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Meiotic outcomes in reciprocal translocation carriers
ascertained in 3-day human embryos

Caroline Mackie Ogilvie*,1 and Paul N Scriven1
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Chromosomes involved in reciprocal translocations form quadrivalents at meiosis. These quadrivalents
segregate, with or without recombination, to give 32 different meiotic outcomes, only two of which are
normal or balanced. This paper presents data collected from 25 cycles of preimplantation genetic
diagnosis for 18 couples carrying 15 different reciprocal translocations. Embryos were tested using
fluorescence in situ hybridisation with probes for the translocated and centric segments. Overall, 47.7%
(71 out of 149) of embryos tested showed signal patterns consistent with alternate segregation, 24.8%
adjacent-1 segregation, 10.1% adjacent-2 segregation, 15.4% 3 : 1 segregation and 2% 4 : 0 segregation.
For most translocations, alternate segregation was apparently the most frequent mode. Alternate and
adjacent-1 frequencies were similar in male and female carriers; however, 5.7% of embryos from female
translocation carriers showed adjacent-2 segregation and 20.0% showed 3 : 1 segregation, whilst the
corresponding figures for male carriers were 20.5 and 4.5%. Overall, 2.8% of embryos were mosaic and
2.3% of embryos showed chaotic constitutions for the chromosomes tested. The pregnancy success rate
for these 25 cycles was 38.8% per embryo transfer and also 38.8% per couple.
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Introduction
Reciprocal translocation is the most common chromosome

abnormality, being found in one in 500 people.1 Reciprocal

translocations have no phenotypic effect in most carriers,

but can give rise to reproductive problems, usually recur-

rent pregnancy loss, chromosomally abnormal offspring,

or, in some cases, infertility.

Chromosomes involved in reciprocal translocations form

quadrivalents at meiosis. These complexes segregate by

alternate, adjacent-1, adjacent-2, 3 : 1 or 4 : 0 modes to give

gametes with different balanced or unbalanced chromo-

some complements.2 Out of the 32 possible zygotes

arising from translocation segregation, only two are geneti-

cally balanced, one having normal chromosomes and the

other carrying the balanced form of the translocation.

Empiric data3 suggest that only one mode leading to imbal-

ance is likely to result in a viable pregnancy for any one

translocation, and Jalbert et al4,5 have published suggested

algorithms for determining this ‘viable’ mode, based on

the shape of the pachytene cross formed at meiosis.

However, it has been suggested that it is the degree of

genetic imbalance in the segregation products which deter-

mines the viable mode, rather than the frequency of the

products of the different modes in the gametes of the trans-

location carrier.6

The behaviour of these chromosome rearrangements has

been studied in male carriers by meiotic analysis in testicu-

lar biopsies6 – 8 and by analysis of gametes by fusion of

spermatozoa with Chinese hamster oocytes to produce

metaphase chromosomes,9,10 and using fluorescence in situ

hybridisation (FISH) of decondensed sperm heads.11 – 14

These studies have generated some data on segregation

mode frequencies in male carriers. However, as noted by

Armstrong and Hulten,15 sperm chromosome studies

cannot differentiate unambiguously between alternate and
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adjacent-1 segregation modes, as chiasmata in the intersti-

tial segments of the translocation chromosomes may

produce asymmetric dyads, thereby affecting the spectrum

of gametes arising from each mode. These authors found

that such chiasmata occurred with a high frequency in

the four translocations they had investigated, and pointed

out that there is in fact no test currently available for the

rigorous discrimination of alternate and adjacent-1 segrega-

tion. Thus, where alternate and adjacent-1 segregation

products are referred to in this paper, it is the ‘balanced’

and ‘unbalanced’ products of these modes that are being

discussed.

The lack of direct access to female gametes has meant

that until recently data on segregation modes in female

carriers had not been easy to collect and had been restricted

to studies on foetal ovarian tissue.16 With the development

of preimplantation genetic diagnosis (PGD) for chromo-

some rearrangements, these data are now emerging.17 – 21

This paper presents the largest data series yet published

on segregation of reciprocal translocations in female and

male carriers, ascertained through our PGD programme.

