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Abstract: Numerical chromosomal aberrations in sperm are considered to be a major factor in
infertility, early pregnancy loss and syndromes with developmental and cognitive disabilities in
mammals, including primates. Despite numerous studies in human and farm animals, the incidence
and importance of sperm aneuploidies in non-human primate remains mostly undetermined. Here
we investigated the incidence and distribution of sperm aneuploidy in chimpanzees (Pan troglodytes),
the species closest to human. We identify evolutionary conserved DNA sequences in human and
chimpanzee and selected homologous sub-telomeric regions for all chromosomes to build custom
probes and perform sperm-FISH analysis on more than 10,000 sperm nuclei per chromosome. Chim-
panzee mean autosomal disomy rate was 0.057 ± 0.02%, gonosomes disomy rate was 0.198% and the
total disomy rate was 1.497%. The proportion of X or Y gametes was respectively 49.94% and 50.06%
for a ratio of 1.002 and diploidy rate was 0.053%. Our data provide for the first time an overview
of aneuploidy in non-human primate sperm and shed new insights into the issues of aneuploidy
origins and mechanisms.

Keywords: chromosome; cytogenetic; infertility; non-human primate; reproduction; spermatozoa

1. Introduction

The number of species at risk of extinction is currently nearly 1000 times the normal
rate of extinction through evolution [1,2]. Primates are not spared and ~75% of species
have declining populations worldwide [3]. To support species conservation and prevent
inbreeding depression, new approaches have emerged incorporating genetics and/or re-
productive biology technologies [4]. For instance, a genetic approach using non-invasively
collected samples of a population allows an accurate characterization of its size, dynamics,
dispersion distance and gene flow, but also the determination of group membership, move-
ments, and relatedness at individual scale [5,6]. Active genetic management of fragmented
populations is then achievable. Genetic diversity can be introduced by individual reloca-
tion or via medically assisted reproduction techniques (ART), predominantly vaginal or
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intrauterine inseminations [1]. Beyond genetic rescue situations, ART also allow for the
conservation of genetic material and detection of potential inbreeding (reviewed in [7,8]).
One limitation to the development of new approaches is the lack of data for several aspects
of primate reproduction and further research combining procreation and genetics are
needed to advance current understanding of the primate reproductive system [9].

Numerical chromosomal aberrations in sperm are considered to be a major factor in
infertility, early pregnancy loss and syndromes with developmental and cognitive disabil-
ities in mammals [10–14], including primates [15–20]. Sperm aneuploidy analysis have
now been pursued for decades using hybridization in situ fluorescence (FISH) techniques,
namely spermFISH. Although most of these studies were focus on humans, many mam-
malian species were investigated like cattle [21–23] and river buffalo [24], horse [25,26],
pig [27,28], goat [24], sheep [24] and dog [29]. Nevertheless, literature on sperm aneuploidy
in non-human primates remains scarce and sperm aneuploidy rates were reported only in
two publications. O’Brien and collaborators [30] first published successful hybridization
of probes directed against human chromosomes in Pan troglodytes, Papio hamadryas and
Callithrix jacchus spermatozoa. Then, Froenicke and collaborators [31] truly paved the
way of sperm aneuploidy analysis in non-human primates by reporting a six-chromosome
sperm-FISH assay with probes directed against regions with high content of evolution-
arily conserved DNA sequences in Macaca mulatta. However, so far, the incidence and
importance of sperm aneuploidies in non-human primate remains mostly undetermined.

Two factors are mainly responsible for this lack of investigation. First, excluding
species used for biomedical research such as Macaca mulatta, it is logistically challenging
to collect primate semen, and when possible, it is foremost used for species conservation
purposes [32]. Second, spermFISH analysis is extremely time consuming. The low inci-
dence of sperm aneuploidy requires a minimum of 10,000 nuclei per chromosome to be
analyzed for statistical significance. Although automated or semi-automated approaches
have been implemented over the years [33–37] making the analysis more accessible, it still
represents a huge amount of technical time. Even in human clinical practice, only a few
chromosomes are usually studied, commonly chromosomes 13, 18, 21, X and Y, which are
implicated in aneuploidies compatible with survival. To overcome these limitations, we
used thawed straws from a control series of chimpanzee (Pan troglodytes) non-invasive
sperm preservations, and developed a hybridization technique that prevents sperm heads
swelling and improves signal quality. The analysis process is thus accelerated and allows
to have a first glimpse of the chimpanzee sperm aneuploidy rates.

