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Introduction
Callithrix1 is a genus of primates (marmosets) belonging to the 

genus and are restricted to the Brazilian territory.2 The common 
marmoset3 and the black-tufted-ear marmoset Callithrix penicillata 
Étienne Geoffroy, 1812 are small animals that base their feeding 
on plant exudates (gums, saps, latex), little arthropods, fruits and 
flowers.4,5 Individuals belonging to C. penicillata are endemic to the 
East Central and part of Northeastern Brazil, occurring in the states 
of Bahia, Minas Gerais, Goiás, Mato Grosso do Sul, the Federal 
District, the southwestern tip of Piauí, Maranhão and the north of 
São Paulo (north of the Tietê and Piracicaba Rivers). This species 
commonly occurs in the Cerrado, and Atlantic Forest in areas such as 
gallery forest and dry forest, beyond Caatinga (forest patches).6,7 On 
the other hand, C. jacchus individuals are endemic to the Northeast 
region of Brazil and can be found in the semideciduous and deciduous 
scrub forest in Caatinga, besides gallery forest and humid Atlantic 
forest of Northeastern Brazil, in the states of Ceará, Rio Grande 
do Norte, Paraíba, Alagoas, Pernambuco and Piauí.6 Both species 
were naturally separated from each other according to geographic 
barriers such as rivers, climate, relief and vegetation type,8–10 have 
non-overlapping natural ranges, and therefore have experienced 
allopatric specialization. Nowadays these species are also distributed 
throughout the North and Southeast of Brazil,8 due to escape from 
captivity, release and introduction into inappropriate environments 
and wild animal trafficking.11,12

The introduction of exotic animals can interfere with the 
environment in different ways, altering important ecological processes, 
being considered the second biggest cause of biodiversity loss in the 
world.13–15 Some exotic species settles in the new environment at the 
detriment of native species, altering their habitat, preying on them 
or competing for resources, thus making their existence unfeasible, 
potentially leading to extinction.3 Researches to understand the 

outcomes of Callithrix sp. as exotic animals had shown individuals 
of C. penicillata and C. jacchus as predators of birds, like Turdus 
leucomelas (pale-breasted thrush), Polioptila plumbea (tropical 
gnatcatcher), Zenaida auriculata (eared dove), and Mimus saturninus 
(chalk-browed mockingbird), besides a high predation rate on artificial 
eggs in nests, revealing that the presence of these exotic animals 
may be negatively impacting the ornithological community.14,16,17 
Moreover these works focused in avifauna, in 2006, a research done 
in Rio de Janeiro state showed that in two areas where golden lion 
tamarins Leontopithecus rosalia3 were reintroduced, there were more 
marmosets (Callithrix spp.) than tamarins, and both animals have 
similar diets and ecology, competing for resources.3

Furthermore, such introduction of species outside their natural 
range can even drive the occurrence of hybridization with an 
autochthonous species.18 According to Zinner, Arnold and Roos,19 
natural hybrids occur for several reasons and can be considered an 
evolutionary factor, however, when hybridization is induced by 
human activity, such as animal trafficking, releasing and introduction 
into inappropriate environment and due to escape from captivity, it 
may have implications for the conservation. For mainly of non-human 
primates (NHP), it may lead to a reversal speciation (the fusion of 
parental species through interbreeding of them or interbreeding of 
them with hybrids - backcrossing) and introgression (exchanging of 
alleles between two species or one species receiving alleles of the 
other). Despite this, studies on hybridization in Callithrix sp. and 
hybridization zones are still scarce.18

As reported by De Paula,20 there is a record of C. penicillata and 
C. jacchus, in an Environmental Protection Area (EPA), in Bauru, SP, 
Southeast of Brazil. These animals were identified by interviewing 
people who affirmed had seen them, thereafter searching for 
scarification marks on trees and in loco search in the areas informed, 
where it was possible to document around 150 marmosets. In 2009, C. 
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Abstract

