Anne Mayeur 
email: anne.mayeur@aphp.fr
  
Naouel Ahdad 
  
Laetitia Hesters 
  
Sophie Brisset 
  
Serge Romana 
  
Lucie Tosca 
  
Gérard Tachdjian 
  
Nelly Frydman 
  
Chromosomal translocations and semen quality: A study on 144 male translocation carriers

Keywords: chromosomal translocation, karyotype, male infertility, semen quality

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Chromosomal translocations are the most common structural chromosomal rearrangements observed in humans, with a frequency of 1.23 per thousand [START_REF] Nielsen | Chromosome Abnormalities Found among 34,910 Newborn Children: Results from a 13-Year Incidence Study in Arhus, Denmark[END_REF]. Among them, Robertsonian translocations (ROBT) are the most common [START_REF] Therman | Human Chromosomes: Structure, Behaviour, and Effects[END_REF]. This rearrangement occurs when the complete long arms of two homologous or non-homologous acrocentric chromosomes (13, 14, 15, 21 or 22) fuse while the short arms of the translocated chromosomes are lost. The distribution of different ROBT in the general population is non-random, with the rob(13;14) and rob(14;21) translocations constituting ∼85% of all ROBT. Other ROBT, such as rob (14;22), rob(15;21) and rob(13;15) are considered to be rare and constitute the remaining ∼15% of these translocations [START_REF] Therman | The Nonrandom Participation of Human Acrocentric Chromosomes in Robertsonian Translocations[END_REF]. The other most common chromosomal abnormality is reciprocal translocation (RCT), which occurs when there is an exchange between two broken arms of two non-homologous chromosomes.

During meiosis, homologous chromosomes pair, synapse and recombine; these steps are crucial for correct chromosomal segregation and gamete production. In the case of balanced translocation, the abnormal behaviour of the rearranged autosomes in meiosis leads to chromosomal malsegregation and to generation of unbalanced spermatozoa [START_REF] Benet | Segregation of Chromosomes in Sperm of Reciprocal Translocation Carriers: A Review[END_REF][START_REF] Frydman | Assisting Reproduction of Infertile Men Carrying a Robertsonian Translocation[END_REF][START_REF] Gabriel-Robez | Meiotic Association between the XY Chromosomes and the Autosomal Quadrivalent of a Reciprocal Translocation in Two Infertile Men, 46,XY,t(19;22) and 46,XY[END_REF][START_REF] Luciani | Pachytene Analysis of a Man with a 13q;14q Translocation and Infertility. Behaviour of the Trivalent and Nonrandom Association with the Sex Vesicle[END_REF][START_REF] Piomboni | Chromosomal Aberrations and Aneuploidies of Spermatozoa[END_REF][START_REF] Rosenmann | Meiotic Association between the XY Chromosomes and Unpaired Autosomal Elements as a Cause of Human Male Sterility[END_REF][START_REF] Van Assche | Cytogenetics of infertile men[END_REF]. Apart from the chromosomal unbalanced risk associated with chromosomal rearrangements, interchromosomal effects may increase the occurrence of nondisjunction of chromosomes not involved in translocations [START_REF] Douet-Guilbert | Interchromosomal Effect in Sperm of Males with Translocations: Report of 6 Cases and Review of the Literature[END_REF].

The prevalence of chromosomal abnormalities is higher in infertile men and the overall incidence of a chromosomal factor in infertile males ranges between 2% and 8%, with a mean value of 5% [START_REF] Ferlin | Male Infertility: Role of Genetic Background[END_REF].

