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ABSTRACT Hybridization is continually documented
in primates, but effects of natural and anthropogenic
hybridization on biodiversity are still unclear and differ-
entiating between these contexts remains challenging in
regards to primate evolution and conservation. Here, we
examine hybridization effects on the mitochondrial DNA
(mtDNA) control region of Callithrix marmosets, which
provide a unique glimpse into interspecific mating under
distinct anthropogenic and natural conditions. DNA was
sampled from 40 marmosets along a 50-km transect from
a previously uncharacterized hybrid zone in NE Brazil
between the ranges of Callithrix jacchus and Callithrix
penicillata. DNA was also collected from 46 marmosets
along a 30-km transect in a hybrid zone in Rio de Janeiro
state, Brazil, where exotic marmosets appeared in the
1980s. Combining Callithrix DNA sampled inside and
outside of these hybrid zones, phylogenetic and network

Hybrid zones offer many opportunities to examine
important evolutionary processes such as speciation,
adaptation, and genetic introgression (Shurtliff, 2013).
Here, we define hybridization as successful mating
between members of populations (typically at the sub-
species or species level) possessing distinct heritable
traits (modified from Arnold, 1997), and this phenom-
enon has been documented in several primate taxa
(e.g., baboons: Phillips-Conroy and dJolly, 1981; maca-
ques: Bonhomme et al., 2009; howler monkeys: Kelaita
and Cortes-Ortiz, 2013). While hybridization in wild
primates is shaped by both anthropogenic and natural
elements (e.g., Detwiler et al., 2005), the role of each
factor in driving hybridization in primates and other
animals is still debatable (Mallet, 2005). Further,
effects on biodiversity may differ between these two
hybridization conditions and they can be difficult to dif-
ferentiate from one another (Allendorf et al., 2001).
These observations carry important conservation and
evolutionary implications for primate taxa as incidence
of hybridization seems to be on the rise, which necessi-
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hybridization; population genetics; phylogenetics; New World primates;

analyses show C. jacchus and C. penicillata being paren-
tal species to sampled hybrids. We expand limited Calli-
thrix population genetics work by describing mtDNA
diversity and demographic history of these parental spe-
cies. We show ancient population expansion in C. jacchus
and historically constant population size in C. penicillata,
with the latter being more genetically diverse than the
former. The natural hybrid zone contained higher genetic
diversity relative to the anthropogenic zone. While our
data suggest hybrid swarm formation within the anthro-
pogenic zone due to removed physical reproductive bar-
riers, this pattern is not seen in the natural hybrid zone.
These results suggest different genetic dynamics within
natural and anthropogenic hybridization contexts that
carry important implications for primate evolution and
conservation. Am J Phys Anthropol 000:000-000,
2014. © 2014 Wiley Periodicals, Inc.

tates a stronger understanding of the frequency and
signature of hybridization within clear anthropogenic
and natural contexts.
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version of this article.
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Fig. 1. Overview of approximate natural ranges of C. jac-

chus and C. penicillataas well as the locations of individuals
sampled inside and outsideof hybrid zones within Brazil. Solid
gray and blue represent C. jacchus and C. penicillata ranges,
respectively, based on 2012 IUCN Red List Spatial Data (http://
www.iucnredlist.org/technical-documents/spatial-data).
Thatched blue indicates an extension of the C. penicillata range
based on Rylands et al. (1993, 2009). Degrees of longitude and
latitude are, respectively, represented by the x- and the y-axes.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

As a relatively little-studied example of hybridizing
New World primates, eastern Brazilian marmosets (genus
Callithrix) represent a unique opportunity to study pri-
mate interbreeding within a clear anthropogenic context.
Marmosets are part of the Callitrichidae family (Rylands
and Mittermeier, 2009; Rylands et al., 2009), known to
possess rare primate characteristics including cooperative
breeding (Digby et al., 2007) and socially modulated
female reproduction (Smith et al., 1997). All Callithrix
species have distinct geographic distributions throughout
central-eastern Brazil and along the Brazilian coast
(Rylands et al., 1993). However, sympatry exists between
exotic populations of Callithrix species introduced by
anthropogenic factors into areas far outside of their natu-
ral geographic ranges. For example, human introductions
of Callithrix penicillata and Callithrix jacchus have
resulted in marmoset hybridization within the states of
Minas Gerais (MG; personal observation, I0S and VB)
and Rio de Janeiro (RJ; Hershkovitz, 1975; Rylands
et al., 1993; Ruiz-Miranda et al., 2006).

Besides areas of artificial sympatry, intertaxa contact
also occurs at geographical distribution boundaries of
different Callithrix species (e.g., Rylands et al., 1993;
Mendes, 1997; Passamani et al., 1997). Originally,
Coimbra-Filho and Mittermeier (1973) noted that no
known cases of marmoset hybridization existed in such
areas of species contact. Hershkovitz (1975, 1977), how-
ever, did show some evidence of natural intergradation
between Callithrix taxa based on admixed marmoset
museum skins. The first documented field study of a
marmoset hybrid zone came in the late 1980s when
Alonso et al. (1987) examined a C. jacchus X C. penicil-
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lata hybrid zone outside of Salvador, Bahia state (BA).
Since then, the number of hybridization reports between
various Callithrix species has been steadily increasing
(e.g., Mendes, 1997; Passamani et al., 1997; Ruiz-
Miranda et al., 2000; personal observations, 10S, JM
and VB). Further, hybridization is thought to occur in
about 10% of mammalian species, usually among the
youngest ones between 1 and 2 million years old (Mallet,
2005). Callithrix arose about 2.5 million years ago
(MYA; Perelman et al., 2011; Schneider et al., 2012), and
C. jacchus and C. penicillata were most likely the last to
diverge (as sister species) within the genus less than 1
MYA (Perelman et al., 2011). Thus, the young age of the
Callithrix genus and recent reports of interspecific
breeding suggest a potential role for hybridization in
marmoset evolutionary history.

However, few studies about the evolutionary biology
and population genetics of the Callithrix genus are
available. Many of these studies have used mitochon-
drial DNA (mtDNA) as a rapidly evolving marker
employed in studying evolution of recently diverged taxa
(Brown et al., 1979). Faulkes et al. (2003), whose work
focused on C. jacchus, conducted one of the few popula-
tion genetics studies available for any Callithrix species.
Work considering the evolutionary history of Callithrix
has examined the phylogenetics of the mtDNA control
region (CR) as well as a few nuclear loci (e.g., Tagliaro
et al., 1997, 2000; Schneider et al., 2012) without full
resolution of species-level evolutionary relationships.
The multilocus nuclear approach of Perelman et al.
(2011) perhaps has given the most robust phylogeny of
the Callithrix genus so far, but branching order between
some Callithrix species remains unclear. Thus, large
gaps in our understanding of the genetic diversity as
well as recent and past population history of the Calli-
thrix genus remain, particularly with regards to the
impact of recent hybridization on the genus.

