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Abstract

The effect of natural selection on microsatellite simple sequence repeat (SSR) alleles was investigated in two distinct
common bean (Phaseolus vulgaris) generations (F8 and F24) derived from the cross between the P. vulgaris cultivars
Carioca MG x ESAL 686. The F2 segregant population was propagated by the bulk method and 107 plants were sam-
pled in two generations (F8 and F24). Each plant generated one family which was replicated by the bulk method to F8:11

and F24:27 families from which DNA was extracted. Thirty pairs of microsatellite primers were polymorphic for the par-
ents and the bulk of the F24:27 families. Out of 30 loci selected by natural selection, 29 microsatellite alleles came from
the Carioca MG parent and one allele came from the ESAL 686 parent. Natural selection affected all the generations
and its intensity was specific for each locus and generation. Therefore all the alleles selected at each locus must be
important for adaptation in a breeding program.
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Introduction

During the production of a common bean (Phaseolus

vulgaris) segregant population by the bulk method natural

selection acts to select the most adapted plants (Hamblin,

1977; Silva et al., 2004). Such processes also occur in other

species (Suneson, 1956; Allard and Jain 1962) and there is a

general need to ascertain whether this selection acts in the

direction desired by the breeders or against their interest be-

cause it is known that for certain traits (e.g. seed weight and

plant growth habit and cycle) that selection does not always

occur in the required direction (Gonçalves et al., 2001). It

has been shown that for grain yield natural selection con-

tributes to maintaining the most productive individuals

(Hamblin, 1977; Allard, 1988; Corte et al., 2002) but for

traits such as growth habit and weight of 100 seeds natural

selection maintains a predominance of plants with indeter-

minate growth habit and smaller seeds (Gonçalves et al.,

2001).

Higher adapted plants are selected by natural selec-

tion through modification of many morpho-agronomical

trait which can be easily assessed by molecular markers.

These markers are identified by changes in their allelic fre-

quencies in the population under the effect of natural selec-

tion (Allard, 1988; Allard, 1999). The allelic frequency

change on self-pollinated populations allows the estimation

of the coefficient of relative fitness for each genotype of a

given gene or marker locus (Allard and Workman, 1963;

Allard and Hansche, 1964; Allard et al., 1968; Hedrick,

1999).

The object of the study described in this paper was to

identify microsatellite alleles affected by natural selection

in two distinct generations of a segregant P. vulgaris popu-

lation produced by the bulk method.

Materials and Methods

For this study we used a segregant population derived

from a cross between P. vulgaris cultivars Carioca MG and

ESAL 686. The Carioca MG cultivar has an indeterminate

type II growth habit, a normal cropping-cycle producing

small cream colored seeds with a brown-striped tegument

and carries the Co.2 allele for resistance to some races of

the anthracnose fungus Colletotrichum lindemuthianum

and is susceptible to angular leaf spot caused by the fungus

Phaeoisariopsis griseola. The ESAL 686 cultivar has a de-

terminate type I growth habit, an early 80-day cropping cy-

cle producing large seeds with a yellow tegument and is

resistant to angular leaf spot. Corte et al. (2002) crossed

these two parents and produced the F2 to F18 generations

and this was carried forward by Gonçalves et al. (2001)

who produced the F19 to F24 generations. The segregant

populations were advanced by the bulk method in three lo-

cations in central southern Minas Gerais, state, Brazil. At
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harvest, in each generation, a sample of seed from each

population was used to obtain the next generation.

For our study we used both parents, the 107 families

derived from the F8 (F8:11) generation and 107 families de-

rived from the F24 (F24:27) generation, these families having

been used in field assessments by Silva et al. (2004). We

sowed 15 seeds from each family in a tray and a sample of

young leaves was taken for the DNA extraction through a

procedure similar to that described by Nienhuis et al.

