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ABSTRACT
The relation between the level of genetic variation and the rate of recombination per physical unit was

investigated in sea beet (Beta vulgaris subsp. maritima). The rate of recombination per physical unit was
estimated indirectly through marker density in an RFLP linkage map of sugar beet. From this map, we
also selected RFLP markers covering two of the nine chromosomes in Beta. The markers were used to
estimate the level of genetic variation in three populations of sea beet, two from Italy and one from
England. Two estimates of genetic variation were employed, one based on the number of alleles in the
sample and the other on heterozygosity. A statistically significant positive correlation was found between
recombination rate and genetic variation. Several theoretical explanations for this are discussed, back-
ground selection being one. A correlation similar to this has been observed previously in Drosophila, one
that was higher than what we obtained for Beta. This is consistent with various biological differences
between the two species.

GENETIC variation and the level of recombination three explanations, the reduction in genetic variation
per physical unit have been shown repeatedly to at linked neutral loci is stronger in genomic regions in

be positively correlated in natural populations of Dro- which recombination is restricted. This could create a
sophila melanogaster (Aguadé et al. 1989; Stephan and correlation between recombination rate per physical
Langley 1989; Begun and Aquadro 1992; Aquadro unit and level of genetic variation.
et al. 1994). A strictly neutral explanation of these obser- To detect a correlation of this sort, one needs esti-
vations would require that recombination rates corre- mates both of the recombination rate per physical unit
late positively with mutation rates. However, such a cor- and of the level of genetic variation in several regions
relation would also lead to a correlation between of the genome. Although estimates of genetic variation
recombination rates and divergences between sibling are readily obtained in almost any organism, the rate
species, which has not been detected (Begun and Aqua- of recombination per physical unit is much more diffi-
dro 1992). At least three different explanations for the cult to estimate. Direct estimation of recombination
correlation between recombination rates and genetic rates per physical unit is possible for species for which
variation in Drosophila have been proposed. The first, both a genetic and a physical map exist. The distribution
genetic hitchhiking, is when variation at a neutral locus of markers on the genetic map alone can be used, how-
becomes reduced due to a selective sweep at a linked ever, to estimate recombination rates per physical unit
locus (Maynard Smith and Haigh 1974; Kaplan et al. indirectly (Nachman and Churchill 1996). Using this
1989; Begun and Aquadro 1992; Stephan et al. 1992; approach, a positive correlation between recombination
Wiehe and Stephan 1993; Aquadro et al. 1994; Hud- and variation has been detected in mouse (Nachman

son 1994; Braverman et al. 1995). According to the 1997). Because that study involved only four loci, how-
second explanation, background selection, selection ever, it is difficult to say whether a general correlation
against deleterious mutations, decreases the genetic between recombination level and genetic variation in
variation at linked neutral loci (Charlesworth et al. mouse exists.
1993; Hudson and Kaplan 1995; Charlesworth 1996; It is of considerable interest to determine whether a
Charlesworth and Guttman 1996; Nordborg et al. correlation between recombination and genetic varia-
1996). The third explanation is that a temporal fluctua- tion exists in species other than Drosophila and possibly
tion in selection coefficients decreases the genetic varia- mouse. Recently, Halldén et al. (1996) developed a
tion at linked neutral loci (Gillespie 1994). For all high-density RFLP linkage map of sugar beet (B. vulgaris

subsp. vulgaris), making it possible to estimate recombi-
nation rates per physical unit in the beet genome. In
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the estimator ûH 5 H/(1 2 H), where H is the expected het-genome in the sugar beet and its wild relative, the sea
erozygosity (Crow and Kimura 1970).beet (B. vulgaris subsp. maritima), are similar. These

Estimation of recombination rates: Recombination rates per
assumptions are supported by three observations. First, physical unit across the two selected linkage groups were esti-
hybrids between sea beet and sugar beet show no de- mated as proposed by Nachman and Churchill (1996). If

