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1. Summary

The objective of this doctoral thesis is to contribute to the current discussion of the origins 

of language in our species. Various hypotheses have been proposed to explain this conundrum, 

many of them with antithetical views. The framework adopted in this thesis, and the 

fundamental basis of the investigation conducted therein, is the human self-domestication 

hypothesis. According to this hypothesis, specific characteristics of the human phenotype are a 

result, in part, of a process similar to that experienced by domesticated animals. The fact that 

many domesticated animals share common traits, known as the ‘domestication 

syndrome’ (DS) has led researchers to hypothesize that these cognitive, behavioral, and 

physical traits are the result of sexual selection of individuals with lower levels of aggression, 

in response to changes in a variety of environmental factors. One consequence of self-

domestication, according to this hypothesis, is the creation of a ‘cultural niche’, that is, a 

sociocultural environment that allows for the complexification of language via a cultural 

mechanism (Thomas and Kirby, 2018; Benítez-Burraco and Progovac, 2020). In this view, 

human language (particularly, languages used and spoken currently) can be seen as not only 

the product of biological factors, but also of advanced cultural aspects that characterise us as a 

species, which of course are also brought about by the same biological factors that shape 

language. This thesis is centered on the more variable aspects of human self-

domestication; since self-domestication is thought to be the result of physical changes 

related to control of aggression, it stands to reason that factors which favor prosocial behavior 

also heighten traits associated with self-domestication, and vice versa. Because more recently 

evolved traits are more vulnerable to ontogenetic damage, neurodevelopmental disorders 

prove to be key areas of study. A fundamental objective of the thesis is to determine 

the extent to which features of self-domestication are altered in disorders related to 

atypical or impaired socialization, and how this may contribute to the current 

understanding of language evolution. In order to do this, two main disorders were selected: 

Williams Syndrome (WS) and Autism Spectrum Disorders (ASD), which have 

traditionally been considered to represent opposite extremes when it comes to social 

behavior, with individuals with ASD exhibiting diminished traits of self-domestication 

(see Benítez-Burraco et al., 2016 for a discussion), and individuals with WS seemingly 

exhibiting exaggerated traits of self-domestication. 

The first article of this thesis (Niego and Benítez-Burraco, 2019) focuses on WS, with the 

main goal of discovering whether or not this assumption about exaggerated DS traits is true, 

and if the anecdotal evidence suggesting so can be substantiated with research. The 

research conducted for this article supports the fact that many traits of human self-
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domestication are indeed exaggerated in people with WS. In addition, various candidate genes 

for domestication in mammals are found to be significantly dysregulated in the blood of 

people with WS, suggesting that the WS deletion region may contain genes which are involved 

in the self-domesticated phenotype and that these genes affect the characteristic traits of WS. 

Once this characterization of ASD and WS as hypo- and hyper-domesticated conditions was 

established, the second and third articles of this thesis (Niego and Benítez- Burraco, 2020; 

Niego and Benítez-Burraco, 2021a) aimed to determine to what extent these conditions can be 

considered as opposite to each other in the sociocognitive realm. The fundamental reason for 

this was to determine if their opposite manifestations of the self-domestication syndrome affect 

the cognitive and social/behavioral phenotypes of both disorders. Article Two (Niego and 

Benítez-Burraco, 2020) concluded that ASD and WS cannot be considered to be opposites—

neither in the phenotypical sense nor in the neurobiological sense. The third article (Niego and 

Benítez-Burraco, 2021a) extended this conclusion to the genetic realm, since a significant 

overlap was found between differentially expressed genes in the blood of ASD and WS. The 

aim was to investigate whether there are also quantitative differences at the phenotypic level 

which could be attributed to this genetic overlap. The results of both articles suggest that the 

case of ASD and WS is too complicated to explain these two disorders as opposite ends of a 

spectrum; both ASD and WS are not static conditions, but rather exist on a continuum, of 

which neurotypical people are also a part. The last two articles that make up the thesis, 

articles four and five (Niego and Benítez- Burraco, 2021b; Niego and Benítez- Burraco, 

2021c) analyze feralization, a seemingly opposite process to domestication, and its impact on 

communicative capacity. Feralization is the process by which a domesticated animal returns to 

a wild-like environment. Understanding the extent to which feralization represents a genuine 

reversal of domestication and to what extent it can be seen as simply an adaptation to 

environment can aid in understanding the limits of the variation displayed in the self-

domesticated phenotype, both in neurotypical populations and in disorders. Article Four 

(Niego and Benítez-Burraco, 2021b) concluded that feralization does not in fact represent a 

complete reversal of domestication, but rather that certain physical, behavioral, and 

neurobiological traits revert to some extent. This investigation pointed to the fact that only a 

limited number of genes are involved in both feralization and domestication, and these genes 

can be considered to be promising candidates when it comes to explaining the sensitivity 

of self-domestication to environmental effects. Article Five (Niego and Benítez-Burraco, 

2021c) sought to apply the conclusions derived from the previous article to humans, in 

particular, to clarify to what extent our characteristic sociocognitive traits (resulting from 

human self-domestication) are expected to revert as the result of genetic or environmental 

changes. In order to do this, Article Five made use of various lists of traits garnered from 

literature on feral animals with characteristics of individuals with ASD–a sociocognitive 
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disorder known for its genetic origin– as well as individuals with Reactive Attachment 

Disorder (RAD) –a sociocognitive disorder known for its environmental origin. Given the 

principal objective of this thesis, special attention was paid to problems concerning language 

and communication in all of the groups which were studied. 

Key words: self-domestication, language evolution, neural crest, Williams syndrome, 

feralization, language impairment, Autism spectrum disorders, social cognition, social 

behavior, neurobiology, differentially expressed genes 

Resumen 

El objetivo de la presente tesis doctoral es contribuir a la actual discusión acerca del origen 

del lenguaje, acerca del cual se han formulado hipótesis muy diversas, en muchos 

casos contradictorias y a veces, antitéticas. El marco evolutivo en el que se encuadra es el de 

la auto domesticación humana, en esencia, la posibilidad de que el fenotipo humano sea, al 

menos en parte, el resultado de un proceso similar al experimentado por los animales 

domésticos, resultante de la selección de individuos con niveles de agresividad menores 

en respuesta a cambios en determinados factores ambientales. Una consecuencia de dicho 

proceso de auto domesticación habría sido la creación del ambiente (o “nicho”) 

sociocultural que permite el incremento de complejidad de las lenguas mediante un 

mecanismo cultural (Thomas y Kirby, 2018; Benítez-Burraco y Progovac, 2020). El 

lenguaje humano (y en particular, el tipo de lenguas habladas en la actualidad) sería así no 

solo el producto de los cambios biológicos que nos distinguen de otras especies de 

homínidos, sino, asimismo, de las formas de cultura avanzadas que nos caracterizan y 

que son también el resultado, en cierta media, de dichos cambios biológicos. La tesis se 

centra en los aspectos de la auto domesticación que presentan una mayor variabilidad. 

Puesto que la auto domesticación es el resultado, en última instancia, de cambios fisiológicos 

relacionados con los mecanismos de control de la agresividad, cabe esperar que los 

factores que favorezcan un comportamiento pro social incrementen los rasgos asociados a la 

auto domesticación, y viceversa. Dichos factores pueden ser endógenos (por ejemplo, la 

mutación de determinados genes, si afectan al desarrollo de nuestro cerebro social) 

o exógenos (por ejemplo, cualquier alteración del proceso normal de socialización del

individuo). Como consecuencia, cabe esperar también que el grado de auto domesticación de

nuestra especie haya ido variando (en buena medida, para incrementarse) con el tiempo

(Benítez-Burraco et al., 2020), pero también que puede presentar una manifestación diferente

en distintos grupos humanos (Gleeson and Kushnick, 2018). Puesto que los rasgos

evolucionados recientemente poseen menos mecanismos de seguridad y de compensación
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frente al daño ontogenético, un ámbito en el que pueden esperarse las diferencias más notables 

en lo concerniente a la auto domesticación es el de los trastornos del neurodesarrollo. Se llega, 

así, al objetivo fundamental de la tesis: determinar en qué medida los rasgos propios de la auto 

domesticación se presentan alterados en trastornos que conllevan patrones patológicos de 

socialización y en qué medida dicha alteración nos ayuda a entender mejor la evolución del 

lenguaje (y las lenguas) en el pasado. Los trastornos seleccionados fueron los trastornos del 

espectro autista (TEA) y el síndrome de Williams (SW), que se han considerado 

tradicionalmente patologías especulares en lo relativo a la cognición y al comportamiento 

sociales. En el primer caso, trabajos previos sugerían que los rasgos asociados a la auto 

domesticación se presentan, en general, atenuados (Benítez- Burraco et al., 2016). Sin 

embargo, estaba pendiente un estudio similar en el caso del segundo de ellos. En 

consecuencia, el primero de los artículos que integran la tesis (Niego y Benítez-Burraco, 2019) 

se planteó determinar si, como cabría esperar, los rasgos asociados a la auto domesticación 

están acentuados en los sujetos con SW. Un examen de la literatura clínica existente al 

respecto vino a confirmar esta posibilidad. No obstante, se encontró además que los genes 

candidato para la domesticación de los mamíferos se encuentran desregulados de forma 

significativa en la sangre de los sujetos con SW, lo que sugiere que la hemideleción 

característica de este trastorno afecta a la expresión normal de los genes responsables del 

fenotipo auto domesticado y que dicha alteración da cuenta, al menos en parte, de los síntomas 

característicos del trastorno. Una vez corroborado el carácter hipo- e híper domesticado, 

respectivamente, del TEA y el SW, el segundo y tercer artículos (Niego y Benítez- Burraco, 

2020; Niego y Benítez-Burraco, 2021a) se dedicaron a determinar en qué medida ambos 

trastornos son realmente condiciones especulares en el plano sociocognitivo. La razón 

fundamental era determinar si su carácter sustancialmente opuesto en lo concerniente a la auto 

domesticación tenía un reflejo directo en lo que atañe a la cognición y el comportamiento 

sociales. En el segundo artículo (Niego y Benítez-Burraco, 2020) se concluyó que ambos 

trastornos no pueden considerarse por completo opuestos en este sentido, ni a nivel fenotípico, 

ni neurobiológico. En el tercer artículo (Niego y Benítez- Burraco, 2021a) esta conclusión se 

extendió al plano genético, al constatarse que existe un solapamiento significativo entre los 

genes que presentan un patrón de expresión anómalo en la sangre de los sujetos con TEA y 

con SW, si bien existen también algunas diferencias (fundamentalmente de índole cuantitativa) 

que podrían explicar las diferencias a nivel fenotípico entre ambos trastornos, que también 

existen. En conjunto, los resultados de estos dos trabajos sugieren que en lo que atañe a la 

cognición social, los trastornos no son entidades estancas, sino que es más exacto hablar de un 

continuo cognitivo del que también formaría parte la población neurotípica. Los últimos 

trabajos que integran la tesis, artículos cuatro y cinco (Niego y Benítez-Burraco, 2021b; Niego 

y Benítez-Burraco, 2021c) se dedican al análisis del proceso contrario a la domesticación, a 
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saber, el asilvestramiento, y a su impacto en las capacidades comunicativas. El 

asilvestramiento es el proceso por el cual un animal previamente domesticado vuelve a 

condiciones naturales. Entender en qué medida el asilvestramiento entraña una genuina 

reversión de la domesticación y en qué medida representa una adaptación en sí mismo debería 

ayudar a comprender mejor los límites de la variación en la manifestación del fenotipo auto 

domesticado, tanto en las poblaciones neurotípicas (presentes y pasadas) como en los propios 

trastornos. El cuarto artículo (Niego y Benítez-Burraco, 2021b) concluyó que el 

asilvestramiento no implica, en contra de lo que podría pensarse, una reversión completa al 

estado silvestre, sino sólo de ciertos rasgos físicos, conductuales y neurobiológicos. El trabajo 

permitió determinar, asimismo, que sólo un número limitado de genes intervienen en ambos 

procesos, los cuales pueden considerarse candidatos especialmente prometedores para explicar 

la sensibilidad del proceso de (auto) domesticación a los efectos ambientales. El quinto 

artículo (Niego y Benítez-Burraco, 2021c) buscaba aplicar a nuestra propia especie las 

conclusiones derivadas del trabajo anterior, en particular, esclarecer en qué medida cabe 

esperar una reversión de nuestras características socio cognitivas distintivas (resultantes, en 

parte, de nuestra auto domesticación) cuando se producen alteraciones genéticas o 

ambientales. Para ello, en el artículo se compararon los rasgos observados en los animales 

asilvestrados con las características fenotípicas de un trastorno sociocognitivo de origen 

eminentemente genético (el TEA) y otro de origen sustancialmente ambiental (el denominado 

trastorno reactivo del apego), con una especial atención a los problemas de lenguaje y de 

comunicación. 

Palabras clave: auto domesticación, evolución del lenguaje, cresta neuronal, síndrome de 

Williams, asilvestramiento, problemas de lenguaje, trastornos del espectro autista, cognición 

social, comportamiento social, neurobiología, cambios en el patrón de expresión génica. 
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2. Introduction

The question of how language evolved in our species is a fascinating one, dealing with some 

of the most complex aspects of human evolution. Traditionally, the emergence of modern 

language in humans has been associated with specific changes in our development and 

cerebral connectivity, which gave rise to a new neuronal space that endowed humans with the 

potential to combine and relate certain conceptual elements (see Boeckx y Benítez-Burraco, 

2014 for an example). However, the rise of what we call modern behavior, which we associate 

with the use of language as we know it, happened a great deal later than these cognitive 

innovations, or at least later than the genetic markers associated with these changes in the brain 

(see Mellars et al., 2007; Hoffmann et al., 2018). It stands to reason, therefore, that the 

emergence of modern languages was also dependent on changes independent from the brain 

such as changes in social and cultural structure (Sinha, 2015a, b; Tattersall, 2017). This 

concurs with current findings in the field of linguistics pointing to the fact that numerous 

features of language are a result of the way language adapts itself according to the method of 

transmission (see Kirby et al., 2014 and 2015; Kirby, 2017). 

The current thesis confronts this daunting question, tying together theories from an 

evolutionary developmental (‘evo- devo’) biological perspective on how this phenomenon 

might have occurred. Central to this approach, and key to understanding the framework 

adopted here, are a few key concepts. The first is that language is the product of evolution, and 

thus has been subjected to natural selection and all of the constraints that might have arisen 

with it, much like any other evolved trait. The second is that humans are a self- domesticated 

species; that is, we underwent a process similar to that experienced by domesticated animals 

by selecting less aggressive sexual partners. The third is that self-domestication, and the 

processes and factors that drove it, produced the organic and cognitive scaffolding for 

language to develop in the human species (Benitez-Burraco and Progovac 2019, 2020). Thus, 

answering the question of how language arose in the human species requires collaboration 

among numerous and diverse fields of study, from biology to cultural anthropology. 

Fortunately, the field of language evolution has experienced a sort of renaissance recently; as 

more becomes known in the fields of biology, neuroscience, genetics, psychology, and many 

others, the more plausible it becomes to form a cohesive theory about how this evolution 

occurred. 

The hypothesis of human self-domestication centers on the idea that the human phenotype is, 

at least in part, the result of a process similar to that experienced by domesticated animals, 

resulting from sexual selection against aggression in response to certain environmental factors 
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(see Fitch, 2012; Wilkins et al., 2014). The host of changes produced by domestication in 

numerous animal species (usually referred to as the domestication syndrome, henceforth DS) 

includes craniofacial changes, increased docility, earlier sexual maturation, less sexual 

dimorphism within species, and smaller brains with altered functional connectivity (Wilkins et 

al., 2014). According to Fitch (2012) and Wilkins et al. (2014), these changes are the result of 

hypofunction of the neural crest, an embryonic structure that develops into and affects various 

parts of the body including the cranium, teeth, and the adrenal medulla, among others 

(although see Sanchez-Villagra et. al, 2016 for a critical view). Compared to the rest of extinct 

hominids and primates, our species shows a great deal of these so-called domesticated traits, 

including reduced brain size, smaller teeth, less sexual dimorphism, and less reactive 

aggression (that is, aggression resulting from fear or anger), among other traits (Shea, 1989; 

Leach, 2003; Somel et al., 2009; Zollikofer y Ponce de León, 2010; Herrmann et al., 2011; 

Plavcan, 2012; Márquez et al., 2014; Fukase et al., 2015; Stringer, 2016). 

 

Thus, the theory of self-domestication can contribute to existing knowledge about language 

evolution by explaining both physical changes that influenced the brain, making it ready to 

accommodate language as well as cultural changes that brought about the environment (or 

‘cultural niche’) which allowed for an increased complexity of language through a cultural 

process (Thomas, 2014; Benítez-Burraco and Kempe, 2018; Thomas and Kirby, 2018). This 

thesis focuses on endogenous factors (for example, mutations of specific genes if they affect 

our social brain) and exogenous factors (for example, any alteration of the normal process of 

individual socialization) with the aim of finding features of self-domestication that are more 

variable. Since the scale of self-domestication in our species has varied (mostly increased) 

over time (Benítez-Burraco et al., 2020), and manifested differently in distinct groups of 

humans (Gleeson y Kushnick, 2018), it stands to reason that features and presentation of 

domestication should be seen as a sliding scale instead of a fixed state. The fact that more 

recently evolved traits are more sensitive to ontogenetic damage because of their reduced 

resilience (see Toro et al., 2010 for ASD) leads to the conclusion that, in terms of self-

domestication, the most notable differences in the presentation of the DS will probably emerge 

through the study of neurodevelopmental disorders. A deep link exists between abnormal 

ontogeny and evolution, with human-specific cognitive abilities arising to a great extent from 

changes in preexisting neural circuits. These human-specific brain features are implicated in 

neurodevelopmental and neurodegenerative disease risk (see Pattabiraman et al., 2020 for a 

discussion). For this reason, neurodevelopmental disorders were chosen as a focus of this 

thesis; a large part of the research conducted for this thesis focused on two particular 

neurodevelopmental disorders: Autism Spectrum Disorders (ASD) and William Syndrome 

(WS). 
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2.1 Objectives 

The general objective of this thesis is to contribute to the current discussion about the origins 

of language, and aims to approach the question of language evolution through an examination 

of neurodevelopmental disorders, since such disorders are reflective of more recently evolved 

elements of the brain (see Benítez-Burraco y Boeckx, 2014 for a more thorough discussion). 

More specifically, the articles that make up this thesis aim to determine how traits of self-

domestication are manifested in disorders related to atypical patterns of socialization (mainly 

ASD and WS). Moreover, the research can further contribute to an understanding of how these 

disorders are tied to the evolution of language in the past. 

Each article in the thesis aims to resolve a series of specific questions to contribute to this 

fundamental objective. The first article (Niego y Benítez-Burraco, 2019) focuses on WS, 

exploring whether or not traits of self-domestication are exaggerated in people with this 

disorder, as the phenotype suggests. WS is a genetic condition resulting from a hemizygous 

deletion of around 25 genes (1.5-1.8Mb) on chromosome 7q11.23, all of which are known and 

some of which have been linked to various traits of the disease. Although WS is not high on 

the list of well-known neurocristopathies, variations in facial development and the cranium 

have been commonly documented (Mass and Belostoky, 1993; Axelsson, S, 2005). Many 

phenotypic traits of WS indicate disrupted NCC development as described by Wilkins et al. 

(2014); for example, altered bony and cartilaginous components of the craniofacial region and 

obvious irregularities in the adrenal cortex, heart, and neural tissue (Barnett et al., 2012). The 

known genetic origin of this disorder, together with the aforementioned connections with 

domesticated traits make WS an interesting area of research, one that could possibly elucidate 

more of the connections between genes involved in domestication, the evolution of the modern 

globular brain and, ultimately, the emergence of language in our species. An additional aim of 

this article is to investigate whether or not certain genes linked to domestication and the neural 

crest are dysregulated in subjects with WS. A further objective was to highlight new gene 

candidates for language evolution or domestication. 

Articles two and three of this thesis (Niego and Benítez-Burraco, 2020; Niego and Benítez- 

Burraco, 2021a) provide a thorough investigation into WS and ASD, focusing on links to 

language, socialization, and altered domestication. The focus on these two seemingly opposite 

disorders serves to clarify whether or not they are truly opposite conditions in terms of social 

cognition. Because ASD and WS seem to represent both ends of the domestication spectrum 

(WS on the hyper domesticated end and ASD on the hypo domesticated end) it is of interest to 

delve beneath the surface of both conditions to study them at the molecular, 
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neurodevelopmental, and behavioral levels and see whether or not their seemingly opposite 

phenotypes in terms of domestication are directly related to their seemingly opposite social 

phenotypes. Article Two (Niego and Benítez-Burraco, 2020) aimed to determine if the 

apparent differences between both disorders on the clinical level reflected (and were the 

ultimate result of) deeper differences at the cognitive and neurobiological levels. Article Three 

(Niego y Benítez-Burraco, 2021a) focused on the genetic level, investigating whether these 

observed differences between ASD and WS can be traced to specific genes or gene networks. 

 

Articles four and five (Niego and Benítez-Burraco, 2021b; and Niego and Benítez- Burraco, 

2021c, submitted) focus on understanding the process of ‘feralization’, that is, the return of a 

domesticated animal to a wild state. Feralization is of interest because it seems to be opposite 

to the process of domestication; it is of great interest to see whether or not this process brings 

about a reversal of domesticated traits at the behavioral, cognitive, and genetic levels. In 

essence, understanding the limits of the self- domesticated phenotype (i.e. which traits revert 

under feralization and which traits do not) can shed more light on human self-domestication, 

both in neurotypical populations and in people with sociocognitive disorders. Article Four 

(Niego and Benítez-Burraco, 2021b) aims to determine which traits of domestication were 

found to be reversed in feral animals, paying special attention when possible to the genes 

involved. It was of particular interest to determine whether overlap exists between genes 

involved in characteristics of both processes (domestication and feralization). Article Five 

(Niego and Benítez-Burraco, 2021c) extends this focus on feralization and domestication, 

highlighting neurodevelopmental disorders with profiles known to exhibit attenuated 

characteristics of domestication, such as ASD (Benítez-Burraco et al., 2016) and Reactive 

Attachment Disorder (RAD), which can be seen in this context as proxies for feralization in 

other species (to some extent). Although this is admittedly a generalization that is not 

applicable across the board, the fact that these disorders are marked by enhanced aggression, 

antisocial behavior, and reluctance to engage in social interaction allows for some parallels to 

be drawn between (self) domesticated and feral profiles. A second objective of this article was 

to determine to what extent the problems with language exhibited by individuals with these 

disorders are related to a reversion of self-domestication, or the absence of a domesticated 

environment. 
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2.2 Methodology 

As this thesis is composed of a collection of publications, the methodology varied depending 

on the approach taken by each article. In Article One (Niego and Benítez- Burraco, 2019) three 

methodological approaches were applied. First, a detailed account of features of domestication 

in WS was collected from an extensive review of the literature, with a focus on physical, 

cognitive, and behavioral traits. Second, the role of the genes in the deletion region was 

investigated, with a focus on involvement in neural crest function and more generally, in 

domestication. Language-readiness was also an important focus of study. To do this, both in 

silico and in vivo approaches were adopted. For the in silico approach, curated databases 

of interactions between proteins and of experimentally determined interactions were used, 

examining lists of genes garnered from previous studies. In order to establish the biological 

reliability of these links, an in vivo approach was also applied by conducting a 

more physiologically focused analysis, relying on gene expression profiles in the blood of 

people with WS. The aim of this approach was to discover whether genes involved in 

domestication and NC development and function are dysregulated in this condition and 

whether this up- or downregulation can explain aspects of the WS phenotype, particularly, 

their abnormal features of self-domestication. The gene expression profiling data of 

peripheral blood in patients with WS was obtained from Gene Expression Omnibus 

(GSE 89594). The Benjamini- Hochberg method (Benjamini and Hochberg, 1995) was 

then used to calculate the false discovery rate (FDR). 

Article Two (Niego and Benítez-Burraco, 2020) aims to compare similarities and differences 

between ASD and WS at the neurobiological level. In order to do so, an extensive review of 

recent (post 2000) literature was conducted, relying heavily on available repositories of 

technical papers, particularly, PubMed (https://pubmed.ncbi.nlm.nih.gov/). Whenever possible, 

meta-analyses and review papers were used. Once gathered, the literature review focused on 

the categories of cognition, language, and social behavior in both ASD and WS. Relevant 

similarities and differences between the two were compiled and discussed for all of these 

categories. Subsequently, information from the literature was gathered on neurobiological 

features of ASD and WS, that is, the brain regions involved in the phenotypes of both 

disorders, and the evidence was compared in order to extract a list of prominent similarities 

and differences between the two. The information on neurobiological processes was examined 

in light of the cognitive, linguistic, and social profiles of both conditions to provide a more 

profound view of the underlying causes of the similarities and differences noted. 

Article Three (Niego and Benítez-Burraco 2021a) aimed to compare WS and ASD on a 
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genetic level, adopting a comparative-molecular approach to focus on genes that might be 

differentially (or similarly) regulated in the blood of people with these two conditions. First, 

comparative characterization of the socio-cognitive profile of patients, as well as a discussion 

of the neurobiological basis of these, was carried out by conducting an extensive literature 

review. This review was derived from available repositories of technical papers, particularly 

PubMed (https://pubmed.ncbi.nlm.nih.gov/), with particular focus whenever possible on meta 

analyses and review papers. In order to determine the genes that are differentially expressed in 

the blood of subjects with ASD or WS, an analysis was conducted using the Gene Expression 

Omnibus (GEO) dataset (accession number: GSE 89594). The GSE 89594 dataset consisted of 

32 patients with ASD (mean age 24.0 years, male/female ratio 50:50), 32 patients with WS 

(mean age 21.6 years, male/female ratio 50:50), and 30 controls (mean age 23.9 years, 

male/female ratio 50:50) (Kimura et al., 2019). These data were obtained with Agilent 

SurePrint G3 Human GE v2 8×60K microarray (Agilent Technologies) from peripheral blood 

samples (all samples had RNA integrity number (RIN) values over 8). Differentially expressed 

genes (DEGs) were calculated based on diagnosis, age, gender, and RIN using the Limma R 

package (Smyth, 2005). Genes were considered to be differentially expressed when the false 

discovery rate (FDR) <0.1 and the fold change (FC)| > 1.2. The Benjamini-Hochberg 

procedure was used for controlling the FDR in multiple testing (Benjamini and Hochberg, 

1995). All the human protein-coding genes were considered and 17446 genes were regarded as 

background. In order to provide a detailed characterization of the functions performed by 

DEGs, information was compiled about their association with ASD and/or WS, their 

involvement in comorbid conditions, and/or their role in physiological aspects of relevance 

(mostly at the brain level) for the etiopathogenesis of the socio-cognitive dysfunctions 

observed in ASD and/or WS. Again, this was done using the available literature via PubMed 

(ncbi.nlm.nih.gov/pubmed), but also consulting other common gene databases, particularly 

GeneCards. (https://www.genecards.org/). Gene ontology (GO) analyses of the sets of DEGs 

were performed via Enrichr (amp.pharm.mssm.edu/Enrichr; Chen et al., 2013; Kuleshov et al., 

2016). Biological processes, molecular functions, cellular components, or human pathological 

phenotypes were considered as enriched if their p<0.05. 

 

Article Four (Niego and Benítez-Burraco, 2021b) focused on feralization. In order to conduct 

as systematic and insightful a comparison as possible, a list of 29 features of domestication 

(see Table 1, Benítez-Burraco, 2021b in Chapter Four of this thesis) was compiled, and the 

same features were reviewed in the literature on feral animals. In order to achieve a more 

comprehensive understanding of the genetics of feralization and its connections with the 

genetics of domestication, a list of candidates for feralization was compiled by merging 

candidates put forward by previous researchers (Pan et al., 2018; Gering et al., 2019; Zhang et 
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al., 2020). This list was then submitted to a Gene Ontology (GO) analysis to discover whether 

these genes play roles at the molecular and cellular levels, and/or map to biological processes, 

regulatory pathways, cell types, or aspects of body development and function, of interest for 

the process of feralization. Functional enrichment analyses were performed with Enrichr 

(https://maayanlab.cloud/Enrichr/; Chen et al., 2013; Kuleshov et al., 2016). Biological 

processes, molecular functions, and cellular components with associated P-values < 0.05 were 

considered to be enriched. In order to obtain a deeper understanding of the precise roles played 

by these genes, with a focus on the features involved in feralization, an extensive literature 

review was conducted using PubMed (https://pubmed.ncbi.nlm.nih.gov/ and GeneCards 

(https://www.genecards.org/). Because it was of particular interest to disentangle the shared 

genetic basis of feralization and domestication, the list of candidates for feralization was 

compared with the previous list of candidates for mammal domestication, which encompasses 

764 candidate genes for mammal domestication (see Niego and Benítez- Burraco, 2021b, 

Supplemental Data File 1; column B in Chapter Four). This comparison yielded a set of 15 

genes involved in both feralization and domestication (see Niego and Benítez- Burraco 2021b, 

Supplemental Data File 1; column C in Chapter Four), to which the 13 genes highlighted by 

Zhang et al. (2020) were added. After duplicated genes were removed, an improved list was 

then compiled for both feralization and domestication which encompasses 27 key genes (see 

Niego and Benítez-Burraco 2021b, supplemental Data File 1; column E in Chapter Four); 

these genes are expected to map to biological processes that are reversed in the process of 

feralization. The fifth and final article of this thesis (Niego and Benítez- Burraco, 2021c, 

submitted) is also focused on feralization, and aims to study the varying manifestations of the 

(self) domesticated phenotypes in so-called ‘feral’ children (that is, children with severely 

atypical socialization due to their environment), children with ASD, children with Reactive 

Attachment Disorder or RAD, and feralized animals. To achieve this, a comprehensive set of 

29 features of domestication in animals was compiled, relying on the existing literature on 

domestication, specifically, the domestication syndrome in animals (see Wilkins et al., 2014; 

Sánchez-Villagra et al., 2016), as well as publications describing the HSD hypothesis (see 

Cieri et al., 2014; Hare, 2017; Thomas and Kirby, 2018, among others). These features 

included, but were not limited to, bodily features such as craniofacial structure, behavioral 

features such as approachability, and neuroendocrine features related to biological processes 

such as vital and reproductive cycles. A thorough literature review was then conducted through 

the PubMed database (https://pubmed.ncbi.nlm.nih.gov/) to discover the presentation of these 

29 domestication-related traits in the four phenotypes under scrutiny. After highlighting 

relevant findings regarding these 29 traits of domestication, a subsequent section of the article 

focused on genetics, and relevant genes and gene networks were highlighted. These genes 

were gathered from previous studies (e.g. Niego and Benitez-Burraco, 2021b) on 

14

http://www.genecards.org/)


feralization and domestication at the molecular level, focusing on overlaps found between the 

two conditions. Specific focus was placed on genetic overlap between ASD and genes 

implicated in feralization (see supplemental file 1, Chapter Five). Finally, Article Five 

focuses on specific factors of language and communication in light of the four profiles 

discussed here. First, a focus is placed on characteristics of human language: namely 

phonology, syntax, pragmatics, communicative language use, and language acquisition. The 

three human conditions (ASD, RAD, and ‘feral’ children) were then reviewed, based 

on the findings of current research on these elements of language in each condition. 

Subsequently, the article focuses on general communication in domesticated, wild, and 

feralized animals, comparing characteristics such as communicative competence, 

vocalizations, and eye contact in order to gain insight into the effects of domestication and 

feralization on the substrates of human language. Much of the research comes from dogs and 

dingoes, although other species are also taken into account whenever possible. 

2.3 Literature review: Self-domestication and the Evolution of Language in Humans 

The evolution of modern language is thought to result from various changes in the body, the 

brain, and the behavior of our ancestors. Although it is tempting to think of such an occurrence 

as a sort of ‘linguistic big bang’, it is clear that no single event can account for a process as 

complex as this. What is clear from the research is that the capacity for learning and using 

language requires a brain that is language-ready, that is, a brain which is endowed with 

specific cognitive abilities that have arisen from animal cognition, which have been honed and 

evolved through species-specific brain rewiring. This language capacity is known in the field 

of generative linguistics as a ‘Universal Grammar’ or ‘Language Organ’ (Chomsky, 1965, 

1975); the more general term ‘language readiness’ which is used throughout the current thesis 

promotes a stronger focus on the brain itself (not just language or grammar), allowing for the 

separation of language (i.e. the cluster of characteristics that humans acquire through social 

interaction) from the various neural properties that set the stage for language to be used in 

humans (Boeckx and Benítez-Burraco, 2014b). Studies of songbirds (e.g. Okanoya, 2004; 

Deacon, 2010) have shown that indeed, differences in behavioral complexity translate to 

differences in brain structure and organization, and eventually into more complicated syntax 

and song patterns. Interestingly, these differences are found between wild birds and their 

domesticated counterparts (namely, the White-rumped Munia and the domesticated 

Bengalese Finch), pointing to domestication as a possible cause of such differences (see 

Thomas and Kirby, 2018, for a more detailed review). Research has also yielded solid 

accounts of genetic and epigenetic changes which occurred after the split from 

Neanderthals; these changes provide a plausible account of how language readiness may 
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have come about in humans (see Boeckx and Benítez-Burraco, 2014a, b). Aside from these 

structural differences, the ability to use language has also been shown to depend on the cultural 

environment in which an individual lives. This environment not only affects the language 

readiness of the human brain, but it also reshapes the languages themselves; language adapts 

itself according to the method by which it is transmitted (Kirby et al., 2014, 2015, Kirby, 

2017). These factors converge to create what is known as a ‘cultural niche’, that is, cultural 

characteristics which serve to minimize or redirect various selective pressures that individuals 

face (Laland et al., 2000). The construction of a cultural niche, according to research 

conducted by Laland et al. (2000), Sinha (2015) and Kobayashi et al. (2019), contributed not 

just to the emergence of modern languages, but also to the human-specific ability to learn and 

use those languages. Such abilities are most likely derived from human-specific biology, 

cognition, and behavior. Human-specific cultural practices place high demand on specific 

abilities; for example, the need to infer the mental states of others (i.e. ‘Theory of Mind’) 

requires very clear attentional, behavioral, and cognitive functions (see Dressler, 2020 for an 

in-depth discussion). 

Self-domestication has emerged as a plausible explanation for the driving force that created 

this cultural niche and allowed humans to use and develop the cognitive potential of their 

language-ready brain. Through adaptive processes, this cultural niche allowed the species to 

acquire and accommodate more complex linguistic features and ultimately increase the 

complexity of human language through a cultural process (Thomas, 2014; Benítez-Burraco et 

al., 2016; Benítez-Burraco and Kempe, 2018; Thomas and Kirby, 2018). 

2.3.1 Human Self-Domestication 

The idea that humans are a domesticated animal is by no means new; Darwin himself 

dedicated countless hours to the description and study of this phenomenon. Even prior to 

Darwin, this theory was put forward to explain elements of human culture and behavior. 

Unfortunately, some early scholars used the idea to proliferate racist and xenophobic theories, 

much to the detriment of the people they labeled ‘less domesticated’. Thankfully, a renewed 

scientific interest in domestication arose from the Belyaev farm fox experiment, which began 

in 1959 and spanned decades. Belyaev bred wild foxes, selecting for further generations by 

breeding only the most ‘tame’ foxes–that is, the foxes who showed less aggression and more 

familiarity towards humans (Belyaev, 1979; Trut, 1999). In a surprisingly short amount of time 

(several generations), it was noted that foxes were not only much tamer, but they also began to 

develop traits that had been observed in a host of other domesticated animals: spotted fur, 

curly tails, floppy ears, less prominent jaws and teeth, etc. Apart from these physical 
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characteristics, the foxes selected for tameness displayed important differences from wild 

counterparts at the hormonal level as well; this is important as many behavioral changes can be 

attributed to hormonal variations. Specifically, the domesticated foxes showed reduced activity 

of the Hypothalamus Adrenal Axis (HPA axis), as well as higher levels of serotonin and 

increased activity in crucial enzymes related to serotonin synthesis and degradation, both of 

which are important influences on the tame behavior observed in these foxes (Markel and Trut, 

2011; Wilkins, 2017). This experiment, and the subsequent research it provoked, viewed these 

features as part of a ‘domestication syndrome’ (DS). This syndrome, according to Wilkins et. 

al. (2014) includes traits such as floppy ears, shorter muzzles/noses, smaller teeth, smaller 

jaws, increased docility, earlier sexual maturation and more frequent estrous cycles, reduced 

sexual dimorphism, neoteny (retention of juvenile characteristics into adulthood), a smaller 

brain or cranial capacity, and a host of hormonal changes (Wilkins et al., 2014). It is important 

to note that these traits are not always present in all domesticated animals and thus it is not 

possible to arrive at a single, simple explanation for the DS. However, traits of the DS are 

present in enough domesticated species to point to a definitive connection. The undeniable 

connection between many of the traits observed in domesticated animals and the neural crest 

further supports the view that the DS is a complex syndrome spanning multiple organ systems 

and morphological structures (Sanchez-Villagra et. al., 2016). 

 

The scientific evidence of human self-domestication emerges when one examines anatomically 

modern humans (AMH) in comparison to primate relatives or even ancient humans. The 

similarities between AMH and domesticated animals include reduced cranial robusticity, 

reduced brain size, reduced tooth size, and juvenile cranial shape retained in adulthood. The 

fossil record shows that AMH have smaller teeth, reduced brow ridge, smaller nasal bone 

projection, smaller jaw projection, and a smaller braincase, with a less elongated size (Leach, 

2003; Thomas and Kirby, 2018). There is also evidence that modern humans retain juvenile 

characteristics into adulthood more than ancestral man or ape species (see Shea, 1989; Somel 

et al., 2009; Zollikofer and Ponce de León, 2010). Research also indicates that modern 

humans, as compared to ancestral species of hominids, show reduced sexual dimorphism and 

differences in temperament, in ways that parallel modern domesticates as compared to their 

wild counterparts (Herrmann et al., 2011; Plavcan, 2012). Recent genetic research also shows 

that the AMH genome contains scores of pseudogenes, something that is indicative of 

domestication, and present in many other domesticated animals such as the domesticated 

rabbit, certain primates, and even birds, according to Terrance Deacon (Deacon, 1997). 

Research by Theofanopoulou and colleagues (Theofanopoulou et al., 2017) showed significant 

overlap between gene sets which were found to be under positive selection in anatomically 

modern humans (compared to Neanderthal/Denisovan ancestors) and several domesticated 

17



animals; this overlap involved genes which were related to brain function, behavior, and 

anatomy, among others (Theofanopoulou et al., 2017). In a similar vein, Benítez-Burraco and 

colleagues (2021) compared the genomes of Late Neolithic humans and modern Europeans 

and found that genes associated with domestication in mammals were differentially enriched 

between these two groups, leading them to conclude that these changes may account for the 

increased features of self-domestication in modern humans (Benítez-Burraco et al., 2021). 

 

Of course, the ‘self’ element of ‘self-domestication’ is important; clearly, humans were not 

domesticated in the typical sense, involving a different species as the domesticator. The 

concept of self-domestication is not unique to humans, however—an oft used example of self-

domestication comes from the bonobo, one of our primate relatives. Although bonobos are 

close relatives of the chimpanzee, they exhibit many traits of the domesticated phenotype 

when compared to chimps: smaller crania (Coolidge, 1933; Cramer, 1977), smaller teeth 

(Zihlman and Cramer, 1978; Pilbrow, 2006), a reduction in facial projection (McHenry 1984, 

Shea 1989) and reduced sexual dimorphism compared to chimps (Cramer, 1977). They are 

also far less aggressive: the more socially ‘peaceful’ ape, preferring to live in complex social 

societies. The fact that bonobos and chimpanzees are so closely related yet display such 

differences in social behavior, anatomy, and cognitive skills has caused researchers to regard 

bonobos as a self-domesticated species (Thomas, 2014). These primates are not the only 

animals thought to be self-domesticated, however. Research points to the fact that 

domestication is not a process that flows only in one direction, from domesticator to the 

domesticated species, but rather a mutualistic process by which both species involved exist in 

a type of symbiosis through cohabitation (Zeder, 2006, 2012; Theofanopoulou et al., 2017). In 

fact, there are a variety of species (e.g. dogs, cats, foxes, pigs, sheep, cattle) that can be 

regarded as self-domesticated, in the sense that they have come to lead a domesticated 

existence without the direct influence of a controlling species, due in part to changes in their 

social environment and differences in their feeding patterns (see Morey, 1994; Driscoll et al., 

2007; Zeder, 2012). The aforementioned evidence begs the question of how the changes that 

led to self-domestication might have come about. When thinking about the farm fox 

experiment, a logical conclusion would be that selection against aggression, or selection for 

tameness, brought about this change. Wilkins et al. (2014) concur, supporting the idea that 

human self-domestication, like that of other primates such as bonobos, was partly due to 

selection against aggression. Wilkins et al. (2014) and others (e.g. Balyaev, 1979; Trut, 1999) 

highlight the fact that when humans started to sexually select for non-threatening, less 

emotionally reactive partners, a domesticated phenotype emerged which in many ways 

paralleled the domestication of the foxes: the one factor (tameness) came along with many 

unintended phenotypic traits: the so-called domestication syndrome. Hare et al. (2012) came to 
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the same conclusion regarding bonobos and the behavioral differences they exhibit when 

compared to chimps; that is, that their psychological profile is the result of selection against 

aggression. Thus, human self-domestication was most likely triggered by this selection against 

aggression along with factors such as the rise of community living and co-parenting, changes 

in foraging ecology, increasingly harsh environments resulting from the Quaternary 

Glaciation, and the colonization of new environments (Pisor and Surbeck, 2019; Brooks and 

Yamamoto, 2021; Spikins et al., 2021). 

 

The theory of human self-domestication is one which continues to inspire lively debate. Lord et 

al. (2020a, b) challenged this theory on a couple of fronts; firstly, they critiqued Belyaev and 

Trut’s well-known farm fox experiment, pointing out that the foxes had been raised in 

proximity to humans for generations before the experiment took place, and thus it is not 

completely valid to regard the first generations as ‘wild’. Second, they noted that no one 

domestic trait was evident in all domestic animals, as one would expect from a ‘syndrome’, 

nor did all domesticated traits appear as a result of selecting for tameness (Lord et al., 2020b). 

Sanchez-Villagra et.al. (2016) caution against the assumption that the characteristics of the DS 

are present in every domesticated animal---they aren’t. They also challenge the idea that the 

neural crest is responsible for changes in domesticated animals as a result of selection against 

aggression, citing examples of dog breeds with DS traits but more aggressive dispositions, 

giving evidence for the fact that features appear to be segregated (Sanchez-Villagra et al., 

2016). A further critique comes from Sánchez-Villagra and van Schaik (2019), who point out 

that the neural crest hypothesis, while compelling, is difficult to test. Shilton et al. (2020) raise 

the point that instead of selection against aggression, the initial source of self-domestication 

was most likely increased self-control and more prosocial motivation, which of course 

warrants more research to clarify. Other experts on human evolution point out that humans 

have in fact increased our level of premeditated aggression since being domesticated, which 

seems in opposition to the self-domestication hypothesis (Choi and Bowles, 2007; Wrangham, 

2018). 

 

Responses to these critical views include that of Wright et al. (2020), who point out that 

although not all domesticated traits appear equally (or at all) in every domesticated animal, 

Lord et al.’s (2020b) definition of what counts as a domesticated trait is far too restrictive, 

excluding even some widely accepted and universal features of domesticated animals. 

Furthermore, Wright et al. (2020) argue that there is solid evidence that a phenotypic 

domestication syndrome does exist, albeit one that encompasses a smaller amount of core 

traits. Wright and colleagues go on to explain that, as Lord and colleagues point out, the 

domestication syndrome most likely stems from various genetic mechanisms instead of 
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pleiotropy (Wright et al., 2020). Zeder (2020) supports Wright and colleagues’ defense of the 

domestication syndrome, focusing on the fact that approximately 75% of DS traits are present 

in most dogs, and a large number of domesticated animals (too large to be regarded as a 

coincidence) exhibit 50-60% of DS traits. In light of the research, the logical conclusion 

presented from Zeder (2020) and Wright et al. (2020) is that the DS most likely has different 

manifestations in different species, involving a number of the same traits which are expressed 

to varying degrees, given the multiple factors and variables at play. This view is supported by 

Sanchez-Villagra et al. (2016) and Wilkins (2020) who, like Wright et al. (2020), point out the 

likelihood that changes attributed to the DS are the result of multiple networks and alleles, and 

not just one gene or gene network. In response to Shilton’s critique of reduced reactive 

aggression as the driving force for the DS, research highlights the importance of distinguishing 

between reactive aggression (that which results from fear or anger) and premeditated or 

proactive aggression such as warfare (Choi and Bowles, 2007; Wrangham, 2018). The former 

has receded in human behavior in recent history, while the latter has increased. In the context 

of this thesis, the idea of ‘selection against aggression’ will refer to the former view of 

aggression, that is, reactive aggression. Whether you call it ‘reactive aggression’ or ‘self-

control’, the core idea is that humans were less prone to sudden violence over time. 

2.3.2 The Role of the Neural Crest 

In light of the existing research, the natural question that arises is: why does selection against 

aggression brings about the traits observed in the domestication syndrome? According to 

Wilkins et al. (2014), Fitch (2012), and others, these traits all share a common origin: the 

neural crest. Neural crest cells (NCCs) are a type of stem cell that appear during 

embryogenesis at the neural crest, the edge of the neural tube. They eventually migrate 

throughout the body to form the skull and tooth precursors, sympathetic ganglia, adrenal 

medulla, and other areas of developing vertebrates (Wilkins et al., 2014). Going back to the 

domestication syndrome, one can see a clear connection between it and the neural crest just by 

looking at the affected sites: all of the tissues that are affected by the domestication syndrome 

are derived from the neural crest, or are influenced during their development by the neural 

crest (Wilkins et al., 2014). Wilkins and colleagues go on to hypothesize that the deficit in the 

neural crest derived tissues comes from the inhibition of proliferation of NCCs at the final 

sites, due to defects in migration. This idea is supported by the fact that the parts of the body 

which are farther from the origin of the NCC’s origination (like the face, tail, and limb 

extremities) are affected, indicating that NCCs have a lower probability of reaching those sites 

in sufficient numbers (Wilkins et al., 2014). Wilkins et al.s’ (2014) theory was that selection 

against aggression inhibited the neural crest, causing a sort of “mild neurocristopathy” which 
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resulted in the traits common to the domestication syndrome. Supporting research has yielded 

direct biological connections between the neural crest and traits of the domestication 

syndrome, the most notable of which is tameness. Šimić and colleagues (2020) point out that 

NCCs influence nerve cells of the sympathetic ganglia and adrenal medulla: overall reduction 

of these nerve cells has been shown to weaken the fight or flight response when faced with 

new or threatening stimuli, which is a core element of tameness (Šimić et al., 2020). Regarding 

the smaller brain, which is often observed as another key characteristic of the DS, research 

shows that NCCs play a crucial role in the development of frontal and limbic regions through 

the secretion of the FGF8 protein (Creuzet et al., 2004), thus their inhibition as a result of 

domestication can produce a reduction in brain size. Recent work by Rubio and Summers 

(2022) further tested the neural crest hypothesis by selecting DNA sequences for eleven key 

neural crest cell genes in a set of thirty domesticated vertebrates. When these NCC genes were 

analyzed in the domesticated species and compared with the same genes in close wild 

counterparts, the findings revealed significantly higher levels of positive selection on these key 

NCC genes in the domesticated animals. This indicates that such genes do seem to play an 

important role in the domestication syndrome (Rubio and Summers, 2022). As can be 

expected, the theory of the neural crest is by no means bullet proof; researchers such as 

Johnsson et al. (2021) point out that many features it aims to explain are not, in fact, universal 

features of domestication but rather specific to the particular biology of a species. For 

example, skull morphology has indeed changed in many domesticated animals, but not in a 

uniform way across species. Furthermore, Johnsson and colleagues point out that it is overly 

simplistic to attribute the phenomenon of domestication to a universal genetic mechanism, 

citing evidence that polygenic traits tend to be omnigenic, that is, they are the result of 

thousands of interconnected genes contributing slightly to a specific phenotype (Boyle et al., 

2017). What’s more, almost any gene’s expression can be altered by any number of causal 

variants through trans-regulatory variation; core biological processes and pathways are not 

necessarily at the forefront when it comes to heritable variation (Liu et al., 2019). Johnsson 

and colleagues highlight the need for more up-to-date data and methods, derived from 

comparative population genetics, functional genomic technologies, and developmental genetics 

in order to more confidently investigate the connection between the neural crest and the DS 

(Johnsson et al., 2021). 
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2.3.3 Self-domestication and the cognitive hardware of language 

The shape and function of the brain is crucial for understanding language evolution. Over the 

course of human evolution, the size, shape, and orientation of the human brain have changed. 