Given their proximity to humans and the limited data available on them, chimpanzees
would be an appropriate starting point for the evaluation of sperm aneuploidy in non-
human primates. We report here for the first time the frequency and distribution of
sperm aneuploidy for all chromosomes of two 48,XY adult chimpanzees. We also specify
their sperm parameters, their karyotypes with regard to a human one, provide all the
clones used for hybridization, validate an improved FISH protocol for non-human primate
spermatozoa, compare their aneuploidy rates with those of the other primates and discuss
the implications of these results for the understanding of sperm aneuploidies.

2. Results
2.1. Chimpanzee Biological Data

We first confirmed that the two males had no spermogram or karyotype anomaly,
these results being consistent with their status as active breeders. Sperm parameters are
provided in Table 1 with both males displaying values in the literature normal range for
this species, including normal sperm morphology with 84% and 79% of normal form.
Both chimpanzees displayed a normal 48,XY karyotype free of any visible structural or
numerical chromosomal rearrangement within the limit of the karyotype resolution in
G-banding (Figure 1A) and R-banding (Figure 1B).
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Figure 1. (A) G-banding and (B) R-banding karyogram of Homo sapiens and Pan troglodytes. (C) Fluorescent karyogram 
with positions of all probes used for chromosome enumeration. For each pair, human chromosomes (HSA) are positioned 
on the left and chimpanzee chromosomes (PTR) on the right. Probes from the short arm of human chromosome 2 and 
chimpanzee chromosome 13 were labeled in Spectrum Green and the others in Spectrum Orange (the color combinations 
used for the analyses are listed in the Material and Methods section). 

Figure 1. (A) G-banding and (B) R-banding karyogram of Homo sapiens and Pan troglodytes. (C) Fluorescent karyogram
with positions of all probes used for chromosome enumeration. For each pair, human chromosomes (HSA) are positioned
on the left and chimpanzee chromosomes (PTR) on the right. Probes from the short arm of human chromosome 2 and
chimpanzee chromosome 13 were labeled in Spectrum Green and the others in Spectrum Orange (the color combinations
used for the analyses are listed in the Material and Methods section).
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Table 1. Sperm parameters of both chimpanzees †.

Individual 1 Individual 2 Literature Range
or Mean (n = 69) †

Ejaculate 1 2 1

Sperm parameters
Sperm volume (µL) 600 700 400 100–4400

pH 8 7.9 - -
Sperm concentration (106/mL) 92 290 65 61–11300

Vitality (% alive) 62 77 - 72.13
Sperm motility

Total motility (%) 55 72 - 3–93.2
Average path velocity (µM/s) 76.70 ± 40.67 107.32 ± 49.12 - 138
Straight linear velocity (µM/s) 58.15 ± 37.26 62.59 ± 48.62 - 34.3

Curvilinear velocity (µM/s) 128.43 ± 50.48 136.70 ± 53.25 - 110.3
Amplitude of lateral head displacement (µM) 7.32 ± 4.19 6.98 ± 4.57 - 5.2

Sperm morphology
Normal morphology (%) 87 83 79 69.58

Head defects (%) 5 8 7 -
Abnormal base (%) 2 3 4 -

Abnormal acrosome (%) 2 4 2 -
Macro head (%) 0 1 0 -

Thinned head (%) 1 0 1 -
Flagellum defects (%) 8 9 14 -

Coiled tail (%) 4 5 6 -
Destructured tail (%) 2 1 1 -

Multiple tail (%) 1 0 0 -
Simple bent tail (%) 1 3 7 -

Sperm morphometry
Head length (µM ± SE) 4.40 ± 0.22 - - 4.8
Head width (µM ± SE) 2.79 ± 0.19 - - 2.8
Head area (µM ± SE) 9.87 ± 0.80 - - -