In this study, we assess the existence of a C. jacchus
and C. penicillata hybrid zone at a natural species bor-
der in NE Brazil (between the cities of Petrolina, Per-
nambuco (PE) state and Juazeiro, BA) and in an area of
artificial introduction in SE Brazil (cities of Rio Bonito,
RJ and Silva Jardim, RJ). Additionally, we report on the
genetic diversity and demographic history of pure com-
mon and black-tufted marmosets to understand better
the evolutionary history of these two species. We use the
mtDNA CR to build on previous work about the evolu-
tionary biology of Callithrix and address the following
questions: (i) Are C. jacchus and C. penicillata source
species for the two putative hybrid zones mentioned
above? (ii) What do the genetic patterns of the mtDNA
CR let us infer about past demographic history of C. jac-
chus and C. penicillata? (iii) What are the patterns of
mtDNA CR genetic diversity and differentiation inside
and outside of putative C. jacchus X C. penicillata
hybrid zones?

MATERIALS AND METHODS
Sample populations and hybrid zones

Between 2010 and 2011, biological samples were
obtained from captive and wild populations of pure and
likely hybrid Callithrix populations (detailed in Table 1).
General locations of wild caught marmosets are shown
in Figure 1, and latitude/longitude coordinates of the col-
lection site for each individual are given in Supporting
Information Table S1. For both captive and wild pure
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TABLE 1. Summary of sampled individuals from captive and wild pure populations and wild hybrid zones

Year Biological Individuals
Populations Type Source collected samples sampled
C. jacchus Captive CRC,?* Omaha, NE, USA 2011 B,S 2(2)
Wild IBAMA CETAS,” Recife, PE, Brazil 2011 S 24 (20)
Captive NEPRC, Southborough, MA, USA 2010 B,S 10 (10)
Wild Parque Dois Irméos & Tapacurd Reserve, PE, Brazil® 2005 S 43 (1)
C. penicillata Captive  CRC,* Omaha, NE, USA 2011 B,S 8 (7)
Wild Muriaé, MG; Brasilia, DF; Goiania, GO, Brazil 2011 S 28 (25)
Captive IBAMA CETAS,’ Recife, PE, Brazil 2011 S 3(3)
Wild IBAMA CETAS,” Goiania, GO, Brazil 2011 S 5(5)
C. jacchus X Wild Silva Jardim and Rio Bonito Municipalities, RJ, Brazil 2011 S 46 (45)
C. penicillata hybrids
C. jacchus X Wild Petrolina, PE and Juazeiro, BA, Brazil 2011 S 40 (38)
C. penicillata hybrids Captive =~ CEMAFAUNA, Petrolina, PE, Brazil® 2011 S 3(@3)
C. kuhlii Captive  CRC,* Omaha, NE, USA 2011 B,S 4(3)
C. geoffroyi Captive CRC,? Omaha, NE, USA 2011 B,S 8 (4)
Institute, Camden, NJ, USA 2010 N/. 1(1)

B, blood; S, skin.

Numbers in parentheses indicate number of samples used in statistical analysis.

2 Callitrichid Research Center, University of Nebraska at Omaha.

"Wild Animal Triage Center, Brazilian Institute of the Environment and Natural Resources.

°New England Primate Research Center.

4 Collected by Dr. Maria Adélia Borstelmann de Oliveira, most samples were too degraded to amplify the mtDNA control region.

¢ Center for Management of Fauna of the Caatinga.

individuals, the following samples were obtained: 79 C.
Jacchus, 44 C. penicillata, 4 Callithrix kuhlii, and 8 Cal-
lithrix geoffroyi. An additional C. geoffroyi DNA sample
was obtained from the Corielle Institute (Camden, NJ).

Figure 1 shows general locations of hybrid and nonhy-
brid zone capture sites. The figure is largely based on
2012 TUCN Red List Spatial Data (http://www.iucnred-
list.org/technical-documents/spatial-data), which shows
that C. jacchus natively occurs in NE Brazil, and C. pen-
icillata occurs in east central Brazil. The figure also
extends part of the range of C. penicillata based on
Rylands et al. (1993, 2009), who consider the natural
distribution of C. penicillata to be wider than that of the
IUCN data. Rylands et al. (1993, 2009) include the puta-
tive natural hybrid zone between Petrolina, PE and Jua-
zeiro, BA (the “PJ hybrid zone”) to lie at the natural
species border between C. jacchus and C. penicillata.
The Muriaé, MG capture location shown in Figure 1 lies
in the area that Rylands et al. (1993, 2009) consider part
of C. aurita’s natural species distribution. However,
these authors state that C. penicillata has recently been
expanding its range into that of other marmoset species,
and the Muriaé, MG site may be an example of such a
C. penicillata range expansion.

The PJ hybrid zone (Figs. 1 and 2) occurs along the
Sao Francisco River in the Caatinga biome (Leal et al.,
2005). We collected samples from 40 wild caught marmo-
sets along an approximate 50 km transect following the
course of the Sao Francisco River, and three captive
marmosets within the PJ zone. Along the Sao Francisco
River, marmoset populations occur in fragmented forest
patches, and populations may be able to get from one
bank to another via fluvial islands continually formed
and altered by the river (personal observation, LMP).
Most collection was carried out on the C. jacchus side of
the PJ zone, with six sites sampled north of the river
and three sites sampled south of the river, due to more
limited access to private farms on the C. penicillata side
of the zone.

Forty-six samples were collected from exotic marmoset
populations that probably originated as illegally intro-

duced pets within the putative artificial hybrid zone of
the Sao Joao watershed in the municipalities of Rio
Bonito and Silva Jardim, Rio de Janeiro state (Figs. 1
and 3). We refer to this area as the “RJ hybrid zone.”
The RJ zone occurs within the Atlantic Forest Biome
(Ribeiro et al., 2009), and it is characterized by highly
disturbed/fragmented forest patches. Sampling sites of
the RJ hybrid zone were located along an approximately
30 km long transect, and separated by a major highway,
BR-101, with four sites each located on the north and
south sides (Fig. 3).

