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Abstract

The aim of this study was to estimate a general pattern of meiotic recombination in the domestic dog (Canis
familiaris) using immunolocalization of MLH1, a mismatch repair protein of mature recombination nodules. We

prepared synaptonemal complex (SC) spreads from 124 spermatocytes of three male dogs and mapped 4959

MLH1 foci along 4712 autosomes. The mean number of MLH1 foci for all autosomes was 40.0 foci per cell.

Total recombination length of the male dog autosomal genome map was estimated as 2000 cM. A global pattern

of MLH1 foci distribution along the autosomal bivalents was rather similar to that found in the mammals

studied: a high frequency near the telomeres and a low frequency near the centromeres. An obligate MLH1 focus

in the X-Y pairing region was usually located very close to Xp-Yq telomeres. The distances between MLH1 foci

at autosomal bivalents were consistent with crossover interference. A comparison of the interference estimates

coming from the distribution of MLH1 interfocus distances and RAD51/MLH1 focus ratio indicated a

substantial variation between species in the strength of interference.

Abbreviations

ACA anti-centromere antibody

ANOVA analysis of variance

BSA bovine serum albumin

cM centimorgan

DAPI 4¶,6-diamidino-2-phenylindole

Cy3 orange fluorescing cyanine

FITC fluorescein isothiocyanate

FNa diploid number of autosomal arms

MLH1 homologue of prokaryotic mutL 1 mismatch

repair protein

PBS phosphate-buffered saline

RAD51 eukaryotic homologue of the prokaryotic

RecA protein

SC synaptonemal complex

SCP3 synaptonemal complex protein 3

SD standard deviation

Introduction

Meiotic recombination plays a critical role in evolu-

tion: it increases genetic and phenotypic variation by

creating new potentially beneficial combinations of

alleles and prevents mutation meltdown of the

genome by removing deleterious mutations. Studies
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on various species of mammals demonstrated a wide

variation in recombination rates between individuals,

population and species (Pardo-Manuel de Villena &

Sapienza 2001, Lynn et al. 2002, 2004, Jensen-

Seaman et al. 2004, Coop & Przeworski 2007).

Interspecies comparisons are of special interest in

view of a long-running discussion about the costs and

benefits of recombination (Otto & Lenormand 2002).

Overall recombination rate can be estimated genet-

ically as the total length of the genetic map or

cytologically via chiasma count. Genetic maps are

constructed on the basis of linkage studies which

require large sets of well-controlled crosses or well-

characterized pedigree records. This approach pro-

vides precise estimates of recombination even between

closely linked genes. However, it usually yields biased

estimates of the total length of the genetic map. On one

hand, summing up of short intervals between the

markers leads to overestimation of the total length of

chromosome and genome maps. On the other hand, the

total length can be underestimated owing to the lack

of markers in some chromosome regions (especially

near the telomeres). Chiasma counts at diakinesis

might provide an unbiased estimate of the total rate

of recombination. However, the efficiency of this

approach is limited by difficulties in obtaining samples

from the appropriate meiotic stage and in measuring

the position of chiasmata accurately.

Recently, a new method of cytological recombina-

tion mapping has been developed. It is based on

immunolocalization of MLH1, a mismatch repair

protein of mature recombination nodules, at the

synaptonemal complexes (SC) (Anderson et al. 1999,

Froenicke et al. 2002, Koehler et al. 2002, Lynn et al.
2002). This approach has proved to give reliable

estimates of the total recombination rate, as well as

the frequency and distribution of recombination

events in individual chromosomes. So far, it has been

applied to four species of mammals: humans (Lynn

et al. 2002, Sun et al. 2004, 2006a), mouse (Anderson

et al. 1999, Froenicke et al. 2002, Koehler et al.
2002), domestic cat (Borodin et al. 2007) and

common shrew (Borodin et al. 2008).

The cytological and genetic studies demonstrated

that distribution of recombination sites along meiotic

chromosomes is not random and depends on numer-

ous factors including chromosome size, morphology,

the GC/AT ratio, and others (Froenicke et al. 2002,

Sun et al. 2004, Jensen-Seaman et al. 2004, Borodin

et al. 2008). Crossovers occurring in the same

bivalent usually interfere, i.e. the occurrence on a

crossover usually decreases the probability that

another will occur close by. This phenomenon is

called chiasma interference. It makes a substantial

contribution to non-random distribution of crossover

along the bivalents (Jones 1987).