RFLP markers are uniformly distributed along the chromo-crease in fertility. Second, sugar beet RFLP markers have
some, chromosomal regions with low recombination ratesbeen shown to produce clear, single-copy hybridization
have markers tightly clustered on the genetic map, whereaspatterns when hybridized to DNA from sea beet (Hjer-
regions with high recombination rates have longer map dis-

din et al. 1994). Third, sugar beet was only domesticated tances between markers. Under such conditions, marker den-
from wild sea beet fairly recently and introgressions sity on the genetic map is inversely proportional to regional

recombination rates and can be used to estimate local varia-from the sea beet to the sugar beet genome have oc-
tions in recombination rates along linkage groups. We madecurred on many occasions since (Bosemark 1978). In
use of the RFLP linkage map of Halldén et al. (1996) tothe present study, RFLP clones from sugar beet are used estimate marker densities for linkage groups 1 and 3. Marker

to examine genetic variation in natural populations of density for each marker was estimated using a cosine kernel
sea beet and to investigate whether a correlation exists function in a region 65 cM from the specific marker (Sil-

verman 1986). The inverse of these marker densities is propor-between regional recombination rates and levels of ge-
tional to the recombination rate per physical unit around thenetic variation.
marker. These values were scaled to fit the number of map
units per Mb for each chromosome. The number of base pairs
per chromosome was derived from Bennet and Smith (1976),
all the chromosomes in Beta being assumed to be of equalMATERIALS AND METHODS
size (Bosemark and Bormotov 1971). Estimates of local re-

Plant material: Sea beet, B. vulgaris subsp. maritima, is a combination rates become less reliable near the ends of the
diploid (2n 5 18), outcrossing, and self-incompatible (Larsen linkage groups. We tried to minimize this effect by using a
1977) species belonging to the family Chenopodiaceae. Seeds reflecting boundary as outlined by Silverman (1986).
were collected from three natural populations, one from Corn- Correlation analysis: The Spearman rank correlation be-
wall in England and two from the coast of northeastern Italy. tween estimates of recombination rates and levels of genetic
The two Italian populations were from locations z100 km variation was calculated separately for each combination of
apart. The seeds were grown in a greenhouse, and for each linkage group, population, and enzyme. We also calculated
population 11 seedlings, each having different seed parents, correlation coefficients for the combined datasets. When the
were selected for further analysis. data were combined, several estimates of genetic variation

RFLP analysis: Total genomic DNA was isolated and quanti- were obtained for each marker, e.g., from different popula-
fied as described in Halldén et al. (1996). Restriction-enzyme tions and/or restriction enzymes. For datasets that included
digestions, electrophoresis on agarose gels, and Southern blot- observations that were not independent, one-sided signifi-
ting were performed according to Halldén et al. (1996). DNA cance levels of the correlation coefficients were calculated,

using a resampling method. Keeping the observations of ge-from the plants selected was digested in single digests by EcoRI
netic variation fixed for the different markers, the recombina-and EcoRV. Hybridizations were performed using all of the
tion rates were shuffled 2000 times, the correlation betweenclones that mapped to the first or the third linkage group in
the recombination rate and the level of variation being calcu-one of the two mapping populations utilized in Halldén et
lated each time. The probability of the observed correlational. (1996). This map contained a total of 413 markers and
was estimated then by comparison with the simulated distribu-was constructed using two populations, of 222 and 133 F2

tion.individuals, respectively.
Estimation of genetic variation: Two linkage groups from

the Halldén et al. (1996) linkage map were selected for the
study. Both linkage groups show clear differences between RESULTS
regions in the density of markers. All the RFLP clones used
had been shown previously to map to single loci (Halldén The distribution of recombination rates along the
et al. 1996). RFLP markers that produced weak bands or multi- first and third linkage groups of the sugar beet map of
banded patterns that were not possible to interpret genetically

Halldén et al. (1996) was estimated from the distribu-
were excluded from the statistical analysis. For the final analy-

tion of markers. In the first linkage group, recombina-sis, 27 and 24 markers remained for linkage groups 1 and 3,
tion was clearly suppressed in the middle, increasingrespectively.