Head perimeter (µM ± SE) 11.79 ± 0.44 - - -
Head ellipticity (µM ± SE) 1.58 ± 0.12 - - 1.68

Elongation (µM ± SE) 0.22 ± 0.04 - - 0.25
Roughness (µM ± SE) 0.89 ± 0.07 - - -
Regularity (µM ± SE) 0.98 ± 0.07 - - -

Midpiece length (µM ± SE) 5.67 ± 0.56 - - 6.79
Principal piece length (µM ± SE) 54.03 ± 2.73 - - -

Flagellum length (µM ± SE) 59.71 ± 2.75 - - 52.25
Total length (µM ± SE) 64.11 ± 2.75 - - 59.30

† Literature data from [9].

2.2. DNA Probes

We used UCSC Genome Browser [38] to identify evolutionary conserved DNA se-
quences in human and chimpanzee and selected homologous sub-telomeric regions in
long arms of all chromosomes with the exception of chromosome 2. As human chro-
mosome 2 originated from the telomeric fusion of two ancestral primate chromosomes
corresponding to chimpanzee chromosomes 12 and 13 [39], we selected two sub-telomeric
conserved regions on the short and long arms of the human chromosome 2 to be able to
analyze all chimpanzee chromosomes. For each selected region, two to nine (mean = 6)
bacterial artificial chromosome (BAC) DNAs, spanning genomic distances from 520 to
1918 kbp (mean = 1197 kbp), were pooled to be used as FISH probes. All BACs are listed in
Supplemental Table S1 and were successfully validated on both human and chimpanzee
mitosis with a hybridization rate of 100%. Each probe set displays a strong independent
signal on its chromosome with no visible cross-hybridization on any other chromosome
(Figure 1C). Each probe can then be labeled with Spectrum Green (SG), Spectrum Orange
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(SO) or Spectrum Aqua (SA) fluorochromes to obtain different color combinations required
to perform the analysis.

2.3. Sperm Aneuploidy

As for FISH experiments on mitosis, all probe sets give strong independent signals
for all chromosomes in spermatozoa as illustrated in Figure 2. A total of 120,972 sperm
nuclei were analyzed to assess aneuploidy rates in chimpanzees, with an average of
10,081 sperm nuclei per probe set (range 10,003–10,298). Disomy rates per chromosome
are displayed in Table 2. The mean autosomal disomy rate is 0.057 ± 0.02% with a range
of 0.02 (for chromosomes 8 and 17, corresponding to human chromosomes 10 and 18) to
0.09 (chromosome 16, corresponding to human chromosome 15). The gonosomes disomy
rate is 0.198% and the total disomy rate is 1.497%. The proportion of X or Y gametes is
respectively 49.94% and 50.06% for a ratio of 1.002. Diploidy rate is 0.053% with a range
from 0.03% (probes set 18/19) to 0.098% (probes set 8/14) according to the chromosome set
(Table 3).
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Figure 2. FISH analysis of chimpanzee spermatozoa with two (A–C) and three-color (D–H) in situ hybridization. Panels
(A) to (C) are labeled with 1 Spectrum Green (SG)/19 Spectrum Orange (SO) probes with (A) displaying a normal nuclei,
(B) a disomy of chromosome 19 and (C) a disomy of chromosome 1. Panels (D–H) are labeled with 21 Spectrum Aqua
(SA)/X SG/Y SO probes with (E,F) displaying normal 21, X and 21, Y nuclei, and (D,G,H) displaying disomy of sex
chromosomes. Scale = 10 µM.
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Table 2. Disomy rates per chromosome in chimpanzee.

