean gtnome. Seven 
of them mapped adjacent to the PAL locus in linkage 

Results and discussion 

Segregation of markers 

group DI (GUCI40. ROA04. GUC1662. GUCI045. 
GUC1862. GUCI315. and GUC1327): I marker was 
!ocated in linkage group D2 (BAC 10): 2 markers were 

The majority of the random Pstl and EcoRI-BamHl ge-
nomic clones (75%) hybridized to a single band and. with 

placed 2.4cM apart in linkage group D8 (GS and 
ROA07b). and the other 4 corlcituted linkage group DI3 
(Le-c. Lece. URIc. and GUC1107. The clustering of 

few exceptions, segregated in a co-dominant manner. markers with distorted segregation has been observed 
Four clones - GUC1338. GUC1468. GUC1683. and 
GUC1711 - detected two bands, which, in all four cases. 

previously in barley (Heun et al. 1991) and potato 
(Bonierbale ct al. 1988). Possible causes for these se2re

segregated independently and represent duplications. gation distortions include small population size and or. 
The remaining clones displayed a hybridization pattern 
with more than two bands. However. in all cases just one 

genetic ftctors affecting the transmission of the genes. Of 
the 7 markers in linkage group D16 showed an excess of 

segregating locus could be scored. Probes representing the Jalo EEP558 alleles. The 7th marker showed an ex
cloned genes in general gave more complex hybridization 
patterns than random genomic clones. With the excep-

cess of heterozygotes. The 4 markers in linkage group 
D1 3showed a distortion favoring the BAT93 alleles. The 

tion of BACIO (cellulase). GI01 (glucanase), and CHI number of markers and the consistency in the direction 
(chalcone isomerase), which hybridized to a single band. 
all other gene clones hybridized to multiple bands. For 

of the deviation among the markers in .hese two regions 
suggest a possible genetic origin for the deviation on the 

example. seven and six segrczating bands were observed linkage groups DI and DI3. 
after hybridization with CHS (chalcone synthase) and 
Lee (seed lectin) sequences. respectively. In the case of 
chalcone synthase (CHS). all segregating bands mapped Linkage mapping of markers 
to the same locus. For seed lectin (Lec). four bands 
(Leca. Lecb. Lecd. and Lecf) co-segregated at one locus 
in linkage group D4 and the other two (Lecc and Lece) 
mapped ,inlinkage group DI3 (see below). The presence 
of these multiple bands points to the existence of multi-
gene families. Evidence of Ryder et al. (1987) sug-ests 
that CHS is represented by a family of six to eight genes. 
some of which are tightly linked. Hoffman and Don-
aldson (1985) identified two lectin gent: 4 kb apart and 
tightly to the the loci coding for the hiomologous seed 
proteins arcelin and 7-amylase inhibitor (Osborn et al. 

Of the 152 markers 143 (94%) could be assigned into I5 
linkage groups, comprising a total of 827 cM (Fig. I and 
Table 1). These linkage groups are temporarily labeled D 
(as in Davis) followed by a number pending further ge
netic and cytogenetic confirmation. The number (and in 
parentheses the percentage) of markers per linkage group 
ranged from 2 (1.4%) to 29 (20.6%). Almost the same 
order of magnitude was found for variation in length of 
the linkage groups (3.0-191.5cM). Among linkage 
groups the average distance between 2 M ers varied 

1986: Moreno and Chrispeels 1989). RAPD markers 
were scored for the presence of absence of specific bands 

from 1.5cM to 15.9cM. The average - distance 
between pairs of markers among all linkage groups was 

of high intensity that distinguished the two parents: 
hence, these markers segregated as dominant markers. 
Isozymes and phaseolin seed protein segregated as co-

6.5 cNI. Only one interval between 2 markers was larger 
than 30 cM. and it was located in linkage group DLI 
however, the LOD score for this interval was above the 

dominant markers as reported previously (Koenig and threshold of 3.0. The majority of the intervals (74%,,n 
Gepts 1989a. Garrido et al. 1991: Gepts et al. 1992). were smaller than 10cM. 

The inheritance pattern of the 152 markers analyzed The 7 segregating isozyme loci were distributed in 4 

, 

in the segregating population of 75 individuals followed 
the expected F, co-dominant (1:2: 1) or dominantjL 1) 
Mendelian ratios in 91% ul" the cases. A small.(fl"' 
(9%) of the markers deviated significantly (P<6.05) 

linkage groups. Me (malic enzyme) and Rhcs (locus for 
the small subunit of ribulose bisphosphate carbox. lase) 
had been found previously to be linked (Weeden 1981; 
Koenig and Gepts 1989a). We confirmed the linkage 

\ \
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6 Abstract: Various types of molecular and biochemical markers have been used to 

7 characterize genetic diversity in germplasm collections among which principally isozymes, 

8 RFLPs, and seed proteins. These various categories of markers can be distinguished by 

9 several attributes: level of polymorphism, degree of environmental stability, number of 

loci, molecular basis of the polymorphism, and practicality. One or the other of these 

11 markers can be chosen depending on the objective of the study. Using these markers it 

12 has been possible to identify or confirm centers of domestication. Markeis in particular 

13 have been able to identify in some cases more spicifically than other traits 1) which area 

14 was the most likely center of dometication; 2) multiple areas of doemstication; and 3) in 

polyploid crops, the female or male parent. Markers have been used to establish further 

16 subdivisions in the cultivated gene pool and, thus, determine in some cases whether 

17 phenotypic similarity was due to common ancestry or alternative causes such 

18 hybridization, polyphyly, etc. Markers constitute tools to investigate the occurrence of 

19 gene flow between wild and cultivated forms because in some cases they provide rare 

alleles that will reveal gene flow where morphological traits will not. Molecular and 

21 biochemical marker studies generally show a reduction of diversity during domestication 

22 although exceptions exist. The principal advantage of molecular and biochemical markers 

23 is that they are genotypic markers and, hence, will reflect the actual genetic distance 

24 between accessions and their common ancestry more accurately than phenotypic markers. 