The common marmoset (Callithrix jacchus) and black-tufted marmoset (Callithrix 
penicillata) are endemic species of Brazil. Currently, both species are distributed 
in different regions of the country, being the main cause the illegal trafficking. The 
introduction of exotic animals is the second biggest cause of biodiversity loss globally and 
can lead to hybridization. In Bauru, São Paulo (SP), there is a record of both species and 
animals showing intermediate patterns between them. Thus, this work aimed to identify 
individuals of the genus Callithrix present in the Municipal Botanical Garden of Bauru 
(MBGB) as either pure or hybrids, through morphological and molecular markers. Ten 
individuals were sampled, 4 of which were pure species for control and six free-living, 
which were photographed, morphometrically measured, and from which the fragments of 
the mitochondrial genes COI and D-loop region were amplified. As a result, all animals 
showed intermediate patterns between both species. After analyzing the sequences obtained 
for D-loop and obtaining a high haplotypic diversity (h), low nucleotide diversity (π), 
Tajima D and Fu’s Fs statistic, it is possible to infer that the animals in the area continue 
receiving gene flow and the population began from a founder effect. Morphological and 
molecular data indicate that the individuals sampled are hybrids. From the data generated 
by this research, it is possible to plan the insertion of management of these animals in the 
Conservation Unit (UC), to avoid population growth and its outcomes.
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jacchus were reported by Silva14 in The Municipal Botanical Garden 
of Bauru (MBGB), which is part of the EPA and is an institution 
dedicated to plant conservation.21 Its area of natural vegetation 
covers two global biodiversity hotspots for conservation priorities: 
Cerrado and Atlantic Forest,22 additionally, it is part of the Wildlife 
Refuge (RVS) Aimorés, a classification of the National System of 
Conservation Units (SNUG) of Integral protection. This study aimed to 
characterize individuals of the genus Callithrix present in the MBGB, 
in order to provide biological data and subsidies for the conservation 
programs of the biomes and native species involved, associating 
molecular biology and morphology tools. In order to characterize 
properly, the biomolecular markers Cytochrome C Oxidase I (COI) 
and displacement-loop (D-loop) region of mitochondrial DNA 
(mtDNA) were used. COI is a ‘barcode’ region (short DNA sequence 
for species recognition and discrimination) located at the 5’ of the 
gene while D-loop is the most variable region of mtDNA, used to 
identify genetically discrete populations.

Methods
The standard samples were obtained from blood and hair of 6 

animals (3 C. jacchus and 3 C. penicillata) from a legalized animal 
breeding (Sagui Legal, based in Cotia, SP) and from hair of 5 animals 
(2 C. jacchus, 2 possível hybrids and 1 C. penicillata) from the Center 
for Medicine and Research in Wild Animals (CEMPAS), FMVZ, 
UNESP, SP, in order to standardize the following protocols used in 
this study. Approximately 0.2 – 0.5 mL of whole blood were collected 
from each animal in Vacutainer® tube, preserved in EDTA, stored at 
-20ºC and sent to the Animal Genetics Laboratory (Sao Paulo State 
University). The hair needed to retain their follicles for successful 
DNA extraction; therefore, they were removed with single pulls of 
around 200 hair strand to minimize additional stress on the animal. 
Field work was carried out within a radius of 100m at the Municipal 
Botanical Garden of Bauru (MBGB) (22º20’30”S, 49º00’30”W) 
in the central-west region of the state of São Paulo, Brazil (Figure 
1) in November, 2020. Eight individuals were sampled, 6 adults 
and 2 juveniles. The animals were captured with auto-close traps, 
Tomahawk-style (34cm x 13cm x 12cm), covered with black cloth 
to decrease animal stress besides traps baited with a mix of bananas, 
paçoca (Brazilian sweet made with peanuts), and corn flour. All the 
samples were collected from free-range marmosets and all steps 
were done by biologists and veterinarians under the approval of the 
competent authorities in the country (Ethics Committee on Animal 
Experiments of São Paulo State University) (CEUA - 0157/2019), 
(COTEC - 292/2020 D31/2020 WLS) and (SisBio 71758-2). The 
animals were transported to a laboratory inside MBGB where 
they were monitored by a veterinarian. They were weighed and 
immobilized with an injection of ketamine (12 mg/kg) and midazolam 
(0,6 mg/kg) in the intramuscular region of the outer thigh. Then, they 
were measured, photographed and the biological samples (hair and 
blood) were collected as mentioned before.

