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Simple Summary

Chromosomal changes play a key role in the evolution and diversity of species. Within the
deer family, known for rapid and varied chromosome variations, the Amazon gray brocket
deer presents two distinct sex chromosome systems, a standard and a complex system due
to a rearrangement involving an X chromosome. This study investigated these chromosome
variations by analyzing a male and female deer with different sex chromosome systems and
their female offspring. The hybrid females displayed normal reproductive behavior and
successfully produced offspring. These results provide new insights into how differences
in sex chromosomes affect reproduction and viability in mammals. Understanding these
genetic mechanisms is important for the conservation and proper classification of these
Neotropical deer.

Abstract

Chromosomal instability plays a significant role in karyotype evolution and speciation in
mammalian groups with notable intraspecific chromosomal variation. The Cervidae family,
known for its rapid karyotypic evolution due to chromosomal fragility, shows substantial
chromosomal diversity, making it a focal point for studies on chromosomal evolution,
particularly with respect to conservation and taxonomic classification. The Amazon gray
brocket deer (Passalites nemorivagus) exhibits pronounced chromosomal polymorphism,
including two distinct sex chromosome systems: the ancestral XX/XY system and a new
system due to an X-autosome fusion (neo-X), where males present XY1Y2. This variation is
intriguing, especially given that the effects on hybrids have not been previously reported.
This study uses bovine whole-chromosome painting (WCP) and BAC probes to document
karyotypic variation in P. nemorivagus. A male with the XY system and a heterozygous
autosomal Robertsonian fusion was paired with a female with neo-X chromosomes, and
the resulting female offspring displayed an X-autosome fusion in heterozygosity. The
females in this study, hybrids for the sex system, exhibited estrus, copulated, and both gave
birth to offspring. This characterization is the first step in investigating the effects of sex
chromosome system variation on hybrid viability and fertility, and provides insights into
the reproductive biology of Neotropical deer.

Animals 2025, 15, 2557

https://doi.org/10.3390/ani15172557


https://doi.org/10.3390/ani15172557
https://doi.org/10.3390/ani15172557
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0002-3808-6095
https://orcid.org/0000-0003-0369-1858
https://orcid.org/0000-0002-2426-804X
https://orcid.org/0000-0001-9076-8221
https://orcid.org/0000-0002-7805-0265
https://doi.org/10.3390/ani15172557
https://www.mdpi.com/article/10.3390/ani15172557?type=check_update&version=2

Animals 2025, 15, 2557

20f13

Keywords: cytogenetics; Cervidae; chromosome rearrangement; sex chromosome;
conservation

1. Introduction

Structural chromosomal variations can lead to significant phenotypic effects and are
widely recognized for their potential role in evolutionary divergence. The concept of
chromosomal speciation proposes that hybrid dysfunction may result from the formation
of unbalanced gametes or the suppression of recombination, with the accumulation of
genetic incompatibilities over time ultimately leading to reproductive isolation [1,2]. In
this context, chromosomal instability contributes to karyotype evolution by generating
barriers to gene flow and facilitating lineage differentiation [2,3]. Comparative cytogenetics
has therefore become a powerful tool for exploring how karyotypic changes influence
mammalian speciation [3].

While intraspecific chromosomal rearrangements in mammals are found to be rather
random in mass data surveys of agricultural and medical cytogenetics [4], different types of
chromosomal variability are typical for many natural species and supraspecific groups [5].
The Cervidae family, known for its high karyotypic evolutionary differentiation rate due
to pronounced chromosomal fragility [6], shows considerable chromosomal diversity,
with diploid numbers (2n) ranging from 6 in female Muntiacus muntjak vaginalis to 70 in
many deer species such as Subulo gouazoubira [7-9]. This diversity has evolved through
tandem and Robertsonian translocations of acrocentric chromosomes, including those
involving sex chromosomes [10]. Such variation has made Cervidae a focal point for
studies on chromosomal evolution, particularly because of its significance for conservation
and taxonomic classification [9].

