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RESUMO

Os sagui-de-tufo-branco (Callithrix jacchus) e sagui-de-tufo-preto (Callithrix
penicillata) sdo espécies endémicas do Nordeste e do Centro-Oeste e parte do
Nordeste, respectivamente, no Brasil. Atualmente ambas espécies estdo
distribuidas em diferentes regifes do pais. A introducdo de animais exoticos €
a segunda maior causa de perda de biodiversidade no mundo e pode
impulsionar a hibridacdo. Em Bauru, Sdo Paulo (SP), ha registro de ambas
espécies, bem como animais apresentando padrdes intermediarios entre estas.
Assim, este trabalho visou identificar individuos do género Callithrix presentes
no Jardim Botanico Municipal de Bauru (JBMB) quanto a classificacao pura ou
hibrida, por meio de marcadores morfolégicos e moleculares. Foram
amostrados 10 individuos, sendo 4 de espécies puras para controle e 6 de vida
livre, os quais foram fotografados, medidos morfometricamente e dos quais
foram amplificados fragmentos dos genes mitocondriais COI e a regido D-loop.
Como resultado, todos os animais mostraram padrées intermediarios entre
ambas as espécies, as sequéncias obtidas para D-loop mostraram uma alta
diversidade haplotipica (h), baixa diversidade nucleotidica (1) e valores de Fs
de Fu e D de Tajima néo significantes, logo é possivel inferir que os animais
estudados continuam recebendo fluxo génico e que a populacdo se iniciou a
partir de um efeito fundador. Dados morfologicos e moleculares indicam que os
individuos amostrados sdo hibridos. A partir dos dados gerados por esta
pesquisa, € possivel inserir 0 manejo destes animais na Unidade de
Conservacao (UC), com o intuito principal de evitar o crescimento da populacao

e consequéncias decorrentes.
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ABSTRACT

The Common marmoset (Callithrix jacchus) and Black-tufted marmoset
(Callithrix penicillata) are endemic species in the Northeast, East Central and
part of the Northeast, respectively in Brazil. Currently, both species are
distributed in different regions of the country. The introduction of exotic animals
is the second biggest cause of biodiversity loss in the world and can lead to
hybridization. In Bauru, Sdo Paulo (SP), there is a record of both species, as
well as 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 pure or hybrids, through morphological
and molecular markers. Ten individuals were sampled, 4 of which were pure
species for control and 6 free-living, which were photographed,
morphometrically measured and from which the fragments of the mitochondrial
genes COI and D-loop region were amplified. As results, 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 (1), 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
include the management of these animals in the Conservation Unit (UC), with

the main purpose of avoiding population growth and its outcomes.
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CAPITULO |

1. CONSIDERACOES INICIAIS

Os saguis séo primatas pertencentes ao género Callithrix (Erxleben, 1777)
e estdo restritos ao territorio brasileiro (NAKAMURA, 2009). Callithrix jacchus
(Linnaeus, 1758) e Callithrix penicillata (Etienne Geoffroy, 1812) sdo animais de
pequeno porte e podem ser encontrados em matas ciliares, florestas de galeria,
florestas semideciduas, cerrado e em contato com areas urbanas, adequando-
se aos locais com atividade antropica (AHLBORN, ROTHE, 1999; MIRANDA,
FARIA, 2001; NAKAMURA, 2009). Atualmente, de acordo com a IUCN
(International Union for Conservation of Nature - Unido Internacional para a
Conservacao da Natureza e dos Recursos Naturais), possuem status pouco
preocupante (LC — Least Concern), apesar dar populacdes estarem em

declinio.

Individuos pertencentes a espécie C. penicillata (Sagui-de-tufo-preto) séo
considerados endémicos da regido Centro-Oeste e parte do Nordeste do Brasil,
ocorrendo comumente nas areas de Cerrado e Mata Atlantica (floresta
semidecidua e floresta pluvial perenifélia atlantica), além de Caatinga (DE
VIVO, 1991; SILVA, SILVA, TERRA, 2018), enquanto, os individuos C. jacchus
(Sagui-de-tufo-branco), sdo endémicos da regidao Nordeste do Brasil, estando
hoje distribuidos também pelas regides Norte e Sudeste do pais
(MALUKIEWICZ et al., 2014). A distribuicdo atual destas espécies por
diferentes regibes do pais se da principalmente por serem animais
frequentemente traficados e vendidos como pet (LEVACOV, JERUSALINSKY,
FIALHO, 2011).