CHROMOSOME (PTR) NUMBER OF DISOMIC
CELLS (%)

NUMBER OF NUCLEI
ANALYZED

1 8 (0.080) 10,027
2 5 (0.050) 10,092
3 6 (0.060) 10,013
4 6 (0.060) 10,003
5 8 (0.079) 10,121
6 6 (0.059) 10,168
7 3 (0.030) 10,059
8 2 (0.020) 10,055
9 7 (0.069) 10,092
10 5 (0.050) 10,059
11 8 (0.078) 10,278
12 5 (0.050) 10,003
13 8 (0.079) 10,168
14 5 (0.050) 10,055
15 4 (0.040) 10,121
16 9 (0.090) 10,013
17 2 (0.020) 10,003
18 7 (0.070) 10,025
19 3 (0.030) 10,025
20 7 (0.070) 10,027
21 6 (0.060) 10,003
22 8 (0.079) 10,108
23 4 (0.039) 10,298

X/Y 2 (0.198) 10,108

Table 3. Diploidy rates per chromosome set.

CHROMOSOME SET (PTR) NUMBER OF DIPLOID
CELLS (%)

NUMBER OF NUCLEI
ANALYZED

18/19 3 (0.030) 10,025
7/10 5 (0.050) 10,059

17/21 6 (0.060) 10,003
6/13 10 (0.098) 10,168
3/16 6 (0.060) 10,013

11/23 8 (0.078) 10,298
1/20 4 (0.040) 10,027
2/9 6 (0.059) 10,092

5/15 5 (0.049) 10,121
4/12 4 (0.040) 10,003
8/14 3 (0.030) 10,055

22/X/Y 4 (0.040) 10,108
MEAN ± SD 64 (0.053) 120,972

2.4. Interspecies Comparison of Sperm Aneuploidy Rates

In order to compare the chimpanzee and human sperm aneuploidy rates, we con-
ducted a literature review on human sperm aneuploidy. To this end, the PubMed/MEDLINE
and Google Scholar databases were screened from inception to June 2021 using combina-
tions of terms (including terms “Aneuploidy”, “Human”, “Spermatozoa”, “spermFISH”,
and “Chromosome abnormalities”). Additional studies were extracted from the references
of the full-text articles. Data contained in the reviews were cited via their original articles.
Full texts of potentially relevant articles were retrieved and evaluated for inclusion. Only
multicolor-FISH studies with a minimum of 5 donors, strict scoring criteria, and a mini-
mum of 10,000 nuclei counted per probe set were included. After searching the databases,
1441 abstracts were reviewed, and 143 full-text articles were assessed for eligibility. The
articles that did not contain relevant data for our topic or did not meet our inclusion
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criteria were excluded and data from 34 articles were included. The following details
were extracted from each source: study authors, publication year and disomy rates per
chromosome. Literature review results are reported in Supplementary Table S2 and human
disomy rates are displayed in Table 4 alongside chimpanzee and macaque rates to allow
interspecies comparisons.

Table 4. Interspecies comparison of sperm disomy rates between Homo sapiens (HSA, 36 studies), Pan troglodytes (PTR, our
study, n = 2) and Macaca mulatta (MMU, one study, n = 5).

HSA 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 XY
disomy

(%) 0.088 0.089 0.200 0.078 - 0.040 0.050 0.038 0.094 - - 0.145 0.109 - 0.346 0.209 0.170 0.077 0.430 0.120 0.154 0.370 0.267

PTR 1 12 13 2 3 4 5 6 7 11 8 9 10 14 15 16 18 19 17 20 21 22 23 XY
disomy

(%) 0.080 0.050 0.079 0.050 0.060 0.060 0.079 0.059 0.030 0.078 0.020 0.069 0.050 0.050 0.040 0.090 0.070 0.030 0.020 0.060 0.060 0.079 0.038 0.197