Paleo neurologists have been able to garner information about these changes by studying and 

analyzing fossil endocasts using traditional metrics as well as various other morphometric 

technologies. The endocast of a brain can give a good idea of what at least the outer brain 

looked like, due to the fact that cranial bones, the brain, and meninges all interact with each 

other during early development, and the brain’s development after birth actually decides the 

ultimate shape of the skull and not vice versa (Neubauer et al., 2018). What studies have found 

(e.g. Lieberman et al., 2002; Bruner, 2004) is that, in terms of differences in bone formation, 

what sets the modern Homo sapiens apart is a more globular brain and skull shape. When one 

looks at the Homo fossil record, there is a progression from a more elongated braincase to a 

rounder one, with specific differences in the growth of the frontal and parietal lobes, among 

others (see Bruner et al., 2004; Neubauer et al., 2010; Bastir et al., 2010; Hublin et al., 2015). 

The reason for the shape stems from the way that the brain develops after birth in a period 

described by Neubauer et al. (2010) as the ‘globularization phase’, where the brain’s growth 

determines the skull’s shape. Researchers have speculated that one of the effects of this 

globular shape was that the brain became more efficient in certain ways, making it more 

language ready. As Bruner et al. (2004) point out, the more globular shape increased brain 

connectivity in a major way, shortening distances between various brain regions. In a system 

like the human brain, where thousands of bits of information are processed every few 

microseconds, a minimal increase in efficiency such as a slightly shortened distance between 

brain districts can create an exponential advantage by decreasing wiring length (Bruner et al., 

2004). Based on this idea, Benitez-Burraco and Boeckx (2014a) have hypothesized that the 

dorsal thalamus, which is key for language, also experienced differential growth during this 

progression. The globular brain shape gives the thalamus a strategic position right in the center 

of the brain, which makes it easier to reach more distant areas of the brain more quickly with 

its long reaching projections. This has interesting implications for the development of 

language. For one, as highlighted by Boeckx and Benitez-Burraco (2014a), changes in the 

thalamus account for crucial aspects of our more globular brain and for our language-

readiness. The thalamus is crucial to language; it monitors and controls the exchange of 

phonemic, lexical, and semantic information (Leibermann et al., 2013). Chomsky’s famous 

‘Merge’ function, the operation that makes language possible by combining basic linguistic 

units (Chomsky, 1995), could result from high frequency (e.g., gamma) oscillations being 

embedded in lower frequency oscillations generated in the thalamus (Boeckx, 2013a). The 

theory of the globular brain is supported by the theory of the neural crest; together, these two 
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concepts provide a plausible explanation for how domestication spurred the rise of language in 

humans. For one, many of Wilkin’s et al. (2014) gene candidates for domestication share 

connections with genes or gene networks involved in neural crest function (Benítez-Burraco et 

al., 2018). Specifically, all of the genes on Wilkin’s (2014) list except one are related to the 

Benítez-Burraco and colleagues’ (2018) network of genes related to globularization. 

Moreover, many of these genes have been found to have changed recently in human evolution, 

or have been linked to cognitive deficits that affect language and cognition when they undergo 

mutations (Benitez-Burraco et al., 2018). 

 

Human self-domestication is also thought to have triggered the enhancement of cross-modality 

in our species, another key component of the cognitive hardware of language. Cross-modality, 

the ability to combine conceptual units belonging to various core knowledge systems, is 

thought to rely on particular cortico-subcortical circuits. These same circuits (in essence 

selected cortical areas which control specific subcortical areas) also contribute to the inhibition 

of reactive aggression, a key element of (self) domestication (Benítez- Burraco and Progovac, 

2021). Regarding syntax, a promising theory is that it emerged as a result of human self-

domestication, an integral part of a feedback loop where both processes result from, and 

contribute to, enhanced connectivity in specific cortico-striatal networks (Benítez-Burraco et 

al., 2022). This process is thought to have contributed to the reduction of reactive aggression 

but also to the mechanism of cross modality, as mentioned above, which is relevant for syntax. 

Benítez-Burraco and colleagues (2022) posit that increased cross-modality enabled and 

encouraged a feedback loop between abilities necessary for vocabulary building (such as 

categorization abilities) and the development of abilities that enable syntactic structure, such 

as the aforementioned Merge function. Such abilities seem to play off of each other in the 

sense that more items to be categorized (i.e. vocabulary) warrant more categorization abilities 

(i.e. syntax). Evidence for this feedback loop can be found in language typology and 

development, animal communication, neuroscience, and clinical linguistics, among other 

domains (see Benítez- Burraco et al., 2022 for a more in- depth discussion). In the same vein, 

Progovac and Benítez-Burraco (2019, 2020) highlight another feedback loop, caused by an 

increase in interaction during human evolution, which further propelled the complexification 

of grammar (Progovac and Benítez-Burraco, 2019). Simple, single-word utterances are 

thought to have evolved into simple clauses or two-slot grammars, and eventually to complex, 

multilayered grammars present in modern languages (Benítez-Burraco et al., 2021). Research 

supporting this theory shows that key conversational abilities like theory of mind (ToM) and 

perspective-taking are shown to be enhanced through the acquisition of grammatically 

sophisticated language (see De Villiers, 2005; Milligan et al., 2007; Moore, 2020 for further 

discussion). Thus, the same genetic changes that led to domestication (via inhibition of the 
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neural crest) and the recent, more globular, shape of the human brain as described in Benitez-

Burraco et al. (2018) can also be seen as responsible for the relaxed selection that gave rise to 

a cultural niche which was necessary for language to evolve. 

 

In order to fully understand the impact of domestication on the brain, and ultimately language, 

it is necessary to review the effects of the former on the latter. Research on domestication 

generally concurs that a smaller brain is a characteristic of the domestication syndrome, and 

that the most reduced area is the forebrain, since phylogenetically younger parts of the brain 

seem to be more affected by domestication (Kruska, 1988; Wilkins, 2014). It is important to 

note here that size or volume of brain structures do not necessarily indicate altered function; it 

is crucial to study the wiring of these regions, and their connections to other brain areas, to 

fully understand the differences brought about by domestication. That being said, size is often 

the first indication of a difference, and can lead to interesting findings on connectivity and 

function. Apart from controlling voluntary movement and integrating sensory information, the 

forebrain also houses the mechanisms for abstract thought, logic, speech, and emotions. 

Structures of the forebrain including the thalamus, hypothalamus, limbic system, and the 

cerebral cortex, have been shown to be key to social, cognitive, and neural substrates of 

language. 

 

As mentioned above, changes in the thalamus may well account for crucial aspects of our more 

globular brain and for our language-readiness; Chomsky’s Merge’ function, the operation that 

makes language possible by combining basic linguistic units (Chomsky, 1995), could result 

from high frequency (e.g., gamma) oscillations being embedded in lower frequency 

oscillations generated in the thalamus (Boeckx, 2013a). 

 

The amygdala, a component of the limbic system, is key in control of aggression as well as the 

processing of fear and anxiety (Amunts et al., 2005; Barger et al., 2007). As discussed above, 

the management of aggression is thought to have been crucial for the development of a cultural 

niche and ultimately the rise of language. 

 

The hippocampus, in the limbic system, has been implicated in language production and verbal 

communication, possibly through its contributions to semantic memory of spoken language 

(van de Ven et al., 2020). Studies on domestication (e.g. Kruska, 1988) reveal a consistent 

reduction in the hippocampus in domesticated animals compared to their wild counterparts, so 

large in some cases (up to 40%) that it warrants the assumption that functional differences also 

exist. 
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The hypothalamus, part of the limbic system and an integral part of the HPA axis, is also 

noticeably affected in the domestication syndrome. In regards to language, perhaps the most 

relevant connection with the hypothalamus is in its connection with the hormones oxytocin 

(OT) and vasopressin (AVP). These hormones are synthesized in the hypothalamus, and have 

been shown to regulate a host of social behaviors and interactions which are related to 

language. Oxytocin has been linked to brain components that affect areas of language such as 

auditory abilities, vocal production, attention, and memory (Theofanopoulou, 2016). It has also 

been implicated in communicative competence in animals, particularly dogs. Nagasawa et al. 

(2015) pointed out the important role of eye contact (or ‘gaze’ as it is referred to in the 

research) in this communication, for which oxytocin is crucial. Ultimately, Nagasawa and 

colleagues (2015) concluded that oxytocin mediation creates a social reward effect between 

humans and dogs, which facilitates communication. Oxytocin has also been shown to play a 

huge role in verbal communication. For one, its involvement in dopamine release into 

prominent vocal regions in songbirds is thought to reinforce vocal learning through a reward 

system (Theofanopoulou et al., 2017). Pedersen and Tomaszycki (2012) found that when an 

oxytocin antagonist was administered to male finches, the directed singing of their courtship 

ritual was less complex and shorter than control groups. In humans, a clear connection can be 

seen between oxytocin systems and vocal learning systems. The hypothalamic oxytocin 

neurons supply nerves to the ventral tegmental area, which in turn innervates key portions of 

the vocal learning systems. A parallel can be seen here in songbirds (Hare et al., 2007; 

Simonyan et al., 2012). Ye et al. (2017) found that oxytocin probably encourages listeners to 

resolve problems with semantic integration, thus suggesting that oxytocin is at least in part 

behind a listener’s drive to overcome the obstacles of semantic integration, which is key to 

speech comprehension and communication. 

The cingulate gyrus is yet another component of the limbic system which has been linked to 

language in various ways, particularly language expression. Its connections with Broca’s area, 

which regulates the motor functions of speech production, make it an integral component for 

language production (Bernal et al., 2015). Like other components of the limbic system, the 

cingulate gyrus is responsible for certain functions of emotional response, regulating 

aggressive behavior, and coordinating sensory input with emotions, which has implications for 

socialization and ultimately, the cultural niche that propels the complexification of language in 

humans (Bernal et al., 2015). Research on the ‘self- domesticated’ bonobos compared to their 

wild counterparts, chimpanzees, seems to concur with the aforementioned research; bonobos 

were shown to have a much larger pathway which links the amygdala with the anterior 

cingulate gyrus (Rilling et al., 2012). This enlarged pathway, according to the research, may 

contribute to differences in empathy between the two species (bonobos having more empathy 
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than chimps) as well as control of aggressive impulses (Rilling et al., 2012). Stimpson et al. 

(2015) also point to the fact that the stronger connections between the amygdala and the 

anterior cingulate gyrus mean that bonobos have more serotonergic neurons in their amygdala 

than chimps do, which helps to further explain their more domesticated social phenotype. This, 

of course, has implications for language in light of what we know about the cultural niche and 

the importance of the social environments. The connection between domestication and 

language is promising, but warrants further research. The articles that make up this thesis seek 

to shed more light on this connection, focusing on disorders that are related to the same brain 

regions, genetic components, and linguistic abilities. 

2.3.4 Self-domestication and the behavioral aspects of language 

Although language readiness requires physical changes in the body and brain, as described 

above, changes in behavior are seen as the driving force of the complexification of language in 

humans. Studies on bird species have contributed a great deal to an understanding of the 

relationship between environment and the behavioral aspects of language. Research on 

birdsong (e.g. Okanoya, 2017) reveals that domestication influences song complexity through 

the creation of a cultural niche. In terms of human evolution, it is plausible that a similar effect 

happened when our species self- domesticated; in fact, research shows that human language 

still continues to evolve through cultural mechanisms (e.g. Smith, 2011). In order for linguistic 

systems to serve the expanding social networks that early humans created, they had to become 

more complex and cognitively demanding. Two prominent consequences of self-

domestication–prolonged childhood and increasingly complex social networks–have been 

highlighted as causes of the developmental niche in human cultures which allowed for this 

language complexification (Sinha, 2015; Hare, 2017; Benítez-Burraco and Kempe, 2018). This 

developmental niche in turn allowed for more advanced linguistic interactions such as 

demonstration (Gärdenfors, 2017), input enhancement (Shafto and Goodman, 2008), and 

child- directed speech, which all facilitate learning through teaching (Benítez-Burraco and 

Kempe, 2018). 

The linguistic benefits of the aforementioned behaviors are widely documented (see 

Soderstrom, 2007; Saint-Georges et al., 2013; Golinkoff et al., 2015). Research consistently 

shows that language also affects a range of cognitive abilities such as working memory (Amici 

et al., 2019) and, ultimately, cognitive makeup in general through the use of so-called 

‘cognitive gadgets’ (see Clarke and Heyes, 2017 for further review). Play is another behavior 

which arose as a result of the cultural and behavioral niche; Langely et al. (2019) argue that the 

longer childhood in modern humans gave rise to more play in children, which was an integral 
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part of the transmission of language. In particular, features of play such as exploration 

and innovation make use of systems of complex symbols, of which language is an integral 

part (Langely et al., 2019). As mentioned previously, the ability to combine and unify 

conceptual units that cross distinct domains, and to associate concepts, is crucial to 

human language (Boeckx and Benítez-Burraco, 2014a; Benítez-Burraco, 2017), and play 

behavior allows for the enhancement and growth of such abilities in children (Langely et al., 

2019). Equally (and perhaps even more) important is that domestication brought about a 

reduction in reactive aggression in humans, a turning point in the evolution of pragmatics 

(Benitez-Burraco et al., 2021), as we will discuss in more depth below. This reduction 

of reactive aggression, together with the sophistication of language structure and the 

potentiation of pragmatic elements such as turn taking and inference, allowed humans to 

fully exploit the cognitive hardware discussed above. 

In summary, recent evo devo research is exploring the idea that language evolved in humans 

as a result of our self-domestication, which is itself a byproduct of the inhibition of the 

neural crest, an unintended side effect of sexual selection against aggression. Recent 

research suggests that this self-domestication was driven by the same genetic changes which 

caused the human brain to become more globular in shape, making it more efficient in ways 

that proved crucial for language (Benítez-Burraco et al., 2016). Moreover, as addressed in 

the subsequent section, current research on cognitive abilities seems to support the fact that 

self-domestication and the feedback loop it creates with human culture is key for the ongoing 

complexification of language, and its overall evolution. 
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2.3.5 Human Self-domestication and Language Evolution: a Model 

 

The aforementioned research provides a plausible framework of the precursors and 

environments that were required for language to evolve. A wealth of evidence points to the fact 

that cultural evolution played a large part in the emergence of language structure (Thomas and 

Kirby, 2018). Important to note here are the implications of Thomas and Kirby’s (2018) work: 

namely, that while biological, evolution can account for the foundational characteristics 

necessary for this cultural evolution, it is actually the cultural evolution that creates the structure 

for language. Two key traits— learning through transmission and the ability to recognize 

communicative intent—are put forward as two such foundational characteristics (Thomas and 

Kirby, 2018). An illustration of the first trait can be seen in studies of birdsong, as mentioned 

previously. Deacon (2009) researched two particular types of bird: the White-Backed Munia 

and its domesticated relative, the Bengalese Finch. After 250 years of domestication, the 

Bengalese finch exhibits a much more varied song pattern, which is learned socially by copying 

an adult. Its wild cousin the White-Backed Munia, on the other hand, has a highly rigid song 

which is not learned from others. Thus, it seems that relaxation of sexual selection in the 

domesticated Bengalese Finch led to increased complexity of its song. An illustration of the 

second trait, the ability to recognize communicative intent, can be seen in studies of 

domesticated dogs compared to wolves. As Thomas and Kirby (2018) point out, a wealth of 

research points to the fact that domestic dogs are very adept at using human communicative 

cues like pointing (Hare and Tomasello, 1999; Soproni et al., 2001), gaze following (Hare et al., 

2002) and even photos (Kaminski et al., 2009). Studies pointed out that dogs across a wide 

range of breeds consistently outperformed chimpanzees and other apes (Hare et al., 2002; Hare 

and Tomasello, 2005; Gómez, 2005; Miklósi, 2007), putting them more on par with human 

children than closer primate relatives. When compared to wolves, dogs consistently 

outperformed wolves on an object choice task that tested their communicative competence as 

related to humans (Virányi et al, 2008; Riedel et al., 2008) pointing to domestication as a key 

factor in the strengthening of these communication skills. Both of these examples can be seen in 

a sense as a model of what happened in human language evolution; Thomas and Kirby (2018) 

point out that there is solid evidence that humans underwent a similar selection on temperament, 

and that the root of language evolution can be found in self-domestication.  

 

A detailed account of how self-domestication might have contributed to the evolution of 

language is still pending, and Benítez-Burraco et al., (2021) point to their current model as a 

plausible account of the process, which encompasses four main stages. First is the initial stage 

of self-domestication, which started roughly 200k years ago. Reactive aggression had still not 

been suppressed through self-domestication, thus communication did not involve turn taking or 
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longer utterances. Instead, communication was most likely composed of single-word utterances 

such as commands, threats and exclamations aimed to convey emotions (Progovac and Benítez-

Burraco, 2019). This stage involves an increase in features of self-domestication; as self-

domestication increased, so did the process of cultural transmission by which linguistic 

structures become more sophisticated. This stage was made possible by the reduction of reactive 

aggression, the principal physiological and behavioral outcome of domestication. As mentioned 

previously, the reduction of aggression was key in establishing stronger in-group networks 

which involved more frequent, varied, and prolonged contact between members; these contacts 

served to make language structure and use more sophisticated (Progovac and Benítez-Burraco, 

2019). Management of reactive aggression was most likely highly involved in this stage, since it 

has been shown to impact brain structure and language processing. Control of aggression 

requires increased cortico-striatal connectivity in specific brain networks, which are also 

involved in cross-modality and language processing (Progovac and Benítez-Burraco, 2019). 

Stage two of Benítez-Burraco and colleagues’ model is proposed to have spread between 200k 

years ago and 50k years ago; this stage involved combination of single word utterances in a 

pair-wise fashion, leading to simple, two-slot grammars which most likely involved nouns and 

verbs to express concepts. Benítez-Burraco and colleagues hypothesize that these early 

grammars were primarily used to create derogatory expressions, and ultimately, to replace 

reactive aggression with verbal aggression. This in turn is hypothesized to have created an 

accelerated feedback loop between early forms of grammar and self-domestication. The reason 

for this is the common underlying mechanism which supports the core dimensions of language 

and of language evolution: namely cross-modality, aggression, and language processing 

(Benítez-Burraco et al., 2021). 

Stage three in this model most likely began around 50k years ago, at a point where self-

domestication is thought to have reached its peak. In this stage, the reduced reactive aggression 

and the extended childhood which stemmed from self-domestication gave rise to hierarchical 

grammars, which allowed for speakers to express transitivity. The most probable proxy for these 

languages today are esoteric languages, spoken by present-day hunter gatherer societies and 

isolated humans living in small, close-knit communities. Such languages include larger sound 

inventories, complex phonotactics, opaque morphologies (with more irregularities and morpho-

phonological constraints), limited semantic transparency (with abundance of idioms and 

idiosyncratic speech), reduced compositionality, and less sophisticated syntactic devices 

(Benítez-Burraco et al., 2021). 
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Stage four of the model is thought to have occurred roughly 10k years ago, during the 

transition period between the Paleolithic and Neolithic eras. As population size bloomed, 

changes in foraging ecology and climate brought about inter-group contacts and extensive 

social networks, which are relevant for trading and mating. Consequently, the need 

to exchange de-contextualized meanings and know-how with strangers also increased. 

Benítez-Burraco and colleagues (2021) posit that this favored the rise of a second type of 

complex languages, known as exoteric languages. These languages feature expanded 

vocabularies and increased syntactic complexity (including greater reliance on recursion), as 

well as greater compositionality and enhanced semantic transparency. In contrast, they require 

simpler sound combinations and more regular morphologies. The advance of exoteric 

languages can be linked to proactive (or premeditated) aggression, in contrast to reactive 

aggression, which became generalized during this period of time as a result of group selection 

favoring risk-prone altruism. This is due to the fact that exoteric languages are fit for conscious 

planning (Benítez-Burraco et al., 2021). 

Thus, the model proposed by Benítez-Burraco and colleagues (2021) ties together the 

different stages of language evolution with changes in the management of aggression, both 

proactive and reactive, and ultimately with the behavioral and cognitive changes brought about 

by human self-domestication. Both the language features and self-domestication engage 

in a mutually reinforcing feedback loop, which depends and impacts a common 

neurobiological substrate. This gradual model of human language evolution can also 

plausibly account for modern pragmatics, involving turn-taking, complex inferential 

abilities, and cross-modal thinking. As seen in the aforementioned example of studies on 

birdsong, the cognitive and behavioral changes brought about by our self-domestication 

likely contributed to the complexification of grammar, and vice versa. In turn, the 

emergence of more structured and complex expressive resources of grammar probably 

increased the effectiveness of communicative exchanges, which would have further 

improved pragmatic abilities (Progovac and Benítez-Burraco, 2019; Benítez-Burraco et 

al., 2021). 

Overall, the model put forward by Benítez-Burraco and colleagues (2021) highlights a 

strong continuity between language and the cognitive abilities and behaviors exhibited 

by other species. At the same time, however, it emphasizes the importance of cultural niche 

construction, cultural evolution, and the impact of gene-culture coevolution on certain 

brain circuits and physiological mechanisms. In other words, self-domestication provides a 

more plausible, solid bridge between biological and cultural accounts of language evolution. 
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2.3.6 Human Self-domestication and Language Evolution: Focusing on Genetics 

The underlying genetic factors that contribute to the rise of language in humans are of great 

interest to researchers and linguists the world over, and a framework for understanding their 

role in the bigger picture of language evolution is rooted in the aforementioned example of 

birdsong. Deacon (2009) hypothesizes that when the stabilizing effects of natural and sexual 

selection were removed, the genes that had previously controlled this this behavior by 

allotting it almost exclusively to specific structures in the forebrain acquired mutations that 

eventually degraded them, making way for other neural systems to influence this behavior 

(Deacon, 2009). This idea can be applied to other instances of evolution in the cognitive 

realm: under domestication, control shifts from a previously fixed and localized function to 

a wide array of systems that only partly influence said function. This shift disperses an 

important degree of genetic control onto epigenetic processes, which makes it possible for 

them to be transmitted through social interaction (Deacon, 2009). 

As genetic data becomes more readily available, it is increasingly possible to compare modern 

human DNA with that of earlier humans. In their analysis of whole-genome data of 

humans from the Late Neolithic/Bronze Age and modern Europeans, Benítez-Burraco and 

colleagues (2021) examined various sets of genes related to domestication in mammals, 

neural crest development, language disorders, and language evolution and using lists derived 

from previous research (e.g. Axelsson et al., 2013; Boeckx and Benítez-Burraco, 

2014a, 2014b; Theofanopoulou et al., 2017; Benítez-Burraco et al., 2017). The aim was to 

determine whether there was evidence of differential enrichment between the ancient 

and modern groups. Evidence of more recent (i.e. in the last 6,000 years) intensification 

of genomic signals of domestication could indicate that self-domestication is associated 

to more recent language development in humans. This is ultimately what the results 

revealed: in gene candidates for domestication, modern populations show enrichment 

compared to ancient humans. The opposite was true for gene candidates related to the 

neural crest: ancient populations showed gene enrichment compared to modern 

populations (Benitez-Burraco et al., 2021). Taken together, the results of this analysis 

seem to reinforce the view that the genes responsible for the emergence of language 

readiness and speech were most likely not involved in the gene-culture coevolution that 

played an important role in more recent (i.e. in the last 6,000 years) changes in language 

features. 
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Candidate genes for human self-domestication have been under selection over the last 6,000 

years in Europe (see Benítez-Burraco et al., 2021), along with genes involved in coding 

for certain components of neural pathways underlying synaptic plasticity, memory, and 

learning abilities (Chekalin et al., 2019). This is highly relevant given that this period was 

one of intense social and cultural change for humans which included increasing 

population density, the development of complex trade networks, and the rise of 

sedentism as a preferred way of life. This period has also been found to be one in which 

Neolithic languages were mostly replaced by Indo-European ones (see Bouckaert et al., 2012; 

de Barros et al., 2018; Mathieson, 2018, for further review). This genetic shift can shed light 

on the linguistic shift which occurred at this time, where Indo-European languages, which 

generally demand more memory capacity, became predominant (Benitez-Burraco et al., 2021). 

The articles that compose this thesis often focus on certain key genes or gene networks that 

have been selected for their connections to domestication, the neural crest, globularization, 

and/or the language- ready brain. These genes and gene networks underlie much of the 

research conducted for this thesis, allowing for a more global understanding of these areas. 

The primary source of genetic information used in this thesis was obtained from lists discussed 

in Benítez-Burraco et al. (2018) and Boeckx and Benítez-Burraco (2014a, 2014b). These lists 

were compiled using specific criteria: candidates must have experienced some evolutionary 

change after the Neanderthal/Denisovan split, they play a role in brain growth, neural 

connectivity, or regionalization, they are associated with disorders of cognition or language, 

and they are candidates for conditions affecting skull shape and development. These genes, 

originally selected as candidates for globularization in humans, were then compared with the 

genes highlighted in Wilkins et al. (2014) for domestication to see which ones may play a role 

in globularization and/or have changed since the Neanderthal/Denisovan split. All but one of 

Wilkins et al.’s (2014) gene candidates proved to be highly related to the gene candidates 

previously identified as key for globularization; Benítez-Burraco et al.’s (2018) study found 

that these genes had also undergone recent changes in our species and are related to cognitive 

deficits affecting language when mutated. Although there are a host of genes in this list (see 

Benítez-Burraco et al., 2018, for a complete list), a number of networks and gene families are 

worth noting here. 

Three members of the SOX gene family, highlighted by Wilkins et al. (2014), are highly 

relevant to the research: SOX10, SOX9, and SOX2. SOX10 interacts with the PAX3 gene, 

another of Wilkins et al.’s (2014) candidates, as well as POU3F2 (Smit et al., 2000), which is 

noteworthy because of the latter’s connection to FOXP2, a gene which has been consistently 

linked to language and speech deficits (Maricic et al., 2013). SOX9 has been linked to FOXP2 
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as well (Devanna et al., 2014), as well as with the genes related to globularization put forward 

by Benítez-Burraco and Boeckx (2014). SOX9 also mediates HES1, which interacts directly 

with RUNX2, a key gene because of its involvement in many of the changes that spurred 

globularization due to its key role in suture ossification (Yoshida et al., 2003; Lattanzi et al., 

2012), development of hippocampal neurons (Pleasure et al., 2000; Benes et al., 2007), and 

development of thalamic neurons (Reale et al., 2013), among other relevant functions. 

SOX2 is a key gene as well, because of its expression in certain thalamic nuclei (Vue et al., 

2007) and also because of its role in the SHH-GLI signaling pathway which is important for 

the underlying anatomical and physiological elements that led to globularization (Boeckx and 

Benitez-Burraco, 2015). SOX2 has also been related to the development of the neural tube 

(Oosterveen et al., 2012, 2013; Peterson et al., 2012), and it is a regulator of PQBP1, a gene 

linked to developmental delay, intellectual disability, and microcephaly (Li et al., 2013). SOX2 

is also regulated by RUNX2, a key gene for globularization as described above (Yoon et al., 

2014), and has been found to interact with BMP7 (Chiba et al., 2008), a gene which is closely 

related to core candidates for domestication such as BMP2, RUNX2, DLX1, and DLX2, and 

also plays a key role in osteogenesis and the development of the skull and brain (Cheng et al., 

2003; Yuge et al., 2011; Segklia et al., 2012). SOX2 also interacts with OTX2 and PAX6 to 

control eye development and orbit size (Benítez-Burraco et al., 2018). 

Another gene of interest is MITF, relevant because of its interaction with RUNX2, a key 

candidate for globularization mentioned above (Kulhwilm et al., 2013). MITF is a prominent 

candidate of the domestication syndrome and has been shown to be instrumental in the neural 

crest (Fuse et al., 1999). MITF controls genes that are necessary for melanin synthesis 

(Nguyen and Fisher, 2019) which is relevant given that depigmentation is a widely recognized 

trait of the DS. Moreover, MITF seems to share a connection with SOX9; an overexpression of 

SOX9 has been shown to lead to an increase in MITF, which in turn increased melanin 

production in cells (Passeron et al., 2007). MITF is also linked to POU3F2; the two genes have 

been found to repress each other’s expression (Eccles et al., 2014). 

FGF8 is another promising candidate, and originally noted on Wilkins et al.’s (2014) list of 

candidates for domestication. FGF8 is a target of FOXP2, a gene that has been consistently 

linked to language (Spiteri et al., 2007; Vernes et al., 2011). Specifically, FOXP2 is closely 

linked to the neural components that are crucial to vocal learning (see Boeckx and Benítez-

Burraco, 2014b for a review of FOXP2 and its interaction with other genes related to 

globularization and language-readiness). FGF8 also encodes a protein which is key in the 

regionalization of brain tissues in mammals (Fukuchi- Shimogori and Grove 2001), and has 
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been linked to holoprosencephaly, a condition which includes malformations of the forebrain, 

neurocognitive impairment, and facial anomalies (Sarnat and Flores- Sarnat 2001; Solomon et 

al., 2012). FGF8 has also been known to be involved in the cranial neural crest (Endo et al., 

2012). 

WSTF (also known as BAZ1B) is of interest, and is discussed further in Chapter One of this 

thesis owing to its connection to Williams Syndrome. WSTF is among the core candidates for 

domestication according to Wilkins et al. (2014), and has been implicated in chromatin 

remodeling and nucleosome repositioning (Kitagawa et al., 2003), as well as involvement with 

the neural crest (Barnett et al., 2012). WSTF also shares a connection with SOX2, discussed 

above, which is functional in various neural crest cells, and has been found to have an 

instrumental effect on skin regeneration (Johnston et al 2013), and sensory neurogenesis 

(Cimadamore et al (2011). More recent evidence from Zanella et al. (2019) shows that BAZ1B 

contributes to the formation of neural crest stem cells in vitro and during migration. Zanella 

and colleagues analyzed paleo genetic data, comparing this gene in modern and ancestral 

humans, and found that BAZ1B, as well as its downstream targets, is enriched in modern 

humans. This evidence provides support for the fact that BAZ1B is highly involved in the 

formation of the modern human face, as well as providing empirical validation of the human 

self-domestication hypothesis (Zanella et al., 2019). 

SHH is another noteworthy gene, shown to be involved in neural crest development and 

function, as well as craniofacial development (Echelard et al, 1993, Roelink et al, 1994). As 

noted briefly above, SHH plays a crucial role in NCC fate, through the SHH signaling pathway 

(Delloye-Bourgeois et al., 2015), and also modulates the FGF8/WNT signaling source in the 

forebrain (Kobayashi et al., 2010). The aforementioned SHH-GLI signaling pathway has been 

highlighted as crucial for the globularization of the modern human brain (Benítez-Burraco et 

al., 2016). 

The PAX3 gene is key in the research because of its role as a direct regulator of MITF 

(Watanabe et al., 1998); given the connection of MITF to pigmentation in skin, hair, and eyes 

(Tachibana et al., 1999), it is a good candidate for the typical depigmentation observed 

throughout domesticated populations. 

Given the importance of oxytocin to language, it is important to note that OXT (the oxytocin 

gene) has been shown to be connected to both RUNX2 and POU3F2, both of which have been 

consistently linked to language as well as bone and skull formation (Tamma et al., 2009; 

Theofanopoulou, 2016). OXT itself has been linked directly to the osteogenic network 
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supporting a language ready brain (Di Benedetto et al., 2014) as well as encephalization and 

our craniofacial phenotype (Carter, 2014). 

 

Recent research such as that of Theofanopoulou et al. (2017) focused on selective genetic 

sweeps common to both modern humans (compared to Neanderthals/Denisovans) and 

domesticated animals (compared to their wild counterparts) has produced various gene 

candidates of interest. These genes, found to be under positive selection in various 

domesticated animals, as well as in modern humans, include RNPC3, which has been related 

to hormone deficiencies in humans resulting from pituitary hypoplasia (Argente et al., 2014), 

GRIK3, a glutamate receptor which has been linked to schizophrenia (Begni et al., 2002), 

developmental delay, and craniofacial abnormalities (Sahoo et al., 2011) and BRAF, shown to 

be integral to synaptic plasticity, memory, and learning (Sweatt, 2001). Interestingly, BRAF is 

found upstream to ERK2, which is integral to neural crest development (Newburn et al., 2008). 

Research by O’Rourke and Boeckx (2020) highlights the importance of glutamate receptors 

such as GRIK3 in domestication and modern human evolution, pointing out that these genes 

are integrally involved in stress response throughout development. Aside from being 

associated with various stress related disorders, glutamate receptors, including GRIK3, have 

been shown to reduce stress through modulation of the HPA axis. They have also been shown 

to be instrumental in prenatal development in domesticated animals and modern humans 

(O’Rourke and Boeckx, 2020). 

 

The genes mentioned in this section are by no means a comprehensive list of the genes 

implicated in domestication, the language ready brain, and/ or language evolution. However, 

the genes and networks mentioned above all play an important role in the research of this 

thesis; together, they allow us to more fully understand areas of interest to language evolution 

at the molecular level. Of course, the majority of genes involved in development are 

pleiotropic, that is, they affect different tissues at different times during development. The 

articles comprising this thesis aim to contribute more solid evidence that the gene candidates 

put forward in the literature do in fact influence the areas that they are purported to. The 

research conducted for this thesis also proposes additional gene candidates for the cognitive 

and behavioral changes associated with self-domestication. A key point to keep in mind, which 

is crucial for future study and understanding of genes and language evolution, is the fact that 

domestication is an ongoing process which is involved both in ancient and recent changes in 

human biology, behavior, culture, and language evolution. As Benítez-Burraco and colleagues 

(2021) show, gene candidates for domestication occur in distinct sets, each of which seems to 

have played a part a varying stages of the process of self-domestication, not necessarily at 

once. Further study is clearly necessary, and a promising direction is the exploration of certain 

35



disorders such as Williams Syndrome (WS), which has a known genetic origin, involves 

atypical craniofacial formation and development, and has been linked to atypical language and 

cognition. 

Many of the genes in the WS deletion region share connections with the gene candidates 

discussed in this section, which was a key factor in deciding the direction of further research in 

the context of this thesis. Many of the aforementioned genes have also been linked to Autism 

Spectrum Disorders (ASD) is another disorder that the research highlights as a promising area 

of study; the cohort of symptoms observed in ASD seems to be indicative of a link between 

globularization, neural crest function, language readiness, and domestication. Like WS, ASD 

is a disorder with reported anomalies in the skull and brain, deficits in language and cognition, 

and a decidedly atypical (attenuated) presentation of many traits of the domestication 

syndrome (see Benítez-Burraco et al., 2016, for a thorough review). For this reason, these two 

disorders were selected as an initial focus of study for this thesis. 

2.4 Summary of Publications 

Article One: Williams’s Syndrome, Human Self-Domestication, and Language Evolution 

Williams Syndrome (WS) was selected as the first focus of study, given that it has a well-

known genetic origin, involves atypical craniofacial formation and development, and has been 

linked to atypical language and cognition. As discussed previously, many of the genes in the 

WS deletion region have been shown to be involved with the gene candidates related to areas 

of interest to this thesis: namely domestication, the neural crest, globularization, and the 

language-ready brain. Moreover, individuals with WS seem to exhibit exaggerated 

characteristics of domestication, both physical and cognitive. By further investigating the link 

between these characteristics and WS, the article aims to contribute to a better understanding 

of the etiology of WS, but in a larger sense it aims to shed light on the effect of self-

domestication on the evolution of our cognitive architecture and the cultural niche that enabled 

language to evolve. WS has a clear genetic origin, involves atypical craniofacial formation 

and development, and has been linked to atypical language and cognition. As discussed 

previously, many of the genes in the WS deletion region have been shown to be involved with 

the gene candidates related to areas of interest to this thesis: namely domestication, the neural 

crest, globularization, and the language-ready brain. Moreover, individuals with WS seem to 

exhibit exaggerated characteristics of domestication, both physical and cognitive. By further 

investigating the link between these characteristics and WS, the article aims to contribute to a 

better understanding of the etiology of WS, but in a larger sense it aims to shed light on the 
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effect of self-domestication on the evolution of our cognitive architecture and the cultural 

niche that enabled language to evolve. 

Initially, the article focuses on the features of domestication in WS, to determine if it is 

warranted to regard individuals with WS as having a ‘hyper domesticated’ phenotype. Thus, 

features of the DS were examined at the physical, cognitive, and behavioral levels, and 

compared with features of WS found in a thorough review of the literature. Of special interest 

were brain regions that have previously been linked to the DS and language evolution; a host 

of similarities emerged between WS and the DS in terms of the thalamus, striatum, cortex, 

orbitofrontal cortex, and limbic system, among others. The behavioral traits of WS (often 

thought to represent a hyper domesticated phenotype) were explained in the light of 

neuroendocrine systems, most prominently the HPA axis. Focus on hormones such as 

oxytocin, vasopressin, and cortisol provided further evidence for connections between WS and 

the DS. Article One goes on to highlight the role of genes deleted in WS, specifically in neural 

crest function and more generally in domestication and language- readiness. First, genes are 

presented with an in silico approach, derived from extensive review of pertinent literature and 

scientific studies. Of particular interest are the connections found between WS genes and genes 

of interest such as BA1ZB, the WNT signaling pathway, and the SOX family of transcription 

factors. 

Although an in silico approach can provide valuable evidence for further study, an in vivo 

approach was also adopted in order to establish the biological reliability of these links. 

Specifically, the aim was to discover whether genes involved in domestication and NC 

development and function are dysregulated in WS, and weather this dysregulation (either up- 

or downregulation) can provide further explanation of certain aspects of the WS phenotype. Of 

specific interest in this section were cognition and language abilities. The article concludes 

with a discussion of the advantages and drawbacks of using WS as a model for certain aspects 

of language evolution in humans, particularly when viewed through the lens of self-

domestication. 

The results of Article One suggest that the characteristic hemi deletion of WS does affect the 

expression of genes responsible for the self-domesticated phenotype in our species, and that 

this alteration gives rise, at least in part, to the hyper social phenotype exhibited by individuals 

with WS. Moreover, the results of this article suggest that the exaggeration of these traits 

associated with self-domestication could explain the uniquely strong linguistic profile of WS 

compared to individuals with other cognitive disorders. The hypothesis is that the enhanced 

sociability of individuals with WS resulting from heightened self-domestication helps them to 
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more efficiently compensate for difficulties produced during language acquisition, thus giving 

them an edge over individuals suffering from similar cognitive disorders. In general, all 

disorders make use of compensatory mechanisms which are aimed at reducing the impact of 

deficits at the cerebral level (see Karmiloff-Smith, 1998 or Mervis and Becerra, 2007 for the 

case of WS). The hypothesis put forward in this article is that in WS, some of these 

compensatory mechanisms are related to self-domestication, which could explain, as 

previously suggested, the relative preservation of language in WS compared to severe 

impairment in other cognitive areas. The reason for this is the positive effect that self-

domestication has on language acquisition in general (see Benítez-Burraco and Kempe, 2018 

for a detailed discussion). This hypothesis is corroborated by study of domesticated animals as 

well; for instance, greater sociability in dogs has been found to account for their superior 

communicative capacity towards humans when compared to wolves (Udell et al., 2010). 

Furthermore, as highlighted in Article One, various genes involved in the WS deletion region 

are related to domestication. These findings are in line with previously existing research; for 

instance, the orthologue region to the WS deletion region in dogs has been found to be under 

positive selection (vonHoldt et al., 2010), and two genes found in the orthologue WS deletion 

region (namely GTF2I and GTF2IRD) have been related to enhanced sociability in dogs 

(vonHoldt et al., 2017). All in all, Article One can be taken as further support for the theory of 

human self-domestication, and WS can be seen as an example of a ‘hyper domesticated’ 

phenotype in humans. Although more study is necessary to draw clear conclusions, the relative 

linguistic strengths that individuals with WS exhibit, when viewed through the perspective of 

self-domestication, can be attributed to this hyper domestic phenotype. 

Article Two: Autism and Williams Syndrome: Truly Mirror Conditions in the Socio- 

cognitive Domain? 

The focus of this article was to explore the neurological basis for the similarities and 

differences observed between ASD and WS. These two disorders were chosen because, in light 

of the research on self-domestication and language evolution, they seem to represent both ends 

of the spectrum, with ASD being a seemingly hypo domesticated phenotype (individuals with 

ASD are often characterized as withdrawn, reluctant to engage socially, and uninterested in 

social norms and dynamics, see Newshaffer at al., 2007 for a review), and WS being regarded 

as a hyper domesticated phenotype (people with WS are often described as overly friendly, 

gregarious, and keen to interact with others, see Bellugi et al., 2000 for a review). For this 

reason, ASD and WS have often been presented as opposite conditions in the domain of social 

cognition and behavior. However, this is simply a rough picture, deserving of closer 

examination, especially at a time when the body of research on both of these conditions is ever 
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expanding. For one, it is clear that social motivation is an area where these conditions do seem 

to present as opposite, but when it is removed, both conditions are actually quite similar (see 

Vivanti et al., 2016; Ingersoll et al., 2013). Interestingly, strong underlying genetic connections 

have been found between ASD and WS (Newshaffer et al., 2007), with many of these genes 

found to be expressed in aspects of brain development and function. This evidence supports the 

view that the human socio-cognitive phenotype exists as a continuum, with 

neurodevelopmental disorders resulting from specific damage of certain biological processes 

involved in brain development, usually during sensitive or critical periods of brain growth 

(Meredith, 2015). 

Exploring the overlaps between ASD and WS at the neurocognitive level will add to the body 

of research on the evolution of human social cognition, and particularly the link that exists 

between evolution and abnormal development. To put it briefly, it is likely that human 

cognitive abilities evolved from changes in preexisting neural circuits that did not initially have 

to do with these abilities (see Pattabiraman et al., 2020), and this is why recently evolved 

aspects of human evolution seem to be more sensitive to ontogenetic damage (Toro et al., 

2010). Article Two examines the similarities and differences between the socio-cognitive 

deficits and similarities observed between ASD and WS, relying on a wealth of information 

gathered from technical papers, medical research, meta-analyses, and review papers about both 

of these disorders. In doing so, an intricate pattern of similarities and differences is revealed. 

The research reveals that in spite of their many differences, ASD and WS cannot be considered 

to be truly opposite at the cognitive level, and even less so at the neurobiological level. The 

article begins with a comparison of ASD and WS at the socio-cognitive level, pointing out 

that, despite individuals with WS being labeled as overly friendly and hyper social, they 

exhibit many difficulties in the social arena that overlap with those reported in ASD, including 

poor social skills, difficulty understanding social cues and information, and difficulty 

maintaining friendships (see Mervis et al., 2001 for further review). A study conducted by 

Jarvinen et al., (2015) pointed out that both groups showed marked difficulties with identifying 

emotions from facial expressions. These difficulties in the social domain are thought to 

contribute to the anxiety exhibited by both groups (see Jawaid et al., 2012 for a review). 

Further similarities between ASD and WS in the socio cognitive domain include difficulties 

with joint attention and inhibitory control (Rhodes et al., 2010; Riby et al., 2011) and 

difficulties with language such as delayed development (Asada and Itakura, 2012), raising and 

passives (Perovic and Wexler, 2007), grammatical morphology (Kjelgaard and Tager-

Flusberg, 2001; Roberts et al., 2004), relative clauses (Riches et al., 2010), and subject-control 

structures (Perovic and Janke, 2013). Other important similarities between ASD and WS in the 

sociocognitive domain include face recognition skills (individuals with WS are hyper attentive 
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to faces while those with ASD are decidedly not, see Bellugi et al., 1994; Klin et al., 1999, 

Rose et al., 2007 for further review), and management of anxiety in social settings (see Barack 

and Feng (2016) for discussion). 

A review of the differences between WS and ASD at the socio-cognitive level revealed 

discrepancies between the two conditions in terms of orientation to social vs. nonsocial 

information; specifically, in social settings, individuals with ASD tend to direct their attention 

inward towards themselves and prioritize information related to them as individuals, while 

those with WS direct their attention to others (see Riby and Hancock 2008, 2009 for further 

review). This provides a plausible explanation for the differences reported between the two 

conditions in social settings; since people with WS are more attuned to others, it stands to 

reason that they are more eager to interact with others in social settings, with the opposite 

being true in ASD (see Sigman et al., 2006; Riby and Hancock, 2009 for further discussion). 

Regarding language, especially use of language in social settings, generally people with ASD 

show more difficulties with communicative use of language than people with WS (see Fishman 

et al., 2011), while those with WS show a slight advantage over people with ASD in terms of 

use of communicative language (see Philofsky et al., 2007). 

After reviewing these similarities and differences in the sociocognitive domain, a look into the 

underlying brain regions was warranted. Particularly, similarities and differences in brain 

regions of interest were discussed. In doing so, four brain networks were highlighted as key to 

irregularities observed in both conditions: first is the default mode network, which includes the 

medial prefrontal cortex (mPFC), the posterior cingulate cortex (PCC), the precuneus, the 

inferior parietal lobes (IPL), and medial temporal regions. The second is the social brain 

network, which includes the superior temporal sulcus (STS), the anterior cingulate cortex 

(ACC), the medial prefrontal cortex (mPFC), the inferior and superior frontal gyrus (IFG, 

SFG), the anterior insula, and the amygdala. The third network in question is involved in self-

representation, which includes the mPFC, the PCC/precuneus, the temporo-parietal junction 

(TPJ), the anterior insula, the middle cingulate cortex (mCC), the ventral premotor cortex 

(PMv), and the somatosensory cortex. Finally, reward circuitry was considered; this brain 

circuit includes the ventral tegmental area (VTA), the striatum, the orbitofrontal cortex (OFC), 

the ventromedial prefrontal cortex (vmPFC) and the ACC. Aside from these specific networks, 

special attention is also dedicated to the amygdala and the frontal lobes, two structures which 

are incredibly relevant not only to the phenotype of ASD and WS, but also in a larger sense to 

human self-domestication and language evolution as a whole. 
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The specific findings about the similarities and differences found between ASD and WS 

are thoroughly detailed in Chapter Two of this thesis, but one important takeaway from 

the research is that, while various differences exist between ASD and WS at the 

neurobiological level, similar anomalies in the same brain structure and their functional 

connectivity are also observed (see Figure 2 in Article Two, Chapter Two for a summary 

of these anomalies). Important to note here is the fact that these similar anomalies do not 

necessarily translate to similar behavior. In fact, the research conducted for Article Two 

consistently shows that what may initially look like a similar impairment at the 

neurobiological level can result in a different trait at the phenotypical level. Thus, the 

evidence reviewed in Article Two reveals that it is most likely subtle changes in gene 

regulation (discussed in more depth in a subsequent chapter) that lead to differences in 

brain function. A good example of this can be seen in Barak and Feng’s (2016) study on eye 

gaze in people with WS and ASD. According to the study, a positive activation in the 

amygdala was reported during eye gazing tasks in participants with WS, while a negative 

over-arousal was reported in participants with ASD during the same task. In other words, 

in both conditions, a hyper activation of the amygdala resulted from eye gazing tasks, but in 

ASD this hyper activation was aversive, while in WS it was appetitive. This could be due 

to different subpopulations of neurons (either GABAergic or glutamatergic) that are activated 

in response to the same stimuli in both disorders (Barak and Feng, 2016). 