Alteration of semen quality in male translocation carriers may be due to varying degrees of spermatogenic breakdown related to meiotic disturbance and failure in gamete production [START_REF] Chandley | Translocation Heterozygosity and Associated Subfertility in Man[END_REF][START_REF] Douet-Guilbert | Interchromosomal Effect in Sperm of Males with Translocations: Report of 6 Cases and Review of the Literature[END_REF][START_REF] Egozcue | Human Male Infertility: Chromosome Anomalies, Meiotic Disorders, Abnormal Spermatozoa and Recurrent Abortion[END_REF][START_REF] Ferlin | Male Infertility: Role of Genetic Background[END_REF][START_REF] Shah | The Genetic Basis of Infertility[END_REF][START_REF] Van Assche | Cytogenetics of infertile men[END_REF]. Chromosomal structural rearrangement may have different impacts on individuals and there may be a different effect on the testes. Most of the published studies investigating the relationship between semen quality and balanced chromosomal rearrangement were based on analysis of men who have suffered infertility [START_REF] Dong | Impact of Chromosomal Translocations on Male Infertility, Semen Quality, Testicular Volume and Reproductive Hormone Levels[END_REF][START_REF] Elfateh | Influence of Genetic Abnormalities on Semen Quality and Male Fertility: A Four-Year Prospective Study[END_REF]H. G. Zhang et al., 2015;[START_REF] Xie | Multicentre Study of Genetic Abnormalities Associated with Severe Oligospermia and Non-Obstructive Azoospermia[END_REF]. Although their initial cohorts were large in number, chromosomal rearrangements were diagnosed in only a small number of cases.

The objectives of the present study, based on a 10-year period in practising preimplantation genetic testing (PGT) for male translocations, were: (i) to compare the sperm characteristics in 144 translocation carriers and 105 control men, (ii) to identify whether a threshold based on sperm analysis can be proposed for detection of translocations, and (iii) to analyse semen quality according to the chromosomes involved, in order to better characterize whether one of the chromosomes particularly contributes to poor semen parameters.

Materials and methods

The present study is a monocentric retrospective observational study carried out from 2007 to 2016. Consent from all participants was obtained at the time of the semen collection for the use of their medical data in view of research. The database was approved by the National Data Protection Authority (Commission Nationale de l'Informatique et des Libertés, CNIL no. 1217921) on 21 February 2007. According to the 'Jardé Law' (decree no. 2016(decree no. -1537(decree no. , 16 November 2016)), Institutional Review Board approval was not required for this retrospective study.

Patients

One hundred and forty-four men referred to the author's Centre for PGT (Centre Béclère Necker hospitals) for a male chromosomal translocation were studied. In 81 patients, a de novo or familial RCT had been detected through standard karyotyping. The two-break chromosomal rearrangement had been identified by specific DNA probes using fluorescence in-situ hybridization (FISH). The 63 other patients were characterized as ROBT carriers identified through standard karyotyping.

As a control, 105 fathers enrolled in PGT for a monogenic disease were selected from couples that had already suffered from the medical termination of pregnancy or already had a healthy or affected child. Control men benefited from the same treatment as the studied group over the same period in the same hospital. Sperm provision was carried out in the same place with the same therapeutic purpose: benefit from a PGT. It can therefore be proposed that overall, patients experienced the same stress. Moreover, the number of days of sexual abstinence was controlled in the control and studied groups. Given the aim of this study, it was important to compare the treatment group to a control with a known, normal karyotype. Because it is systematically performed before PGT, the selection of PGT-father candidates was particularly appropriate.

Semen analysis

Fresh semen samples were collected for IVF/intra-cytoplasmic sperm injection (ICSI) prior to the PGT attempt by masturbation after 3-5 days of sexual abstinence. The overall semen samples were treated in the same laboratory. They were incubated at 37°C and analysed within 1 h using a manual method according to the World Health Organization guidelines (WHO Laboratory Manual for the Examination and Processing of Human Semen, 2010). Over the 10-year period of this study, seven trained technicians regularly evaluated sperm parameters for intra-or inter-variability. There were no significant changes in laboratory variables: neither in the conditions for evaluating sperm parameters nor in the media or consumables used. Initial sperm concentrations (×10 6 per ml) were assessed using a hemocytometric method (Malassez chamber) by counting at least 100 spermatozoa. The total number of spermatozoa per ejaculate (×10 6 ), grossly reflecting testicular sperm production, was calculated as the product of sperm concentration and the volume of seminal fluid. The percentage of progressively motile spermatozoa was assessed at 37°C, at ×100 and ×400 magnification with phase optics in four to six fields, chosen at random from two preparations, and the mean value being reported. Liquefied ejaculate was dropped into a discontinuous Pure Sperm (Nidacom, JCD, France) preparation (45% and 90%) and the sperm pellet was washed in Ferticult medium (FertiPro NV, JCD, France) by centrifugation at 600g for 10 min. Final sperm concentration and progressive motility were assessed as already described in the resuspended sperm pellet. The total number of progressive spermatozoa retrieved after sperm preparation (NPS-ASP) was calculated for each patient from the total number of spermatozoa and the percentage of progressively motile cells. NPS-ASP is considered of biological importance for assisted reproductive technologies because it determines the potential use of spermatozoa through intrauterine insemination (IUI), conventional IVF or ICSI. It was therefore decided to use NPS-ASP as a marker of sperm quality. In this study, NPS-ASP has been categorized as good, fair, poor, and very poor according to the minimal NPS-ASP required for each technique: good (5 × 10 6 for IUI); fair (>1 × 10 6 to <5 × 10 6 ) for IVF, poor (>0.5 × 10 6 to 1 × 10 6 ), and very poor (0.5 × 10 6 ) for ICSI.