Materials and methods
Ovarian stimulation, embryo culture, biopsy and spreading

were as previously described.20

FISH

Table 1 shows the probe combination used for each

translocation. Directly-labelled probes were from Vysis

(Vysis Inc., Downers Grove, USA) or QBIOgene (Livingston,

UK). Indirectly-labelled probes were also from QBIOgene.

Target material and probe were co-denatured at 758C for

5 min, then hybridised for a minimum of 14 h at 378C.

Stringent washing to remove unbound probe was in 0.46
standard saline citrate solution (SSC) at 718C for 5 min.

Biotinylated probe was detected with Cy-5-streptavidin

(Amersham Pharmacia Biotech UK, Little Chalfont, UK);

digoxygenin-labelled probe was detected with FITC- or

rhodamine-anti-digoxygenin (Boehringer Mannheim, UK).

Preparations were counterstained with DAPI/Vectashield

(Vector Labs) and visualised using an Olympus fluorescence

microscope, fitted with a 83000 Pinkel filter set and aqua

and far red single bandpass filters as required. Images were

produced using Quips imaging software (Vysis, UK).

Pachytene shape statistics

Chromosome segment sizes, excluding heterochromatic

and variable regions, were measured using the ISCN22 850-

band ideogram (in which the relative widths of euchro-

matic bands are based on direct chromosome

measurements). The shape algorithms used were based on

those of Jalbert et al,4 viz. the ratio of the sum of the centric

segments to the sum of the translocated segments and the

ratio of the shortest centric segment to the shortest

translocated segment. T
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Results
Twenty-five cycles of PGD were carried out for 18 couples

carrying 15 different reciprocal translocations. Eighteen

cycles were for female carriers and seven cycles for male

carriers. Four cycles were carried out for the common

11;22 translocation, one for a female carrier, and three for

two male carriers. Two apparently unrelated couples had

cytogenetically identical translocations between chromo-

somes 11 and 17; three cycles were carried out. The

pregnancy success rate for these 25 cycles was 38.8% per

embryo transfer and 38.8% per couple.

Pachytene shape algorithms were used to analyse each

translocation. The results of this analysis are shown in Table

2, together with the frequency of the predicted mode in the

embryo cohort, expressed both as a proportion of total

embryos and as a proportion of embryos with unbalanced

products. For the female carriers, three translocations had

a shape which predicted 3 : 1 as the likely viable mode;

there was a total of 25 embryos from these three transloca-

tions, of which seven (28%) were consistent with 3 : 1

segregation. In this group, there were 12 abnormal

embryos, of which 58% were a result of 3 : 1 segregation.

Three translocations showed shapes on the borderline

between adjacent-1 and 3 : 1 predicted modes. 3 : 1 segrega-

tion in embryos from this group occurred in two out of 13

(15%) embryos, and two out of six (33%) unbalanced

embryos. Only one translocation showed a predicted mode

of adjacent-2; analysis of embryos showed that 3 out of 10

(30%) total embryos and three out of four (75%) unba-

lanced embryos had arisen following adjacent-2

segregation.

Table 3 shows, for each translocation, the number of

embryos in each segregation mode and the percentage over-

all allocated to each mode. The allocation of embryos to

alternate and adjacent-1 modes assumes either no meiotic

crossing-over in the interstitial segments, or an even

number of crossover events. Data for male and female

carriers are shown separately. Figures 1 and 2 show the

distribution of segregation modes for each translocation.

In total, 149 embryos were informative; in both male and

female carriers, the segregation mode most frequently

found (43.2 and 49.5% respectively) was alternate. Figure

3 shows that the frequency of adjacent-1 products was also

similar (29.5 and 22.9%) in male and female carriers;

frequency of adjacent-2 segregation was higher in male

(20.5%) than in female carriers (5.7%), whilst frequency

of 3 : 1 segregation was higher in female (20.0%) than in

male carriers (4.5%). Not all embryos in every cycle were

informative for segregation mode, as some embryos had

arrested and degenerated at the time of follow-up and did

not give informative results. Overall, 2.8% of embryos were

mosaic and 2.3% of embryos showed chaotic constitutions

for the chromosomes tested.