Their main disadvantage is their cumbersomeness. It is suggested that this disadvartage 

26 could be circumvented by establishing 1) correlations between molecular and 

27 morphological markers; and 2) discriminant funcL.ons that would allow us to use 

28 morpho-agronomic traits to assign accessions to groups of evolutionarily related groups 



1 ("gene pools") as determined by molecular and biochemical markers. 

2 Keywords: Seed proteins - isozymes - RFLPs - RAPDs - minisatellite sequences - M13 -

3 genetic diversity - domestication - crop evolution - multivariate analysis 
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1 Introduction 

2 According to the definition of Frankel (1984), a core collection is a subset of the general 

3 (or bulk or reserve) collection that represents the genetic diversity of a crop species and 

4 its relatives with a minimum of repetitiveness. There are therefore two essential steps in 

the establishment of core collection: a first one involves the characterization of the 

6 genetic diversity of of species and their wild relatives and the second one involves the 

7 choice of accessions to be included in the core collection based on genetic diversity 

8 data. 

9 Both of these steps involve a sampling strategy. In particular, sampling in the first step 

involves a choice of criteria by which genetic diversity is characterized. Plant genomes 

11 may contain some 100,000 genes (Kamalay and Goldberg 1980). Therefore, when one 

12 choses a particular class of traits or markers to characterize diversity, one performs in 

13 effect a sampling of the plant genome. 

14 Various criteria have been used to analyze genetic diversity in crop plants among which 

morphological, agronomic, ecogeographical, and biochemical or molecular traits or 

16 markers. Each of these have their advantages and disadvantages as markers of genetic 

17 diversity. Molecular markers include any markers reflecting direct changes at the DNA 

18 sequence level, principally restriction fragment length polymorphisms (RFLPs), but also 

19 random amplified polymorphic DNA (RAPDs), minisatellite markers, etc. Because crop 

evolution studies require a sufficient sampling of the diversity contained in the species, 

21 direct DNA sequencing has rarely been used, if at all, because of its inherent 

22 cumbersomeness. 

23 Biochemical markers have included principally isozymes and seed proteins. The major 

24 advantage of molecular and biochemical markers is their presumed selective neutrality, 

although cases of non-neutrality have been reported such as Adh in Drosophila 

26 (Anderson and McDonald 1983). This general neutrality allows us to distinguish those 

27 similarities that are due to common ancestry from similarities due to convergence. Over 

28 the last few years, an increasing body of data on crop evolution has accumulated based 

29 on molecular and biochemical markers (reviewed in Doebley 1989, 1992; Gepts 1990, 

1992; Clegg 1990). 



1 In this presentation, molecular and biochemical markers will be discussed as indicators of 
2 patterns and levels of diversity. After a discussion of the attributes of various types of 
3 markers, some of their contributions to our knowledge of the organization of genetic 
4 diversity in crop plants will be presented. 

5 Attributes of molecular and biochemical markers as genetic diversity
 

6 indicators
 

7 Molecular and biochemical markers have been used in a substantial number of studies of 
8 genetic diversity in crop plants. A survey of the literature shows that isozymes, RFLPs 
9 (restriction fragment length polymorphism), and seed proteins have been used most often 

10 in these studies (reviewed in Doebley 1989, 1992; Gepts 1990; Clegg 1990). More
 
11 recently, RAPDs (random amplified polymorphic DNA) and sequences hybridizing to
 
12 minisatellite markers have also been used.
 
13 There are several attributes by wiiich one can assess the potential usefulness of a
 
14 particular category of markers. These include level of polymorphism, environmental
 
15 stability, the number of loci, molecular basis of the polymorphism, and the ease and cost
 
16 of analysis (Table 1). Depending on the objective of the study, a certain level of 
17 polymorphism is required: at higher taxonormic levels (species or above), more conserved 
18 markers are needed, whereas at the population level more variable markers are 
19 desirable. Electrophoretic patterns should be free of environmental influence to confirm 
20 that observed differences are genotypic differences. The number of loci should be as high 
21 as possible to ensure adequate genome coverage. The molecular basis of the 
22 polymorphism should be known so that genetic distance and diversity parameters can be 
23 determined. Markers for which the polymorphism results from simple changes at the 
24 molecular level such as nucleotide substitutions (e.g., isozymes, RFLPs) are therefore 
25 more amenable to such quantitative analysis than markers for which the polymorphism 
26 involves a more complex series of events (e.g., seed proteins). On the other hand, the 
27 probability of homoplasy is higher for the former class of markers than for the latter. 
28 Finally, the methodology employed should be as inexpensive and simple as possible to 
29 permit the analysis of samples of adequate size. 
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The main attributes of isozymes include the simplicity and low cost of the analysis, the 

simple mole-alar basis of their polymorphism, and a reasonable genome coverage (10-50 

loci per species). In addition, standardized experimental conditions allow us to detect 

genotypic differences although isozymes are phenotypic markers. A disadvantage is the 

general but not universal lower level of polymorphism (Wendel and Weeden 1989; 

Weeden and Wendel 1989; Doebley 1989; Hamrick and Godt 1990). 

