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Changes in crossover distribution along a quadrivalent in a man
carrier of a reciprocal translocation t(11;14)
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ABSTRACT: A testicular biopsy from an infertile man carrying a heterozygous chromosome translocation
t(11;14) was studied with synaptonemal complex analysis and immunolocalization of the protein MLH1 for
crossover detection. A full blockage of spermatogenesis at the spermatocyte stage was related to the presence
of the translocation quadrivalents at pachytene. Only 2% of the quadrivalents showed full synapsis. Most of
the spermatocytes showed asynaptic free ends that frequently mingled with the XY pair. The average number
of crossovers per cell was diminished from a mean of 52.7 in controls to a mean of 48 in the patient. The
difference between the number of crossovers in the quadrivalent and the normal bivalents was highly signifi-
cant. The distribution of crossovers over the segment of the quadrivalent corresponding to bivalent #14 was
also very different from that of the control. It is concluded that in this translocation, the pattern of crossovers
is changed, mainly due to a synaptic hindrance in the quadrivalent, and that the spermatogenesis arrest is
mainly due to the quadrivalents that interact with the XY pair.

Introduction

Chromosome rearrangements are known to affect
the frequency and distribution of crossovers in a num-
ber of organisms (Hewitt and John, 1965). The extent
and type of these changes in recombination patterns are
variable among organisms. Among mammals, a net de-
crease in recombination has been shown in mice carri-
ers of Robertsonian translocations (Dumas and Britton-
Davidian, 2002) and increased chiasma frequencies have
been found in the rearranged chromosomes of mice
heterozygotes for varying reciprocal translocations
(Borodin et al., 1991). In human spermatocytes, recip-
rocal translocations can affect chiasma frequency and
distribution in the involved chromosomes, as shown by
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chiasma analysis in metaphase I compared to normal
bivalents (Armstrong et al., 2000; Goldman and Hulten,
1993; Laurie ef al., 1984 and references therein). These
studies established that the number of chiasmata can be
decreased or increased, and also that the distribution
can be altered compared to that in the normal bivalent.
A general mechanism underlying these recombinational
changes has not been proved, although disturbances in
homologous recognition have been suggested (Laurie
etal., 1984).

In the mentioned studies of human spermatocytes,
crossovers were scored counting chiasmata during
metaphase I, a method that is useful only in those cases
when high numbers of spermatocytes proceed through
the meiotic division up to this stage. However, most re-
ciprocal translocations cause a severe impairment of
human spermatogenesis in heterozygotes, often with
high numbers of spermatocytes being arrested at
pachytene (Speed, 1989; Solari, 1999). The introduc-
tion of immunolabeling with anti-MLH1 (Baker ef al.,
1996) provides a convenient method of recording the
recombination events on synaptonemal complexes dur-
ing pachytene in human spermatocytes (Barlow and
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Hulten, 1998), facilitating the analysis of crossing over
in those cases where most spermatocytes do not reach
metaphase I. Additionally, the ultrastructure of a multi-
valent can be analyzed in detail using electron micros-
copy to determine the extent of synapsis.

In this paper, a reciprocal, balanced translocation
between chromosomes #11 and #14 has been studied both
with electron microscopy and immunolabeling for MLH1
foci, showing a decrease in the number of recombina-
tion events in the quadrivalent and striking changes in
the distribution of foci along some of the elements
forming the quadrivalent. The number and distribution
of foci in the translocated and non-translocated segments
of the quadrivalent are presented and compared to similar
data in the corresponding segments of the bivalents from
spermatocytes with normal karyotype, showing a
significant difference between the two samples.

Materials and methods
Case

The patient PM, was referred to an andrology clinic
because of infertility. A karyotype study determined a
reciprocal translocation t(11;14) (q:q). A testicular bi-
opsy was performed after informed consent of the pa-
tient and a piece of the biopsy was provided by Dr. G.
Rey Valzacchi for research. This research was approved
by an independent committee (CIEI). Histological
analysis of the biopsy showed spermatogenesis arrest
at the spermatocyte stage.