Standard karyotyping and FISH

Standard chromosomal analyses were performed on cultured peripheral lymphocytes from the patient using standard procedures [G-banding with Trypsin using Giemsa (GTG); R-banding after Heat denaturation and Giemsa (RHG)]. FISH analyses were performed on metaphase spreads of lymphocytes from the patient. In accordance with breakpoints visualized on a standard karyotype, specific DNA probes were used, following the manufacturer's recommendations (Vysis-Abbott, Suresnes, France), to identify chromosome segments involved in translocation.

Statistical analysis

Statistical analyses were performed using GraphPad Prism (ver. 5.02, Graphpad Software Inc., San Diego, CA, USA). An unpaired t-test was used to compare the three patient groups and to test for differences. When P < 0.05, the difference was considered statistically significant. The distances from the breakpoints to centromere of both chromosomes involved in each translocation were summed and tested for an eventual correlation with NPS-ASP using a Spearman test.

The percentage of normozoospermic men according to WHO reference values (39 × 10 6 per ejaculate and 32% of progressive motility; [START_REF] Cooper | World Health Organization Reference Values for Human Semen Characteristics[END_REF], excluding morphology [START_REF] Auger | Semen Quality of 4480 Young Cancer and Systemic Disease Patients: Baseline Data and Clinical Considerations[END_REF], was calculated in order to appreciate the number of men with an acceptable fertility potential for the comparison of ROBT and RCT carriers and fertile men. Furthermore, patients were stratified according to their translocation into NPS-ASP categories. Finally, a whole genome view of estimated chromosomal breakpoints according to the NPS-ASP was evaluated by comparison with previously established structural classifications (karyogram). Additionally, results were classified using the classic karyotype structural groups [START_REF] Iscn | An International System for Human Cytogenetic Nomenclature[END_REF]. These morphologic classifications (Groups A-G) are generally correlated with size and configuration in most classes. Group A included chromosomes 1-3, B chromosomes 4-5, C chromosomes 6-12 and the X chromosome, D chromosomes 13-15, E chromosomes 16-18, F chromosomes 19-20, and G chromosomes 21-22 and the Y chromosome. Mostly, this classification would give some groups more chances of having a negative effect on the NPS-ASP.

Results

The mean age of RCT and ROBT carriers (35.8  5.1 and 35.7  5.5 years,respectively) was similar to that of the control group (36.1  4.7 years).

Semen quality

Median sexual abstinence was similar between RCT or ROBT carriers and the control group (Table 1). Figure 1A presents the percentage of normozoospermic patients in the three groups. Normozoospermia was observed for only 39.5% of RCT carriers, and 14.3% of ROBT carriers, compared with more than 94% in the control group. The WHO manual prescribes nomenclature to be used to describe semen samples with values lying outside the reference range. Normozoospermia refers to three normal sperm parameters: number, motility and morphology. However, in this study, sperm analysis was based on the semen sample used for IVF/ICSI in the PGT attempt which, as is often the case with sperm preparation for therapeutic purposes, did not include the establishment of sperm morphology. Thus, the term normozoospermia must be considered with caution.

