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SUMMARY

The domestication syndrome refers to a set of traits that are the by-products of artificial selection
for increased tolerance toward humans [1-3]. One hypothesis is that some species, like humans
and bonobos, “self-domesticated” and have been under selection for that same suite of
domesticated phenotypes [4-8]. However, the evidence for this has been largely circumstantial.
Here, we provide evidence that, in marmoset monkeys, the size of a domestication phenotype—a
white facial fur patch—is linked to their degree of affiliative vocal responding. During
development, the amount of parental vocal feedback experienced influences the rate of growth of
this facial white patch, and this suggests a mechanistic link between the two phenotypes, possibly
via neural crest cells. Our study provides evidence for links between vocal behavior and the
development of morphological phenotypes associated with domestication in a nonhuman primate.

In Brief

Like humans and bonobos, marmoset monkeys share a suite of phenotypes associated with the
domestication syndrome. Ghazanfar et al. show that the size of their white facial fur patch—a
common domestication phenotype—is correlated with vocal behavior. They then reveal that the
two traits are causally linked during development.
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Domesticated mammals have a set of characteristics in common that are rarely observed
together in their wild counterparts [1-3, 9]. These traits include depigmentation, more
frequent and non-seasonal estrous cycles, reduced sexual dimorphism, and expanded time
windows of behavioral development; collectively, they are referred to as the “domestication
syndrome” [10, 11]. The traits comprising the domestication syndrome were not each
selected for but were the by-products of selection for increased tolerance toward humans [1,
2].

Some hypothesize that species can “self-domesticate”: changes in niches and social
organization (among other things) can result in species being more tolerant of conspecifics
or another species with whom they share a habitat [4]. Humans [5, 6] and bonobos [7, 8] are
thought to have undergone selection favoring increased in-group tolerance (see [12] for a
review). Relative to chimpanzees, bonobos exhibit less inter- and intragroup aggression [13]
and increased social tolerance [14]. They also exhibit expanded developmental windows and
juvenilized patterns of cognition [15], a juvenilized craniofacial morphology [16], and
depigmented lips.

The evidence that some wild species have been under selection for domesticated phenotypes
is preliminary. There are no data linking the degree of affiliative or tolerant behavior an
individual exhibits with the presence or magnitude of other domestication traits [10, 11].
Moreover, there is a lack of evidence connecting behavioral phenotypes with morphological
ones during development, even though certain types of developmental mechanisms are
central to the hypothesis [10]. Here, we introduce marmoset monkeys ( Callithrix jacchus) as
a candidate domestication-syndrome species and demonstrate (1) a relationship between the
magnitude of an affiliative behavior and a morphological phenotype and (2) a causal
connection between them during development.

Marmoset monkeys exhibit a high degree of social tolerance and prosociality [17]. Like
humans, they exhibit allomaternal care of infants [18], food sharing with unrelated group
members [19], and affiliative vocal exchanges [20, 21] (for reviews, see [22, 23]).
Marmosets take turns vocalizing, exhibiting contingent and repeated exchanges of
vocalizations between two individuals for an extended time period [21]. Marmosets also
exhibit a number of domestication syndrome traits: apparent depigmentation (a prominent
white patch of fur on their foreheads; Figure 1A); non-seasonal breeding [24]; a lack of
sexual dimorphism [25]; and an expanded developmental time window (relative to other
nonhuman primates) during which they exhibit vocal production learning as infants [26, 27].
In human prelinguistic vocal learning, turn-taking behavior serves as a learning mechanism:
parents provide contingent responses to their offspring to spur the development of an
infant’s vocalizations [28]. Marmoset monkeys also show this social reinforcement strategy
during vocal development [26, 27].