The Amazonian brown brocket deer (Passalites nemorivagus), the smallest gray
brocket deer occurring in the Amazon region, is in particular genetically interesting [11].
It has displayed chromosomal polymorphisms involving Robertsonian and tandem
fusions, resulting in variations in diploid number (2n) from 66 to 70 and fundamental
number of arms (FN) from 69 to 72 [11-13]. Another notable genetic aspect is phyloge-
netic analysis based on mitochondrial DNA fragments, which revealed a well-structured
differentiation of the species into three distinct clades, with strong geographical as-
sociation, restricted to specific regions of endemism within the Amazon [11,12]. The
pronounced karyotypic variation, in association with the phylogenetic divergence, sug-
gests the presence of a cryptic species complex in P. nemorivagus, implying reproductive
isolation among certain populations [13]. Moreover, the most remarkable cytogenetic
feature is the presence of two distinct sex chromosome systems within the species [11].
Classical cytogenetic studies have suggested to result from an X-autosome tandem fu-
sion, with some individuals exhibiting the simple and ancestral sex chromosome system
(XX/XY), and others possessing a multiple sex chromosome system due to a neo-X with
an autosome fusion (XX/XY1Y7) [11,13,14]. In this context, the topotype of the species,
whose karyotype was mapped using bovine-derived artificial bacterial chromosome
(BAC) probes selected based on the mapped karyotype of S. gouazoubira [9], exhibited a
simple sex chromosome system [11].

Despite generally being considered evolutionarily conserved in eutherian mammals,
the X chromosome is also susceptible to structural modifications, which may be underrep-
resented in cytogenetic studies [15]. The emergence of multiple sex chromosome systems is
generally attributed to Robertsonian fusions between autosomes and sex chromosomes,
and the cases that occur due to tandem fusions are little discussed [16,17]. Hughes et al. [15]
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observed that 152 of 6640 species of mammals present variant sex chromosomes, and within
the order Artiodactyla, only the families Bovidae and Cervidae have species with these
variations. Specifically in Cervidae, the XY;Y; system due to a neo-X has been documented
in the genera Muntiacus [18], Elaphodus [19], Mazama [20-22], and Passalites, the latter being
the only from the Blastocerina subtribe to exhibit this system [11,13,14].

Although X-autosome fusions could have the potential to cause significant deleterious
effects, the relatively frequent occurrence in mammals suggests that these rearrangements
are compatible with meiotic processes [23]. Several studies have reported differences in
the meiotic behavior of gonosomal regions involved in evolutionarily fixed sex-autosome
fusions and translocations in mammals [24-26]. However, in ruminants, even when sex
chromosomes are fused with autosomes, meiotic silencing is restricted to the gonosomal
portion and does not affect the fused autosomes. Furthermore, no evidence suggests
that sex—autosome fusions lead to somatic dysfunctions or reproductive limitations in
these animals [27].

Regardless of the existing genetic knowledge about the Amazonian gray brocket deer,
there remains a significant gap in general information about the species, mainly due to the
difficulty of accessing their natural habitat and the small number of individuals kept in
captivity [11,28]. In Brazil, the only confirmed captive population is housed at the Deer
Research and Conservation Center (NUPECCE), thus, the ex situ populations serve as a
safeguard for wild species and provides an essential source of biological research data that
is otherwise inaccessible under challenging and unpredictable field conditions [29].

Despite the common variation of the standard XY system in mammals, the observation
of two different systems in P. nemorivagus is intriguing, and the effects on hybrids have
never been reported. The objective of this study is to report a previously undocumented
karyotypic variation in P. nemorivagus, observed in the offspring from breeding studies
conducted at NUPECCE. In this study, one male with the simple sex chromosome system
(XY) and a heterozygous autosomal Robertsonian translocation was paired with a female
that possessed a multiple sex chromosome system (neo-X) and no Robertsonian fusion.
The karyotypic characterization of the resulting offspring is the first step to investigate the
effects of sex chromosome system variation on hybrid viability and fertility. In addition,
it will provide valuable insights into the Neotropical deer reproductive biology and may
contribute to broader knowledge about chromosomal instability and its role in evolution of
Neotropical deer species.