A statistically significant lower sperm concentration (P < 0.0001), total sperm count (P < 0.0001) and progressive motility (P < 0.001 for RCT and P < 0.0001 for ROBT) were observed for translocation groups of men studied in comparison to control groups (Table 1). Overall, ROBT carriers had the poorest semen characteristics. Notably, the level of sperm production in ROBT carriers was about one-fifth and onetenth of the level found in RCT carriers and in the control group, respectively. The NPS-ASP was altered in both RCT and ROBT carriers. Of note, this alteration was stronger in patients bearing a ROBT because 3.2% of them had a NPS-ASP categorized as good, while there was a 35.8% rate in RCT carriers (Figure 1B). Despite the alteration of semen quality that was stronger in patients bearing a ROBT, the percentage of balanced embryos obtained after PGT was more favourable in ROBT than in RCT (Supplementary Table 1).

Semen quality by chromosome classification

The proportion of good, fair, poor and very poor NPS-ASP obtained after sperm preparation for each type of ROBT is presented in Figure 2. The majority of patients (n = 53) bear a common ROBT [rob(13q;14q) or rob(14q;21q)] and ten carried a rare ROBT. In most cases the NPS-ASP was poor or very poor (1 × 10 6 ), independently of the chromosome involved.

Table 2 summarizes the listing of karyotypes of the overall reciprocal translocation carriers studied according to NPS-ASP values. The distances from the breakpoints to centromeres for both chromosomes involved in each reciprocal translocation are also mentioned. No significant correlation was found between any NPS-ASP and these distances (r = 0.07). In Supplementary Figure 1, the NPS-ASP was spotted on an original karyogram (Supplementary Figure 1A). This representation allows us to show the NPS-ASP category for each chromosome at each breakpoint. The 'good' NPS-ASP category was distributed on all chromosomes except for chromosomes 19, 20 and 21. For a similar breakpoint the NPS-ASP may vary from good to very poor quality (2p24; 5p15, 5q34, 6q23, 8q23, 11q22, 18q21, 22q11). Three different breakpoints occurring on 9q were associated with a very poor NPS-ASP (9q12, 9q31, 9q33). Four redundant regions were associated with poor or very poor NPS-ASP (1q21, 6p21, 16q21, 17q11.2). Patients with a very poor or poor NPS-ASP sharing the same breakpoints are marked in bold in Table 2. Relatively short or short metacentric and submetacentric chromosomes (Groups E and F) were more often associated with a poor or very poor NPS-ASP compared with other groups (69.6% versus 34.1%, P < 0.01) (Supplementary Figure 1B). Twenty-eight patients carried an RCT involving an acrocentric chromosome, of them 13 (46.4%) had a poor or very poor NPS-ASP, while this rate was 82.5% in ROBT patients.

Discussion

The present clinical investigation included 144 men bearing a structural chromosomal rearrangement; the first aim was to determine whether in this defined cohort, the semen quality was altered. The prognostic value of semen quality, as a surrogate marker of male fertility, may be confounded in several ways [START_REF] Cooper | World Health Organization Reference Values for Human Semen Characteristics[END_REF]. This is why it was important to compare the studied group with a fertile control group. However, defining which men are most suitable to be included as control remains a major challenge. The reference population used by [START_REF] Cooper | World Health Organization Reference Values for Human Semen Characteristics[END_REF] had fertile men whose partners had a time-to-pregnancy of 12 months or less. The control group had the same profile, but the time-to-pregnancy was not recorded.

It was found that semen quality was decreased in comparison with the control cohort, especially in the case of ROBT. This was in agreement with other authors [START_REF] Pastuszek | Sperm Parameters and DNA Fragmentation of Balanced Chromosomal Rearrangements Carriers[END_REF][START_REF] Vozdova | Balanced Chromosomal Translocations in Men: Relationships among Semen Parameters, Chromatin Integrity, Sperm Meiotic Segregation and Aneuploidy[END_REF]. It was also found that 40% of the RCT carriers were normozoospermic, confirming data reported by [START_REF] Zhang | Male carriers of balanced reciprocal translocations in Northeast China: sperm count, reproductive performance, and genetic counseling[END_REF] in a smaller study.

