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ARTICLE INFO ABSTRACT
Keywords: The golden-headed lion tamarin (Leontopithecus chrysomelas) is an endangered primate endemic to the Atlantic
Reproductive biotechniques Forest. Conservation efforts for the species involve applying reproductive biotechniques to preserve genetic

ex situ conservation

resources and ensure the management of populations in both ex situ and in situ conditions. This study aims to
RNA Extraction

initiate investigations into seminal and molecular factors influencing the reproductive potential of sexually
mature males. Semen was collected using the penile vibrostimulation technique, and seminal parameters were
assessed in two groups: the *Old’” group (average age 11.6 years; n=6) and the *Young’ group (average age 4.8
years; n=6). ANOVA results indicated age-related influences on plasma membrane integrity (p=0.049), acro-
somal integrity (p=0.009), and DAB IV (p=0.026) for both groups. Linear regression revealed significant cor-
relations between seminal parameters and age (plasma membrane integrity (p=0.021), acrosomal integrity
(p=0.05), and DAB III (p=0.024)), alongside animal weight (plasma membrane integrity (p=0.010), acrosomal
integrity (p=0.009), DAB III (p=0.33), and DAB IV (p=0.066)). In an effort to advance reproductive techniques
and sperm selection, a protocol utilizing a discontinuous Percoll gradient was employed. Despite its effectiveness
in isolating gametes, there were no significant gains in the reevaluated parameters post-selection, necessitating
adjustments in the methodology. While semen cryopreservation is common in wild species, challenges arise due
to seminal coagulum in many neotropical primate ejaculates, hindering gamete use in reproductive procedures.
Given the precious nature of and the considerable effort involved in collecting semen from these animals, it
would be desirable to maximize the sample’s utility. The liquid fraction could be applied in reproductive bio-
techniques, while the spermatozoa contained in the clot could be utilized as a non-invasive approach for mo-
lecular evaluation of these gametes. This study established a protocol for RNA extraction from sperm retained in
the seminal coagulum, highlighting its genetic richness often discarded post-processing. In summary, our study
emphasizes the importance of early cryopreservation of semen to safeguard the reproductive potential of
L. chrysomelas. Additionally, we propose further exploration of RNA quantity in gametes as a non-invasive tool
for inferring male fertility, given the pivotal role of sperm RNA transcripts in regulating the activation of the
female gamete and gene expression during early embryo development.

Introduction primate belonging to the Callitrichidae family, endemic to the Atlantic
Forest [1]. Similar to other species in the Leontopithecus genus, the
The golden-headed lion tamarin (Leontopithecus chrysomelas) is a golden-headed lion tamarin is categorized as threatened [2], with the

Abbreviations: PVS, penile vibrostimulation; DAB, 3,3~ diaminobenzidine; ICC, Intraclass Correlation Coefficient.
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primary cause of its population decline attributed to the extensive his-
tory of biome fragmentation and exploitation [1,3]. Ex situ management
of the species began in the 1970s and has since demonstrated a suc-
cessful track record in captive breeding programs. Studies even indicate
a higher reproductive rate among individuals born under human care,
attributed to the mitigation of environmental unpredictabilities and
resource limitations, factors that often restrict reproductive potential in
natural environments [4-6].

One of the main challenges in maintaining ex situ populations is the
preservation of genetic variability, as genetically healthy populations
can mitigate inbreeding depression and enable better adaptation to this
environment [7]. In this context, technologies have been devel-
oped/adapted to facilitate genetic management among populations, and
the use of male gametes appears promising, due to their ease of acqui-
sition and other characteristics inherent to male reproduction. It also
allows overcoming challenges of sexual incompatibility, such as male
aggression or preferential male selection, and can preserve the repro-
ductive potential of an individual even after death through long-term
storage methodologies [5]. The golden-headed lion tamarin has
emerged as a potential model within the Leontopithecus genus for the
application of reproductive biotechnologies [8,9], underscoring the
imperative for further research into the reproductive biology of this
species. Such studies can provide valuable insights to reproductive
management and the validation of species-specific protocols, given that
reproductive mechanisms may not be universally conserved across
species [5,10,11]. Interindividual variations are also crucial in the
application of reproductive techniques, with a comprehensive under-
standing of individuals’ reproductive potential and the factors that may
influence it being essential [12].

Semen parameters are essential factors to be considered regarding
viability, sperm function, and fertilization success [13]. Traditionally,
semen is assessed for ejaculate volume, motility, sperm concentration,
and morphology. While these characteristics alone may not provide a
comprehensive evaluation of sperm quality [14], sperm motility plays a
significant role, correlating positively with fertility and negatively with
low heterozygosity and high rates of inbreeding [15,16]. Other tests of
sperm viability are also used to evaluate seminal profiles, such as the
integrity of plasma and acrosomal membranes and determination of
mitochondrial function [17-19], and they are already validated for
neotropical primates, such as Callithrix jacchus [20] and Leontopithecus
chrysomelas [9]. However, accessibility to these seminal parameters in
neotropical primates is limited, as their semen has the characteristic of
coagulating shortly after or during ejaculation, forming less dense
coagula or even compact plugs [21], except for Alouatta caraya, A.
guariba [22,23], A. palliata, and A. pigra (M. A. Hirst, personal commu-
nication), which semen do not form coagulum. Due to this peculiarity,
even with the use of extenders, for almost all studied species the seminal
coagulum is seldom fully liquefied, affecting the availability of gametes
with fertilization potential, posing a major limitation to reproductive
biotechnologies [8,24,25], and the remaining coagulum from semen
dilution is often discarded [26]. As the semen collection procedure in
tamarins involves special care to minimize animal stress, the ideal sce-
nario would be to maximize sample utilization, ensuring that the ejac-
ulate is used in its entirety, even for different purposes. such as artificial
insemination, sperm analysis, or cryopreservation.

Despite some isolated studies investigating the influence of age on
seminal parameters in Old World primates [27] and the proteomic
analysis of testicular aging in marmosets [28], reports on this influence
on the reproductive potential of ex situ Platyrrhini primate males are still
incipient. It is noteworthy that body weight is likely to play a role in the
reproduction of these animals, as seasonal fat gain seems to be associ-
ated with sperm production in squirrel monkeys [29,30]. In Callithrix
jacchus, a positive correlation was found between male weight and the
incidence of sperm morphological abnormalities [31]. Thus, examining
reproductive and molecular parameters that may influence reproductive
potential can contribute practical knowledge to the species’
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reproductive management. In this study, we investigate the influence of
age and weight on seminal parameters in young and old individuals of
the golden-headed lion tamarins, housed in captivity. Additionally, we
tested sperm selection in a Percoll® gradient, aiming to develop
species-specific protocols to contribute to the preservation of genetic
resources in Platyrrhini primates. As the liquefied semen fraction would
be utilized for reproductive biotechnologies, we aimed to maximize the
sample’s utility for molecular studies by using the remaining gametes
from coagulum. Consequently, for molecular parameters, we established
a protocol for RNA extraction from the sperm fraction of the remaining
seminal coagulum to eliminate somatic cells in the sample. The prospect
of applying reproductive biotechnologies and potential molecular
studies can assist in the reproductive management decisions of the
species in ex situ conditions. Additionally, it can contribute to the
breeding programs of closely related species that do not have the same
history of reproduction under human care, serving as targets for future
reproductive interventions.

Materials and methods
Animals

Twelve sexually mature males of golden-headed lion tamarin (4-14
years old) housed at the Fundacao Parque Zoologico de Sao Paulo were
used in this study. It is worth noting that sexual maturity in tamarins
(Saguinus and Leontopithecus) is described by Hoage [32] as occurring
from 24 months onward. The males were divided into two groups: the
“Old” group, consisting of animals aged 8-14 years, and the “Young”
group, with animals between 4 and 5 years old. The animals were kept in
separate family groups in semi-open enclosures, providing refuge points
and exposure to local climate changes. The diet, formulated by the
Animal Feeding Sector of the institution, was balanced according to the
species’ nutritional needs, and water was available ad libitum. All
physical restraint of the animals was performed by a trained professional
from the Veterinary Sector. The procedures were conducted with the
approval of the Ethics Committee for Animal Use at the Federal Uni-
versity of Sao Carlos (CEUA/UFSCar N ° 045/2014) and in compliance
with Brazilian legal requirements (SISBio No. 46715-1). This study
adheres to the American Society of Primatologists (ASP) Principles for
the Ethical Treatment of Non-Human Primates.