(1995). The microsatellite reaction was carried out in a

Mastercycler Gradient 5331 Eppendorf version 2.2231-09

using 105 pairs of microsatellite primers, of which 37 (12

polymorphic) were developed by Yu et al. (2000) for

Phaseolus vulgaris and 68 (18 polymorphic) pairs by

Gaitán-Solís et al. (2002). The PCR reaction began with

DNA denaturation at 95 °C for 2 min followed by 32 cycles

of denaturation at 94 °C for 20 s, annealing at from 46 to

68 °C (depending on the primer) for 20 s, and elongation at

72 °C for 20 s, with a final elongation at 72 °C for 10 min.

After amplification the reaction products were separated by

agarose gel (2 to 2.5% w/v) electrophoresis, stained with

ethydium bromide (0.5 µg/mL) and photographed under ul-

traviolet light with a digital camera.

The genotypic proportions of the two generations

were compared for each primer by the χ2 test. Let A1 be the

DNA fragment (allele) derived from the Carioca MG par-

ent and A2 the allele derived from the ESAL 686 parent,

both amplified by one of the primers used. Thus in the j-th

segregant generation j = 1 corresponding to F8 and j = 2 cor-

responding to F24 the i-th genotypes occur, and i = 1 corre-

sponding to A1 A1, i = 2 corresponding to A1 A2 and i = 3

corresponding to A2 A2. Represented by nij the number ob-

served in the i-th genotype in the j-th generation, the ex-

pected corresponding number is given by e
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tained.

Considering that the estimate of the P. vulgaris natu-

ral crossing rates in the region is approximately T = 0.005

(Pereira Filho and Cavariani, 1994; Marques Júnior and

Ramalho 1995), and the rates of self-pollination S = 1 - T =

0.995, the genotypic frequencies were estimated for each

primer pair (locus). Taking A1 and A2 in each locus, the

genotypic frequencies estimated in the n and n + 1 genera-

tion are given by expressions (Allard et al., 1968):
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Considering the coefficient of relative fitness on the

A1 A1 genotype as ω1, on the A2A2 genotype as ω3, on the

A1 A2 genotype asω2 = 1.0, the coefficients of accumulated

relative fitness were estimated from F2 to F8 and from F8 to

F24 using the expressions (Allard and Hansche, 1964;

Hedrick, 1999):
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where P and O1 are proportions of A1 A1 in the n and n + 1

generations, respectively; H and O2 proportions of A1 A2 in

the n and n + 1 generations, respectively; R and O3: propor-

tions of A2 A2 in the n and n + 1 generations, respectively.

The genotypic proportions of generation n are expected in

F7 in the absence of natural selection. In the F23 generation,

they are expected from the proportions observed in F8, also

admitting the absence of natural selection.

The estimates of the mean of the coefficients of rela-

tive fitness �
1

and �
3

were obtained iteratively, from F2 to

F8 and from F8 to F24 (Jain and Allard, 1960). The goodness

of fit of the estimates was performed by the χ2 test involv-

ing the expected genotypic frequencies from F2 to F8 and

from F8 to F24, estimated by the expressions (Allard and

Hansche, 1964; Allard et al., 1968; Hedrick, 1999):
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In these expressions the proportions can be trans-

formed into equalities by division of the sum of the terms to

the right of the proportionality sign for each genotype (n

generation) by the sum of the term on the right side of the

three genotypes, that is the sum of the frequencies of the

three genotypes in generation n.

Results and Discussion

We found that 30 of the 105 primer pairs presented

polymorphisms like that of the DNA fragments amplified

by the X74919 primer (Figure 1). Among these 30 primers,

12 developed by Yu et al. (2000) amplified fragments that

were mapped on five different chromosomes, indicating
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that natural selection probably acted throughout the P.

vulgaris genome (Table 1).