Article Three: Autism and Williams Syndrome: Dissimilar Socio-cognitive Profiles With 

Similar Patterns of Abnormal Gene Expression in the Blood 

Article Three of this thesis followed logically from the second one; in light of the fact 

that ASD and WS exhibit opposite features in the social domain, but share many similarities 

at the behavioral, cognitive, and neurobiological levels, it is of interest to delve further 

into the possible genetic origins of the intriguing profiles of each condition. Because 

both WS and ASD have known genetic origins, Article Three adopts a comparative 

molecular approach to look for genes that are differentially or similarly regulated in the 

blood of people with both conditions. First, a list of dysregulated genes (that is, genes that 

are regulated differently than in neurotypical controls) for each disorder was put forward. 

A list of genes shown to be dysregulated in both conditions was then compiled, and 

their biological functions were discussed. The aim of this approach was useful to see if 

differences in gene dosage could explain some of the opposite features exhibited by people 

with ASD and WS, specifically in the domain of social cognition. An example here is 

the OXTR gene, which encodes the oxytocin receptor; individuals with WS have 

increased basal levels of oxytocin, which has 
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been correlated with social engagement behaviors (Dai et al., 2012). This higher level of 

oxytocin in WS has been attributed to hypo methylation (and the resulting overexpression) of 

OXTR (Haas & Smith, 2015). This hypo methylation is itself the result of the deletion of 

WBSCR22 (Doll & Grzeschik, 2001; Merla et al., 2002), among other factors. In contrast, 

OXTR is hyper methylated (and thus, less active) in individuals with ASD; this hyper 

methylation correlates to abnormal interconnection patterns of connectivity between brain 

areas involved in ASD, as well as the severity of social cognitive deficits, among other 

symptoms (Andari et al., 2010; see Maud et al., 2018 for review). 

The genes that are upregulated in both conditions (see Figure 4 in Chapter Three for a 

complete list) are significantly enriched in biological processes that related to neuron function, 

specifically dendrite extension. Research shows that a key aspect of the pathophysiology in 

ASD stems from alterations in dendrite growth, number, and morphology (see Gilbert & Man, 

2017; Joensuu et al., 2018 for selected reviews). The same has been found for WS; various 

studies point to fact that the genetic irregularities stemming from the WS deletion region affect 

dendrite morphology (e.g. Ramírez et al., 2016). Moreover, genes upregulated in both ASD 

and WS are significantly associated with processes involving cell survival via autophagy and 

cell death via apoptosis, mostly in connection to cysteine- type endopeptidase activity, which is 

given the fact that in neurons, autophagy is involved in axon guidance, dendritic spine 

development and pruning, and synaptic plasticity (Hwang et al., 2019); altered autophagy has 

also been associated with neurodegeneration (see Lee, 2012 for review) and with ASD (Hwang 

et al., 2019). Apoptosis is also crucially involved in brain development and wiring, and 

pathological activation of apoptotic death pathways resulting in neural cell death has been 

equally associated with ASD (Wei et al., 2014), particularly endoplasmic reticulum stress 

resulting in apoptosis (Dong et al., 2018). In WS, increased apoptosis has been observed in 

animal models of WS, particularly after knocking out genes found within the WS deletion 

region such as WSTF (Barnett et al., 2012) and FZD9 (Zhao et al., 2005). Regarding the genes 

that are downregulated in both ASD and WS compared to controls (see Figure 5 in Chapter 

Three for complete list), they are significantly related to muscle cell proliferation and 

differentiation, growth hormone homeostasis and secretion, and also to aspects of brain 

development such as myelination (Mi et al., 2019). Article Three found that most genes found 

to be downregulated in ASD and WS compared to controls exhibit similar fold changes (FCs) 

in both conditions (a fold change is a measurement which shows the change of expression 

levels of genes). However, some genes are found to be more strongly downregulated in WS 

than in ASD. Interestingly, all the genes that were differentially upregulated in ASD or WS are 

expressed in the brain throughout development; some are expressed evenly across regions 

while others exhibit different expression levels in different brain areas. These genes are 
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generally expressed outside the neocortex, particularly in the thalamus, but also in the striatum 

and the amygdala (see Supplemental file 3, Chapter Three). What’s more, all the genes found 

to be differentially downregulated in subjects with ASD or WS are expressed in the brain 

during development. Among these genes, those exhibiting different levels of expression in 

different brain areas tend to be more expressed not only in the cerebellum but also in the 

striatum (see Supplemental file 3, Chapter Three). Looking at these results, there is support for 

the idea that abnormal gene upregulation primarily has an impact on the thalamus, whereas 

down- regulated genes have a tendency to be more involved in cerebellar development and 

function. Both groups are expected to affect striatal regions. These findings are relevant in 

light of previous research into the brain regions found to be altered in these two conditions, 

especially in terms of the thalamus. Taken together, these findings suggest that changes in 

intrathalamic and transthalamic routes are most likely a primary cause of the impairments 

found in ASD, including those involved in perception, motor skills, emotional processing, and 

cognition. Socio-cognitive similarities found between ASD and WS, discussed in depth in 

Chapter Two, may have an origin in the disruption of striatal and thalamic connections, 

particularly in the domain of face processing and theory of mind (involving the thalamus), 

reward behavior (involving the striatum), and attention switching (involving the striatum and 

the thalamus; see Niego & Benítez-Burraco, 2020). 

This study found that a specific set of genes with an impact on cognition and behavior share a 

common pattern of gene dysregulation in the blood of subjects with ASD and WS, which may 

account for similarities found between these two conditions in the socio- cognitive domain. 

Support for this comes from the evidence that most of the dysregulated genes are found to be 

involved in brain development and function, and are expressed in brain areas such as the 

cerebellum, thalamus, and striatum which are of relevance for many cognitive, social, and 

linguistic traits observed in WS and ASD. That being said, there is a host of evidence that 

shows marked differences, both phenotypical and neurobiological, between these two 

conditions. In light of the current research, this may stem in part from a pattern of opposite 

expression found in a select group of genes, as well as the fact that many genes were found to 

be significantly more dysregulated in WS than in ASD. The genes highlighted in Article Three 

are excellent candidates for the similarities and differences observed between ASD and WS, 

especially in terms of social cognition and behavior. Further research remains to be done, 

especially experimental demonstrations to solidify the connections between certain genes and 

cognitive and behavioral functions, and the genes highlighted in this article provide an 

excellent place to start. 
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Article Four: Niego, A. and Benítez-Burraco, A. (2021b) Are feralization and domestication 

truly mirror processes? 

Given that one of the main focuses of this thesis has been on domestication, and the more 

variable aspects of this phenomenon, a look at feralization is in order. Feralization is a process 

by which a once-domesticated animal returns to the wild; this may happen through deliberate 

desocialization from humans, or simply the absence of human presence in an animal’s 

socialization (Daniels & Bekoff 1989). In contrast to domestication, feralization involves the 

reactivation of reactive aggression. Although studies of how this might come about are much 

rarer than those on domestication, there is evidence to suggest that these changes which trigger 

reactive aggression most likely involved rapid evolutionary changes in genes which control a 

variety of different traits, in a similar process to domestication (Gering et al., 2019). Before 

tackling this question, it is necessary to dispel some misconceptions about feralization. First, 

the view that domesticated animals do not fare well in wild environments, due to genetic 

selection and tradeoffs which underlie domestication, is unwarranted. Studies on feral animals 

consistently show that domestic traits may be advantageous in wild settings, giving 

domesticates an edge over wild counterparts (Gering et al., 2019; Pan et al., 2018). Second, it 

is important to note that the term ‘feralization’ is in no means meant to convey a complete 

return to an ancestral, wild state. As Dollo’s principle explains, living organisms as a rule do 

not reverse development when the environmental conditions thought to influence their 

evolution are reversed (Dollo 1893). Feralization is no exception, since it is most likely the 

result of the evolutionary accumulation of mutations in many different genes, and the 

probability that such genes could simultaneously reverse due to environmental changes is low 

(see Collin & Miglietta, 2008, for discussion). However, it is possible for true reversions to 

take place if ancestral developmental processes are preserved (although silenced) in certain 

populations (see Cabej 2012 for discussion). Thus, it may be possible for reversions to a more 

wild-type phenotype to occur through epigenetic changes. 

Previous studies of the process of feralization have focused on genetic aspects such as the gene 

flow between domesticated, feral, and wild populations, or the adaptive value of certain alleles 

found in domestication in wild environments. There is a scarcity of research focusing on the 

characterization of the feral phenotype compared to the domesticated one (Gering et al., 2019). 

Thus, an important aim of Article Four is to explore to what extent feralization involves a 

reversion of domesticated traits at the phenotypical level, and to what extent the genetic 

elements of domestication have been found to play a role in said reversion. Because 

domestication has been shown to occur in varying degrees, it is of interest to see whether 

feralization also presents variable manifestations. Another important aim was to explore the 
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genetics of feralization, an area where much more information is needed. Of interest here is to 

what extent feralization occurs through fixed changes in selected genes, and to what extent it 

involves epigenetic changes, inherited through modifications of DNA. 

Article Four starts with a brief overview of domestication, focusing primarily on the DS put 

forward by Wilkins et al. (2014). It goes on to parallel specific areas of the domesticated 

phenotype with existing research on feral animals, highlighting similarities and differences 

between domestication and feralization. To do so, a comprehensive set of 29 features of 

domestication in animals was used, compiled from past and ongoing research on the 

presentation of features of domestication in humans, from the body, to behavior, to the brain 

(e.g. Benítez-Burraco et al., 2016, 2017; Niego & Benítez-Burraco 2019; see Table 1 in 

Chapter Four for the complete list). Certain bodily traits such as shorter snouts, smaller teeth, 

and floppier ears were shown to revert in some feral species (see Kruska and Röhrs, 1974; 

Smith and Litchfield, 2010; Chew et al., 2019). Accordingly, there is some evidence that 

behavioral traits such as tameness, stress response, hunting behavior, and communicative 

behavior may revert in some feralized animal species (see Fleming et al., 2001; Smith and 

Litchfield, 2010; Swaney et al., 2015; Tavernier et al., 2020). Of course, the most prominent 

source of these behavioral traits is the brain, which is the next focus of study in Article Four. A 

prominent characteristic of domestication is a smaller brain; in general, this smaller brain size 

seems to be retained throughout feralization (Kruska and Röhrs 1974; Birks & Kitchener 1999; 

Röhrs & Ebinger 1999, Kruska and Sidorovich, 2003). One exception is the dingo: Smith et al. 

(2017) found that the dingo’s brains are larger than their domesticated counterparts; given that 

the dingo has been feral for around 8,000 years, this may indicate that brain size is a feature 

that requires a great deal of time to revert. Aside from brain size, structural differences 

between the feral and domesticated brain were also of interest. In studies on pigs, Kruska and 

Rohrs (1974) found evidence that feral pigs had a larger medulla oblongata and a smaller 

cerebellum than their domestic counterparts, which might account for changes in motor skills. 

The feral pigs were also found to have an enlarged allocortex compared to the domesticated 

pigs, which is relevant given the fact that the allocortex houses the olfactory and limbic 

systems, both highly implicated in domestication. Kruska and Rohrs (1974) also found 

evidence that the hippocampus and nuclei basalis are much larger (up to 25% larger) in feral 

pigs than domestic one, which indicates that the hippocampus may well undergo (at least in 

part) a reversion to a more wild-type size as a result of feralization. 

After exploring the connections between features of domestication and feralization, the focus 

of the article shifted to the genetic underpinnings of feralization, with the aim of identifying a 

core set of candidate genes contributing to this condition. Also of interest was to find out if 
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there is some overlap with genes involved in domestication that might point towards a unifying 

mechanism for both processes. The list of candidate genes was derived from the most 

comprehensive study to date about the genetics of feralization, conducted by Zhang and 

colleagues (2020) with dingoes, which as noted, are previously domesticated canids that have 

remained isolated from both wolves and dogs for thousands of years. Using the list put forward 

by Zhang et al. (2020), 50 genes were selected that emerged as robust candidates for 

feralization. Then, Zhang et al.’s (2020) list was merged with other relevant lists on 

feralization: specifically, from Pan et al. (2018) and Gering et al. (2019). This improved list 

(Supplemental Data File 1, column A in Chapter Four of this thesis) was then used as a basis 

to conduct Gene Ontology analyses on the genes (Mi et al., 2019), exploring their role in 

feralization and domestication at the molecular and cellular level. Biological processes, 

regulatory pathways, cell types, and aspects of body development and function which related 

to feralization were explored. Functional enrichment analyses were performed with Enrichr 

(https:// maayanlab.cloud/Enrichr/; Chen et al., 2013; Kuleshov et al., 2016). The research 

revealed that certain candidates for feralization are significantly related to hormone 

homeostasis, particularly, androgen, steroid, and thyroid hormone homeostasis, gene 

regulation, cell differentiation, muscle tissue development, and brain development (Mi et al., 

2019). These findings are relevant given that all of these aspects are affected by feralization 

(see Supplemental Data File 2, Chapter Four, for details). Because it was of particular interest 

to work out a shared genetic basis of feralization and domestication the gene list was then 

compared with previous lists of gene candidates for mammal domestication, which includes 

764 candidate genes (see Supplemental Data File 1; column B, Chapter Four). This list was 

compiled from merging genes that have been found to be positively selected in several 

mammal domesticates: Guinea pig, pig, rat, dog, cat, cattle, domesticated fox, horse, rabbit, 

and sheep (Womack, 2005; Trut et al., 2009; Albert et al., 2012; Axelsson et al., 2013; Bellone 

et al., 2013; Carneiro et al., 2014; Wilkins et al., 2014; Wright, 2015). Comparing the two 

aforementioned lists yielded a set of 15 genes involved in both feralization and domestication 

(Supplemental Data File 1; column C, Chapter Four), to which the 13 gene candidates 

highlighted by Zhang et al. (2020) were added (see Supplemental Data File 1; column D, 

Chapter Four). Once the duplicated genes were removed, an improved list of gene candidates 

was created, encompassing 27 genes (Supplemental Data File 1; column E, Chapter Four). 

These genes were expected to map to biological processes that are reversed in the process of 

feralization. To test this possibility, Gene Ontology (GO) analyses were conducted, revealing 

that the genes in question are mostly involved in differentiation of specific cell types, 

including melanocytes, epithelial cells, eye components, parts of the digestive tract, and 

cardiac muscle cells (Mi et al., 2019). An exhaustive review of current literature was also 

conducted, in order to better understand the functional roles played by these genes, which is 
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summarized completely in Table 2, Chapter Four. The genes explored in Article Four are 

promising candidates to explain the documented reversion that occurs in some domesticated 

traits in feralized animals. Moreover, these genes are also possible candidates to account for 

features of domestication that are more sensitive to environmental effects. Important to note 

here is that, considering the small amount of overlapping genes in domestication and 

feralization, it is clear that the two do not represent opposite conditions or processes, Instead, 

evidence points to the fact that the small set of genes highlighted in Article Four may be 

considered as hub genes, that is, genes that regulate many different biological processes and 

exert epistatic effects on many other genes. 

The findings of Article Four indicate that feralization cannot be seen as an opposite process to 

domestication. The partial phenotypic overlap found between domestication and feralization 

may or may not be the result of shared genetic mechanisms. Only a small subset of candidate 

genes for domestication are also involved in feralization; more research is needed to discover 

whether the modification of these shared genes truly accounts for the features of domestication 

that are shown to reverse in feralized animals, or if this reversion is instead achieved through 

alternative genetic routes to those involved in domestication, exploiting available, underlying 

genetic variation. The genes highlighted in Article Four provide a direction for interesting 

future research, as they may well represent aspects of domestication that are more adaptive to 

environmental changes. More research is needed on these genes, to examine them in more 

detail in the context of their biological functions that related to domestication and feralization, 

as well as their relevance from an evolutionary perspective. 

Article Five: Revisiting the Case for ‘Feral’ Humans Under the Light of the Human 

Self-domestication Hypothesis. 

The final article in this thesis, yet to be published, focuses attention on so-called ‘feral’ 

children from the point of view of the domestication syndrome. The previous articles in this 

thesis show that human evolution involved a process of self-domestication, which parallels 

that of domesticated animals. A related process, feralization, has been shown to commonly 

occur in nature, and entails a partial reversion of certain features of domestication. To evaluate 

whether or not the process of feralization can be attributed to some humans, this article 

reassesses the case for ‘feral’ children, using comparisons with conditions involving abnormal 

patterns of socialization. Some conditions, like ASD, have a genetic origin, while other 

conditions are triggered by the environment such as reactive attachment disorder (RAD). The 

aim of this article is to use these conditions as proxies, to a certain extent, for previous stages 

in the evolution of languages under the influence of human self-domestication. 
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Before continuing, some caution is in order. Firstly, the use of the word ‘feral’ to describe 

children (or any human) is controversial, to say the least. This word is undoubtedly antiquated, 

stemming from much older case studies that reflect a time when the science of psychology was 

in its infancy and disorders such as ASD and RAD had yet to be named. In the context of this 

article, the term ‘feral’ is used for humans and animals who have experienced abnormal or 

absent socialization due to environmental factors such as abuse, neglect, or in some cases the 

complete absence of conspecifics in a social environment. Second, it is important to note that 

feralization, as shown in Article Four, cannot be regarded as opposite to domestication. As 

discussed in Article Four (Niego and Benítez-Burraco, 2021), not all features of domestication 

reverse in feralized animals, and it seems that feralization is achieved for the most part through 

alternate genetic routes than those involved in domestication. That said, certain traits of 

domestication, especially those that are implicated in language acquisition (e.g. reduced 

reactive aggression, prosocial behavior), have been found to be somewhat reversible. A subset 

of the genes involved in feralization have also been found to be candidates for domestication 

(see Niego and Benítez-Burraco, 2021). If one focuses on the features and biological 

mechanisms shared by feralization and domestication, one can expect to gain a deeper 

understanding of both processes. Thus, Article Five of this thesis explores the possibility that 

examination of cases of ‘feral’ children can shed some light on the process of human self-

domestication (HSD) and its effects on the complexification of language. 

First, the article focuses on the available literature on ‘feral’ children, particularly regarding 

their language abilities, or lack of them. Due to the aforementioned issues, evidence is quite 

scarce and fairly controversial, particularly in light of the fact that many historical accounts of 

‘feral’ children from centuries past ignored the fact that the subjects in question most likely 

suffered from underlying cognitive and/or behavioral dysfunction. However, of the nearly 50 

documented cases of ‘feral’ children, research on language ability and socialization is 

strikingly similar. A vast majority of ‘feral’ children in historical accounts were reported to 

have been mute, or displayed drastically limited vocabularies (McNeil et al., 1984). 

Additionally, most feral children were reported to have significantly increased aggression, 

severe deficits in social cognition, and socially isolating behavior (Bettelheim, 1959). As 

mentioned previously, it is likely that other cognitive deficits were at play in these ‘feral’ 

children. Disorders such as ASD have been offered as possible explanations for a variety of 

‘feral’ behaviors, in famous historical cases from the wolf boy of Aveyron (Bettelheim, 1959) 

to the tragic case of Genie, the neglected girl whose case study was cited in a host of research 

on language acquisition (Rymer, 1994). Taking this into account, two conditions which 

involve increased reactive aggression and decreased prosocial behavior (namely ASD and 
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RAD) are introduced as plausible conditions that could account for the more general ‘feral’ 

phenotype in historical accounts. Apart from the fact that many ‘feral’ children might suffer 

specifically from these conditions, a more important reason for keeping them in mind is that, 

whereas domestication mostly results from selection for tameness, feralization involves the 

reactivation of mechanisms triggering reactive aggression. Thus, section three of Article Five 

focuses on parallels and differences between ‘feral’ children and children with ASD or RAD, 

through the framework of the HSD hypothesis and with the process of animal feralization in 

mind. Four phenotypes are involved in this comparison with the main features of the HSD 

phenotype: ‘feral’ children, children with ASD, children with RAD, and feralized animals. To 

do this, a comprehensive set of 29 features was used for comparison, derived from an 

extensive review of the literature on domestication (see Wilkins et al., 2014; Sánchez-Villagra 

et al., 2016), as well as publications describing the HSD hypothesis (e.g. Cieri et al., 2014; 

Hare, 2017; Thomas and Kirby, 2018). An extensive review of the literature was then to 

discover the presentation of these 29 domestication- related traits in the four phenotypes under 

scrutiny. Physical characteristics were explored, such as head and brain size, ear size and 

shape, dentition, and orofacial regions. Findings were varied, as one might expect, but there 

was evidence of some parallels between feral animals and individuals with ASD. For example, 

certain feral animals and individuals with ASD have been shown to have larger head 

circumference (Aldridge et al., 2011, Sacco et al., 2015; Smith et al., 2018), irregular dentition 

(Smith and Litchfield, 2010; Luppanapornlarp et al., 2010) and overgrowth of certain brain 

areas such as the hippocampus (Kruska and Rohrs, 1974; Reinhardt et al., 2020). However, 

findings are generally too varied to draw conclusions across the board, as many feral animals 

do not exhibit parallel brain differences. Studies of individuals with RAD do not show similar 

characteristics in terms of these physical characteristics. 

After a review of physical characteristics, the four phenotypes in question were compared in 

terms of behavior. There is no doubt that the four conditions in question (that is, ‘feral’ 

children, feralized animals, people on the ASD spectrum, and people with RAD) all exhibit 

increased reactive aggression and reduced prosocial behavior compared to typically developing 

people or domesticated animals. As mentioned previously, the great majority of historical 

accounts of ‘feral’ children mention aggression and avoidance of human contact as prevalent 

traits (Butler, 2003). These traits are commonly reported in numerous feralized animals as well 

(Owens et al., 2017; Rose et al., 1985; Johnston et al., 2017). Similarly, reports of individuals 

with ASD reveal parallels with those of ‘feral’ children, such as aggressive behaviors 

(particularly reactive aggression) and irritability (Farmer et al., 2015, Mikita et al., 2015). The 

behavioral profile of RAD also bears a striking resemblance to that of ASD--in fact, ASD is 

often listed as a comorbidity of RAD, including episodes of aggression and irritability, fearful 
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reactions to non-threatening social interactions, and general social dysfunction (Hong et al., 

2018; Ellis et al., 2020). Regarding the increased attentiveness and sensitivity to eye or facial 

movements and gestures which is commonly shown by domesticated animals, there is a 

distinct contrast with the four phenotypes in question; specifically, eye contact is avoided in all 

of these groups (Park et al., 2016; Johnston et al., 2017; Butler, 2003; Miellet et al., 2014; Ellis 

et al., 2020). 

Of course, when discussing behavior, it is necessary to explore changes in the neuroendocrine 

system. A prominent difference between domesticates and their wild counterparts in terms of 

the neuroendocrine system is seen in decreased levels of glucocorticoids, decreased stress 

response of the HPA axis, and reduced adrenal response/decreased cortisol in domesticated 

animals (Kruska 1988; Kunzl and Sachser, 1999; Trut et al., 2009). In terms of the four 

phenotypes in question, all of them showed differences from domesticated animals in this 

sense (Liu et al., 1997; Winslow, 2005; Kemph and Voeller, 2008; Spratt et al., 2012; Taylor 

and Corbett, 2014; Tomarken et al., 2015; Swaney et al., 2015). In general, this seems due to 

the fact that healthy attachment and attention from primary caregivers directly relates to lower 

levels of adrenocorticotropic hormone as well as corticosterone responses to stress, while the 

opposite effect holds true for cases of parental neglect and/or abuse (Kemph and Voeller, 

2008). Thus, in conditions where healthy attachments are impeded by environmental or genetic 

factors such as ASD and RAD, it makes sense that the opposite would be true, as the research 

suggests. 

After exploring these parallels observed in the body, brain, and behavior of the four phenotypes 

in question when compared to features of the domestication syndrome, Article Five goes on to 

discuss certain genetic underpinnings of these profiles. Identifying gene candidates is 

necessary in order to explain similarities and differences of these conditions at the phenotypic 

level. Moreover, gene candidates for these conditions are expected to be involved in the 

features of HSD that appear to be more sensitive to the social environment. Gene candidates 

were obtained from Niego and Benítez-Burraco (2021), discussed above, and available in 

Supplemental file 1, column B, in Chapter Five; particular attention was paid to genes that 

showed involvement in both feralization and domestication, since those genes are seen as most 

likely accountable for the reversion of specific domesticated traits found in feralized animals. 

Since genetic studies on ‘feral’ children have not been done, research in this section mostly 

focuses on genetic information on ASD, RAD, and feral animals. In terms of the genetic basis 

of RAD, less is known about it than ASD or even feral animals. However, a number of studies 

point to the involvement of genes related to dopaminergic and serotonergic activity in 

abnormal changes in attachment behavior by children (Lakatos et al., 2000; Naber et al., 2007; 
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Caspers et al., 2009; Spangler et al., 2009; Luijk et al., 2011; Wazana et al., 2015). Animal 

models suggest that changes in receptors for oxytocin and endogenous opioid could also result 

in RAD (Winslow and Insel, 2002; Moles et al., 2004). Common candidates for ASD and 

feralization (summarized in Table 2, Chapter Five) may account in part for the shared features 

observed in the domains of social cognition and behavior between these two profiles, and 

ultimately, for the disabilities in communication that both profiles exhibit (reviewed in the 

final section of the paper). These common gene candidates can also be regarded as probable 

candidates for explaining changes in social cognition, behavior, and language which occurred 

under HSD. Genes of particular interest, discussed in detail in Chapter Five of this thesis, 

include TRHD and TRH, shown to be influential in enhanced dopaminergic and/ or reduced 

serotonergic activity, as well as hypothalamic dysfunction (Hashimoto et al., 1991). OXTR is 

the oxytocin receptor, integral to stress response and socialization, is another gene of interest. 

OXTR is hyper methylated (and thus less active) in people with ASD (Maud et al., 2018; 

Andari et al., 2020) and involved in feralization (Pan et al., 2018). MAOA is also a promising 

candidate, shown to be associated with ASD (Cohen et al., 2003; Yoo et al., 2009; Cohen et 

al., 2011), as well as moderation of detrimental effects of childhood abuse (Caspi et al., 2002). 

Modifications of this gene have been shown to have an effect on aggression, 

testosterone/corticosterone ratio, amygdala activity, and changes in the serotonergic system 

(Marquez et al., 2013). DRD4 and TH, two genes related to dopamine homeostasis have been 

implicated in behavior and temperament in animals, disordered attachment, and aggression, 

among many other things (Lourencou-Jaramillo et al., 2012; Bakermans-Kranenburg and van 

Ijzendoorn, 2007; Spangler et al., 2009; Komiyama et al., 2014; Hori et al., 2013). Finally, it is 

worth noting that there is a considerable overlap between genes implicated in feralization and 

ASD. This list is summarized in Table 2, Chapter Five. Although the genes discussed here do 

not represent a complete list of genes implicated in feralization, RAD, or ASD, they are 

promising candidates for further study. Specifically, they represent the most likely genetic 

mechanisms for the changes in human behavior that occurred under self-domestication. 

Article Five continues by focusing on communication and language (dis)abilities observed in 

‘feral’ children, compared to children with ASD and RAD. These changes are compared to the 

hypothesized changes that took place under the effects of HSD, as well as changes in 

communication patterns in feralized animal compared to their domestic counterparts. The aim 

is to provide a broad characterization of the linguistic and interactional profiles of people with 

these conditions. These differences are explained to a certain extent as an erosion of the 

changes brought about by (self) domestication, with feralized animals, individuals with ASD 

and RAD, and ‘feral’ children exhibiting much less communicative prowess than their 

counterparts, ultimately, qualifying these ‘feral’ phenotypes in humans as informative of, or 
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windows to previous stages in the evolution of languages. The results, summarized in Table 3, 

Chapter Five, show that both ‘feral’ children and those with ASD are reported to have 

problems with phonology (Curtiss et al., 1974; Wolk and Edwards, 1993; Lindgren et al., 

2009; Vyshedskiy et al., 2017), and syntax (Curtiss et al., 1974; Rymer, 1994; Tager-Flusberg 

et al., 2006; Vyshedskiy et al., 2017). Studies on RAD (e.g. Cuyvers et al., 2020) show that 

children with this condition also exhibit marked difficulties with language compared to 

typically developing peers, most notably in expressive language skills, communication, and 

comprehension. This is similar to what has been suggested for ‘feral’ children (Zangl and 

Mills, 2007). As one would imagine, pragmatics is an area that poses a great deal of difficulty 

for ‘feral’ children, people on the ASD spectrum, and people with RAD. Pragmatic deficits 

have been found in all three profiles (ASD, RAD, ‘feral’ children), as shown in studies such as 

Lebrun (1980), Vyshedskiy (2017), and Di Sante et al., (2019). Communicative use in a social 

setting is also difficult for all three groups, as is language acquisition (Curtiss et al., 1974; 

Happé, 1993; Baron-Cohen, 2000; Cooper et al 2019). In light of the similarities between the 

aforementioned profiles in terms of language difficulty, underlying systems implicated in 

language are discussed. For example, a well-known hypothesis supports the view that 

problems with pragmatics could stem, more specifically, from deficits in the Theory of Mind 

system (ToM) (Happé, 1995). A final section of Article Five focuses on communication in 

feralized animals compared to wild and domestic animals. Animals serve as appropriate 

models for language evolution because of the strong connection between human language and 

animal cognition, communication, and socialization (see Okanoya et al., 2017; Vernes et al., 

2017; Tyack, 2020). The study of animal feralization has proven to be useful for illuminating 

aspects of the domestication process, as discussed in detail in Chapter Four (Niego and 

Benítez-Burraco, 2021). Exploring the effects of feralization on animal communication can 

provide additional evidence to infer and discuss the effects of self-domestication on language 

evolution. Dogs were selected as a main focus of this section due to the fact that, like humans, 

they exhibit almost the whole suite of features associated with domestication (Sanchez-

Villagra et al., 2016). Studies support the idea that domestication reinforced cognitive abilities 

that in turn support the acquisition and use of more sophisticated modes of communication 

such as joint attention (Nagasawa et al., 2015), gaze following (Kaminski and Nitzschner, 

2013; Range and Viranyi, 2013), over-imitation (Huber et al., 2020), or the ability to solve 

problems by relying on social cues (Hernádi et al., 2012; Udell, 2015). In terms of genetics, 

research shows that humans and dogs share certain genetic determinants associated with 

psychological processes involved in domestication (see Benítez-Burraco et al., 2020 for a 

review). Feral dogs, namely dingoes, provide evidence that certain communicative abilities 

(regarding humans) do seem to erode as a result of feralization. Although dingoes are able to 

read certain human cues (i.e. pointing, gazing) more successfully than wolves (Smith and 
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Litchfield, 2010), they consistently underperform domesticated dogs in more nuanced tasks 

(i.e. using gaze to find food) (Hare and Tomasello, 1999; Bräuer et al., 2006; Udell et al., 

2008; Virányi et al., 2008). In terms of vocal communication, studies found that domestic 

animals tend to vocalize with more communicative intent (Brown, 1993; Bradshaw and 

Cameron Beaumont, 2000; Yeon et al., 2011). In light of this research, Article Five concludes 

with a discussion centered on the relevance of this line of inquiry for the study of language 

evolution. Although the results are by no means conclusive, certain parallels between feralized 

animals, humans with ASD and RAD, as well as ‘feral’ humans provide a unique way to 

analyze and assess the effects of domestication and with suggestions for future research.
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3. Chapter One: Williams Syndrome, Human Self-Domestication, and Language Evolution
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Language evolution resulted from changes in our biology, behavior, and culture. One
source of these changes might be human self-domestication. Williams syndrome
(WS) is a clinical condition with a clearly defined genetic basis which results in a
distinctive behavioral and cognitive profile, including enhanced sociability. In this paper
we show evidence that the WS phenotype can be satisfactorily construed as a
hyper-domesticated human phenotype, plausibly resulting from the effect of the WS
hemideletion on selected candidates for domestication and neural crest (NC) function.
Specifically, we show that genes involved in animal domestication and NC development
and function are significantly dysregulated in the blood of subjects with WS. We also
discuss the consequences of this link between domestication and WS for our current
understanding of language evolution.

Keywords: self-domestication, Williams syndrome, language evolution, neural crest, language impairment, gene
expression

INTRODUCTION

The evolution of modern language seemingly resulted from multiple changes in the body, the
cognitive abilities, and the behavior of our ancestors. No single event can account for such a
complex process. Being able to learn and use a language depends on having a brain that is language-
ready, that is, which is endowed with specific cognitive abilities that, although rooted in animal
cognition, have been improved in our clade as a result of species-specific brain rewiring. At the
same time, this ability also depends on living in a particular cultural environment, which has also
contributed to the reshaping of the nature of the languages to be acquired and used, as language
adapts itself according to the method of transmission (Kirby et al., 2014, 2015, Kirby, 2017). We
have good accounts of the genetic and epigenetic changes which occurred after our split from
Neanderthals that plausibly account for the emergence of important aspects of our language-
readiness (see Boeckx and Benítez-Burraco, 2014a,b and Benítez-Burraco and Boeckx, 2015 for
review). We certainly lack confident translations of these changes to the sort of cognitive abilities
that are needed for acquiring and mastering a language (but see Murphy and Benítez-Burraco,
2018a,b for some accounts). Regarding the cultural niche that enables (and fosters) language
complexity and the acquisition of language by the child, different hypotheses have been launched
about its nature and origins. A recent, promising view is that human self-domestication favored the
creation of the niche that allowed us to fully exploit the cognitive potential of our language-ready
brain, enabling us to learn and accommodate more complex linguistic structures and ultimately,
increasing language complexity via a cultural process (Thomas, 2014; Benítez-Burraco et al., 2016;
Benítez-Burraco and Kempe, 2018; Thomas and Kirby, 2018).
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Since ancient times, it has been observed that humans
have much more in common with domesticated animals than
with their wild counterparts. Although domestication usually
involves selection for tameness, it results in a distinctive set of
common features affecting the body and behavior, dubbed ‘the
domestication syndrome’ (DS), including floppy ears, shorter
muzzles/noses, smaller teeth, smaller jaws, increased docility,
earlier sexual maturation and more frequent estrous cycles,
reduced sexual dimorphism, neoteny (retention of juvenile
characteristics into adulthood), and smaller brains and reduced
cranial capacity (Wilkins et al., 2014). These traits are not
always present in all domesticated animals, but there are
enough incidences of them in enough species to cause us to
believe that they are connected to domestication in some way.
According to Fitch (2012) and Wilkins et al. (2014), the co-
occurrence of these traits results from the hypofunction of
the neural crest (NC), which contains stem cells that migrate
throughout the body to form the skull and tooth precursors,
sympathetic ganglia, adrenal medulla, and other areas of
developing vertebrates. Specifically, selection against aggression
might cause a sort of “mild neurocristopathy,” inhibiting the
proliferation of the neural crest cells (NCCs) at the final
sites as a result of changes in cell migration. At the same
time, the analysis of the behavioral changes brought about by
domestication (but also of their genetic signature) is hindered
by the circumstance that many different species, at different
moments. As a consequence, some features of domestication are
absent in some of them, which leads to difficulties in positing
a set of core traits assiciated with domestication. Additionally,
the pace of domestication seemingly differs from one species to
another, ranging from quick domestication events, like in the
silver foxes experiment by Belyaev and colleagues (Belyaev, 1969;
Trut, 1999), to the prolonged self-domestication experienced
by the human species. This circumstance also complicates the
comparisons across species.

All in all, when one looks at anatomically-modern humans
(AMHs) in comparison to our primate relatives, but also
extinct hominins like Neanderthals, we exhibit reduced cranial
robusticity, reduced brain size, reduced tooth size, juvenile
cranial shape retained in adulthood, reduced sexual dimorphism,
and differences in temperament resulting in less aggressive
behaviors (Shea, 1989; Leach, 2003; Somel et al., 2009; Zollikofer
and Ponce de León, 2010; Herrmann et al., 2011; Plavcan,
2012; Márquez et al., 2014; Fukase et al., 2015; Stringer,
2016; Thomas and Kirby, 2018), in ways that parallel animal
domesticates as compared to their wild conspecifics. Recent
genetic research shows that regions under positive selection in
AMHs compared to extinct hominins are enriched in candidate
genes for domestication in mammals (Theofanopoulou et al.,
2017). Morphological signatures of domestication seem to have
intensified from 50.000 years ago onward (Bednarik, 2014). Of
course, humans were not domesticated in the same sense that
other domestic animals were. Instead, we are a self-domesticated
species, like some other primate species, particularly bonobos,
which also exhibit, compared chimpanzees, many traits of
a domesticated phenotype (Cramer, 1977; McHenry, 1984;
Shea, 1989; Pilbrow, 2006). Similarly to AMHs, many of the

genetic differences found in bonobos compared to chimpanzees
concern genes that are related to domestication in other species
(Pennisi, 2011). With no external controlling factor triggering the
domestication process, it seems that human self -domestication
was mostly due to selection against aggression, when humans
started to sexually select for non-threatening, less emotionally
reactive partners, as a result of the rise of community living,
co-parenting and other social factors (Belyaev, 1969; Trut,
1999; Hare et al., 2012; Thomas, 2014; Wilkins et al., 2014).
As discussed by Benítez-Burraco and Kempe (2018), the less
aggressive behavior associated with self-domestication might
have facilitated enhanced intergroup contacts and enhanced
learning and teaching behaviors (also favored by the extended
juvenile period resulting from self-domestication) that ultimately
afforded richer linguistic interactions and ensured mastery
(and the creation) of increasingly more complex languages.
Eventually, we cannot rule out the possibility that learning
more complex language systems had a feedback effect on our
cognitive architecture, resulting in the creation of “cognitive
gadgets” (Clarke and Heyes, 2017). Importantly, candidates for
domestication are related (and partially overlap) with candidates
for language readiness (Benítez-Burraco et al., 2016), suggesting
that self-domestication might have affected the development and
the evolution of our typical brain hardware as well, specifically,
our distinctive pattern of brain connectivity and our cognitive
abilities, resulting in our language-readiness.

Perhaps not surprisingly, cognitive conditions entailing
problems with socialization and language, like schizophrenia
(SZ) or autism spectrum disorders (ASD), exhibit an abnormal
presentation of traits associated with (self-)domestication;
moreover, genes involved in domestication and NC development
and function are overrepresented among the candidates for these
conditions and/or exhibit altered expression profiles in the brain
of affected people (Benítez-Burraco et al., 2016, 2017). This
suggests that a deep relationship might exist between cognitive
disease, self-domestication, and language evolution. In this
paper we explore the links between another cognitive disorder,
namely Williams syndrome (WS), human-self-domestication and
language (evolution). The physical, behavioral, and cognitive
profile of WS shares many important parallels to the DS and
contrary to SZ and ASD, its genetic causes are neatly delineated.
WS results from a hemizygous deletion of nearly 30 genes
on chromosome 7 (Korenberg et al., 2008). Individuals with
WS are typically known to be hyper social: they are generally
not wary of strangers and are intensely friendly, sometimes
overly so (Galaburda et al., 2002). Although WS is thought
of as a mental retardation syndrome (Galaburda et al., 2002),
people with this condition display an intriguing cognitive profile.
Whereas spatial cognition is severely impaired, they excel in
musical abilities (Reilly et al., 1990; Udwin and Yule, 1991;
Bellugi et al., 1999; Levitin et al., 2005), and outperform subjects
with other developmental disorders in language tasks (Karmiloff-
Smith and Mills, 2006; Karmiloff-Smith, 2008). Although fine-
grained analyses suggest that most components of their language
are delayed or impaired (see Karmiloff-Smith and Mills, 2006;
Mervis and Becerra, 2007; Martens et al., 2008 for review),
their language abilities generally improve with age as a result
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of compensatory mechanisms, like an increased role of working
memory in language processing (Karmiloff-Smith, 1998; Mervis
and Becerra, 2007). As we will show in the paper, many of the
genes located within the chromosomal region deleted in WS
are functionally connected to candidate genes for domestication
and NC development and function; in turn, several candidates
for domestication and the NC are dysregulated in the blood of
subjects with WS. Interestingly, duplications of the WS critical
region result in severe speech deficit and oppositional disorder
(Morris et al., 2015). Importantly, Korenberg et al. (2000) have
identified the WS region as a hotspot in primate evolution,
suggesting that it might have played a part in the evolution of
human cognition.

Overall, we expect that delving into these links will help us
to gain a better understanding of the etiology of WS, but also of
the effect of self-domestication in the evolution of our cognitive
architecture and the cultural niche that enabled language to
evolve, and become more complex. The paper is structured
as follows. First, we provide a detailed account of features of
domestication in WS, with a focus on physical, cognitive, and
behavioral traits. Second, we discuss the role of the genes deleted
in WS in NC function, and more generally, in domestication,
with a focus on our language-readiness. We examine as well
the role of candidates for domestication and NC function found
to be dysregulated in the blood of patients with the condition,
also with a focus on our mode of cognition and our language
abilities. Finally, we discuss the utility (and the limitations) of
WS as a model for aspects of language evolution in our species,
particularly for the effect of self-domestication. We will conclude
that WS (and language deficits in WS) can be viewed as an
abnormal ontogenetic itinerary for human cognition (and more
specifically, for our faculty of language), resulting in part from
changes in genes involved in domestication and NC functioning,
and that the etiology of this condition can illuminate aspects
of the evolution of language if properly compared with other
cognitive disorders.

DOMESTIC FEATURES IN WS

As noted above, when reviewing the distinctive symptoms of WS,
a striking pattern emerges: people with the syndrome seem to
exhibit more exaggerated domesticated features than typically
developing people, not only in outward physical features, but
also related to brain structures and networks, behavior, cognition,
and the underlying physiological and biochemical systems that
influence them (Figure 1). This gives support for the hypothesis
that WS can be seen as a “hyper-domesticated” phenotype in
humans. Below we review the parallels between WS and the
DS in more detail.

Physical Anomalies
People with WS exhibit a distinctive “elfin face,” resulting from a
short philtrum, pointy ears with longer and narrower conchae,
shorter noses with a nose bridge that is flatter than normal,
wide mouth, and wideset eyes (Hovis and Butler, 1997; Pober,
2003; Tarjan et al., 2003; Morris, 2010; Poornima et al., 2012).

Part of the “elfin” look also results from smaller and retrusive
jaws (Axelsson, 2005), which are maintained into adulthood and
which resemble the smaller upper jaws observed in domesticated
foxes and dogs (Coppinger and Schneider, 1995). As noted by
Etchevers et al. (1999) and by Creuzet et al. (2006), jaw size is
related to NCCs input. Likewise, numerous studies have observed
irregular dentition in WS. In general, the teeth are consistently
smaller, shorter, and more widely spaced (Hertzberg et al., 1994;
Axelsson, 2005; Moskovitz et al., 2005; Poornima et al., 2012;
Maurino et al., 2017). It is also common for individuals with WS
to have abnormally small roots, abnormally shaped incisors and
molars, and a high number of missing teeth (Tarjan et al., 2003).

Cognition and the Brain
Visuospatial Cognition
One important parallel between WS and DS concerns
visuospatial abilities, which are reported to be severely impaired
in WS (Bellugi and Wang, 1994; Meyer-Lindenberg et al., 2004;
Mobbs et al., 2007; Atkinson and Braddick, 2011; Haas and Reiss,
2012). Usually, people with WS experience problems with seeing
the ‘big picture’ made out of smaller components, like a triangle
composed of circles (Wang et al., 1995). Interestingly enough,
the ability to recognize unfamiliar faces is spared (Bellugi et al.,
1992). These deficits have been attributed to the altered size and
connectivity of the ventral and dorsal visual processing streams
(Meyer-Lindenberg et al., 2004; Mobbs et al., 2007; Atkinson and
Braddick, 2011; Key and Dykens, 2011; Haas and Reiss, 2012).
Compared to chimpanzees, bonobos also have reduced visual
connectivity in certain brain regions, including parts of both the
ventral and dorsal visual streams (Rilling et al., 2012). According
to Rilling et al. (2012), these differences might also explain why
chimpanzees are superior to bonobos in tasks requiring use
of tools (van Schaik et al., 1999; Hohmann and Fruth, 2003;
Herrmann et al., 2010). Typically, the neurodevelopmental
profile of subjects with WS is characterized by difficulties with
tool use (see Morris, 2010 for review).

Social Cognition
Domesticated animals (dogs vs. wolves, domestic vs. wild foxes,
and bonobos vs. chimpanzees) show more attentiveness and
sensitivity to human social cues (Hare, 2017). These cues
are usually eye or facial movements or gestures. Moreover,
they outperform their wild conspecifics only as far as social
situations are concerned, but not in general cognition abilities;
that is, when cues to problem solving are presented in the
form of social interaction (gaze cues, gestures, commands),
the more domesticated animals perform better than their wild
counterparts, but when the cues are given without social
interaction, this advantage disappears (Hare et al., 2002; Hare
and Tomasello, 2005; Wobber and Hare, 2009; Lampe et al.,
2017). This circumstance lead Hare et al. (2002) to speculate
that the process of domestication might create selective pressures
for certain social cognition skills only, especially those related
to gaze attention, which enable domesticated animals to better
communicate with humans. Interestingly, individuals with WS
excel in following an experimenter’s gaze to the correct target,
although they underperform in the subsequent tasks because
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FIGURE 1 | WS and the DS. Most of the clinical features observed in subjects with WS parallels the set of traits found in domesticated strains of animals. The picture
of the child was gathered from Iconfinder output (available at http://www.iconfinder.com/icons/525448/boy_child_kid_male_man_person_white_icon).

they remain fixated on the face and eyes of the experimenter
(Riby et al., 2013).

Spatial Cognition
Some differences with the neurotypical population can be
observed regarding spatial memory, which is more allocentric
and less egocentric in people with WS (for instance, they
rely more heavily on landmarks when learning a route and
retracing it) (Broadbent et al., 2015). According to Broadbent
et al. (2015), this could result from the atrophy of certain brain
regions, particularly, the hippocampus, a brain structure involved
in episodic memory, cognition, spatial navigation, and stress
responsiveness (Meyer-Lindenberg et al., 2005a), a phenomenon
which is also observed in many domesticates, as reviewed in
more depth below.

Brain Volume and Brain Regionalization
Individuals with WS have a smaller cranial capacity, and therefore
smaller brain volumes compared to controls (Jernigan and
Bellugi, 1990; Schmitt et al., 2001a; Reiss et al., 2004; Thompson
et al., 2005 Meyer-Lindenberg et al., 2006; Jackowski et al.,
2009). This reduction can be broken down into a 15–21%
reduction of white matter and a 6–8% reduction of gray matter,
which is significant in all lobes (Thompson et al., 2005), with
increased cortical thickness in the perisylvian cortex, the superior
temporal sulcus, posterior and lateral occipital and inferior
occipital temporal regions, and the fusiform area (Thompson
et al., 2005). Overall, the WS brain is regionalized differently,
and shows altered connectivity almost throughout (Jernigan
and Bellugi, 1990), but particularly, regarding white matter
pathways associated with social cognition (Haas et al., 2014a).
Domestication also entails significant changes in brain structure
and function. Domestic animals typically exhibit smaller brains

(Kruska, 1988, 2005) that tend to reorganize adaptively in
response to the domestic environment. Phylogenetically younger
parts of the brain (particularly the forebrain) are more reduced
in size under the influence of domestication (Kruska, 1988).
Overall, some of the brain areas that seem to be directly related
to the cognitive/behavioral phenotype of WS show differences in
size, volume and/or structure with the neurotypical population,
while others display altered patterns of connectivity. Still others
exhibit altered function or altered neurohormone production. In
most cases, these are regions that also exhibit structural and/or
functional differences between domesticated and wild animals,
and/or that are wired differently in both groups. Some parallels of
interest for language (in connection to domestication) involve the
thalamus, the basal ganglia, parts of the cortex (like the Sylvian
fissure) and the limbic system, which we review below.