Control

Spread spermatocytes of one karyotypically nor-
mal male were used as a control for MLH1 focus analy-
sis in bivalents #11 and #14. The identification of these
bivalents was based in relative SC length and centro-
meric index, and their comparison with data from the
literature (see Results for further details).

SC spreads and immunostaining

Part of the biopsy was used to prepare synaptone-
mal complex (SC) spreads on plastic-covered slides for
EM according to Solari (1998) or using a drying-down
method for immunostaining (Peters et al., 1997). The
primary antibodies were: 1) a mouse monoclonal anti-
body against human MLH1 (Pharmingen) diluted 1:100;
2) rabbit anti-SCP3 (COR1) used at a dilution of 1:300,
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for use in control samples; 3) a rabbit antibody against
SCP1 (Synl) used at a dilution of 1:500; and 4) human
CREST serum that binds to kinetochores. The second-
ary antibodies were FITC-labeled goat anti-mouse,
Texas Red-labeled goat anti-human and Texas Red-la-
beled goat anti-rabbit. The SCs and the kinetochores
give both red fluorescence, but the kinetochores on hu-
man SCs give large, distinctive signals that allow their
identification. Slides were counterstained with DAPI
and mounted in glycerol with antifade. Spreads were
examined with a Leica fluorescence microscope and
photographed with Kodak color film. Two exposures
were done sequentially on the same frame: one using
the FITC-filter set to capture MLH1 foci, and the sec-
ond with the Texas Red set to capture SCs and cen-
tromeres. Previous tests gave no differences between
this method and the superimposition of separate images
regarding the numbers of MLH1 foci.

Measurements and statistical analysis

Measurements were done on digitalized images
using the program MicroMeasure 3.01 (available at
http://www.colostate.edu/Depts/Biology/). This pro-
gram gives SC lengths, centromeric indexes and the
relative and absolute distances from each MLH1 focus
to the centromere. To build the histograms of MLH1
foci for each segment of the quadrivalent, focus posi-
tions were scored as relative distances from the cen-
tromere of each translocated element and then multi-
plied by the mean absolute length of the corresponding
axis in the whole sample of nuclei, to obtain a weighed
absolute distance to the centromere. This procedure
compensates for variations in the absolute SC lengths
in different nuclei. Statistical analyses were performed
using commercially available software (Statistica, 1999
edition; Statsoft Inc.) and graphs were done in Excel.
Comparisons of MLH1 foci locations in the quadriva-
lent and the normal bivalents were done using the
Kolmogorov-Smirnov two-sample test, that measures
the maximum difference between the cumulative dis-
tributions of two samples giving the probability that the
observed differences have arisen by chance. Statistical
analysis of the total frequencies of foci in the quadriva-
lent versus the two normal bivalents 11 and 14 was per-
formed by measuring in each control cell the addition
of foci in bivalent 14 plus those in bivalent 11, that, is
considering the two bivalents as a single sampling space,
which corresponds actually to a quadrivalent in the
patient’s cells. The data matrix of control versus
cuadrivalents was analysed with a #-test.
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FIGURES 1-4. Electron micrographs of silver-stained quadrivalents of spread spermatocytes from the
carrier of the translocation t(11;14). In Figure 1 the four elements of the quadrivalent stand out in the
typical configuration, in which the ends of #14 and the axis t(11;14) form free, asynaptic ends (arrow).
N: nucleolus attached to #14p. Figure 2 shows the rare (2% of total cells) configuration in which the
quadrivalent shows full synapsis, including the “free ends” or region V. Figure 3 shows the interaction
of the “free ends” of the quadrivalent with the XY pair. The two free ends of #14 and the t(11;14) axis
overlap the X and Y axes and are thickened. Figure 4 shows a later stage of the interaction between
the XY pair and the two axes having the free ends, which have become tangled within the XY body. In
figures 1, 3 and 4 the quadrivalent shows asynapsis at its central region (“cross”) at a place in which
the axes switch partners or continue with the free ends. Magnification: X 5,000.
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Results
Histology

In the translocation heterozygote the semithin (0.5
um in thickness) sections showed spermatogenesis ar-
rest at the spermatocyte stage, with spermatocyte
apoptosis or necrosis at stages later than mid-pachytene,
and a few spermatocytes that reached meiotic division
and then entered in necrosis, thus confirming the diag-
nosis made on paraffin sections of the full testicular
biopsy (not shown).