2. Materials and Methods

Captive Breeding. This study was approved by the Ethics and Animal Welfare Com-
mittee of the School of Agricultural and Veterinary Studies, Jaboticabal, SP, Brazil (protocol
005433/19, valid from June 2019 to May 2024). All individuals were housed and carefully
managed under human care at the Deer Research and Conservation Center (NUPECCE),
ensuring a high standard of welfare. A male P. nemorivagus, identified as CATFAP 04, was
born in captivity at NUPECCE and was mated multiple times with a female, identified
as T370, originating from Pard, Brazil. Mating occurred following the detection of estrus,
characterized by mucus discharge and the female’s receptivity to the male. Pregnancy was
confirmed through the absence of estrus 21 days after mating [30]. These pairings led to
the birth of four offspring: two males (T391 and T398) and two females (T425 and T435).
The offspring were kept with their mother until weaning, ensuring a natural adaptation to
solid feeding.

Skin collection. We collected skin tissue samples from each individual (parents and
offspring when adults). Animals were chemically restrained with an association of xylazine
hydrochloride 2% (Rompum 1 mg/kg i.m.) and ketamine 10% (Dopalen 7 mg/mgi.m.),
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and the skin fragment was obtained from the inner region of the pelvic limbs [31]. The area
was washed with 1% triclosan antiseptic soap (Soapex 1%), trichotomized, and cleaned
three times with 70% ethanol. The suture was performed after collection and the individuals
were observed until anesthesia recovery. The skin fragments of 4 cm? were transported
immediately to the laboratory.

Cytogenetic analysis. Skin fragments were then transferred to flasks containing culture
medium (Dulbecco’s modified Eagle medium [DMEM] enriched with 20% fetal bovine
serum [FBS]), and incubated at 37 °C with 5% CO,. After achieving fibroblast cell conflu-
ence, the material underwent colchicine treatment, followed by a hypotonic solution, and
was fixed in Carnoy’s solution [32]. Parental and offspring karyotypes were determined by
subjecting the chromosomal preparations to conventional Giemsa staining.

Whole-chromosome painting (WCP) probes. Bovine chromosomes were microdis-
sected by PALM Microlaser system (Carl Zeiss Microlmaging GmbH, Munich, Germany),
and the chromosomal DNA was then amplified by DOP-PCR (degenerate oligonucleotide
primed polymerase chain reaction) [33]. Probe labeling was performed during the sec-
ondary PCR with Green-dUTP or Orange-dUTP (Abbott, North Chicago, IL, USA) [34]. The
WCP probes were then used for identification of chromosomes involved in the X-autosome
fusion in the two female offspring.

BAC probes. We also used bovine-derived artificial bacterial chromosome (BAC) probes
into the karyotype of the individuals, to understand better the direction of the fusions. BAC
clones were selected from the CHORI-240 library based on the NCBI ARS-UCB1.2 Assembly
data, and obtained from BACPAC Genomics, Emeryville, CA, USA. DNA were extracted
using an adapted protocol from the method included in Wizard® Plus SV Minipreps DNA
Purification Systems [9]. Probes were selected considering the mapped P. nemorivagus kary-
otype, to test for the fusions already described occurring in the species [11]. We used the
following BAC probes: centromeric region of BTA 19 (BAC 130E10), marked with Green-
dUTP (Abbott, North Chicago, IL, USA), and p arm of BTA X (BAC 159016), marked with
digoxigenin-11-dUTP (Roche, Mannheim, Germany).

Fluorescence in situ hybridization. Fluorescence in situ hybridization procedures
were carried out as described in Vozdova et al. [35]. Probes labeled with biotin-16-
dUTP were detected using streptavidin-Cy5 (Invitrogen/Molecular Probes, Camarillo,
CA, USA), whereas those labeled with digoxigenin-11-dUTP were detected using anti-
digoxigenin-rhodamine (Roche Diagnostics, Indianapolis, IN, USA). Chromosomes were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Hybridization signals were
examined using Zeiss Axio Imager Z2 fluorescence microscope with appropriate fluores-
cent filters (Carl Zeiss Microimaging GmbH, Jena, Germany); images were captured by
a CoolCube CCD camera (MetaSystems, Altlussheim, Germany) and analyzed by ISIS
(MetaSystems, Altlussheim, Germany).