Hershkovitz (1977) considered pure C. jacchus to have
ear tufts characterized by bushy hair colored white or
white with black-tips and for pure C. penicillata to have
dark-brown to black, fine, low sloping ear tufts. He
describes intermediate hybrids to be those individuals
that have ear tuft phenotypes that fall halfway between
the two parental phenotypes. Based on the descriptions
of Hershkovitz (1977) and personal observations a
hybrid index was developed for the phenotypic classifica-
tion of sampled individuals (Table 2). Hybrid index
scores were based on individual photographs taken dur-
ing sample collections (see subsequently), and scaled as
follows: zero indicates a pure C. jacchus phenotype, one-
half to two indicates a C. jacchus-like phenotype, two
and a half to three and a half indicates an intermediate
phenotype, four to five and a half indicates a C. penicil-
lata-like phenotype, and six indicates a pure C. penicillata
phenotype. Figure 4 shows examples of these phenotypes.
Adult and nonadult animals were distinguished based on
body mass following the descriptions of Hershkovitz (1977)
and de Morais (2010). We only measured a hybrid index
score for adult individuals, as younger animals do not yet
have a fully developed adult phenotype (Hershkovitz,
1977).

Sample collection and laboratory procedures

Animals from both wild Brazilian and US captive pop-
ulations (Table 1) were collected under the approval of
the Arizona State University Institutional Animal Care

American Journal of Physical Anthropology
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Fig. 2. Close-up of the Petrolina-Juazeiro hybrid zone. The
zone lies along an approximately 50 km transect along the Sao
Francisco River. Three sites are found to the south of the river:
(1) Universidade do Estado da Bahia; (2) Chacara do Senhor
Conrado dos Santos; and (3) Recanto do Sessego. Six sites are
found to the north of the river: (4) Sitio Porto da Cruz; (5) Rio
Verde; (6) Sitio Picos; (7) Sitio Carnaiba; (8) Chacara Galo da
Briga; and (9) Chacara Bom Jesus. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

and Use Committee (ASU IACUC, protocol #11-1150R).
Captive animals were processed under protocols estab-
lished at each primate center (see Table 1 and Support-
ing Information Table S1 for locations). Blood and skin
punches were obtained from captive animals during rou-
tine physical examinations. For the captive samples,
approximately 1-2 mL of whole blood were collected,
preserved in EDTA, and then frozen at —80°C. Skin
samples were obtained from the ear using a 0.5-cm skin
punch and then frozen at —20°C.

Collection of biological materials from wild marmosets
was conducted following a protocol established by VB
and CRRM, and permission for capture of wild marmo-
sets was obtained from the Brazilian National Council
on the Development of Science and Technology (CNPq)
and the Brazilian Ministry for the Environment and
Natural Resources (IBAMA, protocol #28075-2). Wild
animals were captured with auto-close, Tomahawk-style
traps baited with bananas, and then traps were covered
with cloth to calm the animals. At the RJ and PJ sites
as well as the CETAS and CEMAFAUNA facilities, ani-
mals were transported to indoor laboratories for tissue
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Fig. 3. Close-up of Rio de Janeiro State hybrid zone. The
zone lies along an approximately 30 km transect along highway
BR-101. Four sites are found to the south of the highway: (1)
Boa Esperanca; (2) House U; (3) Rio Vermelho I; and Rio Ver-
melho II. Four sites are found to the north of the highway:
(5) Fazenda dos Tamarins; (6) Pesque Pague; (7) Ponto do
Camarao; and (8) Fazenda Afetiva. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

collection, while collection at other locations was con-
ducted about 500 m from the capture sites. Wild cap-
tured animals were monitored under veterinary care,
and immobilized with injection of ketamine (approxi-
mately 20 mg/kg) into the intramuscular region of the
inner thigh, photographed, weighed, and then biological
samples were taken. Afterward, animals were returned
to cages, given a banana, allowed to recover, and
released at the original capture site on the same day
they were captured. Biological tissues collected in the
field consisted of skin punches. Skin samples were
obtained from the ear using a 0.5-cm skin punch. These
skin samples were stored from one to eight weeks in
25% (w/v) DMSO dissolved in 6 M NaCl (Goosens et al.,
2003) under field conditions, and then frozen at —20°C
in the laboratory.

DNA from blood and epithelial samples was extracted
using a standard proteinase K/phenol/chloroform proto-
col (Sambrook and Russell, 2001). Buffers used for
extraction, precipitation and elution of DNA from blood
and skin tissue are listed in Supporting Information
Table S2. DNA extraction of NEPRC and CRC samples
(Table 1) was conducted at Arizona State University
(ASU). DNA from all other samples was extracted at
Northern State Fluminense University, Rio de Janeiro
State, Brazil, and then exported to ASU (CITES permit
#11BR007015/DF).

Initially, we attempted to amplify only the hypervari-
able regions of the mtDNA CR using the polymerase
chain reaction with universal mtDNA primers of Kocher
et al. (1989) and species-specific primers designed by
JM. However, chromatograms from the sequences ampli-
fied with the above primers consistently resulted in mul-
tiple, overlapping nucleotide trace peaks, indicating
possible amplification of nuclear inserts of mtDNA
sequences (numts). Numts have been previously
reported in marmosets (Mundy et al., 2000). To avoid
numt amplification, we altered our strategy (described
further in Supporting Information Methods) to instead
amplify and sequence an approximately (depending on
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Fig. 4.

(A-F) Phenotypes of (A) an individual with a pure C. jacchus phenotype, defined by full, white, bushy ear tufts; (B) an

individual with a pure C. penicillata phenotype, defined by sparse, black ear tufts; (C) a C. jacchus-like hybrid that possesses a
mostly C. jacchus phenotype accented by grayish ear tufts that lack the parental bushiness; (D) a C. penicillata-like hybrid that
possesses a mostly C. penicillata phenotype accented by grayish ear tufts; and (E and F) show intermediate hybrids.

the species) 1,200 bp fragment that contained the major-
ity of the marmoset mtDNA CR.

Data analysis

An alignment of the Callithrix mtDNA D-loop was
made with the MUSCLE algorithm (Edgar, 2004) within
MEGA 5.05 (Tamura et al., 2011) using the described
samples (Table 1) as well as sequences obtained from
Genbank (Supporting Information Table S3). For phylo-

genetic analysis, the alignment was shortened to 805 bp
(positions 86-880 of the original marmoset mtDNA CR
alignment Tagliaro et al., 1997) to accommodate the
length of all obtained Genbank sequences. Our mtDNA
D-loop alignment consisted of hypervariable region I, the
conserved domain, and part of hypervariable region II,
none of which code for genes. Sequences of Callithrix
mtDNA CR haplotypes resulting from the samples listed
in Table 1 and Supporting Information Table S1 and
used in our alignment are available in Genbank (www.