Chiasma interference was first described by J.B.S.

Haldane (1931) and then studied extensively by such

pioneers of cytogenetics as Mather (1938), Callan

(1949), Rhoades (1955), and Carpenter (1988). Yet

its underlying mechanisms remain unknown (Jones

& Franklin 2006). Several modern models link

interference with the repair pathway of double-strand

DNA breaks occurring at the beginning of meiotic

prophase resulting in crossover or non-crossover. The

smaller the fraction of those repaired by crossover

pathway, the stronger the interference (McPeek &

Speed 1995, Bishop & Zickler 2004, Stahl et al. 2004,

Baudat & de Massy 2007). Immunolocalization of the

proteins involved in early stages of chromosome

pairing and recombination may provide an estimate of

the number of crossing-over precursors. RAD51 is of

special interest. It binds single-strand DNA to form

nucleoprotein filaments that undergo pairing with

duplex DNA (Shinohara & Shinohara 2004) and

therefore RAD51 foci at leptotene can be considered

as rough markers of the crossing-over precursor sites

(Baudat & de Massy 2007).

We used MLH1 and RAD51 immunolocalization

to analyze meiotic recombination in the domestic

dog (Canis familiaris). The diploid chromosome

number (2n) of the dog is 78, being one of the

highest among mammals. All the autosomes are

acrocentric, while the sex chromosomes are bi-armed

(Pathak et al. 1982). This species is widely used in

comparative genomic studies (Wayne & Ostrander

2007). The results of reciprocal painting of dog and

human chromosomes show that the dog karyotype is

one of the most significantly rearranged karyotypes

in mammals: 22 human autosomal paints marked 73

homologous regions on 38 canine autosomes and 38

dog autosomes paints detected 90 homologous seg-

ments in the human genome (Yang et al. 1999,

Sargan et al. 2000). Great progress is being achieved

in physical and genetic mapping of dog chromosomes

(Neff et al. 1999, Breen et al. 1999, 2004, Guyon
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et al. 2003). Finally, a high-quality draft sequence of

the dog genome is now available (Lindblad-Toh

et al., 2005).

In this paper we present cytological estimates of

the total length of the genetic map of male dogs and

distribution of crossing over along the bivalents. We

also estimate crossover interference by the character-

istics of distribution of distances between MLH1 foci

and RAD51/MLH1 focus ratio.

Material and methods

Spreading and immunostaining

The testes were obtained from three 3-month-old

stray male dogs during routine castration. Spermato-

cyte spreads were prepared from both left and right

testes using the technique of Peters et al. (1997).

To identify mature recombination nodules, immunos-

taining of MLH1 was performed as follows. The slides

were incubated overnight at 37-C with a rabbit poly-

clonal antibody against human lateral element protein

SCP3 (Abcam, Cambridge, UK) diluted to a concentra-

tion of 1:500, a mouse monoclonal antibody to human

mismatch repair protein MLH1 (1:30, Pharmingen, San

Diego, CA, USA), and a human anti-centromere

antibody (ACA) (1:200, Antibodies Inc, Davis, CA,

USA) in 3% bovine serum albumin (BSA) in phosphate-

buffered saline (PBS). Slides were washed in 1� PBS

and incubated for 40 min at 37-C with goat anti-rabbit

Cy3-conjugated antibodies (1:500, Jackson, West

Grove, PA, USA), goat anti-mouse FITC-conjugated

antibodies (1:100, Jackson), and goat anti-human FITC-

conjugated antibodies (1:200, Vector Laboratories,

Burlingame, CA, USA). Slides were washed with PBS,

rinsed briefly with distilled water, dried and mounted

in Vectashield with DAPI (Vector Laboratories) to

stain DNA and reduce fluorescence fading.

To estimate the number of crossing-over precursor

sites in leptotene cells, immunostaining of RAD51

was performed as follows. Slides were first incubated

overnight at 37-C with a rabbit polyclonal anti-

human RAD51 antibody (1:1000, Calbiochem, San

Diego, CA, USA), followed by detection with

fluorescein isothiocyanate (FITC)-conjugated goat

anti-rabbit IgG antibody (1:500, Jackson) for 1 h.