One of the advantages of this study was the population recruitment method; patients were not specifically referred to the IVF clinic for male infertility, but as candidates for PGT. This recruitment provided an opportunity to study a large panel of male patients with variable semen quality. However, the present study has some limitations. Although the age and sexual abstinence between each group were similar, other confounding factors such as smoking, drinking, BMI and environmental toxic exposure were not considered. It is probable that, due to the relatively large size of the three groups, some factors will be levelled out, but it cannot be ruled out that there may be a potential bias. Another limitation may be the manual semen analysis performed. Although the laboratory was certified in 2006 (ISO 9001) and accredited in 2013 (NF 15189), the occurrence of inter-or intra-observer variability cannot be ruled out, albeit in view of the quality assurance policy in place this constitutes a minor limitation.

In this study the NPS-ASP was considered to be more relevant to assess semen quality than raw spermatozoa, as previously done by other authors [START_REF] Dong | Impact of Chromosomal Translocations on Male Infertility, Semen Quality, Testicular Volume and Reproductive Hormone Levels[END_REF][START_REF] Elfateh | Influence of Genetic Abnormalities on Semen Quality and Male Fertility: A Four-Year Prospective Study[END_REF]H. G. Zhang et al., 2015;[START_REF] Xie | Multicentre Study of Genetic Abnormalities Associated with Severe Oligospermia and Non-Obstructive Azoospermia[END_REF]. Indeed, sperm migration techniques evaluate the aptitude of spermatozoa to cross the cervical mucus and the NPS-ASP represents the potential number of spermatozoa capable of reaching the oocyte in the Fallopian tube. Taking into account the NPS-ASP obtained in known fertile control patients, when it is categorized as good, it seems to be compatible with good sperm function.

It is usually accepted that the frequency of chromosomal abnormalities increases in an infertile population compared with normal fertile men [START_REF] Xie | Multicentre Study of Genetic Abnormalities Associated with Severe Oligospermia and Non-Obstructive Azoospermia[END_REF], thus justifying the prescription of a standard male karyotype. However, this examination is expensive and not always covered by third-party payers. The second aim of this study was thus to define whether a semen quality threshold could be defined by the NPS-ASP to offer karyotyping. The American Society of Reproductive Medicine recommends that karyotyping should be offered to men who have non-obstructive azoospermia or severe oligospermia (defined as <5 × 10 6 sperm/ml in raw semen) (Male Infertility Best Practice Policy Committee of the American Urological Association, and Practice Committee of the American Society for Reproductive Medicine, 2006). According to this recommendation, 50% of ROBT and most of the RCT carriers included in this study would not be detected (Table 1). For the Dutch Society of Obstetrics and Gynaecology [START_REF] Nvog | Guideline: assessment and treatment for male subfertility[END_REF], male standard karyotype has to be prescribed when the total motile sperm count <1 million in raw semen. As before, this second recommendation appears to be insufficient to detect chromosomal abnormalities because only 14.8% of RCT and 33.3% of ROBT carriers included in this study would be detected. Others have discussed the determination of male chromosomal status systematically if ICSI is required [START_REF] Chandley | Cytogenetics and Infertility in Man. I. Karyotype and Seminal Analysis: Results of a Five-Year Survey of Men Attending a Subfertility Clinic[END_REF][START_REF] Cruger | Genetic Analysis of Males from Intracytoplasmic Sperm Injection Couples[END_REF][START_REF] Tuerlings | Chromosome Studies in 1792 Males Prior to Intra-Cytoplasmic Sperm Injection: The Dutch Experience[END_REF]. In this study, 82.5% of ROBT carriers had an NPS-ASP requiring the use of ICSI, while in RCT carriers, ICSI was only required for 42% of cases. Yet, it is noteworthy that the NPS-ASP seems to be a more reliable criterion for identifying a patient bearing a chromosomal rearrangement. Indeed, with a threshold fixed at fewer than 5 million, 97% of ROBT and 75% of RCT would be detected.