Semen collection and processing

The collections were performed in 2015 (June, August, and
December), based on the logistics of the zoo’s staff. Sampling took place
in the morning, with most animals having three different samples
collected on separate days, with at least one week between each
collection.

The penile vibrostimulation (PVS) technique was employed for
semen collection, following the procedure outlined in Arakaki et al. [8].
A hand-held personal vibrator (FertiCare® personal, Multicept ApS,
Rungsted, Denmark) used for the stimulus was attached to a small cy-
lindrical glass tube with rounded edges, simulating an artificial vagina,
where the semen was collected. The collection involved perianal region
stimulation and the insertion of the penis into the glass tube (Fig. 1),
maintaining a fixed amplitude (1 mm) and frequency that was gradually
increased based on each animals response (70-80 Hz). The procedure
was halted if the animal did not ejaculate within the prescribed 20-min-
ute stimulation. After this interval, the procedure was concluded and
considered unsuccessful. To minimize stress, food items such as insect
larvae and fruits were offered to the animals during the stimulus
intervals.

Immediately after ejaculation, the seminal pH was measured using a
pH strip (Merck®, Darmstadt, Germany) directly on the animal’s glans.
In addition to pH measurement, the samples were monitored for urine
contamination based on volume and coloration. It is noted that animals
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Fig. 1. Semen collection by penile vibrostimulation technique. The arrow in-
dicates the seminal coagulum formation just after ejaculation.

rarely urinate during this procedure, with none recorded in this study.
The collected semen was then diluted into Biggers-Whitten-Whittinghan
(BWW) medium at 37°C, for 30 minutes. After this period, the ejaculate
volume was quantified by weighing the tube containing the diluted
semen using a precision scale (AUX220; Shimadzu®, Tokyo, Japan), and
then the tubes weight and the amount of extender used were subtracted.
A small portion of the liquid fraction (extender plus sperm cells) was
used for seminal parameters measurements. The remaining volume was
utilized to select sperm through discontinuous Percoll® (GE Healthcare
Bioscience - Uppsala, Sweden) gradients of 40/80 %, as modified from
the protocol described by Prakash et al. [33]. Briefly, the liquid fraction
was quantified and added above the gradient, placed in a 1.5 mL
microtube, and maintained at 37 °C. Following centrifugation (500xG at
37 °C, 20 min), the upper layer was removed, and the pellet was
resuspended in a 1:2 ratio in BWW medium. Once again, a small portion
of the post-selection sperm was used for seminal parameter evaluation.
Both the remaining samples from sperm selection and the residual
seminal coagulum were separately stored in RNA holder (BioAgency, Sao
Paulo, Brazil) and kept at —80°C for molecular procedures.

Semen parameters evaluations

The semen parameters analyzed here were measured in both sample
groups, before and after semen selection using discontinuous Percoll®
gradients.

Sperm motility and concentration

Ten microliters of the liquid fraction placed in a 37°C glass slide was
used to analyze total and forward progressive sperm motility. Sperm
concentration was determined in a hemocytometer chamber by diluting
samples in 1:10 or 1:20 in 10 % formol saline solution at 37°C.

Plasma membrane and acrosome integrity

The assessment of plasma membrane integrity followed an Eosin
(1 %)-Nigrosine (10 %) staining procedure [9,20]. After a 30-second
incubation at 37°C, the smear was evaluated at 1000x magnification,

Theriogenology Wild 5 (2024) 100098

and plasma membrane integrity was measured by the eosin/nigrosine
dye penetration. Acrosome integrity was assessed using the
Fast-Green/Rose Bengal staining protocol described by Pope et al. [34]
and validated for Leontopithecus chrysomelas [9]. We counted 200 cells at
100x magnification, and the results were expressed as the percentage of
intact cells, determined by acrosome staining.

Mitochondrial activity and sperm morphology

The 3,3-diaminobenzidine (DAB) staining [35] was used to assess
mitochondrial activity, validated for Leontopithecus chrysomelas [9]. A
semen sample (10 pL) was incubated with 20 uL. DAB at 37°C for one
hour. Ten pL were smeared and air-dried in the dark, followed by fixa-
tion in 10 % formaldehyde for 10 minutes. Two hundred cells were
examined using a phase-contrast optical microscope (1000x magnifi-
cation) and classified into four different categories: DAB I — total mito-
chondria activity (100 % of midpiece stained); DAB II — the majority of
mitochondria activity (more than 50 % of the midpiece stained); DAB III
— the minority of mitochondria activity (less than 50 % of the midpiece
stained); and DAB IV - mitochondrial inactivity (no staining in the
midpiece).

Sperm morphology analyses were assessed using wet-mount semen
fixed in formol saline solution. There were 10 pL of sample from a
dilution in 1:10 or 1:20 in 10 % formol saline solution, and two hundred
cells were assessed using a phase-contrast microscope (Nikon® E200,
Tokyo, Japan - 1000x magnification), following Blom et al. [36], dis-
tinguishing normal sperm morphology from abnormal morphology
(classified into major or minor defects).

Molecular procedures

RNA extraction

Three different semen samples from each animal were concentrated
into two distinct pools: (1) Liquid Fraction Pool, referring to the pellet
resulting from discontinuous gradient selection of Percoll®, and (2)
Seminal Coagulum Pool which represents the portion of the ejaculate
that did not liquefy after incubation in BWW medium. Both pools un-
derwent centrifugation at 10000xG for 5 minutes at 4°C, and the pellets
were recovered. Samples were mechanically macerated, and for the
seminal coagulum pool, a lancet was used to cut them into pieces. Before
the sperm RNA extraction, a pre-lysis of the remaining somatic cells was
performed in both pools by exposing the sample to a hypotonic solution
(0.5 % Triton-X), adapted from Rauber [37]. After 10 minutes on ice,
the tubes were centrifuged at 5000xG for 5 minutes at 4°C. The super-
natant was discarded, and the pellet was washed with 1x PBS prepared
from a stock solution (250 mM Na,HPO,; 1.25 mM NaCl; 250 mM
KH5POy4; 1.25 mM KCl).

Sperm RNA extraction was performed using the Phenol/Chloroform
protocol [38]. Briefly, the resulting pellet was resuspended in 1 mL of a
solution containing TRIzol® (Invitrogen) and p-mercaptoethanol (7 uL
for each milliliter of TRIzol®). The contents were passed three times
through the 30 G needle, vortexed for 30 seconds, and incubated on ice
for 5 min. The samples were centrifuged at 12000xG for 10 minutes at
4 °C. The volume was transferred to a new tube, and 300 pL of chloro-
form solution and isoamyl alcohol (24: 1) was added. Samples were
vortexed and incubated on ice for 5 minutes, then centrifuged at
12000xG for 15 minutes at 4 °C. The organic phase was transferred to a
new microtube containing 1 vol of 100 % isopropanol, 1 ul azure
glycogen, and 0.1 vol of 7.5 M ammonium acetate. Microtubes were
incubated for 30 minutes on ice and centrifuged at 14000xG for
30 minutes at 4 °C. The supernatant was carefully removed with a
pipette, and the pellet was washed with 500 ul of 80 % ethanol. After
drying, the pellets were resuspended in 20 ul of water with Dieth-
ylpyrocarbonate - DEPC (Invitrogen) and stored at —80 °C.

RNA quantification and analysis
Each sample was quantified for detection of large and small RNAs
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molecules using the Qubit® RNA HS Assay Kit (Life Technologies, USA)
and the Qubit® microRNA Assay Kit (Life Technologies, USA), respec-
tively. Total RNA profiles extracted from the liquid fraction and seminal
coagulum of golden-headed lion tamarin were evaluated with Bio-
analyzer (Agilent Technologies, USA), an electrophoresis platform for
qualitative and quantitative RNA analysis using the RNA 6000 Pico kit
(Agilent Technologies, USA), for viewing on samples with very low RNA
concentrations.

Statistical analysis

Data distribution was assessed using GraphPad Prism (version 6.01,
San Diego, USA) with the Shapiro-Wilk normality test. Parameters that
deviated from the assumption of normality (p>0.05) were transformed
into base 10 and square root logarithms and re-evaluated for asymmetry
(between —2 and 2) and kurtosis (between —3 and 3). To address
extreme values, any value outside three standard deviations from the
mean at both ends of the distribution was considered an outlier and were
removed.