The Thalamus
In people with WS the thalamus is disproportionately reduced
(Reiss et al., 2000; Schmitt et al., 2001b; Tomaiuolo et al.,
2002; Meyer-Lindenberg et al., 2004). Chiang et al. (2007) and
Campbell et al. (2009) found distinct gray matter reduction in
the posterior thalamus that might account for their visuospatial
deficits, whereas Eckert et al. (2005) suggested that the number
of white matter fibers connecting the superior parietal lobule
and the posterior thalamus is reduced in subjects with WS.
These differences between WS people and the neurotypical
population resemble the differences found between chimpanzees
and bonobos, given that the latter exhibit a less expansive
thalamus, as well as a pronounced decrease of white matter in
the medial thalamus (Rilling et al., 2012). As highlighted by
Boeckx and Benitez-Burraco (2014a), changes in the thalamus
account for crucial aspects of our more globular brain and
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for our language-readiness. Specifically, Chomsky’s famous
‘Merge’ function, the operation that makes language possible
by combining basic linguistic units (Chomsky, 1995), could
result from high frequency (e.g., gamma) oscillations being
embedded in lower frequency oscillations generated in the
thalamus. Significantly, contrary to first reports on this condition,
syntax is not spared in WS, but delayed or perhaps impaired
across diverse domains (subcategory constraints, passives, Wh-
questions, agreement, etc.) (see Karmiloff-Smith and Mills, 2006;
Mervis and Becerra, 2007; Karmiloff-Smith, 2008; Martens et al.,
2008; for review and discussion).

The Striatum
The basal ganglia control many cognitive and emotional
functions in humans, including language (Booth et al., 2007; Kotz
et al., 2009; Viñas-Guasch and Wu, 2017). Domesticated rats
exhibit size reductions of the striatal area (Kruska and Schott,
1977). Likewise, people with WS exhibit decreased volume of the
basal ganglia (see Jernigan et al., 1993; Bellugi et al., 1999; Reiss
et al., 2000; Campbell et al., 2009), as well as decreased white
matter in this area, at least in children (Chiang et al., 2007).

The Cortex
The Sylvian fissure has been hypothesized to be partially
responsible for the hyper sensitivity that people with WS
have to auditory stimuli (Eckert et al., 2006). Many authors
(e.g., Kippenhan et al., 2005; Eckert et al., 2006; Gaser et al.,
2006; Van Essen et al., 2006; Fan et al., 2017) have reported
instances of abnormal gyrification in the Sylvian fissure of
subjects with the syndrome. Eckert et al. (2006) found evidence
that this atypical Sylvian fissure patterning is associated with
the size of the planum temporal, a specific area proximal to
the Sylvian fissure which has been related to musicality and
perfect pitch in musicians (Hickok et al., 1995). This could
explain in part the musical affinity that individuals with WS
exhibit. This is a compelling area for research also in terms
of their linguistic skills, since Keenan et al. (2001) found
that the planum temporal might be a source of linguistic
prowess in people with this condition. The depth, position,
and shape of the Sylvian fissure has not been explored fully
in comparisons between wild and domestic animals, although
Schmidt (2014) found that domesticated pigs show a very
pronounced, deep Sylvian fissure compared to wild boars.
However, this varies greatly in other domesticates such as
sheep, horses, or even mink. Likewise, in a study comparing
domestic pigeons and their wild counterparts, the rock doves,
Rehkämper et al. (2008) found that the nidopallium was
smaller in domesticates. The nidopallium, which is highly
implicated in both auditory input and vocal output, shares many
features with area Spt in humans, located in the Sylvian fissure
(Lewandowski et al., 2013).

The Limbic System
This is a group of brain structures which support functions like
emotion, motivation, and long-term memory (see Rolls, 2015
for review). As noted by Kruska (1988), the most prominent
differences between the brains of domesticated animals and their

wild conspecifics can be found in the structures comprising this
system. The most important components of the limbic system
are the hippocampus and the amygdala. Concerning the former,
people with WS usually exhibit reduced hippocampal volumes
(Meda et al., 2012), as well as an abnormal hippocampal function
and response (Meyer-Lindenberg et al., 2006), that might account
for their impairment of spatial navigation and especially, of
long term spatial and verbal memory. These abnormal features
are mimicked in mice models of WS (Segura-Puimedon et al.,
2014). Domesticated strains of mammals (laboratory rats, pigs,
sheep, poodles, and llamas) show reduced hippocampal volumes
as well (and plausibly altered functionality) compared to their
wild counterparts (Kruska, 1988, 2005). Regarding the amygdala,
evidence has accumulated over the years pointing to this area as
the basis for a lot of the emotional abnormalities exhibited by
people with WS, in particular, their altered fear processing and
their more “friendly” demeanor (i.e., they are less sensitive to fear
in social settings, but they generally have more fear and anxiety
in non-social situations). Accordingly, the amygdala of subjects
with the syndrome underreacts when they have to respond to
fearful facial expressions (Meyer-Lindenberg et al., 2005b; Haas
et al., 2009), whereas it overreacts when the stimulus is not
related to social situations (e.g., spiders) (Jackowski et al., 2009;
Muñoz et al., 2010; Capitao et al., 2011). Likewise, the amygdala
has a disproportionately larger volume in people with WS in
comparison to typically developing people (Reiss et al., 2004;
Martens et al., 2009; Järvinen and Bellugi, 2013). Specifically,
Haas et al. (2014b) found that individuals with WS have a larger
central nucleus of the amygdala, which is a major output area to
various other brain areas, including the anterior cingulate cortex,
the orbitofrontal cortex, and the prefrontal cortex, which are all
important for conscious perception of emotion. Interestingly, as
noted by Rilling et al. (2012), compared to chimpanzees, bonobos
show a larger amygdala to ventral anterior cingulate cortex
(vACC) pathway, which has been found to inhibit aggression by
both top-down and bottom-up processes (Davidson et al., 2000;
Meyer-Lindenberg et al., 2006; Blair, 2008). Bonobos also show
a more enlarged dorsal amygdala (Rilling et al., 2012), a region
also implicated in the activation of the hypothalamic–pituitary–
adrenal (HPA) axis through connections with the hypothalamus
(Davis, 1997; Ledoux, 1998). According to Amunts et al. (2005)
and to Barger et al. (2007), this circumstance might explain in
part that, similarly to people with WS, bonobos are more anxious
when it comes to other, non-social aspects of life, such as eating
competition, and have been described as ‘more nervous’ than
chimpanzees (de Waal, 1997; Wobber et al., 2010).

The cingulate gyrus is regarded a component of the limbic
system, and as such is responsible for certain aspects of emotional
response, for regulating aggressive behavior, and for coordinating
sensory input with emotions, among many others functions.
However, it is also related to language in many ways, especially
to language expression, because it contributes to the regulation
of the motor functions of speech production via its connections
with Broca’s area (Bernal et al., 2015) Compared to chimpanzees,
bonobos have a much larger pathway linking the amygdala with
the anterior cingulate gyrus (Rilling et al., 2012) and this may
account in part for their enhanced empathy and less aggressive
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impulses. Likewise, they exhibit stronger connections of this
region with the amygdala, which seemingly accounts for the
increased number of serotonergic neurons found in the bonobo’s
amygdala (Stimpson et al., 2016). Haas et al. (2014a) reported
that individuals with WS have significantly greater gray matter
density in the ventral and dorsal cingulate gyri, among other
areas, plausibly because their increased attention to emotional
stimuli leads to an increased density of nerve fibers in that area.

The hypothalamus is regarded as a part of the limbic system
as well, but its main role concerning the DS results from being an
integral part of the HPA axis, as reviewed in the next subsection.

Other brain areas of interest
Two other important brain areas deserve to be highlighted
because of their connections with the amygdala: the fusiform
gyrus and the orbital frontal cortex (OFC). The fusiform
gyrus, which is part of the temporal and occipital lobes, is
involved in visual recognition. Chimpanzees have a larger right
fusiform gyrus compared to bonobos (Rilling et al., 2012). People
with WS show smaller total volumes of the fusiform gyrus,
although increased volumes of the fusiform face area (FFA),
connected to face recognition (Golarai et al., 2010; O’Hearn
et al., 2011; Haas and Reiss, 2012). At the same time, their
amygdala is less connected to the FFA compared to typically
developing subjects (Haas and Reiss, 2012; Vega et al., 2015).
Children and adolescents with WS show reduced volumes of
gray matter in the left fusiform and increased gray matter
volumes in the right fusiform (Campbell et al., 2009) These
differences have been claimed to account for their increased
focus on face and eyes (Järvinen-Pasley et al., 2008; Haas
and Reiss, 2012). In a similar vein, much research on WS
points to the OFC and its connection with the amygdala as
an important causative factor of the behavioral phenotype of
WS (Reiss et al., 2004; Meyer-Lindenberg et al., 2005b; Haas
et al., 2009). The OFC is associated with prioritizing behavior
in social situations, social cognition, and emotion regulation
(Semendeferi et al., 1998; Adolphs, 2003), and is a key zone for
the convergence of dorsal and ventral visual stream processing
(Suzuki and Amaral, 1994; Epstein et al., 1999). The OFC is
involved as well in the processing of empathy (Decety et al.,
2008; Carrington and Bailey, 2009; Brink et al., 2011). Some
of the most consistent findings from neurobiological research
on the WS brain point to differences in the gyral patterns
and to reduced gray matter volumes in the OFC (Meyer-
Lindenberg et al., 2004; Gaser et al., 2006; Meda et al., 2012;
Fan et al., 2017), as well as changes in the white matter
pathways connecting this area with the fusiform gyrus and
with the amygdala and the hippocampus (Meyer-Lindenberg
et al., 2004; Haas et al., 2014a). Compared to less domesticated
apes, humans and bonobos have a larger and more diversified
posterior OFC (Rilling et al., 2012; Hare and Yamamoto, 2018),
which might explain their heightened sensitivity to the mental
states of others (see Hare and Yamamoto, 2018 for discussion).
Overall, these differences might account of the fact that although
subjects with WS are initially very friendly, difficulties with
empathy make it difficult for them to sustain social relationships
(Plesa Skwerer and Tager-Flusberg, 2016).

Behavioral Traits and Neuroendocrine
Impairment
Typically, domestication entails increased sociopositive behavior,
decreased aggression, increased attentive and anxious behaviors,
and decreased risk-taking and exploratory behaviors (Kaiser
et al., 2015). That said, enhanced sociability is not expressed
evenly across the board in all species. On the contrary, it
appears in different forms in many domesticated animals:
approachability, interest in humans, the ability to read human
cues, more elaborate vocalizations, interest in communication
with conspecifics, longer fixed gaze patterns, more eye contact
with humans, etc. (Deacon, 2009; Wobber and Hare, 2009;
Hare, 2017). The social nature of WS encompasses many of
these forms linked to the DS. But likewise, this hypersocial
profile of people with WS is uneven. Most individuals are
eager to interact socially with others, have a higher tolerance
of strangers, and an affinity for communicative language (Doyle
et al., 2004). Hence, they eagerly strike up conversations or
initiate interaction with other people, including strangers. That
said, they also experience difficulties with interpreting social
cues, sustaining social relationships, and converting empathy into
helpful behavior or other types of socially appropriate responses
(Plesa Skwerer and Tager-Flusberg, 2016). This might explain the
high prevalence of anxiety disorders in people with WS and the
reported feelings of isolation despite their attempts to connect
with other people (Leyfer et al., 2009; Järvinen and Bellugi, 2013).

The HPA axis is a major neuroendocrine system resulting from
complex interactions between the hypothalamus, the pituitary
gland, and the adrenal glands, and regulates a great number of
bodily functions. In Belyaev’s seminal farm fox experiment, it
was shown that the function of the HPA axis was significantly
reduced in domesticated foxes in just a few generations, resulting
in decreased levels of glucocorticoids, decreased levels of basal
adrenocorticotropic hormone in plasma, and reduced adrenal
response to stress, which plausibly accounts for the changes in
behavior linked to domestication (Naumenko and Belyaev, 1980;
Oskina, 1996; Trut et al., 2009). A decreased stress response of
the HPA axis was later found in other domesticated animals, like
rats and guinea pigs (Kruska, 1988; Künzl and Sachser, 1999;
Trut et al., 2009). Specifically, Kaiser et al. (2015) found that
although cortisol levels in guinea pigs were similar in wild and
domestic strains when it came to basal cortisol activity, the wild
strain of cavies exhibited a more pronounced cortisol response
when introduced to new environments (Künzl and Sachser, 1999;
Künzl et al., 2003; Zipser et al., 2014). The HPA axis also plays a
key role in the amygdala response and fear signaling impulses,
which also contribute importantly to the behavioral phenotype
of domesticated animals. Similarly to domesticated animals,
individuals with WS exhibit disrupted HPA axis functions as
compared with typically developing subjects. Hence, they show
decreased levels of cortisol in situations where evaluation by
others is prominent (Lense and Dykens, 2013), but stable cortisol
levels during stressful situations that do not depend on others.
This effect on the cortisol response is not unexpected if one
considers that the output of cortisol involves the amygdala,
the prefrontal cortex, and the hippocampus, all of them areas
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implicated in situations of fear and social stress (see Martens et al.,
2008; Dedovic et al., 2009). Occasional adrenal insufficiency has
been reported as well in children with WS (Dayal et al., 2017).

The hypothalamus synthesizes two hormones that are of
particular relevance regarding domestication (and its parallels
with WS): oxytocin (OT) and vasopressin (AVP). These
hormones regulate many social behaviors and are involved
in most social interactions (Wójciak et al., 2012). Specifically,
oxytocin inhibits the HPA axis’ stress triggered activity
(Neumann, 2002). Domesticated animals exhibit higher densities
of both OT and AVP cells, particularly in the anterior
hypothalamus (Ruan and Zhang, 2016). Oxytocin has been
related to human-animal interactions, especially when eye
contact is involved in communicative settings (see Beetz et al.,
2012 for review). According to Nagasawa et al. (2015), dog
domestication entailed the borrowing of certain social cognitive
traits from humans, particularly, “gaze” behavior, which triggers
an ‘oxytocin-mediated positive loop’ that facilitates dog-human
bonding. Similarly, in individuals with WS, basal OT and
AVP levels are increased, and the increase correlates with
social engagement behaviors, such as tendency to approach
strangers and emotionality; additionally, OT and AVP release
patterns react more markedly in them to positive and negative
stimuli (Dai et al., 2012). Higher levels of OT in WS
has been hypothesized to result from the hypomethylation
(and thus overexpression) of OXTR, the gene encoding the
oxytocin receptor (Haas and Reiss, 2012), perhaps as a
result of the hemideletion of WBSCR22, which encodes a
methyltransferase (Doll and Grzeschik, 2001; Merla et al.,
2002), and/or some effect of GTF2I, also deleted in WS, a
gene that has been proven to affect the reactivity to OT and
ultimately, sociability (Procyshyn et al., 2017). Interestingly,
OXTR is among the genes that seem to have undergone
positive selection in recent hominin evolution (Schaschl
et al., 2015). In the neurotypical population higher levels
of OT have been shown to increase anxiety (Grillon et al.,
2018) or fear of future stress (Guzmán et al., 2013). Not
surprisingly in view of its role in social bonding, OT has
been related to language evolution, but it happens to be
also intertwined with auditory and vocal processing, as well
as attention and memory systems (see Theofanopoulou, 2016
and Theofanopoulou et al., 2017 for details). Specifically, OT
is involved in social motivation for vocal communication
and it might encourage listeners to resolve problems with
semantic integration (Ye et al., 2016). Interestingly enough,
in children with ASD, higher plasma concentrations of OT
correlate with enhanced verbal abilities (Zhang et al., 2016)
and the retention of social information, like affective speech
(Hollander et al., 2007).

Other Features
Subjects with WS exhibit some other features typically found
in domesticated mammals, like the acceleration of sexual
maturation. Pankau et al. (1992) found that individuals with this
condition experienced a pubertal growth spurt at age 10 in girls
and 13 in boys, which is 1–2 years earlier than the norm (at
the time). Pankau and collaborators noted as well that menarche

also occurred earlier than normal in girls. Partsch et al. (2002)
found similar results in their study of 86 girls with WS, who
showed a slightly accelerated sexual maturity. Changes in skin
color (specifically, premature graying of the hair) are also found
in most subjects with WS, plausibly because of the hemycigosis
of BAZ1B (Kozel et al., 2014). Likewise, most individuals with
the syndrome exhibit less pigmentation in their eyes, as most
of them have blue eyes and/or a characteristic “star pattern”
in the iris (Jones and Smith, 1975; Greenberg and Lewis, 1988;
Holmström et al., 1990).

GENETIC SIGNATURES OF
DOMESTICATION AND THE GENETICS
OF WS

As noted in the introduction, WS is caused by a hemizygous
deletion of 1.5–1.8 Mb on 7q11.23, which affects roughly
30 genes, with >95% patients exhibiting a 1.55 Mb deletion
(Pober et al., 2010). In this section we will examine the
functional connections between the genes hemideleted in WS and
candidates for domestication and NC functioning, as well as the
expression pattern of the latter in the blood of subjects with WS,
with a focus on aspects of brain function, cognition, and behavior
of interest for language (evolution). In order to rely on the most
updated list of candidates for domestication, we have merged the
list we compiled for our paper on DS in SZ (Benítez-Burraco et al.,
2017) with the list delivered by Theofanopoulou et al. (2017). The
merged list encompasses 764 genes (Supplementary Table S1).
The genes related to NC development and function are the ones
also considered on our study on DS in SZ, which comprises
89 genes gathered using pathogenic and functional criteria:
neurochristopathy-associated genes annotated in the OMIM
database1, NC markers, genes that are functionally involved in
NC induction and specification, genes involved in NC signaling
(within NC-derived structures), and genes involved in cranial NC
differentiation (see Supplementary Table S1). Regarding the WS
genes, we have considered the 23 protein-coding genes located
within the fragment commonly deleted in people with WS, as
provided by DECIPHER2.

In silico Approach
Among the genes deleted in WS, one finds a robust candidate for
domestication in mammals, namely BAZ1B (Wilkins et al., 2014).
BAZ1B plays a key role in chromatin remodeling and nucleosome
repositioning (Kitagawa et al., 2003). BAZ1B haploinsufficiency
dysregulates nearly 50% of the genes expressed in patient-
derived neurons (Lalli et al., 2016). BAZ1B target gene functions
are enriched for neurogenesis and neuron differentiation, and
it seems that the gene regulates the balance between neural
precursor self-renewal and differentiation (Lalli et al., 2016).
Interestingly, Baz1b is upregulated in the nucleus accumbens, a
key brain reward region, in mice that are resilient to chronic
social defeat stress (Sun et al., 2016). Interestingly too, BAZ1B

1http://omim.org/
2https://decipher.sanger.ac.uk/
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binds the vitamin D receptor (Meng et al., 1998). People with
WS suffer from hypercalcemia, which normally resolves after
reducing calcium and vitamin D intake (Lameris et al., 2014).
Low vitamin D levels correlates with cognitive impairment in
clinical conditions involving language deficits, like SZ (Amato
et al., 2010) and ASD (Jia et al., 2015). Vitamin D deficiency
also reduces the amount of FOXP2-expressing cells in the
developing cortex (Hawes et al., 2015); FOXP2 is a key gene
for language development and evolution (Nudel and Newbury,
2013; Graham et al., 2015). Importantly, vitamin D has been
hypothesized to play a key role in the emergence of our
language-readiness (reviewed in Benítez-Burraco and Boeckx,
2015). Interestingly, it has been claimed that Neanderthals
suffered from a vitamin D deficiency (Greenfield, 2015). This
deficiency, and more specifically, differences in FOXP2 regulation
by vitamin D, might have contributed, plausibly in subtle ways,
to their different social cognition and language abilities (see
Benítez-Burraco et al., 2018 for a detailed discussion).

Additionally, several of the genes within the WS critical
region interact with candidates for domestication in mammals.
Specifically, String 10.53 points to attested functional interactions
between nearly one third of the genes deleted in WS and more
than 20 candidates for domestication (Figure 2A). The most
interesting set of connections are the links between the WS genes
BAZ1B, EIF4H, GTF2I, GTF2IRD1, MLXIPL, and STX1A, and the
domestication candidates PRKG2, CACNA1C, NRXN1, SNAP29,
PPP2CA, RPL3, EIF2S2, RNPC3, SNRPD1, SF3B1, and POLR1E.
Specifically, GTF2I has been related to cognitive problems and
craniofacial abnormalities in WS (Morris et al., 2003; Tassabehji
et al., 2005). One of its functional partners is USF1 (Roy et al.,
1997), whose regulatory region has undergone 30 fixed or high
frequency changes after our split from Denisovans (Meyer et al.,
2012). As noted above, GTF2I has been found to affect sociability
and anxiety through modulating the oxytocin reactivity (Dai
et al., 2009; Brunberg et al., 2013; Procyshyn et al., 2017). Mice
with a heterozygous deletion of Gtf2i tend to have a greater
interest in social interactions with unfamiliar mice, but reduced
interest in new objects, mirroring what is observed in subjects
with WS (Sakurai et al., 2011). The involvement of this gene
in brain function and cognition seemingly results from the fact
that Gtf2i is an upstream regulator of various brain processes,
including neuronal development, inhibitory synapse maturation,
and neural circuit formation (Shirai et al., 2017). Likewise, a
heterozygous deletion of Gtf2ird1, which encodes a repressor
of GTF2I transcriptional functions, results in hypersociability,
as well as in learning, and memory deficits in mice (Tassabehji
et al., 2005; Young et al., 2008; Palmer et al., 2010). The
hemyzigosis of GTF2IRD1 and GTF2I has been hypothesized
to contribute as well to the cognitive and language features of
WS (Vandeweyer et al., 2012), because it gives rise to motor
dysfunctions and vocalization alterations (Howard et al., 2012).
Regarding the candidates for domestication belonging to this
network, it is worth highlighting that PRKG2 has been associated
with dwarfism in livestock (Boegheim et al., 2017), but also to
spatial memory and motor coordination deficits in mice (Wincott

3https://string-db.org/

et al., 2013), and to intellectual disability and speech problems in
humans (Bonnet et al., 2010; Hu et al., 2017). Signaling through
Prkg2 in the amygdala is critical for auditory-cued fear memory
and long-term potentiation (Paul et al., 2008). CACNA1C
encodes the alpha 1C subunit of the Cav1.2 voltage-dependent
L-type calcium channel (Kumar et al., 2015) and has been related
to deficient semantic verbal fluency in SZ (Krug et al., 2010),
as well as to executive dysfunction, intellectual disability, and
ASD (Damaj et al., 2015). The hypermethylation of CACNA1C
in AMHs compared to Neanderthals is suggestive of increased
cross-frequency coupling between specific brain oscillations (θ
and γ bands), and ultimately, of enhanced working memory
operations in our species across a number of modalities (see
Murphy and Benítez-Burraco, 2018a for details). NRXN1 encodes
a neurexin that regulates synaptic activity, neuritogenesis, and
neuronal network assembly during neocortical development
(Süudhof, 2008; Gjørlund et al., 2012; Jenkins et al., 2015).
Mutations in the gene are known to impair speech severely, and
give rise to mild motor delay too (Zweier, 2012). Mutations in
SNAP29 causes cerebral dysgenesis (Sprecher et al., 2005). The
gene contributes to the modulation of synaptic transmission (Su
et al., 2001; Pan et al., 2005). PPP2CA is involved in the regulation
of axonal growth (Li et al., 2018). SF3B1 is a candidate for SZ
(Schizophrenia, 2014). The gene is associated with PQBP1, linked
to developmental delay and microcephaly (Li et al., 2013) and to
intellectual disability (Wang M.J. et al., 2013).

Another interesting network is comprised by the WS gene
RFC2 and the candidates for domestication BRCA1, ISG15,
POLI, UBE2B, and TUBGCP5. BRCA1 is highly expressed in
the embryonic neuroepithelium when neural progenitors are
highly proliferative, playing distinct apoptotic and centrosomal
functions important for the developmental regulation of brain
size (Pao et al., 2014). ISG15 is a FOXP2 target (Vernes et al.,
2011) and encodes an error-prone DNA polymerase involved in
DNA repair. TUBGCP5 has been related to Attention Deficit-
Hyperactivity Disorder (ADHD) and Obsessive-Compulsive
Disorder (OCD; Picinelli et al., 2016), as well as to ASD
(Sanders et al., 2012).

Regarding the NC, no genes within the WS region are
listed among the candidates for NC development and function.
Nonetheless, BAZ1B is hypothesized to upregulate some of the
genes required for the embryonic growth of NCCs in humans,
like SNAIL and SLUG (Barnett et al., 2012). Knockdown of
BAZ1B also results in SOX2 downregulation (Corley et al.,
2016). SOX2 is a robust candidate for domestication (Wilkins
et al., 2014). Also, it is functional in various NCCs, having
an instrumental effect on skin regeneration (Johnston et al.,
2013) and sensory neurogenesis (Cimadamore et al., 2011).
Likewise, both GTF2I and GTF2IRD1 are expressed in NC-
derived tissues, with heterozygous deletions of either gene
giving rise in mice to craniofacial defects (Enkhmandakh et al.,
2009). Significantly, GTF2I is also involved in ASD, through
DLX5/DLX6 regulation (Shirai et al. (2017), which are two genes
important for the changes resulting in our language-readiness
(Boeckx and Benítez-Burraco, 2014b).

Moreover, although several other connections can be found
in the literature, we wish to highlight the functional links
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FIGURE 2 | Functional interactions among the WS genes and candidates for domestication (A) and NC development and function (B). The diagrams show the
network of known functional interactions among the proteins encoded by the genes. The networks were drawn with String (version 10.5; Szklarczyk et al., 2015)
license-free software (http://string-db.org/), using the molecular action visualization. Colored nodes symbolize the proteins. The color of the edges represents
different kind of known protein-protein associations. Green: activation, red: inhibition, dark blue: binding, light blue: phenotype, dark purple: catalysis, light purple:
post-translational modification, black: reaction, yellow: transcriptional regulation. Edges ending in an arrow symbolize positive effects, edges ending in a bar
symbolize negative effects, whereas edges ending in a circle symbolize unspecified effects. The medium confidence value was 0.0400 (a 40% probability that a
predicted link exists between two enzymes in the same metabolic map in the KEGG database: http://www.genome.jp/kegg/pathway.html). The diagram only
represents the attested connectivity between the involved proteins, derived from curated databases or experimentally determined, but it has to be mapped onto
particular biochemical networks, signaling pathways, cellular properties, aspects of neuronal function, or cell-types of interest to gain a more accurate view of its
relevance for the presentation of domesticated features in WS (see the main text for details).
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FIGURE 3 | Candidates for domestication that are significantly dysregulated in the blood of subjects with WS (FDR < 0.05, | FC| > 1.2).

pointed out by String between some genes within the WS
region and candidates for NC, particularly, between LIMK1
and EFNB1, EFNB2, and NRP1, and between FZD9 and
WNT7B, WNT3A, WNT1, and WNT6 (Figure 2B). LIMK1
encodes a serine/threonine kinase involved in many cellular

processes associated with cytoskeletal structure, including axon
growth and brain development and function. Specifically, LIMK1
has been shown to regulate long-term memory and synaptic
plasticity (Todorovski et al., 2015). In combination with some
other of the genes within the WS fragment, LIMK1 has been
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related to the visuospatial problems experienced by people
with WS (Gray et al., 2006; Smith et al., 2009), but also with
the approachability which is typical of their social cognition
(Hoeft et al., 2014). EFNB1 is among the most common
single gene causing syndromic craniosynostosis and other
clinical conditions involving abnormal skull/face development,
specifically, craniofrontonasal syndrome (Wieacker and Wieland,
2005; Kimonis et al., 2007). EFNB2 encodes a component
of the Reelin pathway, important for brain development,
and is also a target of PAX6 in the forebrain (Xie et al.,
2013). PAX6 contributes to the regulation of the migration
of NCCs from the anterior midbrain (Matsuo et al., 1993)
and is a FOXP2 target (Konopka et al., 2011). Finally, NRP1
encodes a neuropilin that regulates many aspects of neural
development, including neuronal migration, axon patterning,
and synaptogenesis; specifically, it helps to guide the NCCs
precursors of neurons and glia in the peripheral nervous system
(Raimondi and Ruhrberg, 2013). Regarding the WS gene FZD9,
it is critical for hippocampal development (Zhao et al., 2005),
but also contributes to regulating cell division and programmed
cell death (Chailangkarn et al., 2016). FZD9 is a receptor for
several components of the WNT family and this interaction
is important for the involvement of NC in body development,
particularly, in the early development of the central nervous
system (Wang et al., 2010; Ossipova and Sokol, 2011). The
hemizygosis of FZD9 has been hypothesized to result in longer
dendrites, increased numbers of spines and synapses, aberrant
calcium oscillation, altered network connectivity, and enhanced
glutamatergic excitatory synapses (Chailangkarn et al., 2016).
FZD9 direct ligands WNT7B, WNT3A, WNT1, and WNT6
are different members of the WNT family with important
roles in brain development. Specifically, WNT7B controls
neuronal differentiation and the development of forebrain
structures by regulating the expression of selected pro-neural
transcription factors (Papachristou et al., 2014). WNT3A exerts
a neuroprotective effect in several brain areas, including the
hippocampus (Zhao et al., 2016; Ríos et al., 2018). Both WNT7B
and WNT3A are involved in the pre-synaptic assembly (Ahmad-
Annuar et al., 2006; Cerpa et al., 2008; Davis et al., 2008).
WNT1 plays a role in the induction of the mesencephalon and
cerebellum and has been related to fear memory formation and
long-term memory consolidation in the amygdala (Maguschak
and Ressler, 2011). Finally, WNT6 is involved in craniofacial
morphogenesis (Hu and Marcucio, 2009).

Overall, the evidence reviewed in this section supports the
view that the hemideletion of the WS fragment can result in
a significant alteration of many genes related to DS and NC,
providing a genetic rationale of the parallels between the DS
phenotype and the WS clinical profile.

In vivo Approach
The data discussed in the previous subsection suggest that
some genes either interact with or are themselves, candidates
for domestication in mammals and/or NC development and
function (Supplementary Table S1) and that this circumstance
might account for the abnormal presentation of features
of domestication in people with this condition. Still, these

connections were found in the literature and/or were uncovered
in silico, based on curated databases of interactions between
proteins and on experimentally determined interactions. In order
to establish the biological reliability of these links, and ultimately,
of our hypothesis, we conducted a more physiologically focused
analysis, relying on gene expression profiles in the blood
of people with WS. Our aim was to know whether genes
involved in domestication and NC development and function
are dysregulated in this condition and whether this up- or
downregulation can explain aspects of the WS phenotype,
particularly, their abnormal features of self-domestication. The
gene expression profiling data of peripheral blood in patients with
WS was obtained from Gene Expression Omnibus (GSE 89594).
We then used the Benjamini-Hochberg method (Benjamini and
Hochberg, 1995) to calculate the false discovery rate (FDR).
Genes were considered to be differentially expressed genes
(DEG) when the FDR < 0.05 and the | fold change (FC)|
> 1.2. We evaluated the statistical overrepresentation using
Fisher’s exact test.

We found that candidates for domestication are not
significantly dysregulated in the blood of subjects with WS
(p = 0.20 by Fisher’s exact test). Nonetheless, several genes
are significantly up- or down-regulated compared to controls
(Figure 3). In order to check the specificity of this set
of genes in relation to domestication and to features of
the WS phenotype, we conducted a functional enrichment
analysis with Enrichr4 (Chen et al., 2013; Kuleshov et al.,
2016). Our results (Supplementary Table S2) show that the
dysregulated genes mainly contribute to bone development,
vitamin and hormone homeostasis, lipid metabolism, and
skin development, which are all aspects found affected in
people with WS. Regarding their molecular function, they
typically participate in low-density lipoprotein activity, but also
in protein modification (via phosphodiesterase modification),
gene regulation (via histone modification), and cytoskeleton
assemblage (via dynactin binding). Perhaps not surprisingly, in
mammals the alteration of these genes result in phenotypes that
mimic aspects of the DS, particularly changes in pigmentation
and body size. Interestingly too, they are associated in
humans to clinical symptoms mostly related to hair and eye
pigmentation, craniofacial and limb morphology (like malar
flattening, mandibular prognathia, and finger camptodactyly),
and hormone homeostasis (hypothyroidism). Finally, these genes
are predicted to be preferentially expressed in the gut, but
also in the blood and the brain. According to the Human
Brain Transcriptome Database5 all these genes are expressed in
the brain, particularly in the cerebellum (see Supplementary
Table S3). The cerebellum is crucially involved in language
processing (Vias and Dick, 2017; Mariën and Borgatti, 2018) and
subjects with WS exhibit cerebellar volume alterations that are
associated with their cognitive, affective and motor distinctive
features (Osório et al., 2014).

Among the candidates for domestication found
downregulated in the blood of subjects with WS, besides

4amp.pharm.mssm.edu/Enrichr
5http://hbatlas.org
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FIGURE 4 | Candidates for NC development and function that are significantly dysregulated in the blood of subjects with WS (FDR < 0.05, | FC| > 1.2).

BAZ1B it is worth highlighting several other genes. KIT is one
of Wilkins et al. (2014) candidates for domestication. This gene
encodes a tyrosine kinase receptor which plays a key role in
the regulation of NC-derived processes, like melanogenesis or
hematopoiesis (Rothschild et al., 2003; Kasamatsu et al., 2008). In
rats, mutations in Kit impair hippocampal synaptic potentiation
and spatial learning and memory (Katafuchi et al., 2000). KIF27
encodes a putative ciliary motor with an important role in the
primary cilia, which interacts with Gli transcription factors
(Wilson et al., 2009; see Cohen, 2010 for discussion). GLI factors
have been hypothesized to play a key role in events resulting
in our skull/brain globularization, self-domestication, and
language-readiness (Boeckx et al., unpublished). PAX3 is another
of Wilkins et al. (2014) candidates for the DS in mammals and
interacts with two other core candidates, namely SOX10 (Lang
and Epstein, 2003), and TCOF1 (Barlow et al., 2013). PAX3
encodes a transcription factor involved in neural development,
myogenesis, and craniofacial patterning, and it is among the
earliest genes activated in NC progenitors (Maczkowiak et al.,
2010; Bae et al., 2014; Plouhinec et al., 2014). This gene is a
candidate for Waardenburg syndrome, a clinical condition
entailing sensorineural hearing loss and developmental delay
(Tassabehji et al., 1992; Chen et al., 2010). It has been associated
as well with orofacial cleft in distinct populations (Böhmer
et al., 2013; Butali et al., 2014; Leslie et al., 2015, 2016; Gowans
et al., 2016). MSRB3, which encodes a methionine sulfoxide
reductase, has been shown to contribute to the regulation of
hippocampal volumes in selected regions along the dentate gyrus,
subiculum, CA1 and fissure (Hibar et al., 2017). Specifically,

the MSRB3 protein is found to be associated with synaptic
vesicles, particularly, in the neuropil of the CA1 pyramidal layer
(Adams et al., 2017). Interestingly, in patients with Alzheimer’s
disease, the MSRB3 protein is more abundant in the soma of the
neurons (Adams et al., 2017). Additionally, MSRB3 deficiency
causes hearing loss due to stereocilia degeneration and apoptotic
death of the cochlear hair cells (Kwon et al., 2014; Kim et al.,
2016). PDE4D encodes a phosphodiesterase that degrades
cAMP, contributing to the regulation of its physiological role in
specific brain pathways and in different brain areas, including
the hippocampus and the basal ganglia (Miró et al., 2002). In
particular, PDE4D modulates at synapses the role of DISC1, a
protein related to SZ (Bradshaw et al., 2008). In the mouse brain,
Pde4d is highly expressed in the cerebellum and the thalamus
(Cherry and Davis, 1999). Inhibition of Pde4d enhances neuronal
plasticity and memory (Ricciarelli et al., 2017; Zhang et al., 2018).

Among the candidates for domestication found to be
upregulated it is worth highlighting SETBP1, which encodes
a SET binding protein and which is a candidate for specific
language impairment (SLI). GWAs have associated this gene
with the complexity of linguistic output (Kornilov et al., 2016).
Microdeletions affecting SETBP1 have been shown to impact
mostly on expressive abilities, whereas receptive abilities remain
substantially preserved, to the extent that some patients can
communicate through miming and gestures (Filges et al., 2011;
Marseglia et al., 2012). Common polymorphisms in SETBP1 have
been recently associated with reading abilities in the neurotypical
population, particularly, with phonological working memory,
via the activation of the right inferior parietal lobule (Perdue
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et al., 2018). Mutations on the gene result as well in social
and behavioral problems (Coe et al., 2014). This gene is also a
candidate for Schinzel-Giedion syndrome, a condition entailing
severe developmental delay and occasional epilepsy (Ko et al.,
2013; Miyake et al., 2015). Likewise, STAB1, which encodes a
scavenger receptor for acetylated low density lipoproteins, with
an important role in defending against bacterial infections, has
been found to be associated with conditions impacting on our
distinctive cognitive abilities, including bipolar disorder (Witt
et al., 2014), Alzheimer’s disease (Giil et al., 2017), and pediatric
Multiple Sclerosis patients (Liguori et al., 2019). CASP7 encodes
a caspase that contributes to the cleavage of nuclear substrates
during neuronal apoptosis (Hayashi et al., 2006). The gene has
also been shown to influence early neurodegenerative changes,
particularly, as observed in Alzheimer’s disease (Sloan et al.,
2010). TBXAS1 encodes an endoplasmic reticulum membrane
protein that catalyzes the conversion of prostaglandin H2 to
thromboxane A2, a potent vasoconstrictor, and it has been
associated with gray matter volume differences in the cortex and
the cerebellum of schizophrenic patients (Wang Q. et al., 2013).
CYFIP1 regulates presynaptic activity during development, as
well as electrical activity in the hippocampus (Hsiao et al.,
2016). Increased CYFIP1 dosage alters cellular and dendritic
morphology (Oguro-Ando et al., 2015) and the gene is thought
to play a critical role in the maintenance of dendritic complexity
and the stabilization of mature spines (Pathania et al., 2014).
CYFIP1 is a candidate for several clinical conditions impacting
cognitive and social abilities, including epilepsy, SZ, intellectual
disability, and ASD. Hence, reduced CYFIP1 levels in neural
progenitors result in dysregulation of SZ and epilepsy gene
networks (Nebel et al., 2016). Likewise, the gene is upregulated
in intractable temporal lobe epilepsy patients (Huang, 2016), and
also in the blood of people with ASD (Noroozi et al., 2018).
In mice, Cyfip1 haploinsufficiency results in decreased dendritic
spine density and stability, and altered synaptic plasticity, as
well as in motor learning deficits (Bachmann et al., 2019).
Additionally, CYFIP1 promotes in the brain the translation
repression activity of FMR1, the main causative factor of
X-Fragile syndrome, to the extent that haploinsufficiency of
Cyfip1 produces fragile X-like phenotypes in mice (Bozdagi
et al., 2012). Interestingly, a common variant of CYFIP1 has
been associated with structural variation at the language-related
left supramarginal gyrus (Woo et al., 2016). CYP1A2, which
encodes a member of the cytochrome P450 superfamily, has
been associated with super-refractory SZ (de Brito et al., 2015).
CD36 encodes a fatty acid translocase with a key role in the
transport and intracellular trafficking of fatty acids and in energy
homeostasis in the brain, but also in cognitive processes, like
learning abilities (see Moullé et al., 2012 for review). Lastly,
OTOF encodes a calcium ion sensor involved in the control of
neurotransmitter release at ribbon synapses of cochlear hair cells
(Pangršič et al., 2012). Mutations in OTOF cause neurosensory
nonsyndromic recessive deafness (Santarelli et al., 2015).

Regarding candidates for NC development and function, we
found that they are significantly dysregulated in the blood of
subjects with WS (p = 4.0e-3 by Fisher’s exact test). Several
genes are significantly downregulated compared to controls

(Figure 4). According to Enrichr (Supplementary Table S4),
these genes contribute significantly to cell assembly, sensory
perception, gene expression, and nervous system development.
Concerning their molecular function, they regulate channel
activity and DNA binding. In mammals, mutations in these
genes result in an abnormal development of different body
organs, including the thyroid gland, the tongue, the spinal
column, the ear, the larynx, the thymus, and the heart, but
also in pigmentation anomalies. In humans, they are mostly
associated with pigmentation changes in the hair, the eye, and
the lips, as well as to ear and lung dysfunction, and altered
craniofacial and skeleton morphology. Finally, although these
are NC genes, they are also predicted to be expressed in the
branchial arches, the muscles, and other body organs, like
the pharynx and the thymus. According to the Human Brain
Transcriptome Database, all the NC genes that are downregulated
in the blood of patients with WS are expressed in the brain
(Supplementary Table S5).

GJB1 which encodes a member of the gap junction protein
family, involved in the transference of ions and small molecules
between cells, is the main candidate for X-linked Charcot-
Marie-Tooth disease type 1, a type of hereditary motor and
sensory neuropathy (Kleopa et al., 2012). Some mutations in
the gene have been reported to cause transient central nervous
system dysfunction, including dysarthric speech (Siskind et al.,
2009). HOXA3, which encodes a transcription factor involved in
gene expression regulation, morphogenesis, and differentiation,
regulates the migration of branchial nerve precursors (Watari-
Goshima and Chisaka, 2011). Finally, PAX3 is a core candidate
for domestication discussed above.

Overall, these findings provide experimental support for
the hypothesis that the WS phenotype results in part from
the dysregulation of selected candidates for domestication in
mammals and for NC development and function. Certainly,
because our focus of interest is put on language (see section “WS,
Domestication, and Language Evolution”), most of the relevant
changes are expected to concern to the brain, but not to the blood.
Nonetheless, a significant overlap between both tissues exists,
ranging from 20% (Sullivan et al., 2006; Rollins et al., 2010) to
55% (Witt et al., 2013). Accordingly, we regard that our findings
in the blood can be confidently extrapolated to the brain.

WS, DOMESTICATION, AND LANGUAGE
EVOLUTION

As noted in the introduction, signs of domestication can be found
in AMHs compared to extinct hominins and these signs have
seemingly been exacerbated in the last 50.000 years, in a period
when important changes in our behavior occurred. Although
the regions with signals of positive selection in our species are
enriched in candidates for domestication (Theofanopoulou et al.,
2017), we still lack a good understanding of the effect of these
changes in our cognitive and behavioral phenotype. First, the
timing of these selective sweeps is not clear. Did they occur in
late AMHs, thus potentially accounting for the enhanced self-
domestication of the human species in our recent history and
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ultimately, for all the expected changes in our cognition and
language abilities? Or did they occur in early AMHs, therefore
having a more indirect effect on our cognitive architecture
and behavior? Second, we have no idea about the biological
consequences of these DNA changes. Did they result in real
changes in the expression levels of the affected genes? And if
they did, did they have a measurable impact on body tissues
involved in the DS? On which one(s)? Specifically, should we
expect a direct effect of these changes on brain function, or
should we instead expect that the cognitive changes linked to
self-domestication had a more indirect source, perhaps resulting
from behavioral changes? Fortunately, we are not totally in
the dark. As far as language is concerned, candidates for
domestication have been shown to be intimately linked with
the set of genes accounting for our language-readiness, which
seemingly changed after our split from Neanderthals (Benítez-
Burraco et al., 2017; see Mozzi et al., 2016 for a different account
of these changes). Accordingly, one could expect that the changes
that habilitated the neuronal workspace enabling our cognitive
modernity, including our ability to learn and use languages,
also contributed to the changes resulting in our species-
specific cultural niche linked to human self-domestication, which
contributed in turn to increase language complexity via a cultural
change. The inverse is also true, of course, because our mode
of cognition, mostly resulting from biological changes, has a
significant impact on our cultural practices. Importantly too,
cultural changes can also affect our cognitive architecture via the
creation of “cognitive gadgets” through subtle modifications in
learning and data-acquisition mechanisms like attentional focus
or memory resources (Clarke and Heyes, 2017; Lotem et al.,
2017). That said, it is clear that we still need to disentangle
the complex relationships that seemingly exist between genes
(in particular, candidates for language-readiness and candidates
for domestication), behavior, and the environment (physical
and cultural), which we expect account for the evolution of
language (and languages).

Certainly, an increasing body of research deals with the
consequences of domestication for language evolution (see
Benítez-Burraco and Kempe, 2018, Thomas and Kirby, 2018
among many others). Nonetheless, it necessarily builds on
indirect evidence and results in hypotheses that are difficult
to prove. Language disorders, if analyzed at the proper level
of granularity (genes, protein networks, and the like) can
serve as a confident window onto language evolution, because
of the robust link between developmental disturbances and
evolutionary history (see Benítez-Burraco and Boeckx, 2014 for
discussion). Interestingly, altered features of domestication have
been shown to be related (and perhaps contribute to) several
cognitive disorders entailing problems with language, like ASD
and SZ (Benítez-Burraco et al., 2016, 2017). It is our contention
here that WS could be the best available model when it comes to
use cognitive disorders for testing current hypotheses about the
effect of domestication in language evolution. First, as we show
in the paper, it simultaneously entails cognitive and language
alterations, and increased features of domestication. Second, it
might help disentangle the effect of specific processes associated
with domestication. As discussed by vonHoldt et al. (2017),

domestication does not entail an increased ability for social
problem solving as such. Actually, human-socialized wolves can
outscore domestic dogs across many sociocognitive domains
(Udell et al., 2010). It is their enhanced hypersociability, the
main distinctive feature of people with WS, that distinguishes
dogs from wolves (Udell et al., 2010). Third, studies looking
for genomic signals of domestication, which compare wild and
domesticated variants of mammals, regularly find genes related to
WS among the ones that have changed in domesticated animals.
The whole region ortholog to the WS region is under positive
selection in domestic dog breeds (vonHoldt et al., 2010), and
recent studies highlight GTF2I and GTF2IRD1 as the genes that
might explain the enhanced sociability of dogs compared to
wolves (vonHoldt et al., 2017). Likewise, comparisons between
wild and domesticated foxes have found positive selection of
three genes located at the border of the WS deletion in tamed
foxes (Kukekova et al., 2018). And as we have shown in the
previous section, WS genes are functionally connected to many
candidates for domestication and NC function. Moreover, some
of these candidates are dysregulated in the blood of subjects with
WS. The “neural crest hypothesis” of domestication (Wilkins
et al., 2014) predicts a reduced expression of genes affecting
NC development in domesticated animals. Actually, this is what
we have found in the blood of patients with WS. Interestingly,
there exists a mirror condition to WS, the so-called 7q11.23
Duplication syndrome, resulting from the duplication of the
region deleted in WS. As noted by Morris et al. (2015), subjects
with this condition exhibit opposite features to people with
WS, including macrocephaly, speech problems, and impaired
social cognition. This circumstance suggests that gene dosage is
a key factor accounting for the differences between these two
phenotypes, and more generally, that the hypothesis of self-
domestication as a result of the hypofunction of the NC (and
the downregulation of selected genes) might be on the right
track. Fourth, the WS region seems to be a hotspot for genomic
evolution in primates, with many species-specific duplications
and rearrangements that resulted in significant differences among
primate genomes (Antonell et al., 2005). It has been hypothesized
that transposon activity (Alu-mediated duplicated transposition)
might account for these changes and diversity (Antonell et al.,
2005). Interestingly, in canines, transposon dynamics have been
associated with a hypersocial behavioral syndrome and among
the transposon-derived sequences that are hyper-methylated in
dogs compared to wolves (and potentially downregulated in
them), one finds several of the WS genes (WBSCR17, LIMK1,
GTF2I, WBSCR27, BAZ1B, and BCL7B) (vonHoldt et al., 2018).
Finally, WS has a well-defined etiology, in contrast to other
cognitive disorders entailing abnormal cognitive and linguistic
features and abnormal domesticated features, like ASD or SZ, for
which hundreds of candidate genes have been posited. That said,
although all these circumstances seemingly corroborate the utility
of the study of the WS region for understanding how humans
became self-domesticated (and how language evolved), some
caution is in order. Not every single neuropsychiatric condition
can be fully explained in the framework of the domestication
hypothesis. After all, disorders are adaptive response to specific
gene alterations that seemingly affect the whole brain (and the
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body) (Boyle et al., 2017). Also, not every human physical
and cognitive trait can be linked to our self-domestication or
be interpreted as an adaptive response to the conditions that
triggered our self-domestication, because other factors shaped
our evolutionary history as well.