RFLP markers can display a wide range of levels of polymorphism depending on the 

species (Table 4 of Nodari et al. 1992), the genome (e.g., cytoplasmic vs. nuclear: Curtis 

and Clegg 1984; Palmer 1987; Zurawski and Clegg 1987; Wolfe et al. 1987), or the 

particular sequence. In general, however, RFLPs are more polymorphic than isozymes. 

For example, in a direct comparison between the two classes of markers in the same set 

of maize genotypes, Messmer et al. (1991) found that RFLPs were more polymorphic 

than isozymes both in terms of the number of polymorphic loci (94 vs. 68 %) and the 

average number of variants per polymorphic locus (3.4 vs. 2.5). Additional advantages of 

RFLPs include their better genome coverage and environmental stability. The molecular 

basis of RFLPs can be as simple as a single nucleotide change which can lead to a 

restriction site loss, or less likely a site gain. The likelihood of a repeat mutation 

involving a nucleotide change may be higher than that involving a rearrangement 

characterized by its size as well as location. Through restriction mapping, it is possible to 

identify the molecular basis of the polymorphism although this limits the number of 

sequences that can be analyzed (Gepts and Clegg 1989). Finally, the RFLP technology is 

cumbersome and costly, which effectively limits the sample size. 

Attributes of seed proteins as electrophoretic markers iuclude their high level of 

polymorphism, their high level of environmental stability (although a few exceptions have 

been reported: e.g., Gayler and Sykes 1985), and the complex molecular basis of the 

electrophoretic patterns that includes nucleotide stibstitutions, insertions/deletions, and 

co- and posttranslational modifications. This complexity at the molecular level, however, 

makes it difficult to relate phenotypic changes in electrophoretic banding pattern with 

changes at the molecular level. Hence, one is usually limited to phenetic analyses with 

this category of markers. A disadvantage is the low number of loci involved (usually less 

than 10) (reviewed in Gepts 1990). 
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1 Minisatellite markers, principally those revealed through cross-hybridizaticn with human 

2 mini-satellites or M13-derived sequences (e.g., Dallas 1988; Rogstad et al. 1989; Stockton 

3 et al. 1992), often reveal very high levels of polymorphism. The fingerprinting pattern 

4 does not appear to be influenced by environmental conditions (G. Sonnante, T. Stockton, 

and P. Gepts, unpubl. results). Little is known abjut thAe actual molecular basis of 

6 hypervariable sequences in plants. The complexity of the fingerprinting pattern and 

7 actual mapping data (T. Stockton, R. Nodari, and P. Gepts, unpubl. results) suggest, 

8 however, that several loci are involved, although the genome coverage may not be as 

9 extensive as that of RFLPs or RAPDs. The technology is similar to RFLP technology 

with the exception that several loci can be sampled at once. 

11 The advantages of RAPD markers are that they can be more polymorphic than RFLPs 

12 (Williams et al. 1990), they offer genome coverage equivalent to that of RFLPs, and 

13 their methodology can be quite simple provided that a rigorously standardized 

14 methodology with the necessary controls is adhered to. Disadvantages include limited 

information about the environmental stability of the polymorphism and the molecular 

16 basis of RAPDs. 

17 In summary, each class of molecular or biochemical markers possesses advantages and 

18 disadvantages. Depending on the goals of the study, one or the other or a combination of 

19 markers can be used. In general, however, isozymes and RFLPs have been preferred 

because they allow us to recognize homologies and determine genetic distance and 

21 diversity parameters. 

22 Information on genetic diversity provided by molecular and biochemical 

23 markers 

24 Studies using molecular and biochemical markers have addresses the following issues 

affecting organization and distribution of genetic diversity: identification of the wild 

26 ancestor and the pattern of domestication, divergence in the cultivated gene pool, gene 

27 flow between wild ancestor and cultivated descendant, and fate of genetic diversity and 

28 partitioning of genetic diversity during domestication 
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Identification of the wild ancestorand the pattern of domestication 

Identification of the wild ancestor is important in crop genetic resources conservation 

because it tells us which wild taxon contributed genetic material to the cultivated gene 

pool. Conversely, it also tells us which wild taxa did not contribute genetic material to 

the cultivated gene pool. Both of these aspects are obviously important when identifying 

accessions for a core collection that is supposed the span the spectrum of genetic 

diversity for the improvement of the crop. 

Traditionally, the wild ancestor has been identified on the basis of the overall 

morphological similarity between the crop and a wild taxon. More recently, other 

arguments have been used, including cytogenetic, crossability, and chemotaxonomic data 

(e.g., Simmonds 1976). It is clear from these study that the wild ancestor, although 

sometimes very different morphologically from its cultivated descendant, is conspecific 

with it and belongs to its primary gene pool (Harlan and de Wet 1972). 

Molecular and biochemical markers have usually been used to confirm the identity of the 

ancestral taxon and in some cases identify more specifically which populations were 

involved in domestication (Tables 2 and 3). Three cases - Zea mays, Phaseolus 

vulgaris, and Brassica spp. - provide examples of the power of molecular 

markers. 

Case 1: Molecular and biochemical markers have confirmed teosinte as the actual 

and immediate progenitor of maize. Multivariate analyses of allozyme frequencies 

in the genus Zea by Doebley et al. (1984) showed that the wild taxon most similar 

isoenzymatically to the cultivars is Z. mays subsp. parviglumis, a short-spikeleted 

annual teosinte adapted to mesic intermediate altitudes. Other teosintes, such as Z. 

mays subsp. mexicana, a large-spikeleted annual teosinte adapted to arid high 

altitudes, Z luxuwians, an annual teosinte from southeastern Guatemala, and 

perennial teosintes Z. perennis and Z. diploperennis,were more distantly related to 

the cultivars. 

