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Abstract

Purpose To investigate the effects of a carrier’s sex and age on the segregation patterns of the trivalent of Robertsonian
translocations.

Methods This retrospective study was designed to analyze the segregation patterns of the trivalent and euploidy rates of
blastocysts. Data were collected from 154 couples with Robertsonian translocation (77 with a female carrier and 77 with a male
carrier). Embryos were diagnosed via array comparative genomic hybridization between January 2013 and July 2017. The
segregation patterns of the trivalent of 604 blastocysts were analyzed according to the carrier’s sex and age.

Results The proportion of alternate segregation was significantly higher (82.9% vs. 55.2%) in the male carriers than in the female
carriers of Robertsonian translocation, and the proportion of adjacent segregation was significantly lower (16.8% vs. 42.6%),
with no difference in 3:0 segregation. The segregation patterns were similar in same-sex carriers when analyzed according to the
type of translocation. The carrier’s age had no influence on the segregation patterns of the trivalent.

Conclusions The proportions of the trivalent’s meiotic segregation pattern differ significantly according to the carrier’s sex in
Robertsonian translocations and are independent of the carrier’s age. A significantly higher proportion of alternate segregation for
normal or balanced chromosome contents was observed in the blastocysts of the male carriers than in those of the female carriers.
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Introduction

Robertsonian translocation occurs when two acrocentric chro-
mosomes fuse at the centromere [1] and was first described in
1916 [2]. Although the short arms are absent from both in-
volved chromosomes, the carriers are commonly phenotypical-
ly normal, but they may encounter reproductive problems such
as infertility, pregnancy loss, or offspring with Down syndrome
or Patau syndrome. As one type of common structural chromo-
somal rearrangement in human beings, Robertsonian transloca-
tions occur in 0.74 to 1.23 per 1000 newborns [3, 4] and have
an incidence of 0.8% in infertile men [5] and 3.1% in couples
with recurrent pregnancy loss [6].

During the pachytene stage of prophase I in the gameto-
genesis of Robertsonian translocation carriers, the derivative
chromosome and its two normal homologs form a trivalent
structure. During anaphase I, the trivalent segregates into
one of the three patterns: alternate segregation, adjacent seg-
regation, and 3:0 segregation [7]. Theoretically, eight types of
gametes are produced with respect to chromosomal constitu-
tion, including two types generated from alternate segregation
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being normal or balanced. Studies of the meiosis segregation
patterns of the trivalent have been performed on the sperm
cells of male carriers via in vitro fertilization of hamster oo-
cytes with human spermatozoa [8, 9] or by fluorescence in situ
hybridization (FISH) [10, 11]. The results have indicated that
normal or balanced gametes are the most common products, at
a mean proportion of 85.4% (range, 60 to 96.60%) [12].

Preimplantation genetic testing for structural rearrange-
ments (PGT-SR) has been successfully applied as an alterna-
tive treatment in carriers of Robertsonian translocation. FISH
was first introduced into PGT-SR for the detection of the first
polar body [13] or a biopsied blastomere [14, 15]. With the aid
of PGT, promising reproductive outcomes have been achieved
by reducing the risk of pregnancy loss and decreasing the risk
of conceiving an infant with a chromosomal abnormality [16,
17]. When the meiosis segregation patterns of the trivalent in
cleavage-stage embryos were analyzed with FISH, some stud-
ies reported that the female carriers were more likely to pro-
duce embryos with an unbalanced translocation product than
the male carriers [18, 19], whereas another one did not [20].

Comprehensive cytogenetic methods such as array com-
parative genomic hybridization (aCGH) [21], single-
nucleotide polymorphism [22], and next-generation sequenc-
ing [23] have been incorporated into the PGT procedure. With
the advantage of simultaneous detection of 24 chromosomes,
abundant information on chromosomal abnormalities can be
acquired. We previously observed a significant sex-specific
segregation pattern for autosomal reciprocal translocations
with acrocentric chromosome involvement, because a signif-
icantly higher proportion of alternate segregation was detected
in male carriers than in female carriers [24]. In this study, we
further explored the segregation patterns of the trivalent in
Robertsonian translocations according to the carrier’s sex
and age and sought to obtain general information regarding
the segregation patterns of rearrangements that involve an
acrocentric chromosome. These findings may provide some
clues to explain the underlying mechanisms of the meiotic
segregation patterns of translocations that involve an acrocen-
tric chromosome to estimate the reproductive risks of carriers
with this type of rearrangement and to ensure that they are
advised appropriately.