3. Results

Giemsa staining revealed that the father’s (CATFAP 04) karyotype (2n = 69; FN = 71)
exhibited mostly acrocentric autosomes and one large submetacentric resulting from a
Robertsonian fusion. The X and Y chromosomes were both submetacentric (Figure 1a). The
karyotype of the mother (T370) (2n = 68; FN = 70) did not exhibit the Robertsonian fusion,
but possessed the neo-X system, resulting from an X-autosome fusion, inferred by the
absence of a pair of autosomes (Figure 1b). None of the four offspring (two males—2n = 69;
FN =70, and two females—2n = 69; FN = 71) inherited the Robertsonian fusion from their
father (Figure 1c,d). All individuals displayed multiple B chromosomes, varying from
three to six between cells of the same individual and between individuals. While Giemsa
staining revealed clear chromosomal morphologies, it proved less effective in distinguishing
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between the normal X chromosome and the fused X chromosome. In contrast, FISH
provided more precise information. In the female offspring, one X chromosome hybridized
only with the X-specific probes, while the other showed a fusion between the centromeric
end of chromosome 15, which is homologous to BTA19, linearly connected to the distal
terminal p arm of X chromosome. This highlights a centromere—telomere tandem fusion
between chromosome 15 and the ancestral X, originating the neo-X in P. nemorivagus

(Figure 2).
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Figure 1. Karyotypes after conventional Giemsa staining of the studied animals. (a) Father CATFAP
04, (b) mother T370, (c) male offspring (T398), representing also the male sibling T391, and (d) female
offspring (T425), representing also the female sibling T435.

The analysis of the sex chromosomes showed that both male offspring inherited the
X;15 from their mother, and the female offspring inherited the X;15 from their mother and
the normal X from their father, resulting in the heterozygous sex chromosome system,
never reported before in Artiodactyla (Figure 2). Due to the X;15 fusion, one of the X
chromosomes in the female offspring is significantly larger than its counterpart.
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Figure 2. FISH results on chromosomes of one of the female offspring studied (T425), showing the
heterozygous sex chromosome system, where one X chromosome is normal (ancestral) and the other
presents the tandem fusion (X;15, i.e., neo-X). (a) WCP FISH result using BTAX (red) and BTA19
(green) probes, marking, respectively, the chromosomes X and 15. (b) BAC FISH result using BAC
130E10 (chromosome 15, green) and BAC 159016 (p arm of chromosome X, red).

4. Discussion

Cytogenetic studies are essential to understanding the evolutionary processes and
reproductive dynamics in Neotropical deer [21]. Among the various chromosomal features
observed in these species, B chromosomes represent an intriguing element of karyotypic
diversity that has been reported across multiple genera [9,11]. These chromosomes are
considered supernumerary, exhibiting non-Mendelian inheritance patterns and typically
not resulting in visible phenotypic effects [36]. Previous studies report intraindividual
variability ranging from zero to six B chromosomes in the genus Mazama, zero to seven Bs
in P. nemorivagus, and zero to three Bs in S. gouazoubira [9,11,37]. The variation observed in
the individuals of our study is consistent with these patterns supporting the high degree of
B chromosome variability within Neotropical deer.
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The X chromosome of P. nemorivagus has a submetacentric morphology, which differs
from the ancestral karyotype retained in Subulo gouazoubira by a pericentric inversion
and a change in the centromeric position [9,11]. In brocket deer, the chromosomal in-
stability is frequent due to fragile regions prone to nonrandom breakage and potential
sites of rearrangements [6]. Our results obtained through FISH support the findings of
Morales-Donoso et al. [11], which identified chromosomes 7 and 27 as being involved in
the Robertsonian fusion. However, whereas their study reported all specimens exhibiting a
simple sex chromosome system (XX/XY), we found one centromere-telomere tandem fu-
sion between chromosome 15 and the ancestral X, which originated the neo-X chromosome
in P. nemorivagus specimens presenting a multiple sex chromosome system. In addition,
the Pseudoautosomal region is located on the terminal region of the q arm in this species,
indicating that the fusion occurred in a region unrelated to X-Y recombination [11].