Electron microscopy

Microspread nuclei showed a typical quadrivalent
formed by an acrocentric #14, a submetacentric #11 and
the two translocation products: a long abnormal acro-
centric and a metacentric element (Fig. 1). According to
measurements on electron micrographs, the breakage
points of the translocated products are: in #14q32, and in
11q13. The synaptic pattern shows a largely synapsed
#14, except at the distal tip of the long arm, and a virtual
full synapsis of 11q with the homologous segment
translocated to 14q. (Fig. 1). In agreement with light
microscopy, the tips of #14q and that of the derived #1 1p
remain as free ends in the vast majority of cells (Fig. 1).
In the samples examined with electron microscopy, only
two spermatocytes over the 85 cells examined showed
total synapsis along the quadrivalent, including the ends
that appear generally as free ends (Fig. 2).

In a significant (20%) part of cells studied with
electron microscopy, the free ends of the quadrivalent
engaged in a close relationship with the XY pair (Figs.
3 and 4). In these cells the quadrivalent showed addi-
tional abnormalities, as synapsis was restricted in the
axial regions close to the free termini, some axial re-
gions were stretched and one or both of the free termini
were often mingled with the axes of the XY body.

MLHI] foci in the control

Spermatocytes from the control male showed 22
autosomal bivalents and the XY pair (Fig. 5a). In a
sample of 80 complete SC sets the mean number of
MLHI1 foci in the autosomal bivalents was 52.7 £ 3.9,
ranging between 40 and 63. The number and distribu-
tion of MLHI1 foci were scored in bivalent #14 in order
to compare them with those of the corresponding seg-
ments in the quadrivalent. SC #14 is the acrocentric of
intermediate length in group D both in mitotic and SC
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karyotypes, and its SC shows little variation with its
expected relative length according to the mitotic karyo-
type (Sun et al., 2004). Thus, the acrocentric SC of in-
termediate size was considered pair 14 in every nucleus
of our analysis. The mean number of foci on SC #14
was 1.9 £ 0.4, with most SCs showing two foci: one
proximal and one on distal position.

The identification of SC #11 was considered less
certain because the identification of each SC in this
group (based on relative length) may be ambiguous in
some cells. However, when the centromeric index is used
to ascertain between bivalent #1 1 and bivalent #12, many
of these cases were defined.

MLH]1 foci in the translocation heterozygote

A total of 42 spermatocytes were used for SC mea-
surements and counting of MLH1 foci in the quadriva-
lent. Immunostained spermatocytes show a quadriva-
lent with a T-shaped configuration: two of the “arms”
of the quadrivalent bear the centromeres at distinct po-
sitions, and the third arm is somewhat shorter than the
other and represents most of the long arm of chromo-
some #11 (Fig. 5B and 5C). Because of its asymmetric
constitution the predicted quadrivalent can be divided
in five identifiable pairing segments to analyze the dis-
tribution of MLHI1 foci (Fig. 5D). Most quadrivalents
had three MLH]1 foci, distributed as observed in Figure
5C, but about one third had four foci. Focus positions
on segments I and III were measured as distances from
the centromere of #11 (11 kc), and those on segment
IV were related to the centromere of #14 (14 kc). No
MLHI1 foci were observed in segment V (that is
asynaptic in most quadrivalents) and in segment II (that
is proximal to the kinetochore of #11).

The distribution frequencies of foci in each segment
are shown in figures 6A to 6C, and the distribution of foci
along the normal (control) #14 is shown in Figure 6D.

Comparison between total foci in quadrivalents versus
total foci in bivalents #14 and #11

In order to ascertain a variation in total crossover
counts in the patient’s quadrivalents as regards to the normal
bivalents, 74 cells from the control (mean #1 1+#14 foci =
4.6) and 42 cells from the patient (mean quadrivalent foci
=3.4) were analyzed as described in Methods.