Materials and methods
Study population

The use and analysis of the data of Robertsonian translocation
patients in this study were approved by the Institutional
Review Board of Reproductive Center, Shandong
University. This retrospective cohort study included 154 cou-
ples with Robertsonian translocations (77 with a female carri-
er and 77 with a male carrier) whose embryos were tested
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using aCGH microchips between January 2013 and
July 2017 in the Center for Reproductive Medicine,
Shandong University. Karyotype analyses of the cultured
blood lymphocytes were performed with conventional G-
banding. The carriers of complex chromosome rearrange-
ments were excluded. The spouses of the translocation carriers
all had normal karyotypes. Data were excluded from cycles in
which the embryos were first analyzed at the blastomere stage
via FISH followed by aCGH at the blastocyst stage.

Ovarian stimulation, blastocyst culture, biopsy,
and aCGH procedure

The procedures for ovarian stimulation, intracytoplasmic
sperm injection (ICSI), embryo culture, and biopsy were de-
scribed in the literature [24]. Ovarian stimulation was per-
formed according to the clinical routine in the Center for
Reproductive Medicine, Shandong University. ICSI was per-
formed on metaphase II oocytes after aspiration. On day 5 or 6
after fertilization, the blastocysts were graded with the
Gardner and Schoolcraft grading criteria [25], and good-
quality blastocysts were drilled, with 4—6 trophoblast cells
being biopsied.

Whole-genome amplification (WGA, SurePlex, Illumina,
Inc., San Diego, CA, USA) of biopsied trophectoderm cells
and the subsequent aCGH procedures (24Sure, [llumina) were
carried out in the center according to the manufacturer’s pro-
tocol, as described elsewhere [24]. Briefly, Cy5-labelled
SureRef (Illumina) reference male DNA WGA products were
comparatively hybridized with Cy3-labelled trophoblast cell
WGA products. Microarray slides were scanned by a micro-
array scanner (InnoScan 900), and BlueFuse Multi software
(BFM, Illumina) was used to analyze the images.

Embryos with a chromosome ratio within a £0.3 log?2 ratio
were defined as euploid embryos and were normal or balanced
for translocated chromosomes and normal for aneuploidy of
chromosomes unrelated to the rearrangement. When a ratio
was higher than a +0.3 log2 ratio or lower than a —0.3 log2
ratio, aneuploid was assigned. Embryos with more than
10 Mb chromosomal segments involved in aneuploidy were
defined as having segmental abnormality.

Data analysis and statistics

The segregation patterns of the trivalent chromosomes were
recorded. Data with a normal distribution were reported with
the mean + standard deviation and were compared with a two-
sample Student’s ¢ test. Data with a skewed distribution were
expressed with the median and quartile range and were com-
pared with a Mann-Whitney U test. Categorical data were
expressed as a frequency (percentage), with comparisons
made with the chi-square test or Fisher exact test. A P value
of less than 0.05 was considered to indicate statistical
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significance. All statistical analyses were performed with
SPSS version 21.0 software.

Results

Clinical characteristics and pregnancy outcomes
of Robertsonian translocation carriers

Supplemental Table 1 lists the number of couples with
Robertsonian translocation. In our 154 couples, the female
carriers and the spouses of the male carriers had similar base-
line characteristics (Table 1). The male carriers had worse
semen parameters than the spouses of the female carriers, with
significantly lower total counts of sperm and progressive mo-
tile sperm per ejaculation (Supplemental Table 2).

This study included 172 oocyte retrieval cycles. A total of
2104 cumulus-oocyte complexes were retrieved, and 1864
metaphase II oocytes (88.6%) underwent ICSI. Overall, 673
good-quality blastocysts were formed, from which 614 biopsy
specimens were taken, and 604 (98.4%) were successfully
diagnosed. The number of transferable euploid embryos was
significantly higher in the male carriers than in the female
carriers (Table 1).

The pregnancy outcomes did not differ significantly be-
tween the male and female carriers after the transfer of euploid
blastocysts. Of the 144 embryo transfer cycles, 89 live birth
deliveries (61.8%) were achieved, with two ongoing pregnan-
cies (Table 1).

Analysis of segregation patterns of trivalent
chromosomes

The meiotic segregation patterns were analyzed in 604 embry-
os. The frequencies of alternate, adjacent, and 3:0 segregation
patterns were 411 (68.0%), 185 (30.6%), and 8 (1.3%),
respectively.