Discussion
It is known that empirical reproductive risks may be differ-

ent for male and female carriers of the same translocation.3

This may be because quadrivalents behave differently at

male meiosis, producing a spectrum of gametes different

from that produced at female meiosis. Alternatively, the

segregation mode frequency may be similar, but selection

may operate against sperm with unbalanced chromosome

Table 2 Analysis of translocations using pachytene shape algorithms to give the predicted segregation mode leading to
imbalance

Shortest CS/ Predicted segregation Predicted mode productsa Predicted mode productsa

Karyotype SCS/STS shortest TS model leading to imbalance total products total imbalanced products

Females
46,XX,t(1;13)(q23;p11) 2.7 59.0 adjacent-1 1/2 (50%) 1/2 (100%)
46,XX,t(1;19)(q32.1;q13.1) 3.1 1.1 3 : 1 6/21 (29%) 6/10 (60%)
46,XX,t(2;4)(p22.2;q33) 6.2 8.7 adjacent-1 5/7 (71%) 5/5 (100%)
46,XX,t(3;5)(p12;q14.2) 1.1 1.0 3 : 1 0/3 (0%) 0/1 (0%)
46,XX,t(4;15)(q26;q13) 2.0 0.3 3 : 1 1/1 (100%) 1/1 (100%)
46,XX,t(5;14)(p15.1;q32.1) 8.9 6.7 adjacent-1 2/9 (22%) 2/5 (40%)
46,XX,t(8;18)(p21.1;q21.1) 3.0 1.7 adjacent-1/3 : 1 0/2 (0%)/0/2 (0%) 0/0 (0%)/0/0 (0%)
46,XX,t(9;20)(q34.2;q11.2) 3.6 4.2 adjacent-1/3 : 1 3/8 (38%)/0/8 (0%) 3/3 (100%)/0/3 (0%)
46,XX,t(11;17)(p15.5;p13) 70.0 52.0 adjacent-1 7/22 (32%) 7/13 (54%)
46,XX,t(11;22)(q23.3;q11.2) 2.8 0.8 adjacent-1/3 : 1 0/3 (0%)/2/3 (67%) 0/3 (0%)/2/3 (67%)
46,XX,t(12;17)(p13;p13) 13.4 12.8 adjacent-1 4/17 (24%) 4/6 (67%)
46,XX,t(14;22)(q11.2;q13.3) 0.6 1.5 adjacent-2/3 : 1 3/10 (30%)/1/10 (10%) 3/4 (75%)/1/4 (25%)

Males
46,XY,t(3;6)(q25;q23) 3.8 3.8 adjacent-1/3 : 1 7/13 (54%)/1/13 (8%) 7/10 (70%)/1/10 (10%)
46,XY,t(3;7)(q23;q36) 4.7 14.0 adjacent-1 1/7 (14%) 1/4 (25%)
46,XY,t(3;7)(q25.3;p22.1) 6.5 15.7 adjacent-1 1/9 (11%) 1/5 (20%)
46,XY,t(11;22)(q23.3;q11.2) 2.8 0.8 adjacent-1/3 : 1 4/15 (27%)/0/15 (0%) 4/6 (67%)/0/6 (0%)

CS, centric segment; TS, translocated segment. aadjacent-1 products may have risen by alternate segregation following an odd number of
cross-overs in the interstitial segment; adjacent-2 and 3 : 1 products can be assumed to represent the acutal meiotic segregation mode; these
frequencies are shown in bold.
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complements, especially if this results in an overall increase

in genetic material.