We investigated whether there was a relationship between the vocal exchanges and a
morphological feature considered one of the most specific markers of domestication in many
species [2]: the white patch on the forehead. Hypothesizing that vocal cooperation and
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depigmentation are linked domestication phenotypes, we predicted that the size of the white
patch should be positively correlated with the probability of responding to conspecific
contact calls (Figure 1B). We found a significant positive relationship between white patch
size and percent of contact calls to which the subject responded (n = 8 subjects; Spearman
rho = 0.847; p = 0.013; Figure 1C). Body weight was not correlated to either white patch
size (Spearman rho = —0.587; p = 0.134) or vocal responses (Spearman rho = —-0.293; p =
0.483; Figure S1). Moreover, the correlation between white patch size and rate of vocal
exchange remained significant and positive after controlling for the body weight (partial
Spearman rho = 0.872; p = 0.011). We also found that there was no correlation between
vocal output per se—i.e., spontaneous contact calling with no other conspecific within ear
shot and the size of the white patch (Spearman rho = 0.563; p = 0.154).

The correlation between the size of the white patch and the degree of cooperative vocal
behavior suggests a pleiotropic mechanism. One hypothesis posits that the domestication
syndrome reflects partial loss-of-function mutations related to neural crest cell development
[3]; the neural crest is a population of pluripotent cells that migrate to various parts of the
body during development and whose derivatives include melanocytes, secretory cells (such
as those of the adrenal glands), the cells that make up the bones, cartilage, and connective
tissues of the head (including the larynx), and neurons of the autonomic nervous system
[29]. Wilkins et al. [3] suggest that selection pressures on tameness acted via a reduction in
the size of the adrenal gland (which plays a role in stress responses) and that a smaller neural
crest cell population would lead to a smaller adrenal gland while simultaneously reducing
the population size of other neural-crest-derived cells (e.g., less pigmentation through a
reduction in melanocyte numbers). Applied to marmosets, a prediction of the hypothesis is
that the white facial patch is white due to a reduction in melanocytes [30, 31]. We tested
whether melanocytes were reduced or absent, consistent with the neural crest cell
hypothesis. The white patches, along with some of the surrounding blackish fur, were
dissected from two adult marmosets. These tissues were stained with a melanocyte marker
(Trp1; green) and a nuclear marker (DAPI; blue). Figure 2 shows that, in both animals, hair
follicles in the white patches contain far fewer melanocytes than those follicles in the darker
fur.

The neural crest cell hypothesis also predicts that the white patch on the head and vocal
behavior are developmentally linked. If true, then changing the trajectory of vocal
development should also change face patch development. Infant marmoset monkeys produce
immature-sounding contact calls that, over the course of 2 months, transform into mature-
sounding versions. In a published study of three pairs of dizygotic twins (6 infants from 3
different sets of parents, with each twin pair consisting of a male and a female) and starting
at postnatal day 1 (P1), we provided one randomly selected twin the best possible simulated
“parent,” who gave 100% vocal feedback via a computer-controlled closed-loop playback
system when the infant produced an immature contact call. The other twin received vocal
feedback to only 10% of the contact calls it produced [27] (Figure S2). Each experimental
session lasted 40 min; the infants were otherwise with their families for the remaining ~23 h
each day. These conditioning sessions occurred almost every day until P60 and revealed that
infants who received greater contingent feedback from parents developed their mature
contact calls faster [27].
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In the same set of infants, we tracked the development of the white face patch from P1 to
P157, sampling through color-calibrated digital photos about twice a week. We assessed
whether the development of the white facial patch—Ilike vocal production—was also
influenced by contingent parental feedback. We systematically measured the size of white
patch using a computer imaging technique based on a pulse-coupled neural network
(PCNN), which segments images into clusters of similar pixels (Figure 3A). The PCNN-
segmented images were standardized for size and orientation, and the maximum length
(horizontal), height (vertical), and area of the patch were calculated in pixels. These
measurements were used to generate growth curves estimating patch size on each
postpartum day for each infant. Figures 3B and 3C show the relationship between the white
patch size and age and body size (weight) for the three pairs of twins. We fitted a multiple
linear regression model to the data with white patch size as the dependent variable and the
postnatal day, body weight, sex, feedback condition (high versus low rate of contingent
parental vocal responses), and family as independent variables (Table 1). We also included in
the regression the interaction between postnatal day with sex, condition, and family. The
fitted model had an adjusted R? of 0.988. The rate of white patch development was
significantly faster for the marmosets that received vocal feedback 100% versus 10% of the
time (n = 315 days, 6 subjects; p < 0.001; difference between conditions is ~0.1 mm?2/30
days), supporting the hypothesis that the amount of parental vocal feedback can indeed
change the developmental trajectory of the white facial patch (Figure 3D). Family, sex, and
body weight also influenced the rate of white patch development (n = 315 days, 6 subjects; p
< 0.001 for all factors). Because body weight and postnatal day are highly correlated, we
also fitted the linear regression model without body weight as a factor (Table S1). The
results are consistent overall: vocal feedback condition significantly affects the rate of the
white patch development (n = 315 days, 6 subjects; p = 0.006). To further support our
claims, we also fitted a linear mixed-effect model using family as grouping variable (Table
S2). We again find that rate of white patch growth is significantly affected by vocal feedback
condition (n = 315; p = 0.005).