The meiotic segregation patterns of the trivalent differed
significantly (P <0.001) between the female and male car-
riers. Compared with the female carriers, the male carriers
had a significantly higher proportion of alternate segregation
(82.9% vs. 55.2%; P<0.001), a significantly lower propor-
tion of adjacent segregation (16.8% vs. 42.6%; P <0.001),
and no difference in 3:0 segregation (0.4% vs. 2.2%; P =
0.074; Table 2). An analysis stratified by the carrier’s age
showed a similar distribution of meiotic segregation patterns
in the whole group and in the young and advanced carrier
subgroups. When stratified according to the type of
Robertsonian translocation, a greater incidence of alternate
segregation pattern was observed in the male carriers than in
the female carriers with the same type of translocation.
Meanwhile, similar incidences of alternate segregation were
seen in the same carrier’s sex (Fig. 1).

The carrier’s age did not influence the trivalent’s meiotic
segregation patterns. When the analysis was stratified by the
carrier’s sex, the results remained the same (Table 3).

Analysis of chromosome abnormalities of blastocysts

Overall, as the maternal age increased, the incidence of eu-
ploid blastocyst (i.e., normal or balanced for the translocated
chromosomes and normal for aneuploidy of chromosomes not
involved in the translocation) decreased significantly and the
aneuploidy rates of chromosomes unrelated to parental rear-
rangements increased significantly (Fig. 2). In both the female
and male carrier subgroups, advanced maternal age was asso-
ciated with a significantly higher rate of whole chromosome
aneuploidy, whereas the rates of segmental abnormality were
consistent (Supplemental Fig. 1). The proportion of euploid
blastocysts was significantly higher in the male carrier sub-
group than that in the female carrier subgroup with a maternal
age of less than 35 years. The euploidy rates of blastocysts in
the male carriers were 65.5%, 59.3%, 40.4%, and 33.3% when
the maternal age was less than 30 years, 30 to 35 years, 35 to
40 years, and older than 40 years, respectively. The euploidy
rates of blastocysts in the female carriers were 44.5%, 40.2%,
42.3%, and 10.0%, respectively (Fig. 2).

Discussion

With the development of techniques used for PGT-SR, 24-
chromosome aneuploidy could be tested in the blastocysts of
carriers of Robertsonian translocation, resulting in chromo-
some abnormalities due to the concurrent detection of unbal-
anced segregation of trivalent chromosomes and other de novo
chromosome abnormalities. The incidence of aneuploidy of
blastocysts was significantly higher in the female carriers than
in the male carriers.

In this study, the proportions of the trivalent’s meiotic seg-
regation pattern differed significantly according to the sex of
the Robertsonian translocation carrier. The male carriers had a
significantly higher proportion of alternate segregation for
normal or balanced chromosome contents than the female
carriers, which is consistent with the findings of other studies
performed by FISH [18, 19, 26]. The most common meiotic
segregation pattern was alternate segregation, which showed
rates of 55.2% in the female carriers and 82.9% in the male
carriers. Meanwhile, the 3:0 segregation pattern was rarely
observed.

The phenomenon in which meiotic segregation patterns
differ significantly according to the carrier’s sex in chromo-
somal structural rearrangements that involve acrocentric chro-
mosomes was not exclusive in Robertsonian translocations.
Our previous study showed that the sex of the autosomal re-
ciprocal translocation carrier interacts with the involvement of
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Table 1 General characteristics

and PGT-SR outcomes of Parameters Female carriers ~ No. Male carriers  No. P value
Robertsonian translocation
carriers Patient number 77 - 71 -
History of live birth, n (%) 6(7.8) 11 (14.3) 0.20
BMI (kg/m?) 22.54+3.11 22.61+£3.24 0.89
FSH (IU/L) 6.65+1.69 6.73+£1.70 0.77
AMH (ng/ml) 5.08+£3.65 74 453+3.15 76 0.33
Cycles to OR 90 - 82 -
Female age® (years) 30.27+4.34 30.88£4.56 0.37
Male age® (years) 31.37+5.21 31.90+4.96 0.49
Embryology
Retrieved oocytes 11 (7-17) 1105 11 (7-16) 999  0.95
Injected oocytes 9 (5-15) 965 10 (6-15) 899  0.68
2-pronuclei zygotes 7 (4-11) 758 7 (4-10) 645  0.67
Day 3 embryos 8 (4-12) 819 7.5 (5-12) 715  0.82
Good-quality blastocysts 3 (2-6) 365 3 (2-5) 308 0.82
Biopsied embryos 3(2-5) 329 3(2-5) 285  0.92
Diagnosed embryos 3(2-5) 324 3(2-5) 280  0.86
Euploid embryos 1(0-3) 136 2 (1-3) 162 0.023
Clinical outcomes
Transferred embryos 66 - 80 -
FET cycles 65 - 79 -
Positive hCG, n (%) 53 (81.5) 55 (69.6) 0.10
Biochemical pregnancies, n (%) 4(6.2) 6 (7.6) 0.74
Implantation rate, n (%) 50 (75.8) 49 (61.3) 0.062
Clinical pregnancy rate per FET cycle, n (%) 49 (75.4) 49 (62.0) 0.087
Clinical pregnancy losses, n (%) 2@3.1) 5(6.3) 0.37
Deliveries, n (%) 45°(69.2) 44 (55.7) 0.096

