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Abstract The Neotropical monkey genus Aofus (owl or
night monkeys) are among the most karyological diverse
primates of the world. Their diploid numbers range from
2n = 46 to 58, but even owl monkeys with the same
diploid number may have radically different karyotypes.
This karyotypic variability has provided precious informa-
tion for taxonomists and has a potential for aiding phylo-
genetic analysis of these primates. However, up to now
only three out of 11 species have been analyzed with
molecular cytogenetic methods. Here, we report on a
fourth species, A. infulatus. Females have a diploid num-
ber of 2n = 50 while males, due to a Y/autosome translo-
cation, have 49 chromosomes. We provide a complete
map of chromosome homology between humans and
A. infulatus. Comparisons with previous reports allowed
us to propose a putative ancestral karyotype of the genus
(2n = 52) and to deduce the rearrangements that were
involved in the origin of each species chromosome com-
plement. Integration of chromosome painting and banding
analysis suggests at least three chromosomes have evolu-
tionary new centromeres that appeared during the diver-
gence of these four owl monkey species.
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Introduction

Cytogenetic data, especially comparative chromosome painting,
have proved to be very useful for elucidating essential aspect of
genome organization and evolution in New World monkeys
(NWM; de Oliveira et al. 2012). These studies, together with
morphological and molecular data, can also contribute to conser-
vation programs through species identification, including the rec-
ognition of otherwise cryptic species within taxa (Stanyon et al.
2004). An excellent example is the genus Aotus, known as owl or
night monkeys, originally believed to be a single species,
A. trivirgatus (Hershkovitz 1949). Based on karyotype, pheno-
typic characters, and geographical distribution, Hershkovitz
(1983) recognized nine species of owl monkeys and more recent-
ly, Menezes et al. (2010), using mitochondrial and nuclear DNA
sequence data allied with karyotypic and biogeographic data,
proposed the division of Aozus into 11 species.

Since the 1970’s extensive cytogenetic studies have shown
that Aotus displays high karyotypic variability with at least 18
different karyotypes and diploid numbers ranging from
2n = 46 to 58 (Ma 1981; Ma et al. 1985; Pieczarka et al.
1993; Torres et al. 1998). Centric fusions/fissions and
pericentric inversions have been described as the predominant
events of chromosomal reorganization in the genus (Ma 1981;
Ruiz-Herrera et al. 2005). In addition, uneven diploid numbers
due to translocations between the Y chromosome and an au-
tosome have also been found in some species (Ma et al. 1976;
Ma 1981; Pieczarka and Nagamachi 1988; Pieczarka et al.
1993). The Y chromosome was found translocated onto the
short arm (as in A. nigriceps) or interstitially into the long arm
(in A. azarae) of autosomes (Ma 1981).
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Up until now, only three Aotus species were analyzed by
molecular cytogenetic methods: an unidentified species Aotus
sp. 2n = 50), A. nancymaae (2n = 54), and A. griseimembra
(2n = 54) (Stanyon et al. 2004, 2011; Ruiz-Herrera et al. 2005).
These species shared the associations of the homologues of hu-
man chromosomes (HSA) 1/3, 1/16, 2/20, 3/21, 4/15, 5/7, 7/11,
10/11, 16/22, and the inverted synteny HSA 14/15/14/15 in ad-
dition to the disruptions of the syntenic associations HSA 2/16
and 10/16, both present in the supposed ancestral Platyrrhini
karyotype (APLK, Table 1). Chromosome paints of Lagothrix
lagothrica were also hybridized to A. nancymaae metaphases
and the results showed that this karyotype was highly shuffled
with at least 14 fissions and 13 fusions required to derive it from
the APLK (Stanyon et al. 2004).

The extensive karyological variability of the genus Aotus
suggests that more detailed molecular cytogenetic data, in-
cluding sampling still unstudied species, may yield important
data on its phylogeny and taxonomy, both between Aotus
species and between Aofus and other NWM taxa. In this re-
search, we used human chromosome-specific probes to map
the karyotype of A. infulatus, aiming to contribute to the
knowledge of Aotus chromosome diversification.