In the absence of selection, the expected F8 propor-

tions, considering the average cross-pollinating rate in our

region (T = 0.005), are 0.4938 A1A1; 0.0124 A1A2 and

0.4938 A2A2 and, in F24 are 0.4975 A1A1; 0.0050 A1A2 e

0.4975 A2A2 (Allard et al., 1968). It can be seen that the ef-

fect of natural selection occurred in the first generations of

selfing up to the F8 generation and also in the more

advanced plant generations, since the observed genotypic

frequencies changed from F8 to F24 in 29 of the 30 micro-

satellite loci (Table 1). In the absence of natural selection

the differences among the expected numbers of genotypes

in F8 and F24 are very small and would not be detected sta-

tistically (χ2 = 0.3400; p = 0.8437). Therefore it was ascer-

tained that natural selection acted on all the microsatellite

polymorphic loci.
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Figure 1 - Pattern of microsatellite bands amplified by the X74919

primer. From the left: first column Carioca MG; second column ESAL

686; the third column to the last column show the F8:11 generation families

81 to 100.

Table 1 - Number observed of the genotypes for the amplified microsatellite fragments in the F8 and F24 generations of a P. vulgaris cultivar Carioca MG

and ESAL 686 cross and comparison of the two populations by the χ2 test. The table shows the results for 30 microsatellite primers.

Primer F8 generation F24 generation χ2 a/

A1A1 A1A2 A2A2 A1A1 A1A2 A2A2

BM139 81 14 12 103 3 1 19.0558***

BM141 63 8 36 87 20 0 44.9829***

BM143 56 32 19 82 8 17 19.4097***

BM149 86 0 21 106 1 0 24.0833***

BM152 77 21 9 103 3 1 23.6556***

BM154 54b 0 53 105b 0 2 63.6494***

BM156 32 40 35 93 3 11 74.1269***

BM157 95 7 5 91 15 1 5.6618*

BM160 81 13 13 107 0 0 29.5957***

BM164 79 24 4 107 0 0 32.2151***

BM165 61 5 41 85 0 22 14.6754***

BM172 69 29 9 92 14 1 14.9183***

BM175 60 18 29 107 0 0 60.2275***

BM201 92 3 12 78 0 29 11.2017***

BM205 83 0 24 98 0 9 8.0613**

BM210 81 4 22 99 1 7 11.3586***

BM211 81 0 26 96 0 11 7.3523**

GATS91 38 19 50 69 12 26 18.1409***

JO1263 90 0 17 107 0 0 18.4670***

JO4555 67 21 19 82 0 25 23.3282***

K03289 70 20 17 99 5 3 23.7763***

M75856 74 0 33 105 0 2 32.8259***

U18349 72 0 35 107 0 0 41.8436***

U77935 88 0 19 96 4 7 9.8863**

X52626 88 0 19 107 0 0 20.8513***

X57022 77 0 30 103 1 3 26.8465***

X60000 14 0 93 15 0 92 0.0399ns

X61293 48 2 57 100 2 5 61.8832***

X74919 53 41 13 97 4 6 45.9078***

X96999 85 0 22 104 0 3 16.3501***

a/ns = p = 0.84; * = p ≤ 0.05; **= p ≤ 0.01; *** = p ≤ 0.001; bnumber of F8 and F24 families without an amplified DNA fragment.



We observed that most of the polymorphic loci were

selecting the fragment derived from the Carioca MG par-

ent. This was expected because Carioca MG is more

adapted than the ESAL 686 parent (Ramalho and Abreu,

1998; Singh, 1992). Only one exception was detected in lo-

cus X60000 where the fragment from the ESAL 686 parent

was selected associated to greater adaptability in this geno-

mic region.

It is important to emphasize that the DNA fragment,

amplified by the SSR BM154 primer, was observed only in

the ESAL 686 parent. As no band was observed in the Cari-

oca MG parent or in the segregant families, it might be a

dominant marker (Liu et al., 2001; Silva et al., 2003). Fur-

thermore in the majority of the cases the absence of the

marker in the F24 generation means that the presence of the

DNA fragment amplified in the ESAL 686 line is associ-

ated with less adaptation than its absence in the Carioca

MG parent.

Of the primers developed by Yu et al. (2000) that

identified polymorphism in the parents, three came from

genes. The primer U77935 came from the gene coding the

DNA J-like protein, the KO3289 primer came from a fam-

ily of genes coding for lectin or phytohemagglutinin, and

the JO4555 primer came from the protein kinase-1 gene.