While the animals were sedated, sex was checked (male or female) 
and age (juvenile or adult) was predicted based on body measurements 
(weight, tail length and body length), behavior and number of teeth. 
Information about body characteristics as color patterns (on head, 
back, legs and tail), besides dispositions of tufts as pre and/or post-
auricular were collected. Body length, tail length, head length, chest 
and neck circumferences (the widest parte) were measured with a 
measuring tape; hands, feet and ears were always measured with a 
50 cm ruler, on the right side. A plastic organizer box (36 cm x 28 cm 
x 23 cm) was adapted with led lights, holes and lined with covered 
cardboard, to be used as a photography studio. Every individual was 

photographed in portrait, lateral, ventral and dorsal decubitus, using 
a Nikon Coolpix L810 camera and an Asus Zenfone Max Shot.23 
Whole blood was collect as previous informed. At the end of data 
collection, trichotomy of the medial part of the tail was performed and 
the hair at the end of the tail and right tuft were dyed with pararosalin 
chloride in order to avoid recapture of the individuals. Afterward, 
animals were returned to cages and released at the same place they 
were captured after they got recovered from anesthesia (about 2h). 
During the procedures, vital parameters such as body temperature, 
respiratory and heart rates were continuously monitored and recorded 
in an individual record.

Figure 1 Study site. (a) Map of Brazil, in yellow dot highlighting the municipality 
of Bauru; 

(b) Delimitation of the Bauru Municipal Botanical Garden and sample capture 
area highlighted in a red circle (Google Earth).

DNA from the sample was extracted using a standard proteinase 
K/phenol/chloroform protocol24 with adaptations and later quantity 
and quality were verified on a spectrophotometer (NanoDrop ND-
1000 Spectrophotometer – Thermo Fisher Scientific) by 260/280 
nm absorbance. Nested Polymerase Chain Reactions (PCR) were 
performed using primer pairs for the fragments Cytochrome C Oxidase 
I (COI) and displacement-loop (D-loop) region of mitochondrial 
DNA (mtDNA), in Thermocycler (Eppendorf® Mastercycler® Nexus 
X2). The COI 700 bp fragment region was amplified using the primer 
pairs F1 forward 5’TTTTCAACCAACCACAAAGACATCGG3’) e 
F5reverse (5’ACTTCTGGGTGGCCGAAAAATCAGAA 3’),25 while 
the 1200bp fragment of the D-loop gene was amplified with the pair 
of primers cal_dloopF1 (5’CCCTAGTAGCTGACCTATTAAC3’) 
and cal_dloopR2 (5’TGAGGTATGCGAGGAGTAAC3’).8 Later, 
the Nested PCR reactions were performed for both genes for 
improving the quality of the PCR for later sequencing, obtaining 
around 180bp COI fragment using the same primer F1forward and 
F1reverse (5’AATAAATGCGTGAGATGTGACGAT3’);25 and 
1036bp D-loop fragment using the same primer cal_dloopF1 and 
HVIR (5’ATTCAATATCAGGCGCGATGATAG3’), as described by 
Malukiewicz.8

The PCR reactions were carried out in a final volume of 
50μl, containing: 25μl of 2.0x Taq DNA Polymerase Master Mix 
(Ampliqon©) (2.0 mM MgCl2), 25pmol of each primer, 50ng of 
genomic DNA and additional ultrapure water to complete the final 
volume. Amplification reactions of COI gene were carried out with 
initial denaturation at 94ºC for 5 minutes, followed by 35 cycles at 
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94ºC for 30 seconds, 55ºC for 45 seconds, 72ºC for 2 minutes and 
final extension at 72ºC for 7 minutes, while amplification reactions 
for D-loop gene were carried out with 5 minutes initial denaturation 
at 95ºC; 35 cycles of 95ºC for 45 seconds, 57ºC for 30 seconds, 72ºC 
for 90 seconds; and a final extension at 72ºC for 4 minutes and 30 
seconds.