After rinsing, the slides were incubated overnight

with a rabbit antibody against SCP3. This primary

antibody was detected with donkey anti-rabbit Cy3

(1:500, Jackson) for 1 h.

The preparations were analyzed with an Axioplan 2

Imaging microscope (Carl Zeiss, Jena, Germany)

equipped with a CCD camera (CV M300, JAI

Corporation, Japan), CHROMA filter sets and ISIS4

image-processing package (MetaSystems GmbH,

Altlussheim, Germany). Brightness and contrast of

all the images were enhanced using PaintShopPro 7.0.

Measurement and analysis

MLH1 foci were analyzed in pachytene cells with all

bivalents completely paired (Figure 1). RAD51 foci

were counted in leptotene cells in which the axial

elements of SC were already visible, but not paired

(Figure 2). Only cells containing complete sets of

chromosomes were analyzed. The centromere posi-

tion for each SC in the pachytene cells was identified

by an ACA focus. Although we used the same

fluorochrome for detection of the ACA and MLH1

antibodies, ACA foci differed from MLH1 foci by

their brighter and more diffuse staining (Figure 1).

MLH1 and RAD51 signals were scored only if they

were localized on a SC. The length of the SC of each

bivalent was measured in micrometers using Micro-

Measure 3.3 (Reeves 2001) and the positions of

MLH1 foci in relation to the centromere were

recorded.

After measurement, autosomal bivalents in each

cell were ranked in sequence of decreasing relative

length from 1 to 38. There was a continuous

gradation in the size of bivalents and only bivalent

1 could be identified unequivocally (Table 1). We

therefore divided the remaining bivalents into five

classes that included SCs of similar length (SCs 2Y7,

8Y16, 17Y24, 25Y31 and 32Y38). Each SC was

divided into 10 equal-length intervals, and MLH1

distributions were obtained by summing the number

of foci in each interval for SCs in the same length

class (Figure 3).

In order to estimate interference we measured the

absolute distances between neighboring MLH1 foci

at the bivalents 1Y7 containing two foci. The relative

distances between the foci were calculated as frac-

tions of the bivalent length. The distances were fitted

to gamma distributions by a maximum-likelihood
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method using Wessa (2008) Free Statistics Software,

version 1.1.22-r4 (http://www.wessa.net) and the shape

parameter (3) was used as a measure of the strength of

interference (de Boer et al. 2006). The STATISTICA

6 package was used for ANOVA, correlations and

other statistical analyses.

Results

Characteristics of the autosomal bivalents

The mean (TSD) total length of the autosomal SCs

was 246.0 T 21.5 2m, varying between 194 and 307

2m. This is in a good correspondence with the data

obtained by Peterson et al. (1994) using a different

spreading technique: 212.0 T 20.0 2m, with a range

188Y231 2m. ANOVA revealed significant inter-

individual variation in this trait (F2,121 = 13.1, p G

0.001). Significant differences between individuals

have also been found in studies on humans (Lynn

et al. 2002, Sun et al. 2004, 2005, 2006a, b) and the

common shrew (Borodin et al. 2008).

The mean (TSD) number of MLH1 foci for all

autosomes was 40.0 T 1.4 foci per cell, with a range

of 36Y44. This is in good agreement with an earlier

chiasma count in seven diakinesis cells of dogs:

42.6 T 2.4 (Wada & Imai 1995). We found no

differences in number of MLH1 foci per cell between

individuals (F2,121 = 0.4, p = 0.69).

To estimate in centimorgans (cM) the recombina-

tion length of the autosomal part of the male dog

genome, we multiplied the average number of MLH1

foci per cell by 50 map units (one recombination

event = 50 cM), which gave 2000 cM.

Altogether, 4712 autosomal SCs were analyzed.