A introducdo de animais exaticos pode interferir no ambiente de diversas
formas, alterando processos ecoldgicos importantes, sendo considerada a
segunda maior causa de perda de biodiversidade no mundo (VITOUSEK et al.,
1997; PEREIRA et al., 2005; SILVA, 2009). Tal introducdo de espécies em

areas ndo naturais pode inclusive impulsionar a ocorréncia de hibridagdo. A



hibridacao pode ter implicacdes para a conservacao de primatas ndo-humanos
(PNH), principalmente quando induzidas por atividade humana. Apesar disso,
estudos sobre hibridizagdo nestes animais e zonas de hibridagdo ainda séo
escassos (CORTES-ORTIS, ROOS, ZINNER, 2019).

Como relatado por De Paula et al. (2005), em Bauru, Sdo Paulo (SP), ha
registro das espécies C. penicillata e C. jacchus, bem como tém sido
observados animais apresentando padr6es morfoldgicos intermediarios entre
essas especies, sendo provaveis hibridos de ambas. O Jardim Botanico
Municipal de Bauru (JBMB), situado na mesma cidade, € uma instituicdo
voltada a conservacdo das plantas (CARDOSO, 2013) e sua area de
vegetacdo natural abrange dois hostspots de biodiversidade mundiais: Cerrado
e Mata Atlantica. Até o ano de 2018 fazia parte da Area de Protecdo Ambiental
(APA) Vargem limpa — Campo Novo quando, a partir do Decreto Estadual n°
63.893, passou a integrar o Reflgio de Vida Silvestre (RVS) Aimorés, uma

classificacdo de Unidade de Conservacao (UC) de protecao integral.

Desde 2018 o JBMB tem realizado uma campanha de educacéo
ambiental intitulada “Eu Curto Sagui — Ele 1a, eu aqui”, que visa orientar a
populacdo a ndo oferecer alimentos nem ter contato com os saguis, evitando
possiveis acidentes. A campanha surgiu da necessidade da instituicdo de
intervir no comportamento do publico visitante que favorecia a aproximacao e
reproducéo dos PNH (SANTOS, CARDOSO, KNOLL, 2020). Para que o JBMB
e outras instituicdes e municipios com quadro semelhante consigam manejar a
presenca de saguis e outros animais invasores da melhor forma, sao

necessarias informacdes etologicas, ecoldgicas e genéticas.

Por conseguinte, o presente trabalho visou identificar por meio da
associacdo entre técnicas de biologia molecular e morfologia, individuos do
género Callithrix presentes no JBMB quanto & sua espécie ou classificacdo
hibrida, facilitando propostas de manejo. Além disso, pretende-se fornecer
subsidios a vigente campanha de educacdo ambiental do JBMB,
proporcionando melhoria da qualidade da salude publica e do habito de vida
dos saguis, bem como de outros animais pertencentes a fauna local, uma vez

que com a diminuicdo de sua populacdo em zona urbana, diminuem as



chances de transmissao de doencas como herpes humana (HHV-1), raiva,
variola e sifilis (AGUIAR et al., 2012; CASAGRANDE et al., 2014; NAKAMURA,

2009). Planeja-se também a diminui¢cdo da interferéncia humana no habito de

forrageio, saude, nutricdo e reproducdo dos saguis, bem como o impacto da

predacdo e competicdo por recursos dos Callithrix sp. sobre espécies nativas.

2.

O presente trabalho esta dividido em capitulos conforme segue:
Capitulo I: Consideracdes iniciais.

Capitulo 1I: Apresentacdo do trabalho cientifico em forma de artigo

conforme normas da revista.

Capitulo 1ll: Revisdo de literatura sobre a biologia de Callithrix sp.,
causas e efeitos de espécies exoticas invasoras, hibridagdo entre
espécies e utilizacdo de biologia molecular para investigacdo de dados

genéticos de diferentes espécies.

OBJETIVO

2.1. Gerais

O presente trabalho tem como objetivo principal utilizar os dados obtidos

nesta pesquisa para inferir sobre a presenca ou auséncia de hibridos do

género Callithrix no JBMB, fornecendo subsidios para o aprimoramento de

programas sustentaveis de manejo das espécies nesta e em outras instituicdes

publicas ou privadas.

2.2. Especificos

Obter sequéncias parciais de DNA para os genes mitocondriais COIl e
Dloop dos espécimes de C. penicillata e C. jacchus.

Caracterizar morfologicamente os individuos do JBMB empregando
registros fotograficos e parametros morfométricos.

Caracterizar geneticamente os individuos do JBMB utilizando como
ferramenta a regiao controle do DNA mitocondrial (D-loop).



Constatar a ocorréncia de hibridagao.