Chloroplast DNA restriction site analyses also confirmed that annual teosintes were 

closely related to maize; however, these analyses could not distinguish between Z. 

mays subsp. parviglumis and mexicana as the most likely ancestral form (Doebley et 

al. 1987). Further confirmation that teosinte is the ancestor of maize was provided 
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1 	 by rDNA restriction site analysis (Zimmer et al. 1988). 

2 Isozyme analyses by Doebley further suggested that the Z. mays subsp. parviglumis 

3 populations of the Balsas and Jalisco regions were the most probable progenitors of 
4 cultivated maize. Isozyme data did not agree with morphological data in that they 

showed Z. mays subsp. parviglumis to be the most closely related to maize, whereas 

6 morphologically Z. mays subsp. mexicana is most similar (maizoid) to maize 

7 (Doebley 1990). 

8 Case 1: Wild Phaseohsvudgaris has a very large distribution, extending from 
9 northern Mexico to northern Argentina (Briicher 1988; Delgado Salinas et al. 

1988). In addition, the archaeological record included finds of approximately equal 
11 ages in Mexico and Peru (Kaplan and Kaplan 1988). A survey of morphological 

12 diversity among cultivars suggested the existence of two groups, one distributed in 
13 	 Mexico and Central America and the other in the Andes (Evans 1976). These data, 

14 	 however, did not permit a more conclusive picture with regard to the domestication 

pattern of common bean. Molecular and biochemical markers, on the olher hand, 

16 have revealed that the conspecific wild ancestor has diverged into two major 
17 groups, the Middle American and Andean groups, and that separate domestications 

18 in the Middle American and Andean areas have led to two groups of distinct 

19 cultivars (reviewed in Gepts 1990, 1992). 

Case 3: The relationships among the nuclear genernes of cultivated Brascaspecies 

21 are summarized by the triangle of U (1935). In this triangle, the diploid species (B. 

22 rapa (syn. campestris), n = 10; B. nigra, n = 8; B. oleracea,n = 9) occupy the apices and 

23 the three amphidiploid species (B. carinata,n= 17; B. juncea, n = 18; B. napus, 

24 n= 19) the sides between their respective progenitors. 

Because of maternal inheritance of cpDNA, it was possible to identify the maternal 

26 parent of the amphidiploids (Erickson et al. 1983; Palmer et al. 1983). B. carinata 

27 and B. juncea derived their cytoplasm from B. nigra and B. campestris, respectively. 

28 Part of B. napus derived its cytoplasm from B. oleracea,whereas the other part may 

29 have derived its cytoplasm through introgressive hybridization from another 

Brassicaspecies (Palmer et al. 1983). Identity of the parents of the amphidiploids 

31 was confirmed by Song et al. (1988a) and Hosaka et al. (1990) on the basis of 



1 nuclear genome-specific RFLP markers and by Delseny et al. (1990) on the basis of 

2 nuclear rRNA gene polymorphism. The molecular data also confirmed previous 

3 results obtained by various approaches such as cytogenetics, isozymes, and artificial 

4 resynthesis (see Hosaka et al. 1990 for references). 

5 The following lessons can be drawn from these studies: 1) Markers can confirm or identify 

6 the wild ancestraltaxon of crop plants. 2) This capabilityallows us to identify more 

7 specifically than with most othertraits which populations more specifically were involved in 

8 the domesticationprocess, especially in the case of crops with multiple domestications.For 

9 polyploid crops with uniparentalmaternal cytoplasmic inheritance,molecularand 

19 biochemicaldh1i&fs allow us to identify tIvyotzdim hrinhlkReuittcfmrrtaularor 

11 biochemicalmarker and morphologicaltraitstudies are not always correlated. Discrepancies 

12 may be attributedto possible selective effects associatedmore likely with morphologicaltraits 

13 than with molecularmarkers. This underscoresthe fact that more than one category of 

14 markers or traitsshould be used to characterizegenetic diversity. 

15 Divergence within the cultivatedgene pool 

16 Divergence within the cultivated gene pool according to morphological, agronomic,
 

17 ecological, etc.factors, will provide additional sampling criteria to set up a core
 

18 collection. In addition to the information mentioned for several crops in the previous
 

19 section, some more detailed studies have been performed on a number of crops (Table
 

20 4).
 

21 Case 1: Wellhausen et al. (1952) estz.blished a racial classification of Merican
 

22 	 maize on morphological grounds. Doebley et al. (1985) provided evidence that 

these maize races can be grouped into three complexes of morphologically and23 

24 ecologically similar races: 1) the high elevation, Mexican pyramidal complex, 

25 including races Palomero Toluquefto, Chalquefio, and C6nico; 2) the northern 

26 complex, which includes races Azul and Apachito; 3) the remaining bulk of races, 

27 including the southern and western lowland dents and flours such as Tuxpefto and 

28 Tabloncillo. Frequencies of 22 isozyme alleles were correlated with altitude, which, 

29 in Mexico, is associated with precipitation and temperature, i.e. the lowlands are 



1 hotter and moister whereas the highlands tend to be cooler and drier. 
2 Case 2 : In common bean, when phaseolin or isozymes are used as a priori 
3 classification criteria, multivariate analyses such as canonical discriminant analysis 
4 reveal correlations with phenotypic traits such as growth habit, internode length, 
5 leaf and seed size, phenology, disease resistances, and general ecological 
6 adaptations (Fig. 1; Singh et al. 1991a, b). These data have led to a proposal for 6 
7 races or groups of related cultivars, three in each major gene puol (Singh et al. 
8 1991c). In the Middle American gene pool, race Jalisco represents the 
9 predominantly climbing cultivars of the southern, humid highlands of Mexico and 