The consistency of replicates for semen collection was tested using
two complementary methods: (1) Intraclass Correlation Coefficient
(ICC), analyzed with the MedCalc program (version 16.2.1, Ostend,
Belgium), and (2) ANOVA for repeated measurements, performed with
GraphPad Prism software (version 6.01, San Diego, USA). For data with
low consistency, the Mauchly sphericity test was conducted using SPSS
program (version 23, London, England).

The difference between the two sampled groups, “Old" and "Young",
was assessed using the Student’s t-test with Sidak-Bonferroni correction
(¢ = 0.05) for multiple comparisons on the GraphPad Prism (version
6.01, San Diego, USA). The repeated measures ANOVA test was
employed to compare the seminal parameters evaluated before and after
discontinuous Percoll® gradient selection.

Multiple linear regression was used to examine the association and
type of influence of weight and age variables on evaluated seminal pa-
rameters: stimulation time, pH, ejaculate volume, concentration,
motility, morphology, plasma membrane and acrosome integrity, and
mitochondrial activity.

Results
Individual and group description data
Table 1 displays data on semen collection aspects for all animals

involved in this study. The animals are categorized into two groups: the
*Old’ group, consisting of animals aged 8-14 years old, with an average

Table 1
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body weight of 711 g, and the *Young’ group, comprising animals be-
tween 4 and 5 years old, with a significantly lower mean body weight of
687 g (p = 0.048). Out of 36 attempts of semen collection in golden-
headed lion tamarins using the penile vibrostimulation technique,
there was a success rate of 86.1 %. Failure occurred in two collection
attempts on a single individual in the *Old’ group. When comparing
between groups, the *Young’ animals had a 94 % success rate, while the
’Old’ animals achieved success in 77.7 % of the 18 attempts for both
groups. The differences in ejaculation latency (time), semen pH, and
volume parameters observed between the groups were not statistically
significant.

Semen parameters evaluations and age and weight influences

Table 2 displays the mean values for the evaluations of the three
semen collection parameters before semen selection. As observed, the
differences found between groups were not significant for sperm con-
centration, total motility, and progressive motility parameters. Howev-
er, the ‘Old’ group exhibited significantly lower plasma membrane
integrity and acrosome integrity than animals from ‘Young’ group
(p=0.049; p=0.009, respectively). For details on seminal parameters,
refer to the Appendices (Tables A1-A5).

Among the total sperm evaluated for mitochondrial activity, only
DAB IV showed significant differences between the two groups (p =
0.026), indicating that the "Old" animals had a significantly higher
number of inactive mitochondria in sperm. Sperm morphology revealed
no significant differences between the groups. In general, major defects
found were a strongly folded tail (15.73 %) and intermediate part de-
fects (3.55 %). Out of the minor defects, the most significant categories
were the folded tail (34.24 %), normal isolated head (12.63 %), and
coiled tail (5.81 %).

The differences identified in the seminal parameters, when con-
trasted with the age and weight of the animals, exhibited significant
variations between the sampled groups, indicating an effect of these
variables on plasma membrane and acrosome integrity, as well as DAB
Il mitochondrial function. DAB IV showed a significant correlation with
the weight of the animal.

Sperm selection
The efficiency of sperm selection using a discontinuous Percoll®

gradient was compared with freshly ejaculated gamete. There is no
significant difference between the two groups, as indicated in Table 3.

Description of individual and semen collection data of Leontopithecus chrysomelas kept under human care.

Group Animal Birth Age (year) Weight (g) Semen collection (#) Stimulation time (min) pH Ejaculate volume (uL)

old l.a 2001/04/30 14 651.00 1 7.00 8.2 107.80
2.a 2002/03/05 14 761.67 3 5.00 7,65 119.43
3.a 2002/09/05 13 712.67 3 3.67 7.5 85.57
4.a 11+ 708.33 3 14.33 7.7 49.57
5.a 2007/02/05 9 715.00 1 21.00 8.1 104.00
6.a 2008/01/25 8 716.67 3 9.33 7.8 33.35

Group mean 11.5 710.89% - 10.06 7.83 83.29

Young 1.b 2010/07/16 5 688.33 3 10.33 7.65 74.20
2.b 2010/08/28 5 682.50 2 9.00 8.4 44.95
3.b 2010/08/28 5 669.00 3 6.67 8.05 85.27
4.b 2010/09/20 5 694.00 3 5.00 7.9 91.17
5.b 2010/12/16 5 698.00 3 12.00 7.9 97.43
6.b 2011/03/10 4 692.00 3 2.00 45.30

Group mean 4.83 687.31° - 7.5 7.98 73.05

p value 0.0482238 0.725995 0.465345 0.922687

The age was calculated at the time of collection. The data of weight, time, pH and ejaculate volume refers to the mean obtained from semen collections of each animal;
free-living animal (the age was estimated by the zoo). For each animal, three sample collections were expected; when the number is less than 3, it indicates failed
collection attempts.  ® Different letters in the same column indicate a significant difference (p< 0.05) between ‘Old’ and ‘Young’ in the Student’s t-test.
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Table 2
Seminal parameters evaluation and linear regression of Leontopithecus chrysomelas kept under human care.
Parameter 0Old (N=6) Mean Young (N=6) Mean  ICC! RM Pvalue  Regression
E E ANOVA?
S S ov Age (p B Weight (p B
value) value)
Concentration (x10°ptz/mL) ~ 78.5x10° + 97.2x10° + 0.622  0.3054 0.1649  0.297 -3.91x10°  0.317 -5.49%10°
15x10° 15.7x10°
Total motility (%) 73.21 £ 5.94 76.00 + 4.86 0.758 0.4878 0.0890 0.179 -3.100 0.066 -0.518
Progressive motility (%) 48.29 + 8.13 47.20 £ 7.56 0.659 0.1855 0.9926 0.448 -1.987 0.298 -0.347
Plasma Membrane Integrity 86.04 + 2.40% 91.87 + 1.48" 0.931 0.0065 0.0496 0.021 -1.670 0.010 -0.231
(PMD) (%)
Acrosome Integrity (AI) (%) 83.86 + 1.90% 91.80 + 0.96" 0.904 0.0319 0.0094 0.050 -1.256 0.009 -0.200
DAB I (%) 45.42 £5.18 54.21 + 2.76 0.9308 0.0306 0.1918 0.055 -2.547 0.063 -0.343
DAB II (%) 26.42 +1.92 30.82 + 2.65 0.5421 0.002 0.5391 0.224 -0.457 0.080 -0.082
DAB III (%) 17.58 + 3.61 11.07 £ 1.52 0.8237 0.1597 0.0783 0.024 1.710 0.033 0.229
DAB IV (%) 12.54 + 3.56° 3.86 + 0.66" 0.9405 0.235 0.0267 0.077 1.746 0.016 0.275
Morphology - major defects 21.75 + 1.90 22.44 + 2.86 0.069 2.347 0.067 0.313
(%)
Morphology - minor defects 62.00 + 2.05 61.56 + 3.84 0.196 -1.485 0.153 -0204

(%)

Mean =+ Standard Error. ! ICC = Intraclass Correlation Coefficient, above 0.6 indicates consistency between replicates; 2 Repeated measures ANOVA, p> 0.05 indicates
repeatability between replicates; ® ® (p< 0.05), significant differences between "Old" and "Young" groups in the Student t-test. Regression: p < 0.05 indicates a sig-
nificant correlation between the seminal parameters and the independent variables of Age and Weight (in bold). B is the non-standard regression coefficient. DAB I,
high mitochondrial activity; DAB II, medium mitochondrial activity; DAB III, low mitochondrial activity; DAB IV, absence of mitochondrial activity. Abbreviation:
DAB, 3,3’ - diaminobenzidine.