Material and Methods

We analyzed the karyotypes of a male and a female Aotus
infulatus housed at the Fundacdo Zoo-Botanica de Belo
Horizonte, Minas Gerais state, Brazil. Cytogenetic analyses were
performed on chromosome preparations obtained from fibroblast
cultures, following standard procedures (Stanyon and Galleni
1991). GTG-, CBG-banding patterns, and silver-staining of the
nucleolar organizer regions (Ag-NORs) were carried out accord-
ing to Seabright (1971), Sumner (1972), and Howell and Black
(1980), respectively.

Fluorescence in situ hybridizations (FISH) were performed
with human chromosome-specific probes prepared by DOP-
PCR from flow sorted chromosomes by PCR amplification and
labeling, as previously described by Dumas et al. (2005). FISH
using a synthesized biotinylated telomeric sequence
(TTAGGG), (Invitrogen) was performed in conditions similar
to those described in Araujo et al. (2014). Digital images were
captured under a Zeiss Axioimager 2 epifluorescence micro-
scope coupled with a CCD camera.

All data generated or analyzed during this study are includ-
ed in this published article.

Table 1 Associations of human

autosomes detected by Human A. nancymaae'* Aotus sp.? A. griseimembra® A. infulatus®
chromosome painting in Aotus Autosomes (2n =54) (2n =50) (2n =54) (2n =50)
173 + + +
1/16 + + +
217
2/12 + +
2/16
2/20 + + + +
3/14 +
321 + + +
4/15 + + +
57 + + + +
5/15 + + +
711 + + + +
8/18 + + +
9/15 + +
9/17 +
10/11 + + + +
10/16
10/22 + + +
11/19 +
14/15 +
14/15 + +
16/22 + + + +

! Stanyon et al. (2004); 2 Ruiz-Herrera et al. (2005); 3 Stanyon et al. (2011); 4 Present study
Associations in bold are present in the hypothetical ancestral Platyrrhini karyotype
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Results

The diploid numbers of the specimens analyzed were 2n = 49
(male) and 2n = 50 (female). The karyotype was composed of ten
pairs of biarmed chromosomes and 14 acrocentric pairs; the X
was submetacentric and in the male, the Y chromosome was
apparently translocated to the short arm of chromosome 16
(Fig. 1a). After comparing the GTG-banding pattern with the
literature, we confirmed that the specimens were Aotus infilatus.
CBG-banding revealed pericentromeric constitutive hetero-
chromatin blocks in all chromosomes (Fig. 1b). Additionally,
chromosome pairs 10-24 had heterochromatic short arms, pair
7 presented heterochromatin in the telomeric region, and the
translocated Y/16 chromosome showed interstitial bands on the
short and long arms. Pair 9 had a large AgNOR-bearing inter-
stitial secondary constriction in its long arm (Fig. 2a). The
telomeric probe produced signals at the termini of all chromo-
some arms and additional interstitial signals were also found at
the centromeric region of chromosome pairs 6 and 7 (Fig. 2b).
All the human chromosome-specific probes, except the Y,
produced bright signals on the A. infulatus metaphases. We
were able to produce a complete map of homology with hu-
man chromosomes (Figs. 1a and 3). A total of 41 conserved
segments were found on the haploid set of A. infulatus.
Eleven human chromosomes were conserved in
A. infulatus. Seven painted only one A. infulatus counterpart
(HSA 6,9, 12, 13, 17, 19, and X), and four (HSA 18, 20, 21,
and 22) were conserved but were associated with other auto-
somes. The HSA 14 paint hybridized to a single chromosome,

in association with HSA 15, but it was divided into two blocks
due to an inversion. Multiple hybridization signals were ob-
served with the probes of the other human autosomes: HSA 4,
8, 10, 11, and 16 labeled two pairs of A. infulatus each; and
HSA 1, 2,3, 5,7, and 15 were split into three or more seg-
ments. The following syntenic associations of human chromo-
somes were found: HSA 1/3, 1/16, 2/7, 2/20, 3/21, 4/15, 5/7,
5/15 (twice), 7/11, 8/18, 10/11, 10/22, 15/14/15/14, and 16/22
(Table 1, Fig. 1a). Hybridization signals were not detected in
the constitutive heterochromatin regions revealed after CBG-
banding (Fig. 1).