The kinase 1 proteins are correlated with metabolic and cell

processes including Acetil CoA-carboxilase (Halford et al.,

2003). Lectin and phytohemagglutinin are glycoproteins

present in the cotyledons and seed endosperms (Diaz et al.,

1999). The DNA J-like protein is similar to the ARG1 gene

related to signal transduction in Arabidopsis seeds (Guan et

al., 2003) and is also related to the luminous effects occur-

ring in the roots of this plant.

Gaitán-Solís et al. (2002) observed microsatellite

flanking sequences that show homology at nucleotide level

to four sequences of P. vulgaris microsatellites isolated in

MADs clones. In plants the MAD box proteins seem to be

related mainly to the genetic control of flower development

(Greco et al., 1997) and it has been strongly suggested for

the control of the flower development regulatory chain con-

served during plant evolution (Ma, 1994; Theissen and

Saedler, 1995).

The data on the association of several microsatellites

with different genes whose products take part in different

metabolic pathways in the plant allows the inference that

their products are affected by natural selection and reflect

in the alterations in the genotypic frequencies in the micro-

satellite loci.

Since the two populations were derived from a two-

parent cross we assumed that the allelic frequencies in all

the segregant loci were 0.5 in the F2 generation and they

should remain unchanged in the absence of natural selec-

tion. In the F8 generation there was an increase in the allele

frequency of 25 microsatellite loci derived from the Cari-

oca MG parent (Table 2), indicating that natural selection

favored plants that carried these alleles, while in four loci

(X61293, GATS91, BM154 and BM156) there was no

alteration in allelic frequencies or only a slight natural se-

lection effect favoring the alleles derived from the ESAL

686 parent and only for the X60000 loci did selection mark-

edly favor the allele derived from ESAL 686.

In the F24 population all 30 microsatellite loci were af-

fected by natural selection (Table 2), with the selection fa-

voring the Carioca MG parent in 29 loci and only the

X60000 allele keeping the allelic frequencies observed in

the F8 population. When the F8 and F24 populations were

compared, they showed different allelic frequencies in 29

loci, indicating that natural selection acted not only up to

the F8 generation but also from the F8 to the F24 generation,
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Table 2 - Estimates of the allele frequencies observed in F8 and F24

generations of a P. vulgaris cultivar Carioca MG and ESAL 686 cross.

The table shows the results for 30 microsatellite primers.