Genetic hitchhiking and background selection models further outward and decreasing finally at the very ends.
quantify the reduction in genetic variation as a reduction in The third linkage group showed a similar pattern, but
u. This parameter, used frequently in population genetics, is without any indication of decreased recombination at
defined as u 5 4Nm, where N is the effective population size

the ends (Figure 1).and m the neutral mutation rate. We used two estimators of
As expected (Donnelly and Tavaré 1995), estimatesu, one based on heterozygosity, ûH, and the other, ûk, based

of u showed considerable variance, even among adjacenton the number of distinct alleles. Because our data do not
include information on restriction site variation, fragment markers (Figure 2). The variance appears mainly due
lengths were used to define alleles. According to the infinite to real differences between loci and populations, be-
allele model, the expected number of alleles in a sample is cause the sampling variances were much lower than theo2n21

i50 (u/u1i), where n is the number of diploid individuals
variances among the estimates.in the sample (Ewens 1972). By solving this equation for u,

Markers from linkage group 1 were used to analyzea method-of-moment estimator for u is obtained. Analogously,
the expected sample heterozygosity is 1/(1 1 u), which yields the two Italian populations, whereas markers from link-
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1241Recombination and Genetic Variation

Figure 1.—Recombination rate per physical unit (cM/Mb) as a function of map position (cM) for the first (a) and third
linkage groups (b) of Halldén et al. (1996). The markers used in this study are represented by solid squares, whereas all the
other markers in the map of Halldén et al. (1996) are represented by open squares.

age group 3 were used for both the Italian and the each of these datasets, Spearman rank correlation coef-
ficients between recombination rates and both ûH and ûkEnglish populations. All DNA samples were digested

separately by two different restriction enzymes, EcoRI were calculated (Table 1). The correlation coefficients
were all positive, except in one case for ûk and in twoand EcoRV, allowing estimates of u to be obtained from

four nonindependent datasets in the case of linkage cases for ûH. For all datasets, recombination rates were
more strongly correlated with ûk than with ûH. The onlygroup 1 and from six datasets for linkage group 3. For

Figure 2.—ûH for linkage groups 1 (a) and 3 (b), and ûk for linkage groups 1 (c) and 3 (d), as a function of recombination
rate per physical unit (cM/Mb). The open squares represent mean estimates for the two enzymes in the Italian population A,
the solid squares the Italian population B, and the triangles the English population.
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TABLE 1

Correlation coefficients between h and recombination rate per physical unit

Linkage group 1 Linkage group 3

Population Enzyme ûk ûH ûk ûH

Italy A EcoRI 0.372 0.222 0.158 0.001
(0.034) (0.143) (0.079) (0.498)

Italy A EcoRV 0.279 0.112 0.237 0.145
(0.110) (0.315) (0.189) (0.296)

Italy B EcoRI 0.394 0.267 0.196 0.051
(0.026) (0.098) (0.234) (0.426)

Italy B EcoRV 20.018 20.072 0.013 20.029
(.0.5) (.0.5) (0.481) (.0.5)

England EcoRI 0.307 0.209
(0.082) (0.175)

England EcoRV 0.196 0.012
(0.191) (0.479)

Total 0.259 0.127 0.181 0.081
(0.035) (0.132) (0.174) (0.374)

Correlations are shown for all combinations of restriction enzyme and population, and when all combinations
are pooled. Corresponding P values are shown in parentheses.

statistically significant correlations (P , 0.05) among sets, recombination rates were more strongly correlated
the separate datasets were between recombination rates with ûk than with ûH. This is not unexpected, because
and ûk for linkage group 1 when DNA from the Italian ûH is known to use very little of the information con-
populations was cut by EcoRI. tained in the sample and to have large variance (Ewens

In testing for correlations in the combined datasets, 1972; Donnelly and Tavaré 1995).
due consideration should be given to the fact that the The theory of neutral evolution predicts that the ex-
different datasets are dependent. Accordingly, permuta- pected degree of variation within populations, at a given
tion methods were used to establish P values for the locus, depends on the population size and the neutral
combined datasets (Table 1). Linkage group 1 showed a mutation rate (Kimura 1983). Our data could therefore
significant positive correlation between recombination also be explained by higher mutation rates in regions of
and ûk, whereas linkage group 3 gave positive but nonsig- high recombination rates. However, if such a correlation
nificant correlation coefficients. When the two linkage between recombination rates and mutation rates exists,
groups were combined, the recombination rates were we would also expect a correlation between recombina-
significantly correlated with ûk (r 5 0.226, P 5 0.007), tion rates and divergence between species. In contrast,
and nonsignificantly with ûH (r 5 0.117, P 5 0.084). the background selection and genetic hitchhiking mod-

els do not predict any correlation between recombina-
tion per physical unit and divergence. We have there-