As shown in Table I, the ¢-test results show that the
quadrivalent has a highly significant decrease in total
foci compared to the sum of foci in normal bivalents
#14 and #11.



CROSSOVERS IN A TRANSLOCATION CARRIER 199

1l

k 11 V k 14

FIGURES 5A- 5D. Figures 5A-5C are light-microscope micrographs (fluorescence) of synaptonemal
complex spreads with triple immunostaining. Figure 5A shows a control spermatocyte in which the
MLH1 foci are yellow, the axes of SCs are linear red strands and kinetochores are round, red structures.
The arrowhead points to the late XY pair of this cell. Figure 5B shows a spermatocyte from the
carrier. The arrow points to the quadrivalent, which shows the three long arms and a fainter central
region. MLH1 foci are yellow, the two kinetochores from #14 and #11 are round and bright red. Figure
5C is an enlarged part of 5B showing the quadrivalent and one autosomal bivalent at upper right. The
kinetochores of #11 (center, k 11) and of #14 (lower right, k 14) stand out on the paired regions of the
SCs immunostained with anti-SCP1, but the center shows only a very weak red fluorescence because
this region is mainly asynaptic and holds the “free ends”. Figure 5D shows a schematic drawing of
the quadrivalent. Dark blue: regions corresponding to #11; light green, regions corresponding to #14.
The “free ends” are represented as paired (region V) although pairing at this region is very rare (see
Fig. 2, electron micrograph). Magnification in 5A-5B: X 1,465
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Comparison between the number of foci in control

TABLE 1.

bivalents and the quadrivalent*

Control ! Carrier ?
Mean 4.6 34
SD 0.7 0.6
n 74 42

t-value = -9.1; df = 114; p = 3.2.10°" very
highly significant.

"average of foci in the pair of bivalents #14
and #11 from the control.

2 average of foci in quadrivalents from the
carrier.

Numbers of total foci per cell

The comparison of the total number of foci in the
patient’s spermatocytes versus the total number of foci
in control spermatocytes is depicted in Table II.

Although there is a significant decrease of the num-
ber of foci in the patient’s cells, this difference has less
significance than that of foci in quadrivalents versus
normal bivalents (see above). Furthermore, there is
about a 20% difference between the SC lengths of the
patient versus that of controls.

TABLE II.

Average total number of foci per cell in the control
and the carrier (and lengths of the SC sets)”

Control ! Carrier 2
Mean 52.7 48.0
SD 3.9 35
n 80 42

*t-value = 6.5; df = 120; p < 0.001 highly sig-
nificant.

'average SC length in the control: 238.1; SD:
33.4; n: 80.

zaverage SC length in the carrier: 282.3; SD:
26.8; n: 42.
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Comparison between the distribution of foci in bivalent
#14 (control) with the corresponding region (IV) in the
quadrivalent

The distribution of foci along the segment IV of the
quadrivalent (Fig. 6A) shows a striking dissapearance of
a distal peak when compared to that of the normal
(control) bivalent #14 (Fig. 6D). When these two
distributions were analyzed with the Kolmogorov-
Smirnov test (see Methods) the test gave a statistic D =
0.245, which shows that the distributions are significantly
different (p = 0.01).

Discussion

1. Frequency and localization of crossovers in the nor-
mal human male

There are basically two approaches to determine
the number and position of crossover or recombination
sites: a) by pedigree analysis and b) by cytological meth-
ods. The former has been extensively used during the
making of the linkage maps of the human genome
(Donnis Keller et al., 1987; Broman et al., 1998). The
pedigree data, despite their usefulness in gene mapping
and the definition of the large difference in recombina-
tion frequency between males and females (female /male
ratio is about 1.6, Kong et al., 2002), yields only indi-
rect data on specific chromosome regions and is lim-
ited in accuracy for intervals <1 cM (Kong et al., 2002)
and thus the analysis of specific sites of high recombi-
nation frequency (“hot spots”) shows significant diffi-
culties (Arnheim et al., 2003), although cytological
methods do not generally help in this latter matter.