MMU 1 12 13 2 5 6 4 3q 8 15 9 14 11 17 7q 7p 20 16 18 19 10q 3p 10p XY
disomy

(%) - - - - - - - - - - - - - 0.040 - - 0.060 0.040 0.040 0.030 0.140 - - 0.190

The observed rates of spontaneous chromosomal aneuploidies in chimpanzees (mean
autosome: 0.057%; mean gonosome: 0.198%; total = 1.497%) are similar to those in
macaques (mean autosome: 0.058%; mean gonosome: 0.190%; predicted total = 1.292%)
for the few chromosomes studied and coincide with the lowest reported incidences in
humans (autosome range: 0.04–0.37%, mean: 0.15; predicted total = 3.69%). The incidence
of autosomal aneuploidies in chimpanzees and macaques are about 3 times lower than
in humans. Similar to humans and macaques, chimpanzee sex chromosomes are more
frequently involved in aneuploidies than autosomes. Gonosomal anomalies are 3.5-fold
higher in Pan troglodytes compared to autosomal aneuploidies, 1.7-fold higher in Homo
sapiens, and 3.3-fold in Macaca mulatta. However, the gonosomal aneuploidies are about
1.4-fold lower in primates than in human. Concerning diploidy, the chimpanzee rate is
0.053%, similar to the 0.050% of Macaca Mulatta, both six-times inferior to the 0.310%
of human.

3. Discussion

This study provides a first insight into the incidence of chromosomal aneuploidies
in chimpanzee sperm. We showed that, like all the other studied mammals, chimpanzees
produce a proportion of aneuploid spermatozoa even when they are healthy and fertile.
The presence of disomic spermatozoa for all chromosomes proves that all chimpanzee
chromosomes are subject to non-disjunction during spermatogenesis.

We reported little variation between all the autosomal disomies incidence for chim-
panzee which is also reported in Macaca mulatta [31]. In contrast, some human autosomes
are more prone to non-disjunction than others [40]. It has been suggested that the presence
of nucleolus organizing regions (NORs) on the short arms of acrocentric chromosomes
would predispose them to non-disjunction [41,42] but we did not find a significant dif-
ference between the incidence rates of acrocentric chromosomes versus the others in
chimpanzee (student t-test, t = −0.66, df = 10.97, p-value = 0.52, NS). The chromosome size
is a factor in mitotic non-disjunction, it has also been proposed to have an impact during
meiosis [43]. Again, we did not observe a significant difference when comparing the largest
chimpanzee chromosomes to the smallest (student t-test, t = –0.25, df = 21, p-value = 0.80,
NS). Very few data are available on the products of miscarriages in primates, so it is difficult
to ascertain the origin of aneuploidies, but as in humans, there is a possibility of a greater
preponderance of female non-disjunctions.

Interestingly however, all three species displayed a similar two- to three-fold higher
incidence of gonosome aneuploidy. Several hypotheses have already been proposed to
explain the prevalence of gonosome aneuploidies in human [44] but it has not yet been
determined whether it is a lack of pairing or of recombination that leads to the non-
disjunction of the bivalent. Here we hypothesize the existence of mechanisms that would
be common to all primates to explain the potential non-disjunction of all chromosomes and
the universal instability of the sex chromosomes bivalent, and of an additional potential
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human-specific mechanism that would explain his higher disomy rate. It is also possible
that the initial non-disjunction rate is the same for all chromosomes but that these are
subject to a different regulation, presenting a more or less important tolerance according
to the chromosomes. A more permissive human spermatogenesis or stronger regulatory
mechanisms in primates that would prevent the evolution of disomic spermatozoa could
explain why chimpanzees have a total disomy incidence close to that of macaques but far
inferior to that of humans.

Concerning the diploidy rate, it is similar in chimpanzee (0.053%) and macaque
(0.050%) and about six-times lower than in human. We could also hypothesize that some
regulatory controls are more effective in these two species than in human but there is no
evidence nowadays.

Our understanding of the genetic mechanisms contributing to the increase in sperm
aneuploidy remains limited, but several human studies have highlighted the likely ex-
istence of meiotic controls that would block the proliferation of a portion of aneuploid
cells [45–48]. Investigating aneuploidy in chimpanzee meiosis II spermatocytes and com-
paring them to the levels observed in spermatozoa would allow us to determine if such
a meiotic control exists in chimpanzees. Our hypothesis is that all great apes could po-
tentially have a similar incidence of aneuploidy during meiosis but different effective
meiotic checkpoints.