The third objective of this study was to analyse semen quality according to the chromosomes involved in the chromosomal rearrangement. Several hypotheses have been proposed to explain why the chromosomal rearrangement of male carriers frequently harboured an altered semen quality. One theory originated from a mechanical mechanism: physiologically, the formation of the sex body is associated with epigenetic remodelling of the sex chromatin and transcriptional repression of Xand Y-linked genes [START_REF] Baarends | Silencing of Unpaired Chromatin and Histone H2A Ubiquitination in Mammalian Meiosis[END_REF][START_REF] Khalil | Dynamic Histone Modifications Mark Sex Chromosome Inactivation and Reactivation during Mammalian Spermatogenesis[END_REF], resulting in a meiotic sex chromosome inactivation. In cases of translocation, it has been suggested that a gradual contact of the asynaptic region of trivalent (ROBT) or quadrivalent (RCT) with the transcriptional inactive XY body throughout the long pachytene stage may disturb meiotic sex chromosome inactivation [START_REF] Gabriel-Robez | The Meiotic Pairing Behaviour in Human Spermatocytes Carrier of Chromosome Anomalies and Their Repercussions on Reproductive Fitness. II. Robertsonian and Reciprocal Translocations. A European Collaborative Study[END_REF][START_REF] Lifschytz | The Role of X-Chromosome Inactivation during Spermatogenesis (Drosophila-Allocycly-Chromosome Evolution-Male Sterility-Dosage Compensation)[END_REF][START_REF] Sciurano | The asynaptic chromatin in spermatocytes of translocation carriers contains the histone variant γ-H2AX and associates with the XY body[END_REF]. In the specific case of ROBT, the heterochromatic short arms of acrocentric chromosomes carry the nucleolar organizer regions (NOR) which, in addition to their function in rRNA synthesis, are required to associate with the sex vesicle. Thus, ROBT that have lost their NOR can increase the likelihood of cell disruption and germ cell death, thus decreasing fertility [START_REF] Antonelli | Chromosomal Alterations and Male Infertility[END_REF][START_REF] Gabriel-Robez | The Meiotic Pairing Behaviour in Human Spermatocytes Carrier of Chromosome Anomalies and Their Repercussions on Reproductive Fitness. II. Robertsonian and Reciprocal Translocations. A European Collaborative Study[END_REF][START_REF] Shah | The Genetic Basis of Infertility[END_REF]. [START_REF] Page | Breakpoint Diversity Illustrates Distinct Mechanisms for Robertsonian Translocation Formation[END_REF] revealed that highly variable locations of breakpoints may occur in the less common ROBT, whilst for common ROBT such as (13q14q) and (14q21q) the region where the breakpoints are localized are the same. This was confirmed more recently [START_REF] Jarmuz-Szymczak | Narrowing the Localization of the Region Breakpoint in Most Frequent Robertsonian Translocations[END_REF]. This may be a plausible argument to explain why patients bearing a common ROBT may present similar meiotic segregation patterns leading to an alteration of semen quality. However, whether chromosomal rearrangement may affect meiosis was not investigated in the present study because none of the patients underwent testicular sperm extraction. The altered NPS-ASP in the vast majority of (13q14q) carriers included in this study supports this hypothesis. Another hypothesis is that chromosomal breakpoints may result in the disruption of a gene required for spermatogenesis. In a mouse model, it has been shown that 388 genes are involved in spermatogenesis [START_REF] Massart | Genetic causes spermatogenic failure[END_REF]. For some, their correspondence with human infertility has already been investigated [START_REF] Javadian-Elyaderani | Diagnosis of Genetic Defects through Parallel Assessment of PLCζ and CAPZA3 in Infertile Men with History of Failed Oocyte Activation[END_REF][START_REF] Khosronezhad | The Nsun7 (A11337)-Deletion Mutation, Causes Reduction of Its Protein Rate and Associated with Sperm Motility Defect in Infertile Men[END_REF][START_REF] Ren | Investigation of Polymorphisms in Exon7 of the NSUN7 Gene among Chinese Han Men with Asthenospermia[END_REF][START_REF] Robay | A systematic review on the genetics of male infertility in the era of nextgeneration sequencing[END_REF]. Recently, the transcriptomic analyses of successive germ cell subtypes during human spermatogenesis revealed dynamic transcription of over 4000 genes [START_REF] Jan | Unraveling Transcriptome Dynamics in Human Spermatogenesis[END_REF], leading to a very large number of candidates to explain the genetic origin of human male infertility. Thus, scrutinizing translocation breakpoints may be of great interest. An original karyogram for RCT carriers was constructed in this study, indicating for each chromosomal breakpoint the correspondent NPS-ASP category. It was hoped to identify in this way redundant chromosomal regions more often associated with altered semen quality and pointing to a candidate region. First, it was found that for similar breakpoints, the NPS-ASP varies from good to very poor quality (2p24, 5p15, 5q34, 6q23, 8q23, 11q22, 18q21, 22q11), excluding these regions of potential interest.