On the other hand, the cytological methods pro-
vide direct evidence on the number and location of re-
combinational events or their resulting manifestations
as chiasmata, but they have the drawback of the need of
performing a biopsy and their localization at a specific
physical distance of chromosome markers often lacks
the desirable accuracy. The cytological methods rank
from the older chiasmata maps (Hulten, 1974), to the
recombination nodule location in electron micrographs
(Solari, 1980; Solari, 1998) and the more recent use of
fluorescent immunodetection of crossovers by MLH1
detection (Baker ef al, 1996). The frequency of cross-
overs in the normal human male using these different
cytological methods shows a reasonable agreement —
from the consensus of about 51 chiasmata (Barlow and
Hulten, 1998), 46.2 recombination nodules (Solari,
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1980) and the number of MLHI1 foci in human sperma-
tocytes (50.9 in Barlow and Hulten, 1998; 48 in Sun et
al., 2005). The present results in control human sper-
matocytes show a mean number of MLH]1 foci of 52.7,
that is in close agreement with the previously cited data.

The localization of the average 50-52 crossovers
over specific male meiotic bivalents through cytologi-
cal methods has been a difficult task until the availabil-
ity of the MLH1 immunodetection techniques, which
give the opportunity to scrutinize large quantities of
cells. It is now established that many individual chro-
mosomal pairs have specific patterns of crossover lo-

Segment IV
0.4+
> 031
o
[=
[
z 024
2
('8
0.1
0.0
$ 1 2 3 4 5 6 7 8 9
pm A
Kc
Segment il
0.4+
> 0.3-
(%)
c
s
o 0.29
[
S
('

0.0

201

cation (Hulten, 1974; Solari, 1980; Fang and Jagiello,
1988; Sun et al., 2004). Some general features of cross-
over distribution are known: a) the frequency of cross-
overs is grossly proportional to bivalent length or syn-
aptonemal complex length (Rahn and Solari, 1986, in
chickens; Solari, 1980 and Lynn et al., 2002, in men);
b) one crossover is obligatory in each autosomal biva-
lent. The XY pair is a special case, as - when ascer-
tained with MLH1 foci - only about half had foci
(Barlow and Hulten, 1998; 73% of the XY pairs in Sun
et al, 2005); ¢) there is a strong tendency to accumulate
crossovers in terminal (near-telomeric) regions of many
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FIGURES 6A-6D. Histograms 6A, 6B and 6C show the distributions of MLH1 foci over the segments 1V, |
and Il respectively, of the quadrivalent (see Fig. 5D). Histogram 6D shows the distribution of foci along the
nomal SC #14 in the control. Histogram 6A, which corresponds to most of #14 in the quadrivalent, shows a
decrease in the distal peak of foci when compared to the normal # 14 (histogram 6D).
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bivalents, and a general paucity of crossovers in proxi-
mal (nearby to centromeres) regions; d) crossover in-
terference is proved in humans (Broman and Weber,
2000; Lin et al, 2001).

Despite interindividual variations (Sun et al., 2005),
these regularities allow the comparison between chias-
mata location in normal bivalents and their location in
cells carrying chromosomal rearrangements.

2. Disturbance of crossover number and location in re-
arranged chromosomes

In the present results it has been shown that identifi-
cation of bivalent #14 is accurate in most spermatocytes,
but the identification of #11 is somewhat uncertain by
relative length only, although the addition of centromere
location helps this identification. Thus, if bivalents are
identified by FISH, the relative length of bivalent #11
overlaps that of bivalent #12 (Sun et al., 2004) but if cen-
tromere location is added, as in the present case, most of
the cells show a clear difference between both bivalents.
Thus the analysis was focused on two points: a) the com-
parison between the total number of foci in the quadriva-
lent, on one side, and the sum of foci of bivalents #14
and #11 in normals; b) the comparison between the re-
gional distribution of foci in three regions of the quadriva-
lent (excluding the tiny free, terminal ends) and the dis-
tribution of foci in the corresponding regions of control
bivalent #14. In both cases, the statistical tests showed
significant differences between the quadrivalent and the
control bivalents. The present results show a highly sig-
nificant total decrease of crossovers in the whole quadriva-
lent compared to the sum of crossovers in the normal
bivalents #14 and #11. Furthermore, the regional distri-
bution of crossovers is changed in the long arm of biva-
lent #14, with an almost dissapearance of the crossover
peak normally located at the distal region of #14.