The females presented in our study are individuals with balanced chromosomal
rearrangements, which involve no gain or loss of genetic material, and consequently, they
are phenotypically normal [38]. The X—autosome fusion has also been observed in other
Neotropical deer species. Molecular cytogenetic studies with BAC probes have shown
that, aside from the differences observed with S. gouazoubira, as previously mentioned,
there is a noticeable conservation of orthology regarding the X chromosome across several
species studied thus far. These species include the red deer complex (Mazama americana
and M. rufa) [39], Odocoileus pandora [40], Bisbalus citus [41], Mazama temama [42], and
P. nemorivagus [13]. The observed differences are primarily related to species that have
neo-X chromosomes, which resulted from the fusion of the ancestral X chromosome with
autosomes. In the future, studies with more refined scales, such as genomic studies, could
better confirm this conservation.

Sex chromosome-autosome translocations and fusions are relatively common in mam-
mals, despite the potential for deleterious effects [23], and this phenomenon is one of the
mechanisms by which neo-sex chromosomes evolve [17]. Such translocations involving
both the X and Y chromosomes have been documented across various species, including
rodents, bats, primates, marsupials, bovids, cervids, and humans [24,26,43-47]. While cattle
and humans present clinical conditions associated with these translocations [46,48], other
species seem to have developed adaptations that allow them to maintain fertility [26,27].
In these cases, such alterations are not only tolerated but can even become fixed through
mechanisms such as sexual antagonism, heterozygote advantage, and genetic drift in
neo-sex chromosomes [17,49,50]. Regarding the X chromosome, the order Artiodactyla
stands out as one of the notable cases where this chromosome underwent significant in-
trachromosomal and interchromosomal changes, including inversions, centromere shift,
heterochromatic variation, and X—-autosomal translocations [48,51,52]. Moreover, the X
chromosome in Capreolinae, the Cervidae tribe to which P. nemorivagus is allocated, is less
conserved and more prone to rearrangements than in Cervinae [10].

In this study, we observed that male offspring inherited the X-autosomal fusion (neo-X)
from their mother, and the homologous autosome along with the Y chromosome from their
father, setting up the multiple sex chromosome system, as seen in free-living specimens. In
contrast, only females exhibited a distinct karyotype with the tandem fusion in heterozygosity.
The existence of two or more configurations of sex chromosomes within one species is rare in
eutherians, and in Artiodactyla this phenomenon has been mentioned only in Soemmerring’s
gazelle, Nanger soemmerringii (Bovidae), in the Tufted deer Elaphodus cephalophus, and the Ama-
zon gray brocket deer P. nemorivagus (both Cervidae), briefly discussing it through classical
cytogenetics [13,19,53,54]. However, despite the well-established presence of multiple sex
chromosome systems in these species, this is the first report of a heterozygous sex chromo-
some system in the order, as a result of the mating of individuals with different karyotypes.
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In this context, the lack of investigations in the meiotic fates of different sex chromosome
morphologies is still an open question about their role in speciation [15].

Studies have demonstrated that the presence of a multiple sex chromosome system in
males does not interfere with normal meiosis and spermatogenesis in animals [24,26,55,56].
Studying the synaptonemal complex, Vozdova et al. [27] investigated six species of the
family Bovidae with sex chromosome translocations. Their findings demonstrated that
meiotic silencing, associated with the inactivation of sex chromosomes, occurs normally in
all species studied. A similar study with phyllostomid bats also demonstrates that multiple
sex chromosomes can successfully bypass the risk of meiotic arrest and infertility [26]. Other
studies demonstrate that the fused autosome is isolated from the spreading of gonosomal
chromosome inactivation [56,57].

Females with two copies of such fusion chromosomes also undergo complete ho-
mologous synapsis during meiotic prophase, ensuring proper meiotic progression [58].
However, in a female heterozygous for an X—autosome fusion, with one normal X chro-
mosome, anomalous pairing during meiosis may occur. This can lead to gametogenesis
failures and the production of unbalanced gametes, as previously observed in hybrid
cytotypes of M. americana [14]. These hybrids, which were heterozygous for one tandem
fusion between autosomes, exhibited the highest rate of unbalanced spermatozoa among all
Mazama males analyzed [14]. The fertilization of unbalanced gametes may lead to trisomies
or monosomies, conditions generally incompatible with life [38].