Contribuir para a elaboracdo de estratégias adequadas para 0 manejo
de Callithrix sp. e conservacdo no JBMB, bem como em demais
instituicoes.
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Abstract

The Common marmoset (Callithrix jacchus) and Black-tufted marmoset (Callithrix
penicillata) are endemic species in the Northeast, East Central and part of the Northeast,
respectively in Brazil. Currently, both species are distributed in different regions of the
country. The introduction of exotic animals is the second biggest cause of biodiversity
loss in the world and can lead to hybridization. In Bauru, Sdo Paulo (SP), there is a
record of both species, as well as 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 pure or hybrids, through
morphological and molecular markers. Ten individuals were sampled, 4 of which were
pure species for control and 6 free-living, which were photographed, morphometrically
measured and from which the fragments of the mitochondrial genes COI and D-loop
region were amplified. As results, 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 (m), 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 include the management of these animals in the Conservation Unit (UC),

with the main purpose of avoiding population growth and its outcomes.

Keywords: primate, hybrid, anthropogenic hybridization, molecular biology
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Introduction

Marmosets are primates belonging to the genus Callithrix (Erxleben, 1777) and
are restricted to the Brazilian territory (Nakamura, 2009). The Common Marmoset
(Callithrix jacchus Linnaeus, 1758) and the Black-tufted-ear Marmoset (Callithrix
penicillata Etienne Geoffroy, 1812) are small animals that base their feeding in plant
exudates (gums, saps, latex), little arthropods, fruits and flowers (Ahlborn, Rothe, 1999;

Miranda, Faria, 2001).

Individuals belonging to the C. penicillata species are endemic to the East
Central and part of Northeastern Brazil, occurring in the states of Bahia, Minas Gerais,
Goias, Mato Grosso do Sul, the Federal District, the southwest tip of Piaui, Maranh&o
and the north of S&o Paulo (north of the Tieté and Piracicaba Rivers). They commonly
occur in the Cerrado, and Atlantic Forest in areas such as gallery forest and dry forest,
beyond Caatinga (forest patches) (Silva, Silva, Terra, 2018; IUCN, 2021). Otherwise 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 Ceara, Rio Grande do
Norte, Paraiba, Alagoas, Pernambuco and Piaui (IUCN, 2021). Both species were
naturally separated from each other according to geographic barriers such as rivers,
climate, relief and vegetation type (Malukiewicz, 2019; Malukiewicz et al., 2014;
Rylands et al., 2009), and therefore passed through an allopatric specialization.
Nowadays these species are also distributed throughout the North and Southeast of the
country (Malukiewicz et al., 2014) which is related to escape from breeding sites,
release and introduction into inappropriate environments and wild animal trafficking, so

they become exotic (MMA, 2006; Levacov, Jerusalinsky, Fialho, 2011).
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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 (Vitousek et al., 1997; Pereira et al.,
2005; Silva, 2009). 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 (Primack,

Rodrigues, 2001).

Researches already carried out in order to understand the outcomes of Callithrix
sp. as exotic had shown individuals of C. penicillata and C. jacchus as possible
predators of birds, like Turdus leucomelas (pale-breasted thrush) and Polioptila
plumbea (tropical gnatcatcher), in Pernambuco, Brazil (Lyra-Neves et al. 2007),
Zenaida auriculata (eared dove), T. leucomelas and Mimus saturninus (chalk-browed
mockingbird), in S&o Paulo, S&o Paulo (SP), Brazil (Begotti, Landesmann, 2008), and a
high predation rate on artificial eggs in nests, in Bauru, SP, Brazil (SILVA, 2009),
revealing that the presence of these animals in these regions may be negatively
impacting the ornithological community (SILVA, 2009). Besides these papers focused
in avifauna, in 2006, a research done in Rio de Janeiro state showed that in two areas
where Golden Lion Tamarin (Leontopithecus rosalia Linnaeus, 1766) were
reintroduced, there were more marmosets (Callithrix spp.) than tamarins, and both
animals have similar diets and ecology, competing for resources (Ruiz-Miranda et al.,

2006).

Furthermore, such introduction of species outside their natural range can even
drive to the occurrence of hybridization with an autochthonous species (Cortés-Ortis,

Roos, Zinner, 2019). According to Zinner, Arnold and Roos (2011), natural hybrids
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occur for several reasons and can be considered an evolutionary factor, however, when
induced by human activity it may have implications for the conservation, mainly of
non-human primates (NHP), such as 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 these animals and

hybridization zones are still scarce (Cortés-Ortis, Roos, Zinner, 2019).

As reported by De Paula et al., 2005, in Bauru, S&o Paulo (SP), there is a record
of the species C. penicillata and C. jacchus, as well as animals showing intermediate
patterns between these species, being probable hybrids of both. The Municipal
Botanical Garden of Bauru (MBGB), located in the same city, is an institution dedicated
to plant conservation (Cardoso, 2013) and its area of natural vegetation covers two
global biodiversity hotspots for conservation priorities: Cerrado and Atlantic Forest
(Myers et al., 2000), additionally, it is part of the Wildlife Refuge (RVS) Aimoreés, a
classification of the National System of Conservation Units (SNUG) of Integral

protection.