American Journal of Physical Anthropology



6 J. MALUKIEWICZ ET AL.

TABLE 2. Phenotypic characteristics used for hybrid scoring

Score Pure C. jacchus C. jacchus-like Intermediate C. penicillata-like Pure C. penicillata
0 0.5 1 1.5 2
Ear tuft Tuft hairs completely Mixture of dark Tuft hairs dark
color white or white with brown to black brown to black
black tips and white tufts hairs
Ear tuft 85-100% area around 50% of area around ear Approximately 25%
volume ear is covered by is covered by tuft hair of area around
tuft hair ears covered by
tuft hair
Head Head region between Intermediate Head region around
coloration ear tufts and around ear tufts is colored

face is mostly gray but
sometimes
interspersed with some
black or beige

dark brown to black
and interspersed with
some beige, cheek
region shows opposite
pattern

ncbi.nlm.nih.gov/genbank) under accession numbers
KJ020024-KJ020094. For subsequent inter- and intra-
taxa analyses, subsets of our larger alignment were
used, and the most appropriate nucleotide substitution
model was found for each subset with jModelTest 2.1
(Guindon and Gascuel, 2003; Darriba et al., 2012) using
the Bayesian Information Criterion (Posada and Buck-
ley, 2004). Maximum likelihood (ML) and Bayesian phy-
logenetic trees were based on an alignment of the full
data set of captive, wild, and Genbank sequences, with
identical sequences removed. Mico argentatus (CAR21)
was used as an outgroup.

The ML tree was constructed in MEGA under the
Tamura-Nei + I + G evolutionary model using Nearest
Neighbor Interchange with 5,000 pseudoreplicate boot-
strap runs to assess branch support. Under Bayesian
phylogenetic inference, resultant trees can be sensitive
to the branch length prior used (Ekman and Blaalid,
2011). Thus, we tested for such sensitivity in our data
set by analyzing it under three different branch length
priors (Supporting Information Table S4). MRBAYES 3.2
(Huelsenbeck and Ronquist, 2001; Ronquist and Huel-
senbeck, 2003) was used for Bayesian tree construction
using a HKY+I+G model, by carrying out six independ-
ent repetitions (two repetitions per branch length prior),
whose settings and convergence checks are further
described in Supporting Information Methods. Bayesian
tree topology and annotation were finalized with FIG-
TREE 1.4 (http://tree.bio.ed.ac.uk/software/figtree/).

Finally, a network was constructed from sequences
sampled from pure C. jacchus and C. penicillata individ-
uals and C. jacchus X C. penicillata hybrid zones to
investigate population-level genealogies, as network
methods can accommodate for low divergence, extant
ancestral nodes, and multifurcations between sequences
(Posada and Crandall, 2001). NETWORK 4.6.1.0 (Ban-
delt et al., 1999) software was used to create a median
joining (MJ) network, using the following settings: eli-
pson set to zero, including the frequency of each unique
haplotype, using a 3:1 transversions-to-transitions ratio,
and a 5:20:10 ratio for hypervariable sites/rare events
such as indels/remaining sites. These settings follow the
NETWORK user guide’s suggestion to give greater
weight to rare mutation events such as transversions
than to more frequent mutations such as transitions.

DNASP 5.10.1 (Librado and Rozas, 2009) was used to
identify unique haplotypes within the full dataset.
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Genetic variation was examined in terms of haplotype
diversity (h), nucleotide diversity (n), theta based on the
number of segregating sites (6s), and number of polymor-
phic sites for C. jacchus and C. penicillata, as well as the
PJ and RJ hybrid zones using ARLEQUIN 3.5.1.2
(Excoffier and Lischer, 2010) set to the Tamura-Nei + G
model of substitution. Genetic structure was investigated
for the following pairings: C. jacchus and C. penicillata,
north and south Sao Francisco River subpopulations in
the PJ zone, and north and south subpopulations sepa-
rated by highway BR-101 in the RJ zone. An analysis of
molecular variance (AMOVA) was run in ARLEQUIN
with the Tamura-Nei + G model to generate variance
components and a fixation index (@gr) between the two
subpopulations within each respective population. Signifi-
cance of the analysis was assessed using resampling with
the default setting of 16,000 permutations.

Changes in the demographic histories of C. jacchus and
C. penicillata were inferred using Tajima’s D (Tajima,
1989) and Fu’s F (Fu, 1997) tests for neutrality in ARLE-
QUIN. Confidence intervals for the statistics were calcu-
lated with 16,000 resampling permutations. ARLEQUIN
was also used to calculate population mismatch distribu-
tions for the two species to test the null hypothesis of
sudden population expansion, with confidence intervals
calculated same as above. The time (¢) of expansion can
be estimated through its relationship with the t parame-
ter in the equation © = 2ut (where u is the mutation rate
over the entire locus; Rogers and Harpending, 1992).

A Bayesian Skyline Plot (BSP; Drummond et al.,
2005) in BEAST 1.7.5 (Drummond et al., 2012) was also
used to explore past demographic changes in both spe-
cies. As the marmoset fossil record is scant (Schneider
et al., 2012), fossil calibration points could not be
employed in the analysis. Consequently, a mean human
substitution rate of 9.883 X 107% substitutions per
nucleotide per year was used over the entire mtDNA CR
(Soares et al., 2009), following the strategy of Yang et al.
(2012). Two separate BSPs were made for each species,
respectively, with a total chain length of 2.5 X 10® gen-
erations, logging every 1,000th generation, using only
sequences from pure individuals. Additional runs were
conducted for each species under a constant population
size model, and support for each model was evaluated by
stepping-stone sampling (SS) and path sampling (PS;
Baele et al., 2012, 2013), See Supporting Information
Methods for further details on BSP analysis.
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RESULTS
Callithrix phylogenetics and network analyses

From pure captive and wild populations, 25 new, pre-
viously unreported, mtDNA CR haplotypes were
obtained for C. jacchus and 24 new haplotypes were
obtained for C. penicillata. Including the Genbank and
hybrid zone sequences, this gave 45 C. jacchus haplo-
types (93 transitions, 9 transversions, 1 indel), 25 C.
penicillata haplotypes (120 transitions, 24 transversions,
3 indels), 15 haplotypes in the PJ hybrid zone (81 transi-
tions, 4 transversions, 2 indels), and 3 haplotypes (57
transitions, 5 transversions, 1 indel) in the RJ zone. The
average number of differences between common marmo-
set haplotypes was 13.38 bp and the average number of
differences between black-tufted marmoset haplotypes
was 37.68 bp.