Discussion

Centric fusions/fissions and pericentric inversions proposed
based primarily on banding were described as important
mechanisms of chromosome reorganization in the night mon-
keys (Ma 1981; Ruiz-Herrera et al. 2005). Our FISH experi-
ment with a telomeric probe showed signals in the centromeric
region of A. infulatus pairs 6 and 7. The interstitial labeling on
pair 6 may indicate a chromosome rearrangement, probably a
fusion between HSA 10 and HSA 11. The signal on pair 7
may be related to a pericentric inversion of the conserved
segment homologous to HSA 20. The absence of interstitial
telomeric sequences in the remaining chromosomes may be
due to the loss of these sequences during rearrangements or to
the small number of (TTAGGG), repetitions, which could not
be detected by FISH. Mudry et al. (2007) analyzed the
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12 n 3 4
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Fig. 2 Cells of a female Aotus a
infulatus (2n = 50) after a silver

staining of the nucleolus

organizer regions (Ag-NORs) and

b FISH with a telomeric probe.

Note the Ag-NORs on pair 9.

Bar =10 pm

karyotype of A. azarae after FISH with a telomeric sequence
and observed a strong signal at the pericentromeric region of
pair 5, which they related to a fusion.

As previously shown for other Aotus, our specimens had
only one pair bearing NORs in its long arms. This metacentric

Fig. 3 FISH with human
chromosome-specific probes onto
Aotus infulatus cells. Biotin-
labeled probes were detected with
avidin-FITC (green signals) and
digoxigenin-labeled probes, with
antidigoxigenin-rhodamine (red
signals). All metaphases were
counterstained with DAPIL.

Bar =10 um
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pair is considered a marker chromosome characteristic of the
genus Aotus (Torres et al. 1998).

The CBG-banding patterns reported for Aotus species, in-
cluding A. infulatus, revealed heterochromatin located at
pericentromeric regions of all biarmed pairs and also
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composing the short arms of acrocentrics (Torres et al. 1998;
Prakhongcheep et al. 2013). These heterochromatic portions
are rich in at least four different families of satellite DNAs,
which would be involved in Aofus chromosome diversifica-
tion (our unpublished data).

The Y-Translocations in Owl Monkeys

The male analyzed had 2n =49 due to a translocation of the Y
with an autosome, identified as chromosome 16, which result-
ed in radically different morphologies between homologs in
the male. Chromosome 16 is homologous to part of HSA 3q
(unpublished data). This segment, called HSA 3a, is believed
to be present in the ancestral Platyrrhini karyotype (APLK,
Fig. 4). Y-autosome translocations have been previously de-
scribed based on GTG- and CBG-banding in A. azarae
boliviensis, A. A. azarae, A. infulatus, and an unidentified
“Aotus from Rondonia” (all with 2n = 49 in males and
2n = 50 in females), and in A. nigriceps (2n = 51 M/52F)
(Ma et al. 1976; Ma 1981; Pieczarka and Nagamachi 1988,
Pieczarka et al. 1993). After comparing the banding patterns
of the Y/16 of our A. infulatus with these previous accounts,
we concluded that the same autosome seems to be involved in
the rearrangement, which can thus be hypothesized to have
occurred in a common ancestor before the divergence of these
species (Pieczarka and Nagamachi 1988; Pieczarka et al.
1993). This hypothesis will need to be tested using other mo-
lecular cytogenetic methods and eventually sequencing.

Implications for Chromosome Evolution in Aotus

We then compared our banding and hybridization results with
those previously published for Aofus and other New World
monkeys. The proposed APLK has 2n = 54 (Stanyon et al.
2003) and is composed by eleven conserved homologues of
human chromosomes (HSA 4, 6,9, 11, 12,13, 17, 19, 20, 22,
and X), from which only six (HSA 6, 9, 12, 13, 17, and 19)
were found undisrupted in A. infulatus (Fig. 1a). In this spe-
cies, HSA 4 and 11 were split into two segments, whereas
HSA 20 was found in association with HSA 2, and HSA 22
with HSA 16 and 10. The presumed APLK associations 3/21,
5/7, 8/18, and 14/15 were found in A. infulatus, but HSA 2/16
and 10/16 were absent (Table 1, Fig. 1a). Instead, A. infulatus
has the association HSA 10/22/16, which may indicate an
insertion or a fusion of the NWM ancestral HSA 10/16 with
HSA 22, followed by an inversion.