DISCUSSION fore reanalyzed the data from Hjerdin et al. (1994),
which include RFLP data for several different speciesWe obtained positive correlations between estimates
of the genus Beta. Twelve of the single-copy markersof recombination rates and u in wild beet populations.
used in that study have been mapped (Halldén et al.Ten different datasets were investigated. Except for two
1996). For these 12 markers we calculated the diver-with correlation coefficients close to zero, all showed
gence (Equations 5.52–5.55 in Nei 1987) between B. vul-positive correlations. When all the datasets were com-
garis subsp. maritima and B. macrocarpa, a close relativebined, the overall correlation found between recombi-
of maritima (data not shown). Recombination rates pernation rates and uk was highly significant (r 5 0.226,
physical unit for the same set of markers were estimatedP 5 0.007). Because the correlation coefficients for most
using the same formula as for the markers used in theof the datasets were positive, the overall significant result
present study. Spearman correlation coefficient be-is not due to simply one of the datsets. The results are
tween recombination and divergence was slightly nega-in agreement with theoretical predictions (Kaplan et
tive, but nonsignificant (r 5 20.02) for this data set,al. 1989; Stephan et al. 1992; Charlesworth et al. 1993,
whereas the correlations between recombination and1995; Hudson and Kaplan 1995; Nordborg et al. 1996)
variation within B. vulgaris subsp. maritima and withinand with previous observations in Drosophila (Aguadé

B. macrocarpa were both positive and nonsignificant (r 5et al. 1989; Stephan and Langley 1989; Begun and
Aquadro 1992; Aquadro et al. 1994). For all the data- 0.07 and 0.05, respectively). Thus, the significant corre-
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lation between recombination rates and levels of genetic Probably much more important than these method-
ological factors are the biological differences betweenvariation found in the present study cannot be ex-

plained by a correlation between recombination rates Beta and Drosophila. A key parameter in determining
the effect of background selection and genetic hitchhik-and mutation rates. Instead, our data are most easily

explained by models such as background selection and ing is the rate of mutations to nonneutral variants per
map unit (Kaplan et al. 1989; Stephan et al. 1992;genetic hitchhiking.

Begun and Aquadro (1992) and Aquadro et al. Charlesworth et al. 1993). In addition, the relation
between the nonneutral mutation rate and the decrease(1994) report a much stronger correlation than was

found here between recombination rate and level of in neutral variation at linked loci is nonlinear, showing
a positive and increasing slope (Charlesworth et al.genetic variation in D. melanogaster. There are several

possible explanations, methodological as well as biologi- 1993; Charlesworth 1996). Under the assumption
that the mutation rate in a region is proportional tocal, for this difference. First, the recombination rates

per physical unit were estimated in different ways. Our the number of genes, the average number of genes per
centimorgan should be proportional to the mutationestimates are based entirely on genetic data from an

RFLP map, whereas in Drosophila the marker location rate per centimorgan. Whereas the genetic map in
B. vulgaris is 621 cM (Halldén et al. 1996), the map inon genetic maps was compared to locations in polytene

chromosomes. The use of a physical map should provide Drosophila is 277 cM (FlyBase 1995). Because Dro-
sophila lacks recombination in males, the effective re-a better measure of recombination rates. This could

explain some of the differences. Nachman and combination rates are only half of those indicated by
the genetic map. Drosophila has been estimated to haveChurchill (1996), on the other hand, showed that in