In this final section of the paper we will discuss parallels
between aspects of WS behavior and language, and behaviors
that we have highlighted as foundations of cultural transmission
processes that may have facilitated the emergence of modern
languages, specifically, parenting and teaching behaviors, and
play behavior (see Benítez-Burraco and Kempe, 2018; Langley
et al., unpublished). Certainly, people with WS exhibit mental
retardation and cognitive deficits that have a negative impact
on their language. At the same time, however, their language
exhibits some of the features we have hypothesized as resulting
from cultural learning and more generally, from human self-
domestication. The fact that there is an overlap between genetic
signatures of language evolution, domestication, and WS also
reinforces this view.

Increased socialization resulting from human self-
domestication has been hypothesized to push language
change toward language systems optimized for conveying
decontextualized information between unfamiliar individuals,
which are characterized by expanded vocabularies, increased
syntactic complexity, simpler sound combinations, more
regular and simplified morphologies, greater compositionality,
and enhanced semantic transparency (Benítez-Burraco and
Kempe, 2018). We should not expect to find direct evidence
of the enhancement of such features in the WS language
compared to the neurotypical language, because people
with WS exhibit moderate-to-severe disabilities in different
cognitive domains, including mental retardation, with a
noteworthy impact on their language abilities. As noted by
Karmiloff-Smith and Mills (2006: 587), in WS one finds
“a mixture of delay, deviance, and asynchronies across the
developing system.” At the same time, it is true that in some
domains, subjects with WS score better than people with
other developmental disorders in spite of deep underlying
deficits, suggesting that compensatory mechanisms are active
(see Karmiloff-Smith, 1998 and Mervis and Becerra, 2007 for
discussion). Accordingly, if we want to use WS as a model
for the effects of self-domestication in language (evolution),
it makes more sense to compare it with other cognitive
disorders also entailing abnormal domesticated features and
language deficits, particularly, with ASD. Some overlap exists
between both conditions. Hence, both ASD and WS are
characterized by anxious behaviors and attention deficits (Ng
et al., 2018), some of the genes within the WS region are also
candidates for ASD (Sanders et al., 2011), and individuals
with WS have some risk of suffering from autistic-behaviors
(Tordjman et al., 2012; Klein-Tasman et al., 2018). Nonetheless,
the ASD phenotype grossly mirrors the WS phenotype.
This is particularly true regarding domestication, because
features of domestication are attenuated in people with ASD
(Benítez-Burraco et al., 2016).

We have good accounts of the WS language (see Karmiloff-
Smith and Mills, 2006; Brock, 2007; Mervis and Becerra,

2007; Martens et al., 2008 for good reviews) and the ASD
language (see Rapin and Dunn, 2003; Tager-Flusberg and
Joseph, 2003; Sterponi et al., 2015 for good reviews), but
very few studies comparing the WS and the ASD phenotypes
in the communicative domain (see Asada and Itakura, 2012;
Lacroix et al., 2016). Overall, although both subjects with
ASD and subjects with WS exhibit impaired social cognition
and communicative skills (see Asada and Itakura, 2012 for
detailed discussion), the pragmatic abilities of autistic people are
more impaired (Philofsky et al., 2007). Morphology in children
with ASD is usually impaired: they omit certain morphemes
(articles, auxiliary forms, past tense), which emerge quite
later (Bartolucci et al., 1980; Roberts et al., 2004; Modyanova
et al., 2017). They also have problems with complex syntactic
structures, like passives (Tager-Flusberg, 1981) or relative clauses
(Riches et al., 2010). By contrast, in children with WS,
regular morphology is quite preserved (they experience more
problems with irregular forms), although they have problems
with complex syntax too (particularly, relative clauses) (see
Karmiloff-Smith and Mills, 2006; Mervis and Becerra, 2007;
Martens et al., 2008). The only direct comparison between the
ASD language and the WS language suggests that children
with ASD suffer from specific grammar impairments (i.e.,
the inability to bind a pronoun to its antecedent) that
are not observed in children with WS, who perform like
typically developing younger children (Perovic et al., 2013).
Regarding vocabulary and semantic knowledge, children with
WS are typically reported to excel at expressive vocabulary and
although they experience problems with providing definitions
of words and correct sentence comprehension, they exhibit
normal semantic organization and fluency (Volterra et al.,
1996; Mervis et al., 1999, Purser et al., 2011; Van Den
Heuvel et al., 2016; see Mervis and Becerra, 2007 for
discussion). On the contrary, lexical knowledge is delayed in
children with ASD (Chawarska et al., 2007; Herlihy et al.,
2015). Only for individuals who acquire a good language
command, vocabulary is reported to be a relative strength
(Kjelgaard and Tager-Flusberg, 2001; Mayes and Calhoun,
2003). Moreover, although children with ASD seemingly rely
on the same cognitive and perceptual machinery for lexical
development as typically developing children, these learning
mechanisms are less efficient (Arunachalam and Luyster,
2016). For example, they are able to rely on gaze cues
for inferring word meaning, but they fail in using cues
of speaker reference or intention (Jing and Fang, 2014).
Likewise, they exhibit problems extending word meanings and
situating them in semantic networks, which are organized
differently to neurotypical children (see Arunachalam and
Luyster, 2016). Interestingly, ASD and WS exhibit opposite
brain responses (N400) to tasks involving semantic integration
(Fishman et al., 2011).

As noted above, because domestication gives rise to neoteny
and enhanced sociability, it has been hypothesized to favor
parenting and learning behaviors, as well as input enhancement
by parents and other caregivers, which facilitates the acquisition
of complex languages (see Benítez-Burraco and Kempe, 2018
for discussion). Interestingly, children at risk or with ASD show
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reduced preference for infant-directed speech (Watson et al.,
2012), this impacting negatively on language skills at later ages
(Nadig et al., 2007; Paul et al., 2007; Watson et al., 2010).
Evidence about WS children is not available, but compared
to children with 22q11.2 Deletion syndrome, who commonly
exhibit autistic features (Ousley et al., 2017), they express more
positive emotions toward their mothers in conflict interaction,
higher levels of child’ engagement, and enhanced reciprocity
(Weisman et al., 2015).

Additionally, domestication increases play behavior in
animals (Hart, 1985; Himmler et al., 2013; Kaiser et al.,
2015). Enhanced play behavior has been hypothesized to
contribute to language complexity too (see Langley et al.,
unpublished for detailed discussion). Several reasons support
this view. First, play (particularly, pretend and symbolic
play) and language root on similar cognitive and social skills
(Weisberg, 2015). Second, they are linked through common
ontogenetic roots (Piaget, 1962; Belsky and Most, 1981).
Third, they are mutually supportive behaviors (Vygotsky,
1962; Bruner, 1983; Levy and Gottlieb, 1984; Quinn et al.,
2018). Finally, play helps the developing child to gain language
exposure (and thus access richer and more varied language
structures and uses) and language practice (usually in the
form of playful child-directed activities like songs and nursery
rhymes) (Bebout and Belke, 2017). Although children with
WS commonly show problems in their functional play,
creativity, and imagination, they exhibit spared abilities
for correctly responding to joint attention or for sharing
enjoyment and requesting (Klein-Tasman et al., 2007).
During social and play interaction the behavior of children
with WS is predominantly dyadic, but not triadic (Laing
et al., 2002). Compared to typically developing children
matched for linguistic abilities, children with WS exhibit less
spontaneous functional play and imaginary play, although their
abilities for symbolic play correlate with their expressive
and receptive language, like in the typically developing
population (Papaeliou et al., 2011). By contrast, children
with ASD exhibit reduced ability to respond to joint attention
(Mundy et al., 1994; Charman et al., 2004), with joint attention
disabilities strongly correlating with language impairment
(Bono et al., 2004; Bottema-Beutel, 2016), although symbolic
and pretend play levels also correlate with language abilities
(Hobson et al., 2013).

CONCLUSION

Overall, it is difficult to launch any robust conclusion
about the effect of the enhanced socialization, potentially
resulting from their hyper-domesticated phenotype, on the
language abilities and features of children with WS compared
with children with cognitive disorders entailing impoverished
social function, like ASD. A reason is that although in
WS prosocial aspects of social functioning are not usually
impaired, difficulties with the social-cognitive aspects of social
functioning are frequently observed, impacting negatively on
communication and cognition (Klein-Tasman et al., 2011).

Nonetheless, considering the evidence discussed in this paper,
it seems plausible that enhanced features of domestication
might contribute to explaining their linguistic profile, and
in particularly, their language strengths compared to other
cognitive disorders. All children with disorders need extra
input enhancement and scaffolding of language acquisition to
improve their language disabilities, but it might be hypothesized
that to some extent in WS this is partially provided by
their enhanced self-domesticated features. Obviously, this is
an empirical question that we expect to address in the
near future. Accordingly, we have designed an experiment to
compare how artificial grammars are learned and transmitted
by children with ASD and with WS (due to the reduced
visual abilities and notable hearing abilities of the latter, we
have found it is more appropriate to rely on sounds instead
of pictures). We hypothesize that the grammars learned by
children with WS will acquire some exoteric features as they
are transmitted along a chain of learners. Incidentally, the
possibility that one important etiological factor of the observed
deficits in WS is the hypofunction of the NC (caused by the
downregulation of the genes highlighted in section “Genetic
Signatures of Domestication and the Genetics of WS) is worth
exploring in detail too. All in all, the evidence reviewed
in this paper reinforces the view that a deep link exists
between (self-)domestication, language evolution, and language
impairment, and that it is worth examining this link in detail if
we want to gain a more accurate view of how language evolved
in our species as a result of changes that are biological and
cultural by nature.
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REVIEW

Autism and Williams syndrome: truly mirror
conditions in the socio-cognitive domain?
Amy Niego1 and Antonio Ben�ıtez-Burraco2

1Faculty of Philology, University of Seville, Seville, Spain; 2Department of Spanish, Linguistics, and Theory of
Literature (Linguistics), Faculty of Philology, University of Seville, Seville, Spain

Autism Spectrum Disorders (ASD) and Williams Syndrome (WS) are frequently characterized as mirror condi-
tions in the socio-cognitive domain, with ASD entailing restrictive social interests and with WS exhibiting
hypersociability. In this review paper, we examine in detail the strong points and deficits of people with ASD
or WS in the socio-cognitive domain and show that both conditions also share some common features.
Moreover, we explore the neurobiological basis of the social profile of ASD and WS and found a similar mix-
ture of common affected areas and condition-specific impaired regions. We discuss these findings under the
hypothesis of a continuum of the socio-cognitive abilities in humans.

Keywords: Autism spectrum disorders, Williams syndrome, social cognition, social behavior, neurobiology, human evolution

1. Introduction
Williams syndrome (WS) is a complex clinical condi-
tion which is defined on an etiological basis, as most
cases result from the deletion of 1.5 to 1.8Mb in one of
the chromosomes 7, affecting nearly 30 genes in the on
7q11.23 region (Korenberg et al. 2000, Pober 2010).
WS presents with a set of distinctive physical, cogni-
tive, and behavioral features, including altered growth
patterns, craniofacial anomalies, heart problems, gastro-
intestinal and genitourinary disease, skin defects, intel-
lectual disability, and impaired visuospatial cognition,
but with quite spared sociability, notable musical abil-
ities, and substantially preserved language (Morris et al.
2003, Mervis and Becerra 2007, Martens et al. 2008,
Pober 2010). By contrast, Autism Spectrum Disorders
(ASD) is a cover term for a set of pervasive neurodeve-
lopmental disorders mostly defined on a symptomatic
basis, with all of them exhibiting language and commu-
nication problems, repetitive and stereotypical behav-
iour, and problems with social interaction (American
Psychiatric Association 2013). Contrary to WS, ASD
has a complex, unclear etiology, as many genes have
been associated with this condition, but also several
environmental factors (Geschwind and State 2015,
B€olte et al. 2019, Gyawali and Patra 2019).

At first sight, ASD and WS can be viewed as
opposite conditions in the domain of social cognition
and behavior. Individuals with ASD are normally

characterized as withdrawn, difficult to engage in social
interaction, struggling to understand social norms, and
generally uninterested in social relationships with others
(for a general review, see Newschaffer et al. 2007).
This hyposocial phenotype starkly contrasts with the
hypersocial phenotype exhibited by people with WS,
who are usually characterized as overly friendly, gre-
garious, and eager to interact with others, sometimes to
an excessive degree (for a general review, see Bellugi
et al. 2000, Jones et al. 2000, Doyle et al. 2004,
Martens et al. 2008, J€arvinen et al. 2013). However,
this is just a rough picture that deserves a closer exam-
ination, particularly at a time when studies about social
cognition and behavior in these two conditions have
grown exponentially. It is now clear that the manage-
ment of the social context by affected people can be
crucial for understanding the different clinical presenta-
tion of ASD and WS, considering that in terms of gen-
eral cognition, both conditions are quite similar when
social motivation is removed. For instance, Vivanti and
colleagues (2016) found that when the objective of a
task is learning and not social interaction, both ASD
and WS participants are equally able to imitate and
learn in social situations (see Ingersoll et al. 2013.
Berger and Ingersoll 2015 for similar findings).

A second reason that makes this comparative study
interesting is that ASD and WS are thought to share
genetic determinants (Newschaffer et al 2007, Jawaid
et al 2012) so a common genetic basis for their respect-
ive (even opposite) social deficits (and strong points)
can be hypothesized. Supporting this view, in a recent
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paper we have found a significant overlap between the
genes that are abnormally expressed in ASD and WS
compared to neurotypical controls, with most of them
exhibiting a similar trend of dysregulation in both con-
ditions. Accordingly, they are usually found either upre-
gulated or downregulated in both ASD and WS,
although fold-changes are usually greater in WS than in
ASD. Not surprisingly, most of these genes are
involved in aspects of brain development and function
(particularly, dendritogenesis) and are expressed in
brain areas (particularly, the cerebellum, the thalamus
and the striatum) of relevance for both the ASD and the
WS etiopathogenesis (Niego and Ben�ıtez-Burraco 2020,
see Tebbenkamp et al. (2014)for a more general review
of how developmental transcriptome data can be used
to improve our understanding of the etiology of com-
plex neurodevelopmental disorders, particularly, ASD
and WS). For instance, the gene EPHB1, which encodes
a receptor for ephrin-B family members, is found down-
regulated in the blood of people with ASD and WS. A
polymorphism of EPHB1 has been associated to atten-
tive behavior to faces (Yang et al. 2016). Interestingly,
EphB1 knocked-out mice show aberrant thalamic-cor-
tical axon guidance (Robichaux et al. 2014), which, as
discussed below (Section 4), is a common feature of
both ASD and WS. Recent findings about two other
purportedly mirror conditions, namely, ASD and
schizophrenia (SZ), suggest that the same genes can be
a risk factor for both conditions (Zhou et al. 2016,
Zarrei et al. 2019), whereas common biological mecha-
nisms (i.e. synaptic plasticity, brain connectivity) are
implicated in the aetiology of both SZ and ASD regard-
less of their (partially) different clinical profiles and
onset times (Liu et al. 2017). Overall, this evidence
supports the view of a continuum for the human socio-
cognitive phenotype, with neurodevelopmental disor-
ders resulting from selective damage of specific bio-
logical mechanisms involved in brain development and
maturation, mostly during sensitive and critical periods
of brain growth (see Meredith 2015 for details).

A final reason is that exploring these overlaps and
divergences between ASD and WS in the socio-cogni-
tive domain is expected to reveal interesting findings
about the evolution of human social cognition. An
important reason for this is the deep link that exists
between abnormal ontogeny and evolution, with
human-specific cognitive abilities arising to a great
extent from changes in preexisting neural circuits, but
with these human-specific brain features being impli-
cated, as noted, in neurodevelopmental and neurodege-
nerative disease risk (see Pattabiraman et al. 2020 for
discussion). In turn, this is seemingly due to the circum-
stance that recently-evolved aspects of human cognition
and behavior are more sensitive to ontogenetic damage
because of their reduced resilience (see Toro et al. 2010
for ASD).

In this paper we examine in detail the similarities
and differences between the socio-cognitive deficits
(and strong points) exhibited by participants with ASD
and WS. In doing so, we have relied on available repo-
sitories of technical papers, particularly, PubMed
(https://pubmed.ncbi.nlm.nih.gov/). Whenever possible,
we have made use of meta-analyses and review papers.
We have mostly focused on papers published from
2000 to the present. Additionally, we provide a detailed
discussion regarding the neurobiological basis of the
highlighted deficits and strong points. Overall, we
reveal an intricate profile of similarities and differences,
which we discuss under the hypothesis of a continuum
for the human socio-cognitive phenotype.

2. Socio-cognitive similarities between ASD
and WS
In spite of people with WS being labeled as ‘overly
friendly’ and ‘hypersocial’, they exhibit many difficul-
ties in the social arena that overlap in part with ASD.
Accordingly, parents of children with WS often report
that they have poor social skills, difficulties with under-
standing important social cues or information, and diffi-
culty maintaining friendships (Mervis et al. 2001,
Sullivan et al. 2003, Stojanovik 2006, Klein-Tasman
et al. 2009, J€arvinen et al. 2015). Included in these sim-
ilarities are “… social isolation, and other types of
social impairment, distractibility, inflexibility, ritualism,
obsessiveness, and pragmatic deficits” (Gillberg and
Rasmussen 1994). An important study illustrating these
parallels was conducted by J€arvinen and colleagues
(2015). The study aimed at directly comparing
responses to emotional stimuli in participants with ASD
and WS, to see if there were unique profiles of behav-
ioral responses between or across groups. 52 children
participated: 12 with WS and 17 with ASD, and 20 typ-
ically-developing (TD) controls. The experimental por-
tion required participants to identify emotions depicted
in different pictures (after a ‘passive task’ that required
them to simply look at the pictures carefully). There
were social tasks, wherein the images depicting emotion
included photos of readily identifiable facial expres-
sions (i.e. ‘happy’, ‘angry’ etc), and non-social tasks,
wherein the images did not include human faces, but
instead more neutral images of nature and sometimes
animals. The study found that both participants with
ASD and WS had a similar overall degree of social dys-
function when it comes to identifying emotions, both
with social and non- social prompts, although it was
noted that participants with WS exhibited more vari-
ability in their impairment across social domains.

Interestingly too, both groups also show difficulties
with the typical boundaries of personal space (Lough
et al. 2015). These shared social difficulties make them
more vulnerable socially, prone to disadvantages when
it comes to forming productive relationships and social
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connections. Social vulnerability is thought to be the
source of some of the anxiety documented in both
groups, which report higher levels compared to neuro-
typical people (Dykens 2003, Graham et al. 2005,
Jawaid et al. 2012). Still, notable differences between
conditions can be found. Hence, prevalence rates for
social anxiety in WS are approximately 1% whereas it
rises to approximately 30% in ASD (Simonoff et al.
2008, Royston et al. 2017). This elevated anxiety is
coupled in many cases with restricted and repetitive
behaviors (Rodgers et al. 2012).

To an important extent, these problems in the social
sphere are expected to arise from deeper cognitive and
behavioral dysfunction. People with WS exhibit a mean
IQ about 55 (Pober 2010), with intellectual functioning
remaining stable across adolescence and adulthood, but
with adaptive functioning declining over time (Fisher et
al. 2016), whereas participants with ASD have more
variable IQ levels, with more severe forms being asso-
ciated with lower scores suggestive of intellectual dis-
ability (Dykens and Lense 2011). More specifically,
young children with ASD or WS show delays in point-
ing behaviors and joint attention, and underperform in
theory of mind (ToM) tasks (i.e. tasks aimed at evaluat-
ing o evaluate the participant’s ability to attribute men-
tal states to others), like the false belief test (Baron-
Cohen et al. 1985, Charman et al. 1997, Klein-Tasman
et al. 2009, Vivanti et al. 2016). Also documented are
difficulties in inhibitory control and shifting attention
(Rhodes et al. 2010, Riby et al. 2011). Sparaci and col-
leagues found that both participants with ASD and WS
had difficulty specifying the ‘why’ of an experimenter’s
actions. That is, in a task where they were asked to
observe a hand-object action (e.g. grasping a mug to
drink tea or touching the handle to put it in a cupboard),
both groups had difficulty specifying why they were
doing so (i.e. they couldn’t say they were grasping the
object to put it away). According to Sparaci and col-
leagues, this difficulty with predicting others’ intentions
and actions can be hypothesized to arise from deficits
in predicting physical actions. Indeed, motor impair-
ments have been widely documented in both ASD (e.g.
Teitelbaum et al. 1998, Jansiewicz et al. 2006, Dewey
et al. 2007) and WS (see Trauner et al. 1989, Elliott
et al. 2006, Gagliardi et al. 2007). In contrast to their
similarities in ‘why (mis)understanding’, participants
with ASD showed superior ability in specifying the
‘what’ of an experimenter’s actions. That is, they were
better at specifying that the individual was grasping a
mug vs. simply touching it, while those with WS
showed more difficulty with this task. As Sparaci and
colleagues (2015) point out, this difference in ‘what’
ability coupled with a similarity in ‘why’ ability is indi-
cative of the fact that certain low level abilities may
shape higher level processes in unexpected ways
(Sparaci et al. 2015).

Finally, the socio-cognitive problems exhibited by
people with ASD or WS are expected to have an impact
on (and result in part from) their language deficits.
Language development is generally delayed in both
conditions, although it tends to follow the typical pro-
gression (Asada and Itakura 2012). In both ASD and
WS, grammar was originally thought to be relatively
spared, although more recent research has highlighted
the fact that it is more impaired than it appears at the
surface (see Perovic et al. 2013, Lacroix et al. 2016 for
direct comparisons). In both WS and ASD, grammatical
impairment has been shown to happen with aspects of
grammar defined later in typical development, like rais-
ing and passives (Tager-Flusberg 1981, Perovic and
Wexler 2007), grammatical morphology (Kjelgaard and
Tager-Flusberg 2001, Roberts et al. 2004), relative
clauses (Riches et al. 2010), and subject-control struc-
tures (Perovic and Janke 2013). Importantly for our
concerns here, pragmatics (that is, the ability to use lan-
guage for communicating in a social context) is
impaired in both conditions (see Tager-Flusberg 2000,
Doyle et al. 2004, Laws and Bishop 2004, Stojanovik
2006, Philofsky et al. 2007, J€arvinen-Pasley et al. 2008,
Asada and Itakura 2012, Lacroix et al. 2016 among
others), although, as we will show in the next section, it
is more so in ASD. Specifically, both ASD and WS
individuals have been rated as impaired in the quality
of their conversational initiations with others, with WS
participants underperforming people with ASD
(Philofsky et al. 2007). Likewise, narration, a basic
pragmatic skill, has also been shown to be impaired in
both conditions. Accordingly, Diez-Itza et al. (2016)
reported in their study that WS individuals often give
the impression of having in-tact narrative skills because
of their overuse of discourse markers and exclamations,
but in-depth analyses further reveal deficiencies in
sequencing narratives. Similar deficits in sequencing
narratives have been reported in ASD (see Freeman and
Dake 1996, Happ�e and Frith 1996).

Studies have shown a direct correlation between
socio-cognitive skills and deficits and pragmatic lan-
guage (dis)abilities in both WS and ASD (Happ�e 1993,
Surian et al. 1996, Hale and Tager-Flusberg 2005, John
et al. 2009), suggesting that deficits in the social
domain impact negatively on language use in both con-
ditions. Difficulties with pragmatics can be hypothe-
sized to derive from specific deficits that both groups
have, particularly, problems with inferring the mental
states of others (Asada and Itakura 2012). Likewise,
problems with narration, and specifically, the lack of
ability to sequence events, might stem from difficulties
in spatial cognition, at least in the case of WS (Phillips
et al. 2004). At the same time, socio-cognitive deficits
impacting language use certainly contribute to language
delay in both conditions, as many aspects of language
acquisition require inference of the speaker’s intentions
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(Preissler and Carey 2005). Other probable factors con-
tributing to language delay are deficits in joint attention,
which especially impact the acquisition of vocabulary
and semantic meaning of words (Baron-Cohen et al.
1985, Charman et al. 1997, Klein-Tasman et al. 2007,
Mervis and Becerra 2007, Mervis and John 2012). At
the same time, as noted, there are aspects of language
that appear similarly preserved in both conditions in
spite of socio-cognitive impairment. For instance, in
their study on grammatical binding, Perovic and col-
leagues (2013) came to the conclusion that the impair-
ment of grammatical knowledge on binding in both
conditions is independent of difficulties in social inter-
actions and pragmatics (Perovic et al. 2013).

3. Socio-cognitive differences between ASD
and WS
Although, as discussed above, similarities between
ASD and WS can indeed be found and while the social
profiles of both conditions are in no way homogeneous,
research also consistently points to differences in the
socio communicative profiles of people with ASD and
WS. Although the latter have been reported to have less
socio communicative deficits than the former (e.g.
Bellugi et al. 2000, Lincoln et al. 2007, Klein-Tasman
et al. 2009, Lacroix et al. 2016), increased social
behavior exhibited by people with WS (e.g. placing
unreasonable demands on friendships, overfriendliness,
social vulnerabilities, difficulties disengaging, increased
vulnerability with strangers, etc.) can be considered to
be just as disordered as the opposite features exhibited
by people with ASD.

In general, people with WS and ASD have been
shown to have opposite preferences in terms of their
orientation to social vs. nonsocial information, as
reported by eye tracking studies such as Riby and
Hancock (2008, 2009). More specifically, in social sit-
uations, individuals with ASD tend to direct their atten-
tion inward towards themselves and prioritize
information related to them as individuals, while those
with WS direct their attention to others. As pointed out
by Kuang (2016), in a social setting, neurotypical peo-
ple rely on both systems of attention (attention to self
and attention to others) in order to interact properly.
This increased attention towards others may in turn
help individuals with WS to preserve more emotional
empathy than those with ASD can, in spite of the fact
that, as discussed previously, both exhibit difficulties
with imagining mental states of others (Tager-Flusberg
and Sullivan 2000). As a consequence, individuals with
WS are eager to engage socially and are highly moti-
vated to approach familiar and unfamiliar people
(Bellugi et al. 2000). In contrast, people with ASD
attend much less to socially salient features and are
generally reluctant to engage with others, regardless of
whether they are familiar or not (Sigman et al. 2006,

Riby and Hancock 2009). Specifically, ASD and WS
show distinct differences in the area of face recognition
skills; people with WS are hyper-atentive to faces and
reportedly perform better than mental age matched con-
trols on standardized tests of face recognition skills,
while those with ASD attend much less to faces and
perform distinctly worse (Bellugi et al 1994, Klin et al.
1999, Schultz 2005, Tager-Flusberg et al. 2006, Rose
et al. 2007). It should be noted here that there are con-
flicting findings as to whether or not participants with
WS have an advantage over participants with ASD in
the area of emotion recognition. As discussed in
Section 2 above, J€arvinen and colleagues (2015) found
that WS and ASD participants had similar degrees of
difficulty identifying emotions from facial expressions.
By contrast, Lacroix and colleagues (2009), in their
study involving 12 participants with WS and 12 partici-
pants with ASD, found that on a task requiring partici-
pants to identify an emotion from photos of facial
expressions, people with WS performed significantly
worse than both the TD and ASD groups.

Interestingly, when participants are asked to analyze
emotion in music, individuals with WS outperform
those with ASD (Bhatara et al. 2010), in spite of both
conditions exhibiting similar affinity and interest
towards music in general (Heaton et al. 1998, Bonnel
et al. 2003, Heaton 2003, Bhatara et al. 2010). In truth,
enhanced musical abilities of people with WS do not
concern the structural aspects of music, but instead are
related to musicality and expressivity, commonly
expressed through a heightened emotional responsive-
ness to music (Thakur et al. 2018).

Both conditions also show contrast in the manage-
ment of anxiety in social settings. In both WS and
ASD, levels of anxiety correlate with their degree of
social impairment, although those with ASD are
thought to have higher levels of anxiety in general
(Rodgers et al. 2012, see also Section 2 above). Higher
levels of restricted and repetitive behaviors correlated
to higher levels of anxiety in ASD but not WS
(Rodgers et al. 2012), which suggests that these behav-
iors may serve different functions in both conditions.
Barak and Feng (2016) posited that these differences in
anxiety levels correlate to social cognition, that is, it
may be that the social drive of WS acts as a buffer
against social anxiety, while in ASD social impairments
might make them more vulnerable to anxiety (see also
Frigerio et al. 2006). White et al. 2010).

Regarding language, and particularly, language use
in social settings, differences between conditions can be
observed as well. As noted above, generally individuals
with ASD show marked problems with the communica-
tive use of language, while those with WS show elabor-
ate attention to detail and expressive phrases that are
full of emotion and affect (Udwin and Yule 1990,
Bellugi et al. 1994, Bellugi et al. 2000, Reilly et al
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2004, Brock et al. 2007, Gothelf et al. 2008, Fishman
et al. 2011). Still, there are indications that the proc-
esses involved in acquiring and using these characteris-
tics are irregular, as can be seen from research
exploring atypical activation of semantic networks after
pointing (Luk�acs et al. 2004). By contrast, in ASD,
vocabulary progresses steadily with age, but it contains
a disproportionately high number of nouns and a much
lower number of mental state terms when compared to
typically developing children (Fein et al. 1996, Gastgeb
et al. 2006, Kelley et al. 2006, Swensen et al. 2007,
Tek et al. 2008).

Other studies (e.g. Frith and Snowling 1983, Tager-
Flusberg 2003, 2004, Harris et al. 2006, Walenski et al.
2006) also document difficulties with comprehension of
meaning from context in ASD; even individuals with
high-functioning ASD show irregularities in an other-
wise typical IQ profile, with significantly lower scores
in comprehension tasks, such as comprehending idioms
(Siegel et al. 1996, Goldstein et al. 2002). Fishman and
colleagues (2011) also highlight the fact that ASD indi-
viduals have been shown to rely on visual imagery
instead of linguistic cues to comprehend sentences
(Kana et al. 2006), while people with WS tend to rely
on sentence-level context cues. In their study, Fishman
and colleagues compared 16 participants with WS, 12
participants with ASD, and 18 TD individuals between
the ages of 17 and 46 years old. Participants were asked
to judge the acceptability of a sentence (i.e. whether or
not it made sense). The study measured the N400
effect, and ERP component inversely correlated to the
semantic ‘fit’ or a word or phrase, which enables the
measurement of the use of context to infer meaning,
among other things. The study concluded that the WS
group’s accuracy was not significantly different from
that of the TD group, but that the ASD group’s accur-
acy was significantly lower. These findings suggest that
participants with WS rely more heavily on context cues
in linguistic processing than individuals with ASD, sug-
gesting that semantic processing follows a different tra-
jectory in both groups. More generally, the study by
Fishman and colleagues provides an important insight
into how different perceptual inputs (in this case, in the
language domain) can eventually lead to different com-
municative behaviors, due to differences in processing
information at the neural level. These differences point
to a divergent organization of the brain in both ASD
and WS, which is at the basis of their contrasting social
and language phenotypes, as we will discuss in the two
next sections of the paper.

Pragmatic problems, and differences between condi-
tions, have been documented in other studies. For
instance, in their comparative study of the pragmatic
language profiles of children with ASD and WS,
Philofsky and colleagues (2007) found that in certain
areas (coherence, stereotyped language, nonverbal

communication, and social relations scales) individuals
with WS performed better than participants with ASD,
although in other areas (inappropriate initiation, use of
context, and interests scales) the impairment was simi-
lar. Also, WS children were rated by their parents as
being slightly better than ASD individuals at communi-
cative tasks like appropriately sequencing and referenc-
ing events for a listener, but they still had difficulties
(Philofsky et al. 2007). As expected, these differences
in language use between ASD and WS can be attributed
to their divergent socio-cognitive profiles: after all, lan-
guage is learned and used in social situations, and atten-
tion to the facial area and emotional state of the
speaker, as well as interest in the interlocutor play a
crucial role at these levels. Hence, Fishman and col-
leagues (2011) suggest that the different patterns of
attention exhibited by people with ASD and participants
with WS may lead to different perceptual inputs, which
in turn lead to different communicative behaviors.
Likewise, the decreased sensitivity to speech prosody
documented in ASD (e.g. Korpilahti et al. 2007) could
explain their impaired ability to infer meaning from
context, whereas the auditory hypersensitivity docu-
mented in WS (e.g. Klein et al. 1990, Blomberg et al.
2006) could account for their enhanced ability at this
level (see Fishman et al. 2011 for discussion).

4. Socio-cognitive similarities in ASD and WS:
focusing on the brain (but not only)
In studies of both ASD and WS, a wealth of research
has focused on specific brain networks thought to be
implicated in behavioral and cognitive abnormalities of
both conditions. In the next two sections we provide a
brief overlook of research focused on the social realm,
with the aim of achieving a more biologically-grounded
account of the similarities and differences in the socio-
cognitive phenotypes of ASD and WS.

Regarding the associations between irregularities in
certain brain networks and some core social deficits
found in both ASD and WS, four networks are worth
considering. The first is the default mode network,
which includes the medial prefrontal cortex (mPFC),
the posterior cingulate cortex (PCC), the precuneus, the
inferior parietal lobes (IPL), and medial temporal
regions. This network is involved in basic cognitive
processes important for social interaction, such as men-
talizing, distinguishing between distinct individuals
(Hassabis et al. 2014), autobiographical recollection,
imagination, and self-referential processes such as
memory retrieval and recollection (Spreng and
Andrews-Hanna 2015). Parts of the default mode net-
work, particularly those located in the inferior frontal
and lateral temporal regions, have been shown to be
activated during many social tasks (Binder and Desai
2011, Binder et al. 2009, Seghier 2013). The functional
connectivity of the default mode network has been
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found to be irregular in ASD (Assaf et al. 2010, Lynch
et al. 2013) as well as WS (Sampaio et al. 2016).
Specifically, in their voxel-level study of resting state
functional connectivity in ASD, Cheng and colleagues
(2015) found that the medial temporal gyrus exhibits
reduced cortical connectivity and increased connectivity
to the medial thalamus in ASD participants, and posited
that this may be related to face processing deficits and
ToM impairments (Cheng et al. 2015). Cheng and col-
leagues (2015) also found in people with ASD a key
system in the precuneus/superior parietal lobe with
reduced functional connectivity, which is implicated in
spatial functions, including those related to self and the
environment. These elements are substrates of ToM, so
it stands to reason that reduced connectivity in these
regions may help to explain key elements in the social
phenotype of ASD. In studies of WS, Sampaio and col-
leagues (2016) also found decreased functional connect-
ivity in the precuneus, as well as the posterior cingulate
of the left hemisphere, which is also implicated in the
default mode network.

Even more relevant is the second network, namely,
the social brain network, which includes the superior
temporal sulcus (STS), the anterior cingulate cortex
(ACC), the medial prefrontal cortex (mPFC), the infer-
ior and superior frontal gyrus (IFG, SFG), the anterior
insula, and the amygdala. This network is thought to
influence a variety of skills and functions crucial to
interpersonal interaction, such as facial expression imi-
tation (involving the IFG), perception of facial expres-
sions and eye gaze tasks (involving the posterior STS),
theory of mind and perspective taking (involving the
SFG), and emotion processing (involving the amyg-
dala); for a thorough review of the various functions of
the social brain network, see Misra 2014). Research has
uncovered atypical connections and irregularities in this
circuitry in both ASD (Gotts et al. 2012, Kennedy and
Adolphs 2012) and WS (Barak and Feng 2016).

Also of interest is the circuitry involved in self-rep-
resentation, which includes the mPFC, the PCC/precu-
neus, the temporo-parietal junction (TPJ), the anterior
insula, the middle cingulate cortex (mCC), the ventral
premotor cortex (PMv), and the somatosensory cortex.
This circuit contributes to the ability to recognize one-
self and form a concept of self as different from others,
which is a fundamental part of social interaction (Uddin
et al. 2008). The fact that this circuit is found to be
atypical in ASD (Lombardo et al. 2010) and WS (Haas
et al. 2014) may account for the decreased interest in
others and increased focus on self which is typically
found in individuals with ASD, as well as for the
increased focus on others/decreased focus on self typic-
ally observed in participants with WS.

Finally, reward circuitry is an important brain net-
work to consider as well. This brain circuit includes the
ventral tegmental areaa (VTA), the striatum, the

orbitofrontal cortex (OFC), the ventromedial prefrontal
cortex (vmPFC) and the ACC. The reward circuit is
crucial to social behavior since it controls learning,
reinforcement, and value representation (Pujara and
Koenigs 2014), but also the drive for social interaction
or connection, deeming certain social interactions pleas-
urable or aversive (Pellissier et al. 2018). This network
has been found to be irregular in ASD and WS (Dichter
et al. 2012). Specifically, in an fMRI study, Kohls and
colleagues found that participants with ASD showed
significant hypoactivation in the reward circuit areas of
the brain (in particular, the ACC, as well as the amyg-
dala) in tasks involving a reward. Likewise, studies
involving participants with WS (e.g. Haas et al. 2009)
indicate a poorly modulated reward system in response
to social cues, especially when assessing negative ones
such as sad or angry faces.

Special attention regarding the similarities between
both conditions has been paid to two particular brain
structures mentioned above: the amygdala and the
frontal lobes. Although differences are attenuated as
participants get older (Martens et al. 2009), the amyg-
dala is disproportionately large in both ASD and WS
(Reiss et al. 2004, Schumann et al. 2004, Martens et al.
2009, Mosconi et al. 2009, Haas et al. 2014, Murphy
et al. 2012, J€arvinen et al. 2013, Gibbard et al. 2018).
A key component of the limbic system, the amygdala is
a set of brain structures that support emotion and motiv-
ation, among other functions (see Rolls 2015 for
review), and is forefront in much of the research about
the social (dys)function in both conditions (Stefanacci
and Amaral 2000, Meyer-Lindenberg et al. 2005, Haas
et al. 2010, Paul et al. 2010, Jawaid et al. 2012, Zalla
and Sperduti 2013, Barak and Feng 2016). Mosconi
et al. (2009) is one example of a robust study on amyg-
dala volumes in ASD. This is a longitudinal study, in
which amygdala volumes were measured in 50 partici-
pants with ASD and in 33 neurotypical controls, ini-
tially when they were 18–35months old, and again at
42–59months. The volume of the amygdala was meas-
ured with MRI and compared with the participants’
ability for joint attention, which was evaluated through
tasks in which children directed another person’s atten-
tion through eye gaze or followed someone else’s eye
gaze to attend to various objects or stimuli. The results
showed that at both 2 and 4 years of age, the amygdala
of the participants with ASD was enlarged in compari-
son to the TD group. The authors also found a signifi-
cant association between amygdala volumes and joint
attention abilities, suggesting that deficits in joint atten-
tion in this condition may result in part from this abnor-
mality in the amygdala. In WS, similar results have
been obtained. For instance, Haas and colleagues
(2014) investigated the volume of the amygdala in 39
participants with WS compared to 40 TD controls.
Using a surface based analytical modeling approach,
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they collected high resolution MRI data and found evi-
dence of increased radial expansion on the surface of
the amygdala in WS (specifically, on the bilateral pos-
terior cortical nucleus, lateral nucleus, and central
nucleus). Still, it is important to note that, on the sub-
ject of amygdala size in WS and ASD, contrasting find-
ings abound. Hence, Campbell et al. (2009) observed
that adolescents with WS have lower amygdalar vol-
umes compared to neurotypical controls, whereas
Martens et al. (2009) found higher amygdalar volumes
compared to the TD control groups. Studies on adults
also conflict: Reiss et al. (2004) found higher volumes
of the amygdala while Chiang et al. (2007) found lower
volumes compared to controls. Likewise, Aylward et al.
(1999) or Pierce and colleagues found the amygdala to
have a reduced volume in participants with ASD com-
pared to controls, although one possible explanation for
this discrepancy could be related, as noted above, to the
age of the participants, as studies finding larger amyg-
dala volumes (e.g. Mosconi et al. 2009, Schumann
et al. 2004) were conducted with children, while studies
finding reduced volume were conducted with adoles-
cents and adults.

Apart from size differences, the amygdala also
shows atypical functional connections to several brain
regions, specifically with the ACC, the PFC, and the
OFC (all of which are implicated in cognitive process-
ing, attention, and inhibition) (Martens et al. 2008,
Dedovic et al. 2009, Haas et al. 2014, Gibbard et al.
2018), and importantly, with various components of the
social brain, particularly, the frontal lobes (Meyer-
Lindenberg et al. 2005, Paul et al. 2010, Jawaid et al.
2012). Interestingly too, a common source of the anx-
iety reported in both ASD and WS has been found to
be irregular hyper- and hypo- activation of the amyg-
dala in response to both social and non-social stimuli in
both conditions (see Reiss et al. 2004, Martens et al.
2009, J€arvinen et al. 2013 for WS; see Baron-Cohen
and Wheelwright 1999, Critchley et al. 2000, Dalton
et al. 2005, Corbett et al. 2009, Kliemann et al. 2012,
for ASD). Specifically, Barak and Feng (2016) high-
light that the amygdala is the source of the non-social
anxiety and phobias which are typical of WS, pointing
to deficits in the prefrontal-amygdala white matter path-
ways as the cause (see also Avery et al. 2012).
Research on a salience network including the amygdala,
the ventral striatum, the dorsomedial thalamus, the
hypothalamus, and the substantia nigra (SN)/VTA has
shown these functional connections to be atypical in
ASD (Uddin et al. 2013) as well as in WS (Haas and
Reiss 2012). This network has been linked to attention
switching, as well as detection and attention to sensory
and emotional stimuli. Regarding the frontal areas, it
should be noted that individuals with WS exhibit simi-
lar approach behavior to people with frontal lobe dam-
age, suggesting that this abnormal approach behavior

could be due to a lack of inhibitory control in the
frontal lobe (Porter et al. 2007). Specifically, abnormal
functional connectivity between the OFC and the amyg-
dala has been linked to the uninhibited social nature in
WS, since the frontal lobes have been shown to regulate
and inhibit inappropriate social behavior (Meyer-
Lindenberg et al. 2005, Mobbs et al. 2007, Porter et al.
2007, Little et al. 2013, Barak and Feng 2016). Similar
lack of inhibitory control has also been shown in people
with ASD, but in terms of abnormal personal space
boundaries (Christ et al. 2007). Moreover, language
deficits and language delay have been associated to a
frontal lobe dysfunction and irregular functional con-
nectivity to the amygdala, seemingly impacting on
aspects like inferencing or joint attention (Lincoln et al.
2002, Cornish et al. 2007, Martens et al. 2008, Barak
and Feng 2016).

Research has also implicated the mirror neuron sys-
tem (MNS) in social dysfunction in ASD and WS (e.g.
J€arvinen et al. 2013). This network includes the frontal
gyrus, the STS, and the IPL (Van Overwalle and
Baetens 2009). Apart from its role in imitation, decod-
ing, and implementation of actions (see e.g. Rizzolatti
and Craighero 2004), the MNS is also related to the
social realm in terms of empathy (e.g. Gallese 2001,
Iacoboni 2009). Reduced cortical surface area, but pre-
served cortical thickness, in structures implicated in the
MNS have been found in WS (Ng et al. 2016). Studies
of the MNS in ASD report cortical thinning in selected
areas, which positively correlate to degree of social dys-
function (Hadjikhani et al. 2006, Wallace et al. 2012).
These findings indicate that the common social deficits
found in both WS and ASD may stem from an atypical
MNS, while the distinct social drive in WS is most
likely derived from systems independent of this net-
work (Ng et al. 2016).

Finally, the HPA axis (a major neuroendocrine sys-
tem resulting from the interaction between the hypo-
thalamus, the pituitary gland, and the adrenal glands)
comes into play here, because of its involvement in
stress response—particularly, the response to cortisol in
the amygdala, the PFC, and the hippocampus– all of
them areas implicated in situations of fear and social
stress (see Martens et al. 2008, Dedovic et al. 2009,
Lense and Dykens 2013, Bitsika et al. 2015). Both
ASD and WS individuals have been shown to exhibit
interrupted HPA axis function (Spratt et al. 2012,
Jacobson 2014, Ben�ıtez-Burraco et al. 2016, Niego and
Ben�ıtez-Burraco 2019, among many others). This might
explain in part the prevalence of anxiety in the two dis-
orders, although as mentioned above, the anxiety gener-
ally seems to happen in separate arenas for each group:
social in ASD and non-social in WS (see also Dykens
2003, Graham et al. 2005, Rodgers et al. 2012, Lense
and Dykens 2013).
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5. Socio-cognitive differences in ASD and WS:
focusing on the brain (but not only)
Just as the observed similarities in their respective
social phenotypes happen to follow from similar dys-
functions in similar brain areas and circuits, the differ-
ences between ASD and WS in the realm of social
behavior and social cognition stem in part from the
impairment of different devices. One focus of attention
has been the amygdala. As noted above, ASD and WS
share similar irregularities in the amygdala.
Nonetheless, some of the differences between these two
conditions in the social domain can be hypothesized to
lie in certain sub circuits of the amygdala, its differen-
tial response to stimuli, and/or its different connections
to brain regions upstream or downstream from it. For
instance, during eye gazing, a positive activation of the
amygdala has been reported in participants with WS
while aversive activation was reported in people with
ASD (Barak and Feng 2016). An interesting point about
this activation is that, according to Barak and Feng
(2016), in both cases the amygdala is hyperactivated.
However, this hyperactivation takes on different forms
in the two conditions. In ASD, it seems that this hyper
activation is negatively valenced, creating an aversive
response in those with ASD. In contrast, those with WS
experience an appetitive response from this hyperactiva-
tion, making them more apt to continue the eye gaze
(Riby et al. 2009, Barak and Feng 2016). In terms of
processing faces, there seems to be a difference at the
level of responsiveness of the amygdala; it is hyper
responsive to unfamiliar faces in ASD and hypo respon-
sive to the same stimulus in WS (Lough et al. 2015).
This might explain their distinctive response to faces
and eye gaze. Accordingly, as mentioned above, the
aversive response triggered by hyperactivation of the
amygdala would cause an aversive response to faces,
resulting in a reduced sustained attention to the facial
region, and hence, problems with facial recognition
(Dalton et al. 2005, Kliemann et al. 2012, Strauss et al.
2012). The opposite may happen in WS: the appetitive
response triggered by amygdala hyperactivation may be
a motivating factor to spend more time assessing facial
features (Riby et al. 2009, Barak and Feng 2016). It has
also been shown that individuals with WS have a
heightened amygdala reaction to images depicting non-
social fear, but a somewhat muted amygdala response
to fearful social images and faces. In contrast, partici-
pants with ASD seem to present a negative over arousal
of the amygdala when looking at faces (not necessarily
fearful ones) which seems to follow the pattern of their
social behavior (Meyer-Lindenberg et al. 2005, Haas
et al. 2009, Mimura et al. 2010, Mu~noz et al. 2010,
Barak and Feng 2016). Eventually, one possible (com-
plementary) explanation of all these differences is that
the neurons within the amygdala responding to social

stimuli come from different classes in each condition,
e.g. glutamatergic or GABAergic (Barak and Feng
2016). Still, it should be noted here that the results are
far from straightforward and contrasting results have
also been reported (e.g. Thornton-Wells et al. 2011).