Table 3
Liquid fraction seminal parameter comparison among pre and post sperm selection by discontinuous Percoll gradient.
Old (N=6) Young (N=6) ANOVA
Pre-Percoll Post-Percoll Pre-Percoll Post-Percoll
Concentration (x10°sptz/mL) 78.5x10° + 15x10° 88.6x10° + 21.1x10° 97.2x10° + 15.7x10° 96.2x10%+ 17.0x10° 0.106
Total motility (%) 73.21 £ 5.94 43.79 + 9.682 76.00 + 4.86 67.80 + 7.41 0.462
Progressive motility (%) 48.29 + 8.13 52.14 + 8.735 47.20 £+ 7.56 60.80 + 8.62 0.540
Plasma Membrane Integrity (PMI) (%) 86.04 + 2.40 83.50 + 4.735 91.87 +£1.48 91.40 + 2.38 0.464
Acrosome Integrity (AI) (%) 83.86 + 1.89 78.63 £+ 6.85 91.80 + 0.96 87.80 + 3.25 0.151
DAB I (%) 45.42 £ 5.18 27.13 £ 11.94 54.21 + 2.76 45.00 +£1.17 0.281
DABII (%) 26.42 +1.92 20.38 + 6.82 30.82 + 2.65 42.80 + 1.70 0.584
DAB III (%) 17.58 + 3.61 15.25 + 6.66 11.07 + 1.52 8.80 £ 0.77 0.348
DAB IV (%) 12.54 + 3.56 11.00 + 5.70 3.857 £ 0.66 3.4 £ 0.86 0.634
Morphology - major defects (%) 21.75 £ 1.90 24.56 + 5.07 22.44 + 2.86 25.11 +£ 291 0.941
Morphology - minor defects (%) 62.00 + 2.05 50.44 + 5.09 61.56 + 3.84 54.44 + 3.78 0.115

Mean =+ Standard Error; ANOVA = Comparison between replica; p<0.05 indicates significant differences between samples pre and post sperm selection. DAB I, high
mitochondrial activity; DAB II, medium mitochondrial activity; DAB III, low mitochondrial activity; DAB IV, absence of mitochondrial activity. Abbreviation: DAB,
3,3’- diaminobenzidine.

Table 4
Collection and RNA quantification data of golden-headed lion tamarin semen samples.
Pool Volume (pL) Concentration Quantification Qubit Quantification Qubit
(sample size) (x10%ptz/mL) HS RNA (ng) microRNA (ng)
Animal Seminal Liquid Seminal Liquid Seminal Liquid Seminal Liquid Seminal Liquid
Coagulum Fraction Coagulum Fraction Coagulumf Fraction Coagulum Fraction Coagulum Fraction
la 1 1 89.5 60 - 3.69 0 0 0 0
2a 3 3 736.8 27 - 45.2 145.6 0 147.2 142.6
3a 3 3 378.9 270 - 65.37 64 0 290 196.4
4a 3 3 302.7 310 - 50.13 71.2 70.4 246 294
5a 1 1 104 40 - 11.23 99.2 0 69.4 0
6a 3 3 257.6 265 - 63.05 77.6 77.6 126 502
1b 3 3 225.6 180 - 39.2 135.2 0 199.6 73.6
2b 2 2 196.9 150 - 40.95 0 61.6 0 388
3b 3 3 525 260 - 79.74 0 80.8 94.4 438
4b 3 3 402 300 - 116.19 111.2 52 168.2 0
5b 3 3 298 440 - 109.08 0 79.2 60.8 290
6b 1 1 63.1 150 - 1.44 142.4 65.6 77 0

It was not possible to estimate sperm concentrations of seminal coagula.



P.H. Bacher et al.
Spermatic RNA

The number of collections and the volume obtained from semen
samples pool (seminal coagulum and liquid fraction) for each animal are
shown in Table 4. The pool average volume in the coagulated fraction
was 298.34 pL (range 63-525 pL), but we were not able to estimate the
concentration for these samples. The semen liquid fraction pool had an
average volume of 224.58 uL (range 60-310 pL) with an average con-
centration of 52.10x10° spermatozoa/mL.

Table 4 also shows RNA quantification using HS (High Sensitivity)
and microRNA Qubit kits. The average seminal coagulum RNA quanti-
fication was 70.53ng (range 0-145.6ng) and 123.2ng (range
0-290 ng), respectively for HS and microRNA kits. RNA extraction from
the liquid fraction produced an average of 40.6 ng (range 0-80.8 ng)
and 193.7 ng (range 0-502 ng) of RNA, respectively for HS and micro-
RNA Kkits.

The qualitative analysis of the samples evaluated in the Bioanalyzer
showed a similar profile in both pools from the same individual (Fig. 2).
The fluorescence peak emitted matches the microRNAs region and
shows no differences between the profiles obtained by RNA from the
seminal coagulum (Fig. 2-A) and the liquid fraction (Fig. 2-B). In both
profiles we can observe the absence of peaks corresponding to the 18 S
and 28 S subunits of ribosomal RNAs.

Discussion

The establishment of genetic resource banks and the implementation
of an assisted reproduction program for wildlife species can contribute
to conservation strategies by facilitating genetic exchange between in-
stitutions and increasing the genetic variability of animals [39-41]. One
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of the first and essential steps in assisted reproduction is semen collec-
tion [42]. For Leontopithecus chrysomelas, we achieved a success rate of
86.1 % using the penile vibrostimulation (PVS) technique. PVS proves to
be a consistent technique, as the results obtained here were similar to
those in Saimiri boliviensis [43], Callithrix jacchus [22,44], and Leonto-
pithecus chrysomelas [45,46]. Two instances of ejaculatory failure were
observed in a single individual from the *Old’ age group, who exhibited
an erection only in the final series of stimulation. Notably, a prior study
[45] identified repeated failures in ejaculation in an elderly individual.
Considering our comparable findings in an older subject, we cannot
overlook the potential age-related association of this observation in
older animals, although variations between individuals cannot be
disregarded.

It is essential to consider that in the impossibility of reintroducing
individuals into the wild, aging becomes a reality in ex situ management,
and this factor can impact reproductive management. In addition to the
observed failure in semen collection, in our study, we observed that
older males were heavier than younger ones, and this increase in body
mass was inversely correlated with seminal parameters. Despite the
semen collection occurring in both the dry (April-September) and wet
(October-March) seasons in Sao Paulo, Arakaki et al. [46] found no
variation in body mass between these seasons in Leontopithecus chrys-
omelas. Similarly, while testicle size varied between seasons, seminal
parameters did not show interference throughout the year in
L. chrysomelas [46]. Although we did not measure the testicles, the same
was observed in our study, where seminal parameters showed satisfac-
tory intraclass correlation coefficients (above 0.6), supported by
repeated measures ANOVA, indicating that the data are consistent with
each other and that there was repeatability between the harvest replicas.
Cui et al. [47] did not report similar findings, as they observed
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Fig. 2. Sperm RNA quality and amount profile measured. FU - Fluorescence Units; s- seconds; M - molecular marker (25 bp); A-seminal coagulum RNA sample; B-

liquid fraction RNA sample.
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significant intra- and inter-individual variations in ejaculates of Calli-
thrix jacchus, possibly due to semen collection by electroejaculation,
which demands different stimulus conditions, with the possibility of
retrograde flow of the ejaculate and consequent loss of viable sperm.
Conversely, our adoption of the PVS semen collection method seems to
have ensured more consistent sampling. However, notable variations
were observed between individuals, particularly when comparing
different age groups. In these comparisons, older individuals exhibited
lower scores of seminal parameters.

The aging process can be a crucial factor in male selection for
reproduction [48], and our results reveal significant differences between
the two sampled groups for the seminal parameters of plasma membrane
integrity, acrosome integrity, and mitochondrial activity (Table 2). The
first parameter is essential for the interaction of sperm with the
epithelium of the female genital tract and for gamete fusion [17]; the
second is crucial for the fertilizing potential of the sperm, as it refers to
the vesicle containing enzymes essential for penetration of the zona
pellucida [18]; and the assessment of mitochondrial function is relevant
for sperm motility, homeostasis, and viability [19]. Despite reviews on
the effects of age on reproductive decline in primates [49] and studies on
cellular and biochemical modifications during the transition from pu-
berty to adulthood in chimpanzees [27], few studies have been directed
at neotropical primates for comparison [28]. However, marmosets
exhibit a significant decline in testosterone levels in males from 6
through 15 years of age. [50]. In humans, compared to females, age
exerts a more gradual influence on males, who rarely experience com-
plete reproductive senescence [51,52]. However, an increase in the
frequency of numerical and structural chromosomal alterations associ-
ated with age can be observed [53]. Indeed, changes in the male
reproductive system can be attributed to decreased levels of circulating
steroid hormones, such as testosterone and dehydroepiandrosterone
(DHEA), which may lead to an increase in sperm abnormalities [49].
Our results contribute to this discussion, with the regressions showed in
Table 2 indicating the impact (B) of age and weight on the reproductive
potential of individuals. Each year of life represents a decrease of 1.67 %
in plasma membrane integrity, 1.25 % in acrosome integrity, and an
increase of 1.71 % in the observation of DAB III mitochondrial activity.
The regressions also show that an increase in each unit of weight (g)
results in a decrease of approximately 0.2 % in plasma membrane and
acrosome integrity, while DAB III and IV mitochondrial activity would
increase by 0.229 % and 0.275 %, respectively. In summary, our results
reveal the association of older and heavier males with lower scores for
some seminal parameters, specifically concerning plasma membrane
and acrosomal integrity, as well as mitochondrial activity. In Callithrix
jacchus, a positive correlation between male weight and the incidence of
sperm morphological abnormalities was also observed [31]. These re-
sults have implications for the quality of reproductive parameters of
animals available for captive breeding, including the application of
reproductive biotechnologies. It is important to consider this when
selecting males for reproductive management, as well as for the use of
their semen in reproductive biotechnologies. The maintenance of ge-
netic resource banks can minimize problems associated with senescence
and the availability of individuals for reproduction, especially through
the inclusion of genetic material from free-ranging animals or those from
other institutions. The results of this study underscore the importance of
cryopreserving samples while individuals are young, as representative
samples of good quality are required for gamete cryopreservation [12].
However, this does not preclude the use of older animals; rather, it
underscores the benefits of collecting samples from them during their
youth.