Drosophila the inverse of marker density is a reliable 12,000–16,000 genes (Bird 1995). Although there is no
estimate of the gene number in Beta, Arabidopsis thalianameasure of recombination rates. Also, our estimates of

recombination rates per physical unit and of genetic has been estimated to harbor z21,000 genes (Bevan et
al. 1998). If we assume that Beta has about the samevariation are not strictly independent. All markers we

used had previously been mapped in a cross between number of genes as Arabidopsis, both being dicotely-
donous plants, the mutation rate per map unit musttwo cultivars of sugarbeet and were thus necessarily poly-

morphic between these two cultivars (Halldén et al. be at least twice and perhaps three times as high in
Drosophila as in Beta. Thus, the genome-wide effect of1996). Accordingly, in genomic regions of lesser genetic

variation there should be a greater number of clones background selection and genetic hitchhiking can be
expected to be stronger in Drosophila than in Beta.that are monomorphic between the two cultivars and

thus impossible to map. Therefore, we have probably Still another possibility is that Beta has higher vari-
ance in u among loci. The stochastic nature of geneticoverestimated both the level of genetic variation and

the recombination rate per physical unit in the regions drift should result in very different estimates of u for
different loci, regardless of sample size. Any investiga-in which recombination is suppressed.

Whereas Begun and Aquadro (1992) and Aquadro tion attempting to demonstrate a potential effect of
recombination on the degree of variation needs to pos-et al. (1994) based their investigations on restriction-

site information from various gene regions, our study sess sufficient statistical power to overcome the obscur-
ing effect of the variance among the loci due to geneticinvolves random genomic clones. If genes are not uni-

formly distributed over the chromosomes, some of the drift. The significant correlation between recombina-
tion rate and genetic variation found in our study showsloci included in our study could be located in regions

of fewer genes and thus be less affected by hitchhiking the methodology and the sample size to be sufficient
for revealing the impact that the level of recombinationor background selection than would be expected on

the basis of recombination rates in that region. Regions has on the level of genetic variation in Beta. Still, a
higher variance in u among loci would decrease theof low recombination rates in the RFLP map of sugar

beet probably coincide with the centromeric regions, correlation coefficient between recombination and u.
Drosophila is thought to consist of very large popula-which to a large degree consist of repetitive DNA and

may thus contain fewer genes. However, a similar clus- tions, whereas the sea beet is known to be divided into
several subpopulations of smaller size (Letschert 1993;tering of markers has been found in several species in

which the clusters have been shown to include cDNA Kraft et al. 1997). Thus, the variance among loci can
be expected to be higher in Beta.markers and isozyme loci, examples being tomato and

potato (Tanksley et al. 1992), common bean (Adam- Our results show that the theoretical prediction of a
positive correlation between recombination and varia-Blondon et al. 1994), rice (Causse et al. 1994), and

sugar beet (Pillen et al. 1993). This shows that genes tion can be observed in species other than Drosophila.
We also found the strength of the correlation to varyalso exist in such clusters. Furthermore, in wheat the

reduction in recombination rates has been shown to between species. Recently, similar results were obtained
for several different species of Aegilops (Dvorâk et al.extend far outside the centromere region (Curtis and

Lukaszewski 1991). 1998). They found that the strength of the correlation
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C-bands and storage protein genes in chromosome 1B of tetra-between recombination and variation varied among spe-
ploid wheat. Theoret. Appl. Genet. 81: 245–252.

cies and was stronger for self-fertilizing species. Thus,
Donnelly, P., and S. Tavaré, 1995 Coalescents and genealogical

structure under neutrality. Annu. Rev. Genet. 29: 401–421.many different factors, such as numbers of genes per
Dvorâk, J., M.-C. Luo and Z.-L. Yang, 1998 Restriction fragmentcentimorgan, population structure, and reproduction

length polymorphism and divergence in the genomic regions of
mode, can affect the magnitude of the correlation be- high and low recombination in self-fertilizing and cross-fertilizing

Aegilops species. Genetics 148: 423–434.tween recombination and variation. Today, as genetic
Ewens, W. J., 1972 The sampling theory of selectively neutral alleles.maps, and sometimes physical ones too, are available Theoret. Pop. Biol. 3: 87–112.

both in a number of model organisms and in many crop FlyBase, 1995 FlyBase: the Drosophila database. Nucleic Acids Res.
24: 53–56.species, it would be of great interest to examine patterns

Gillespie, J. H., 1994 Alternatives to the Neutral Model, pp. 1–17
of variation in a number of species varying in genomic in Non-neutral Evolution: Theories and Molecular Data, edited by

G. B. Golding. Chapman & Hall, New York.size, in breeding system, and in population structure.
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