Other brain areas have been implicated in the differ-
ences between ASD and WS in the socio-cognitive
domain. These include the fusiform gyrus (Haxby et al.
2000), the pSTS (Allison et al. 2000, Nummenmaa and
Calder 2009), the amygdala (Adolphs and Spezio
2006), and parietal-frontal areas such as the TPJ and
the mPFC (Gallese and Goldman 1998, Decety and
Jackson 2004, Amodio and Frith 2006, Lieberman
2007, Sui et al. 2013). Specifically, recent research
indicates that the mPFC and the pSTS both have crucial
roles in both sides of the attention spectrum, i.e. atten-
tion to self vs. attention to others, responding to each
function with an activation response or an inhibition
response: whereas the pSTS area is key in ‘attention to
others’ functions, the mPFC seems to support the
‘attention to self’ function (Sui et al. 2013, Kuang
2016). Not surprisingly, atypical connectivity and/or
structures have been found in both the pSTS and the
mPFC in both ASD and WS (Pelphrey et al. 2004,
Amaral et al. 2008, J€arvinen et al. 2013). Significant
differences have also been found in the fusiform face
area, an area in the fusiform gyrus involved in face
processing. One important study addressing this issue is
Golarai and colleagues’, who used fMRI imaging to
measure the volume of the fusiform gyrus, particularly
the fusiform face area (FFA), the region of the visual
cortex involved in facial recognition. The study was
conducted with 16 participants with WS and 15 TD
individuals between the ages of 19–49. Participants
were shown a total of 769 images in three different cat-
egories: faces, places, and textures. This study found
that the FFA was significantly larger (approximately
twice the size) in participants with WS compared to TD
controls. Subsequent studies (e.g. O’Hearn et al. 2011,
Haas and Reiss 2012) have similar findings. In contrast,
findings on ASD suggest a different architecture in the
FFA. One such study is Imke and colleagues’ (2008),
who focused on areas within the FG that encompass the
possible range of the FFA. This was a study on post-
mortem brains from 7 individuals with ASD and 10
controls, looking for cytoarchitectonic differences in
cell layer volumes, neuron density, and mean perikaryal
volumes. Researchers concluded that brains of partici-
pants with ASD showed a significant reduction of mean
neuron density, volume, and total number of neurons in
areas of the FG that were in the range of the FFA, com-
pared to controls. Other studies (e.g. Nickl-Jockschat
et al. 2015), concur with these findings.

Lastly, differences in the structure and the connec-
tion patterns of the frontal lobes (particularly, with the
amygdala) may contribute to distinctive features of the
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Figure 1. Shared and distinctive features of ASD (left) and WS (right) in the domains of cognition (up), language (center)
and social behavior (bottom) (see sections 2 and 3 for details).
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WS social phenotype, like sustained gaze towards faces,
increased approachability perception for unfamiliar
faces, difficulty in disengaging attention from faces,
and difficulties with perceiving emotion from facial
expressions (Bellugi et al. 1999, Porter et al. 2007). In
contrast, it seems that altered connectivity with the
frontal cortex in ASD is instrumental in decreased

habituation of the amygdala response to emotional
facial expressions, which correlates to their gaze aver-
sion (Zalla and Sperduti 2013, Swartz et al. 2013).

Finally, it is worth mentioning the role of oxytocin, a
hormone known to regulate social behavior and inter-
action (W�ojciak et al. 2012). Specifically, oxytocin inhib-
its the Hypothalamic–Pituitary–Adrenal (HPA) axis’

Figure 2. Shared (up) and distinctive (bottom) neurobiological features of ASD (left) and WS (right) in the sociocognitive
domain (see sections 4 and 5 for details). The schematic view of the whole brain (left) is from Lumen, under Creative
Commons Attribution License v4.0. The sagittal view of the brain (right) is from Psychology 2e, OpenStax, under Creative
Commons Attribution License v4.0.
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stress triggered activity (Neumann 2002). Individuals with
WS show an increased basal level of oxytocin, and levels
of the hormone have been positively correlated with social
engagement behaviors which are typical of this condition,
such as tendency to approach strangers and emotionality
(Dai et al. 2012). In contrast, lower levels of oxytocin
have been reported in people with ASD (Modahl et al.
1998), with higher plasma concentrations of oxytocin cor-
relating with enhanced verbal abilities (Zhang et al. 2016)
and the retention of social information, like affective
speech (Hollander et al. 2007). Administering oxytocin to
individuals with ASD has been shown to help with atten-
tion to and retention of social cues, as well as promote eye
contact (Hollander et al. 2007, Andari et al. 2010, Domes
et al. 2013).

6. Discussion
As we have shown in the previous sections, ASD and
WS certainly exhibit important differences in the
domains of social cognition and behavior, but also strik-
ing resemblances (summarized in Figure 1). Common
features include difficulties with joint attention,
impaired theory of mind, impaired inhibitory control,
difficulties in shifting attention, restrictive and repeti-
tive behaviors, language delay, impaired pragmatic abil-
ities, impaired social skills, difficulty maintaining
friendships, difficulties with personal space and abnor-
mal approach behaviors, and high levels of anxiety. At
the same time, participants with ASD exhibit a more
variable degree of intellectual disability, a reduced
attention to faces, a more marked inability to under-
stand others’ actions, more problems with structural
components of language, a limited expressive vocabu-
lary, more acute problems for inferring meaning from
context, hyposociability, an attentional focus biased
towards self, and a heightened detection of threats in
emotional processing. These deficits contrast with the
profile of people with WS, who show a less varied
intellectual disability, notable facial recognition abil-
ities, spared abilities to understand others’ actions, a
relative sparseness of structural aspects of language, a
richer expressive vocabulary, notable abilities for infer-
ring meaning from context, hypersociability, an atten-
tional focus biased towards others and reduced
detection of threats in emotional processing.

From a neurobiological perspective, it can be con-
cluded that although some differences exist between con-
ditions, similar anomalies in the same brain structures and
their functional connectivity can be observed as well
(summarized in Figure 2), these similar anomalies can
translate, however, to different behaviors. To put it differ-
ently, research repeatedly shows that what may look like a
similar impairment at the neurobiological level can result
in a different trait at the phenotypic level. As noted in the
Introduction, the same can be said of the genetic factors
involved, as a significant overlap seems to exist between

the genetic determinants of ASD and WS, and particu-
larly, between the genes that are differentially-expressed
compared to neurotypical controls, with most of these
genes being found either upregulated or downregulated in
both conditions. All in all, the evidence discussed in the
paper is congruent with the view that the same brain areas
and circuits, and ultimately, the same genes controlling
their development and wiring can be safely expected to be
involved in ASD and WS, with phenotypical differences
across conditions resulting from subtle changes in gene
regulation and ultimately, brain function.

Overall, this complex scenario nicely fits the
‘diametric brain hypothesis’ (Crespi and Badcock
2008), according to which human evolution resulted in
both non-social brain adaptations and social brain adap-
tations, which tend to exhibit tradeoffs. Accordingly,
WS would involve a(n) (maladaptively) over-developed
social-brain phenotype in conjunction with, to some
degree, a(n) (maladaptive) under-development of non-
social brain phenotype, whereas ASD would entail the
opposite. In our previous research, we have extended
this view to the recently-emerged account of human
evolution, namely, the Self-Domestication hypothesis
(SDH) of human evolution. According to this view,
humans evolved many of the distinctive traits found in
domesticated mammals as a result of our selection for
reduced aggression (see Hare 2017 for discussion). In
our work, we have shown that whereas features of
human self-domestication are attenuated in ASD
(Ben�ıtez-Burraco et al. 2016), they are found exagger-
ated in WS (Niego and Ben�ıtez-Burraco 2019). Because
self-domestication seemingly resulted from changes in
the activity of the HPA axis impacting on our brain and
behavior, altered features of self-domestication in these
two conditions are expected to account for their differ-
ences (and similarities) in the domains of social cogni-
tion and social behavior, as reviewed in this paper.

In sum, if we want to understand the deficits (and
strong points) exhibited by people with ASD or WS,
we need to move from simplistic views of these condi-
tions as mirror conditions, and adopt instead a systems-
biology approach, aimed at exploring the intricate con-
nections between all the involved levels. In particular,
an evo-devo approach seems compulsory, aimed at link-
ing the abnormal phenotypes found in the human spe-
cies with our cognitive and behavioral evolution.

Disclosure statement
The authors declare that they have no conflict
of interest.

Authors’ contribution
ABB conceived the paper. AN and ABB conducted the
literature search, analyzed the data, and wrote the
paper. Both authors approved the final version of
the manuscript

A. Niego and A. Ben�ıtez-Burraco Autism and Williams syndrome

International Journal of Developmental Disabilities 2020 VOL. 0 NO. 093



Geolocation information
Seville, Spain, Europe.

References
Adolphs, R. and Spezio, M. 2006. Role of the amygdala in processing

visual social stimuli. Progress in Brain Research, 156, 363–378.
Allison, T., Puce, A. and McCarthy, G. 2000. Social perception from

visual cues: Role of the STS region. Trends in Cognitive
Sciences, 4, 267–278.

Amaral, D. G., Schumann, C. M. and Nordahl, C. W. 2008.
Neuroanatomy of autism. Trends in Neurosciences, 31, 137–145.

American Psychiatric Association. 2013. Diagnostic and statistical
manual of mental disorders. 5th ed. Washington, DC: Author.

Amodio, D. M. and Frith, C. D. 2006. Meeting of minds: The medial
frontal cortex and social cognition. Nature Reviews Neuroscience,
7, 268–277.

Andari, E., Duhamel, J. R., Zalla, T., Herbrecht, E., Leboyer, M. and
Sirigu, A. 2010. Promoting social behavior with oxytocin in high-
functioning autism spectrum disorders. Proceedings of the
National Academy of Sciences of the United States of America,
107, 4389–4394.

Asada, K. and Itakura, S. 2012. Social phenotypes of autism spec-
trum disorders and Williams syndrome: Similarities and differen-
ces. Frontiers in Psychology, 3, 247

Assaf, M., Jagannathan, K., Calhoun, V. D., Miller, L., Stevens,
M. C., Sahl, R., O'Boyle, J. G., Schultz, R. T. and Pearlson,
G. D. 2010. Abnormal functional connectivity of default mode
sub-networks in autism spectrum disorder patients. NeuroImage,
53, 247–256.

Avery, S. N., Thornton-Wells, T. A., Anderson, A. W. and
Blackford, J. U. 2012. White matter integrity deficits in pre-
frontal-amygdala pathways in Williams syndrome. NeuroImage,
59, 887–894.

Aylward, E. H., Minshew, N. J., Goldstein, G., Honeycutt, N. A.,
Augustine, A. M., Yates, K. O., Barta, P. E. and Pearlson, G. D. 1999.
MRI volumes of amygdala and hippocampus in non-mentally
retarded autistic adolescents and adults. Neurology, 53, 2145–2150.

Barak, B. and Feng, G. 2016. Neurobiology of social behavior abnor-
malities in autism and William’s syndrome. Nature Neuroscience,
19, 647–655.

Baron-Cohen, S. and Wheelwright, S. 1999. 'Obsessions' in children
with autism or Asperger syndrome. Content analysis in terms of
core domains of cognition. British Journal of Psychiatry, 175,
484–490.

Baron-Cohen, S., Leslie, A. M. and Frith, U. 1985. Does the autistic
child have a ‘‘theory of mind’’? Cognition, 21, 37–46.

Bellugi, U., Adolphs, R., Cassady, C. and Chiles, M. 1999. Towards
the neural basis for hypersociability in a genetic syndrome.
Neuroreport, 10, 1653–1657.

Bellugi, U., Lichtenberger, L., Jones, W., Lai, Z. and St George,
M. I. 2000. The neurocognitive profile of Williams Syndrome: A
complex pattern of strengths and weaknesses. Journal of
Cognitive Neuroscience, 12, 7–29.

Bellugi, U., Wang, P. and Jernigan, T. 1994. Williams syndrome: An
unusual neuropsychological profile. In: S. Broman, J. Grafman,
eds. 1994. Atypical cognitive deficits in developmental disorders:
Implications for brain function. Hillsdale, NJ: Erlbaum Press, pp.
23–56.

Ben�ıtez-Burraco, A., Lattanzi, W. and Murphy, E. 2016. Language
impairments in ASD resulting from a failed domestication of the
human brain. Frontiers in Neuroscience, 10, 373.

Berger, N. I. and Ingersoll, B. 2015. A further investigation of goal-
directed intention understanding in young children with autism
spectrum disorders. Journal of Autism and Developmental
Disorders, 4412, 3204–3214.

Bhatara, A., Quintin, E. M., Levy, B., Bellugi, U., Fombonne, E. and
Levitin, D. J. 2010. Perception of emotion in musical performance
in adolescents with autism spectrum disorders. Autism Research:
Official Journal of the International Society for Autism Research,
3, 214–225.

Binder, J. R. and Desai, R. H. 2011. The neurobiology of semantic
memory. Trends in Cognitive Sciences, 15, 527–536.

Binder, J. R., Desai, R. H., Graves, W. W. and Conant, L. 2009.
Where is the semantic system? A critical review and meta-ana-
lysis of 120 functional neuroimaging studies. Cerebral Cortex, 19,
2767–2796.

Bitsika, V., Sharpley, C. F., Andronicos, N. M. and Agnew, L. L.
2015. Hypothalamus-pituitary-adrenal axis daily fluctuation,

anxiety and age interact to predict cortisol concentrations in boys
with an autism spectrum disorder. Physiology and Behavior, 138,
200–207.

Blomberg, S., Rosander, M. and Andersson, G. 2006. Fears, hyper-
acusis and musicality in Williams’s syndrome. Research in
Developmental Disabilities, 27, 668–680.

B€olte, S., Girdler, S. and Marschik, P. B. 2019. The contribution of
environmental exposure to the etiology of autism spectrum dis-
order. Cellular and Molecular Life Sciences, 76, 1275–1297.

Bonnel, A., Mottron, L., Peretz, I., Trudel, M., Gallun, E. and
Bonnel, A. M. 2003. Enhanced pitch sensitivity in individuals
with autism: A signal detection analysis. Journal of Cognitive
Neuroscience, 15, 226–235.

Brock, J., Jarrold, C., Farran, E.K., Laws, G. and Riby, D.M. 2007.
Do children with Williams syndrome really have good vocabulary
knowledge? Methods for comparing cognitive and linguistic abil-
ities in developmental disorders. Clinical Linguistics and
Phonetics, 21, 673–688.

Campbell, L. E., Daly, E., Toal, F., Stevens, A., Azuma, R.,
Karmiloff-Smith, A., Murphy, D. G. and Murphy, K. C. 2009.
Brain structural differences associated with the behavioural pheno-
type in children with Williams syndrome. Brain Research, 1258,
96–107.

Charman, T., Swettenham, J., Baron-Cohen, S., Cox, A., Baird, G.
and Drew, A. 1997. Infants with autism: An investigation of
empathy, pretend play, joint attention, and imitation.
Developmental Psychology, 33, 781–789.

Cheng, W., Rolls, E. T., Gu, H., Zhang, J. and Feng, J. 2015.
Autism: Reduced connectivity between cortical areas involved in
face expression, theory of mind, and the sense of self. Brain: A
Journal of Neurology, 138, 1382–1393.

Chiang, M. C., Reiss, A. L., Lee, A. D., Bellugi, U., Galaburda,
A. M., Korenberg, J. R., Mills, D. L., Toga, A. W. and
Thompson, P. M. 2007. 3D pattern of brain abnormalities in
Williams syndrome visualized using tensor-based morphometry.
NeuroImage, 36, 1096–1109.

Christ, S. E., Holt, D. D., White, D. A. and Green, L. 2007.
Inhibitory control in children with autism spectrum disorder.
Journal of Autism and Developmental Disorders, 37, 1155–1165.

Corbett, B. A., Schupp, C. W., Levine, S. and Mendoza, S. 2009.
Comparing cortisol, stress, and sensory sensitivity in children
with autism. Autism Research: Official Journal of the
International Society for Autism Research, 2, 39–49.

Cornish, K., Scerif, G. and Karmiloff-Smith, A. 2007. Tracing syn-
drome-specific trajectories of attention across the lifespan. Cortex;
a Journal Devoted to the Study of the Nervous System and
Behavior, 43, 672–685.

Crespi, B. and Badcock, C. 2008. Psychosis and autism as diamet-
rical disorders of the social brain. The Behavioral and Brain
Sciences, 31, 241–320.

Critchley, H. D., Daly, E. M., Bullmore, E. T., Williams, S. C., Van
Amelsvoort, T., Robertson, D. M., Rowe, A., Phillips, M.,
McAlonan, G., Howlin, P. and Murphy, D. G. 2000. The func-
tional neuroanatomy of social behaviour: Changes in cerebral
blood flow when people with autistic disorder process facial
expressions. Brain, 123, 2203–2212.

Dai, L., Carter, C. S., Ying, J., Bellugi, U., Pournajafi-Nazarloo, H.
and Korenberg, J. R. 2012. Oxytocin and vasopressin are dysregu-
lated in Williams syndrome, a genetic disorder affecting social
behavior. PLoS One, 7, e38513.

Dalton, K. M., Nacewicz, B. M., Johnstone, T., Schaefer, H. S.,
Gernsbacher, M. A., Goldsmith, H. H., Alexander, A. L. and
Davidson, R. J. 2005. Gaze fixation and the neural circuitry of
face processing in autism. Nature Neuroscience, 8, 519– 526.

Decety, J. and Jackson, P. L. 2004. The functional architecture of
human empathy. Behavioral and Cognitive Neuroscience Reviews,
3, 71–100.

Dedovic, K., Duchesne, A., Andrews, J., Engert, V. and Pruessner,
J. C. 2009. The brain and the stress axis: The neural correlates of
cortisol regulation in response to stress. NeuroImage, 47,
864–871.

Dewey, D., Cantell, M. and Crawford, S.G. 2007. Motor and gestural
performance in children with autism spectrum disorders, develop-
mental coordination disorder, and/or attention deficit hyperactivity
disorder. Journal of the International Neuropsychological Society:
JINS, 13, 246–256.

Dichter, G. S., Damiano, C. A. and Allen, J. A. 2012. Reward cir-
cuitry dysfunction in psychiatric and neurodevelopmental disor-
ders and genetic syndromes: Animal models and clinical findings.
Journal of Neurodevelopmental Disorders, 4, 19.

A. Niego and A. Ben�ıtez-Burraco Autism and Williams syndrome

International Journal of Developmental Disabilities 2020 VOL. 0 NO. 094



Diez-Itza, E., Mart�ınez, V. and Ant�on, A. 2016. Narrative compe-
tence in Spanish-speaking adults with Williams syndrome.
Psicothema, 283, 291–297.

Domes, G., Heinrichs, M., Kumbier, E., Grossmann, A., Hauenstein,
K. and Herpertz, S. C. 2013. Effects of intranasal oxytocin on the
neural basis of face processing in autism spectrum disorder.
Biological Psychiatry, 74, 164–171.

Doyle, T.F., Bellugi, U., Korenberg, J.R. and Graham, J. 2004.
“Everybody in the world is my friend”: Hypersociability in young
children with Williams Syndrome. American Journal of Medical
Genetics Part A, 124A, 263–273.

Dykens, E. M. and Lense, M. 2011. Intellectual disabilities and aut-
ism spectrum disorder: A cautionary note. In: D. Amaral, G.
Dawson, D. Geschwind, eds. Autism spectrum disorders. New
York: Oxford University Press, pp. 261–269.

Dykens, E. M. 2003. Anxiety, fears, and phobias in persons with
Williams syndrome. Developmental Neuropsychology, 23,
291–316.

Elliott, D., Welsh, T. N., Lyons, J., Hansen, S. and Wu, M. 2006.
The visual regulation of goal-directed reaching movements in
adults with Williams syndrome, Down syndrome, and other devel-
opmental delays. Motor Control, 10, 34–54.

Fein, D., Dunn, M.A., Allen, D. M., Aram, R., Hall, N. and Morris,
R. 1996. Neuropsychological and language findings In: Rapin I,
ed. Preschool children with inadequate communication:
Developmental language disorder, autism, low IQ. London:
MacKeith Press, 123–154.

Fisher, M. H., Lense, M. D. and Dykens, E. M. 2016. Longitudinal
trajectories of intellectual and adaptive functioning in adolescents
and adults with Williams syndrome. J Intellect Disabil Res. 60,
920–932. doi:10.1111/jir.12303.

Fishman, I., Yam, A., Bellugi, U., Lincoln, A. and Mills, D. 2011.
Contrasting patterns of language-associated brain activity in aut-
ism and Williams syndrome. Social Cognitive and Affective
Neuroscience, 6, 630–638.

Frith, U. and Snowling, M. 1983. Reading for meaning and reading
for sound in autistic and dyslexic children. British Journal of
Developmental Psychology, 1, 329–342.

Freeman, L. and Dake, S. 1996. Teach me language: A language
manual for children with autism, Asperger’s syndrome and
related developmental disorders. British Columbia, Canada:
Langley.

Frigerio, E., Burt, D. M., Gagliardi, C., Cioffi, G., Martelli, S.,
Perrett, D. I. and Borgatti, R. 2006. Is everybody always my
friend? Perception of approachability in Williams syndrome.
Neuropsychologia, 44, 254–259.

Gagliardi, C., Martelli, S., Burt, M. D. and Borgatti, R. 2007.
Evolution of neurologic features in Williams syndrome. Pediatric
Neurology, 36, 301–306.

Gallese, V. 2001. The' shared manifold' hypothesis. From mirror neu-
rons to empathy. Journal of Consciousness Studies, 8, 5–7.

Gallese, V. and Goldman, A. 1998. Mirror neurons and the simula-
tion theory of mind-reading. Trends in Cognitive Sciences, 2,
493–501.

Gastgeb, H. Z., Strauss, M. S. and Minshew, N. J. 2006. Do individ-
uals with autism process categories differently? The effect of typ-
icality and development. Child Development, 77, 1717–1729.

Geschwind, G. H. and State, M. W. 2015. Gene hunting in autism
spectrum disorder: On the path to precision medicine. The Lancet
Neurology, 14, 1109–1120.

Gibbard, C. R., Ren, J., Skuse, D. H., Clayden, J. D. and Clark,
C. A. 2018. Structural connectivity of the amygdala in young
adults with autism spectrum disorder. Human Brain Mapping, 39,
1270–1282.

Gillberg, C. and Rasmussen, P. 1994. Brief report: Four case histor-
ies and a literature review of Williams syndrome and autistic
behavior. Journal of Autism and Developmental Disorders, 24,
381–393.

Goldstein, G., Minshew, N.J., Allen, D.N. and Seaton, B.E. 2002.
High-functioning autism and schizophrenia: A comparison of an
early and late onset neurodevelopmental disorder. Archives of
Clinical Neuropsychology: The Official Journal of the National
Academy of Neuropsychologists, 17, 461–475.

Gothelf, D., Searcy, Y. M., Reilly, J., Lai, P. T., Lanre-Amos, T.,
Mills, D., Korenberg, J. R., Galaburda, A., Bellugi, U. and Reiss,
A. L. 2008. Association between cerebral shape and social use of
language in Williams syndrome. American Journal of Medical
Genetics Part A, 146A, 2753–2761.

Gotts, S. J., Simmons, W. K., Milbury, L. A., Wallace, G. L., Cox,
R. W. and Martin, A. 2012. Fractionation of social brain circuits

in autism spectrum disorders. Brain: A Journal of Neurology,
135, 2711–2725.

Graham, J. M., Rosner, B., Dykens, E. and Visootsak, J. 2005.
Behavioral features of CHARGE syndrome Hall-Hittner syndrome
comparison with Down syndrome, Prader-Willi syndrome, and
Williams syndrome. American Journal of Medical Genetics Part
A, 133A, 240–247.

Gyawali, S. and Patra, B. N. 2019. Autism spectrum disorder:
Trends in research exploring etiopathogenesis. Psychiatry and
Clinical Neurosciences, 73, 466–475.

Haas, B., Barnea-Goraly, M., Sheau, K., Yamagata, B., Ullas, S. and
Reiss, A. 2014. Altered microstructure within social-cognitive
brain networks during childhood in Williams Syndrome. Cerebral
Cortex, 24, 2796–2806.

Haas, B. W., Sheau, K., Kelley, R. G., Thompson, P. M. and Reiss,
A. L. 2014. Regionally specific increased volume of the amygdala
in Williams syndrome: Evidence from surface-based modeling.
Human Brain Mapping, 35, 866–874.

Haas, B.W., Hoeft, F., Searcy, Y. M., Mills, D., Bellugi, U. and
Reiss, A. 2010. Individual differences in social behavior predict
amygdala response to fearful facial expressions in Williams syn-
drome. Neuropsychologia, 48, 1283–1288.

Haas, B. W., Mills, D., Yam, A., Hoeft, F., Bellugi, U. and Reiss, A.
2009. Genetic influences on sociability: Heightened amygdala
reactivity and event-related responses to positive social stimuli in
Williams syndrome. The Journal of Neuroscience : The Official
Journal of the Society for Neuroscience, 29, 1132–1139.

Haas, B. W. and Reiss, A. L. 2012. Social brain development in
Williams syndrome: The current status and directions for future
research. Frontiers in Psychology, 3, 186

Hadjikhani, N., Joseph, R. M., Snyder, J. and Tager-Flusberg, H.
2006. Anatomical differences in the mirror neuron system and
social cognition network in autism. Cerebral Cortex, 16,
1276–1282.

Hale, C. M. and Tager-Flusberg, H. 2005. Social communication in
children with autism: The relationship between theory of mind
and discourse development. Autism: The International Journal of
Research and Practice, 9, 157–178.

Happ�e, F. and Frith, U. 1996. The neuropsychology of autism. Brain,
119, 1377–1400.

Happ�e, F.G.E. 1993. Communicative competence and theory of mind
in autism: A test of relevance theory. Cognition, 48, 101–119.

Hare, B. 2017. Survival of the friendliest: Homo sapiens evolved via
selection for prosociality. Annual Review of Psychology, 68,
155–124.

Harris, G. J., Chabris, C. F., Clark, J., Urban, T., Aharon, I., Steele,
S., McGrath, L., Condouris, K. and Tager-Flusberg, H. 2006.
Brain activation during semantic processing in autism spectrum
disorders via function al magnetic imaging. Brain and Cognition,
61, 54–68.

Hassabis, D., Spreng, R. N., Rusu, A. A., Robbins, C. A., Mar,
R. A. and Schacter, D. L. 2014. Imagine all the people: How the
brain creates and uses personality models to predict behavior.
Cerebral Cortex, 24, 1979–1987.

Haxby, J. V., Hoffman, E. A. and Gobbini, M. I. 2000. The distrib-
uted human neural system for face perception. Trends in
Cognitive Sciences, 4, 223–233.

Heaton, P., Hermelin, B. and Pring, L. 1998. Autism and pitch proc-
essing: A precursor for savant musical ability. Music Perception,
15, 291–305.

Heaton, P. 2003. Pitch memory, labelling and disembedding in aut-
ism. Journal of Child Psychology and Psychiatry, and Allied
Disciplines, 44, 543–551.

Hollander, E., Bartz, J., Chaplin, W., Phillips, A., Sumner, J.,
Soorya, L., Anagnostou, E. and Wasserman, S. 2007. Oxytocin
increases retention of social cognition in autism. Biological
Psychiatry, 61, 498–503.

Iacoboni, M. 2009. Imitation, empathy, and mirror neurons. Annual
Review of Psychology, 60, 653–670.

Ingersoll, B., Walton, K., Carlsen, D. and Hamlin, T. 2013. Social
intervention for adolescents with autism and significant intellec-
tual disability: Initial efficacy of reciprocal imitation training.
American Journal on Intellectual and Developmental Disabilities,
118, 247–261.

Jacobson, L. 2014. Hypothalamic-pituitary-adrenocortical axis:
Neuropsychiatric aspects. Comprehensive Physiology, 42, 715–738.

Jansiewicz, E. M., Goldberg, M. C., Newschaffer, C. J., Denckla,
M. B., Landa, R. and Mostofsky, S. H. 2006. Motor signs distin-
guish children with high functioning autism and Asperger's

A. Niego and A. Ben�ıtez-Burraco Autism and Williams syndrome

International Journal of Developmental Disabilities 2020 VOL. 0 NO. 095

https://doi.org/10.1111/jir.12303


syndrome from controls. Journal of Autism and Developmental
Disorders, 36, 613–621.

J€arvinen, A., Korenberg, J. R. and Bellugi, U. 2013. The social
phenotype of Williams syndrome. Current Opinion in
Neurobiology, 23, 414–422.

J€arvinen, A., Ng, R. and Bellugi, U. 2015. Autonomic response to
approachability characteristics, approach behavior, and social func-
tioning in Williams syndrome. Neuropsychologia, 78, 159–170.

J€arvinen-Pasley, A., Wallace, G. L., Ramus, F., Happ�e, F. and
Heaton, P. 2008. Enhanced perceptual processing of speech in
autism. Developmental Science, 11, 109–121.

Jawaid, A., Riby, D. M., Owens, J., White, S. W., Tarar, T. and
Schulz, P. E. 2012. 'Too withdrawn' or 'too friendly': considering
social vulnerability in two neuro-developmental disorders. Journal
of Intellectual Disability Research: JIDR, 56, 335–350.

John, A. E., Rowe, M. L. and Mervis, C. B. 2009. Referential commu-
nication skills of children with Williams syndrome: Understanding
when messages are not adequate. American Journal on Intellectual
and Developmental Disabilities, 114, 85–99.

Jones, W., Bellugi, U., Lai, Z., Chiles, M., Reilly, J., Lincoln, A.
and Adolphs, R. 2000. II. Hypersociability in Williams Syndrome.
Journal of Cognitive Neuroscience, 12 Suppl 1, 30–46.

Kana, R., Keller, T., Cherkassky, V., Minshew, N. and Just, M.
2006. Sentence comprehension in autism: Thinking in pictures
with decreased functional connectivity. Brain: A Journal of
Neurology, 129, 2484–2493.

Kelley, E., Paul, J., Fein, D. and Naigles, L. 2006. Residual
Language Deficits in Optimal Outcome Children with a History
of Autism. Journal of Autism and Developmental Disorders, 36,
807–828.

Kennedy, D. P. and Adolphs, R. 2012. The social brain in psychiatric
and neurological disorders. Trends in Cognitive Sciences, 16,
559–572.

Kjelgaard, M. M. and Tager-Flusberg, H. 2001. An Investigation of
Language Impairment in Autism: Implications for Genetic
Subgroups. Language and Cognitive Processes, 16, 287–308.

Klein, A. J., Armstrong, B. L., Greer, M. K. and Brown, F. R. 3rd.
1990. Hyperacusis and otitis media in individuals with Williams
syndrome. The Journal of Speech and Hearing Disorders, 55,
339–344.

Klein-Tasman, B. P., Mervis, C. B., Lord, C. and Phillips, K. D.
2007. Socio-communicative deficits in young children with
Williams syndrome: Performance on the autism diagnostic obser-
vation schedule. Child Neuropsychology : a Journal on Normal
and Abnormal Development in Childhood and Adolescence, 13,
444–467.

Klein-Tasman, B. P., Phillips, K. D., Lord, C., Mervis, C. B. and
Gallo, F. J. 2009. Overlap with the autism spectrum in young
children with Williams syndrome. Journal of Developmental and
Behavioral Pediatrics, 304, 289–299.

Kliemann, D., Dziobek, I., Hatri, A., Baudewig, J. and Heekeren,
H. R. 2012. The role of the amygdala in atypical gaze on emo-
tional faces in autism spectrum disorders. The Journal of
Neuroscience : The Official Journal of the Society for
Neuroscience, 32, 9469–9476.

Klin, A., Sparrow, S. S., de Bildt, A., Cicchetti, D. V., Cohen, D. J.
and Volkmar, F. R. 1999. A normed study of face recognition in
autism and related disorders. Journal of Autism and
Developmental Disorders, 29, 499–508.

Korenberg, J. R., Chen, X. N., Hirota, H., Lai, Z., Bellugi, U.,
Burian, D., Roe, B. and Matsuoka, R. 2000. Genome structure
and cognitive map of Williams syndrome. Journal of Cognitive
Neuroscience, 12, 89–107.

Korpilahti, P., Jansson-Verkasalo, E., Mattila, M. L., Kuusikko, S.,
Suominen, K., Rytky, S., Pauls, D. L. and Moilanen, I. 2007.
Processing of affective speech prosody is impaired in Asperger
syndrome. Journal of Autism and Developmental Disorders, 37,
1539–1549.

Kuang, S. 2016. Two Polarities of Attention in Social Contexts:
From Attending-to-Others to Attending-to-Self. Frontiers in
Psychology, 7, 63.

Lacroix, A., Guidetti, M., Rog�e, B. and Reilly, J. 2009. Recognition
of emotional and nonemotional facial expressions: A comparison
between Williams syndrome and autism. Research in
Developmental Disabilities, 30, 976–985.

Lacroix, A., Famelart, N. and Guidetti, M. 2016. Language and emo-
tional abilities in children with Williams syndrome and children
with autism spectrum disorder: Similarities and differences.
Pediatric Health, Medicine and Therapeutics, 7, 89–97.

Laws, G. and Bishop, D. 2004. Pragmatic language impairment and
social deficits in Williams syndrome: A comparison with Down's
syndrome and specific language impairment. International
Journal of Language and Communication Disorders, 39, 45–64.

Lense, M. D. and Dykens, E. M. 2013. Cortisol reactivity and per-
formance abilities in social situations in adults with Williams syn-
drome. American Journal on Intellectual and Developmental
Disabilities, 118, 381–393.

Lieberman, H. R. 2007. Cognitive methods for assessing mental
energy. Nutritional Neuroscience, 10, 229–242.

Lincoln, A., Lai, Z. and Jones, W. 2002. Shifting attention and joint
attention dissociation in Williams s�ındrome: Implications for the
cerebellum and social deficits in autism. Neurocase, 8, 226–232.

Lincoln, A. J., Searcy, Y. M., Jones, W. and Lord, C. 2007. Social
interaction behaviors discriminate young children with autism and
Williams syndrome. Journal of the American Academy of Child
and Adolescent Psychiatry, 46, 323–331.

Little, K., Riby, D. M., Janes, E., Clark, F., Fleck, R. and Rodgers,
J. 2013. Heterogeneity of social approach behaviour in Williams
syndrome: The role of response inhibition. Research in
Developmental Disabilities, 8, 959–967.

Liu, X., Li, Z., Fan, C., Zhang, D. and Chen, J. 2017. Genetics
implicate common mechanisms in autism and schizophrenia:
Synaptic activity and immunity. Journal of Medicinal Genetics,
548, 511–520.

Lombardo, M., Chakrabarti, B., Bullmore, E., Sadek, S., Pasco, G.,
Wheelwright, S., Suckling, J., Aims Consortium, M. R. C. and
Baron-Cohen, S, MRC AIMS Consortium. 2010. Atypical neural
self-representation in autism. Brain : A Journal of Neurology,
133, 611–624.

Lough, E., Hanley, M., Rodgers, J., South, M., Kirk, H., Kennedy,
D. P. and Riby, D. M. 2015. Violations of personal space in
young people with autism spectrum disorders and Williams syn-
drome: Insights from the social responsiveness scale. Journal of
Autism and Developmental Disorders, 45, 4101–4108.

Luk�acs, A., Csaba, P. and Racsm�any, M. 2004. Language in hungar-
ian children with Williams syndrome. Language Acquisition and
Language Disorders, 36, 187–220.

Lynch, C. J., Uddin, L. Q., Supekar, K., Khouzam, A., Phillips, J.
and Menon, V. 2013. Default mode network in childhood autism:
Posteromedial cortex heterogeneity and relationship with social
deficits. Biological Psychiatry, 74, 212–219.

Martens, M. A., Wilson, S. J. and Reutens, D. C. 2008. Research
review: Williams syndrome: A critical review of the cognitive,
behavioral, and neuroanatomical phenotype. Journal of Child
Psychology and Psychiatry 49, 576–608.

Martens, M. A., Wilson, S. J., Dudgeon, P. and Reutens, D. C. 2009.
Approachability and the amygdala: Insights from Williams syn-
drome. Neuropsychologia, 47, 2446–2453.

Mervis, C. B. and Becerra, A. M. 2007. Language and communica-
tive development in Williams syndrome. Mental Retardation and
Developmental Disabilities Research Reviews, 13, 3–15.

Mervis, C. B., Klein-Tasman, B. P. and Mastin, M. E. 2001. Adaptive
behavior of 4- through 8-year-old children with Williams syndrome.
American Journal of Mental Retardation, 1061, 82–93.

Mervis, C. B. and John, A. E. 2012. Precursors to language and early
language development in Williams syndrome. In: EK Farran, A.
Karmiloff-Smith, eds. Neurodevelopmental disorders across the
lifespan: A neuroconstructivist approach. Oxford, UK: Oxford
University Press, 187–204.

Meyer-Lindenberg, A., Hariri, A. R., Munoz, K. E., Mervis, C. B.,
Mattay, V. S., Morris, C. A. and Berman, K. F. 2005. Neural cor-
relates of genetically abnormal social cognition in Williams syn-
drome. Nature Neuroscience, 8, 991–993.

Mimura, M., Hoeft, F., Kato, M., Kobayashi, N., Sheau, K., Piggot,
J., Mills, D., Galaburda, A., Korenberg, J. R., Bellugi, U. and
Reiss, A. L. 2010. A preliminary study of orbitofrontal activation
and hypersociability in Williams Syndrome. Journal of
Neurodevelopmental Disorders, 2, 93–98.

Misra, V. 2014. The social brain network and autism. Annals of
Neurosciences, 21, 69–73.

Mobbs, D., Eckert, M. A., Mills, D., Korenberg, J., Bellugi, U.,
Galaburda, A. M. and Reiss, A. L. 2007. Frontostriatal dysfunc-
tion during response inhibition in Williams syndrome. Biological
Psychiatry, 62, 256–261.

Modahl, C., Green, L., Fein, D., Morris, M., Waterhouse, L.,
Feinstein, C. and Levin, H. 1998. Plasma oxytocin levels in autis-
tic children. Biological Psychiatry, 43, 270–277.

Morris, C. A., Mervis, C. B., Hobart, H. H., Gregg, R. G., Bertrand,
J., Ensing, G. J., Sommer, A., Moore, C. A., Hopkin, R. J.,

A. Niego and A. Ben�ıtez-Burraco Autism and Williams syndrome

International Journal of Developmental Disabilities 2020 VOL. 0 NO. 096



Spallone, P. A., Keating, M. T., Osborne, L., Kimberley, K. W.
and Stock, A. D. 2003. GTF2I hemizygosity implicated in mental
retardation in Williams syndrome: Genotype-phenotype analysis
of five families with deletions in the Williams syndrome region.
American Journal of Medical Genetics, 123A, 45–59. doi:10.
1002/ajmg.a.20496.

Mosconi, M. W., Cody-Hazlett, H., Poe, M. D., Gerig, G., Gimpel-
Smith, R. and Piven, J. 2009. Longitudinal study of amygdala vol-
ume and joint attention in 2- to 4-year-old children with autism.
Archives of General Psychiatry, 66, 509–516.

Mu~noz, K. E., Meyer-Lindenberg, A., Hariri, A. R., Mervis, C. B.,
Mattay, V. S., Morris, C. A. and Berman, K. F. 2010.
Abnormalities in neural processing of emotional stimuli in
Williams syndrome vary according to social vs. non-social con-
tent. NeuroImage, 50, 340–346.

Murphy, E. R., Foss-Feig, J., Kenworthy, L., Gaillard, W. D. and
Vaidya, C. J. 2012. Atypical functional connectivity of the amyg-
dala in childhood autism spectrum disorders during spontaneous
attention to eye-gaze. Autism Research and Treatment, 2012,
1–2408.

Neumann, I. D. 2002. Involvement of the brain oxytocin system in
stress coping: Interactions with the hypothalamo-pituitary-adrenal
axis. Progress in Brain Research, 39, 147–162.

Newschaffer, C. J., Croen, L. A., Daniels, J., Giarelli, E., Grether,
J. K., Levy, S. E., Mandell, D. S., Miller, L. A., Pinto-Martin, J.,
Reaven, J., Reynolds, A. M., Rice, C. E., Schendel, D. and
Windham, G. C. 2007. The epidemiology of autism spectrum dis-
orders. Annual Review of Public Health, 28, 235–258.

Ng, R., Brown, T. T., Erhart, M., J€arvinen, A. M., Korenberg, J. R.,
Bellugi, U. and Halgren, E. 2016. Morphological differences in
the mirror neuron system in Williams syndrome. Social
Neuroscience, 11, 277–288.

Nickl-Jockschat, T., Rottschy, C., Thommes, J., Schneider, F., Laird,
A. R., Fox, P. T. and Eickhoff, S. B. 2015. Neural networks
related to dysfunctional face processing in autism spectrum dis-
order. Brain Structure and Function, 220, 2355–2371.

Niego, A. and Ben�ıtez-Burraco, A. 2019. Williams syndrome, human
self-domestication, and language evolution. Frontiers in
Psychology, 10, 521

Niego, A. and Ben�ıtez-Burraco, A. 2020. Autism and Williams syn-
drome: Dissimilar socio-cognitive profiles with similar patterns of
abnormal gene expression in the blood. bioRxiv.doi:10.1101/2020.
03.15.992479

Nummenmaa, L. and Calder, A. J. 2009. Neural mechanisms of
social attention 2009. Trends in Cognitive Sciences, 13, 135–143.

O’Hearn, K., Roth, J. K., Courtney, S. M., Luna, B., Street, W.,
Terwillinger, R. and Landau, B. 2011. Object recognition in
Williams syndrome: Uneven ventral stream activation.
Developmental Science, 14, 549–565.

Pattabiraman, K., Muchnik, S. K. and Sestan, N. 2020. The evolution
of the human brain and disease susceptibility. Current Opinion in
Genetics and Development, 65, 91–97.

Paul, L. K., Corsello, C., Tranel, D. and Adolphs, R. 2010. Does
bilateral damage to the human amygdala produce autistic symp-
toms? Journal of Neurodevelopmental Disorders, 2, 165–173.

Pellissier, L. P., Gand�ıa, J., Laboute, T., Becker, J. and Le Merrer, J.
2018. l opioid receptor, social behaviour and autism spectrum
disorder: Reward matters. British Journal of Pharmacology, 175,
2750–2769.

Pelphrey, L., Adolphs, R. and Morris, J. 2004. Neuroanatomical sub-
strates of social cognition dysfunction in autism. Mental
Retardation and Developmental Disabilities Research Reviews,
10, 259–271.

Perovic, A., Modyanova, N. and Wexler, K. 2013. Comparison of
Grammar in Neurodevelopmental Disorders: The Case of Binding
in Williams Syndrome and Autism With and Without Language
Impairment. Language Acquisition, 20, 133–154.

Perovic, A. and Janke, V. 2013. Issues in the acquisition of binding,
control and raising in high-functioning children with autism. UCL
Working Papers in Linguistics, 25, 131–143.

Perovic, A. and Wexler, K. 2007. Complex grammar in Williams
syndrome. Clinical Linguistics and Phonetics, 21, 729–745.

Phillips, C. E., Jarrold, C., Baddeley, A. D., Grant, J. and Karmiloff-
Smith, A. 2004. Comprehension of spatial language terms in
Williams syndrome: Evidence for an interaction between domains
of strength and weakness. Cortex; a Journal Devoted to the Study
of the Nervous System and Behavior, 40, 85–101.

Philofsky, A., Fidler, D. J. and Hepburn, S. 2007. Pragmatic language
profiles of school-age children with autism spectrum disorders and

Williams syndrome. American Journal of Speech-Language
Pathology, 16, 368–380.

Pober, B. R. 2010. Williams-Beuren syndrome. New England
Journal of Medicine, 362, 239–252.

Porter, M.A., Coltheart, M. and Langdon, R. 2007. The neuropsycho-
logical basis of hypersociability in Williams and Down syndrome.
Neuropsychologia, 45, 2839–2849.

Preissler, M. A. and Carey, S. 2005. The role of inferences about ref-
erential intent in word learning: Evidence from autism. Cognition,
97, B13–B23.

Pujara, M. and Koenigs, M. 2014. Mechanisms of reward circuit dys-
function in psychiatric illness: Prefrontal-striatal interactions. The
Neuroscientist: A Review Journal Bringing Neurobiology,
Neurology and Psychiatry, 20, 82–95.

Reilly, J., Losh, M., Bellugi, U. and Wulfeck, B. 2004. “Frog, where
are you?” Narratives in children with specific language impair-
ment, early focal brain injury, and Williams syndrome. Brain and
Language, 88, 229–247.

Reiss, A. L., Eckert, M. A., Rose, F. E., Karchemskiy, A., Kesler,
S., Chang, M., Reynolds, M. F., Kwon, H. and Galaburda, A.
2004. An experiment of nature: Brain anatomy parallels cognition
and behavior in Williams syndrome. The Journal of
Neuroscience: The Official Journal of the Society for
Neuroscience, 24, 5009–5015.

Rhodes, S., Riby, D.M., Park, J., Fraser, E. and Campbell, L.E.
2010. Neuropsychological functioning and executive control in
WS. Neuropsychologia, 48, 1216–1226.

Riby, D. M., Doherty-Sneddon, G. and Bruce, V. 2009. The eyes or
the mouth? Feature salience and unfamiliar face processing in
Williams syndrome and autism. Quarterly Journal of
Experimental Psychology, 62, 189–203. doi:10.1080/
17470210701855629.

Riby, D. M. and Hancock, P. J. 2008. Viewing it differently: Social
scene perception in Williams syndrome and autism.
Neuropsychologia, 46, 2855–2860.

Riby, D. M. and Hancock, P. J. 2009. Do faces capture the attention
of individuals with Williams syndrome or autism? Evidence from
tracking eye movements. Journal of Autism and Developmental
Disorders, 39, 421–431.

Riby, D. M., Jones, N., Brown, P. H., Robinson, L. J., Langton,
S. R. H., Bruce, V. and Riby, L. M. 2011. Attention to faces in
Williams syndrome. Journal of Autism and Developmental
Disorders, 41, 1228–1239.

Riches, N., Loucas, T., Charman, T., Simonoff, E. and Bair, G.
2010. Sentence repetition in adolescents with specific language
impairments and autism: An investigation of complex syntax.
International Journal of Language and Communication Disorders,
45, 47–60.

Rizzolatti, G. and Craighero, L. 2004. The mirror-neuron system.
Annual Review of Neuroscience, 27, 169–192.

Roberts, J. A., Rice, M. L. and Tager–Flusberg, H. 2004. Tense
marking in children with autism. Applied Psycholinguistics, 25,
429–448.

Robichaux, M.A., Chenaux, G., Ho, H.Y., Soskis, M.J., Dravis, C., Kwan,
K.Y., �Sestan, N., Greenberg, M.E., Henkemeyer, M. and Cowan, C.W.
2014. EphB receptor forward signaling regulates area-specific recipro-
cal thalamic and cortical axon pathfinding. Proceedings of the National
Academy of Sciences, 111, 2188–2193.

Rodgers, J., Riby, D. M., Janes, E., Connolly, B. and McConachie,
H. 2012. Anxiety and repetitive behaviours in autism spectrum
disorders and williams syndrome: A cross-syndrome comparison.
Journal of Autism and Developmental Disorders, 42, 175–180.

Rolls, E. T. 2015. Limbic systems for emotion and for memory, but
no single limbic system. Cortex; a Journal Devoted to the Study
of the Nervous System and Behavior, 62, 119–157.

Rose, F. E., Lincoln, A. J., Lai, Z., Ene, M., Searcy, Y. M. and
Bellugi, U. 2007. Orientation and affective expression effects on
face recognition in Williams syndrome and autism. Journal of
Autism and Developmental Disorders, 37, 513–522.

Royston, R., Howlin, P., Waite, J. and Oliver, C. 2017. Anxiety dis-
orders in Williams Syndrome contrasted with intellectual disabil-
ity and the general population: A systematic review and meta-
analysis. Journal of Autism and Developmental Disorders, 47,
3765–3777.