The preservation of semen in genetic banks results in a loss of sperm
viability due to damage from freezing and thawing, including acrosome
rupture, damage to the plasma membrane, and loss of motility [54].
Sperm selection techniques are crucial for mitigating these effects and
facilitating the removal of infectious agents, dilution media, and cryo-
protectants from samples designated for reproduction [33]. One such
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method is the discontinuous Percoll® gradient, which, akin to other
protocols in reproductive biotechnology, requires standardization for
the selection of viable gametes from Leontopithecus chrysomelas. Previous
studies have shown that Percoll® has no harmful effects compared to
Pure Sperm®, indicating cost-benefit advantages [55,56]. However,
despite selecting gametes, the use of the Percoll® gradient, performed
only in the liquid fraction of the ejaculate, did not achieve the expected
efficacy in Leontopithecus chrysomelas, especially in individuals from the
’Old’” group, for whom the decrease in semen quality parameters was
more evident (Table 3). Although the changes were not significant, the
results emphasize age as a factor to be considered in the application of
biotechniques.

The coagulation of semen poses a challenge for utilizing gametes
from some Platyrrhini primates in reproductive biotechniques [21].
Various techniques have been proposed for coagulum dissolution, such
as the use of proteolytic enzymes and diluents based on coconut water in
many species [57-62]. The presence of coagulum poses a problem in
species that produce coagulated semen, and the absence of treatments
for it results in the loss of viable gametes, as this coagulum is typically
discarded after separating the liquid fraction [26]. The use of coagulum
in biotechniques has been feasible in Macaca mulatta, involving the
liquefaction of a portion of the clot to release spermatozoa for use [63].
Similar efforts have been made in neotropical primates [8,64]. Conse-
quently, the spermatozoa contained in the seminal coagulum, which
does not liquefy, constitute a rich source of genetic material for
researching the genetic foundations of reproduction, including factors
associated with fertility and genetic disorders. RNA profiles can serve as
markers of seminal quality, characterizing a non-invasive tool for
assessing male fertility in cattle [65]. The population of small spermatic
RNAs can also impact male fertility, suggesting an indirect proportional
relationship between the concentration of these transcripts and fertility
[66]. The significant challenge in using spermatozoa contained in the
coagulum is isolating the gametic cell from somatic cells. One way to
verify samples of spermatozoa free from somatic cell presence is through
the absence of ribosomal RNA subunits [67-69], as during spermio-
genesis, gametes lose most of the cytoplasmic content, including the
majority of RNAs. The RNA extraction protocol used here indicated
lower concentrations of larger RNA molecules, with the majority of
spermatic RNAs represented by small molecules. In the quantification
evaluated on the Bioanalyzer (Fig. 2), peaks corresponding to ribosomal
RNAs are absent, indicating that somatic cells were removed with the
discontinuous density gradient selection and the protocol described in
the methodology, adapted from Rauber [37]. The findings could
enhance the semen collection effectiveness for tamarins, where the
liquid fraction (extender plus sperm cells) can be used in reproductive
biotechniques, while the fraction of spermatozoa contained in the co-
agulum can be utilized, for example, as a non-invasive approach to
evaluating the fertility of golden-headed lion tamarins and other closely
related Neotropical primates. The complexity of transcripts present in
spermatozoa has sparked interest in identifying RNAs, whether
messenger or non-coding, delivered during fertilization and their
respective functional role in embryo activation and early embryo
development [69,70]. The extraction protocol is the first step in inves-
tigating the role of spermatic RNAs as epigenetic mediators in
Neotropical primates, i.e., their contribution during fertilization and
their respective functional role in embryo activation and early devel-
opment stages.

Conclusion

The impact of age and weight on seminal parameters, as highlighted
in this study, can guide decisions related to the reproductive manage-
ment of the golden-headed lion tamarin and other closely related spe-
cies. Whether for the selection of partners in natural reproduction or the
implementation of assisted reproduction techniques, these findings un-
derscore the importance of cryopreserving semen from males at a young
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age to safeguard the reproductive potential of individuals. This is
particularly crucial when combining high-quality samples with effective
techniques for selecting viable sperm post-thawing. Moreover, the study
emphasizes the valuable role of utilizing the seminal coagulum in mo-
lecular investigations. With straightforward adjustments, this often-
discarded material yielded results comparable to those obtained by
extracting RNA from the liquid fraction of semen. This enhances the
semen utilization potential, with its liquid fraction applicable to repro-
ductive biotechnologies, while the spermatozoa within the clot can be
employed in non-invasive fertility assessment approaches. In the context
of wild species, especially those facing some degree of threat, optimizing
the use of biological samples becomes imperative, given their precious
nature and the considerable effort involved in their collection. The uti-
lization of this material in molecular studies serves as a meaningful
avenue when its application in assisted reproduction techniques is un-
feasible. Furthermore, the validation of the RNA extraction protocol for
the species lays the groundwork for exploring the contribution of the
male gamete and the factors influencing reproductive success—consid-
erations integral to the development of reproductive biotechniques.

Funding

This work was grant from the Sao Paulo State Foundation for
Research Support (FAPESP: 13/22339-0) to ACP.

CRediT authorship contribution statement

Andrea Cristina Peripato: Writing — review & editing, Writing —
original draft, Visualization, Supervision, Investigation, Funding
acquisition, Formal analysis, Data curation, Conceptualization. Rodrigo
del Rio do Valle: Writing — review & editing, Supervision, Methodol-
ogy, Investigation, Formal analysis, Data curation, Conceptualization.
Bruno Sauce: Writing — review & editing, Supervision, Investigation,
Formal analysis, Data curation. Paloma Rocha Arakaki: Writing — re-
view & editing, Investigation, Data curation. Isabela Midori Wata-
nabe: Writing - original draft, Investigation. Patricia Hergert Bacher:
Writing — original draft, Validation, Project administration, Methodol-
ogy, Investigation, Formal analysis, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank to the technical team of the Sao Paulo Zoo Foundation,
especially to Paula Andrea Borges Salgado, for assistance in sample
collection and to Professor Dr. Reinaldo Alves de Brito, for the labora-
tory support. PHB and IMW were recipients of Fundagao Parque Zoo-
16gico de Sao Paulo master’s fellowship, Programa de Pés-graduacao em
Conservacao da Fauna/UFSCar.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.therwi.2024.100098.

References

[1] L.P.S. Pinto, A.B. Rylands, Geographic distribution of the golden-headed lion
tamarin, Leontopithecus chrysomelas, implications for its management and
conservation, Folia Prima 68 (1997) 161-180, https://doi.org/10.1159/
000157244.

[2] IUCN. (2023). The IUCN Red List of Threatened Species. Version 2023-1. (htt
ps://www.iucnredlist.org), 2023 (accessed 15 Feb 2024).

[3]

[4]

[5]

[6]
[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Theriogenology Wild 5 (2024) 100098

C.E. Guidorizzi, Ecologia e comportamento do mico-leao-da-cara-dourada,
Leontopithecus chrysomelas (Kuhl, 1820) (PRIMATES- CALLITRICHIDAE)
[Unpublished doctoral dissertation], Universidade Estadual de Santa Cruz, Ilhéus,
2008.