Therefore, this paper aims to associate tools of molecular biology and
morphology to identify individuals of the genus Callithrix present in the MBGB as pure
species or as hybrids, in order to provide biological data and subsidies for the

conservation programs of both species, as well as to other species involved.
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Methods

Study Area

The field job was carried out within a radius of 100m at The Municipal
Botanical Garden of Bauru (22°20°30”S, 49°00°30”W) in the central-west region of the
state of Sdo Paulo, in Southeastern Brazil (Figure 1) in November, 2020, during the
pandemic of Covid-19, when it got possible to work in the fields with primates in a

more secure condition.

The animals were captured with auto-close, Tomahawk-style (34cm x 13cm x
12cm), covered with black cloth to decrease the stress in the animals, besides traps
baited with a mix of bananas, pacoca (Brazilian sweet made with peanuts), and
cornflour. 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 Sdo Paulo State University

(CEUA - 0157/2019), (COTEC - 292/2020 D31/2020 WLS) and (SisBio - 71758-2).

Figure 1: The delimitation of Municipal Botanical Garden of Bauru and sample capture area highlighted
in a red circle (Google Earth).

Control samples
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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 probably 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.

Study samples

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 (10 a 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.

While the animals were sedated, sex was checked (male or female) and age (not-
adult or adult) was predicted based on size, behavior and number of teeth. Information
about body characteristics as color patterns and pre and post-auricular tufts were
collected. Body length, tail length, head length, chest and neck circumferences 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, as
possible, using a Nikon Coolpix L810 camera and an Asus Zenfone Max Shot (Silva,

2018).
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Approximately 0,2 — 0,5 mL of whole blood were collected in Vacutainer® tube,
preserved in EDTA and then stored at -20°C. 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 as 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.

Laboratory protocols

DNA from blood and hair was extracted using a standard proteinase
K/phenol/chloroform protocol (Sambrook, Russell, 2001) 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 | (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
F1forward (5’TTTTCAACCAACCACAAAGACATCGG3?) e FSreverse
(5’ACTTCTGGGTGGCCGAAAAATCAGAA 3’°) (Loiola et al.,, 2015), while the
1200bp fragment of the D-loop gene was amplified with the pair of primers
cal_dloopF1 (5CCCTAGTAGCTGACCTATTAAC3') and cal_dloopR2

(5TGAGGTATGCGAGGAGTAACS') (Malukiewkz et al., 2014). Later, the Nested
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PCR reactions were performed for both genes, obtaining around 180bp COI fragment
using the same primer Fiforward and Flreverse
(5’AATAAATGCGTGAGATGTGACGATS') (Loiola et al., 2015); and 1036bp D-loop
fragment using the same primer cal_dloopF1 and HVIR
(5’'ATTCAATATCAGGCGCGATGATAGS'), as described by Malukiewkz et al

(2014),

The PCR reactions were carried out in a final volume of 50ul, containing: 25l
of 2.0x Tag DNA Polymerase Master Mix (Ampliqon®©), 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 94°C
for 5 minutes, followed by 35 cycles at 94°C for 30 seconds, 55°C for 45 seconds, 72°C
for 2 minutes and final extension at 72°C for 7 minutes, while amplification reactions
for D-loop gene were carried out with 5 minutes initial denaturation at 95°C; 35 cycles
of 95°C for 45 seconds, 57°C for 30 seconds, 72°C for 90 seconds; and a final extension

at 72°C for 4 minutes and 30 seconds.

Both fragments obtained were identified by electrophoresis in 1% agarose gel,
stained with Gel Red® (Uniscience) (0,1 ul/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
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sequenced in both directions using the 2 pl BigDye Terminator Cycle Sequencing
Ready Reaction Kit versdo 3.1 (Applied Biosystems, Foster City, CA), 2 pl of 2,5 Save
Money (400 mM Tris-HCI ph 9, 0,10 mM MgCI2) and 5pmol of each primer in
ABI3100 Genetic Analyzer (Applied Biosystems) following manufacturer’s

instructions.

Data Analysis

The analyzed fragment is of conserved domain and consists 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 (Edgar, 2004) 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 program and Arlequin 3.0 software. The same software was
used to do the Fu's Fs statistic and the Tajima D tests. The haplotype network design

was made utilizing POPArt.

Results

Morphologic data

At MBGB, 8 individuals were sampled, 7 adults and 1 infant (non-adult). The
body measurements are showed at the table 1. The mean and standard deviation (mean

+ SD) for weight, body length and tail length of the captured Callithrix sp. (7


https://blast.ncbi.nlm.nih.gov/Blast.cgi

individuals) adults are 317.71 *

respectively.