DISCUSSION

Critics of the domestication syndrome have pointed out that there is little evidence for trait
associations at the individual level [10, 11]. Our results show that the degree of affiliative
vocal behavior in marmoset monkeys is linked to the size of the white patch of fur on their
head, that the fur is white because of a paucity of melanocytes, and that experimentally
influencing vocal development modulates the rate of white patch development. The latter
suggests that rearing experience can influence the adult endpoints observed in Figure 1.
These and other phenotypes exhibited by marmoset monkeys suggest that they may be the
result of selection pressures that lead to the domestication phenotype.

Domestication in other species is linked both empirically and theoretically to changes in
vocal behavior and vocal learning. Foxes selected for tameness have altered vocalizations in
response to the presence of humans [32]. The Bengalese finch (Lonchura striata var.
domestica), a domesticated lineage derived from the white-rumped munia (Lonchura striata),
learns and produces a more-complex song, is less constrained in what it learns, and retains
greater song plasticity in adulthood compared to its wild counterpart [33]. In the human
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lineage, it has been proposed that selection for the domestication syndrome also facilitated
communicative learning and hence language evolution [34, 35].

One hypothesis suggests that selection by humans for increased tameness in animals acted
via a reduction in the size of the adrenal gland, with a smaller neural crest cell population as
one mechanism [3]. Because the neural crest contributes to many phenotypes, any selective
pressure on that cell population will inadvertently affect other phenotypes derived from it. A
number of genetic changes could potentially lead to this hypofunction of the neural crest cell
population [3], and some genes are linked to both domestication and changes in the neural
crest [36—-39]. What evidence connects the neural crest to vocal behavior? The larynx is an
anatomical structure derived from neural crest cells [40], and there is evidence for at least
one link between larynx size and the domestication syndrome: bonobos show a reduction in
the size of their larynx when compared to the larynx of the closely related chimpanzee [41].
Hypofunction of the neural crest cell population during embryonic development potentially
explains this reduced larynx size.

Our findings in marmoset monkeys are consistent with selection for the domestication
syndrome via the neural crest cell population, because the size of the white facial patch was
positively correlated with affiliative vocal behavior and exhibited a paucity of neural-crest-
cell-derived melanocytes. We also showed that the growth of the white patch accelerates
with greater vocal feedback; this feedback also accelerates vocal production learning [27]. In
addition, we know that the marmoset larynx, which is also neural crest derived [40], is still
developing during this time [42]. How can we relate these postnatal developmental processes
to neural crest cell hypofunction when neural crest migration is largely an embryonic
phenomenon? One odd feature of embryonic development in marmosets is that the twin
embryos stop growing for a time interval such that they lag behind the development of other
nonhuman primates by about 3 weeks [43, 44]. The result is altricial offspring relative to
other nonhuman primates. At birth, this is reflected in poor locomotor skills [45-47]. It may
be that neural-crest-cell-related developmental events that are typically embryonic in other
primates are occurring in early postnatal life in marmoset monkeys. Another possibility is
that, although the initial size and migration of the neural crest cell may occur embryonically,
their differentiation and survival are modulated postnatally. A reduction in glucocorticoid
concentrations adversely affects the survival of neural-crest-derived cells [48];
glucocorticoid concentrations are reduced during vocal interactions [24]. Thus, vocal
interactions during development may be an experiential means for reducing the number of
neural-crest-derived cells.