K. De Vleeschouwer, K. Leus, L. Van Elsacker, Characteristics of reproductive
biology and proximate factors regulating seasonal breeding in captive golden-
headed lion tamarins (Leontopithecus chrysomelas), Am. J. Primatol.. 60 (4) (2003)
123-137, https://doi.org/10.1002/ajp.10100.

B. Pukazhenthi, P. Comizzoli, A.J. Travis, D.E. Wildt, Applications of emerging
technologies to the study and conservation of threatened and endangered species,
Reprod. Fertil. Dev. 18 (1-2) (2006) 77-99, https://doi.org/10.1071/rd05117.
G.C. Rezende, Mico-leao-preto: A historia de sucesso na conservacao de uma
espécie ameacada, Editora Matrix, Sao Paulo, 2014.

R. Frankham, Conservation genetics, Annu. Rev. Genet.. 29 (1995) 305-327,
https://doi.org/10.1146/annurev.ge.29.120195.001513.

P.R. Arakaki, P.A.B. Salgado, J.D.A. Losano, D.R. Goncalves, R.R. Valle, R.J.

G. Pereira, M. Nichi, Semen cryopreservation in golden-headed lion tamarin,
Leontopithecus chrysomelas, Am. J. Primatol.. 81 (12) (2019) e23071, https://doi.
0rg/10.1002/ajp.23071.

P.R. Arakaki, P.A.B. Salgado, J.D.A. Losano, M.H. Blank, M. Nichi, R.J.G. Pereira,
Assessment of different sperm functional tests in golden-headed lion tamarins
(Leontopithecus chrysomelas), Am. J. Primatol. 81 (8) (2019) e23034, https://doi.
org/10.1002/ajp.23034.

T.A.R. Paula, Reproducao de carnivoros silvestres, Rev. Bras. Reprod. Anim.. 35 (2)
(2011) 130-132.

W.F. Swanson, R.R. Valle, F.M. Carvalho, P.R. Arakaki, A.Z. Rodas-Martinez,

J. Muniz, M. Garcia-Herreros, Sperm morphology assessment in captive
neotropical primates, Reprod. Domest. Anim.. 51 (2016) 623-627, https://doi.org/
10.1111/rda.12711.

J.M. Francoise, Semen collection and seminal quality in primates, J. Primatol.. 3
(2014) 1-2.

J. Fickel, A. Wagener, A. Ludwig, Semen cryopreservation and conservation of
endangered species, Eur. J. Wildl. Res. 53 (2007) 81-89, https://doi.org/10.1007/
510344-007-0089-z.

B.S. Durrant, Semen collection, evaluation, and cryopreservation in exotic animal
species: maximizing reproductive potential, ILAR J. 32 (1) (1990) 2-10, https://
doi.org/10.1093/ilar.32.1.2.

C. Asa, P. Miller, M. Agnew, J.A.R.S. Rebolledo, L. Lindsey, M. Callahan,

K. Bauman, Relationship of inbreeding with sperm quality and reproductive
success in Mexican gray wolves, Anim. Conserv. 10 (3) (2007) 326-331, https://
doi.org/10.1111/j.1469-1795.2007.00116.x.

A.F. Malo, F. Martinez-Pastor, G. Alaks, J. Dubach, R.C. Lacy, Effects of genetic
captive-breeding protocols on sperm quality and fertility in the white-footed
mouse, Biol. Reprod. 83 (4) (2010) 540-548, https://doi.org/10.1095/
biolreprod.110.085316.

R.S. Jeyendran, H.H. Van Der Ven, M. Perez-Pelaez, B.G. Crabo, L.J.D. Zaneveld,
Development of an assay to assess the functional integrity of the human sperm
membrane and its relationship to other semen characteristics, J. Reprod. Fertil.. 70
(1) (1984) 219-228, https://doi.org/10.1530/jrf.0.0700219.

R. Yanagimachi, Mammalian fertilization, in: E. Knobil, J.D. Neil (Eds.), The
Physiology of Reproduction, Raven Press, New York, USA, 1994, pp. 189-317.
J.C. John St, The transmission of mitochondrial DNA following assisted
reproductive techniques, Theriogenology 57 (1) (2002) 109-123, https://doi.org/
10.1016/50093-691x(01)00661-6.

R.R. Valle, C.M.R. Valle, M. Nichi, J.A.P.C. Muniz, P.L. Nayudu, M.A.B.

V. Guimaraes, Validations of non-fluorescent methods to reliably detect acrosomal
and plasma membrane integrity of commom marmoset (Callithrix jacchus),
Theriogenology 70 (1) (2008) 115-120, https://doi.org/10.1016/j.
theriogenology.2008.03.011.

A.F. Dixson, M.J. Anderson, Sexual selection, seminal coagulation and copulatory
plug formation in primates, Folia Prima 73 (2-3) (2002) 63-69, https://doi.org/
10.1159/000064784.

R.R. Valle, M.A.B.V. Guimaraes, J.A.P.C. Muniz, R.C. Barnabe, W.G. Vale,
Collection and evaluation of semen from captive howler monkeys (Alouatta
caraya), Theriogenology 62 (1) (2004) 131-138, https://doi.org/10.1016/j.
theriogenology.2003.08.004.

P.R. Arakaki, The Atelids, in: A.R. Silva (Ed.), Assisted Reproduction in Wild
Mammals of South America, CRC Press, Boca Raton, USA, 2023, pp. 140-154,
https://doi.org/10.1201/9781003231691.

N.L. Souza-Aratjo, Reproducao de Primatas Neotropicais: Avancos e Perspectivas,
Ciénc. Anim.. 22 (2012) 296-307.

P.C. Sousa, D.L. Leao, W.V. Sampaio, F.R. Vasconcelos, S.K.P. Pinheiro, E.

C. Miguel, R.R. dos Santos, A.A. Moura, S.F.S. Domingues, Morphological and
ultrastructural changes in seminal coagulum of the squirrel monkey (Saimiri collinsi
Osgood, 1916) before and after liquefaction, Anim. Reprod. Sci.. 226 (2021)
106710, https://doi.org/10.1016/j.anireprosci.2021.106710.

F.D. Vidal, M.S. Luz, T.G. Pinho, A. Pissinatti, A. Coleta de sémen em mico-leao-de-
cara-dourada (Leontopithecus chrysomelas) (Kuhl, 1820) através da eletroejaculacao
Callitrichidae - primates, Rev. Bras. Cienc. Vet. 14 (2) (2007) 67-71, https://doi.
org/10.4322/rbcv.2014.235.

J. Marson, S. Meuris, R.W. Cooper, P. Jouannet, Puberty in the male chimpanzee:
progressive maturation of semen characteristics, Biol. Reprod. 44 (3) (1991)
448-455, https://doi.org/10.1095/biolreprod44.3.448.

J.B. Stockl, N. Schmid, F. Flenkenthaler, C. Drummer, R. Behr, A. Mayerhofer, G.
J. Arnold, T. Frohlich, Age-related alterations in the testicular proteome of a non-


https://doi.org/10.1016/j.therwi.2024.100098
https://doi.org/10.1159/000157244
https://doi.org/10.1159/000157244
https://www.iucnredlist.org
https://www.iucnredlist.org
https://doi.org/10.1002/ajp.10100
https://doi.org/10.1071/rd05117
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref4
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref4
https://doi.org/10.1146/annurev.ge.29.120195.001513
https://doi.org/10.1002/ajp.23071
https://doi.org/10.1002/ajp.23071
https://doi.org/10.1002/ajp.23034
https://doi.org/10.1002/ajp.23034
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref8
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref8
https://doi.org/10.1111/rda.12711
https://doi.org/10.1111/rda.12711
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref10
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref10
https://doi.org/10.1007/s10344-007-0089-z
https://doi.org/10.1007/s10344-007-0089-z
https://doi.org/10.1093/ilar.32.1.2
https://doi.org/10.1093/ilar.32.1.2
https://doi.org/10.1111/j.1469-1795.2007.00116.x
https://doi.org/10.1111/j.1469-1795.2007.00116.x
https://doi.org/10.1095/biolreprod.110.085316
https://doi.org/10.1095/biolreprod.110.085316
https://doi.org/10.1530/jrf.0.0700219
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref16
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref16
https://doi.org/10.1016/s0093-691x(01)00661-6
https://doi.org/10.1016/s0093-691x(01)00661-6
https://doi.org/10.1016/j.theriogenology.2008.03.011
https://doi.org/10.1016/j.theriogenology.2008.03.011
https://doi.org/10.1159/000064784
https://doi.org/10.1159/000064784
https://doi.org/10.1016/j.theriogenology.2003.08.004
https://doi.org/10.1016/j.theriogenology.2003.08.004
https://doi.org/10.1201/9781003231691
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref22
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref22
https://doi.org/10.1016/j.anireprosci.2021.106710
https://doi.org/10.4322/rbcv.2014.235
https://doi.org/10.4322/rbcv.2014.235
https://doi.org/10.1095/biolreprod44.3.448

P.H. Bacher et al.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

human primate, Cells 10 (6) (2021) 1306, https://doi.org/10.3390/
cells10061306.