Both fragments obtained were identified by electrophoresis in 
1% agarose gel, stained with Gel Red® (Uniscience) (0,1 µl/10 ml), 
run in 1x Tris- acetate-EDTA (TAE) buffer and then visualized in 
transilluminator (Benchtop UV Transilluminator, Cambridge, UK) 
with the UVP® VisionWorksLS™ (LifeScience Software) software. 
The amplified products were purified after the first PCR of each gene 
using the Illustra Kit GFX PCR DNA and Gel Band Purification (GE 
Healthcare), and after used in the Nested PCRs, following the same 
instructions given. Thereafter, all the amplified products in Nested 
PCR were observed in an electrophoresis gel and purified with the 
same kit as used before. Fragments were sequenced in both directions 
using the 2 µl Big Dye Terminator Cycle Sequencing Ready Reaction 
Kit versão 3.1 (Applied Biosystems, Foster City, CA), 2 µl of 2,5 Save 
Money (400 mM Tris-HCl ph 9, 0,10 mM MgCl2) and 5pmol of each 
primer in ABI3100 Genetic Analyzer (Applied Biosystems) following 
manufacturer’s instructions.

The analyzed fragments are of conserved domain and consist of 
the hypervariable region 1 (HVR1) and part of the hypervariable 
region 2 (HVR2). The obtained sequences and the electropherograms 
were analyzed (Geneious v.10.0.9; Biomatters, Auckland, New 
Zealand), aligned with the Muscle algorithm,26 and manually 
checked. The sequences were compared with the gene sequences that 
belong to the genus and C. jacchus and C. penicillata species using 
the blast tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Haplotype 
diversity, nucleotide diversity, number of polymorphic sites, number 
of haplotypes, and their frequency were estimated using DnaSP 
version 5.0 program27 and Arlequin 3.0 software.28 The same software 
was used to do the Fu’s Fs statistic and the Tajima D tests.29,30 The 
haplotype network design was made utilizing Phylogenetic Network 
4.2.0.1.31

Results
The body measurements of all individuals samples are showed in 

Table 1. The mean and standard deviation (mean SD) for weight, body 
length and tail length of the captured Callithrix sp. (6 individuals) 
adults are 328.33±24.35g, 17.83±1.37cm and 31.33±4.12cm, 
respectively. The color patterns of the marmosets were compared 
with the ones already known for C. jacchus and C. penicillata1 and all 
of them showed characteristics of both species, or even intermediate 
characteristics between them (Figure 2).

The tail sometimes showed a ringed pattern and others just a 
mix of colors consisting of wide dark gray and narrow white rings, 
sometimes with orange spots (Figure 3). The body showed two 
different patterns, being the first dark gray, with orange and white 
or light gray spots and the second light gray with orange and dark 
gray spots. Some had the upper back darker than the rest of the body. 
Most strands of hair in their bodies carried more than one color (dark 
gray and light gray/white or orange, dark gray and light gray/white). 
The tufts were represented by dark gray with few light gray/white 
hair strands, average pattern or light gray/white with few dark gray 
hair strands. It is also possible to notice that some strands are mixed 
themselves, having 2 colors in the same strand (possible to notice 
clearly on Figure 2 on individuals C1 and C3.

Table 1 Biometrical data from the MBGB individuals

Sample C1 C2 C3 C4
Weight (g) 320 347 305 362
Age Adult Adult Adult Adult
Sex Male Male Female Male
Body lenght (cm) 17 20.5 17 18
Tail lenght (cm) 35 33.5 25.5 29
Chest circunference (cm) 15.8 15.5 14 17.5
Head circunference (cm) 3.5 4.5 3.5 6
Right foot lenght (cm) 6.2 5.9 6 5.5
Right hand lenght (cm) 3.5 4 3.9 4
Right ear lenght (cm) 2 1.5 1.5 1.7
Neck circunference (cm) 14.5 14.5 12 11
Sample C5 C6 C7 C8
Weight (g) 212 343 254 293
Age Juvenile Adult Juvenile Adult
Sex Female Male Male Female
Body lenght (cm) 15.5 17 16.5 17.5
Tail lenght (cm) 29.5 29 30.9 36
Chest circunference (cm) 12 14.2 13 15
Head circunference (cm) 4 5 5.5 -
Right foot lenght (cm) 5.9 5.9 6 5.5
Right hand lenght (cm) 3.6 4 4.1 -
Right ear lenght (cm) 1.6 2 2 1.3
Neck circunference (cm) 11 13.3 12.5 -

Figure 2 (C1 to C8) Callithrix sp. samples showing intermediate characteristics 
between Callithrix jacchus and Callithrix penicillata.
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Figure 3 Individuals C2 and C6 (male-adults) showing pattern differences on 
their bodies and Tails.