Sampaio, A., Moreira, P. S., Os�orio, A., Magalh~aes, R., Vasconcelos,
C., F�ernandez, M., Carracedo, A., Alegria, J., Gonçalves, �O. F.
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Introduction

Cognitive disorders usually exhibit complex phenotypical 
profiles. In cases with an unclear molecular etiology, as in 
autism spectrum disorders (ASDs), certain genes with a 
high penetrance can be found in some subjects (e.g. 
SHANK3 or CNTNAP2). Nonetheless, it is more frequently 
observed that many genes (and many variants of specific 
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Abstract
Autism spectrum disorders and Williams syndrome exhibit quite opposite features in the social domain, but also 
share some common underlying behavioral and cognitive deficits. It is not clear, however, which genes account for the 
attested differences (and similarities) in the socio-cognitive domain. In this article, we adopted a comparative molecular 
approach and looked for genes that might be differentially (or similarly) regulated in the blood of subjects with these two 
conditions. We found a significant overlap between differentially expressed genes compared to neurotypical controls, 
with most of them exhibiting a similar trend in both conditions, but with genes being more dysregulated in Williams 
syndrome than in autism spectrum disorders. These genes are involved in aspects of brain development and function 
(particularly dendritogenesis) and are expressed in brain areas (particularly the cerebellum, the thalamus, and the 
striatum) of relevance for the autism spectrum disorder and the Williams syndrome etiopathogenesis.

Lay abstract
Autism spectrum disorders and Williams syndrome are complex cognitive conditions exhibiting quite opposite features 
in the social domain: whereas people with autism spectrum disorders are mostly hyposocial, subjects with Williams 
syndrome are usually reported as hypersocial. At the same time, autism spectrum disorders and Williams syndrome share 
some common underlying behavioral and cognitive deficits. It is not clear, however, which genes account for the attested 
differences (and similarities) in the socio-cognitive domain. In this article, we adopted a comparative molecular approach 
and looked for genes that might be differentially (or similarly) regulated in the blood of people with these conditions. 
We found a significant overlap between genes dysregulated in the blood of patients compared to neurotypical controls, 
with most of them being upregulated or, in some cases, downregulated. Still, genes with similar expression trends can 
exhibit quantitative differences between conditions, with most of them being more dysregulated in Williams syndrome 
than in autism spectrum disorders. Differentially expressed genes are involved in aspects of brain development and 
function (particularly dendritogenesis) and are expressed in brain areas (particularly the cerebellum, the thalamus, and 
the striatum) of relevance for the autism spectrum disorder and the Williams syndrome etiopathogenesis. Overall, these 
genes emerge as promising candidates for the similarities and differences between the autism spectrum disorder and the 
Williams syndrome socio-cognitive profiles.
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genes) contribute to the cognitive and behavioral problems 
exhibited by affected subjects, with each of them confer-
ring low risk to the disorder (Geschwind & State, 2015; 
Gyawali & Patra, 2019). In cases with a known etiology, 
like Williams syndrome (WS), which results from the 
hemideletion of around 30 genes from chromosome 7 
(Pober, 2010), robust gene-to-phenotype correlations are 
also difficult to establish. This is particularly true for cog-
nitive and behavioral deficits (see Ghaffari et al., 2018; 
Karmiloff-Smith et al., 2012; Korenberg et al., 2000; 
Tassabehji, 2003 among others for discussion). The diffi-
culty seems to stem from the fact that in most cases, these 
problems result from the dysregulation of several other 
genes outside the affected genomic regions (e.g. Lalli 
et al., 2016 or Kimura et al., 2019 for WS). Consequently, 
for these clinical conditions, it is of particular interest to 
examine the expression pattern of genes across the whole 
genome. This approach ultimately follows the “omni-
genic” theories of complex diseases, according to which 
such diseases result from the altered expression of most of 
the genes expressed in the affected tissues, with many of 
them located well outside the core pathways leading to dis-
ease (Boyle et al., 2017; Peedicayil & Grayson, 2018a, 
2018b). Still, even if hundreds of genes are found to be 
dysregulated in patients, specific pathways or specific bio-
logical processes are expected to be differentially affected 
in different conditions. This allows for the identification of 
intermediate, disease-specific phenotypes (e.g. abnormal, 
disease-specific gene expression profiles). This should 
help clarify the genetics of these conditions and the clini-
cal symptoms observed in affected subjects, as well as 
achieve earlier and more precise diagnoses. For instance, 
several co-expression modules of genes outside the WS 
deletion region are found to be dysregulated in the blood 
of subjects with this condition and to be enriched in genes 
related to RNA processing and RNA transport (Kimura 
et al., 2019). Eventually, traits that appear to be omnigenic 
in lesser studies seem to have finite genetic determinants 
(Jakobson & Jarosz, 2019). Consequently, more studies of 
this sort are needed if we want to achieve robust conclu-
sions about the etiology of complex cognitive disorders.

At the same time, it has been argued that a promising 
way of bridging the gap between the genome and the phe-
notype in these conditions is to adopt a comparative 
approach, instead of focusing on each disorder separately. 
For instance, ASDs and schizophrenia (SZ) exhibit dis-
tinctly contrasting features, from neurodevelopmental 
pathways to brain structure and function to cognitive (dis)
abilities, including language (see Crespi & Badcock, 2008; 
Murphy & Benítez-Burraco, 2017 among others for dis-
cussion). As far as gene expression is concerned, there is 
also some evidence of mirror gene dosage profiles for each 
condition (Byars et al., 2014). In some cases, as observed 
with the gene SHANK3, differences can result from differ-
ences in mRNA stability caused by specific mutations, 

with some pathogenic alleles giving rise to SZ features and 
others causing ASD features (Zhou et al., 2016). 
Accordingly, it can be hypothesized that SZ and ASDs 
might share the same genetic determinants, but with some 
key genes exhibiting opposite patterns of abnormal down-
regulation or upregulation compared to controls. The 
development of next-generation sequencing facilities and 
the analyses of thousands of cases by large consortia have 
exponentially increased the number of available genetic 
variants for complex cognitive disorders. These findings 
suggest that common biological mechanisms can in fact be 
implicated in both SZ and ASDs, despite their distinct clin-
ical profiles and onset times. Such biological mechanisms 
mostly converge on aberrant synaptic plasticity and remod-
eling, and ultimately, on altered connectivity between 
brain regions (X. Liu et al., 2017). Consequently, dosage-
sensitive gene expression emerges as a key etiological fac-
tor of these complex conditions. This conclusion is 
reinforced by the finding that copy number variations 
(CNVs) in the human genome impacting the same genes 
are a risk factor for different psychiatric disorders, espe-
cially SZ and ASDs (Zarrei et al., 2019). In some cases, 
mechanistic insights can be provided. For instance, altered 
excitatory/inhibitory balance is implicated in both SZ and 
ASDs, seemingly accounting for many of their distinctive 
cognitive features, including language deficits (see 
Murphy & Benítez-Burraco, 2017 for discussion). More 
specifically, CNVs in the gene CYFIP1 have been associ-
ated with both conditions, with CYFIP1 upregulation 
resulting in increased excitatory synapses and decreased 
inhibitory synapses, and with CYFIP1 knockout giving 
rise to synaptic inhibition (Davenport et al., 2019).

In this article, we have adopted a comparative approach 
to two prevalent cognitive disorders with the aim of illu-
minating aspects of the problems that subjects with ASDs 
and WS experience with social cognition and social 
behavior. These problems manifest themselves in mark-
edly opposite ways in various domains. For instance, indi-
viduals with ASDs normally exhibit difficulties with 
engaging in social interaction, and are generally uninter-
ested in establishing social links with others (for a general 
review, see Newschaffer et al., 2007). In contrast, subjects 
with WS are usually friendly and eager to interact  
with others (for general reviews, see Bellugi et al., 2000; 
Doyle et al., 2004; Järvinen et al., 2013; Jones et al., 2000; 
Martens et al., 2009). Nonetheless, a closer examination 
reveals an intricate profile of similarities and differences 
between these two conditions (see Figure 1 for a graphical 
summary).

A similar picture emerges regarding the brain net-
works thought to be responsible for the behavioral and 
cognitive abnormalities observed in both conditions. 
Common social deficits of ASDs and WS have been asso-
ciated with the dysfunction of selected networks, particu-
larly the default mode network (Assaf et al., 2010; Lynch 
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et al., 2013; Sampaio et al., 2016), the social brain net-
work (Barak & Feng, 2016; Gotts et al., 2012; Kennedy 
& Adolphs, 2012), the self-representation network (Haas 
et al., 2013; Lombardo et al., 2010), reward circuitry 
(Dichter, Felder, et al., 2012), and the mirror neuron sys-
tem (MNS; Järvinen et al., 2013). In turn, differences 
between ASDs and WS in the realm of social behavior 
and social cognition have been hypothesized to stem 
from differences in the development and function of 
other brain areas and networks. For instance, the fusiform 
gyrus, which is involved in face processing, is twice the 
volume in subjects with WS compared to neurotypical 
controls (Golarai et al., 2010; Haas et al., 2012; O’Hearn 
et al., 2011), whereas in subjects with ASDs, it is hypoac-
tivated during face processing (Nickl-Jockschat et al., 
2015). In other cases, however, we observe different out-
comes of the same abnormal pattern of brain function. An 
interesting example of this is the amygdala, which is a 
key component of the limbic system supporting emotion 
and motivation, among other functions. Although the 
amygdala appears to be abnormally hyperactivated in 
both ASDs and WS during eye gazing, in subjects with 
ASDs, this hyperactivation results in an aversive 
response, whereas it results in an appetitive response in 
subjects with WS (Barak & Feng, 2016). All in all, it 
appears that similar irregularities in brain structure or 
function may or may not result in similarly abnormal 
behaviors at the phenotypic level. This is why we are 
confident that examining abnormal patterns of gene 
expression thought to underlie these irregularities will 
facilitate the formulation of bridging theories, linking 

abnormal socio-cognitive phenotypes to abnormal brain 
development and function in these two conditions, 
including their similarities and differences.

In accordance with the above discussion, in this article, 
we adopted a molecular comparative approach. We relied 
on the abnormal transcriptional profiles in the blood of 
subjects with ASDs or WS to identify genes that can be 
similarly or dissimilarly dysregulated between conditions, 
and that can account for some of the similarities and the 
differences observed at the cognitive and behavioral lev-
els. Certainly, as far as cognitive conditions are concerned, 
the most important changes are expected to occur in the 
brain. However, because blood and brain transcriptional 
profiles exhibit a notable overlap, ranging from 20% 
(Rollins et al., 2010) to 55% (Witt et al., 2013), blood 
expression profiles can be employed to infer changes of 
relevance for the etiopathogenesis of these conditions (see 
Bjørklund et al., 2018 or Shen et al., 2019 for ASDs). 
Specifically, systems biology analyses of gene expression 
in the blood and the brain of subjects with ASDs point to a 
common signature of gene dysregulation in both tissues. 
This allows the pathological changes in gene expression 
patterns in the brain to be confidently inferred from abnor-
mal patterns of gene expression in the blood (Diaz-Beltran 
et al., 2016).

In this article, we determine the genes that are abnor-
mally expressed in the blood of subjects with ASDs or WS 
compared to neurotypical controls. We discuss the biologi-
cal roles played by the genes that exhibit similar abnormal 
expression patterns in both conditions, as well as the role 
of those showing opposite expression trends. We conclude 

Figure 1. An overview of the socio-cognitive differences between ASDs and WS (based on Asada & Itakura, 2012; Barak & Feng, 
2016; Baron-Cohen et al., 1985; Bellugi et al., 1994, 2000; Bhatara et al., 2010; Brock et al., 2007; Charman et al., 1997; Diez-Itza 
et al., 2016; Doyle et al., 2004; Dykens, 2003; Fein et al., 1996; Fishman et al., 2011; Freeman & Dake, 1996; Gastgeb et al., 2006; 
Graham et al., 2005; Happé, 1997; Happé & Frith, 1996; Järvinen et al., 2015; Järvinen-Pasley et al., 2008; Jawaid et al., 2012; Klein-
Tasman et al., 2009; Klin et al., 1999; Lacroix et al., 2009; 2016; Laws & Bishop, 2004; E. Lough et al., 2015; Mervis & Becerra, 2007; 
Mervis et al., 2001; Perovic et al., 2013; Perovic & Wexler, 2007; Philofsky et al., 2007; Reilly et al., 2004; Rhodes et al., 2010; Riby 
et al., 2011; Riby & Hancock, 2008, 2009; Rodgers et al., 2012; Rose et al., 2007; Schultz, 2005; Stojanovik & James, 2006; Sullivan 
et al., 2003; Swensen et al., 2007; Tager-Flusberg, 2000, 2003, 2004; Tager-Flusberg et al., 2006; Thakur et al., 2018; Vivanti et al., 
2016).
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with some reflections about our findings and, more gener-
ally, about the utility of our approach for achieving a better 
understanding of the etiology of these two conditions.

Materials and methods

Gene expression profiles in the blood of 
affected subjects

To determine the genes that are differentially expressed in 
the blood of subjects with ASDs or WS, we analyzed the 
publicly available Gene Expression Omnibus (GEO) data-
set (accession number: GSE 89594). The GSE 89594 data-
set consisted of 32 subjects with ASDs (mean age 
24.0 years, male/female ratio 50:50), 32 subjects with WS 
(mean age 21.6 years, male/female ratio 50:50), and 30 
controls (mean age 23.9 years, male/female ratio 50:50; 
Kimura et al., 2019). These data were obtained with 
Agilent SurePrint G3 Human GE v2 8x60K microarray 
(Agilent Technologies) from peripheral blood samples (all 
samples had RNA integrity number (RIN) values over 8). 
Differentially expressed genes (DEGs) were calculated 
based on diagnosis, age, gender, and RIN using the Limma 
R package (Smyth, 2005). Genes were considered to be 
differentially expressed when the false discovery rate 
(FDR) < 0.1 and the |fold change (FC)| > 1.2, this entail-
ing a change in expression of 20%. A total of 20% can be 
regarded as a safe threshold for DEGs, if one considers 
that 10% of “error” is normal in an experiment (to put this 
differently, the FC group between 0.8 and 1.2 can be con-
sidered to be genes that do not change in their expression 
status). The threshold used to define DEGs is slightly less 
stringent than the threshold used in other similar studies 
(usually FDR < 0.05), but it is similar to the threshold used 
in our previous work on gene dysregulation in WS (e.g. 
Benítez-Burraco, 2000). Using the same threshold in this 
article is expected to provide more confident comparisons 
between our findings and the findings in these other papers. 
The Benjamini–Hochberg procedure was used to control 
the FDR in multiple testing (Benjamini and Hochberg, 
1995). All the human protein-coding genes were consid-
ered and 17,446 genes were regarded as background. The 
list of DEGs in subjects with ASDs compared to controls 
encompasses 242 genes (Supplemental file 1; column A). 
The list of DEGs in subjects with WS compared to controls 
encompasses 882 genes (Supplemental file 1; column B). 
A hypergeometric test was used to determine the signifi-
cance of the overlapping DEGs between the two clinical 
conditions.

Functional characterization of genes of interest

To provide a detailed characterization of the functions per-
formed by DEGs, we compiled information about their 
association with ASDs and/or WS, their involvement in 

comorbid conditions, and/or their role in physiological 
aspects of relevance (mostly at the brain level) for the eti-
opathogenesis of the socio-cognitive dysfunctions 
observed in ASDs and/or WS. To achieve this, we checked 
the available literature via PubMed (ncbi.nlm.nih.gov/
pubmed), but also relied on other common gene databases, 
particularly GeneCards (https://www.genecards.org/).

Gene ontology analysis

Gene ontology (GO) analyses of the sets of DEGs were 
performed via Enrichr (amp.pharm.mssm.edu/Enrichr; E. 
Y. Chen et al., 2013; Kuleshov et al., 2016). We considered
biological processes, molecular functions, cellular compo-
nents, or human pathological phenotypes to be enriched if
their p < 0.05.

Results

Contrasting gene transcriptional profiles in the 
blood of subjects with ASDs and WS

In contrast to what is known about the neurobiological 
causes of socio-cognitive dysfunctions in ASDs and WS, 
less is known about the genetic factors that might contrib-
ute to the observed similarities and differences in the 
socio-cognitive domain, despite the fact that both are con-
ditions with a clear genetic basis. This stems from the indi-
rect link between genes underneath and behavior at the 
surface, with many genes affecting a single phenotype 
(and vice versa). More specifically, however, it stems from 
the pervasive problems that arise when attempting to map 
genes to complex phenotypes, which current approaches 
based on genome-wide association studies (GWASs) can 
only partially alleviate (Goddard et al., 2016; Guo et al., 
2018). As noted in the “Introduction” section, ASDs and 
WS are no exception; the causes of ASDs are not entirely 
known, and no robust gene-to-phenotype correlations have 
been established for the cognitive features of WS. Still, as 
also noted, it is interesting that some genetic elements 
have been claimed to be shared between both conditions 
(Jawaid et al., 2012; Newschaffer et al., 2007). This cir-
cumstance raises the possibility that differences in gene 
dosage can account for some of the opposite features 
exhibited by affected subjects in the social cognition 
domain. An interesting example is the gene OXTR, which 
encodes the oxytocin receptor. Subjects with WS exhibit 
increased basal levels of oxytocin correlating with social 
engagement behaviors (Dai et al., 2012). Higher levels of 
oxytocin in WS have been hypothesized to result from the 
hypomethylation (and thus, the overexpression) of OXTR 
(Haas & Smith, 2015), seemingly as a result of the deletion 
of WBSCR22, which encodes a methyltransferase (Doll & 
Grzeschik, 2001; Merla et al., 2002). Higher levels of oxy-
tocin have also been attributed to effects of GTF2I, a gene 
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also deleted in WS, which has proven to affect the reactiv-
ity to oxytocin and ultimately, sociability (Procyshyn 
et al., 2017). In contrast, OXTR has been found to be 
hypermethylated (and thus, less active) in subjects with 
ASDs; this hypermethylation correlates to abnormal inter-
connection patterns between brain areas involved in the 
ASD pathogenesis, as well as to the severity of symptoms, 
including social cognitive deficits (Andari et al., 2010; see 
Maud et al., 2018 for review). Such hypermethylation spe-
cifically correlates to a decrease in the extent to which 
social information automatically captures attention (Puglia 
et al., 2018).

For all these reasons, we conducted a comparative in 
vivo analysis aimed at uncovering similar and dissimilar 
patterns of abnormal gene expression in the blood of sub-
jects with ASDs and WS. We found a very significant 
overlap (p = 7.93E−40) between DEGs in the blood of sub-
jects with WS and DEGs in the blood of subjects with 
ASDs. Interestingly, despite their opposite profile in many 

domains—particularly in their socio-cognitive abilities—
most DEGs exhibit a similar expression profile in the 
blood of subjects with ASDs and subjects with WS. 
Specifically, they are either upregulated or downregulated 
in both conditions. Still, selected genes appear to be more 
strongly downregulated or upregulated in WS compared to 
ASDs. Figure 2 shows the overlapping genes that are sig-
nificantly upregulated in both conditions (n = 18; Figure 
2(a)), downregulated in both conditions (n = 53; Figure 
2(a)), upregulated in ASDs but downregulated in WS 
(n = 3; Figure 2(c)), and downregulated in ASDs but upreg-
ulated in WS (n = 1; Figure 2(d)) compared to controls 
(FDR < 0.1, |FC| > 1.2).

We then investigated whether these DEGs have the 
potential to contribute to the etiopathogenesis of the socio-
cognitive deficits of ASDs and WS. Whereas genes found 
similarly dysregulated in the blood of subjects with ASDs 
and WS can be expected to account for aspects of their 
similarities in the social cognition phenotype, the genes 

Figure 2. Abnormal expression patterns in the blood of subjects with ASDs or WS. (a) Genes found upregulated in both 
conditions. (b) Genes found downregulated in both conditions. (c) Genes found upregulated in ASDs but downregulated in WS. (d) 
Genes found downregulated in ASDs but upregulated in WS. Histograms show changes in the expression level of genes compared 
to neurotypical controls as fold changes (FCs) if |FC| > 1.2 and with false discovery rate (FDR < 0.1). Values for ASDs are colored 
in blue, whereas values for WS are colored in orange. Gene names are ordered according to the FC values for the ASD group.
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that exhibit opposite expression patterns might explain 
aspects of their differences in the socio-cognitive domain. 
Differences between these two conditions could also result 
from FC differences in the expression of genes that exhibit 
the same abnormal trends in ASDs and WS.

Functional characterization of genes of interest

As shown in Table 1, most of the DEGs (50 out of 75) that 
have been associated with ASDs and/or WS are candidates 
for comorbid conditions, and/or might be involved in 
physiological aspects of relevance, mostly at the brain 
level, for the etiopathogenesis of the socio-cognitive dys-
functions observed in ASDs and/or WS. A more detailed 
characterization of these genes is provided in Supplemental 
file 2.

GO analyses

We also conducted GO analyses of the sets of DEGs to 
know more about possible biological functions that might 
be found similarly or differentially altered in ASDs and 
WS, particularly in connection with their distinctive socio-
cognitive profiles. Because the number of genes showing 
opposite expression patterns was too small, GO analyses 
were performed only for genes found either upregulated or 
downregulated in the blood of subjects with ASDs or WS 
compared to controls. We found that these two sets of 
genes are significantly related to processes, functions, cel-
lular components, and pathological phenotypes of interest 
for the ASD and the WS etiopathogenesis, and some inter-
esting differences between both sets also exist. Specifically, 
whereas genes found upregulated in both conditions are 
mostly involved in dendritogenesis, genes found down-
regulated in both ASDs and WS contribute preferentially 
to myelinization. Likewise, whereas the former are mostly 
involved in apoptosis and autophagia, the latter seem to 
contribute to cell proliferation (see Figure 3 for a graphical 
summary). We now provide a more detailed account of 
these findings.

Genes that are found upregulated (Figure 4) in both 
conditions compared to controls are significantly enriched 
in molecular, cellular, and biological processes important 
for neuron function, particularly dendrite extension 
(GO:1903861; GO:1903859). Multiple studies have 
pointed to alterations in dendrite growth, number, and 
morphology as a key aspect of the pathophysiology of 
ASDs, with most alterations involving a generalized 
reduction in dendrite size and number, as well as an 
increase in spine densities with immature morphology (see 
Gilbert & Man, 2017; Joensuu et al., 2018; Martínez-
Cerdeño, 2017 for selected reviews). Likewise, the neu-
rons of animal models of selected genes within the WS 
region also exhibit an anomalous dendrite morphology. 
Accordingly, abnormal spine morphology, as well as 

abnormal synaptic function resulting in enhanced long-
term potentiation (LTP) and altered fear responses and 
spatial learning, is observed in Limk1-knockout mice, sup-
porting a role for this gene in the regulation of cofilin and 
actin cytoskeleton (Meng et al., 2002). Similarly, FZD9 
regulates dendritic spine formation in hippocampal neu-
rons via its effect on Wnt5a signaling (Ramírez et al., 
2016). Finally, neurite length is greater in mice lacking one 
copy of Gtf2i, another of the genes located within the chro-
mosomal fragment deleted in WS (Deurloo et al., 2019). In 
addition, genes upregulated in both ASDs and WS are 
preferentially associated with aspects of the immune 
response, particularly with major histocompatibility com-
plex (MHC) class II complex function (GO:0032395; 
GO:0023026; GO:0042613). MHC genes have been found 
to be dysregulated in skin fibroblasts from subjects with 
WS (Henrichsen et al., 2011). Regarding ASDs, because of 
the important role of the MHC in brain development and 
plasticity, changes in MHC expression resulting from 
mutations and/or immune dysregulation have been hypoth-
esized to contribute to the altered brain connectivity and 
function typically found in subjects with this condition 
(see Needleman & McAllister, 2012 for review). 
Population-based epidemiological studies have found an 
association between ASDs and MHC complex haplotypes 
(reviewed by Gesundheit et al., 2013). In addition, genes 
upregulated in both ASDs and WS are significantly associ-
ated with processes related to cell survival via autophagia, 
as in autophagosome assembly (GO:2000785), and to cell 
death via apoptosis, mostly in connection to cysteine-type 
endopeptidase activity (GO:0008635, GO:0097200, 
GO:0097153). In neurons, autophagy is involved in axon 
guidance, dendritic spine development and pruning, and 
synaptic plasticity (Hwang et al., 2019); altered autophagy 
has also been associated with neurodegeneration (see J. A. 
Lee, 2012 for review) and with ASDs (Hwang et al., 2019). 
Apoptosis is also crucially involved in brain development 
and wiring, and pathological activation of apoptotic death 
pathways resulting in neural cell death has been equally 
associated with ASDs (Wei et al., 2014), particularly endo-
plasmic reticulum stress resulting in apoptosis (Dong 
et al., 2018). Interestingly, genes upregulated in both ASDs 
and WS are preferentially associated with the endoplasmic 
reticulum membrane (GO:0071556), as well as the endo-
cytic vesicle membrane (GO:0030669; GO:0045334), the 
endosome membrane (GO:0031902), and the endoplas-
mic reticulum to Golgi vesicle membrane (GO:0012507). 
In a similar vein, increased apoptosis has been observed 
in animal models of WS, particularly after knocking out 
several of the genes within the WS fragment, specifically 
WSTF (Barnett et al., 2012) and FZD9 (Zhao et al., 2005). 
Genes upregulated in both ASDs and WS are also enriched 
in proteins involved in signal transduction activities,  
particularly receptor activity, mostly linked to G  
protein (GO:0001608; GO:0045028) and protein tyrosine 
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Figure 3. Graphical summary of GO analyses of genes found upregulated in both ASDs and WS (left) and downregulated in both 
conditions (right). Illustrations are from Wikipedia (www.wikipedia.org), and all of them are in the public domain.

phosphatase signaling (GO:0007185; GO:0005001; 
GO:0019198). Finally, it is worth highlighting that these 
genes are significantly related to neuropsychiatric condi-
tions like depression (HP:0000716), obsessive-compulsive 
behavior (HP:0000722), and anxiety (HP:0000739), all of 
which are comorbid or share core symptoms with ASDs 
(Matson & Nebel-Schwalm, 2007; Rosen et al., 2018; 
Vannucchi et al., 2014). Anxiety is also prevalent within 
subjects with WS, although depression is also occasionally 
diagnosed in affected subjects (Royston et al., 2017; 
Stinton et al., 2010, 2012).

As shown in Figure 2, most genes upregulated in 
ASDs and WS compared to controls exhibit similar FCs 
in both conditions. However, some of them are more 
strongly upregulated in WS than in ASDs, particularly 
GAPDHP33, ASGR1, and RPS12P23. Interestingly, a 
GWA analysis has associated ASGR1 with animal person-
ality and coping styles, particularly with latency, dura-
tion, and frequency of struggling attempts by piglets 
during backtests, with one single-nucleotide polymor-
phism (SNP) showing differential expression in the 
hypothalamus (Ponsuksili et al., 2015). Dosage perturba-
tion of this gene has also been shown to negatively impact 
neurodevelopment in zebrafish, ultimately resulting in 
microcephaly. Thus, it seems that this gene contributes to 
the cognitive symptoms of the 17p13.1 microdeletion 
syndrome, which include intellectual disability and poor 
to absent speech, as well as occasional autistic features 
(Carvalho et al., 2014).

Regarding the genes that are downregulated in both ASDs 
and WS compared to controls (Figure 5), we found that they 
are significantly related not only to muscle cell proliferation 
and differentiation (GO:0014842; GO:0051151) but also to 
growth hormone homeostasis, particularly growth hormone 

secretion (GO:0060124; GO:0030252) and insulin-like 
growth factor binding (GO:0031994; GO:0005520). These 
genes are also related to aspects of brain development, par-
ticularly myelinization (GO:0031643). Children with ASDs 
are known to exhibit an early generalized overgrowth 
(Chawarska et al., 2011; Fukumoto et al., 2008; Van Daalen 
et al., 2007), with postnatal overgrowth correlating with 
greater severity of social deficits and worse verbal skills (D. J. 
Campbell et al., 2014; Chawarska et al., 2011). Significantly 
higher levels of several growth-related hormones have been 
found in children with ASDs (Mills et al., 2007). Dysregulation 
of overall systemic growth seems to account for the brain 
overgrowth also frequently observed in subjects with ASDs, 
which correlates to lower functioning abilities (Sacco et al., 
2015). Higher head circumference and increased brain size 
values are usually observed only during early childhood 
(Courchesne et al., 2011; Fukumoto et al., 2008, although see 
Raznahan et al., 2013). In contrast, children with WS typi-
cally show growth retardation, at least during their first years 
of life (Morris et al., 1998; Pankau et al., 1992). Still, growth 
hormone deficiency is rarely diagnosed (e.g. Levy-Shraga 
et al., 2018). Likewise, subjects with WS have smaller brain 
volumes compared to controls (Jackowski et al., 2009; 
Jernigan & Bellugi, 1990; Meyer-Lindenberg et al., 2005; 
Reiss et al., 2004; Schmitt et al., 2001; Thompson et al., 
2005), mostly due to a reduction of white matter (Nir & 
Barak, 2020; Thompson et al., 2005), impacting selected net-
works such as the prefrontal–amygdala pathways (Avery 
et al., 2012), which might result in turn from the deletion of 
GTF2I (Barak et al., 2019). Also interesting is the fact that the 
insulin-like growth factor I, which is primarily involved in the 
regulation of the effects of growth hormone, contributes as 
well to neural development, myelinization, and protection 
(see Puche & Castilla-Cortázar, 2012 for review). Finally, the 
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genes found downregulated in both ASDs and WS are signifi-
cantly associated with clinical phenotypes mostly involving 
an abnormal body development, like rhabdomyosarcoma 
(HP:0002859), supernumerary ribs (HP:0005815), or super-
numerary bones of the axial skeleton (HP:0009144). These 
genes are also associated with different skin problems, like 
white forelock (HP:0002211), aplasia cutis congenita 

(HP:0001057), and patchy hypopigmentation of hair 
(HP:0011365); these are of less interest for the socio-cogni-
tive profile of subjects with ASDs and WS.

As shown in Figure 2, most genes downregulated in both 
ASDs and WS compared to controls exhibit similar FCs in 
these two conditions. However, some of them are more 
strongly downregulated in WS than in ASDs, particularly 

Figure 4. Functional enrichment analysis according to Enrichr of the set of genes that are significantly upregulated in the blood of 
subjects with WS or ASDs compared to neurotypical controls. The figure shows the enrichment in biological processes, molecular 
function, cellular components, and human pathological phenotypes (from top to bottom). Top-10 functions have been included 
only if their p < 0.05. The p value was computed using Fisher’s exact test. Enriched categories are ordered according to their 
Enrichr combined scores. This is a combination of the p value and the z score calculated by multiplying the two scores (combined 
score = ln(p value) × z score). The z score is computed using a modification to Fisher’s exact test and assesses the deviation from 
the expected rank. The combined score provides a compromise between both methods, and it is claimed to report the best 
rankings when compared with the other scoring schemes. See http://amp.pharm.mssm.edu/Enrichr/help#background&q=5 for 
details.
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Figure 5. Functional enrichment analysis according to Enrichr of the set of genes that are significantly downregulated in the 
blood of subjects with WS or ASDs compared to neurotypical controls. The figure shows the enrichment in biological processes, 
molecular function, cellular components, and human pathological phenotypes (from top to bottom). Top-10 functions have been 
included only if their p < 0.05. The p value was computed using Fisher’s exact test. Enriched categories are ordered according 
to their Enrichr combined scores. This is a combination of the p value and the z score calculated by multiplying the two scores 
(combined score = ln(p value) × z score). The z score is computed using a modification to Fisher’s exact test and assesses the 
deviation from the expected rank. The combined score provides a compromise between both methods, and it is claimed to report 
the best rankings when compared with the other scoring schemes. See http://amp.pharm.mssm.edu/Enrichr/help#background&q=5 
for details.
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MLT4, ANKUB1, DNAJB5, HRASLS, and TNNC2. In con-
trast, MYOM2 is more strongly downregulated in ASDs 
than in WS. Interestingly, DNAJB5 has been associated with 
response to social eavesdropping in zebrafish, particularly 
to changes in the alertness status (Lopes et al., 2015).

Expression pattern analyses

Finally, we report on the expression profiles of the genes 
that have been found to be dysregulated in the blood of 
subjects with WS or ASDs. We have focused on the brain, 
given our interest in behavioral and cognitive features. A 
heat map of the expression levels of these genes in the 
samples of the Human tissue compendium (Novartis; A. I. 
Su et al., 2004), as generated by Gene Set Enrichment 
Analysis (GSEA) software (http://software.broadinstitute.
org/gsea/index.jsp), is shown in Figure 6. According to the 

Human Gene Atlas (A. I. Su et al., 2004), genes found dif-
ferentially upregulated in ASDs and WS are predicted to 
be preferentially expressed in the thalamus (p = 0.06879; 
Enrichr combined score = 37.65). In contrast, genes found 
differentially downregulated in both conditions are pre-
dicted to be significantly expressed in the cerebellum 
(p = 0.03330; Enrichr combined score = 23.78). We also 
checked the expression profile of these two groups of 
genes during development via the Human Brain 
Transcriptome Database (http://hbatlas.org). We found 
that all the genes that are differentially upregulated in sub-
jects with ASDs or WS are expressed in the brain through-
out development. However, whereas some of them are 
expressed at similar levels across regions, others exhibit 
different expression levels in different brain areas. 
Specifically, these genes tend to be more expressed outside 
the neocortex, particularly in the thalamus, but also in the 

Figure 6. Heat maps of the expression levels of the set of genes that are significantly dysregulated in the blood of subjects with 
ASDs or WS compared to controls. (a) Heat map of the genes found upregulated in both conditions. (b) Heat map of the genes 
found downregulated in both conditions. The heat maps were generated by Gene Set Enrichment Analysis (GSEA) software 
using the samples of the Human tissue compendium (Novartis; A. I. Su et al., 2004). The GSEA is a computational method that 
determines whether an a priori defined set of genes shows statistically significant, concordant differences between two biological 
states. The heat maps include dendrograms clustering gene expression by gene and samples. Genes are identified by the probe 
identifier, gene symbol, description, and gene family. See http://software.broadinstitute.org/gsea/index.jsp for details.

113

http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
http://hbatlas.org
http://software.broadinstitute.org/gsea/index.jsp


 Autism 00(0)

striatum and the amygdala (Supplemental file 3). Moreover, 
all the genes that are differentially downregulated in sub-
jects with ASDs or WS are expressed in the brain during 
development. However, among these genes, those exhibit-
ing different levels of expression in different brain areas 
tend to be more expressed not only in the cerebellum but 
also in the striatum (Supplemental file 3). Overall, these 
findings suggest that abnormal gene upregulation can be 
expected to impact primarily the thalamus, whereas down-
regulated genes tend to be more involved in cerebellar 
development and function. Both groups are expected to 
affect striatal regions.

In subjects with WS, the thalamus shows structural and 
functional differences compared to neurotypical controls, 
including smaller volumes, reduced gray matter, and 
enhanced activity (Bódizs et al., 2012; Meyer-Lindenberg 
et al., 2005; Mobbs et al., 2007; Reiss et al., 2000; Schmitt 
et al., 2001; Tomaiuolo et al., 2002). Although thalamic 
gray matter reduction has been associated with visuospa-
tial impairment (L. E. Campbell et al., 2009; Chiang et al., 
2007), abnormal thalamic development and function can 
also be expected to contribute to other cognitive deficits, 
particularly language problems. This is because of the role 
of the thalamus as a sort of relay center, connecting many 
of the brain areas involved in language processing (David 
et al., 2011; Murdoch, 2010; Wahl et al., 2008). In subjects 
with ASDs, despite previous inconsistent findings, recent 
research points to structural abnormalities in the thalamus 
as well (Schuetze et al., 2016). It also points to a disruption 
of local thalamic connectivity and a dysregulation of 
thalamo-cortical networks (Tomasi & Volkow, 2019; 
Woodward et al., 2017). Likewise, regarding the striatal 
regions, subjects with WS have reduced basal ganglia vol-
umes (Bellugi et al., 1999; L. E. Campbell et al., 2009; 
Jernigan et al., 1993; Reiss et al., 2000). Moreover, chil-
dren with Asperger syndrome show reduced volumes of 
the caudate, whereas high-functioning children with ASDs 
exhibit smaller gray matter volumes in the frontostriatal 
regions (McAlonan et al., 2008). In contrast, adults with 
ASDs exhibit a relative increase in both caudal putamen 
and pallidum, with restricted, repetitive behaviors posi-
tively correlating to the surface area in the bilateral globus 
pallidus (Schuetze et al., 2016). The basal ganglia control 
different cognitive and emotional functions, including lan-
guage (J. R. Booth et al., 2007; Kotz et al., 2009; Viñas-
Guasch & Wu, 2017). Overall, these findings point to 
changes in intrathalamic and transthalamic routes as an 
important cause of the perceptual, motoric, interoceptive, 
emotional, and cognitive impairments found in ASDs. 
Specifically, socio-cognitive similarities between ASDs 
and WS may stem from the disruption of striatal and tha-
lamic connections, particularly in the domain of face pro-
cessing and theory of mind (involving the thalamus), 
reward behavior (involving the striatum), and attention 
switching (involving the striatum and the thalamus; see 

Niego & Benítez-Burraco, 2020, for a recent review). 
Finally, in subjects with WS, the cerebellum exhibits vol-
ume alterations that can be associated with their distinctive 
cognitive, affective, and motor features (Osório et al., 
2014). This is particularly true of language, given the role 
of the cerebellum in language processing and its impair-
ment in language-related pathologies (Mariën & Borgatti, 
2018; Vias & Dick, 2017). In a similar vein, genetic, 
molecular, behavioral, and neuroimaging findings support 
the view that, in subjects with ASDs, the cerebellum devel-
ops differently at multiple levels of neural structure and 
function. This circumstance contributes to facets of their 
distinctive behavioral, cognitive, and affective profile 
(Becker & Stoodley, 2013; Hampson & Blatt, 2015).

Discussion

In this article, we have adopted a comparative molecular 
approach to gain insight into the causes of the deficits 
exhibited by subjects with ASDs or WS, particularly in 
the domains of social cognition and social behavior. As 
discussed in the “Introduction” section, the ASD pheno-
type often directly contrasts the WS phenotype, although 
some overlap exists between both conditions. The same 
can be said of some of the genes contributing to these 
conditions, since genes within the WS region are also 
candidates for ASDs (Sanders et al., 2011), and since 
people with WS have some risk of suffering from autistic 
behaviors (Klein-Tasman et al., 2018; Tordjman et al., 
2012). However, to date, most studies have focused on 
individual genes. For instance, one key gene within the 
WS region, namely GTF2I, which is regularly associated 
with the social phenotype of WS, has been found to be a 
risk factor for ASDs (Malenfant et al., 2012). Interestingly, 
whereas hypersocial behavior has been observed in mice 
carrying a deletion of Gtf2i, no evidence of hyposocial 
behavior has been observed in mice with the Gtf2i dupli-
cation (Martin et al., 2017). Nonetheless, these mice 
exhibit increased maternal separation–induced anxiety 
(Mervis et al., 2012). This contradicts simplistic models 
of these disorders, according to which socio-cognitive 
differences between ASDs and WS might result from 
dosage changes in selected genes. At the very least, 
whole-genome analyses should be conducted to provide a 
more comprehensive view of the genetic mechanistics of 
the similarities and, particularly, the differences between 
these two conditions.

In our study, we have found that a restricted set of genes 
potentially impacting cognition and behavior shares a 
common pattern of gene dysregulation in the blood of sub-
jects with ASDs and WS. The fact that most of the abnor-
mally expressed genes are found either upregulated or 
dysregulated in both conditions might account for their 
similarities in the socio-cognitive domain, particularly if 
one considers that most of these genes are involved in 
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aspects of (abnormal) brain development and/or (dys)
function. Accordingly, we have found that a significant 
number of the DEGs contribute to brain development and 
function (particularly dendritogenesis) and are expressed 
in brain areas (particularly the cerebellum, the thalamus, 
and the striatum) of relevance for the ASD and the WS 
etiopathogenesis. Nonetheless, some remarkable pheno-
typical and neurobiological differences also exist between 
ASDs and WS. We hypothesize that they might result in 
part from the opposite expression pattern exhibited by a 
small group of genes. This is due in part to the fact that 
some of the genes showing similar expression trends in 
ASDs and WS still exhibit quantitative differences between 
conditions, with most of them being more dysregulated in 
WS than in ASDs. Overall, the genes we highlight in the 
article emerge as potentially promising candidates for 
explaining the similarities and differences between ASDs 
and WS, particularly those regarding social cognition and 
social behavior. However, this remains to be demonstrated 
experimentally, and not only correlatively.

Accordingly, some caution is in order. First, our study 
has limitations. Besides the small size of our samples of 
subjects with ASDs or WS, the abnormal patterns of gene 
expression uncovered by the microarray analyses need to 
be validated via other techniques, for example, reverse 
transcription polymerase chain reaction (RT-PCR). Second, 
a direct translation of gene dosage changes to differences in 
the severity (or even the nature) of abnormal phenotypical 
traits or disorder symptoms should be avoided unless 
empirical evidence does exist. Actually, in many cases, this 
translation is not observed, even for particular genes, as 
noted above. When several genes are involved, as in condi-
tions resulting from CNVs, mirror phenotypes are not usu-
ally found either. For instance, Smith–Magenis syndrome 
and Potocki–Lupski syndrome are reciprocal contiguous 
gene syndromes resulting from the microdeletion and the 
microduplication, respectively, of the same chromosomal 
region. Although the affected subjects exhibit some mirror 
traits, others are shared between conditions, with only a 
minor number of genes within the critical genomic region 
being dosage sensitive (Neira-Fresneda & Potocki, 2015). 
More generally, the mechanisms by which gene dosage 
changes result in disorder are frequently opaque (see Rice 
& McLysaght, 2017 for discussion). Third, from a transla-
tional medicine point of view, the gene expression changes 
we highlight in the article should be regarded as more of a 
biomarker of ASDs and WS than a mechanistic account of 
specific deficits of ASDs and/or WS via the dysfunction of 
specific genes. Incidentally, this is why in our analysis, we 
focused on GO analyses, instead of on the functions per-
formed by each of the DEGs. Alterations in the expression 
of individual genes can be potentially caused by unknown 
coincident events, can be of no developmental/biological 
relevance, and/or can be an adaptive response to the 
changes affecting other genes which actually contribute to 

the disorder. Even in this case, however, caution is in order. 
One reason is that we have attested differences in gene 
expression levels in adult subjects compared to neurotypi-
cal controls. Nonetheless, ASDs and WS are developmen-
tal conditions; this entails that changes in gene dosage 
could differ from one developmental stage to another, and/
or impact differentially at different stages of development. 
Accordingly, even if these abnormal gene expression pro-
files could be used as reliable biomarkers of these two con-
ditions (and current evidence supports the view that gene 
dysregulation in the blood significantly echoes gene dys-
regulation in the brain; see Diaz-Beltran et al., 2016), they 
should be validated in children, for whom an early diagno-
sis (particularly of ASDs) is intended.

In sum, more research is needed before promoting the 
genes we highlight in the article to key causal factors in the 
emergence of the deficits observed in ASDs and WS. To 
achieve this, in addition to validating our findings, as noted 
above, other approaches should be adopted. It is particu-
larly necessary to conduct additional in vitro and in vivo 
research (including the development of animal models of 
selected candidates) aimed to gain direct insights into the 
mechanics of these genes, specifically in terms of their 
contribution to brain development and function in areas 
involved in social cognition.
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Are feralization and domestication truly mirror processes?

Introduction

Domestication has long been the subject of scientific inquiry; since Darwin’s 
“The variation of animals and plants under domestication” (1868), differences 
between domesticated and wild animals have been noted, studied, and debated. 
Gaining a more detailed knowledge of the process of domestication certainly 
allows us to more efficiently manage the domesticated species that humans use 
to obtain all sorts of resources. At the same time, however, domestication is 
a perfect setting to test hypotheses about how changes in the social environment 
can (rapidly) impact animals’ bodies, cognition, and behavior, and how these 
changes can become genetically (and to some extent, epigenetically) fixed. 
Interestingly, an opposite condition to domestication exists, namely, feralization. 
Feralization can be characterized as the process by which a once-domesticated 
animal returns to a wild-like state due to desocialization from humans or the 
absence of human socializing presence (Daniels & Bekoff 1989). Whereas domes-
tication mostly results from selection for tameness, feralization mostly involves 
the reactivation of mechanisms triggering reactive aggression. Nonetheless, as 
recently noted by Gering et al. (2019), the changes that result in feralization, as 
well as changes caused by feralization, have been less studied, although available 
evidence suggests that these involve rapid evolutionary changes in genes control-
ling many different traits, quite similarly to domestication. At the same time, as 
also noted by these authors, there are still some misunderstandings about ferali-
zation that need to be properly addressed, including the view that domesticated 
individuals cannot readapt efficiently to the wild environment because of the 
genetic selection and tradeoffs underlying domestication, or the view that ferali-
zation results in a full return to the ancestral, wild state.

Most analyses of the feralization process focus on the genetic aspects 
involved, particularly, the gene flow between domesticated, feral, and wild popu-
lations, as well as the adaptive (or maladaptive) value in the wild of the alleles 
involved in domestication. By contrast, the characterization of the feral pheno-
type, particularly, vis-à-vis the effects of domestication is much poorer, as also 
noted by Gering et al. (2019). A first objective of our paper is thus to determine 
whether feralization involves a true reversion of domestication at the phenotypical 
level, and to what extent this (partial or total) reversion is caused by a (partial or 
total) reversion of the genetic mechanisms accounting for domestication or if 
feralization follows a (partial or total) genetic pathway. Moreover, since domes-
tication occurs in varying degrees, it is of also interest to see whether feralization 
has variable manifestations. In doing so, we have tried to go beyond current
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characterizations of the feralized phenotype in mammals, which are at points less 
systematic. Accordingly, whenever the information was available, we have exam-
ined the presentation in feralized animals of a comprehensive set of 29 features of 
domestication in animals, as we have used them for our past and ongoing 
research on the presentation of features of domestication in humans (e.g. 
Benítez-Burraco et al. 2016, 2017; Niego & Benítez-Burraco 2019; see Table 1).

A second objective of our paper is to delve, also in a systematic way, into the 
genetics of feralization. Again, the available information is scarce and mostly 
concerns selected species; as we discuss below, it is important to note that it is 
usually difficult to discern the signs of true feralization from the effects of 
admixture with wild populations. However, we have tried to check the possibility 
that a common genetic signature of feralization does exist and that it accounts for 
some/many of the common features observed in feralized animals. We also discuss 
to what extent feralization entails fixed changes in selected genes (that may or 
may not be involved in domestication) or if it involves epigenetic changes as well 
(which can be inherited if they result from modifications of DNA). This could be 
important for understanding the variable presentation of features of feralization 
in animals.

In summary, the aim of this paper is to explore domestication through the 
lens of a potentially contrary process: feralization. The paper is structured as 
follows: first, we provide a brief overview of the domestication process, with 
a focus on the so-called ‘domestication syndrome’ (DS). The DS encompasses 
the set of shared features purportedly found in all domesticates and resulting 
from genetic and epigenetic changes in a set of core candidate genes for domes-
tication (see Wilkins et al. 2014 for discussion). As we will show below, the 
existence of a DS is controversial and this is why we will also review the various 
ways in which this putative syndrome has been found to manifest in animals. 
Second, we parallel specific areas of the domesticated phenotype with research on 
feral animals, highlighting similarities and differences between domestication and 
feralization. As noted, we have examined a comprehensive set of features found to 
be altered in domesticates, from the body, to behavior, to the brain. Third, we 
focus on the genetic underpinnings, with the aim of identifying a core set of 
candidate genes that contribute to feralization, but also of discussing whether 
there is some overlap with genes involved in domestication that can account for 
some unifying mechanism for both process. We conclude with a discussion 
regarding the ultimate reasons for the differences and overlaps attested between 
feralization and domestication, as well as the utility of feralization for future 
studies aimed at providing a better understanding of mammal evolution, includ-
ing the emergence of the human phenotype.