F.V. DuMond, T.C. Hutchinson, Squirrel monkey reproduction: the "fatted" male
phenomenon and seasonal spermatogenesis, Science 158 (3804) (1967)
1067-1070, https://doi.org/10.1126/science.158.3804.1067.

W.V. Sampaio, D.L. Leao, P.C. Sousa, H.L. Queiroz, S.F.S. Domingues, Male
fattening is related to increased seminal quality of squirrel monkeys (Saimiri
collinsi): implications for sperm competition, Am. J. Primatol.. 84 (2) (2022) 1-11,
https://doi.org/10.1002/ajp.23353.

R.R. Valle, C.M.R. Valle, M. Nichi, J.A.P.C. Muniz, P.L. Nayudu, M.A.B.

V. Guimaraes, Semen characteristics of captive common marmoset (Callithrix
Jjacchus): a comparison of a German with a Brazilian colony, J. Med. Primatol.. 43
(4) (2014) 225-230, https://doi.org/10.1111/jmp.12111.

R.J. Hoage, Social and Physical Maturation in Captive Lion Tamarins,
Leontopithecus rosalia rosalia (Primates:Callitrichidae), Smithsonian Institution,
1982, pp. 42-45, https://doi.org/10.5479/51.00810282.3541982.

P. Prakash, L. Leykin, Z. Chen, T. Toth, R. Sayegh, I. Schiff, K. Isaacson, Preparation
by differential gradient centrifugation is better than swim-up in selecting sperm
with normal morphology (strict criteria), Fertil. Steril. 69 (4) (1998) 722-726,
https://doi.org/10.1016/50015-0282(98)00002-8.

C.E. Pope, Y.Z. Zhang, B.L. Dresser, A simple staining method for evaluating
acrosomal status of cat spermatozoa, J. Zoo. Wildl. Med. 22 (1) (1991) 87-95.

F. Hrudka, Cytochemical and ultracytochemical demonstration of cytochrome ¢
oxidase in spermatozoa and dynamics of its changes accompanying ageing or
induced by stress, Int. J. Androl.. 10 (6) (1987) 809-828, https://doi.org/10.1111/
j-1365-2605.1987.tb00385.x.

E. Blom, The ultrastructure of some characteristic sperm defects and a proposal for
a new classification of bull spermogram, Nord. Vet. Med. 25 (7) (1973) 383-391.
L.P. Rauber, Qualitative and Quantitative Analysis of Porcine Sperm Transcripts
and Characterization of A Normalized cDNA Library, Ludwig-Maximilians-
Universitat Miinchen, 2008.

P. Chomczynski, N. Sacchi, Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction, Anal. Biochem.. 162 (1)
(1987) 156-159, https://doi.org/10.1006/abio.1987.9999.

D.E. Wildt, T.L. Roth, Assisted reproduction for managing and conserving
threatened felids, Int. Zoo. Yearb. 35 (1) (1997) 164-172, https://doi.org/
10.1111/§.1748-1090.1997.tb01207 .x.

S.M.H. Andrabi, W.M.C. Maxwell, A review in reproductive biotechnologies for
conservation of endangered mammalian species, Anim. Reprod. Sci. 99 (2007)
223-243, https://doi.org/10.1016/j.anireprosci.2006.07.002.

P. Comizzoli, W.V. Holt, Breakthroughs and new horizons in reproductive biology
of rare and endangered animal species, Biol. Reprod. 101 (3) (2019) 514-525,
https://doi.org/10.1093/biolre/ioz031.

1. Kuederling, J.M. Morrell, P.L. Nayudu, Collection of semen from marmoset
monkeys (Callithrix jacchus) for experimental use by vaginal washing, Lab. Anim.
30 (3) (1996) 260-266, https://doi.org/10.1258/002367796780684845.

R.R. Yeoman, R.B. Ricker, L.E. Williams, J. Sonksen, C.R. Abee, Vibratory
stimulation of ejaculatory yields increased motile spermatozoa, compared with
electroejaculation, in squirrel monkeys (Saimiri boliviensis), Contemp. Top. Lab.
Anim. Sci. 36 (1) (1997) 62-64.

A. Schneiders, J. Sonksen, J.K. Hodges, Penile vibratory stimulation in the
marmoset monkey: a practical alternative to electro-ejaculation, yielding
ejaculates of enhanced quality, J. Med. Primatol.. 33 (2004) 98-104, https://doi.
org/10.1111/j.1600-0684.2004.00058.x.

I.M. Watanabe, Gameta masculino de mico-leao-de-cara-dourada (Leontopithecus
chrysomelas): parametros reprodutivos seminais e epigenéticos, Univ. Fed. De. Sao
Carlos, Sao Carlos, SP (2015).

P.R. Arakaki, J.D.A. Losano, P.A.B. Salgado, R.J.G. Pereira, Seasonal effects on
testes size and sustained semen quality in captive golden-headed lion tamarins,
Leontopithecus chrysomelas, Anim. Reprod. Sci.. 218 (2020) 106472, https://doi.
org/10.1016/j.anireprosci.2020.106472.

K.H. Cui, S.P. Flaherty, C.D. Newble, M.V. Guerin, A.J. Napier, C.D. Matthews,
Collection and analysis of semen from the common marmoset (Callithrix jacchus),
J. Androl.. 12 (13) (1991) 214-220.

S. Gunes, G.N.T. Hekim, M.A. Arslan, R. Asci, Effects of aging on the male
reproductive system, J. Assist. Reprod. Genet. 33 (2016) 441-454, https://doi.org/
10.1007/510815-016-0663-y.

B.D. Sitzmann, H.F. Urbanski, M.A. Ottinger, Aging in male primates: reproductive
decline, effects of calorie restriction and future research potential, Age 30 (2-3)
(2008) 157-168.

S.D. Tardif, A. Araujo, M.F. Arruda, J.A. French, M.B.C. Sousa, M.E. Yamamoto,
Reproduction and aging in marmosets and tamarins, Interdiscip. Top. Gerontol. 36
(2008) 29-48, https://doi.org/10.1159/000137678.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Theriogenology Wild 5 (2024) 100098

M.A. Ottinger, Male reproduction: testosterone, gonadotropins, and aging, in: C.
V. Mobbs, P.R. Hof (Eds.), Functional Endocrinology of Aging, Karger Publishers,
Basel, Switzerland, 1998, pp. 105-126.

E. Plas, P. Berger, M. Hermann, H. Pfiiger, Effects of aging on male fertility? Exp.
Gerontol.. 35 (5) (2000) 543-551, https://doi.org/10.1016/50531-5565(00)
00120-0.

E.M.P. Sartorelli, L.F. Mazzucatto, J.M. De Pina-Neto, Effect of paternal age on
human sperm chromosomes, Fertil. Steril.. 76 (6) (2001) 1119-1123, https://doi.
0rg/10.1016/50015-0282(01)02894-1.

W.V. Holt, Basic aspects of frozen storage of semen, Anim. Reprod. Sci.. 62 (2000)
3-22, https://doi.org/10.1016/s0378-4320(00)00152-4.

N. Mousset-Siméon, N. Rives, L. Masse, F. Chevallier, B. Mace, Comparison of six
density gradient media for selection of cryopreserved donor spermatozoa,

J. Androl.. 25 (6) (2004) 881-884, https://doi.org/10.1002/j.1939-4640.2004.
tb03157.x.

L. Hernandez-L6pez, N. Umland, R. Mondragén-Ceballos, P.L. Nayudu, Comparison
of the effects of Percoll® and PureSperm® on the common marmoset (Callithrix
jacchus) semen, J. Med. Primatol.. 34 (2) (2005) 86-90, https://doi.org/10.1111/
j-1600-0684.2005.00095.x.