37.18g, 17.64 = 1.34cm and 31.27

Table 1: Biometrical data from the MBGB individuals.
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3.76cm,

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) 35 335 25.5 29
Chest circunference 15.8 155 14 175
(cm)
Head circunference 35 45 35 6
(cm)
Right foot lenght (cm) 6.2 5.9 6 55
Right hand lenght (cm) 3.5 4 3.9 4
Right ear lenght (cm) 2 1.5 15 1.7
Neck circunference 145 145 12 11
(cm)
Sample c5 C6 c7 cs
Weight (g) 212 343 254 293
Age Not adult Adult Adult Adult
Sex Female Male Male Female
Body lenght (cm) 15.5 17 16.5 175
Tail lenght (cm) 29.5 29 30.9 36
Chest circunference 12 142 13 15
(cm)
Head circunference 4 5 55 )
(cm)
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 13
Neck circunference 11 133 125 i
(cm)

The color patterns of the marmosets were compared with the ones already

known for C. jacchus and C. penicillata (De Vivo, 1991) and all of them showed

characteristics of both species, or even intermediate characteristics between them

(Figure 2).
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Figure 2 (C1 to C8): Callithrix sp. samples showing intermediate characteristics between Callithrix
jacchus and Callithrix penicillata.

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
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2 colors in the same strand (possible to notice clearly on Figure 2 on individuals C1 and

C3). During this research, no typical C. jacchus or C. penicillata were observed.

.

narrow white ring
indefinite rings

—wide dark gray ring

Figure 3: Individuals C2 and C6 (male-adults) showing pattern differences on their bodies and
tails.

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 patter (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).
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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 bank data 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 (z) 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.

H_2O) '71.
H3O—H4O X ]

J} H_5O
H 6

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) and H7
(M99, M108 and M177) 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
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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

Morphologic data

The body weight of adults corresponds to the expected for the gender, specially
to C. jacchus and C. penicillata species, otherwise body length is shorter than the pure
species (IUCN, 2021). The other measures are not allowed to be compared for the lack

of information available in literature.

According to De Vivo (1991) and Diniz (1997), C. penicillata has long, narrow
and black preauricular 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, with a
median white spot on the forehead, striated dorso 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).

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 hybridization. This result is similar,
in parts, with the research done by Cezar (2017) in natural and anthropogenic areas but

different from the phenotypes found in a natural hybridization area, where the hybrids
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maintained tufts similar to their parental, being totally dark or totally light (\Valdivino et

al., 2003).

Molecular data

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., (2015) 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 (m) 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 Malukiewkz et al.,
(2014) and Faulkes et al. (2003) 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 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 (Malukiewkz et al., 2014). According
to Malukiewkz et al., (2014), populations of Callithrix sp. with low value of =, 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, SP, once they are not endemic and
were probably introduced in the area through illegal traffic of animals (De Paula et al.,

2005).
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Although 7 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
seems to be hybridizing and maintaining themselves for a huge period (De Paula et al.,
2005), what comes with consequences for the local ecology. Besides, Bauru is 45km
near from Lengois Paulista (SP), where a population of an endangered species
(Leontopithecus chrysopygus - Black Lion Tamarin) of primate is resident (IUCN 2021)
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” 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.

Whereas monitoring and management of animals in these circumstances being
crucial, it is as important or even more to solve the problem from the origin, which
means using environmental education (for teaching kids and the general population
about the bad outcomes of buying illegal animals, offering food for wild animals,
releasing animals outside their range), forbidding people from feeding wild animals and
applying penalties if necessary, and reinforce the superintendence over traffic. The

challenge gets exhausting when one effort is diverging from the direction of the others.
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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
C1 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

Polymorphic sites
Samples
459 460 472 473 475 480 483 499 507 508 519 522 526 535

C1 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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CAPITULO Ill - REVISAO DE LITERATURA

1. PRIMATAS

Os primatas sdo mamiferos que compartilham caracteristicas tais como:
dedos preénseis nos quatro membros, unhas planas ao invés de garras, olhos
voltados para frente com vis@o binocular e 6tima percepgéo de profundidade. A
linhagem ancestral dos primatas deu origem as linhagens Strepsirrhini e
Haplorrhini. Os grandes primatas e macacos presentes no subgrupo
Haplorrhini, tém sido denominados simios, normalmente arboricolas e
subdivididos em trés grupos, sendo um deles dos macacos do Novo Mundo
(Platyrrhini) (HICKMAN et al., 2016).