10 Central America. Race Durango includes cultivars with a prostrate growth habit 
11 from the northern, arid highlands of Mexico and race Mesoamerica includes bush 
12 indeterminate cultivars from the humid, hotter lowlands of Mexico, Central 

13 America, and South America. 

14 In the Andean gene pool, race Nueva Granada includes cultivars with det,rninate 
15 bush or indeterminate climbing growth habits adapted to moderate altitudes. Race 
16 Peru consists of cultivars with a climbing growth habit adapted to higher altitudes, 
17 whereas race Chile includes cultivars with a prostrate growth habit. It is interesting 
18 to note that races Durango and Chile display a similar phenotype, which includes 
19 medium-sized seeds and light pigmentation, in addition to the prostrate growth 
20 habit. These two races are diverged, however, at the molecular and biochemical 
21 levels (Gepts et al. 1986; Singh et al. 1991b; O.M. Paredes, V. BecerTa and P. 
22 Gepts, unpubl. results). Their similar phenotype may have resulted from 
23 convergence due to selection for adaptation to arid environments prevalent in 

24 northern Mexico and Chile. 

25 In summary, it is possible to identify examples that show or do not show concordance 
26 between patternsof diversity identified eitherby molecularand biochemicalmarkers or 
27 morpho-agronomictraits.Discrepanciescan be attributedto outcrosses between wild ancestor 
28 and cultivated descendants or within the cultivatedgene pools. Alternatively, polyphyletic 
29 originsfor the morpho-agronomictraitscould also accountfor dissimilarresults. 
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Gene flow between wild ancestorand cultivated descendant 

Gene flow between wild ancestor and cultivated descendant will introduce additional 

genetic diversity in the cultivated gene pool. Groups of cultivars that show some of 

evidence of introgression from wild ancestors may need to be inciuded in a core 

collection because they may carry alleles not usually represented in the cultivated gene 

pool. Methodologically, however, the identification of these introgressants is somewhat 

difficult (discussed in Doebley 1989, Gepts 1992). 

Case 1: As mentioned earlier, the progenitor of cultivated maize is an annual 

teosinte, Z. mays subsp. parviglumis.A distinct annual teosinte, Z. mays subsp. 

mexicana, is not the direct progenitor of maize but may have contributed genetic 

diversity to the cultivated gene pool: in the region where r-aize and subsp. 

mexicana are sympatric, isozyme alleles characteristic of the wild taxon were 

observed in cultivars. These alleles were absent from the cultivars elsewhere 

(Doebley et al. 1984). Evider -- for introgression in the other direction is provided 

by the perennial teosinte Z. diploperennis in which a plant showed isozyme alleles 

at two linked loci characteristic of the cultivated gene pool, suggesting that the 

chromosome segment marked by the two loci was introduced from maize (Doebley 

et al. 1984). 

Case 2: Cultivated pearl millet is sympatric with its wild ancestor in the Sahel. 

Viable and fertile hybrids can be formed, although male sterility in these crosses 

has been described (Marchais and Pern~s 1985). Isozyme analyses revealed that 

pollen from wild forms was preferentially involved in fertilization on wild pistils in 

pollination experiments with mixtures of pollen from wild and cultivated forms. 

Conversely, pollen from cultivated forms preferentially effected fertilization on 

cultivated pistils after mixed pollinations with wild pollen (Robert et al. 1991). This 

type of reprodu 'five isolation may explain at least in part why wild and cultivated 

pearl millet maintain their phenotypic integrity in spite of their sympatry and 

predominant allogamy. 

Case 3: In P. vulgaris, most wild and cultivated genotypes display the Mdh-210° 

allele. Exceptions consists of a limited number of wild-growing accessions and race 

Jalisco cuilivars from the southern highlands of Mexico, which show the Mdh-2102 



1 allele. The rarity and the narrow geographic localization of the Mdh-2102 allele 
2 argue in favor of gene flow although it is not possible to determine the direction of 
3 the gene flow (Singh et al. 1991b). It is interesting to note, however, that the 
4 phenotype of the cultivars involved does not display any hint of past hybridization 
5 with wild beans (S. Singh, pers. comm.). Phaseolin data also provide evidence for 
6 occasional outcrosses between wild and cultivated beans. All cultivated accessions 
7 from Mexico analyzed so far show the 'S'phaseolin type with the exception of one 
8 accession with an 'M' phaseolin type characteristic of wild-growing accessions of the 
9 same region. The latter accession also displays morphological signs of hybridization 

10 with wild beans such as smaller seeds and the striping and spotting pattern 
11 characteristic of wild bean seeds (Koenig et al. 1990). Some wild accessions from 
12 Colombia, Ecuador, and northern Peru also show signs of introgression from
 
13 cultivars based on phaseolin data (Gepts and Bliss 1986; Gepts et al. 1986; O.M.
 