Of these, 23 (0.5%) lacked an MLH1 focus. This

frequency is within the limits of variation found in

Figure 1. Spread from a dog spermatocyte at pachytene, stained with DAPI (blue) and immunolabeled with antibodies to SCP3 (red), MLH1

(green) and centromere proteins (green). Centromeres differ from MLH1 foci by their brighter and more diffuse staining. Arrows indicate

centromeres of X and Y chromosomes. Bar represents 5 2m.
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studies on humans (0.3%, Sun et al. 2006b), mice

(4%, Anderson et al. 1999; 1%, Koehler et al. 2002)

and shrews (0.7%, Borodin et al. 2008). The studies

on these species demonstrate that small bivalents

suffer a much higher risk of recombination failure

than large bivalents. All dog chromosomes but the

first (for which we did not find achiasmatic bivalents)

form SCs comparable in their lengths with human

bivalents 13Y22. We found the achiasmatic condition

among bivalents of various size ranks (Table 1). The

cells containing achiasmatic bivalents did not appear

to be exceptional (e.g. at late pachytene or poorly

stained) and did not differ significantly from the

whole sample in their total SC length (240.7 T 26.4

2m, t140 = 0.9, p = 0.35).

The correlation between the total length of SCs

and the number of MLH1 foci per cell was rather

weak in male dogs (r = 0.19, p G 0.05) as well as in

male mice, cats and shrews (Froenicke et al. 2002,

Borodin et al. 2007, 2008), in contrast to the strong

correlation found in human males (Lynn et al.
2002).

Characteristics of the XY bivalent

The X and Y chromosomes of the dog are bi-armed.

The mean (TSD) size of the Yq SC was 1.3 T 0.3 2m.

We observed pairing between the tip of Xp and

almost the whole Yq (Figure 1). This is in a good

agreement with the localization of the pseudoautoso-

mal region at the dog sex chromosomes established

by the use of DNA probes (Toder et al. 1997, Olivier

et al. 1999). In 30% of pachytene cells, synapsis

extended beyond the Y centromere and, in 10%, both

arms of the Y chromosome were synapsed with Xp.

On average, the synaptic region involved 60% of Yq.

We detected a single MLH1 focus in the X-Y

pairing region in all cells (Figure 1). It was usually

located very close to Xp-Yq telomeres. The average

distance between the telomeres and the MLH1 focus

was 0.3 T 0.2 2m, ranging from 0 to 0.6 2m. There

was a significant positive correlation between the

fraction of Xq involved in synapsis and the relative

distance of MLH1 foci from the telomere (r = 0.38,

p G 0.05).

Figure 2. Spread from a dog spermatocyte at leptotene, stained with DAPI (blue) and immunolabeled with antibodies to SCP3 (red), and

RAD51 (green). Bar represents 5 2m.
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Distribution of MLH1 foci along the bivalents

Figure 3 shows distribution of MLH1 foci along

bivalents grouped by their size rank. The bivalent 1

demonstrated bimodal distribution with a major peak

near the distal end and the other peak in the proximal

half of the bivalent. The large bivalents (2Y7) also

showed peaks at the distal ends, but the distribution

of MLH1 foci along the arms of these bivalents was

rather flat. In other groups of bivalents (8Y38) we

observed a gradual decrease of MLH1 foci frequency

from telomere to centromere. Thus, all bivalents

showed pronounced peaks of MLH1 foci at distal

ends and a paucity of them near the centromeres.

Almost all MLH1 foci that we observed near the

centromeres of the large bivalents were found in

those containing two MLH1 foci. Apparently they

marked Fthe second crossovers_ that were pushed

toward the centromere by the interference of Fthe first

crossovers_ that occurred in distal regions.

Table 1. Length of synaptonemal complex (SC) and number of MLH1 foci per bivalent

Bivalent rank Absolute length of SC (2m) Relative length of SC (%) No. of MLH1 foci No. of cells containing