Os primatas neotropicais, também conhecidos como Platirrinos, sao
animais que vivem no Novo Mundo, ou seja, no continente americano.
Atualmente, sdo divididos em 20 géneros, 224 espécies e subespécies
(FLEAGLE, SEIFFERT, 2020). Os platirrinos adultos variam entre 120g (sagui
pigmeu - Cebuella pygmaea) e 12kg (Muriqui - Brachyteles arachnoides;
Macaco-barrigudo-cinzento - Lagothrix cana) (GARBER et al., 2009). Estes
animais possuem diversidade nos tipos de forrageamento, utilizacdo de habitat
e adaptacbes anatdbmicas, por vezes, tornando-se especialistas para alguns

tipos de alimento.

Os Platirrinos dos géneros Saguinus, Callithrix, Leontopithecus, Cebulla
e Mico, exibem comumente padrdo de acasalamento poliandrico-poligénico,
gestacdo gemelar e cooperacao de outros individuos do bando no cuidado dos
filhotes. Sempre h4 uma fémea dominante e esta suprime a reproducdo das
outras fémeas (GARBER et al., 2009).

Diferentemente dos macacos do velho mundo, a maioria dos macacos
sul-americanos possuem dispersao bissexual, ou seja, fémeas e machos
partem do grupo de origem, de onde nasceram para outros, o que € efetivo em

grupos pequenos para evitar acasalamentos endogamicos (JACK, 2009).

Os PNH (primatas ndo-humanos) tém sido afetados pelo aumento da

populacdo humana, desmatamento, caca excessiva, agricultura e criagcdo de
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gado. A soma destes fatos tem resultado em declinio de biomassa e
sobrevivéncia de populacfes de primatas, causando extin¢gdes locais, alterando
padroes e processos de dispersdo de sementes, polinizacdo e regeneracao
florestal, além de aumentar a susceptibilidade dos PNH como novos vetores de
doencas (GARBER et al., 2009).

2. GENERO CALLITHRIX

Os saguis séo primatas da familia Callitrichidae, pertencentes ao género
Callithrix e habitam originalmente o Brasil (NAKAMURA, 2009). Correspondem
atualmente a 6 espécies (Callithrix aurita, Callithix geoffroyi, Callithrix kuhlli,
Callithrix flaviceps, Callithrix jacchus e Callithrix penicillata) (RYLANDS,
COIMBRA-FILHO, MITTERMEIER, 2009). Sado animais de pequeno porte,
apresentando entre 300g e 400q, territorialistas e possuem habito arboricola
saltatério. A espécies C. jacchus (Linnaeus, 1758) e C. penicillata (Etienne
Geoffroy, 1812) podem ser encontrados em matas ciliares, florestas de galeria,
florestas semideciduas, cerrado e em areas urbanas e peri-urbanas,
adequando-se a atividade antropica. Sdo considerados frugivoros-insetivoros,
possuindo uma alimentacdo baseada em flores, frutos, exsudato de plantas,
pequenos artrépodes, pequenos vertebrados e ovos (AHLBORN, ROTHE,
1999; MIRANDA, FARIA, 2001; NAKAMURA, 2009), sendo os frutos mais
ingeridos quando disponiveis (DE CASTRO, ARAUJO, 2007).

Estes primatas sdo encontrados em grupos de trés a 15 individuos,
envolvendo todas as faixas etarias e, em geral, alcancam a maturidade sexual
com um ano de vida, onde apenas uma das fémeas do grupo sera responsavel
por gerar a prole enquanto os outros agirdo ativamente em outras funcdes
como cuidado desta prole, protecdo e procura ativa de alimentos (NUNES,
2006).

2.1. Callithrix sp. como exoticos e invasores
Em Bauru, municipio do interior do Estado de Sao Paulo, infere-se a

presenca de duas espécies do género, o sagui-de-tufo-preto (Callithrix

penicillata) e o sagui-de-tufo-branco (Callithrix jacchus) (Figura 1), bem como
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seu hibrido (DE PAULA et al, 2005). Individuos de C. penicillata,
caracterizados por tufos pretos e ralos nas orelhas, sdo endémicos da regiao
Centro-Oeste e parte do Nordeste do Brasil (Figura 2), ocorrendo comumente
nas areas de hostspot Cerrado e Mata Atlantica (floresta semidecidua e floresta
pluvial perenifélia atlantica), além de Caatinga (DE VIVO, 1991; SILVA, SILVA,
TERRA, 2018). Por outro lado, individuos de C. jacchus, que se diferenciam da
espécie anterior principalmente pela presenca de tufos brancos e cheios nas
orelhas, sdo endémicos da regido Nordeste do Brasil (Figura 2), estando hoje
distribuidos também pelas regides Norte e Sudeste do pais (MALUKIEWICZ et
al., 2014).