After comparisons of the four Aotus painted karyotypes, we
confirmed that they share seven derived associations, which are
absent in the APLK: HSA 1/3, 1/16, 2/20, 4/15, 7/11, 10/11,
16/22, and an inversion of HSA 14/15 resulting in HSA 14/15/
14/15 (Table 1). Additionally, A. sp., A. infulatus and
A. nancymaae share two derived associations (HSA 5/15 and
10/22), whereas A. sp. and A. nancymaae both have in common

HSA 2/12 and 9/15. These cytogenetic data show that while A.
griseimembra has the complement that most likely resembles
that of the common ancestor of the four analyzed species, the
karyotypes of A. sp. and A. nancymaae are more closely related
to each other than either is to that of A. infulatus. Thus, the
karyotype of an ancestor of these three species probably incor-
porated further rearrangements after the divergence of A.
griseimembra. Furthermore, the association HSA 2/7 was
found exclusively in A. infulatus, whereas HSA 3/14 and
9/17 were restricted to A. nancymaae and HSA 11/19 was
exclusive to A. griseimembra (Table 1; Fig. 4).

The four Aotus species analyzed by chromosome painting
shared the following features: (a) the conservation of HSA 6,
12, 13, 18, 19, 20, 21, 22, and X; (b) the presence of the
APLK associations HSA 3/21, 5/7, 8/18, 14/15, and the fission
of HSA 2/16; (¢) and the common associations HSA 1/3/21,
1/16, 2/20, 4/15, 5/7/11/10, 10/22/16, and the inverted HSA
14/15/14/15. Based on this comparison among Aotus karyotypes
and with the APLK, we suggest that the putative ancestral Aotus
karyotype may have had 2n = 52 chromosomes and would be
composed of: (a) the conserved chromosomes 6, 9, 12, 13, 17,
18, 19, 20, 21, 22, and X; (b) the associations HSA 1/3/21, 1/16,
2/20, 4/15, 5/7/11/10, 8/18, 10/22/16, and 14/15/14/15; (c) two
pairs homologous to HSA 4, 5, 8, 10, 15, and 16 each; and (d)
three pairs homologous to HSA 1, 2, 3 and 7 each (Fig. 4).

Aotus griseimembra apparently had the least derived kar-
yotype. The differences between the A. griseimembra karyo-
type and the putative ancestral karyotype of Aotus was a fu-
sion between the homologues of HSA 11 and 19 and two
fissions: HSA 8/18, causing a loss of the association, and
HSA 10/22/16, producing segments homologous to HSA 10
and HSA 16/22 (Fig. 4).

The other three species of Aotus are hypothesized to have
karyotypes derived from a common ancestral karyotype after
the divergence of A. griseimembra. The homologous associa-
tions HSA 4/15/5 and 5/15 may be explained by a fusion of
the ancestral HSA 4/15 and 5, followed by the disruption of
HSA 4/15/5 originating the HSA 5/15 (Fig. 4). Moreover, in
the A. infulatus karyotype two fusions (HSA 2 and 7 and HSA
3 and Y) explain the main differences detected by chromo-
some painting, suggesting a possible chromosome marker.

The common ancestor of A. sp. and A. nancymaae probably
had the synteny HSA 2/12. Complex rearrangements involving a
segment homologous to HSA 15 and HSA 9 probably occurred,
giving rise to the two HSA 9/15 associations. Only A. sp. had the
HSA 7/11 association, indicating a possible phylogenetic marker.
A fission of a segment of HSA 17 followed by a fusion to the
presumed association HSA 9/15 apparently gave rise to the as-
sociation HSA 15/9/17 in A. nancymaae (Fig. 4). In addition,
fusions/fissions between the homologous segments of HSA 3
and HSA 14/15/14/15 would explain the origin of
A. nancymaae chromosome 15 (HSA 3/14/15/14), 22 (HSA 3)
and 24 (HSA 14/15) (Fig. 4).
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Aotus sp. Aotus nancymaae Aotus infulatus Aotus griseimembra
2n=50 2n=54 2n=49/50 2n=54
Ruiz-Herrera et al. (2005) Stanyon et al. (2004); Ruiz-Herrera et al. (2005) Present study Stanyon et al. (2011)
I
[ | ]
17 15a/9/17 17
Fission  Fusion I i —) I
7bi11 | [ | I I
Fusion [ 2b/7b 3alY 1119  8b/8 10b/22/16b 8b 18 10b 16b/22
[ | —) Fusions Fusion Fissions
3a 14/15a/14/15a 3a 3a/14/15a/14 14/15a
Fissions Fusion
—) I —)
= a l
2b/12 14/15a/14/15a 15a 9+ 15a 9/15a
. Fusi
Fusion Complex rearrang%%%nts between 9 and 15