Mean SD Mean SD Mean SD 0 foci 1 focus 2 foci 3 foci

1 13.96 1.59 5.68 0.42 1.67 0.49 0 42 81 1

2 11.50 1.46 4.68 0.36 1.14 0.37 0 108 15 1

3 10.63 1.25 4.31 0.28 1.24 0.47 1 93 29 1

4 10.05 1.13 4.08 0.19 1.12 0.37 2 105 17 0

5 9.62 1.09 3.92 0.18 1.13 0.36 1 106 17 0

6 9.26 0.97 3.78 0.15 1.16 0.39 1 102 21 0

7 8.97 0.90 3.66 0.15 1.10 0.30 0 112 12 0

8 8.66 0.85 3.52 0.16 1.02 0.20 1 119 4 0

9 8.40 0.83 3.40 0.15 1.07 0.26 0 115 9 0

10 8.14 0.75 3.30 0.13 1.02 0.15 0 121 3 0

11 7.91 0.69 3.21 0.10 1.02 0.18 1 120 3 0

12 7.70 0.67 3.12 0.09 1.05 0.22 0 118 6 0

13 7.49 0.65 3.05 0.10 1.03 0.18 0 120 4 0

14 7.25 0.64 2.95 0.10 1.02 0.15 0 121 3 0

15 6.93 0.66 2.83 0.11 1.01 0.16 1 121 2 0

16 6.66 0.63 2.72 0.12 1.04 0.20 0 119 5 0

17 6.44 0.62 2.64 0.13 1.01 0.16 1 121 2 0

18 6.23 0.59 2.54 0.14 1.02 0.15 0 121 3 0

19 6.04 0.55 2.45 0.14 1.01 0.20 2 119 3 0

20 5.83 0.53 2.35 0.12 1.02 0.20 1 119 4 0

21 5.67 0.48 2.29 0.09 1.00 0.18 2 120 2 0

22 5.54 0.48 2.24 0.09 1.00 0.00 0 124 0 0

23 5.40 0.46 2.19 0.09 1.02 0.15 0 121 3 0

24 5.29 0.45 2.15 0.08 0.99 0.09 1 123 0 0

25 5.16 0.43 2.09 0.07 1.00 0.00 0 124 0 0

26 5.04 0.43 2.05 0.07 1.01 0.09 0 123 1 0

27 4.90 0.43 2.00 0.07 1.02 0.13 0 122 2 0

28 4.74 0.45 1.93 0.08 1.00 0.13 1 122 1 0

29 4.55 0.44 1.86 0.09 1.02 0.15 0 121 3 0

30 4.31 0.41 1.77 0.11 1.02 0.18 1 120 3 0

31 4.13 0.41 1.69 0.11 1.00 0.00 0 124 0 0

32 3.95 0.37 1.62 0.13 1.01 0.09 0 123 1 0

33 3.77 0.36 1.54 0.14 1.01 0.09 0 123 1 0

34 3.60 0.35 1.47 0.14 1.00 0.13 1 122 1 0

35 3.42 0.32 1.38 0.13 0.99 0.20 3 119 2 0

36 3.23 0.31 1.30 0.11 1.00 0.00 0 124 0 0

37 2.96 0.34 1.19 0.11 0.99 0.09 1 123 0 0

38 2.67 0.32 1.08 0.10 1.00 0.13 1 122 1 0
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Interference

Interference makes a substantial contribution to the

determination of recombination patterns of chromo-

somes. The strength of interference can be estimated

from the distances between adjacent recombination

sites. In the absence of interference an average

distance between neighboring sites at the chromo-

some containing two crossovers should be around

33% of the chromosome length (Carpenter 1988).

Average relative distances between adjacent

MLH1 foci in the bivalents 1 to 7 containing two

foci (N = 115) was 60 T 22% of the bivalent length

(range 8Y90%). Thus, it was twice that expected in

the absence of interference. Overlapping estimates of

mean distance between MLH1 foci were obtained in

analyses of other mammals (Table 2).

Recently de Boer et al. (2006, 2007) suggested

estimating the strength of crossover interference

using parameters of the gamma distribution. This

distribution describes the probability of the distances

that would occur if MLH1 focus precursors were

randomly placed along the bivalent and only every

n-th precursor would result in a focus. The higher the

n value the stronger the interference. The n value can

be estimated via the shape parameter (3) of a gamma

distribution. We determined the 3 value for which the

observed frequency distribution of interfocus distan-

ces fitted best to a gamma distribution. The 3 value

estimated for the bivalents 1 to 7 was 6.5 T 0.6. It is

less than the 3 values estimated for the chromosome

arms of the male common shrew (11Y16, Borodin

et al. 2008) and the mouse (8.9Y11.7, de Boer et al.
2007), and larger than this parameter for the cat

Figure 3. Distribution of MLH1 foci on autosomal SCs from dog spermatocytes. The SCs are divided into groups based on length. The SC

size ranks included in each group are indicated in top left corners of the graphs. The x-axis shows the position of MLH1 foci in relation to

centromere (c) and telomere (t), the marks on this axis are separated by 0.1 of the SC length. The y-axis indicates the frequency of MLH1 foci

in each 0.1 SC interval. Stacked columns show the frequency for the bivalents containing MLH1 foci in each interval; black columns indicate

bivalents with a single MLH1 focus; the white columns those with two MLH1 foci.
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chromosomes (3.7, Borodin et al. 2007). This shows

that mammals vary in the strength of interference.