AMH, anti-Mullerian hormone; FET, frozen embryo transfer; OR, oocyte retrieval; PGT-SR, preimplantation
genetic testing for structural rearrangements

Normally distributed data are expressed as means =+ standard deviation and data with skewed distribution are

expressed as median (quartile)

 Age is calculated by the date of OR minus the date of birth

® Two ongoing pregnancies that complete 12 weeks of gestational age are not included

an acrocentric chromosome in translocation to influence the
meiotic segregation patterns of a quadrivalent, which is formed
during meiosis by two translocated chromosomes and their
corresponding homologs [24]. In cases with reciprocal trans-
locations that involve an acrocentric chromosome, male car-
riers have a significantly higher proportion of alternate segre-
gation, which produces normal or balanced gametes, than fe-
male carriers, and the proportion of 3:1 segregation was sig-
nificantly lower, whereas the meiotic segregation patterns in
cases with reciprocal translocations that did not involve an
acrocentric chromosome do not differ significantly between
female and male carriers. In this scenario, a significant dispar-
ity exists in the incidence of alternate segregation according to
the carrier’s sex in translocations that involve acrocentric chro-
mosomes in both reciprocal and Robertsonian translocations.
Taken together, a higher rate of normal or balanced gametes
produced by an alternate segregation pattern of structural
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rearrangements with acrocentric chromosome involvement
was observed in the male carriers than in the female carriers.
Ultrastructural studies performed in human oocytes and
spermatocytes regarding the spatial relationships of acrocen-
tric chromosomes during prophase I of meiosis [27] and the
results of semen analysis of affected male carriers may pro-
vide clues regarding the underlying mechanism. In our previ-
ous study, we proposed a hypothesis in which the effects of
unbalanced meiotic segregation produced by translocations
that involve an acrocentric chromosome on spermatogenesis
were amplified due to the distribution behavior of acrocentric
chromosomes in spermatogonia, resulting in the arrest of this
procedure [24]. This hypothesis is supported by evidence that
a significantly lower sperm count is observed in the male
carriers of Robertsonian translocation than in the spouses of
the female carriers. Moreover, in a post hoc analysis of semen
results in reciprocal translocation carriers, a significantly
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Table 2 Analysis of meiotic segregation patterns of the trivalent
according to a carrier’s sex

Table 3  Analysis of meiotic segregation patterns of the trivalent
according to a carrier’s age

Segregation pattern ~ Carrier’s sex, n (%) P value Segregation pattern  Carrier’s age®, n (%) P value
Total Female Male Total <35 years >35 years
Overall 604 324 280 <0.001  Overall 604 483 121 0.29
Alternate 411 (68.0) 179(55.2) 232(82.9) <0.001  Alternate 411 (68.0) 322(66.7) 89 (73.6)
Adjacent 185 (30.6) 138 (42.6) 47(168) <0.001  Adjacent 185(30.6) 155(32.1) 30 (24.8)
3:0 8(1.3) 72.2) 1 (0.4) 0074 30 8(1.3) 6(1.2) 2017
Carrier’s age® <35 Female carriers
Overall 483 288 195 <0.001 Overall 324 288 36 0.93
Alternate 322 (66.7) 160 (55.6) 162(83.1) <0.001 Alternate 179(55.2) 160 (55.6) 19 (52.8)
Adjacent 155(32.1) 122 @24) 33(169)  <0.001 Adjacent 138 (426) 122 (424) 16 (44.4)
3:0 6(12) 621 0 006 0 722 6.1 1@8)
Carrier’s age® >35 Male carriers
Overall 1 36 05 0.003 Overall 280 195 85 0.32
Alternate 89(73.6) 19(528) 70(824)  <0.001 Alternate 232(829) 162(33.1) 70(824)
Adjacent 30(24.8) 16 (44.4) 14 (165) 0.001 Adjacent 47(168)  33(169)  14(165)
3:0 2(1.7) 1(2.8) 1(1.2) 0.51 30 104 0 1(1.2)

# Carrier’s age is calculated by the date of oocyte retrieval minus the date
of birth

lower sperm count was observed in the male carriers of trans-
location that involves an acrocentric chromosome than in the
carriers of one that does not involve an acrocentric chromo-
some and in the spouses of the female carriers, whereas the
latter two subgroups had comparable total sperm counts
(Supplemental Table 3).