Figura 1 — Espécimes caracteristicos das espécies sagui-de-tufo-preto (Callithrix
penicillata) e sagui-de-tufo-branco (Callithrix jacchus), respectivamente. Fonte: IUCN
(International Union for Conservation of Nature and Natural Resources).
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- Sagui-de-tufo-branco
Callithrix jacchus

Sagui-de-tufo-preto
Callithrix penicillata

Figura 2 - Distribuicdo espacial das espécies Callithrix jacchus e Callithrix
penicillata. Fonte: modificada do website da IUCN (International Union for Conservation of
Nature and Natural Resources).

Animais do género Callithrix presentes nesta regido sao considerados
exodticos e invasores, uma vez que estdo fora de seu local de origem. As
causas para a presenca desses animais em locais antes inexplorados pelos
mesmos podem ser diversas, tais como: escape de criadouros, soltura e
introducdo em ambientes inadequados e trafico de animais silvestres
(intimamente ligado com as causas anteriores) (MMA, 2006). A introducédo de
animais exoticos altera varios processos ecolégicos importantes e é
considerada a segunda maior causa de perda de biodiversidade no mundo,
afetando diversos aspectos como a economia e a saude humana (VITOUSEK
et al., 1997; PEREIRA et al., 2005; SILVA, 2009).

Quando uma espécie exotica consegue se ambientar, o faz as custas
das espécies nativas, alterando seu habitat, predando-as ou competindo por
recursos, tornando, desta forma, a existéncia das mesmas inviavel, podendo
levar a extingdo (PRIMACK, RODRIGUES, 2001).

Em 2009, foi realizado um estudo no JBMB a fim de avaliar os impactos
da introdugéo do C. jacchus sobre a comunidade de aves e serpentes nativas.

Como resultado, observou-se uma alta taxa de predagcéo em ovos artificiais em
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ninhos, revelando que a presenca desses animais na regido pode estar
impactando de forma negativa a comunidade ornitolégica (SILVA, 2009). Um
trabalho semelhante foi realizado em 2008 na cidade de Sao Paulo e apontou
C. penicillata e C. jacchus como possiveis predadores de aves das espécies
Zenaida auriculata (avoante), Turdus leucomelas (sabia-do-barranco) e Mimus
saturninus (sabia-do-campo) (BEGOTTI, LANDESMANN, 2008), corroborando
também com um estudo anterior realizado em Pernambuco, o qual registrou
ataques a T. leucomelas, além de Polioptila plumbea (balanca-rabo-de-chapéu-
preto) (LYRA-NEVES et al., 2007).

Em 2006, um estudo realizado no estado do Rio de Janeiro onde micos-
lebes-dourados (Leontopithecus rosalia Linnaeus, 1766), animais ameacados
de extingdo, haviam sido introduzidos, mostrou que saguis (Callithrix spp.)
puros e hibridos estavam em igual niumero ou maior que 0s proprios mMicos,
além dos saguis interagirem com os micos durante forrageio (RUIZ-MIRANDA
et al., 2006).

3. HIBRIDACAO

A coexisténcia de individuos de sagui-de-tufo-preto e sagui-de-tufo-
branco, bem como sua similaridade ecoldgica e genética (NUNES, 2006;
NOVAES, 2014) possibiltou o cruzamento e nascimento de hibridos. A
hibridacao é rara entre as espécies de mamiferos, porém, quando ocorre, pode
favorecer os hibridos, em adaptacdo e vigor; entretanto, pode levar também a
uma reducdo na fertilidade, ou mesmo a esterilidade, devido a anomalias
meiodticas (ANDREA et al., 1996). A avaliacdo da fertilidade do hibrido é de
enorme importancia quando se considera populacdes naturais ou em
populacdes mantidas para exploracdo comercial (ANDREA et al., 1997). Os
efeitos positivos da hibridacdo muitas vezes incluem crescimento mais rapido,
maior tamanho dos hibridos e um aumento da agressividade (SOUZA et al.,
2009).

Entretanto, em varios casos, hibridos interespecificos podem representar
sérios riscos biolégicos ao meio ambiente e para conservagdo das espécies

animais. O evento de hibridacdo pode ter diversos efeitos, como: (1) a
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formacdo de uma populacdo com alta variabilidade genética, (2) a fusdo de 2
espécies parentais (especiagdo reversa), quando os hibridos possuem maior
fithess que uma ou ambas espécies parentais ou “perdem” suas restrices
ecologicas (KEARNS et al., 2018), e (3) surgimento de uma nova espécie, caso
os hibridos apenas cruzem entre si, porém ndo com os parentais (ABOTT et
al., 2013).

A hibridacdo ndo é considerada um fator evolutivo quando induzida por
atividade humana como nos casos de introducdo de espécies em areas nao
naturais e da diminuicdo de densidade populacional ocasionada por caca e/ou
fragmentacdo ambiental. Animais nessas condi¢bes cruzardo entre Si por
dificuldade de encontrar individuos da mesma espécie para acasalar e
competirdo de diversas formas com as linhagens parentais (DETWILLER et al.,
2005).