Jalbert et al 4 published pachytene shape algorithms

based on the proportions of the translocated and non-trans-

located segments and suggested this as a way of predicting

for any reciprocal translocation the most likely mode of

segregation leading to imbalance. However, studies of 26

different translocations using sperm fusion with Chinese

hamster ovarian cells (reviewed by Estop et al 9) showed that

in 25 of the 26 translocations, adjacent-1 was the most

frequent mode leading to imbalance, and was found more

frequently than alternate segregation in nine transloca-

tions. Only one translocation showed a different mode

(adjacent-2) as the most common leading to imbalance.

This has been followed by papers using FISH to investigate

segregation modes in sperm (see above). Alternate segrega-

tion was the most frequent mode, and adjacent-1 the

most frequent mode leading to imbalance, in sperm of a

t(4;8) carrier14 and in the sperm of a t(1;10) carrier.12 The

Table 3 Number of embryos in each segregation mode for each translocation

Karyotype Alternate* Adjacent-1* Adjacent-2 3 : 1 4 : 0 cycles

Females
46,XX,t(1;13)(q23;p11) 0 1 0 1 0 1
46,XX,t(1;19)(q32.1;q13.1) 11 1 3 6 0 4
46,XX,t(2;4)(p22.2;q33) 2 5 0 0 0 1
46,XX,t(3;5)(p12;q14.2) 2 1 0 0 0 1
46,XX,t(4;15)(q26;q13) 0 0 0 1 0 1
46,XX,t(5;14)(p15.1;q32.1) 4 2 0 3 0 1
46,XX,t(8;18)(p21.1;q21.1) 2 0 0 0 0 1
46,XX,t(9;20)(q34.2;q11.2) 5 3 0 0 0 1
46,XX,t(11;17)(p15.5;p13) 9 7 0 5 1 3
46,XX,t(11;22)(q23.3;q11.2) 0 0 0 2 1 1
46,XX,t(12;17)(p13;p13) 11 4 0 2 0 2
46,XX,t(14;22)(q11.2;q13.3) 6 0 3 1 0 1

52 24 6 21 2 18
49.5% 22.9% 5.7% 20.0% 1.9%

Total embryos 105

Males
46,XY,t(3;6)(q25;q23) 3 7 2 1 0 1
46,XY,t(3;7)(q23;q36) 3 1 3 0 0 1
46,XY,t(3;7)(q25.3;p22.1) 4 1 3 1 0 2
46,XY,t(11;22)(q23.3;q11.2) 9 4 1 0 1 3

19 13 9 2 1 7
43.2% 29.5% 20.5% 4.5% 2.3%

Total embryos 44

71 37 15 23 3 25
47.7% 24.8% 10.1% 15.4% 2.0%

Total embryos 149

*Allocation of embryos to these modes assumes an even number of, or zero, cross-over events in the interstitial segments (see text).

Figure 1 Distribution of segregation modes for 12 different
reciprocal translocations in female carriers.

Figure 2 Distribution of segregation modes for four different
reciprocal translocations in male carriers.
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conclusion from these studies was that the mode predicted

by pachytene shape algorithms was likely to reflect selec-

tion for the least genetic imbalance and hence to give the

most likely viable outcome of any translocation.5

We describe the investigation of segregation modes in

male and female translocation carriers by FISH on cleavage

stage embryos. As the foetal genome is thought not to

become active until day 2/3 post-fertilisation,23 it is un-

likely that any selection would be operating on these early

embryos; it can therefore be assumed that, for female

carriers, the distribution of segregation modes found

reflects the frequency at female meiosis. In the series

described here, the overall frequency of alternate and adja-

cent-1 segregation was similar for male and female carriers,

while there was a greater incidence of 3 : 1 segregation in

the female carriers than in the male (Figure 3). Although

the numbers are still small, the apparent incidence of 3 : 1

segregants in day 3 embryos from male translocation

carriers is similar to that found in sperm,9 suggesting that

there may not be selection against all 3 : 1 products (3 : 1

monosomy products, for example), at least beyond sperm

maturation.