We speculate that the putative selection pressure leading to the domestication phenotype in
marmoset monkeys and humans is cooperative breeding. Humans and most species in the
callitrichine subfamily of monkeys (to which marmosets belong) are the only primates to
exhibit cooperative breeding in which both parents, older siblings, and unrelated
conspecifics help care for infants [49]. For marmoset monkeys, the strategy evolved
alongside obligate production of dizygotic twins. For humans, it may be necessary because
we produce such extremely altricial offspring. In both cases, the energetic costs of caring for
one or more infants exceed the capacity of a single parent [50, 51]. Conversely, Wrangham
posits that linguistic capacity (and the attendant ability for a group to conspire against an
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overly aggressive individual) rather than cooperative breeding is the likely pressure for
domestication [52]. We counter that the large modern human brain likely resulted in
increased pressure for more intensive cooperative breeding, perhaps requiring more
individuals to help care for altricial infants. The larger brains of H. sapien infants increase
both their energetic requirements and the likelihood of an earlier birth in a more altricial
state [53], and the proposed evolutionary timing of birthing difficulties (<500,000 years ago)
[54] coincides with the timing of the appearance of domestication phenotypes in humans
[52].

A similar pressure may have been applied to marmosets when they started twinning: two
growing fetal brains are more energetically costly than a single brain [55], and marmosets
exhibit birthing difficulties in captivity [56]. All marmoset species produce twins and
presumably adopt a cooperative breeding strategy, and most, but not all, exhibit a white
forehead patch. The Maués marmoset (Mico mauesi), for instance, lacks a white patch.
Another callitrichine, Callimico (Goeldi’s monkey), is a monophyletic genus most closely
related to marmosets that does not produce twins; their production of singleton infants is a
derived phenotype [57]. Yet this species still exhibits cooperative care of infants [58] (albeit
perhaps not at the same level as in other callitrichines) [59] and lacks a white facial patch.
One approach for further testing of our ideas would be to compare the development of vocal
behavior in species lacking the white face patch and/or twinning with those of the common
marmoset. Another approach might be to make comparisons with species outside the
subfamily. Squirrel monkeys (Saimiri spp.), for example, are also small in size and produce
singleton offspring, which are large relative to other species and result in birthing difficulties
[55, 60]. Moreover, squirrel monkeys exhibit partial cooperative care: related and unrelated
adult females care for each other’s infants [61].

There are multiple caveats to our study which we hope will encourage replication. We use
only a small number of animals. Our sample size in the adult study (n = 8; Figure 1)
precluded us from a more-refined analysis of vocal exchanges; we could not ascertain
whether marmosets show a bias toward responding to some individuals versus others. We
know from our previous, slightly larger study of vocal interactions that marmosets will
exchange vocalizations with any other marmoset [21]. However, other studies suggest that
marmaosets, based on their contact call acoustics, have the potential to discriminate between
individuals (and may bias their vocal responses accordingly) [62—-64]. Another caveat is that
we used animals born and raised in captivity [65]. Our monkeys are descended from a
population subset that was “trappable” in the wild; individuals with particular traits are more
likely to be caught. Captivity also affects genetic background and social experience [65].
Nonetheless, the behaviors (vocal exchanges) and the white facial patch on which we focus
are both present in wild marmosets.

In summary, our study provides experimental evidence that affiliative behavior can be
directly linked to the emergence of phenotypes associated with domestication in a
cooperatively breeding nonhuman primate. The potential involvement of neural crest cells
provides a mechanism by which behavioral experience can be linked to the emergence of
morphological phenotypes associated with domestication. This in turn provides new insights
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into how selection on correlated phenotypes may have acted during human evolution, as
hominins became increasingly reliant on cooperative networks for survival and reproduction.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources should be directed to the
lead contact, Asif Ghazanfar (asifg@princeton.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All data and the code to analyze them are available in
DRYAD (https://doi.org/10.5061/dryad.51c59zw65)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were approved by, and performed in compliance with, Princeton University
Institutional Animal Care and Use Committee and its guidelines (protocol # 1908-18). The
subjects were captive common marmosets (Callithrix jacchus) housed at Princeton
University. The colony room is maintained at a temperature of approximately 27°C and
50%—-60% relative humidity, with 12L:12D light cycle. The marmosets live in family
groups; all were born in captivity. They had ad /ibitum access to water and were fed daily
with standard commercial chow supplemented with fruits and vegetables.