Interestingly, four redundant regions were identified on certain chromosomes as in 1q21, 6p21, 16q21, 17q11.2 associated with poor or very poor NPS-ASP, suggesting that these regions may contain a gene of interest (Table 2 and Supplementary Figure 1A). In the four chromosomal regions identified with a redundant deleterious effect on semen quality, 419 genes were referenced, of which 324 were listed in the OMIM ® database (https://www.omim.org). A total of 171 genes were identified at breakpoint 1q21, including four already reported in the literature, with a role in oocyte meiotic maturation, spermiogenesis, sperm capacitation or sperm motility. Similarly, 87 genes were identified at breakpoint 6p21, among which two are involved in sperm motility and spermatogonial proliferation. At breakpoint 16q21, of the 29 genes identified, only one has been described in the literature. This gene is less expressed in the seminal fluid in the case of asthenozoospermia. Finally, at the breakpoint 17q11.2, 59 genes were identified, of which two are involved in germ cell apoptosis regulation or acrosome function (Supplementary Table 2).

In conclusion, this study reports a stronger alteration of semen quality in ROBT than in RCT carriers. The number of progressive spermatozoa retrieved after sperm preparation appears to be a good parameter to assess sperm function and would be a useful tool to detect chromosomal translocations. A relatively robust threshold fixed under 5 million is proposed. Finally, four redundant regions have been identified on four chromosomes (1, 6, 16 and 17), suggesting they might contain genes of interest. were stratified according to their translocation and to NPS-ASP categories. Good NPS-ASP (5 × 10 6 ), fair NPS-ASP (>1 × 10 6 to < 5× 10 6 ), poor NPS-ASP (>0.5 × 10 6 to 1 × 10 6 ) and very poor NPS-ASP (0.5 × 10 6 ). NPS-ASP = number of progressive spermatozoa retrieved after sperm preparation.

Figure 2 Proportion of good, fair, poor, and very poor NPS-ASP values for each type of Robertsonian translocation. These rearrangements originate through the translocation of acrocentric chromosomes (13,14,15,21,22). Rare translocations comprise (13q;21q)-n = 1, (13q;15q)-n = 4, (14q;15q)-n = 1, (14q;22q)-n = 1, (15q;21q)-n = 1, (15q;22q)-n = 1, (21q;22q)-n = 1. NPS-ASP categories defined as good (5 × 10 6 ), fair (>1 × 10 6 to < 5 × 10 6 ), poor NPS-ASP (>0.5 × 10 6 to 1 × 10 6 ) and very poor (0.5 × 10 6 ). NPS-ASP = number of progressive spermatozoa retrieved after sperm preparation. 

Figure 1

 1 Figure1Sperm characteristics in the control group (CTL), reciprocal translocation (RCT) and Robertsonian translocation (ROBT) carriers. (A) Percentage of normozoospermic men in the three groups (sperm morphology excluded). (B) Patients were stratified according to their translocation and to NPS-ASP categories. Good NPS-ASP (5 × 10 6 ), fair NPS-ASP (>1 × 10 6 to < 5× 10 6 ), poor NPS-ASP (>0.5 × 10 6 to 1 × 10 6 ) and very poor NPS-ASP (0.5 × 10 6 ). NPS-ASP = number of progressive spermatozoa retrieved after sperm preparation.