Previous reports of meiotic segregation products in male

carriers of the common t(11;22) include studies using sperm

fusion with hamster oocytes,24 which showed all 2 : 2 and

3 : 1 segregation modes occurring with approximately equal

frequency. Estop et al,25 using FISH for a carrier of the same

translocation, showed only 27% of spermatozoa as arising

from alternate segregation, whereas 40.1% arose from 3 : 1

segregation. This data would support Jalbert’s suggestion4

that translocations produce a high frequency of their

predicted modes (analysis indicates that 3 : 1 or adjacent-1

are the predicted mode for this translocation, and empiric

data show that 3 : 1 segregation is the only mode that gives

rise to viable outcomes). Similar results were obtained by

Van Assche et al,26 testing the sperm of the male partner

of a couple presenting for PGD for this translocation, but

cleavage stage embryos tested did not show a preponder-

ance of 3 : 1 outcomes. These published studies therefore

indicate that for this translocation, a preponderance of

3 : 1 products is seen in sperm, but this preponderance

may not be reflected in 3-day embryos. Interestingly, meio-

tic studies on testicular tissue from a carrier of the t(11;22)

did not find preferential 3 : 1 segregation.6 We carried out

three cycles for two male carriers of t(11;22); in 15 embryos

tested, none arose from 3 : 1 segregation.

The results of the pachytene shape analysis for the trans-

locations presented here have been compared with the

apparent segregation modes detected 3 days post-fertilisa-

tion (see Table 2 and Results section). Interestingly, it

would appear that, for the female translocation carriers

presented here, pachytene shape analysis may indeed

predict the predominant segregation mode leading to

imbalance, at least for those translocations where 3 : 1 or

adjacent-2 segregation are predicted. This analysis therefore

has value for PGD, as probes schemes can be designed to

detect the predicted unbalanced products with appropriate

‘internal checks’.2 In addition these results may indicate

that female meiosis may indeed be different from male

meiosis, as direct meiotic analysis of testicular biopsies (ie

pre-selection) found no preponderance of the predicted

segregation mode over other modes.6

Table 3 and Figures 1 and 2 demonstrate that 11 out of

the 16 translocations tested showed a preponderance of

normal or balanced products. The translocations showing

a different pattern may have been due to the poor ovarian

response, leading to only a small number of embryos, and

hence to sampling error. This preponderance of alternate/

adjacent-1 segregation is consistent with data from sperm

studies (see above) and with some published reports on

female meiosis17,27 and indicates that reports of skewing

of segregation modes28 may have been the result of cultural

artefact or FISH error, especially as it has been shown that a

change in embryo culture conditions results in very differ-

ent outcomes between two cycles for the same couple.20

Crossing-over in the interstitial segment has been

reported to occur at high frequency in male meiosis.6

Whilst it is not possible to detect crossing-over in the inter-

stitial segment followed by alternate or adjacent-1

segregation (see Introduction), an odd number of cross-

overs in the interstitial segment can be detected when

followed by adjacent-2 or 3 : 1 segregation.2 In this series,

27 embryos from female carriers and 11 embryos from male

carriers arose following adjacent-2 or 3 : 1 segregation, and

no such recombination event was detected.

In summary, the results presented here show that reci-

procal translocations in male and female carriers produce

similar frequencies of alternate and adjacent-1 products.

However, there is an indication that the frequency of adja-

cent-2 and 3 : 1 products may be very different. Comparison

of pachytene shape analysis predictions with embryo data

indicate that, for female meiosis, translocations may predis-

pose to certain segregation modes depending on the size of

the centric and translocated segments. The overall

frequency of 47.7% of genetically balanced embryos in

the cohorts available for testing suggests that these recipro-

cal translocations do not predispose to skewed abnormal

Figure 3 Per cent of total embryos in each segregation mode
for male and female carriers.
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segregation; this is reflected in the encouraging pregnancy

rates for these couples. As more reciprocal translocation

carriers present for PGD, further valuable data will emerge

on the behaviour of these common chromosome abnormal-

ities at female meiosis.
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