Both of these results may be, and probably are re-
lated to each other. The decrease of the distal peak in
bivalent #14 is probably a major factor in the total de-
crease of crossovers in the quadrivalent. The tiny re-
gion of free terminal ends, which remains non-synapsed
in the vast majority of cells, is not sufficient to origi-
nate the large decrease of crossovers at the distal #14,
as it is equivalent to less than 1/5 of the total length of
#14q, and the normal crossover peak at #14q stretches
over 3/8 of #14q. Thus, the presence of the breakpoint
and the alteration of the synaptic pattern may be related
to this disturbance of crossover location.

It can be assumed that the terminal, free ends of
region V are in some way delayed, and probably inhib-
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ited, in the normal meiotic pathway. A synaptic delay in
this tiny region may lower the probabilities of maturing
exchanges and yielding crossovers over the tiny termi-
nal region and the preceding segments that reach syn-
apsis, especially if that delay allows that this region
reaches the threshold of the non-homologous phase of
synapsis (Moses and Poorman, 1981).

Thus we assume that the disturbance of the recom-
bination pattern is due to the steric hindrance of the or-
ganization of a functionally mature SC at the region of
switching partners (the cross-center of the quadrivalent).

In a few previously published cases, contradictory
results were observed in rearranged chromosomes as
regards crossover location and frequency. In two men
carrying different reciprocal translocations [t(9;10) and
t(Y;10)] Laurie ef al. (1984) found a local increase of
chiasmata in comparison to karyotypically normal con-
trols. However, the definition of chiasmata is notori-
ously more difficult than the numbering of foci, and
the possibility of misinterpreting terminal, non-specific
attachments by heterochromatin as chiasmata is always
possible. The analysis by Goldman and Hulten (1993)
of a carrier of another reciprocal translocation t(1;11),
showed, on the contrary, an overall reduction of chias-
mata as well as in the non-rearranged long arm of chro-
mosome #1. The fact that actual chiasmata localizations
have been made in only five men in the literature and a
detailed description in only two men (reviewed in Sun
et al., 2004) hinders any generalization. Despite that
the present study is the first report — as far as we know-
on the counting of foci in human chromosome rear-
rangements, it is reasonable to assume that rearrange-
ments in which the multivalents show free ends, as in
the present case, probably have a local decrease in cross-
over frequency, which stems from a local synaptic de-
lay and final incomplete synapsis.

3. Effects of rearrangements on spermatocyte survival
and spermatogenesis completion

The present case adds another instance of the del-
eterious effects of rearrangements on human spermato-
genesis. As previously reviewed (Solari, 1999; Coco et
al., 2004) the damaging effects of rearrangements vary
according to type, magnitude and complexity of the re-
arrangement. Thus chromosome inversions are the least
damaging, and gonosome-autosome translocations
nearly always lead to complete spermatogenesis block-
age (Speed, 1989; Solari et al., 2001). In an intermedi-
ate level of damage, the reciprocal translocations that
leave free ends seem to be the more disturbing ones
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(Speed, 1989; Solari, 1999). It is generally assumed that
free ends are able to interact with the unpaired regions
of the XY pair, and this interaction allows the spread of
transcriptional inactivation from the XY body to auto-
somal regions, leading to spermatocyte loss. Although
interchromosomal effects of rearranged chromosomes
on total recombination rates have been claimed (Laurie
et al., 1984) the present case shows only a weak evi-
dence of such a general effect on total recombination
rate and thus total crossover rates seem not to be the
leading factor in spermatocyte survival and spermato-
genesis completion. On the other hand, the observed
frequency of interactions between the free ends and the
XY pair in the present case are further evidence on the
previous assumption on the origin of spermatocyte ar-
rest, that is, the spreading of inactivation from the XY
body to autosomes.
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