Primer Observed frequency - F8 Observed frequency - F24

Carioca MG

Allele

ESAL 686

Allele

Carioca MG

Allele

ESAL 686

Allele

BM139 0.8224 0.1776 0.9766 0.0234

BM141 0.6262 0.3738 0.9065 0.0935

BM143 0.6729 0.3271 0.8037 0.1963

BM149 0.8037 0.1962 0.9953 0.0047

BM152 0.8178 0.1822 0.9766 0.0234

BM154 0.5047 0.4953 0.9813 0.0187

BM156 0.4860 0.5140 0.8832 0.1168

BM157 0.9206 0.0794 0.9206 0.0794

BM160 0.8178 0.1822 1.0000 0.0000

BM164 0.8505 0.1495 1.0000 0.0000

BM165 0.5935 0.4065 0.7944 0.2056

BM172 0.7804 0.2196 0.9252 0.0748

BM175 0.6449 0.3551 1.0000 0.0000

BM201 0.8738 0.1262 0.7290 0.2710

BM205 0.7757 0.2243 0.9159 0.0841

BM210 0.7757 0.2243 0.9299 0.0701

BM211 0.7570 0.2430 0.8972 0.1028

GATS91 0.4439 0.5561 0.7009 0.2991

JO1263 0.8411 0.1589 1.0000 0.0000

JO4555 0.7243 0.2757 0.7664 0.2336

K03289 0.7477 0.2523 0.9486 0.0514

M75856 0.6916 0.3084 0.9813 0.0187

U18349 0.6729 0.3271 1.0000 0.0000

U77935 0.8224 0.1776 0.9159 0.0841

X52626 0.8224 0.1776 1.0000 0.0000

X57022 0.7196 0.2804 0.9673 0.0327

X60000 0.1308 0.8692 0.1402 0.8598

X61293 0.4579 0.5421 0.9439 0.0561

X74919 0.6869 0.3131 0.9252 0.0748

X96999 0.7944 0.2056 0.9720 0.0280



favoring the alleles from the Carioca MG parent at different

intensities. Only the genomic region, amplified by the

X60000 primer in the ESAL 686 parent, was selected and

only in the first segregant generations up to F8.

Variable effects from natural selection in different

gene loci for different traits and in different generations

have been reported by various authors (Jain and Allard,

1960); Allard and workman, 1963; Allard and Hansche;

1964; Allard et al., 1968) and natural selection effects have

also been reported in studies using enzymatic markers

(Allard, 1975; Allard, 1990; Allard et al., 1992; Allard

1999), all these authors having suggested that the alleles fa-

vored by natural selection are associated with greater adap-

tations to particular environments.

The fact that natural selection is predominant in fa-

voring allele from the Carioca MG parent is in line with the

fact that in Brazil this cultivar is grown in most of the area

cropped with P. vulgaris and indicates not only the high ac-

ceptance of this cultivar but also its greater adaptability

(Ramalho and Abreu, 1998). The high yield produced by

the Carioca MG cultivar is seen not only in Brazil but also

in several other countries and is probably due to the greater

tolerance to acid soils shown by this cultivar (Singh, 1992).

However, it is also important to note that the Carioca MG

cultivar has smaller seed than the ESAL 686 cultivar, which

certainly was one of the reason why natural selection fa-

vored some of the genomic regions of the Carioca MG

cultivar. The small seed size is selected by natural selection

in segregant populations (Gonçalves et al., 2001), but,

however, this trait is not the only reason for the higher

adaptability of the Carioca MG cultivar. The increase of

grain yield due to natural selection was higher than that ob-

tained by artificial selection in the population used in this

study as well as in other populations, and this trait is di-

rectly and indirectly dependent on a high number of genes

spread throughout the genome (Corte et al., 2002; Silva et

al., 2004).

Estimates of the coefficients of relative fitness

The estimates of ω1 and ω3 smaller than 1.0 indicate

that natural selection acted to reduce the frequencies of

these genotypes compared to the heterozygote, which

showed greater adaptability. On the other hand, estimates

greater than 1.0 indicate that selection increased the homo-

zygote frequency compared to the heterozygote frequency,

which in this case would be less adapted (Hedrick, 1999).

The values of the coefficients of accumulated relative

fitness from F7 to F8 ranged from 0.0202 to 0.732 forω1 and

0.0042 to 0.7186 for ω3 (Table 3). It is important to point

out that these accumulated coefficients refer to the effect of

natural selection on the homozygotes from the F2 genera-

tion to the F7, i.e. six generations. Although the amplitudes

were similar for both, indicating variable selection intensity

on adaptation allele associated to each microsatellite locus,

we found that the mean ω1 accumulated coefficient

(0.1944) was greater than ω3 (0.0982), indicating that natu-

ral selection was more intense on the homozygote for the

alleles from the ESAL 686 line (A2A2). We observed the

superiority of the heterozygote combinations because ω1

and ω3 estimates were lower than 1.0 for all the loci, and

also selection for A2A2 was less intense than for A1A1 for

only five (27.8%) loci. These estimates confirm the greater

adaptation of most of the homozygotes for alleles derived

from the Carioca MG parent.

We could not estimate the accumulated ω1 for some

primers because there were no heterozygotes, the primers

concerned being JO1263, BM211, U18349, X52626,
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Table 3 - Estimates per microsatellite locus of the coefficients of

accumulated relative fitness (ω1 and ω3) in the F8 and F24 generations of a

P. vulgaris cultivar Carioca MG and ESAL 686 cross. The table shows the

results for 30 microsatellite primers.