In this study, we did not observe an influence of the
carrier’s age on the proportion of the trivalent’s segregation
pattern in Robertsonian translocations, consistent with the
conclusion we drew from the analysis of balanced recipro-
cal translocations, in which a carrier’s age showed no in-
fluence on the proportion of the quadrivalent’s meiotic

# Carrier’s age is calculated by the date of oocyte retrieval minus the date
of birth

segregation. This may be a general characteristic in which
the proportions of meiotic segregation pattern of structural
rearrangements, regardless of the presence or absence of
acrocentric chromosome involvement, are independent of
the carrier’s age.

In both the female and male carrier subgroups, we ob-
served that advanced maternal age was associated with a
significantly higher aneuploidy rate in blastocysts, which
is consistent with the findings of other studies [24, 28]. The
effect of the maternal age on genomic abnormalities is
related to an abnormality of the chromosomes that is unre-
lated to the translocations, especially whole-chromosomal
aneuploidy.

3:0 segregation
Adjacent segregation
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Fig. 1 Meiotic segregation patterns of female and male Robertsonian translocation carriers according to the type of the translocation
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Fig. 2 Constitution of blastocyst for meiotic segregation of translocated
chromosomes and aneuploidy of chromosomes unrelated to the
translocation in general group independent of the sex of Robertsonian
translocation carriers (a) and female (b) and male (¢) carriers according
to maternal age

PGT-SR has been recommended as an alternative to prena-
tal diagnosis in patients with structural rearrangements. The
results of some studies showed a significantly higher rate of
live births per embryo transfer cycle after the PGT procedure
[29, 30], whereas one prospective cohort study concluded that
the cumulative rate of live births was not higher in patients
who undergo PGT than in those with natural conception [31].
Unlike the significantly lower euploidy rates of blastocysts
observed in reciprocal translocation carriers [24], the euploidy
rates of blastocysts observed in Robertsonian translocation
carriers, especially male carriers, were considerable in this
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study and are comparable to that in the general population.
A well-designed prospective study is needed to compare the
reproductive outcomes in a subdivided population with either
PGT or natural conception.

This study has several strengths. First, a joint analysis of
Robertsonian translocations and reciprocal translocations pro-
vides strong support to the conclusions from our previous
study [24]. From these two studies, we conclude that the pro-
portions of meiotic segregation pattern differ significantly be-
tween the sexes in carriers with translocations that involve an
acrocentric chromosome and that a significantly greater pro-
portion of normal or balanced chromosome contents is pro-
duced in male carriers than in female carriers. In cases with
translocations that do not involve an acrocentric chromosome,
the proportions are similar between male and female carriers.
Meanwhile, the carrier’s age exerts no influence on the mei-
otic segregation patterns of translocated chromosomes.
Furthermore, semen analysis has shown that unbalanced seg-
regation patterns may increase the chance that spermatogene-
sis will be arrested in carriers of translocations that involve an
acrocentric chromosome, resulting in a higher proportion of
normal or balanced gametes in a significantly decreased con-
centration of semen. These conclusions could provide clues to
explain the underlying mechanisms of meiotic segregation
patterns in translocation carriers and assist with their repro-
ductive risk assessment.

This study has some limitations. First, this was a retro-
spective study, so selection bias was inevitable. Second,
patients with complex chromosome rearrangements were
excluded, so it is inappropriate to apply these results to
such couples. Third, because the parental origin of abnor-
mal chromosome cannot be analyzed by aCGH, there is a
chance that monosomies or trisomies of chromosomes in-
volved in Robertsonian translocation at blastocyst stage
were due to meiotic non-disjunction in gametes or during
mitotic divisions after fertilization.

In conclusion, the proportions of the trivalent’s meiotic
segregation pattern in Robertsonian translocation differ signif-
icantly according to the carrier’s sex and are independent of
the carrier’s age. A significantly higher proportion of alternate
segregation for normal or balanced chromosome contents was
observed in the blastocysts of the male carriers than in those of
the female carriers.
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