Table 2

 2 Listing of karyotypes and distances from breakpoints to centromeres for RCT translocation carriers according to NPS-ASP category

	NPS-ASP	Karyotype	CBP1	CBP2 (Mb) NPS-ASP
	category		(Mb)		value
	Very poor				
	Patient 1	46,XY,t(1;15)(p36.1;q11.2)	102.9	25.5	0.08
	Patient 2	46,XY,t(1;18)(p22;q21.1)	35.2	5.6	0.24
	Patient 3	46,XY,t(1;16)(p33;q23)	76.2	59.8	1.10 -3
	Patient 4	46,XY,t(1;7)(p21;p21)	24.0	56.0	1.10 -3
	Patient 5	46,XY,t(1;17)(q21;q12)	23.8	61.5	0.18
	Patient 6	46,XY,t(1;10)(p22.3;q22.3)	38.3	4.2	0.50
	Patient 7	46,XY,t(2;9)(p24;q33)	75.2	7.9	1.10 -3
	Patient 8	46,XY,t(3;14)(q13.2;p12)	21.4	138.7	1.10 -3
	Patient 9	46,XY,t(4;8)(q33;q21)	120.6	26.8	0.03
	Patient 10	46,XY,t(5;14)(q11.1;p12)	1.2	73.7	1.10 -3
	Patient 11	46,XY,t(5;9)(q34;q31)	115.8	1.6	0.50
	Patient 12	46,XY,t(5;6)(p15.1;q23)	39.2	45.8	0.45
	Patient 13	46,XY,t(6;15)(p12;q12)	9.4	33.8	1.10 -3
	Patient 14	46,XY,t(6;10)(p21.1;q24)	17.6	4.3	0.07
	Patient 15	46,XY,t(8;19)(q24.1;q13.3)	76.9	104.5	1.10 -3
	Patient 16	46,XY,t(8;18)(q23;q22)	66.4	15.3	1.10 -3
	Patient 17	46,XY,t(9;14)(p21;q11.2)	9.3	12.7	0.31
	Patient 18	46,XY,t(9;14)(q12;p11.2)	22.4	61.2	1.10 -3
	Patient 19	46,XY,t(9;17)(p13;q11.2)	11.9	5.9	0.42
	Patient 20	46,XY,t(10;20)(q26.3;p11.1)	104.2	35.5	0.04
	Patient 21	46,XY,t(11;22)(q25;q11.2)	79.2	0.9	0.22
	Patient 22	46,XY,t(11;17)(q22;q23)	50.1	4.8	1.10 -3
	Patient 23	46,XY,t(15;16)(p11.2;q21)	6.7	4.3	0.04
	Patient 24	46,XY,t(15;17)(q15;p11.2)	23.5	24.4	0.24
	Patient 25	46,XY,t(16;18)(q11.2;p11.2)	6.2	5.0	0.08
	Patient 26	46,XY,t(17;19)(q11.2;q13.4)	4.8	28.7	0.01
	Patient 27	46,XY,t(17;18)(p12;q21.1)	10.6	37.4	0.07
	Patient 28	46,XY,t(18;21)(p11.1;q11.1)	0.9	52.0	1.10 -3
	Poor				
	Patient 29	46,XY,t(1;5)(q21;q31.2)	23.8	28.0	0.90
	Patient 30	46,XY,t(2;21)(q32;q21)	96.9	41.3	0.57
	Patient 31	46,XY,t(2;16)(q14.3;q21)	32.8	18.3	0.96
	Patient 32	46,XY,t(3;19)(p25;q13.1)	78.4	8.6	0.67
	Patient 33	46,XY,t(4;22)(q10;q10)	1.2	2.6	0.92
	Patient 34	46,XY,t(4;6)(p16;p21)	44.7	36.1	1.00
	Patient 35	46,XY,t(11;22)(q23.23;q11.2) 59.8	28.7	0.90
	Fair				
	Patient 36	46,XY,t(1;16)(q32;q22)	81.6	5.1	1.80

NPS-ASP = number of progressive spermatozoa retrieved after sperm preparation; CBP1 = centromere breakpoint distance 1; CBP2 = centromere breakpoint distance 2.
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