Primer F2 to F8 F8 to F24

ω1 ω3 ω1 ω3

BM139 0.1459 0.0216 0.1216 0.0055

BM141 0.0216 0.1135 0.0325 0

BM143 0.0441 0.0150 0.0667 0.0287

BM149 - - 0.4129 0

BM152 0.0925 0.0108 0.1243 0.0055

BM154 - - - -

BM156 0.0202 0.0221 0.3176 0.0357

BM157 0.3422 0.018 0.0096 0.0012

BM160 0.1571 0.0252 - -

BM164 0.0830 0.0042 - -

BM165 0.3076 0.2068 - -

BM172 0.0600 0.0078 0.0287 0.0011

BM175 0.0840 0.0406 - -

BM201 0.7732 0.1009 - -

BM205 - - - -

BM210 0.5106 0.1387 0.4410 0.1089

BM211 - - - -

GATS91 0.0504 0.0664 0.0637 0.0192

JO1263 - - - -

JO4555 0.0804 0.2280 - -

K03289 0.0882 0.0214 0.0993 0.0090

M75856 - - - -

U18349 - - - -

U77935 - - 0.0846 0.2890

X52626 - - - -

X57022 - - 0.5737 0.0433

X60000 - - - -

X61293 0.6051 0.7186 0.5399 0.0229

X74919 0.0326 0.0080 0.1511 0.0207

X96999 - - - -



X57022, X60000, U77935, BM205, M75856, X96999,

BM149 and BM154.

The coefficients of accumulated relative fitness var-

ied from F8 to F24 from 0.0096 to 0.5737 for ω1 and 0 to

0.2890 forω3 (Table 3). In this case theω1 andω3 estimates

included the effect of natural selection on the homozygotes

of the F8 to F23 generation, i.e. 16 generations, or 2.67 times

the number of generations compared with the F8 estimates.

A lesser amplitude was observed in the ω3 estimates

(0.2890) compared with the ω1 (0.5641) estimates, imply-

ing less oscillation in the coefficients of relative fitness for

A2A2 in the different loci. Comparing theω1 mean (0.2045)

with ω3 mean (0.0394) of the F24 generation to those of the

F8 generation , the same effect of natural selection in F8 was

observed, although with less intensity in F24, probably be-

cause of the more extreme genotypic frequencies and lower

genetic variation.

Between the two generations (i.e. F8 and F24) the ef-

fects of natural selection were more pronounced on the first

segregant generations, agreeing with the observations

made by Allard et al. (1968), and also because the geno-

typic frequencies were closer because of the greater fre-

quency of unfavorable alleles and, therefore, higher genetic

variation.

Also due to absence of heterozygotes in the F24 gener-

ation the accumulated relative fitness coefficients could not

be estimated for the following primers: JO1263, JO4555,

BM211, BM160, U18349, X52626, BM164, BM175,

X60000, BM165, BM205, M75856, BM201, X96999 and

BM154. Although heterozygotes were not detected in 12 F8

loci and in 15 F24 loci, the expected heterozygote frequency

in P. vulgaris in the absence of natural selection is 0.0124 in

the F8 generation and 0.005 in the F24 generation. These fre-

quencies are due to the reproductive system of P. vulgaris

which is predominantly self-pollinating under the environ-

mental conditions where the populations were grown. The

heterozygote loci frequencies observed in a sample of 107

plant were higher than expected, especially in the F24 gener-

ation, showing the higher adaptation of the heterozygotes.