14 Paredes and P. Gepts, unpublished results). 

15 Fate ofgenetic dive,.vity duringdomestication 
16 Doebley (1989) surveyed isozyme studies examining differences indiversity between wild 
17 ancestor and cultivated descendants. Total heterozygosity (Ht) decreased from 0.24 in 
18 wild forms to 0.19 in cultivated forms, the, proportion of polymorphic loci per population 
19 from 0.32 to 0.25, the proportion of polymorphic loci per taxon from 0.58 to 0.49, and 
20 the number of alleles per locus per taxon from 2.47 to 2.15. Chloroplast DNA data 
21 surveyed by Doebley (1992) also showed a reduction in diversity (calculated as the 
22 average probability per variable site that two accessions will differ: Clegg et al. 1984) and 
23 the proportion of polymorphic restriction sites (Table 5). 
24 Nuclear DNA markers such as genes for ribosomal RNA and single-copy RFLPs were 
25 also characterized by a reduction in diversity (Doyle 1988; Allard 1988; Gepts and Clegg 
26 1989; Havey and Muehlbauer 1989; Cordesse et al. 1990). 
27 A few exceptions to this trend hapve been reported. In barley, isozymes and cpDNA 
28 showved equivalent levels o! diversity in wild and cultivated accessions whereas mtDNA 
29 diversity was higher in the cultivars than in the wild ancestor (Hoiwerda et al. 1986; Jana 
30 and Pietrzack 1988). These r"'sults contrast with +hose of Brown and Munday (1982) for 



1 isozymes and Clegg et al. (1984) and Neale et al. (1986) for cpDNA. It is not clear what 
2 the cause is of these discrepancies. One possibility is the sampling of the plant material 
3 which differed among these studies for the total number of accessions, the relative 
4 number of wild and cultivated accessions, and their respective geographic 

5 origins. 
6 In pearl millet (Pennisetumglaucum), RFLPs of genes for ribosomal RNA and the Adh-1 
7 locus analyzed on the same set of wild and cultivated accessions showed contrasting 
8 trends in diversity: whereas the former showed a clear reduction in diversity between the 
9 wild ancestor and the cultivated descendant, the latter showed comparable levels of 

10 diversity (Gepts and Clegg 1989). It is possible that the diversity at the Adh-1 locus in 
11 the cultivars is maintained through introgression with the sympatric wild ancestor. For
 
12 rRNA genes, this mechanism would not operate if these genes are tightly linked to an
 
13 essential feature of the cultivated phenotype; hence, after outcrossing with a wild
 
14 population, selection for the cultivated phenotype in subsequent generations would 
15 eliminate introgressed rRNA genes from wild populations. Information on the actual 
16 linkage relationships between these molecular markers and genes controlling the 
17 cultivated phenotype is needed to verify this hypothesis. 
18 In common bean, a comparison of trends in genetic diversity revealed by isozymes, low
19 copy nuclear RFLPs, and sequences hybridizing to M13-derived sequences, also showed a 
20 reduction in diversity in the cultivars compared with wild P. vulgaris (Table 6). An 
21 exception are the RFLP data for the Andean gene pool fo" which a slight increase in 
22 diversity was observed. Possible explanations include a sampling effect and the lack of 
23 representation of wild populations from certain areas in the Andes. 

24 In summay, availabledata suggest a reduction in diversity in the cultivatedgene pool 
25 compared to the wild ancestralgene pool Wild forms representtherefore a source of 
26 additionaldiversity and should be represented in some way in the cc t collection of a crop. 

27 Discussion
 

28 The major advantage of molecular and biochemical markers is their genotypic nature, i.e.
 
29 they reflect directly changes at the DNA level. Morphological traits, on the other hand,
 



1 are phenotypic traits. Because the same phenotype can be achieved by different
 
2 
 genotypes, it is sometimes difficult to equate phenotype and genotype. Accessions with a 
3 similar phenotype may sometimes be evoutionarily unrelated. For example, in common 
4 bean, races Durango and Chile show similar phenotypes yet biochemical markers show 
5 they belong to different gene pools, Middle America and Andes, respectively, of common 
6 bean (Singh et al. 1991c). An additional advantage of markers is that they are generally,
7 although not always, selectively neutral and, hence, will show patterns of diversity
 
8 independent of selection.
 
9 A disadvantage of molecular and biochemical markers can be their cumbersomeness. It
 

10 is obviously unrealistic to subject an entire collection 
or even a large fraction of it to
 
11 
 molecular and biochemical analyses. Simplifications to the procedures such as the
 
12 introduction of the polymerase chain reaction may help alleviate this problem. Another
 
13 
 possible soultion to this problem is to correlate molecular and biochemical markers with
 
14 morphological markers. For example, in common bean, certain alleles of morphological
 
15 markers are found at high frequency in certain gene pools or races. Races can be
 
16 distinguished by their leaflet and bracteole shape and size, seed size and shape, pod beak
 
17 
 insertion, and pigmentation patterns in flower and seed. The Mf gene causes the
 
18 appearance of purple veination at the bottom of the flower and is found at high

19 
 frequency in race Mesoamerica. The Punc (colored dots on seeds), Mt (seed mottling),

20 
 Str (seed striping), and Cor (seed corona) are Andean alleles. Andean materials generally

21 
 show larger leaves, longer internodes, and larger seeds (Gepts et al. 1986; Singh et al. 
22 1991a). 
23 Multivariate methods could be used to assign individual accessions on the basis of 
24 phenotypic data to specific groups (gene pools, races, etc.) that have been recognized
25 previously using maiker-based analysis of diversity (see above). Posterior probabilities of
26 membership in the Andean or Middle American group obtained by discriminant analysis
27 of morpho-agronomic traits were above 95% (when the prior classification criterion was 
28 Middle American vs. Andean phaseolin type). Posterior probabilities of membership
29 ranged between 65 and 85% when the prior classification was the phaseolin type itself 
30 (P. Gepts, unpubl. results). 
31 This approach would involve a dynamic analysis consisting of multiple rounds in each of 

K 



1 which diversity is analyzed at the molecular and morphological levels until a satisfactory 

2 grouping of genotypes is achieved such that most accessions can be assigned to 
3 evolutioniarily distinct groups. Further experiments are needed to corroborate this 