METHOD DETAILS

Facial image collection—For adult marmoset monkeys (n = 8), head-on photographs
were used to assess white patch size. Photographs were taken while the animals were
anesthetized during a routine physical exam performed by university veterinary staff. A
Canon T2i camera with a standard Canon EF-S lens with focal length of 18-55mm captured
the images. Lighting and image resolution were controlled: One experimenter would hold
each marmoset, while another would hold up a ColorChecker Passport (color standard) and a
ruler in the same frame and level to the marmoset’s forehead. All photos were shot and
stored in the raw image format. Because adult patches are large, easy to measure, and do not
change over time, we took a simple approach to their measurement. The white patch of fur
on each head was outlined digitally in each photograph by hand using the ImageJ program
[66]. ImageJ calculated the area and Feret’s diameter (the maximum diameter) of the patch.

For infant marmoset monkeys (n = 6), starting on postnatal day 1, they were removed from
their homecage and photographed in a separate room using a Canon EOS Rebel T2i DSLR
with a Canon EF-S 18-55mm IS lens, with images collected in RAW format. An X-Rite
ColorChecker Passport Photo color standard was placed next to the infant in each image and
was later used to calibrate the images. Pictures were taken at least twice a week during their
first 5 months of postnatal life. One experimenter manually held the infant and
ColorChecker standard facing the camera while the second experimenter took the picture. In
parallel, these same infants participated in a vocal learning experiment approximately every
day for their first 2 months of postnatal life [27].
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Because there were many more infant images than the eight adult images, and because the
white patch needed to be tracked over time to measure growth, image processing and
analysis for infant photos were implemented in MATLAB (version R2017a) using
previously reported [67, 68] and custom written code. RAW images were converted to linear
TIFFs using dcraw (Coffin 2012). Color constancy was implemented by re-scaling image
color channels based on reflectance measured from the white patch of the ColorChecker
standard in each image (the adjacent method [69, 70]). The images were cropped to include
only the subject’s head and converted to greyscale (Figure 3A).

For analysis, we used a pulse-coupled neural network (PCNN) to extract primate face
patches [67]. The algorithm for generating segmented images using PCNNs requires a “link”
parameter that specifies the local connectivity of each pixel. This controls how large the
extracted regions are. In our images, variability in lighting was such that no single link value
worked for every photo without the PCNN incorrectly estimating the size of the white face
patch. Therefore, all images were run through the PCNN using three different link
parameters (link = 6, 7, 8). By default, the middle value (link = 7) was used, but where one
of the two other values performed significantly better, that value was used instead. All
PCNNSs were run for ten iterations to generate images with the forehead patch segmented
from the surrounding regions of the face.

The PCNN segmented images were rotated/rescaled so that the outer corners of eyes were
horizontal and 200 pixels apart (standardized for size/orientation). In this way, we accounted
for changes in white patch size that were due to differences in head size. The PCNN image
region corresponding to the white patch was selected when present (when absent,
measurements = 0). The maximum length (horizontal), height (vertical) and area of the patch
were calculated in pixel units (Figure 3A). Local regression (loess) smoothing was used to
generate a general patch growth curve for each metric for each animal. Loess smoothing was
implemented using the loess function in R (Version 3.3.3), with span = 0.8 and served to
predict/interpolate values for all days between the first day that the white patch was detected
until ~150 postnatal days.

The collection of facial images for adults versus infants was separated by almost 3 years;
they were taken under different photographic conditions. We did not anticipate the
connection between the studies at the time. Unfortunately, this precluded us from using the
PCNN on adult facial images as we did for the infants.