The Bayesian phylogenetic analyses resulted in a
topology that shows an overall pattern of complex
species-level polyphyly (Fig. 5). The polyphyletic pattern
is particularly characteristic of C. penicillata and C.
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kuhlii haplotypes. C. penicillata grouped into four dis-
tinct polyphyletic clades and C. kuhlii grouped into two
polyphyletic clades. One of the C. penicillata clades was
basal to all other species-level clades, except to a single
C. geoffroyi clade. The C. geoffroyi clade was the basal-
most clade in the phylogeny. The C. jacchus clade con-
tained all haplotypes classified under this species as well
as a single C. geoffroyi and C. penicillata haplotype. PJ
zone haplotypes were essentially split between a single
C. penicillata clade and the C. jacchus clade. Two of the
three RJ zone haplotypes grouped within the same C.
penicillata clade, and the third grouped within the C.
Jacchus clade.

For the Bayesian trees, SS Bayes Factor model selec-
tion chose the model set to the default unconstrained
exponential branch length model with mean 0.1 and HS
Bayes Factor model selection chose the model set to an
unconstrained exponential branch length model with
mean of 0.01 (data not shown). Topology was identical
for the two independent runs done per model; branch
support values were similar for each pair of these runs
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Fig. 5. Bayesian tree topology for the Callithrix mtDNA CR as chosen by SS Bayes Factor analysis for the default MRBAYES
unconstrained exponential branch length model. Tree is rooted with the Micoargentatus (CAR21) outgroup. Branch posterior proba-
bilities of at least 90% are marked with an asterisk above branches. Tip labels represent species haplotypes (C. geoffroyi is red, C.
penicillata is dark blue, C. jacchus is light blue, C. kuhlii is hunter green, and pink for C. aurita) and hybrid zone haplotypes (RJ
zone is light green and PJ zone is orange). Clade colors represent the majority of species haplotypes forming each clade. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and thus averaged together. However, branch support
and branch length values differed between the two mod-
els, and in Figure 5 we only show the tree chosen by SS
Bayes Factor model selection as it is preferred over the
HS method. The ML tree did not provide strong branch
support (above 75), thus it is not shown here.

The MJ network analysis was focused on the relation-
ship between C. jacchus and C. penicillata, and shows
relationships between haplotypes of the two species and
their hybrids in finer detail (Fig. 6). The circles present-
ing each haplotype are proportional to the frequency of a
given haplotype within the C. jacchus, C. penicillata,
and hybrid haplotype dataset. In the network, C. jacchus
forms a large, single, star-like group with a single pure
C. penicillata haplotype embedded within it. The
remaining pure C. penicillata haplotypes form two off-
shoots extending from the main C. jacchus group, both
bearing clearer branching structure than that of C. jac-
chus haplotypes. PJ and RJ zone haplotypes group
within the network analysis similarly to that already
described in phylogenetic analysis.

Hybrid phenotype and mtDNA haplotypes
distributions within hybrid zones

The geographical distributions of PJ zone haplotypes
and phenotypes are shown in Figures 7a and 8a, respec-
tively. Haplotypes and phenotypes of individuals PJ035-
PJ037 were excluded from these figures because these
individuals were not sampled in the wild. All individuals
sampled on the south side of the PJ hybrid zone pos-
sessed a C. penicillata haplotype. Table 3 shows the per-
centage of photographed adult marmosets sampled

American Journal of Physical Anthropology

within the PJ zone that fall within each hybrid pheno-
type category. Geographically, marmosets with C. peni-
cillata-like and pure C. penicillata phenotypes were
confined to the south side of the Sao Francisco River. C.
Jacchus-like and pure C. jacchus phenotypes were found
to the north of the river. No intermediate hybrid pheno-
types were found within the PJ hybrid zone. Interest-
ingly, animals caught at the Ch&acara Bom Jesus site
(see Fig. 2) on the C. jacchus side of the PJ zone possess
haplotypes (PJ064 and PJ069) that group within a C.
penicillata clade in both the phylogenetic and network
analyses. The phenotypes of the Bom Jesus animals
were that of pure C. jacchus and C. jacchus-like, but
their C. penicillata haplotypes were closest in phyloge-
netic and geographic proximity to C. penicillata haplo-
types found across on the southern riverbank. There is
also a large fluvial island, Ilha do Massangano, found
between the two banks around this spot. The rest of the
individuals sampled on the northern bank possessed C.
Jacchus mtDNA haplotypes and pure C. jacchus and C.
Jacchus-like phenotypes.

Geographical distributions of the RJ zone haplotypes
and phenotypic categories are shown in Figures 7b and
8b, respectively. For the RJ hybrid zone, the majority of
individuals have an intermediate to C. penicillata-like
phenotype (Table 3). Individuals with C. penicillata-like,
pure C. penicillata and intermediate phenotypes were
mostly found to the north of highway BR-101, and C.
Jacchus-like hybrids were found mostly to the south of
highway BR-101. Haplotypes RJ001 and RJ005 grouped
within a C. penicillata clade and haplotype RJ006 within
the C. jacchus clade. The RJ001 haplotype is found
mostly in marmosets with C. jacchus-like, intermediate,
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and C. penicillata-like phenotypes. The RJ006 haplotype
is found in a C. jacchus-like and intermediate individual,
and the RJ005 haplotype is found mostly in individuals
with an intermediate to pure C. penicillata phenotype.

Genetic diversity and structure of pure and
hybrid C. jacchus and C. penicillata

Genetic diversity data for pure C. jacchus and C. peni-
cillata as well as the hybrid zone populations are sum-
marized in Table 4. Pure C. jacchus and C. penicillata
show similar levels of haplotype diversity. However,
nucleotide diversity and theta estimates indicate that
the mtDNA CR is more variable on both a per site basis
and per haplotype basis, respectively, in C. penicillata
than in C. jacchus. For the hybrid zones, the RJ zone
showed lower levels of variation than the PJ zone. In
particular, there is a much higher level of nucleotide
diversity seen in the latter than the former. If we break
down the PJ zone haplotypes according to their paren-
tal species origin, nucleotide diversity for the C. jacchus
haplotypes is 0.007 and for C. penicillata haplotypes it
is 0.023. Haplotype diversity for PJ zone C. jacchus and
C. penicillata haplotypes, respectively, is 0.815 and
0.791. We did not carry out these analyses for the RJ
zone due to the low number of haplotypes found within
the zone.