Within the framework of the counting hypothesis

of interference (McPeek & Speed 1995, Stahl et al.
2004) this value means that, on average in the dog

meiosis, every 6thY7th precursor results in a cross-

over. Thus, the average number of crossing-over

precursor sites can be estimated as the average

number of MLH1 foci multiplied by 6.5, i.e. as 264

sites per genome. To assess the validity of this

estimate, we counted the number of RAD51 foci in

20 leptotene cells of the dogs studied (Figure 2). The

mean (TSD) number of these foci was 261.4 T 57.8.

Thus, our estimate of the average number of precur-

sors per genome coming from fitting the distribution

of MLH1 interfocus distances to a gamma distribution

was rather close to the number of RAD51 foci in

leptotene cells. A similar correspondence between

interference estimates based on RAD51/crossover

ratio (9, Baudat & de Massy 2007) and shape

parameter of a gamma distribution (8.9Y11.7, de

Boer et al. 2007) was observed in male mice. These

results are in favor of the counting hypothesis of

interference.

Discussion

Application of immunostaining techniques to the

analysis of recombination in domestic dogs allowed

us to estimate the overall recombination rate in this

species and describe a general pattern of crossover

distribution along the bivalents.

Recombination rate

We estimated the total recombination length of the

male dog autosomal genome map as 2000 cM. This

is very close to the estimate coming from meiotic

linkage analysis: 2054 cM (Breen et al. 2004).

However, the significance of this similarity should

not be overestimated. The dog linkage map is sex-

averaged, while it is known that recombination rate

in female mammals is usually higher than in males

(Burt et al. 1991). The overall length of the linkage

map is calculated by summing up the short intervals

between genetic markers, and is therefore overesti-

mated. Some chromosomes are incompletely mapped

owing to a lack of terminal markers and have genetic

map lengths smaller than 50 cM (Breen et al. 2004).T
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MLH1 mapping is free of these limitations and

provides a more precise estimate of the total

recombination length of the male dog genome, which

can be used in comparative studies.

To date, the number and distribution of MLH1 foci

have been studied in five species of mammals (Table

2). They differ in the total number of crossovers per

cell and recombination rate. The autosomal part of

the dog genome is 2631 Mb (Sargan et al. 2000);

thus 1 cM of its genetic map is equal to approxi-

mately 1.32 Mb of DNA sequence. This is rather

close to the estimates obtained by MLH1 mapping

for human males (1.20, Sun et al. 2006a) and male

cats (1.38, Borodin et al. 2007) but about half that for

male mice (2.25, Anderson et al. 1999) and the males

of the common shrew (2.6, Borodin et al. 2008).

Chromosome morphology (acrocentrics versus

bi-armed chromosomes) may affect the total number

of crossovers. Bidau et al. (2001) and Dumas &

Britton-Davidian (2002) showed a significant decrease

in recombination frequency in the arms of metacentric

chromosomes compared with twin acrocentrics of the

house mouse. However, this is not always the case.

Borodin et al. (2008) did not find a significant difference

between acrocentric and metacentric homozygotes in

the common shrew. Nor does interspecies comparison

indicate a substantial effect of chromosome morphology.

Dogs have all acrocentric autosomes, while most human

and cat autosomes are bi-armed; yet all three species are

similar in recombination rate.

The species with high recombination rate (human,

cat and dog) have higher numbers of autosomal arms

in the karyotype, or fundamental number (FNa), and

larger length of SC than those with low recombina-

tion rate (mouse and shrew). A strong positive

correlation between FNa and chiasma count has been

already demonstrated (Pardo-Manuel de Villena &

Sapienza 2001, and references herein). This correla-

tion is based on the requirement of at least one

chiasma per arm for proper chromosome segregation

(Jones 1984; Jones & Franklin 2006). Thus, FNa/2

would determine the lower limit of crossover number

per cell. Another important factor controlling recom-

bination rate is a total SC length. This is positively

correlated with crossover frequency (Peterson et al.
1994, Kleckner et al. 2003). Long bivalents may

accommodate more than one chiasma.