The theory that P. nemorivagus is a cryptic species complex is based on phylogenetic
studies and its cytogenetic polymorphism, which could explain the different sex systems
and imply reproductive isolation among certain populations, due to meiosis problems
previously discussed [13,37]. However, during routine management at NUPECCE, the
females in this study, hybrids for the sex system, exhibited estrus, copulated, and both gave
birth to offspring. This outcome highlights the absence of a prezygotic barrier between the
individuals, but we still cannot exclude completely the possibility of postzygotic isolation
and a certain degree of decline in fertility in these females.

A well-clarified cryptic species complex has been identified within the genus Mazama,
the red brocket deer (M. americana and M. rufa), characterized by significant karyotypic
divergence due to tandem fusions, centric fusions, inversions, and X-autosomal fusions,
with diploid numbers ranging from 42 to 53 [22,37,39,59]. In this case, the genetic differ-
ences were supported by reproductive alterations, with studies evaluating the impact of
chromosomal polymorphisms as reproductive barriers, and showing the existence of well-
established reproductive isolation among the most distant karyotype lineages [14,60,61].
Thus, these results evidenced that the accumulation of heterozygous tandem fusion in
autosomes is detrimental to reproduction, and suggested an efficient postzygotic bar-
rier. However, a single tandem fusion did not prevent reproduction between individuals,
although it did cause a decrease in sperm quality [14,60,61].

It is possible to infer that a tandem fusion between autosomes may cause more severe
disruptions in meiotic division than a fusion between a sex chromosome and an autosome.
This could be explained by the inactivation of one X chromosome as part of gene dosage
compensation in somatic cells, as described by Lyon [62], probably justifying a better
tolerance of animal cells to sex chromosome abnormalities [48]. Therefore, by virtue of this
mechanism, even if the females related in this study produce unbalanced gametes with
an extra or lack of X chromosome, and they were fertilized, the offspring could manage a
possible aneuploidy more effectively. A fraction of unbalanced gametes would be tolerated,
but they would result in offspring with Klinefelter (XXY;Y7, XXY), Turner syndromes (XO),
or trisomy of X (XXX), which are infertile or sterile animals, thereby excluding them from
conservation efforts, either in situ or ex situ (Figure 3).
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Figure 3. Segregation patterns during meiosis and representation of possible oocytes produced from
a carrier with one fused X;15 (neo-X) and one normal X chromosome, and the zygote formed after
fertilization with a normal male (XY or XY1Y2), which can be normal, trisomic, or monosomic for one
or both of the chromosomes involved in the translocation.

Therefore, even after producing offspring, it would be ideal to evaluate quantita-
tively the reproductive potential of the daughters. However, female gametes are difficult
to obtain for research purposes because of the need for invasive procedures such as
follicle puncture or surgery to collect oocytes or ovarian cortex tissue [60,63,64]. Fur-
thermore, these techniques are challenging to perform on wild animals, as they require
adaptation from methods used on better-studied species [60]. In human, several studies
using FISH have described sperm cells with X chromosomal aberration [63]. In contrast,
comparable analyses in female ovarian cells with X chromosomal aberrations remain
scarce, as does detailed information on the reproductive implications of aneuploidy in
these cells [63,64].

5. Conclusions

The present study provides the first documented case of an X—-autosome fusion in het-
erozygosity in P. nemorivagus, which has not been previously observed in either free-living
or captive individuals of this species or any other artiodactyl. This unique finding con-
tributes valuable insights into variant sex chromosome systems in mammals, particularly
regarding the evolutionary dynamics of the X chromosome. Furthermore, this chromoso-
mal rearrangement challenges prior assumptions and provides new perspectives on how
chromosomal instability may drive karyotypic diversification and potentially influence
reproductive isolation, thereby shaping species’ evolutionary trajectories. These findings
establish a foundation for future research exploring the impact of such genetic traits on
biodiversity in mammals. This article is a revised and expanded version of a paper enti-
tled “Genética da conservagao: polimorfismo sexual no Veado-roxo e implicagoes para o
manejo reprodutivo em cativeiro”, which was presented at 48° Congresso da Associagao de
Zoologicos e Aqudrios do Brasil (AZAB), Brazil, in June 2025 [65].
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