According to Allard and Workman (1963), in favoring the

maintenance of heterozygotes the effect of natural selection

contributes to retaining genetic variability in the popula-

tion. In line with the results of our study and based on the

suggestion of Allard and Workman (1963), the population

used was evaluated for grain yield of the families in the dif-

ferent generations. Genetic gain from natural selection was

detected in far greater magnitude than those normally ob-

tained by breeders (Corte et al., 2002; Gonçalves et al.,

2001; Silva et al., 2004). Therefore, the increase in yield

due to the effect of natural selection, even in very advanced

selfing generations, is the result of the greater adaptive

value of loci in heterozygosis for this trait. Consequently it

can be inferred that the high number of microsatellite

heterozygote loci in the advanced self-pollination genera-

tions should also reflect genomic regions that contribute to

greater adaptation and especially, the alleles from the Cari-

oca MG parent.

Because only the F8 and F24 populations were avail-

able, the ω1 and ω3 relative fitness coefficients could not be

estimated by generation. However the mean coefficients of

relative fitness (�
1

and �
3
) were estimated for the two gen-

erations (Jain and Allard, 1960) using an iterative proce-

dure and the χ2 test to fit the expected genotypic

frequencies to those observed in the F8 and F24 generations.

Wide fluctuations were observed in the estimates (Table 4),

with the variation for the F8 plants ranging from 0.390 to

1.350 for �
1

and from 0.210 to 1.290 for �
3
. Similar ampli-
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Table 4 - Estimates per locus of the coefficients of mean relative fitness

(�1 and �3) in F8 and F24 generations of a P. vulgaris cultivar Carioca MG

and ESAL 686 cross. The table shows the results for 30 microsatellite

primers.

Primer Mean relative fitness - F8 Mean relative fitness - F24

�1 �3 χ �1 �3 χ

BM139 0.640 0.400 0.0192 0.560 0.290 0.0336

BM141 0.680 0.610 0.0259 0.480 0.010 0.2771

BM143 0.480 0.350 0.0361 0.535 0.482 0.0408

BM149 1.310 1.020 0.8631 0.500 0.458 1.8440

BM152 0.580 0.320 0.0167 0.575 0.316 0.0491

BM154 1.300 1.290 1.1877 0.579 0.615 0.1711

BM156 0.390 0.400 0.0030 0.600 0.530 0.0455

BM157 0.760 0.390 0.0269 0.480 0.120 0.0315

BM160 0.653 0.428 0.0444 0.768 0.253 0.0261

BM164 0.560 0.210 0.0482 0.768 0.253 0.0441

BM165 0.730 0.675 0.0469 0.600 0.703 0.6109

BM172 0.525 0.285 0.0440 0.513 0.125 0.0330

BM175 0.572 0.482 0.0442 0.768 0.253 0.0437

BM201 0.867 0.576 0.0482 0.582 0.759 0.4006

BM205 1.229 0.985 0.9359 0.503 0.631 0.6169

BM210 0.810 0.621 0.0486 0.555 0.543 0.1635

BM211 1.310 1.066 0.9521 0.505 0.642 0.6628

GATS91 0.514 0.543 0.1328 0.510 0.486 0.0456

JO1263 1.255 0.925 0.8638 0.768 0.690 0.0434

JO4555 0.560 0.400 0.0495 0.615 0.677 0.9626

K03289 0.570 0.400 0.0044 0.556 0.368 0.0465

M75856 1.305 1.130 1.0148 0.575 0.637 0.1288

U18349 1.350 1.189 1.0674 0.768 0.600 0.0199

U77935 1.198 0.909 0.9316 0.416 0.449 0.0474

X52626 1.198 0.909 0.9316 0.768 0.600 0.0109

X57022 1.227 1.036 0.9893 0.490 0.524 0.0433

X60000 0.835 1.179 0.9251 0.710 1.170 0.0305

X61293 0.809 0.831 0.2537 0.548 0.507 0.0494

X74919 0.450 0.280 0.0064 0.575 0.435 0.0467

X96999 1.265 0.995 0.8909 0.625 0.759 0.0415



tudes were observed in theω1 andω3 estimates that implied

specific selection intensities on each locus and on each ge-

notype per locus. Considering the means of the estimates of

�
1

(0.864) and �
3

(0.694), natural selection was more in-

tense in the homozygote for the ESAL 686 allele (A2A2)

than on A1A1. However, both had reduced frequencies

compared to the heterozygote, confirming its adaptive su-

periority in all the loci where it was detected. Considering

each locus, it was noted that the A1A1 homozygote was

more preserved by natural selection in 14 of the 18 loci

where the heterozygote also occurred. In the remaining four

loci the selection effect was similar on the two homozy-

gotes.