AMOVA shows a significant species-level differentia-
tion between C. jacchus and C. penicillata (pgy = 0.664,
P = 0.000). When the population in the PJ hybrid zone
is split into subpopulations north and south of the Sao
Francisco River, those subpopulations show a level of dif-
ferentiation similar to that seen for the pure species
(pgT = 0.697, P = 0.000). On the other hand within the
RJ hybrid zone, genetic structure between subpopula-
tions to the north and south of BR-101 is not as strong
(pgT = 0.208, P = 0.001) and 79.2% of genetic variation
is found within subpopulations when the zone is divided
by BR-101.

Demographic history of C. jacchus and
C. penicillata

Table 5 shows results of neutrality tests and mismatch
distribution calculations for C. jacchus and C. penicil-

lata. Neither Tajima’s D nor Fu’s Fg showed evidence in
favor of demographic expansion in C. penicillata, and its
bimodal mismatch distribution is characteristic of a sta-
ble population (Fig. 9a). Only the raggedness index sta-
tistic did not reject the null hypothesis of sudden
population expansion in this species. The BEAST BSP
for C. penicillata (Fig. 10a) shows constant population
size in the species, with a population decline toward the
very recent past. Bayes Factor model selection based on
SS estimates showed evidence in favor of the BSP demo-
graphic model and PS estimates were in favor of a con-
stant population size demographic model for C.
penicillata (data not shown).

A population expansion for C. jacchus is supported
through a negative value for Fu’s F neutrality test and
a unimodal mismatch distribution (Fig. 9b). Using a
human CR mutation rate of 9.883 X 10 ° mutations per
nucleotide per year (Soares et al., 2009), since mutation
rate estimates for marmosets are currently unavailable,
and a marmoset generation time of 1.5 years (Tardif
et al., 2003), time of population growth under the sud-
den population expansion model of C. jacchus is esti-
mated to be 22,580 years ago. The BEAST BSP for C.
Jacchus (Fig. 10b) also supports a population expansion
in common marmosets approximately 60,000 years ago,
but a decline about 10,000 years ago. Bayes Factor anal-
ysis of SS and PS marginal likelihood estimates both
supported the BSP model instead of a constant popula-
tion size model to describe the demographic history of C.
Jjacchus (data not shown). Tajima’s D value for C. jac-
chus is nonsignificant, but negative in favor of expan-
sion, while the raggedness index rejected the null
sudden expansion hypothesis.

DISCUSSION

Speciation and evolutionary relationships within
the Callithrix genus

Our phylogenetic results of the marmoset mtDNA CR,
along with those of several other studies (e.g., Tagliaro
et al., 1997, 2000; Schneider et al., 2012) show C. peni-
cillata and C. kuhlii as polyphyletic. This pattern is sug-
gestive of either hybridization of these species with one
another or other marmosets or incomplete lineage

American Journal of Physical Anthropology
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TABLE 3. Percentage of photographed adult individuals sampled within each hybrid zone that fall into each phenotype category
based on hybrid index score

C. jacchus C. jacchus-like Intermediate C. penicillata-like C. penicillata
pure (0) (0.5-2) (2.5-3.5) (4-5.5) pure (6)
RJ hybrid zone 0.00% 29.55% 25.00% 29.55% 15.91%
PJ hybrid zone 37.50% 43.75% 0.00% 6.25% 12.50%

Numbers in parentheses indicate hybrid index scores.

TABLE 4. Population genetic variables and indices for C. jacchus, C. penicillata, and C. jacchus X C. penicillata hybrids

Haplotype Haplotype Nucleotide Polymorphic
Population Sequences number diversity (h) diversity (n) Theta (0s) sites
C. jacchus 108 45 0.946 0.017 19.030 101
C. penicillata 41 25 0.970 0.084 30.620 134
RJ hybrids 45 3 0.497 0.174 13.950 62
PJ hybrids 41 15 0.915 1.710 19.400 84

sorting (Funk and Omland, 2003). A hybrid origin for C.
kuhlii has been previously suggested as a result of inter-
breeding between C. penicillata and C. geoffroyi (Hersh-
kovitz, 1977) or C. penicillata and C. jacchus (Arnold
and Meyer, 2006). Yet, Rylands et al. (1993) point out
that experimental work in marmoset hybridization by
Coimbra-Filho et al. (1993) failed to produce a C. penicil-
lata X C. geoffroyi hybrid with the C. kuhlii phenotype
(see Coimbra-Filho et al., 2006 for examples), although
this work was mostly based on early generation F1, F2,
and backcross hybrids. Also in the wild, none of the indi-
viduals within a group of C. penicillata X C. geoffroyi
hybrids found in the Serra do Espinha¢o mountains in
Minas Gerais were observed with a phenotype reminis-
cent of C. kuhlii (Coimbra-Filho et al., 2006), where later
generation hybridization is likely. In our own work, none
of the animals sampled in either the RJ or PJ hybrid
zones showed the phenotype typical of C. kuhlii. Addi-
tionally, no C. kuhlii mtDNA D-loop haplotypes included
in our phylogeny fell into a C. jacchus or C. penicillata
clade. Thus, considering the above data, it is unlikely
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that C. kuhlii arose through hybridization but rather
mtDNA D-loop lineages have not completely sorted
within the Callithrix genus.

Because of our focus on one short portion of the mar-
moset mtDNA genome, our reported Bayesian phyloge-
nies do not agree topologically with previously published
Callithrix phylogenies. Contrary to our phylogeny, C.
aurita is consistently the basal Callithrix species when
included in a given nuclear or mitochondrial phylogeny
(Tagliaro et al.,, 1997, 2000; Perelman et al., 2011;
Schneider et al., 2012). Other research also finds that C.
geoffroyi forms a well-supported monophyletic clade that
diverges next after C. aurita within the Callithrix genus
(Tagliaro et al., 1997). The remaining branching order in
our analysis broadly matches that of Tagliaro et al.
(1997, 2000), but with higher branch supports. Incom-
plete lineage sorting of mtDNA (see discussion below),
length differences in mtDNA sequences and the different
applied phylogenetic methods are likely the main factors
underlining differences in results from our study and
those of previously published work.
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Despite mtDNA Callithrix phylogenies being charac-
terized by polyphyly, mtDNA may be an important
marker for tracking species relationships within this
genus. The fixation time for mtDNA, as a uniparentally
inherited, haploid marker with a small effective popula-
tion size, is expected to be shorter than that of autoso-
mal loci; indeed, phylogenies using the latter do tend to
show relationships among Callithrix species as polyto-
mies (e.g., Perelman et al., 2011; Schneider et al., 2012).
One caveat in using mtDNA to track species relation-
ships is that in female philopatric species, which covers
most mammals, population structure and geography
may strongly affect mtDNA phylogenies (Tosi et al.,
2003). As a result, such mtDNA-based phylogenies may
be incongruent to phylogenies of female philopatric spe-
cies based on Y-chromosome and autosomal markers,
which get spread between populations via male migra-
tion (Tosi et al., 2003). However, behavioral and genetic
evidence suggests that female and male dispersal is the
norm in several Callithrix species (Lazaro-Perea et al.,
2000; Faulkes et al., 2003; Ferrari, 2009; Sousa et al.,
2009; this study). Thus, mtDNA based phylogenies of
Callithrix species can inform us of marmoset species
evolutionary relationships where the comparatively long
fixation time of autosomal markers may not yet allow
for this and Callithrix Y-chromosome markers are still
largely unavailable.