In human, some morphological abnormalities of spermatozoa have been associated
with higher rates of aneuploidy in spermatozoa [49] and in preimplantation embryos [50].
Alongside humans, gorillas are the only other primates to exhibit extreme sperm pleiomor-
phism. As it has not yet been determined whether this phenomenon is functionally relevant,
plays a key role in fertility, or is simply the result of a lack of pressure from sperm com-
petition in those two species [9], it would be of great value to explore sperm aneuploidy
in gorillas. Whether they display high rates of sperm aneuploidy like humans or low
rates like chimpanzees could influence the debate about the origin and relevance of sperm
pleiomorphism in these species.

Although the origins of gamete aneuploidy are still debated, a portion of aneuploidy is
thought to be due to defects in reciprocal exchange (or crossing over) between homologous
chromosomes, resulting in poor segregation (or non-disjunction) of chromosomes during
the first or second meiotic division [51,52]. Crossing-over are non-randomly distributed
along the genome in hot spot intervals of 1 to 2 kb which are estimated to be 25,000 in
the whole human genome against only 8037 in the chimpanzee although the two species
exhibit similar recombination rates [53] and comparable genome size. This divergence,
which would be in part the result of a modification in the zinc fingers of Prdm9, a protein
involved in the control of hot spot activity [54], could be at the origin of the differences in
aneuploidy rates between the two species. Very interestingly, the number of hot spots in
gorillas is estimated to be 22,012 [53], which is much closer to humans than chimpanzees
although they are not the closest relative. These human-gorilla similarities may originate
from a portion of the human genome, estimated to be about 15%, that is much closer to
the Gorilla genome than to the Chimpanzee one [55]. This emphasizes again the need for
larger studies on great ape reproduction to help the comprehension of mechanisms still
poorly understood in humans.

The data reported in this study came from the pooled sperm of two adult chimpanzees
and allow having a first insight into chimpanzee sperm numerical abnormalities. Our
results are however not sufficient to draw conclusions for the whole species. In humans,
many factors like genetic [56], age [57], food [58], disease [59], inbreeding degree [60], and
environmental components such as exposure to heat [61], pollutants or chemical prod-
ucts [62–66] can influence the incidence of aneuploidies resulting in large inter-individual
differences [67–69]. Non-human primates could also potentially be pressured by some
of these factors. Future studies are needed and will be eagerly awaited to report more
individuals and to best determine the incidence of sperm aneuploidy in chimpanzees,
taking into account the elements influencing its occurrence. Situations in which it is pos-
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sible to recover sperm from great apes without human intervention are scarce and every
opportunity should be taken to learn more from them.

4. Materials and Methods
4.1. Animals and Sample Collection

All samples were obtained from two adult male chimpanzees of known fertility
housed in Le Pal, French zoo member of the European Association of Zoos and Aquaria
(EAZA). The best veterinary care practices are ensured for the animals, in accordance
with the protocols approved by the institutional animal welfare committees and the legal
requirements of France. As part of their medical training, individuals have learned to
occasionally masturbate and donate their semen for rewards. No human intervention is
involved in the collection, the act being carried out spontaneously by the male, without
constraint or stress. The male ejaculates in his hand where semen coagulate immediately
and exchanges it for a reward (fruits or sweets) from the caretaker who immediately
places it in 50 mL tube. Two ejaculates were obtained from first individual and one from
the second. In addition, a single blood sample was taken for karyotyping from both
individuals as part of a routine annual check-up. One human blood sample was obtained
from a donor with a known 46,XY normal karyotype. An informed consent had been
signed in accordance with local protocols and the principles of the Declaration of Helsinki.
Unless specified otherwise, all reagents were purchased from Sigma-Aldrich.

4.2. Karyotype

Blood cultures were carried out in 15 mL Falcon tubes in Chromosome P medium
(Euroclone) for 48 h. The cells were blocked in metaphase by addition to the culture
of 20 µL of Colcemid (N-Deacetyl-N-methylcolchicine, 10 µg/mL, Gibco, France) for
30 min at 37 ◦C, then incubate at 37 ◦C for 20 min in a hypotonic solution to induce
plasma membrane destruction. Cells were fixed for 30 min using 3:1 methanol:acetic acid
solution and then dropped on slides. G-banding coloration was performed with Giemsa
after trypsin exposition and R-banding coloration was performed with Giemsa and BrdU
(5-bromodesoxyuridine). Karyotypes were performed on at least 10 mitoses per sample.