J.M. Morrell, J.K. Hodges, Cryopreservation of non-human primate sperm:
priorities for future research, Anim. Reprod. Sci.. 53 (1) (1998) 43-63, https://doi.
org/10.1016/s0378-4320(98)00126-2.

R.C.R. Paz, R.L. Zacariotti, R.H.F. Teixeira, M.A.B.V. Guimaraes, O efeito das
enzimas hialuronidase e tripsina na liquefacao do séemen de macacos pregos (Cebus
apella), Braz. J. Vet. Res. Anim. Sci.. 43 (2) (2006) 196-201.

L.L. Aragjo, J.S. Lima, K.G. Oliveira, J.A.P.C. Muniz, R.R. Valle, S.F.S. Domingues,
Uso de solucao a base de agua de coco a 37°C como diluidor de semen de Cebus
apella (macaco prego) mantido em cativeiro, Ciénc. Anim. Bras. 10 (2) (2009)
588-594, https://doi.org/10.5216/cab.v10i2.2739.

K.G. Oliveira, P.H.G.D. Castro, J.A.P.C. Muniz, S.F.S. Domingues, Conservacao do
sémen e liquefacao do codgulo seminal de macaco-prego (Cebus apella) em dgua de
coco em pé (ACP-118®), em diferentes temperaturas, Ciénc. Rural 40 (2) (2010)
616-621, https://doi.org/10.1590/50103-84782010000300019.

P.R. Arakaki, F.M. Carvalho, P.H.G. Castro, J.A.P.C. Muniz, R.R. Valle, Collection,
evaluation, and coagulum dissolution of semen from Goeldi’s monkey, Callimico
goeldii, Folia Prima 88 (4) (2017) 334-343, https://doi.org/10.1159/000480501.
J.S. Lima, D.L. Leao, K.G. Oliveira, A.B. Brito, W.V. Sampaio, R. Santos, Seminal
coagulation and sperm quality in different social contexts in captive tufted
capuchin monkeys (Sapajus apella), Am. J. Primatol. 79 (6) (2017) €22643, https://
doi.org/10.1002/ajp.22643.

F.M. Carvalho, C. Ramsey, C.B. Hanna, R.R. Valle, M. Nichi, M. Binelli, M.A.B.V.
Guimaraes, J.D. Hennebold, Cryopreservation and Preparation of Thawed
Spermatozoa from Rhesus Macaques (Macaca mulatta) for In Vitro Fertilization, J.
Am. Assoc. Lab.

0.Y. Tkachenko, S. Delimitreva, E. Isachenko, R.R. Valle, H.W. Michelmann,

A. Berenson, P.L. Nayudu, Epidermal growth factor effects on marmoset monkey
(Callithrix jacchus) oocyte in vitro maturation, IVF and embryo development are
altered by gonadotrophin concentration during oocyte maturation, Hum. Reprod.
25 (8) (2010) 2047-2058, https://doi.org/10.1093/humrep/deq148.

1. Gilbert, N. Bissonnette, G. Boissonneault, M. Vallée, C. Robert, A molecular
analysis of the population of mRNA in bovine spermatozoa, Reprod. 133 (6) (2007)
1073-1086, https://doi.org/10.1530/REP-06-0292.

S.A. Krawetz, A. Kruger, C. Lalancette, R. Tagett, E. Anton, S. Draghici, M.P.

A. Diamond, Survey of small RNAs in human sperm, Hum. Reprod.. 26 (12) (2011)
3401-3412, https://doi.org/10.1093/humrep/der329.

D. Miller, D. Briggs, H. Snowden, J. Hamlington, S. Rollinson, R. Lilford, S.

A. Krawetz, A complex population of RNAs exists in human ejaculate spermatozoa:
implications for understanding molecular aspects of spermiogenesis, Gene 237 (2)
(1999) 385-392, https://doi.org/10.1016/s0378-1119(99)00324-8.

G.C. Ostermeier, D. Miller, J.D. Huntriss, M.O. Diamond, S.A. Krawetz,
Reproductive biology: delivering spermatozoan RNA to the oocyte, Nature 429
(6988) (2004) 154, https://doi.org/10.1038/429154a.

P.J. Das, F. McCarthy, M. Vishnoi, N. Paria, C. Gresham, G. Li, P. Kachroo, A.

K. Sudderth, S. Teague, C.C. Love, D.D. Varner, B.P. Chowdhary, T. Raudsepp,
Stallion sperm transcriptome comprises functionally coherent coding and
regulatory RNAs as revealed by microarray analysis and RNA-seq, PLOS One 8 (2)
(2013) 56535, https://doi.org/10.1371/journal.pone.0056535.

M. Jodar, S. Selvaraju, E. Sendler, M.P. Diamond, S.A. Krawetz, The presence, role
and clinical use of spermatozoal RNAs, Hum. Reprod. Update 19 (6) (2013)
604-624, https://doi.org/10.1093/humupd/dmt031.


https://doi.org/10.3390/cells10061306
https://doi.org/10.3390/cells10061306
https://doi.org/10.1126/science.158.3804.1067
https://doi.org/10.1002/ajp.23353
https://doi.org/10.1111/jmp.12111
https://doi.org/10.5479/si.00810282.3541982
https://doi.org/10.1016/S0015-0282(98)00002-8
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref32
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref32
https://doi.org/10.1111/j.1365-2605.1987.tb00385.x
https://doi.org/10.1111/j.1365-2605.1987.tb00385.x
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref34
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref34
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref35
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref35
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref35
https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.1111/j.1748-1090.1997.tb01207.x
https://doi.org/10.1111/j.1748-1090.1997.tb01207.x
https://doi.org/10.1016/j.anireprosci.2006.07.002
https://doi.org/10.1093/biolre/ioz031
https://doi.org/10.1258/002367796780684845
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref41
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref41
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref41
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref41
https://doi.org/10.1111/j.1600-0684.2004.00058.x
https://doi.org/10.1111/j.1600-0684.2004.00058.x
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref43
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref43
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref43
https://doi.org/10.1016/j.anireprosci.2020.106472
https://doi.org/10.1016/j.anireprosci.2020.106472
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref45
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref45
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref45
https://doi.org/10.1007/s10815-016-0663-y
https://doi.org/10.1007/s10815-016-0663-y
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref47
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref47
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref47
https://doi.org/10.1159/000137678
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref49
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref49
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref49
https://doi.org/10.1016/s0531-5565(00)00120-0
https://doi.org/10.1016/s0531-5565(00)00120-0
https://doi.org/10.1016/s0015-0282(01)02894-1
https://doi.org/10.1016/s0015-0282(01)02894-1
https://doi.org/10.1016/s0378-4320(00)00152-4
https://doi.org/10.1002/j.1939-4640.2004.tb03157.x
https://doi.org/10.1002/j.1939-4640.2004.tb03157.x
https://doi.org/10.1111/j.1600-0684.2005.00095.x
https://doi.org/10.1111/j.1600-0684.2005.00095.x
https://doi.org/10.1016/s0378-4320(98)00126-2
https://doi.org/10.1016/s0378-4320(98)00126-2
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref56
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref56
http://refhub.elsevier.com/S2773-093X(24)00029-1/sbref56
https://doi.org/10.5216/cab.v10i2.2739
https://doi.org/10.1590/S0103-84782010000300019
https://doi.org/10.1159/000480501
https://doi.org/10.1002/ajp.22643
https://doi.org/10.1002/ajp.22643
https://doi.org/10.1093/humrep/deq148
https://doi.org/10.1530/REP-06-0292
https://doi.org/10.1093/humrep/der329
https://doi.org/10.1016/s0378-1119(99)00324-8
https://doi.org/10.1038/429154a
https://doi.org/10.1371/journal.pone.0056535
https://doi.org/10.1093/humupd/dmt031

	Influence of age and weight on seminal parameters of golden-headed lion tamarin (Leontopithecus chrysomelas) in ex situ con ...
	Introduction
	Materials and methods
	Animals
	Semen collection and processing
	Semen parameters evaluations
	Sperm motility and concentration
	Plasma membrane and acrosome integrity
	Mitochondrial activity and sperm morphology

	Molecular procedures
	RNA extraction
	RNA quantification and analysis

	Statistical analysis

	Results
	Individual and group description data
	Semen parameters evaluations and age and weight influences
	Sperm selection
	Spermatic RNA

	Discussion
	Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	References