4 approach. 
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I I-able 1. Comparison of molecular electrophoretic markers in evolutionary, genetic, and breeding studies: for further 
2 explanations, see text (from Gepts 1992) 

A lozymes RFLPs Seed Proteins Mirisatellite RAPDs 

Sequences 

3 Polymorphism low low-high high very high low-high 
4 Environmental .ioderate high high high high 
5 stability 

6 Number of loci moderate high low moderate high 
(<50 loci) (<J0 loci) 

7 Molecular basis of simple intermediate con iplex complex complex 
8 polymorphism 

9 Practicality quick, cheap sInw. -xpensive quick, cheap intermediate quick, 

expensive 



I Table 2. Examples of closest wild relative of diploid species identified or confirmed using molecular and biochemical markers 

2 Crop 

3 Avocado (Perseaamericana 

4 var. gualemalensis:one of three 

5 cultivated avocado races) 

6 Barley (Hordeum vulgare subsp. 

7 vulgare) 

8 Common bean (Phaseolus 

9 vulgaris var. vulgaris 

0 Lentil (Lens culinarissubsp. 

culinaris) 

2 Lettuce (Lactucasativa) 

3 Maize (Zea mays) 

4 Pea (Pisum sativun) 

Closest wild relative 

P. steyermarkii(9) x P. 


nubigena (d')
 

H. vulgare subsp. spontaneum 

P. vulgaris var. aborigineusand 

mexicanus 

L. culinarissubsp. orientalis 

L. serriolaand other 

unidentified wild taxa 

Z. mays subsp. parviglumis 

(Balsas and Jalisco) 

P. humile 

Markers used 

cpDNA, rDNA, cellulase 

Isozymes, cpDNA, mtDNA 

Isozymes, seed proteins, 

mtDI' A, nuclear single-copy 

R7LPs 

Isozymes, single-copy nuclear 

RFLPs 

Nuclear single-copy RFLPs 

Isozymes 

cpDNA 

Source 

Furnier et al. 1990 

Jorgensen 1976, Nevo et al. 

1979, 1986; Clegg et al. 1984; 

Neal et al. 1986; Holwerda et 

al. 1986 

Gepts et al. 1986; 'Koenig and 

Gepts 1989; Khairallah et al. 

1990; Singh et al. 1991a 

Pinkas et al. 1985; Hoffman et 

al. 1986; Havey and 

M,'jeaujer 1989 

Kesseli et al. 1991 

Doebley et al. 1984 

Palmer et al. 1985 



Table 2. Examples of closest wild relative of diploid species identified or confirmed using molecular and biochemcal markers 

Crop 

I Peanut (Arachishypogea) 

2 Pearl millet (Pennisetum 

3 glaucum) 

4 Peppers: 

5 1) Capsicum baccatum 

6 var. pendulum 

7 2) C. pubescens 

8 3) C. annuum, 

9 C. frutescens, 

10 C. chinense 

S1I Rice: 

12 1) Oryza sativa 

13 2) 0. glaberrima 

14 Sorghum (Sorghum bicolor) 

15 Soybean (Glycine max) 

Closest wild relative 

A. monticola 

P. glaucum subsp. monodii 

1) C. baccatum var. baccatum 

2) C. eximium (presumably not 

the wild ancestor but a closely 

ielated species) 

3) C. annuum var. aviculare 

1) 0. rufipogon 

2) 0. breviligulata 

S. bicoor subsp. arundinaceum 

G. soja 

Markers used 

Nuclear single-copy RFLPs, 

RAPDs 

cpDNA 

Isozymes 

Isozymes, cpDNA 

cpDNA 

rDNA 

Source 

Halwar:. et al. 1991; Kochert et 

al. 1991 

Gepts and Clegg 1989 

McLeod et al. 1982, 1983 

Second 1982; Cordesse et al. 

1990; Dally and Second 1990 

Duvali and Doebley 1990 

Doyle and Beachy 1985 



Table 2. Examples of closest wild relative of diploid species identified or confirmed using molecular and biochemical markers 

Crop Closest wild relative Markers used Source 

I 

2 

Tomato (Lycopersicon 

esculentum) 

L. esculentum var. ce-asiforme Isozymes, mtDNA, nuclear 

single-copy RFLPs 

Rick and Fobes 1975; McClean 

and Hanson 1986; Miller and 

Tanksley 1990 



I Table 3. Origin of certain polyploid crops as determined by molecular and biochemical markers 

2 Crop 

3 Brassicaspp.: 

4 1) Brassicacarinata(n=17); 

5 2) B. juncea(n=18) 

6 3) B. napus (n=19) 

7 Cotton: Gossypium barbadense, 

8 G. hirsutum 

9 Potato (tetraploit): 

10 1) Solanurn tuberosum var. 