4.3. Sperm Preparation

The liquid part released from the coagulum is collected after 30 min of liquefaction
at 37 ◦C. Sperm parameters were assessed according to WHO criteria for human semen
analysis [59]. Semen pH and sperm concentration were measured. Motility, vitality using
eosin-nigrosin staining and morphology using Harris–Shorr staining were evaluated. As
the recovery of the ejaculate from the second individual took a long time, only sperm
concentration and morphology could be properly evaluated for him.

Semen was then diluted in Sperm Freeze® (FertiPro NV, Beernem, Belgium) at a ratio
of 1:0.7, sealed in high security straws (CryoBioSystem, IMV Technologies, Maple Grove,
Minnesota, USA) and frozen in nitrogen vapor on a 3 cm polystyrene rack. As freezing does
not affect sperm aneuploidy rates [60,61], the thawing control straws were kept together to
be processed simultaneously later.

Regarding slides preparation, straws were thawed at 37 ◦C for 10 min and post-
thawing sperm parameters were assessed. Collection samples had to be pooled to obtain
a sufficient number of analyzable cells. Cells were then washed twice in PBS 1X, fixed in
3:1 methanol:acetic acid solution, spread onto slides at optimum density to avoid nuclei
overlapping and then dried overnight. Afterwards a mild fixation step with 1% PFA in
PBS 1X was performed for 10 min at 4 ◦C to maintain nuclei structure, followed by two
washes in 2 SSC solution, a mild decondensation step with 10 mM DTT in 0.1 M Tris-HCl
pH 8.0 with 0.1% (v/v) Triton X-100 for 30 min at room temperature to allow FISH probes
penetration, two new washes in 2 SSC solution and then an ethanol series for dehydration
before hybridization.
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4.4. DNA Probes

BAC DNAs were extracted and amplified by rolling circle amplification using the
bacteriophage phi29 (Kit GE Healthcare, Amersham Biosciences, Buckinghamshire, UK).
The quantity and purity of the amplified DNA are evaluated with Nanodrop (Thermo
scientific) and a purification step is performed if necessary (DNA Clean and concentrator
kit, Ozyme). The purified BACs are then conjugated to fluorochromes (Green-dUTP, Enzo
life sciences; Aqua-dUTP, Enzo Life Sciences; Tetramethyl-Rhodamine-5-dUTP, Roche Diag-
nostics) with a Nick translation Reagent Kit (Abbott Laboratories). The double exonuclease
and polymerase activity of the enzyme polymerase I removes the original nucleotides
from the DNA matrix and incorporates the labeled deoxynucleotides. The labeled probes
are then precipitated by addition of salts (5M NaCl) in an alcoholic medium to reach a
high ionic strength and then precipitated at −80 ◦C for at least 2 h in the presence of hu-
man Cot-1 DNA (Invitrogen) to block non-specific hybridizations and suppress repetitive
DNA sequences. The supernatant is removed after centrifugation for 20 min at 4 ◦C and
16,200× g, then the pellet is resuspended with hybridization buffer.

4.5. FISH and Scoring

First, all selected probes were tested individually on both human and chimpanzee
mitosis simultaneously in order to validate their position, size and brightness and verify
that no cross-hybridization were present. Analyses were performed on at least 20 mitosis
for both species. Then, all spermFISH experiments were done using standard multicolor
FISH with sets of validated probes targeting two to three different chromosomes per
sample as follows (S, Spectrum; G, Green; O, Orange; A, Aqua): The sets used were
17qSG/16qSO, 12qSG/8qSO, 20qSG/18qSO, 2qSG/7qSO, 4qSG/15qSO, 9qSG/22qSO,
1qSG/19qSO, 11qSG/3qSO, 6qSG/14qSO, 5qSG/2pSO and 21qSA/XqSG/YSO).