The number of multiple crossovers per chromo-

some arm is restricted by crossover interference.

Therefore, interference may be considered as a factor

controlling the upper limit of the recombination rate

(Falque et al. 2007). A comparison of the interfer-

ence estimates coming from the distribution of

MLH1 interfocus distances and RAD51/MLH1 focus

ratio indicates a substantial difference between

species in the strength of interference. We suppose

that this factor may contribute to interspecies

difference in recombination rate. For example, cats

have smaller FNa, smaller total SC length, but

weaker interference than do dogs (Table 2), and they

exceed dogs in the average number of MLH1 foci

(t178 = 15.4, p G 0.001).

Individual variation in the strength of interference

has been detected in humans (Broman & Weber

2000) and is likely to be present in other species.

Selective changes of this parameter may serve as a

mechanism of adaptive Ffine adjustment_ of recom-

bination rate, additionally or alternatively to Fcoarse

adjustment_ achieved by fixation of the chromosome

rearrangements that change FNa, such as pericentric

inversions, tandem fusions and centromere shifts.

Crossover distribution

Analyzing MLH1 foci distribution along the dog

bivalents, we found a high frequency of the foci near

the telomeres and a low frequency near the centro-

meres. This is very similar to the pattern observed in

other mammals studied: mice (Anderson et al. 1999,

Froenicke et al. 2002), humans (Lynn et al. 2002,

Sun et al. 2004, 2006a), shrews (Borodin et al.
2008), and cats (Borodin et al. 2007).

An excess of recombination near the telomeres is

apparently determined by their early involvement in

chromosome alignment and pairing (Scherthan et al.
1996, Zickler & Kleckner 1999, Brown et al. 2005).

The farther from the telomere the chromosome region

is located, the lower the probability of its involvement

in recombination. This also explains, at least partially,

a relative paucity of single MLH1 foci near the

centromeres in the majority of the dog bivalents.

Low frequency of MLH1 foci near the centro-

meres has been also observed in mouse and human

bivalents. It was interpreted as an indication of

suppressive effect of centromeric heterochromatin

on recombination (Anderson et al. 1999, Froenicke

et al. 2002). This effect is unlikely to play an

important role in MLH1 focus distribution along the

dog chromosomes, most of which contain a very

small amount of C-heterochromatin. Only a few dog
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chromosomes have detectible C-blocks (Pathak et al.
1982). Subcentromeric suppression of recombination

has also been described in the common shrew,

another species with a very low content of

C-heterochromatin (Borodin et al. 2008). On the

other hand, MLH1 foci located very close to

centromeres (less than 0.5 2m) have been detected

in cat chromosomes characterized by prominent

C-blocks (Borodin et al. 2007). Apparently the

recombination suppression near the centromeres

is not as tightly linked with the presence of

C-heterochromatin as is commonly believed.

Crossover distribution depends on chromosome

morphology. Comparing recombination patterns of

syntenic regions in the dog and fox chromosomes,

Kukekova et al. (2007) found that the suppression of

recombination in pericentromeric regions of the

metacentric fox chromosomes was more pronounced

than in the corresponding segments of acrocentric

dog chromosomes. A reduction in the number of

proximal chiasmata and a more distal chiasma

distribution in metacentric homozygotes compared

with acrocentric homozygotes was also observed in

the house mouse (Bidau et al. 2001, Dumas &

Britton-Davidian 2002) and the common shrew

(Giagia-Athanasopoulou & Searle 2003, Borodin

et al. 2008) in cases of Robertsonian polymorphism.

This difference in crossover distribution can be

attributed to the difference between acrocentric and

metacentric chromosomes in the spatial arrangement

of their centromeres during leptotene. The centro-

meres of the acrocentrics are clustered in a restricted

area of the nuclear surface by their proximal

telomeres, but the centromeres of metacentrics are

not (Scherthan et al. 1996). Therefore, the chance of

pairing initiation and crossover occurrence in prox-

imal regions is higher in acrocentric than in meta-

centric chromosomes.
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