Population genetics and demographic history of
C. jacchus and C. penicillata

Faulkes et al. (2003) reported on genetic structure in
the mtDNA control region within and among C. jacchus
populations, one of the few population genetic studies
conducted on wild Callithrix. Their results showed high
haplotypic diversity, but low genetic divergence in C. jac-
chus. Combining the dataset of Faulkes et al. (2003)
with our own data, we observe a similar trend. In C.
penicillata, we see high haplotypic diversity but greater
variation among individual haplotypes. Our analyses

TABLE 5. Neutrality tests and mismatch distribution analyses
for C. jacchus and C. penicillata

Statistic C. penicillata

0.885 (0.856)
2.271(0.820)
0.024 (0.065)

C. jacchus

—1.188 (0.096)
—9.250 (0.038)
0.006 (0.110)

Tajima’s D (P-value)
Fu’s F (P-value)
SSD (P-value)

r (P-value) 0.016 (0.007) 0.012 (0.184)
[CH 2.600 55.496
0, 56.250 87.941
T 10.688 4.418

SSD is sum of squared deviation and r is the raggedness index.

also suggest separate demographic histories for these
two species, with C. jacchus experiencing one past
major population expansion and C. penicillata evolving
at constant population size. Expanding populations are
expected to have a higher frequency of rare variant sites
and lower nucleotide diversity than a population at equi-
librium. We would eventually expect an increase in fre-
quency of some of those rare variants, and in turn an
increase in the average number of differences between
haplotypes and nucleotide diversity. This process is
reflected in our MdJ network through partially networked
and partially star-like arrangements of C. jacchus haplo-
types. We do note that that the BSP results should be
interpreted with caution, as the analyses were calibrated
with a human-based substitution rate. Because mito-
chondrial substitution rates vary among mammalian
species (Galtier et al., 2009), our time estimates of BSP
inferred Callithrix demographic changes might be a
rough approximation at best.

The studies of Perelman et al. (2011) and Schneider
et al. (2012) suggest that Callithrix species diverged dur-
ing the Pleistocene. It is hypothesized that climatic oscil-
lations during the Pleistocene caused repeated
contractions and expansions of forested areas (refugia)
across South America and thus drove parapatric and
allopatric speciation (Kinzey, 1982; Turchetto-Zolet

American Journal of Physical Anthropology
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et al., 2013). The historical separation of the geographi-
cal ranges of the Callithrix species (Rylands et al., 1993)
certainly suggests the possibility of speciation modes in
line with refugia theory. Further, the respective modern
ranges of many Callithrix species are located in areas
identified as historical forest refuges (e.g. Pernambuco
refuge for C. jacchus, Bahia refuge for C. kuhlii, C. peni-
cillata, and C. geoffroyi, Carnaval and Moritz, 2008).
Rivers may have also played an important role in the
diversification of terrestrial organisms in South America
by acting as barriers to dispersal between different pop-
ulations (Turchetto-Zolet et al., 2013). This may have
certainly been the case for Callithrix species whose
ranges are in part limited by rivers (Rylands et al.,
1993), like C. jacchus and C. penicillata whose ranges
are largely separated by the Sao Francisco River (but
see the discussion below on fluvial islands and gene
flow). Thus, it may have been a complex interplay
between the paleoclimate of the Pleistocene and river
barriers that played an important role in the divergence
of our two focal species and other Callithrix species.

The Rio de Janeiro and Petrolina-Juazeiro hybrid
zones

Our phylogenetic and network analyses confirmed the
hypothesis of C. jacchus and C. penicillata being the
parental species of the PJ and RJ hybrid zones. Occur-
ring in an area of natural contact between our study
species, the PJ hybrid zone shows much higher haplo-
type diversity, a larger number of haplotypes, and
higher nucleotide diversity than found in the anthropo-
genic RJ hybrid zone. Further, the RJ zone showed
much lower levels of genetic diversity than either paren-
tal species. Standing levels of genetic variation in the
RJ zone come from only three mtDNA control region
haplotypes, and there is probably very limited flow of
new genetic variation (through additional marmoset
introductions by humans) coming into the hybrid zone
as it is far removed from the natural ranges of either
parental species. Thus, we cannot rule out the lack of
haplotype diversity in the RJ zone hybrids resulting
from a founder effect. The PJ zone, with a location at
the edges of parental species’ distributions, more plausi-
bly receives a continued influx of new genetic material
from C. jacchus in the north and from C. penicillata in
the south.

American Journal of Physical Anthropology

The RJ zone phenotype distributions identified here
are similar to those found by de Morais (2010). de Mor-
ais (2010) argues that such a phenotypic pattern sug-
gests multiple marmoset introductions into the RdJ
hybrid zone given that certain phenotypes are confined
to specific regions of the zone. Our genetic data suggest
multiple introductions into the RJ zone, with each of the
three recovered mtDNA haplotypes being more common
in certain areas than others. Haplotypes probably
remained localized mainly within the original introduc-
tion areas since marmoset gene flow between forest
patches within the RJ one is unlikely (see discussion
subsequently). Additionally, highway BR-101 probably
precludes gene flow between northern and southern por-
tions of the RJ zone as suggested by the significant
genetic structure between these two sides of the zone.
While other female mtDNA lineages may have been
introduced into the RJ zone, they may have been lost
due to the effects of genetic drift on mtDNA, which has
a small effective population size (Ballard and Whitlock,
2004).