4. BIOLOGIA MOLECULAR

O advento das técnicas de biologia molecular, tornou possivel a
manipulacdo de acidos nucléicos, o que levou a andlise de diferentes tipos de
marcadores moleculares na década de 1980. Tais marcadores moleculares
podem corresponder a qualquer loco génico, ou seu proprio produto, que
apresente polimorfismos inerentes e que possam ser aplicados em estudos que
buscam compreender um problema bioldégico. De maneira mais ampla,
marcadores moleculares podem ser definidos como todo e qualquer fenétipo
molecular oriundo de um gene expresso ou de qualguer outro segmento
especifico de DNA (AVISE, 2004).

Os dados resultantes de analises genéticas embasadas em diferentes
tipos de marcadores moleculares, sejam estes nucleares ou mitocondriais,
podem fornecer informagdes sobre a estrutura genética populacional, niveis de
fluxo génico, relacdes filogenéticas, biogeografia de grupos definidos e analise
de parentesco (AVISE, 1994). Dessa forma, 0s marcadores genéticos
representam ferramentas poderosas e informativas para ecoélogos e

geneticistas da conservacao definirem, por exemplo, a escala geogréfica e a
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area adequada para realizacdo de monitoramento e manejo das populacdes
(FERAL, 2002).

4.1. Marcadores mitocondriais

O DNA mitocondrial (mtDNA) é um marcador de heranca materna com
taxa de mutacdo entre dez e cem vezes maior que o DNA nuclear (nDNA), com
capacidade de mostrar evolug¢des rapidas ocorridas em taxons recentemente
divergentes permitindo um registro histérico genético. As mdultiplas mutacdes
sdo mais observadas na regido controle do mesmo (D-loop) (PERIC et al.,
2005).

O codigo de barras de DNA (DNA barcode) corresponde a uma
sequéncia curta e Unica de nucleotideos para reconhecimento de uma espécie.
Por conta de sua alta taxa de evolucdo molecular, € uma 6tima ferramenta para
distinguir espécies proximas e grupos filogenéticos dentro de uma mesma
espécie, assim facilitando analises de biodiversidade (PERIC et al., 2005). Um
dos fragmentos mais utilizados com esta finalidade situa-se na extremidade 5’
do gene COI (Citocromo C oxidase subunidade I) (BUCKLIN et al.,, 2011).
Apesar de sua alta taxa de mutacdes, a por¢cdo mais variavel do mtDNA em
nivel intraespecifico € a regido controle (D-loop), sendo também muito utilizada

em estudos de variabilidade genética (LAU et al., 1998).

Quando combinados dados de mais de um marcador molecular, é
possivel obter dados mais fidedignos sobre a diversidade genética dos animais
em estudo. Em trabalhos cujo intuito € o de avaliar o material genético
proveniente de diferentes espécies de animais e obtidos de forma invasiva,
porém nao-destrutiva (ndo provocando a morte do animal) temos que as fontes
mais comumente empregadas sdo sangue, fezes e os pelos, sendo o DNA do

primeiro de melhor quantidade e qualidade para sua amplificacao.

5. CONSIDERACOES FINAIS

Os esforcos desta pesquisa indicam tanto por meio de dados

moleculares quanto morfologicos e fenotipicos, que os individuos amostrados
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no Jardim Botanico Municipal de Bauru, além de exoticos e invasores, séo
hibridos. Outros dados importantes indicam que a populagdo desses animais
em Bauru, provavelmente surgiu por um efeito fundador viabilizado pelo tréfico

ilegal e continua recebendo fluxo génico pelo mesmo motivo.

E imprescindivel que as autoridades locais prossigam com o
compromisso de esclarecer para a populacdo acerca da biologia e ecologia
desses animais, bem como sobre as interagbes indicadas ou ndo para com
eles, como vém realizando ha anos, além de informar a respeito da origem dos

animais na regiao e consequéncias do trafico de animais.

Ademais, como sugerido pelo Ministério do Meio Ambiente (MMA —
ICMBIo) para locais com presenca de animais exoticos, devem incluir a
tematica de invasdes bioldgicas no contexto do manejo da UC, realizando o
levantamento populacional dos saguis periodicamente, concomitantemente
buscando controlar essa populacdo por meio de técnicas de esterilizacao
(indicada para hibridos e n&o-hibridos). E também imprescindivel firmar
parcerias com a Policia Ambiental e Universidades, para que todos estejam
familiarizados com o fenétipo de animais exéticos e hibridos, e evitem soltura

em locais inadequados.

Estas informagdes podem ser utilizadas pelo JBMB e outras instituicoes
que enfrentam o0 mesmo cenario para fortalecer programas que visam a

conservacao ambiental.
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