1 andigena 

Parental taxa 


1) B. nigra (n=8) x B. oleracea 


(n=9); 


2) B. campestris(n=10) x B. 


nigra (n=8)
 

3) B. oleracea(n=9) x B.
 

campestris (n=10)
 

A genome species (Old World; 


9) x D genome species (New
 

World; eS)
 

Cultivated diploid species: S.
 

goniocalyx, S. phureja,S. 

stenotomum; and a wild diploid 

Solanum species 

Markers used 

cpDNA, nuclear single-copy 

RFLPs, rDNA 

cpDNA 

cpDNA 

Source 

Palmer et al. 1983; Erickson et 

al. 1983; Song et al. 1988; 

Hosaka et al. 1990; Delseny et 

al. 1990 

Wendel 1989 

Hosaka and P-qnneman 1988a,b 



I Wheat
 
2 1) Diploid: Triticum 


3 monococcum (AA) 
4 2) Tetraploid: T. turgidum 

5 var. turgidum (AB) 

6 A genome donor 

7 B genome donor 


8 3) Hexaplcid: T. aestivum 

9 (ABD) 
10 AB genome donor 

L D genome donor 

1) T. monococcum subsp. 

aegilopoides 

2) T. turgidum var. dicoccoides 

T. urartu 

T. spelloides or related species 

3) T. turgidum var. turgadum 

T. tauschii subsp. strangulaia 

1) Isozymes 

2) cpDNA, mtDNA 

nuclear repetitive RFLPs and 
RSAPs; rDNA 

3) cpDNA, mtDNA 

lsozymes 

1) Asini and Carbonell 1986; 

Jaaska 1980, 1981 

2) Tsunewaki and Ogihara 

1988; Graur et al. 1989 

3) Dvorak and Appels 1982; 
Dvofak et al. 1988; Dvofilk 

and Zhang 1990 

3) Tsunewaki and Ogihara 

1988; Graur et al. 1989 
Asins and Carbonell 1986; 

Jaaska 1980, 1981; Nakai 1981) 

2 Table 4. Examples of studies involving molecular and biochemical markers on divergence within cultivated gene pools 

3 Crop Divergence within the cultivated gene pools Markers used Source 

4 Brassicaspp.:
 
5 B. rapa 2 groups: Indo-European (turnip, turnip rape, 
 Nuclear single-copy RFLPs Sorg et al. 1988b, 1990 

spring broccoli raab, sarson) vs. East Asian 

(pak choi, Chinese cabbage) 



I 

2 

3 

Coknmon bean 

(Phaseolusvulgaris 

L.) 

3 Middle American (Durango, Jalisco, and 

Peru) and Andean (Nueva Granada, Peru, and 

Chile) diffei-entiated by morphological, 

agronomic, and ecological characteristics 

Isozymes, phaseolin seed 

proteins 

Singh et al. 1991a,b,c 

4 

5 

Cotton (Gossypium 

hirsutum) 

Geographic differentiation that does not 

support a previous subdivision in 7 races on 

morphological grounds 

Isozymes Wendel et al. (1992); 

Hutchinson 1951 

6 Maize (Zea mays) 3 complexes of morphologicall and ecologically 

similar races: 

Isozymes Doebley et al. 1985 

1) high elevation Mexican pyramidal complex: 

e.g., Palomero Toluquefio, Chalquefio; 2) 

northern complex: e.g., Azul, Apachito; 3) 

remainder: southern and western lowland dents 

and flours: e.g., Tuxpefio. Tabloncillo 

7 

8 

Sorghum (Sorghum 

bicolor) 

Geographic differentiation that does not 

support a previous classification based on 

morphological grounds 

Isozymes Morden et al. 1989; Harlan 

and de Wet 1972 



I Table 5. Chloroplast DNA diversity in wild ancestors and cultivated descendants In crop species (from 
2 Doebley 1992) 

3 Progenitor- N TS P D Source 

4 Crop 

5 Glycine soja- 8 2 1.0 0.A7 Close et al. 1990 
6 Glycine max 46 2 1.0 0.?0 

7 Helianthusannuus wild/weedy- 11 4 1.0 0.25 Rieseberg and 
8 Helianthusannuus cultivated 23 4 0.0 0.00 Seiler 1990 

9 Hordeum vulgare subsp. spontaneum- 11 5 1.00 0.43 Clegg et al. 
10 Hordeum vulgare subsp. Yulgare 9 5 0.20 0.08 1984 

11 Hordeum ,'e!gare subsp. spontaneum- 30 3 1.00 0.45 Neale et al. 
12 Hordeum Yulgare subsp. vulgare 51 3 0.33 0.03 1988 

13 Pisum humilis- 4 6 0.67 0.43 Palmer et al. 
14 Pisum salivum 13 6 0.50 0.10 1985 

15 Sorghum bicolor subsp. arundinaceum- 6 8 1.00 0.35 Duvall and 
16 Sorghum bicolor subsp. bicolor 3 8 0.13 0.06 Doebley 1990 

17 Zea mays subsp. parviglumis var. parviglumis- 31 3 1.00 0.38 Doebley 1990 
18 Zia mays subsp. mays 80 3 0.67 0.22 



2 

a N: number of accessions analyzed; TS: total number of polymorphic sites; P. proportion of total sites that are polymorphic: D. diversity, 

i.e. average probability that two cpDNAs wili differ at a polymorphic site (Clegg et al. 1984) 
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Table 6. Trends in genetic diversity in Phaseolusvulgaris based on isozyme, RFLP, and M13
homologous sequences (Koenig and Gepts 1989; Singh et ql. 1991b; V. Becerra, G. Sonnante, T. 
Stockton, and P. Gepts, unpubl. results) 

Average heterozygosity 

N Isozymp.sa RFLPSb M 13c 

4 

5 

Middle American 

Andean 

Wild 

Cultivated 

Wild 

Cultivated 

I1 

36 

!1 

26 

0.13 

0.09 

0.07 

0.03 

0.33 

0.27 

0.25 

0.27 

0.24 

0.20 

0.20 

0.16 

6 a 19 loci; b 13 probes for nuclear sequences, 3 restriction enzymes; c I probe, I restriction enzyme 

'j 



1 
 Fig. 1. Canonical discriminant analysis of morpho-agronomic diversity in the Middle 
2 American gene pool of Phaseolusvulgaris (from Singh et al. 1991a) 
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