In this research we observed that the auricular tufts of the free 
range marmosets do not match to the description of any species of the 
genus but are dark brown, dark gray or light gray with mixed strands, 

arranged anterior or around the ear and broken in some parts, forming 
a mosaic, suggesting the animals are hybrids and also they are 
probably outcomes of more than one generation of hybrids. During 
this research, no typical C. jacchus or C. penicillata were observed.

Molecular data
We successfully amplified and sequenced PCR products of ≈ 180bp 

of COI from all the samples, including the ones used from standards, 
and after alignment, all the sequences showed the same pattern (100% 
of identity). Besides, 795bp of D-loop mtDNA from 10 samples, being 
4 obtained from captive marmosets (3 of C. penicillata from Sagui 
Legal and 1 of C. jacchus from CEMPAS) and the other 6 from wild 
Callithrix sp. (from MBGB). Nucleotide D-loop sequencing allowed 
us to determine 7 haplotypes, being 1 of the 3 C. penicillata, 1 from 
the only C. jacchus and 5 from the 6 Callithrix sp. When compared 
to a data bank using the blast tool, all the sequences corresponded to 
the species described or the hybrids, in the case of the samples from 
MBGB. The haplotypes also resulted in 28 polymorphic sites (Table 
2), haplotypic diversity (h) of 0,911 and nucleotidic diversity (π) of 
0,017. The haplotype 1 (H1) is shared by 2 individuals of MBGB, the 
haplotype 7 (H7) is shared by 3 individuals of the same species (C. 
penicillata) and location, while the other haplotypes are not shared 
(Figure 4), e.g. H6, what belongs to C. jacchus.

Table 2 Variable sites found in 7 haplotypes (H) of Callithrix sp. The first 6 sequences belong to hybrids (from MBGB and Cempas), the others belong to 1 
Callithrix jacchus (from CEMPAS) and 3 Callithrix penicillata (from Sagui Legal) respectively

Samples
Polymorphic sites

292 295 304 329 379 423 435 436 441 443 447 452 453 454

Cl C C T T T T G A A C T C C C

C3 . . . . . . . . . . . . . .

C4 T . . . C . . . . . . . . .

C7 T T . . C . . . . . . . . .

C8 T . . . C . . . . . . . . .

CH195 . . . . C . . . . . . . . .

CJ156 T . . . C . . . . . . . . .

M108 T T C C . C A G G T C T A T

M177 T T C C . C A G G T C T A T

M99 T T C C . C A G G T C T A T

Samples
Polymorphic sites

459 460 472 473 475 4SO 4S3 499 507 50S 519 522 526 535

Cl C A C C C C C A T T C T T C

C3 . . . . . . . . . . . . . .

C4 . G A T . T T C C . . . . .

C7 T G A T . T T C C . . . . .

C8 T G A T . T T C C . . . . .

CH195 . . . . T . . . . . . . . .

CJ156 T G A T . T T C C . T C . .

M108 . . . . T T . . . C T C C T

M177 . . . . T T . . . C T C C T

M99 . . . . T T . . . C T C C T
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Figure 4 Haplotype (H) network for Callithrix sp. based on a 795 base pair 
(bp) sequence of the mitochondrial DNA control region (D-loop). Circle size 
is proportional to haplotype frequency. The haplotypes correspond to H1 (C1 
and C3), H2 (C4), H3 (C7), H4 (C8), H5 (CH195), H6 (CJ156 - C. jacchus 
standard), and H7 (M99, M108, and M177 - C. penicillata standards), respectively.

Furthermore, when comparing the haplotypes of hybrids with 
haplotypes collected for C. jacchus and C. penicillata, all haplotypes 
have a bigger similarity to C. jacchus, above 57% while the similarity 
to C. penicillata is up to 28.6%.