In the 12 loci where heterozygotes were not detected

in the F8 generation, the �
1

and �
3

coefficient assumed val-

ues around, or slightly greater, than 1.0, indicating absence

of natural selection on the homozygotes or even that it fa-

vored them in detriment to the heterozygotes. The greatest

�
1

and �
3

estimates occurred because the heterozygotes did

not show adaptive advantage and were eliminated due to

the predominantly self pollinating reproductive system of

P. vulgaris, and were not detected among the 107 plants

taken in this generation. Tables 2, 3 and 4 show that the al-

leles from the Carioca MG parent were selected in 10 loci,

while alleles from the ESAL 686 parent were confined to

the locus amplified by the X60000 primer. The locus ampli-

fied by the BM 154 primer was apparently unaffected by

natural selection up to the F8 generation.

The �
1

estimated in the F24 populations varied from

0.416 to 0.768 and those of �
3

from 0.01 to 1.170. The

means of these estimates showed that natural selection

acted in a similar fashion up to the F8 generation, although

it was apparently more intense especially in the heterozy-

gous loci. Nevertheless, these estimates must contain great

sampling errors, mainly because they were obtained using

the observed frequencies as a reference. Among them are

the heterozygous and homozygous genotypes for the allele

of the ESAL 686 parent which occurred at very low fre-

quencies and certainly did not represent what was actually

happening in the population of 107 F24 plants (Tables 2, 3,

and 4). An indication of the large errors in the coefficients

of relative fitness estimates for the F24 generation is also

shown by the weak association between ω1 and �
1

(r = 0.39*) and ω3 and �
3

(r = 0.76**). The F8 generation

estimates are much more reliable because they showed

much higher associations, between ω1 and �
1

(r = 0.86**)

and ω3 and �
3

(r = 0.91**).

It is important to mention that, although the mean co-

efficients of relative fitness explain the phenotypic propor-

tions observed in F8 and F24, the coefficients that occur in

each segregant generation probably oscillate around the

mean values. The reasons for these oscillations were

mainly the different environmental conditions where the

populations were grown. These conditions corresponded to

three locations in Minas Gerais State and three cropping

seasons: winter, rainy season and dry season, over a period

of 8 years and represent the P. vulgaris cultivation condi-

tions. In this phase of generation advance, the population

was conducted in bulk, using about 1000 plants per genera-

tion/environment, thus reducing sampling oscillations.

Sharp oscillations in the relative fitness coefficients per cy-

cle have been observed for P. vulgaris by Allard and Work-

man (1963), Secale cereali (rye) by Jain and Allard (1960)

and in Phaseolus lunatus (lima bean) by Allard and

Hansche (1964), all self-pollinating species similar to P.

vulgaris in terms of reproductive system.

It is important to highlight that the microsatellite frag-

ments selected by natural selection can be used as markers

by the breeder to perform assisted selection, because they

are in genomic regions probably associated to alleles of

greater adaptation (Allard, 1999). Thus it is expected that

genotype selection in segregant populations, homozygous

for the alleles selected by natural selection, contribute to in-

creasing the adaptation of the lines to be selected, in face of

the impossibility of direct assessment of adaptability.

In conclusion our work shows that natural selection

affected all the microsatellite segregant loci and the allelic

frequencies of the most adapted parent were increased in 29

of the 30 loci. We also found that natural selection intensity

was specific for each microsatellite locus and generation.

From our results it can be inferred that in P. vulgaris 30 or

more loci must affect adaptation due to the action of natural

selection throughout the genome. The data presented in this

paper suggest that microsatellite alleles selected by natural

selection might be useful in assisted selection to increase

adaptability.
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