Vocal data collection—Adult vocal behavioral data were collected from the same 8
animals used for facial photos. Two types of behaviors were recorded under controlled
conditions: spontaneous vocalizations produced when the animal was alone, and vocal
exchanges produced when two animals were in auditory but not visual contact. We acquired
vocal exchanges produced by marmosets paired in various combinations (e.g., cagemate
pairs and non-cagemate pairs with none related to each other). Although marmosets have
various distinct vocalizations produced in a number of different contexts [71], 99.9% of calls
recorded under these conditions were contact “phee” calls [21].
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Measuring vocal exchanges—We ran each adult marmoset in two experimental
conditions: alone and paired. In the alone condition, each marmoset was placed alone in the
testing room and the vocalizations were recorded. In the paired condition, two animals were
placed in the same room and the vocalizations were recorded. All sessions lasted either 15 or
30 minutes. Each animal was tested only once a day and subjects were run on the two
conditions in randomized order. The experimental room measured 2.5 m x 2.5 m with walls
covered in sound attenuating foam. Two tables (.66 m in height) were positioned at
diagonally opposite corners of the room. The animals were placed—one on each table in the
paired condition—in prism-shaped testing boxes made of plexiglas and wire (.30 m x 0.30 m
x 0.35 m). The testing corner was counterbalanced across each monkey and sessions. A
speaker was positioned at a third corner equidistant from both testing corners and pink noise
was broadcast at ~45 dB in order to mask occasional noises produced external to the testing
room. Digital recorders (ZOOM H4n Handy Recorder) were placed directly in front of each
testing box at a distance of 0.76 m. Audio signals were acquired at a sampling frequency of
96 kHz. An opaque cloth occluder divided the room in two and prevented the subjects from
getting visual cues from each other during the course of the experiment. Each testing box
was thoroughly wiped down between each test session to eliminate odors left by previous
subjects. For the paired condition, the experimenter ensured that each of the paired
marmosets had no visual contact with each other, from the time of removal from the home
environment until the end of experiment. Once the subjects were in place, the experimenter
turned on both recorders and left the room.

Each adult marmoset paired with one of our 8 subjects was selected randomly from our
colony. We calculated vocal exchange from 49 sessions in paired conditions. Each session
was analyzed to report the response probability (measure of cooperation) for each marmoset.
Time intervals between calls were calculated as the difference between the beginning of the
subsequent call and the end of the previous call. Calls from different individuals less than 12
s apart were considered response calls. Intervals between calls from different marmosets that
were 0 s or less (negative intervals) indicated an overlapping call. As vocal exchanges
require cooperation and consist of minimal overlaps [21], overlapping calls were not
considered response calls. The probability of response for each subject was calculated as the
average of response probabilities of all sessions from the same subject.

Phee call detection—A custom made MATLAB routine automatically detected the onset
and offset of any acoustic signal that differed from the background noise at specific
frequency range. To detect the differences, we band-passed the entire recording signal
between 5 and 8kHz. This corresponds to the fundamental frequency of marmoset phee
calls. We then compared the amplitude of the signal at this frequency band for the periods
without call and during a call. A simple threshold was enough to distinguish both periods.
Onset-offset gaps longer than one second indicated separate calls, whereas gaps shorter or
equal to one second indicated syllables from the same call. After this procedure, we
manually verified for each call whether the automatic routine correctly identified single phee
calls or combined multiple calls, using the one-second separation criteria. For the paired
dataset, we had to compare the amplitude of the band-passed signal recorded from the two
microphones in the room to determine which of the marmoset was producing a call. When
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the same call recorded from opposing corners of the room was compared, the amplitude was
larger for the microphone at the same corner of the caller.

Immunohistochemistry—Skin tissues from black and white patches were dissected post-
mortem from animals that were euthanized for health-related reasons; all euthanasia
decisions are made by the university veterinary staff. These tissues were fixed overnight with
4% Paraformaldehyde, and embedded in paraffin. Samples were sectioned and
deparaffinized by incubation in sequential series of Xylene, Ethanol (100%, 95%, 70%,
50%) and ddH,0O. Antigen unmasking was carried by boiling slides at 100°C in Citrate
buffer for 20 min. Tissues were blocked with 3% BSA dissolved in 1XxPBT (1xPBS + 0.05%
Tween) and incubated with anti-Tyrpl antibody (1:200; kind gift of Dr. Vince Hearing)
overnight at 4°C. The following day, tissues were washed with 1xPBT and incubated with
Alexa 488 goat anti rabbit antibody (Molecular Probes) for 1hr. Following a series of washes
with 1xPBT, nuclei were stained with DAPI and slides were cover-slipped and imaged with
a Nikon NiE Upright microscope. For negative controls, the same procedure was followed
but no primary antibody was used.