Tests of neutrality performed on mitochondrial DNA control 
region sequences for all the individuals showed positive and non-
significant values (P<0.05). The value obtained for Tajima D was 
1.8983 (p < 0.05) and the value obtained for the Fu’s Fs statistic was 
1.64 (p=0.404). Our results indicate that demographic parameters 
are not influencing the groups sampled and that there is no sign of 
population expansion.

Discussion
The body weight and body length of adults correspond to the 

expected for the genus, specially to C. jacchus and C. penicillata 
species.6 The other measures are not allowed to be compared due to 
the lack of information available in literature. According to De Vivo1 
and Diniz,32 C. penicillata has long, narrow and black pre-auricular 
tufts, with a median white spot on the forehead and menton region, 
with a face color that is black or dark brown to light-gray brown, 
striated dorso and ringed tail. While C. jacchus has wide and white 
circum auricular tufts (tufts around the ears), with a median white 
spot on the forehead, striated back and ringed tail. Both species are 
much similar and differ basically in tuft colors and disposition (as 
they can be distinguished from the other species of the genus). This 
result is similar, in parts, with the research done by Cezar33 in natural 
and anthropogenic areas but different from the phenotypes found in a 
natural hybridization area, where the hybrids maintained tufts similar 
to their parental, being totally dark or totally light.34 The fragment 
sequenced of COI for all the individuals was not long enough to 
differentiate the individuals or to compare them with pure species, 
however it was expected once only 1bp was discriminated within 
Loiola et al.25 paper.

The comparisons among haplotypes in percentage, indicate that 
most D-loop is similar to C. jacchus, what can indicate C. jacchus 
females as more susceptible to mate with C. penicillata males than 
the opposite. The haplotypic diversity (h) and nucleotidic diversity 
(π) for the C. penicillata from the breeding are null, what can indicate 
endogamy. Elseways, the haplotypic diversity (h) in the MBGB is 
high and similar to the ones found by Malukiewicz et al8 and Faulkes 
et al.35 for populations of C. jacchus, C. penicillata and hybrids of both 
species in a natural hybridization zone, which probably indicates that 
the animals from the studied area have parental generations from areas 
that continue receiving gene flow. For the same research, the value 

found for areas with anthropogenic hybridization is low. Otherwise, 
nucleotidic diversity for MBGB is low, similar to the values found 
for C. jacchus and C. penicillata pure populations.8 According to 
Malukiewicz,8 populations of Callithrix sp. with low value of π, are 
expected to be in expansion and it also indicates a founder effect. 
The founder effect corresponds to the origin of these animals in 
Bauru, once they are not endemic and were probably introduced in 
the area through illegal traffic of animals.20 Thus, the hybrids are an 
unnatural part of this process caused anthropogenically. Although π 
presumably indicates that the population is in expansion, the values 
of Fu’s Fs statistic and Tajima D suggest that the population is in 
balance and not expanding. The two results are diverging probably 
in reason of the restrict number of samples. Either in expansion or in 
balance, the exotic Callithrix sp. population at MBGB are hybridizing 
and maintaining themselves for a huge period,20 what comes with 
consequences for the local ecology. Besides, Bauru is 45 km near from 
Lençois Paulista (SP), where a population of an endangered species 
(Leontopithecus chrysopygus - Black Lion Tamarin) of primate is 
resident6 and has a similar behavior and ecology to the marmosets, 
what lead us to presume that if they get in the same location, the 
spends for the fauna and flora can be worse. All the exotic species 
in UCs are recommended by Ministério do Meio Ambiente (MMA) 
to be monitored and eliminated as soon as the problem is detected. 
The “elimination” of the exotic animals of the nature has different 
scenarios, and the most indicated are the ones that are less invasive as 
translocating animals to their original range or vasectomize the males. 
Thus, it is essential that the local authorities provide making a survey 
of the number of marmosets and repeat this survey year by year, while 
the other monitoring are made.

While monitoring and managing animals in these circumstances 
are crucial, it is as important or even more to address the problem 
from its origin. Some actions may include environmental education 
(e.g., teaching kids and the general population about the harmful 
outcomes of buying illegal animals, offering food for wild animals, or 
releasing animals outside their range), forbidding people from feeding 
wild animals, applying penalties if necessary, and reinforcing the 
surveillance over illegal traffic. The challenge gets exhausting when 
one effort diverges from the direction of the others.
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