Fusion msmp Fission =ssp Fusion

4/15b + 5 4/15b/5 5/15b

Ancestral Aotus karyotype

1a 1b/16a 1c/3c/21 2a 2a/20 2b 3a 3b 4/15b 4 5/7a/11/10a

Il
X Y

5 6 7b 7b 8a 8b/18 9 10b/22/16b 11 12 13 14/15a/14/15a 17 19

Ancestral Platyrrhini karyotype

1a 1b 1c 2a 2b/16a 3a 3b 3c/21 4 5/7a 6 7b 8a

8b/18 9 10a 10b/16b 11 12 13 14/15a 15b 17 19 20 22 X Y

Fig. 4 Hypothetical

series of transformations showing the karyotype

evolution of Aotus sp., A. nancymaae, A. infulatus, and
A. griseimembra from the proposed ancestral karyotype of night

Ma (1981) on the basis of banding proposed an ancestral
Aotus karyotype with 2n = 54, presumably that found in
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monkeys (2n = 52) and Platyrrhini (2n = 54), based on the
correspondence with human chromosomes. A color code for each
human chromosome is shown on the bottom right

A. nancymaae. However, our analysis shows that
A. nancymaae has the most derived karyotype, with only three
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human homologues conserved without disruption or associa-
tion (HSA 6, 13, and 19) and 17 derived associations absent
from the APLK (Stanyon et al. 2004; Ruiz-Herrera et al.
2005). Instead, we hypothesize that of the four species studied
with chromosome painting A. griseimembra has the karyotype
that is closest to the ancestral karyotype.

Chromosomal Link between Aofus and Other NWM

The phylogenetic position of Aofus has long been controver-
sial. Recently based on Alu insertions and nuclear DNA in-
formation, Aotus was placed in the family Cebidae (Osterholz
etal. 2009; Perelman et al. 2011; Springer et al. 2012; Kiesling
et al. 2014). However, our data do not show any derived
chromosome characters linking Aotus to any Cebidae.
Nevertheless, a recent description of the organization of hu-
man chromosomes HSA 14 and 15 (found associated in
NWM) based on FISH experiments with BACs corroborated
this link (Capozzi et al. 2016). The authors of this study
showed that A. lemurinus and Callithrix jacchus share a
pericentric inversion, which gave rise to a biarmed chromo-
some, corresponding to the homologous HSA 14/15. These
data provide a weak link between Aotus and other Cebidae.

Possible Evolutionary New Centromeres in Aotus

From this comparison, it could be hypothesized that in addi-
tion to traditional chromosome rearrangements such as fis-
sions, translocations, and inversions, centromere repositioning
(neocentromere formation) may have also played an important
role in Aotus chromosome evolution. For example, the coun-
terpart of the submetacentric HSA 12 is acrocentric in
A. infulatus and in A. griseimembra. The metacentric HSA
19 has an acrocentric correspondent in A. sp. and is submeta-
centric in A. infulatus and A. nancymaae. Finally, the human
syntenic association HSA 1/16 corresponds to a metacentric
chromosome in A. sp., A. nancymaae, and A. griseimembra,
but is acrocentric in A. infulatus. In all these cases the GTG-
banding patterns seem conserved between species, suggesting
the occurrence of centromere repositioning.

Although chromosome painting provides information
about interchromosomal rearrangements, intrachromosomal
changes are usually undetected. Therefore, high- resolution
molecular cytogenetic approaches using cloned DNA probes,
such as BACs, should provide a better understanding of the
mechanisms involved in the changes of these chromosomes.

Conclusion
Our study showed that A. infulatus has a highly rearranged

karyotype when compared to the APLK. It would be of the
utmost interest to use molecular cytogenetics in analyses of

additional Aotus karyotypes, which could provide important
information for better understanding the phylogenomics of
this complicated New World monkey.
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