QUANTIFICATION AND STATISTICAL ANALYSIS

We used MATLARB to calculate the statistics. We used the functions corrand partialcorrto
calculate the correlations and partial correlation, respectively. We used the function 7it/m and
fitlme to calculate the multiple linear regression and linear mixed effect model. Categorial
variables (Sex = {male/female}, Condition = {high/low contingency rate}, Family = {family
1/2/3}) were converted to dummy variables. Family and Sex uniquely specifies the identity
of the subject. We considered three different models of the data. Model 1: Using the
Wilkinson notation, we have

WhitePatchSize ~(1+PND)*(Condition + Sex + Family) + BodyWeight.

Here, we are using the fixed effect model following the recommendation to avoid specifying
random effects when the number of levels are less than five. Model 2: WhitePatchSize
~(1+PND)*(Condition + Sex + Family). Using this model, we verified if the collinearity
between BodyWeight and PND could influence the result. Model 3: WhitePatchSize
~(1+PND)*(Condition + Sex) + (PND|Family). Despite the small number of levels (three),
we nevertheless tested if considering Family as a random effect would significantly affect
the result; it did not (Table S2). Details regarding the number of subjects, means, confidence
intervals, p values, etc. can be found in the Results text and in Tables 1, S1, and S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Marmoset monkeys exhibit a number of domestication phenotypes
White facial patch size correlates with vocal responses
The development of patch is influenced by parental vocal feedback

Paucity of melanocytes in patch supports neural crest hypothesis
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Figure 1. The Probability of Vocal Responses by Marmoset Monkeys Is Related to the Size of
Their White Facial Patch

(A) Adult common marmaosets all exhibit a prominent white facial patch on their foreheads.
We measured their area using image analysis software.

(B) Example of a vocal exchange between two adult marmosets. Top panel shows the time-
amplitude waveforms, and the bottom panel shows the spectrogram.

(C) Correlation between white patch size and probability to respond to a conspecific call.
Red solid line is the regression line, the blue circles are the data points, and the dotted red
lines show the 95% confidence interval.

See Figure S1.
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Figure 2. The White Facial Patch Contains a Paucity of Melanocytes Relative to the Adjacent
Dark Fur

This supports the neural crest cell hypothesis for domestication phenotypes. Green indicates
the presence of melanocytes (Trpl antibody); the blue is a nuclear stain. Samples from two
different marmosets are depicted, one per row.
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Figure 3. Contingent Vocal Feedback from Parents Influences the Rate of White Patch
Development in Infants

(A) White patch measurements were made semi-automatically using pulse-coupled neural
networks. These captured the initial appearance and growth of the patch in infant marmosets.
(B) Graph representing the change in white patch size during development. Data are plotted
from the first day of detection. White patch size is calculated in normalized pixel units
(n.p.); circles show the dates when data were collected.

(C) Percentage change in white patch size as a function of contingency and after correcting
for sex and body weight. The percentage is calculated comparing the sex and body-weight-
correct white patch sizes with the size at days 121 (twin A), 96 (twin B), and 105 (twin C),
respectively. Circles show the dates where data were collected.

(D) Predicted patch size change for each condition (100% and 10% feedback). The
percentage change is estimated based on the white patch sizes estimated by the regression at
postnatal day 85 for each group.

See Figure S2.
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Parental Vocal Feedback Influences Size of White Facial Patch

Table 1.

SumSq DF F p Value

Post-natal day (PND) ~ 3.5812e+06 1 636.61  <0.001
Body size 8.6966e+05 1 154.6 <0.001
Sex 25,522 1 45369 0.033
Condition 18,168 1 3.2297  0.073
Family 1.6221e+07 2 1,441.6 <0.001
PND:sex 3.057e5+06 1 54351  <0.001
PND:condition 2.1365e+0.5 1 37.98 <0.001
PND:family 2.799e+06 2 247.01  <0.001
Error 1.7101e+06 304

Page 19

Number of observations: 315; error degrees of freedom: 304; root-mean-squared error: 75; R-squared: 0.988; adjusted R-squared: 0.988; F-statistic
versus constant model: 2.52e+03; p < 0.001; see also Tables S1 and S2.
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