Samples were co-denatured with the probe sets for 2 min at 75 ◦C and then hybridized
for 18 h in a HYBrite® system (Abbott Laboratories). Slides are then washed 2 min at 73.2 ◦C
in 0.4 SSC solution with 0.3% NP40 and 1 min at room temperature in 2 SSC with 0.1%
NP40, then mounted with DAPI II (Abbott Laboratories) which counterstain sperm nuclei.

Scoring was performed with a METAFER Metasystems® device, previously validated
for spermFISH analysis [36]. The galleries of images provided by the machine were
manually verified by two experienced technicians (CG and MG) applying the same strict
criteria. These strict reading criteria were used for both automated and manual reading:
spermatozoa had to be intact with clearly defined border, no swelling and non-overlapping.
To be eligible, hybridization signals must be clearly delineated, positioned inside the head,
similar in size and brightness, and separated by at least the size of a signal [29,62,63].
If needed, a complementary manual reading was performed to obtain a minimum of
10,000 analyzed cells per sample.

Spermatozoa were considered normal if they presented one distinct signal for each
chromosome, disomic if they presented two distinct signals for a chromosome, nullisomic
if no signal was detected for only one chromosome in a set, and diploid if they present two
distinct signals for all chromosomes investigated. Nuclei without signals were considered
as hybridization failure.

5. Conclusions

In this study, we provide a first insight into the incidence and distribution of chro-
mosomal aneuploidies in chimpanzee sperm. Our data points out some very exciting
questions about aneuploidy and we hope that future additional data from other great
apes will lead to further discoveries. To this end, zoos and researchers must continue to
collaborate in a common mission to improve the knowledge of wildlife in order to work
for its conservation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms221910383/s1, Table S1: List of all BACs used for the constitution of the probe sets for

https://www.mdpi.com/article/10.3390/ijms221910383/s1
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each chromosome. Sizes and positions are given in base pairs for hg18 genome, Table S2: Literature
review of sperm aneuploidy in human.
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ART assisted reproduction techniques
BAC bacterial artificial chromosome
df degrees of freedom
DNA deoxyribonucleic acid
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MMU Macaca mulatta
NOR nucleolus organizer regions
NS not significant
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SA spectrum aqua
SE standard error
SG spectrum green
SO spectrum orange
WHO World Health Organization
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exposure to parabens and sperm chromosome disomy. Int. J. Environ. Health Res. 2017, 27, 332–343. [CrossRef] [PubMed]

66. Perry, M. Effects of environmental and occupational pesticide exposure on human sperm: A systematic review. Hum. Reprod.
Update 2008, 14, 233–242. [CrossRef]

67. Rademaker, A.; Spriggs, E.; Ko, E.; Martin, R. Reliability of estimates of diploid human spermatozoa using multicolour
fluorescence in-situ hybridization. Hum. Reprod. 1997, 12, 77–79. [CrossRef]

68. Rubes, J.; Vozdova, M.; Oracova, E.; Perreault, S. Individual variation in the frequency of sperm aneuploidy in humans. Cytogenet.
Genome Res. 2005, 111, 229–236. [CrossRef]

69. Tempest, H.; Ko, E.; Rademaker, A.; Chan, P.; Robaire, B.; Martin, R. Intra-individual and inter-individual variations in sperm
aneuploidy frequencies in normal men. Fertil. Steril. 2009, 91, 185–192. [CrossRef]

http://doi.org/10.1111/and.12371
http://www.ncbi.nlm.nih.gov/pubmed/25382683
http://doi.org/10.1080/09603123.2017.1339784
http://www.ncbi.nlm.nih.gov/pubmed/28609180
http://doi.org/10.1093/humupd/dmm039
http://doi.org/10.1093/humrep/12.1.77
http://doi.org/10.1159/000086893
http://doi.org/10.1016/j.fertnstert.2007.11.002

	Introduction 
	Results 
	Chimpanzee Biological Data 
	DNA Probes 
	Sperm Aneuploidy 
	Interspecies Comparison of Sperm Aneuploidy Rates 

	Discussion 
	Materials and Methods 
	Animals and Sample Collection 
	Karyotype 
	Sperm Preparation 
	DNA Probes 
	FISH and Scoring 

	Conclusions 
	References