Significant genetic structure is also evident between
marmoset populations on the northern and southern
sides of the PJ zone, which is divided by the Sao Fran-
cisco River. Genetic analyses of haplotypes from the PJ
zone are essentially comparing a large number of
sequences from two genetically differentiated species.
This context helps explain the high level of nucleotide
diversity found within the PJ hybrid zone when all hap-
lotypes are considered together. Interestingly, we found
evidence for the hypothesis that islands in the Sao Fran-
cisco River enable gene flow across the river since we
found a group of C. penicillata haplotypes on both the C.
Jacchus and C. penicillata sides of the river at capture
points between which lies a large island, Ilha do
Massangano.

Alternately, the presence of the C. penicillata haplo-
types found on either side of the Sao Francisco River
may be explained by incomplete lineage sorting as this
process may have affected other parts of our Callithrix
mtDNA phylogeny. However, in spite of this possibility,
our phylogeny showed only two cases of incongruence
between an individual’s phenotypic and haplotypic spe-
cies classification. Rather, our phylogeny shows poly-
phyly of species-level clades that still maintain internal
clade haplotypic and phenotypic congruence. Addition-
ally, the C. penicillata mtDNA haplotypes observed on
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riverbanks on either side of Ilha do Massangano fall
into close phylogenetic proximity of each other within
the same C. penicillata clade of our mtDNA CR phylog-
eny. Funk and Omland (2003) write “incomplete lineage
sorting is not predicted to promote geographical proxim-
ity of interspecifically shared alleles that may be seen
under local introgression.” The geographic and phyloge-
netic proximity of C. penicillata haplotypes seen in mar-
moset groups on either side of Ilha do Massangano
closely fit such a pattern pertaining to interspecific
introgression. This observation along with the rare
occurrence of haplotype/phenotype mismatches observed
in our mtDNA CR Callithrix phylogeny suggests that
the presence of C. penicillata haplotypes on C. jacchus
side of the RJ zone is best explained by interspecific
hybridization and introgression. Most likely, C. penicil-
lata migrated north via large fluvial landmasses such as
Ilha do Massangano and eventually encountered and
mated with resident C. jacchus populations.

Implications for Callithrix biodiversity and genetic
integrity

The Brazilian Atlantic Forest, the biome occupied by
most Callithrix species (Rylands et al. (1993, 2009), cur-
rently faces severe habitat destruction. The Callithrix
genus itself is already threatened with C. aurita as
listed as vulnerable, C. flaviceps as endangered, and C.
kuhlii as near-threatened (IUCN 2012. IUCN Red List
of Threatened Species Version 2012. 2. <iucnredlist.org>
Downloaded on May 01, 2013). Only about 11% of the
original forest cover of the Brazilian Atlantic Forest
remains as highly fragmented patches with 80% of frag-
ments sized at <50 ha, and an average distance of 1,440
m between fragments (Ribeiro et al., 2009). Such frag-
mentation is certainly a threat to the Callithrix genus,
as sizes of many Atlantic Forest fragments seem to be
near the minimum of adequate marmoset group home
range size (Rylands and de Faria, 1993). Forest patches
with an average size of 50 ha characterize the RJ hybrid
zone landscape, and distances between patches north of
highway BR-101 are about 250 m (personal observation,
CRRM). The capture sites of Fazenda dos Tamarins,
Ponto do Camarao, and Pesque Pague are part of the
same large forest fragment. The fragment is bordered on
its western and southern sides by highway, and on its
east and north side by large expanses of cleared land.
Few marmosets sampled within this particular fragment
had either a pure C. jacchus or C. penicillata appear-
ance, suggesting the possibility of the formation of a
hybrid swarm in this fragment. The hybrid swarm may
be the result of many generations of hybridization
within this forest fragment, barriers to gene flow into
and out of the fragment, and no new genetic input from
parental species into the fragment.

Unfortunately, the negative outlook for declining or
fragmented species includes loss of genetic variation,
alteration in levels of population differentiation, and
changes in levels of inbreeding (Sherwin and Moritz,
2000). Further, lowered genetic variation between popu-
lations can result in the loss of adaptive responses to
varied local conditions, reduction in adaptation opportu-
nities, and ultimately curtail the viability of a population
(Sherwin and Moritz, 2000). The addition of hybridiza-
tion into this delicate mix may further threaten the bio-
diversity and genetic integrity of species within the
Callithrix genus. C. jacchus and C. penicillata seem to

be the most frequently introduced exotic species into the
ranges of other native marmoset species. Such an influx
of new genetic variation may initially be advantageous
for a genetically depressed, endangered population.
However, given the level of isolation and fragmentation
of habitats where marmosets occur, hybridization
between exotic and native marmoset species may lead to
a situation of a hybrid swarm being contained within
forest patches holding marmoset populations. Pure popu-
lations could be replaced by complex hybrids whose
mosaic genomes have been shaped by different levels of
admixture from two or more parental species. Hybridiza-
tion has a multitude of positive and negative outcomes,
but certainly, such a process would impact how “pure”
each Callithrix species can remain, which would carry
important implications for the conservation of species
within this genus.

We observed evidence for low genetic variation and
hybrid swarming within the RJ hybrid zone, whereas in
the PJ zone, we observed levels of genetic variation com-
parable to that of pure, parental populations of C. jac-
chus and C. penicillata. Certainly, we cannot directly
measure the effect of hybridization on marmoset fitness
from our dataset. However, Reed and Frankham (2002)
showed that when a measure such as genetic variation
is used as a surrogate for fitness, it is positively and sig-
nificantly correlated with population fitness. Thus, this
leads us to suggest that the hybrid populations in the
RJ hybrid zone are less fit than populations of parental
marmoset species. On the other hand, marmosets within
the PJ zone are probably comparable in fitness to paren-
tal C. jacchus and C. penicillata populations.

If we use the RJ and PJ hybrid zones as models to
understand the dynamics of natural and artificial mar-
moset hybrid zones, our genetic data from these areas
imply complex hybridization outcomes within other mar-
moset hybrid zones. As most marmoset species are
located within the highly fragmented Brazilian Atlantic
Forest, marmoset hybridization within this biome may
carry potential implications of loss of genetic variation,
biodiversity, and reduction in population fitness. How-
ever, we are just beginning to examine the genetics of
hybridization within the Callithrix genus, and our study
only examined one locus in two hybrid zones. Callithrix
hybridization is a geographically widespread phenom-
enon, which occurs across the entire genus. Thus, to bet-
ter understand the evolutionary consequences of
hybridization on the Callithrix genus, it is important to
consider marmoset hybridization within the context of
other genetic loci, at other geographical locations, and
between various species. Additionally, studies are needed
to understand the effects of hybridization on marmoset
fitness and adaptation.
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