Animal domestication and animal feralization: a (critical) overview

Humans started domesticating animals a long time ago. Dog domestication might 
have begun as early as 45–40 kya in Europe, with first remains of proto-dogs dating from 
around 30 kya (Germonpré et al. 2009, 2012; Ovodov et al. 2011;
Germonpré 2015; Prassack et al. 2020). Nonetheless, in spite of having been selected for 
diverse reasons, most domesticated animals share a set of physical,
behavioral and even cognitive features that differentiate them from their wild conspecifics. 
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Table 1. 

Distinctive features of domestication in animals. 

Distinctive features of domestication in animals

Physical

1. Reduced skull/brain size

2. Increased size of the amygdala

3. Shorter muzzle/jaws/nose

4. Reduced tooth size

5. Abnormal (floppy) ears

6. Depigmentation

7. Increased skin areas (skin folds)

8. Curly hair/hypotrichosis/hairlessness

9. Supernumerary toes

Physiological

10. More frequent (an earlier) oestrus cycle

11. Undergrowth/dwarfism

12. Neoteny

13. Reduced levels of androgens

14. Reduced levels of cortisol

15. Increased levels of oxytocin

16. Increased levels of vasopressin

Behavioral

17. Increased tameness

18. Reduced response to stress

19. Reduced fearfulness

20. Decreased risk-taking/exploratory behavior

21. Increased sociability (including a longer socialization window)

22. Increased playing behavior

23. Increased courtship

24. Increased maternal behavior

Cognitive

25. Enhanced spatial cognition

26. Enhanced sensory integration

27. Enhanced attentiveness and sensitivity to eye/facial cues

28. Enhanced/faster learning

29. Increased complexity of communicative signals

Source: Case (1999), Rehkämper et al. (2008), Campler et al. (2009), Lewejohann et al. 
(2010), Hernádi et al. (2012), Himmler et al. (2013), Briefer et al. (2014), Moe et al. (2014), 
Wilkins et al. (2014), Brust and Guenther (2015), Kaiser et al. (2015), Udell (2015), 
Benítez-Burraco et al. (2016, 2017), Okanoya (2017), Ringhofer and Yamamoto (2017), 
Sánchez-Villagra et al. (2017), Dudde et al. (2018), Nawroth et al. (2018), Niego and 
Benítez-Burraco (2019). 
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According to Wilkins et al. (2014) a DS can be posited that accounts for these shared 
features, which include smaller brains and altered brain connection and function, smaller 
teeth and jaws, increased docility, earlier sexual maturation, more frequent estrous cycles, 
changes in hairiness and pigmentation, reduced sexual dimorphism, and neoteny. These 
authors have further hypothesized that the DS comes mainly from the selection against 
reactive aggression and increased tameness, which is involved in most if not all processes of 
domestication, and which results in altered neural crest cell (NCC) numbers or that of their 
derivatives (Wilkins et al. 2014). NCCs are a type of stem cell that appear during embry-
ogenesis at the neural crest, the edge of the neural tube. They eventually migrate throughout 
the body to form the skull and tooth precursors, sympathetic ganglia, adrenal medulla, and 
other areas of developing vertebrates: all of the tissues that are affected by the DS are 
derived from the neural crest, or are influenced during their development by the neural 
crest. More specifically, Wilkins and colleagues hypothesized that the deficit in neural crest- 
derived tissues comes from the inhibition of proliferation of the neural crest cells at the final 
sites, due to defects in migration. This idea is supported by the fact that the parts of the body 
which are farther from the neural crest cells’ origin (like the face, tail, and limb extremities) 
are still affected, an indication that neural crest cells are not reaching the distant sites in 
sufficient numbers. In turn, developmental reduction in NCCs input is hypothesized to be 
due to changes in preexisting genetic variants that affect NCCs at the final sites.

The theory of a unified DS resulting from reduced input to NCCs, and 
ultimately of domestication being a mild form of neurocristopathy, is not univer-
sally accepted. To begin with, the very idea that a greater degree of aggression 
correlates with less features of the DS is controversial, as in some cases both types 
of features appear to be segregated (Hart & Cooper 1996). However, this seems to 
be true of long-established lines of domesticated animals, with this circumstance 
reflecting subsequent genetic changes over millennia; hence, this dissociation 
might not be very informative about the common early stages of domestication 
in different species. More importantly, the features encompassing the DS present 
in a variable fashion in domesticated animals. According to Sánchez-Villagra et al. 
(2016) not every domesticated species exhibits all the characteristics of the DS. As 
pointed out recently by Lord and colleagues in their critique of Belyaev and Trut’s 
famous farm fox experiment (which contributed decisively to the idea of the DS in 
general; Lord et al. 2020), most of the traits purported to be part of the DS do not 
meet the three criteria for being considered part of the syndrome: (i) the trait 
should appear in conjunction with selection for tameness; (ii) the trait should be 
significantly more popular in the selected population; and (iii) the trait in ques-
tion should be associated with tameness in the individual animal, and not just the 
population overall (although see Trut et al. 2020; Zeder 2020 for a critical view of 
Lord et al.’s criticism). One way of reconciling these apparently disparate posi-
tions is to argue that the DS manifests itself differently in different species, with 
many of the same traits being involved, but with traits being expressed to varying 
degrees and sometimes not being present at all (see Sánchez-Villagra et al. 2016; 
Wilkins 2020; or Zeder 2020 for further discussion).

From a genetic perspective, one important takeaway is, as noted, that the DS 
is most likely influenced by multiple networks and alleles, each with a relatively
small contribution to the phenotypic result (see Wilkins et al. 2014 for a table of 
core candidate genes, whose haplo-insufficiency results in selected domestication 
features). This is in line with advances in the genetics of domestication over the last 
2 decades that have revealed that domestication in many species cannot be traced 
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back to a single event, but most likely occurred at various places and times 
throughout human history (Bruford et al. 2003; Larson et al. 2005, 2010). For 
instance, a study by Bruford et al. (2003), using mitochondrial DNA to trace 
lineages of domesticated livestock in the New and Old Worlds, concluded that 
domestication happened in many parallel and often isolated events. Thus, each 
domesticated population of livestock had its own genetic markers and traits, and 
the mixing of DNA lineages over time as populations moved and/or were introduced 
to other domestic populations made it very difficult to interpret the genetics of 
domestication in general. Likewise, the famous farm fox experiments (Trut et al. 
2004, 2009) consistently pointed out that domestication is certainly not a linear 
gradual process but rather something that can happen on a very rapid scale, with 
multiple alleles, rather than new mutations or accumulations of recessive alleles, 
being responsible for the changes resulting from selection under domestication. At 
the same time, selected changes in key genes can result in significant, widespread 
differences between domesticates and their wild counterparts. In their research on 
dogs and wolves, Lindblad-Toh et al. (2005) found that the two species are quite 
similar at the genetic level, with only 0.1% difference of SNPs in their entire 
genome. However these minor differences can still affect genes that make large 
phenotypic differences in their expression. That said, when one focuses on selected 
traits involved in domestication, it can also happen that differences observed 
between domesticated and non-domesticated animals result from epigenetic 
changes. Accordingly, Sundman et al. (2020) found than dogs and wolves have 
very distinct profiles of DNA methylation, primarily in the brain. Similar findings 
have been observed in chickens and their wild counterparts (Nätt et al. 2012), and 
in guinea pigs, pigs and rabbits, compared to their wild counterparts (Albert et al. 
2012). However, caution is in order, as the differences in DNA-methylation levels 
can potentially stem from prior genetic changes.

As noted, feralization is the process of domesticated animals being introduced 
back into wild-type environments. If domestication is indeed a type of “syndrome” 
(with all the reservations discussed above) triggered by selection for tameness and 
social tolerance, presenting in a variable fashion, resulting mostly from physiological 
changes and brought about in part from epigenetic changes, then it stands to reason 
that some traits may be reversible, or at least exist on a sliding scale, provided that the 
environmental circumstances change towards reduced social contact. A look at ferali-
zation through the framework of the DS may thus provide some answers on which 
traits are truly dependent on specific conditions of domestication (e.g. selection 
against aggression), and which features have been fixed in domesticates and are thus 
irreversible (and eventually which others might have been fixed in feralized animals). 
Here one should keep Dollo’s principle in mind: living organisms as a rule do not 
reverse development based on reversal of the environmental conditions thought to 
influence their evolution (Dollo 1893). Feralization, it seems, should not be an excep-
tion. Dollo’s principle mostly works for complex characteristics resulting from the 
evolutionary accumulation of mutations in many different genes (it is unlikely that 
all they can simultaneously reverse – see Collin & Miglietta 2008 for discussion). 
Nonetheless, true reversions can emerge if ancestral developmental programs are
preserved (but silenced) in the derived populations (see Cabej 2012 for discussion). 
In this case, reversions to the wild-type phenotype can be facilitated by the fact that, as 
noted, part of the changes that create the domesticated state are expected to be 
epigenetic by nature, so that they might be readily reversible during feralization. As 

Forum  

133



we discuss in more depth below, research on the genetic basis of feralization (as rare 
as it may be) points to the fact that the genes selected when domesticated animals go 
feral are different from the genes selected when wild animals were domesticated, 
although some interesting overlaps exist too.

It is also important to address another common misconception: that domesticated 
animals are ill-equipped to survive life in the wild compared to their wild counterparts 
(incidentally, from this perspective, one could expect that any genetic profiles of domes-
tication would be “weeded out” over time in feral populations as a result of natural 
selection). While this may be true in some instances, there are also many cases where 
domesticated traits have been shown to be advantageous in feral populations (e.g. Pan 
et al. 2018; Gering et al. 2019). Thus, as far as feralization is concerned, it’s not a question 
of domesticated traits and genes merely reverting to the wild state when animals go feral. 
Instead, the fitness associated with the domesticated or the wild trait, allele, or regulatory 
network, will be always dependent on the specific feral environment and population.

In the subsequent section of the article, we compare observed feral and domestic 
traits, highlighting similarities and differences, whereas in a subsequent subsection we 
explore possible underlying connections at the genetic level when the research exists to 
do so. Although we will consider research on various types of feral and domesticated 
organisms, a great deal of discussion will be dedicated to the Australian dingo. This is 
because the dingo, unlike many other feral animals, has been isolated for over 
8,000 years with minimal intervention from other wild or domesticated dogs due to 
its remote habitat (Zhang et al. 2020). In contrast, research on feralized livestock, pigs, 
or chickens is more difficult to interpret because of the frequent mixing of DNA 
lineages and interaction with both wild and domesticated counterparts.

Domestication and feralization: the phenotype

In this subsection, we explore possible connections and divergences between 
domesticated and feral animals at the phenotypical level. We first focus on body traits. 
A subsequent subsection does the same with behavior, and a final subsection is 
dedicated to what is known of the feral and domesticated brain. As we noted at the 
beginning of the paper, whereas there is a large body of research dedicated to defining 
and characterizing morphological, behavioral, and even cognitive traits of domestica-
tion (as well as its genetic underpinnings), similar research on feral animals is much 
more scarce. As noted in the Introduction, in order to conduct a comparison as 
systematic and insightful as possible, we relied on a list of 29 features of domestication 
commonly found in animals (Table 1), and we checked their presentation in feralized 
animals, if the information is available

Our findings are summarized in Fig. 1. Genetic or epigenetic rationales for these 
features areas are highlighted below in a subsequent subsection.

Body traits

Shorter snouts. One of the most commonly cited traits of domestication is the general 
shortening of the nose/snout, which is observed in dogs, mice, cats, foxes, pigs, sheep, 
goats, and cattle (Trut et al. 2009; Zeder 2012; Wilkins et al. 2014). From the perspective 
of the DS, this shortening is attributed to lower input numbers in NCCs (Etchevers et al. 
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1999; Creuzet et al. 2004). There is conflicting research as to whether or not this trait is 
retained in feral animals. Observations of the feral hogs found in the American south show 
that, even after many generations of living in the wild, their smaller snouts still set them 
apart from their wild counterparts (Extension Foundation 2019). By contrast, 
a comprehensive study by Kruska and Röhrs (1974) on pigs from the Galapagos Islands 
and Europe found that feral pigs exhibit significantly longer snouts than those of their 
domestic counterparts, perhaps due in part to relaxation of certain selective pressures. In 
a similar vein, Bach (2007) reports that, in the absence of domestication pressures, pigs will 
quickly revert to a wilder phenotype, exhibiting, specifically, features such as longer snouts 
in a matter of generations. As noted, the dingo has proven to be a valuable research subject 
with much to contribute here. Various studies (e.g. Smith et al. 2017; Ballard & Wilson 2019) 
found that dingoes do exhibit shorter snouts than wolves, although the variation of nose 
length in domesticated dogs makes it hard to compare on that front. Certainly, the exam-
ination of fossils of early dingoes should help clarify this question. According to Ballard and 
Wilson (2019), current evidence supports the view that tamed but undomesticated Pariah 
dog is the ancestor of the dingo: the morphology of the Pariah dog resembles that of a dingo. 
More generally, the trajectory of cranial growth in dingoes resembles more the growth 
pattern of wolves than the pattern found in modern dogs (Geiger et al. 2017).

Dentition. Changes in tooth size and morphology have also been highlighted by many 
studies addressing the differences between domesticated animals and their wild coun-
terparts (see Belyaev 1974; Wilkins et al. 2014). Again, this trend is seemingly in 
keeping with the theory of the central role of the neural crest in domestication, since 
NCCs play a direct role in tooth development (Hall 1999; Le Douarin & Kalcheim 1999; 
Gilbert 2003). In research on feral pigs, Evin et al. (2015) found evidence that feral 
populations of pigs on the islands of Corsica and Sardinia had smaller teeth than any 
of the wild or domesticated groups they were compared to. Interestingly, the shape of 
their teeth was more similar to wild boar than domesticated pigs in the area. These 
authors hypothesize that feralization might have caused the teeth to revert back to 
a more wild-type morphology due to relaxed selection in their environment, although 
one cannot discard the idea that that wild boars have contributed in some way to the 
gene pool, influencing the shape of the teeth through admixture. In canids, research on 
dingoes and dogs has shown that the former exhibit larger carnassial teeth and longer 
canine teeth (Smith & Litchfield 2010), which seems to point to a reversion towards 
wild-type morphology in the case of dentition.

Ear morphology. Another trait commonly found in domesticates is floppy ears, particu-
larly in dogs, rabbits, foxes, and livestock (Wilkins et al. 2014; see specifically Webster 
et al. 2015 for genetic determinants of floppy ears in dogs). Interestingly, research on 
dingoes and their domestic counterparts, kelpies, suggests that ear morphology (floppy vs 
upright ears) is a trait that can revert when animals go feral (Chew et al. 2019).

Pigmentation. Domestic animals commonly display coloration that sets them apart 
from their wild counterparts. The typical piebald (black and white spotted) coloration 
is among the most widespread, and is often seen in domesticated cows, goats, horses, 
and pigs (Wilkins et al. 2014). In the widely cited farm fox experiment, Belyaev (1974) 
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found that sometimes it was just a question of one or two generations before the 
piebald coloration appeared in foxes selected for tameness (Trut 1999). As of yet, 
studies on coloration in feral animals have not yielded a clear picture of whether or 
not domesticated phenotypes for coloration revert when they undergo feralization. It 
seems instead that some domesticated traits are preserved if they are neutral in a new, 
wild-type environment, and particularly, if they confer some adaptive advantage. 
Hence, in feral pigs, a great deal of variation in coat color has been found (Gering 
et al. 2019), with some dominant coat colors having a domestic origin (Linderholm 
et al. 2016). Likewise, in feral sheep, a lighter coat color with a domestic origin has 
undergone positive selection due to the fact that it increased overall fitness (Feulner 
et al. 2013). Domestic features can be eventually transferred to wild conspecifics. 
Accordingly, a darker coat color, associated with domesticated dogs, now prevails in 
some wolves, as it likely enhances survival (Anderson et al. 2009). The same trend can 
be observed in more distant species, like feral pigeons, that have retained the wide 
variation in coloration originally coming from artificially selected coloration during 
pigeon domestication, as each coloration type has proven to be advantageous to 
specific environments (Roulin 2004; Derelle et al. 2013).

Additional features. In dingoes, another interesting morphological trait is the absence of 
dew claws. Dew claws are vestigial toes on the hind legs, which are common in many 
domesticated breeds, large and small (Jackson et al. 2017). In contrast, wild canids, such 
as wolves do not have dew claws, and neither do dingoes (Jackson et al. 2017).

Behavioral traits

Behavior is perhaps the most noticeable aspect of domesticated animals, and, accord-
ing to a great deal of research, the source of domestication in the first place, since domes-
tication first and foremost demands selection for tameness. It is also the most reliable 
indicator of whether or not an animal is truly domestic; while it is possible for a domestic 
animal to appear wild on the surface, it is much less common for domesticated animals to 
display wild behavior, especially when it comes to approach behavior and familiarity 
towards humans. We focus on three salient behavioral aspects: tameness (including aggres-
sion/familiarity towards humans), predator and stress response, and hunting behavior. 
However, we also provide some hints about sexual behavior and about communication 
patterns, which are also affected by domestication in some significant ways.

Tameness. In truth, “tameness” is a vague term, and usually refers to the familiarity 
and approach behavior towards humans that usually result as well in prosocial beha-
vior towards conspecifics. Early habituation of juvenile animals to human presence 
and touch is probably an important element in the development of tameness, as most 
clearly demonstrated in dogs but, anecdotally, in a host of other animals (see Scott 
1962 for an early discussion). Tamed animals may have a causal or sporadic relation-
ship with humans, but they can also evolve into domesticated animals if humans exert 
a more profound control over their lives. Most research indicates that this tameness 
does indeed recede when human contact is removed; for example, a study by Rose 
et al. (1985) found that in general, feral roosters showed higher levels of aggressive 
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behavior when compared to domestic roosters. Similar trends have been found in feral 
vs domestic cats in terms of approachability to humans: feral cats are much less likely 
to approach humans, displaying a seemingly deep-seated fear/cautiousness which 
cannot be overcome with mere contact (Owens et al. 2017). Returning to the oft- 
cited dingo, Johnston et al. (2017) examined behavior in dingoes kept as pets, finding 
that, although dingoes do initiate eye contact with humans (unlike wolves), they hold 
it for a shorter time than domesticated dogs, indicating that dingoes fall somewhere in 
the middle of the wild-domestic sliding scale in this respect. Interestingly, Kaminski 
et al. (2019) found that domesticated canids possess an extra muscle that gives them 
more ability to interact with humans via gaze, but that dingoes (and wolves) lack it.

Predator/stress response. Another prominent trait in domesticated animals is decreased 
response to predators (Price 1984). This can be attributed to a difference in basal 
cortisol levels and hypothalamic–pituitary–adrenal (HPA) axis reactivity, among other 
factors (see Trut et al. 2009; Kaiser et al. 2015 for discussion). Reduced activity of the 
HPA axis affects the glucocorticoid production by the adrenal glands, as well as the 
basal levels of adrenocorticotropic hormone in plasma, and more generally, the adre-
nal response to stress (Naumenko & Belyaev 1980; Oskina 1996).

Research on predator response in feral animals is scarce. One study about 
guppies reintroduced to a wild environment suggests that feral animals might have 
some heightened defense responses to predators when compared to their domestic 
counterparts: specifically, feralized guppies practiced shoaling, that is, swimming in 
a group, much more than domesticated guppies, both at a baseline and when faced 
with predators (Swaney et al. 2015). At the same time, in a study of feral dogs in Italy, 
Boitani and Ciucci (1995) found that feral dogs, despite their wilder environment, still 
seemed to retain lower levels of observational capacity and lower responsiveness to 
environmental threats.

Hunting behavior. There is a host of anecdotal evidence that feral animals are less 
adept at hunting than wild ones, and in general this idea is supported by research. 
Studies by Corbett (1979), Gil-Sánchez et al. (1999), and Bíro et al. (2005), all point to 
the fact that feral and domesticated cats both tend to hunt prey that requires less skill 
to catch, like ground-dwelling rodents, while wild cats focus on tree-dwelling or larger 
terrestrial prey that requires much more hunting skill to capture. In their study of dogs 
and wolves, Boitani and Ciucci (1995) found that feral dogs generally fall in the 
domesticated category when it comes to hunting: their diet consists of easy to catch 
animals, and even after many years in the wild, they are still dependent on humans to 
survive, regardless of the fact that they have little to no contact with humans. 
Contrasting conclusions have been made in studies on dingoes, however. Fleming 
et al. (2001) report that dingoes hunt using the same tactics as wolves do to stalk 
and kill large prey-like cattle, water buffalos, and wild horses. Since the dingo is the 
product of over 8,000 years of feralization, it could be argued that hunting behavior is 
a reversible trait, but it takes time to revert to the wild condition.

Reproduction and fertility. A last behavioral feature that is consistently prevalent in 
domesticated animals is increased fecundity (Setchell 1992; Wilkins et al. 2014). 
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Studies on feral pigs and chickens indicate that increased rates of reproduction and 
estrous cycles continue from domestic populations to feral ones, proving to be quite 
beneficial, as one would imagine (Gethoffer et al. 2007; Johnsson et al. 2016). 
Nonetheless, this increased fecundity in feral populations may be the result of admix-
ture with domestic populations, as shown in the case of the feral pig populations, 
whose rate of reproductive success are higher for those living near domestic pigs 
(Gering et al. 2019). True feralization in absence of contact with domesticated animals 
may revert reproduction and fertility patterns to the wild state. Thus, dingoes, which 
live in an isolated environment with little opportunity for admixture, have less fre-
quent estrous cycles, showing more similarity to wolves than they do to dogs in this 
respect (Lord et al. 2013; Ballard & Wilson 2019).

Another element of fertility in feral animals that seems to suggest reversion to 
the wild is that of delayed sexual maturity when compared to domestic animals. In 
their study of six members of the canid group which included domesticated dogs, 
wolves, jackals, and dingoes, Lord et al. (2013) found that, in general, feral dogs such 
as the dingo began to breed at a later age than their domestic counterparts. These 
authors attributed this in part to factors, such as distribution of resources, as well as 
the fact that feral dogs have less frequent estrous cycles (Lord et al. 2013). Pan et al. 
(2018) also found evidence that certain domesticated traits which relate to reproduc-
tive success, such as horn size and shape in feral sheep, are retained in feral popula-
tions due to the sexual fitness these traits provide (Pan et al. 2018).

Communication behavior. In many animal species, domestication seems to result in 
more complex patterns of communication. For several years, Okanoya and colleagues 
studied the differences between the white-rumped munia and its domesticated variant, 
the Bengalese finch, and found that the latter shows increased song variation and 
complexity, that is, that notes are arranged into more-elaborated strings (Takahasi & 
Okanoya 2010; Kagawa et al. 2014; Okanoya 2017). Other examples of increased 
vocalization associated with domestication – or at least increased contact with or 
proximity to humans – include silver foxes and marmoset monkeys. In the former, 
selection for tameness results in foxes using the same affiliative vocalizations towards 
people as they use towards conspecific (cackles and pants) (Gogoleva et al. 2010), but 
also explosive bursts of vocal activity for attracting human attention (Gogoleva et al. 
2011). Regarding marmoset monkeys, the more affiliative vocal feedback received 
from parents, the more accentuated features of domestication (specifically, the larger 
size of a white facial fur patch) displayed by the offspring (Ghazanfar et al. 2020). 
Research has revealed some differences in vocalization behavior between domesti-
cated and feralized animals. Smith and Litchfield (2010) pointed out that, like wolves, 
dingoes howl much more than they bark, while domesticated dogs tend to bark and 
vocalize much more, perhaps as a result of proximity with humans. Tavernier et al. 
(2020) found similar results for feral cats: their vocalizations are different, and in 
general they vocalize much less than domestic cats do. In this way, feral animals share 
more with their wild counterparts than domesticates. Seen from this angle, there 
seems to be at least the appearance of a reverse process at work, with feralization 
being a return to wild type behavior.
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The feral brain

Reasons for many of the differences reviewed above between domesticated and 
feral animals, particularly those impacting behavior, boil down to the brain. This is 
why in this last subsection we discuss what the research can contribute to our under-
standing of the feral versus the domestic brain.

Brain size and organization. A reduction in brain size is one well-documented feature 
of domestication, although this reduction is by no means uniform across species or 
even within the brain itself (see Kruska 2005; Trut et al. 2009; or Wilkins et al. 2014 for 
discussion). Kruska (1988, 2005) points out that the larger the brain to begin with, the 
greater degree of reduction in domestication. Here, Kruska is referring to a reduction 
in the encephalization quotient (that is, a reduction in brain size relative to body size), 
although for some domesticated strains this can mean that the absolute brain size has 
remained almost unchanged, as they have been selected for larger body size. The 
aforementioned reduction has been found to hold true with pigs, (33% reduction in 
domesticates), dogs (30% smaller than wolves), herbivores (14–24% reduction) and 
rodents (minimal reduction), as well as birds (Ebinger & Röhrs 1995; Zeder 2012) and 
fish (Marchetti & Nevitt 2003). At the same time, as noted, the reduction of the brain is 
not uniform, having more of an impact on the forebrain and accompanying structures, 
which are phylogenetically younger (Kruska 2005; Wilkins et al. 2014). The forebrain 
does not only contain areas devoted to movement and sensory integration, but also to 
“higher order” functions, such as reasoning, communication, or expression of emo-
tions. In many cases, motor areas become more reduced, whereas visual and/or 
integration areas are less affected or even enhanced in domesticates. Hence, olfactory 
and auditory function in the pig brain are less reduced by domestication than visual 
structures or motor functions (Plogmann & Kruska 1990); rats and mink exhibit 
a significant reduction in motor functions, but lesser reductions in visual and olfactory 
regions (Kruska 1988, 1996); and memory and learning areas of the brain in homing 
pigeons show a distinct increase under domestication (Rehkämper et al. 2008). 
Perhaps more importantly, the limbic system, which supports many aspects of emo-
tion, is altered in a variety of domesticates, seemingly contributing to the attested 
changes in tameness and docility (Kruska 1988). More specifically, compared to 
chimpanzees, bonobos (thought to have gone through a self-domestication process; 
see Hare et al. 2012) exhibit a larger amygdala, particularly in the dorsal area, with 
a larger pathway to the ventral anterior cingulate cortex (vACC) (Rilling et al. 2012). 
This amygdala/vACC pathway has been implicated in inhibition of aggression 
(Davidson et al. 2000; Meyer-Lindenberg et al. 2006; Blair 2008), which is central to 
the behavioral phenotype of domesticates. Moreover, in studies on the hippocampus of 
Kruska (1988, 2005) found that domesticated rats, pigs, sheep, dogs, and llamas all 
showed significant reduction in their hippocampus, leading to potential functional 
differences, which seemed to become more exaggerated in more domesticated forms 
(poodles, pigs, and sheep showed a reduction of over 40%). That said, other studies 
suggest that domestication can result in an enlargement of the hippocampus 
(Rehkämper et al. 2008; Huang et al. 2015; Welniak-Kaminska et al. 2019). Recent 
studies (Huang et al. 2015) indicate that domestication may actually be responsible for 
neurogenesis in the hippocampus of adult foxes.

Forum

139



There is still much to be studied and learned about the effects of feralization on 
the brain. Studies that have focused on brain size on the whole do not support the idea 
that the effects of domestication can be somehow undone through feralization (Kruska 
& Röhrs 1974; Birks & Kitchener 1999; Röhrs & Ebinger 1999). In their well-known 
comparative study of Canadian (wild type) minks and Belarussian (feralizaed) minks, 
Kruska and Sidorovich (2003) observed that the latter still resemble ranch-reared 
minks with regards to their skull configuration despite having been feralized for 
many generations. This seems to be true even in the case of animals that have been 
feral for thousands of years, like Mediterranean sheep (Groves 1989). Once again, 
dingoes may prove to be an exception here. While Schultz (1969) found the brain size 
of dingoes to be more within range of other domestic dogs when compared to wolves, 
other more recent studies have found contrasting information. For example, Smith 
et al. (2017) found that dingoes have a larger and more encephalized brain than 
domestic dogs do, suggesting that perhaps thousands of years of feralization may 
indeed have affected their brains and caused them to revert back to a pre-domesticated 
size. This gives some support for the idea that, at least in some ecological 
environments and/or for some species, brain size could be one domestication trait 
that is reversible through feralization.

Aside from brain size, structural differences between the feral and the domesticated 
brain can be found. Kruska and Röhrs (1974) studied Galapagos pigs, a type of feral pig that 
have been living in wild conditions for up to 140 years on some of the islands, and compared 
them to European domestic pigs. Although the sample size was small, they found that feral 
pigs had a larger medulla oblongata than the domestic pigs, as well as a smaller cerebellum, 
that could be linked to changes in motor behavior. Another interesting finding was the 
enlargement of the allocortex in feralized animals, which as noted above, houses the 
olfactory and limbic systems, and is implicated in domestication. The olfactory system (or 
certain portions of it) is found to be enlarged in feral animals compared to domesticates, as 
in feral pigs, which exhibit an olfactory bulb about 28% larger than the domesticated pigs, 
making that area in the feral brain more similar to European wild boars than domesticated 
pigs (Kruska & Röhrs 1974). Regarding the limbic system, the hippocampus and the
nuclei basalis have been both found to be around 25% larger in feral pigs than in domestic 
pigs (Kruska & Röhrs 1974), which seems to support the idea that the hippocampus might 
undergo a partial “return” to more wild-type sizes as a result of feralization.

Domestication and feralization: the genotype

As noted in the second section, there is an ever-growing number of genes that are 
thought to be implicated in the process of domestication (see Wilkins et al. 2014 for a core 
set, see Niego & Benitez-Burraco 2019 for a recent, expanded list, which can be found in 
Supplemental Data File 1; column A). Key concepts to keep in mind are that, as Jensen 
(2006) or Wilkins et al. (2014) point out, domestication is most likely caused by mutations 
or epimutations in regulatory genes or dosage-sensitive genes, which in turn impact 
a network of linked genes, but also that the multiple changes associated with domestication 
arise to a great extent from pre-existing genetic variation. Overall, this allows for significant 
phenotypic changes without big allelic differences between wild and domesticated animals. 
This concept holds true for feralization as well. From a genetic perspective, feralization 
poses more of a challenge, since usually it is very difficult to know whether genetic 
differences found within a feral population are due to feralization per se or crossbreeding 
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with wild populations (see Zhang et al. 2020 for discussion). The most compre-
hensive study to date about the genetics of feralization was conducted by Zhang 
and colleagues with dingoes, which as noted, have remained isolated from both 
wolves and dogs for thousands of years. This enabled the authors to find around 50 
genes that have been selected in dingoes and that emerge as robust candidates for 
feralization, with a small number of them having been selected in dogs too, 
although perhaps only in certain breeds. This means that the same genes can be 
indeed involved in both domestication and feralization, giving some support to the 
view that feralization involves a sort of reversion also at a genetic level. Still, most 
of the candidates highlighted by Zhang and colleagues have not been yet related to 

Fig. 1. — A graphical summary of the similarities between wild, feralized, and domesticated animals. 
The companion images were retrieved from Unsplash (https://unsplash.com/) and Wikipedia (https://en. 
wikipedia.org/), which provide freely usable images.  
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domestication, implying that the route to feralization can be expected to involve 
different genes than those of the route resulting in domestication.

In order to achieve a more comprehensive understanding of the genetics of feraliza-
tion and its connections with the genetics of domestication, we have compiled an improved 
list of candidates for feralization (Supplemental Data File 1; column A). For this, we merged 
Zhang et al.’s candidates with other ones resulting from other studies about feralization, 
specifically, Pan et al.’s (2018) and Gering et al.’s (2019). This approach has two potential 
limitations. First, some associations between specific genes and specific features of ferali-
zation might reflect inheritance by chance (genetic drift) from ancestors or linkage to 
previous changes not related to feralization per se. Second, there is a potential risk of 
lumping, as candidate genes come from disparate studies on several different animals. 
The first potential limitation is minimized by the fact that most if not all of these studies 
compare the feralized populations with both the wild animals and the domesticated 
variants. For example, in their study about dingoes, Zhang and colleagues use both the 
wolf and the dog for comparisons. Regarding the second possibility (lumping), this is a real 
risk and one should expect that the genes in our merged list can be involved in the 
feralization of one, several, many or even all the animal species analyzed to date. 
However, this is not different from what one can observe with regard to the genetics of 
domestication as a whole. As we already mention in various parts of the manuscript, it is 
possible to arrive at domestication through different routes and as a consequence of
changes in different regulatory genes. Actually, as noted below, the main objective of our 
approach is not to propose a set of candidates for feralization, but to determine whether the 
same genes are involved in both domestication and feralization. That said, the considera-
tion of the genes that have related to feralization in one, several, or all genetic studies of 
feralization is still of some interest. This is why we further performed Gene Ontology (GO) 
analyses to know whether these genes play roles at the molecular and cellular levels, and/or 
map to biological processes, regulatory pathways, cell types, or aspects of body develop-
ment and function, of interest for the process of feralization, as characterized in the 
previous section. Functional enrichment analyses were performed with Enrichr (https:// 
maayanlab.cloud/Enrichr/; Chen et al. 2013; Kuleshov et al. 2016). We considered biological 
processes, molecular functions, and cellular components with associated P-values < 0.05 as 
enriched. We found that candidates for feralization are significantly related to hormone 
homeostasis, particularly, androgen, steroid, and thyroid hormone homeostasis 
(GO:0050681, GO:0030521, GO:0035258, GO:0046966, GO:0051427), but also to gene 
regulation (GO:0001133, GO:0001085), cell differentiation (GO:0003309, GO:0030219, 
GO:0045606), muscle tissue development (GO:0048745, GO:0060537, GO:0010763), and 
brain development (GO:2000178), which are all aspects affected by feralization (see 
Supplemental Data File 2 for details). We also searched the literature (via PubMed https:// 
pubmed.ncbi.nlm.nih.gov/ and GeneCards https://www.genecards.org/) to know more 
about the precise roles played by these genes, with a focus on the features involved in 
feralization, as discussed in the previous section (see Supplemental Data File 3 for details).

Because we were particularly interested in disentangling the shared genetic basis of 
feralization and domestication, we then compared our list of candidates for feralization 
with our previous list of candidates for mammal domestication, which encompasses 764 
candidate genes for mammal domestication (Supplemental Data File 1; column B). This list 
resulted from merging genes that have been found positively selected in several mammal 
domesticates: Guinea pig, pig, rat, dog, cat, cattle, domesticated fox, horse, rabbit, and 
sheep (Womack 2005; Trut et al. 2009; Albert et al. 2012; Axelsson et al. 2013; Bellone et al. 
2013; Carneiro et al. 2014; Montague et al. 2014; Qanbari et al. 2014; Schubert et al. 2014; 

Forum 

142

https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/
https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
https://www.genecards.org/


Wilkins et al. 2014; Wright 2015; Cagan & Blass 2016; Freedman et al. 2016; Zapata et al. 
2016; Benítez-Burraco et al. 2017; Theofanopoulou et al. 2017; Pendleton et al. 2018). This 
comparison enabled us to obtain a set of 15 genes involved in both feralization and 
domestication (Supplemental Data File 1; column C), to which we added the 13 genes 
highlighted by Zhang et al. (2020) as common to both processes (Supplemental Data File 1; 
column D). After removing the duplicated genes (1), we compiled an improved list of 
candidates for both feralization and domestication that encompasses 27 genes 
(Supplemental Data File 1; column E). We expected that these genes map to biological 
processes that are reversed in the process of feralization. To check this possibility, we 
conducted GO analyses via Enrichr using a significance threshold of < 0.05. We found 
that these genes are mostly involved in the differentiation of specific cell types, including 
melanocytes (GO:0030318), epithelial cells (GO:0003337), eye components (GO:0048596, 
GO:0031076), parts of the digestive tract (GO:0048565) or cardiac muscle cells 
(GO:0055026), in many cases through an effect on microtubule assembly (GO:0051415, 
GO:0051011, GO:0043015) (see Supplemental Data File 4 for details). We also conducted an 
exhaustive search of the literature via PubMed in order to achieve a better understanding of 
the functional roles played by these genes (summarized in Table 2). These genes emerge as 
promising candidates for accounting for the reversion of domestication traits in feralized 
animals and accordingly, of features of domestication that can be more sensitive to envir-
onmental effects.

At the same time, if one considers the small number of overlapping genes, it is 
clear that feralization is not the mirror condition to domestication at the genetic level. 
In part this is seemingly due to the fact that feralization does not entail a total 
reversion to the wild state, as discussed above. Still, the number of shared genes is 
low. One could claim that this small set of genes could account for all the reversed 
traits if they exert widespread epistatic effects on many other genes, and particularly, 
if they are hub genes regulating many different biological processes. However, it 
would be more parsimonious to hypothesize that the genetic route to feralization is 
a different one to the route leading to domestication.

Conclusions

Clearly, both domestication and feralization are complex and dynamic pro-
cesses. Like many other biological processes and traits, feralization obeys Dollo’s law 
to some extent: once domestication takes place, there is no direct way to reverse the 
process. Accordingly, not all features of domggestication are found to be reversed in 
feralized animals. In most cases this can be explained by specific adaptations of 
feralized animals to the new conditions and/or environments imposed by feralization 
(e.g. changes of diet in dingoes) or by the fact that some features of domestication still 
have some adaptive value in the wild environment (e.g. pigmentation patterns in 
feralized pigs). At the same time, certain distinctive traits of domestication (e.g. 
prosociality) may indeed be found to be reversed under feralization, as feralization 
imposes selective pressures similar to the pressures experienced by wild animals. 
These features are of particular interest, as they can be hypothesized to be more 
sensitive to environmental changes. Also, they point to some underlying mechanism(s) 
accounting for the changes observed in domestication/feralization. One promising 
candidate is the regulation of behavior via the HPA axis, which is at the core of 
some accounts of the etiology of domestication (e.g. Wilkins et al. 2014). More 
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research is needed in this area, aimed at discerning the role of the HPA axis in 
feralization, and particularly, knowing whether feralization might also entail (and 
result from) changes in the input to the NCCs, as proposed for domestication.

Still, this partial phenotypic overlap, even if inverse, between domestication 
and feralization may or may not result from a shared genetic mechanism. Similarly 
to what one can observe at the phenotypic level, only a subset of candidate genes for 
domestication are also involved in the emergence of features of feralization. 
Accordingly, it is of great interest to determine whether the modification of these 
shared genes truly accounts for the domestication features that are found to be 
reversed in feralized animals, or if this reversion is instead achieved through alter-
native genetic routes to those involved in domestication, seemingly exploiting the 
available, underlying genetic variation (in this sense, feralization works like domes-
tication). The genes we highlight in the paper as common candidates for domestica-
tion and feralization may provide a direction for some interesting future research, if 
they truly point to aspects of domestication that are more sensitive to environmental 
effects and thus, more adaptive to environmental changes. These shared genes 
deserve a more detailed examination not only with regards to their biological func-
tions in connection to domestication/feralization changes, but also from an evolu-
tionary perspective. Specifically, analyses of ancient DNA from past populations at 
different stages of domestication or feralization should help gain a more accurate 
view of the effects of (the changes in) these genes on the domesticated/feralized 
phenotype. Interestingly, this research could be also extended to species
hypothesized to have gone through a self-domestication process, this meaning that 
they exhibit features of domestication in absence of a direct intervention by 
humans, like the bonobos mentioned above, but also like humans themselves (see 
Hare 2017 for discussion). Since domestication and feralization mostly impact 
behavior, resulting in changes in socialization patterns, this research should provide 
a more detailed understanding of how social species emerge and how they interact 
with (and transform) their social environments. In summary, in response to the 
question motivating this paper, one could say that feralization cannot be regarded 
as a truly mirror condition to domestication, but that both processes share some 
features and mechanisms that are worth studying in detail to gain a more accurate 
of view of how organisms interact with their social environments.
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Abstract 

Historically, some cases of ‘feral’ children have been reported. Contemporary descriptions 

generally preclude any insightful inference about the nature and the extent of the language deficits 

exhibited by these children, as well as the ultimate causes of their problems with language. 

However, they have been regularly used to support the view that language acquisition requires a 

proper social environment in order to occur. In this paper, we revisit the case for ‘feral’ children 

with the viewpoint that human evolution entailed a process of self-domestication that parallels 

what we find in domesticated animals. Because feralization commonly occurs in nature and 

because it entails a partial reversion of features of domestication, this self-domestication approach 

to the evolution of language reassesses the case for ‘feral’ children, particularly when compared 

with present-day conditions involving abnormal patterns of socialization, whether they are 

genetically-triggered as in autism spectrum disorder, or environmentally-triggered, as in reactive 

attachment disorder. Overall, the structural and functional language deficits observed in these 

human groups emerge as useful proxies for previous stages in the evolution of language(s) under 

the influence of human self-domestication. 

Keywords: feral children, language acquisition, language evolution, self-domestication, ASD, 

RAD 
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1. Introduction

A recent view of human evolution argues that our species went through a process similar to that 

experienced by domesticated mammals, which would account for many human-specific features 

in the physical, behavioral, and cognitive domains. This is the Human Self-Domestication (HSD) 

hypothesis of human evolution (Hare, 2017). Testing this hypothesis is problematic. Whereas in 

other instances of alleged self-domestication, such as bonobos (Hare et al., 2012), the non-

domesticated counterpart is still extant (i.e. chimpanzees) and can be used for direct comparisons, 

the only available evidence in the case of humans is indirect, as the closest species to us became 

extinct. Accordingly, the HSD hypothesis builds on findings in present-day humans of traits 

commonly found in domesticates, as compared to other hominins (principally, Neanderthals) and 

archaic modern humans, but also to primate relatives. These features include physical traits, that 

are easier to retrieve from the fossil register (e.g. reduced cranial robusticity, reduced brain size, 

reduced tooth size, juvenile cranial shape retained in adulthood, smaller teeth, reduced brow ridge, 

smaller jaw and nasal bone projection, reduced sexual dimorphism), but also behavioral traits, 

which can be inferred from the fossil and archaeological registers (e.g. reduced reactive 

aggression, increased prosocial behavior, prolonged play behavior) (see Shea 1989, Leach 2003, 

Zollikofer and Ponce de León, 2010; Herrmann et al. 2011; Plavcan 2012; Márquez et al., 2014; 

Fukase et al., 2015; Stringer, 2016; Thomas and Kirby, 2018, Langley et al., 2019 among others 

for discussion). There is also some incidental genetic evidence to support the HSD hypothesis. 

Studies have found that the human genome contains a host of pseudogenes, something that is 

commonly associated with domestication (Deacon, 2009). More importantly, candidate genes for 

domestication in mammals are overrepresented in regions that show signals of positive selection 
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in modern humans compared to Neanderthals (Theofanopoulou et al., 2017), with selection on 

specific genes tracing back as late as 6,000 years ago (Benítez-Burraco et al., in press).  

Determining the effects of HSD on cognitive features is even trickier, but it is also worth pursuing, 

as HSD has been equally purported to account for many distinctive aspects of  human cognitive 

uniqueness (Hare, 2017). Language is a hallmark of the human condition. The finding that in some 

avian species domestication increases song complexity (see Okanoya et al., 2017), that paved the 

way towards claims that HSD might have played a role in the emergence of modern languages 

(see Thomas and Kirby, 2018 and Benítez-Burraco and Progovac, 2020 for general discussions). 

A common view is that HSD favored the creation of the cultural niche that enables the 

sophistication of language via a cultural mechanism (Thomas and Kirby, 2018), mostly through 

its effects on selected aspects of our behavior (e.g. increased contacts between individuals, 

enhanced language learning and teaching, or increased language play; Progovac and Benítez-

Burraco, 2019; Benítez-Burraco and Progovac, 2020 for details), but perhaps also of our biology 

(e.g. the development of a white sclera that facilitates eye tracking and gazing during face-to-face 

interactions; Tomasello et al., 2007) and our cognition (e.g. improved episodic memory; Benítez-

Burraco et al., 2021). Ultimately, these disparate effects are thought to boil down to changes in the 

management of aggression (mostly reactive aggression), as observed in domesticates (Wilkins et 

al., 2014). Unfortunately, we lack any linguistic records from the remote past. To test and 

eventually prove this hypothesis about language evolution, we need to rely on indirect evidence, 

specifically, inferred changes in our communal living, co-parenting behavior, social cognition, 

cooperation patterns, technology and know-how, social networks, culture, and the like.  
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Interestingly, the finding that, as noted, candidate genes for domestication have been under 

selection in humans until very recently, suggests that HSD might be an ongoing process. In truth, 

features associated with HSD do not appear suddenly in the fossil register, but gradually, with 

signs of domestication reaching their peak quite late, seemingly at the end of the Upper Paleolithic 

(Leach 2003; Cieri et al., 2014). The presentation of HSD features in present-day human 

populations can also be quite variable (Gleeson and Kushnik, 2018). Overall, this evidence 

suggests that HSD might be not a totally fixed phenotype in humans, but rather one where features 

of domestication are increased or attenuated in response to environmental conditions, mostly social 

features. This eventually suggests that under some specific conditions HSD may revert to a non-

domesticated condition, this enabling a direct comparison between non-domesticated and 

domesticated human phenotypes.  

In fact, animal domestication seems to be a reversible condition. Feralization refers to the process 

by which once-domesticated animals change and return to a wild-like state as a result of being 

reintroduced to wild-type environments without human contact (Daniels and Bekoff, 1989). In 

absence of archaic, less self-domesticated humans, the effects of feralization on humans, and more 

specifically, on our language abilities (seemingly through its impact on cognitive and behavioral 

systems that support language acquisition and use) could be the more direct proxy available of the 

changes brought about by HSD with an impact of our language faculty, as noted earlier. As we 

discuss below in detail, cases of ‘feral’ children' have been described in the literature. With this in 

mind, some caution is in order. For one, as we also show below, the term ‘feral’ child is not 

uncontroversial and posits its own problems. Moreover, feralization cannot be regarded as an exact 

mirror condition to domestication. As discussed in detail in Niego and Benítez-Burraco (2021), 
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not all features of domestication reverse in feralized animals and to a great extent feralization is 

achieved through alternative genetic routes to domestication. Still, certain distinctive traits of 

domestication, particularly those that are more relevant to behaviors important for language 

acquisition (e.g. reduced reactive aggression, prosocial behavior), are found to be reversible. 

Likewise, a subset of the genes involved in feralization are also candidates for domestication. 

Overall, we expect feralization to help us to understand domestication (and vice versa, of course), 

particularly if one focuses on the features and the biological mechanisms that are shared by these 

two conditions, that, as noted, are mostly related to response to the social environment.  

In this paper we explore the possibility that the examination of cases of ‘feral’ children can shed 

some light on the process of HSD and its effects on the complexification of language under HSD 

forces. We first review the available literature about ‘feral’ children, with a focus on their language 

(dis)abilities. As we will show, evidence is scarce and controversial, particularly because some of 

these children likely suffered from underlying cognitive and/or behavioral dysfunction. This is 

why in a subsequent section of the paper we compare, vis a vis HSD features, this ‘feral’ phenotype 

with two conditions entailing increased reactive aggression and decreased prosocial behavior, 

namely, autism spectrum disorder (ASD) and reactive attachment disorder (RAD). Apart from the 

fact that many ‘feral’ children might suffer specifically from these conditions, a more important 

reason is that, whereas domestication mostly results from selection for tameness, feralization 

essentially entails the reactivation of mechanisms triggering reactive aggression. At least in the 

case of ASD, there is evidence that this condition shows attenuated features of HSD (Benítez-

Burraco et al., 2016). Additionally, we delve into the genetic underpinnings of HSD, feralization, 

ASD and RAD to identify candidate genes of particular relevance for explaining the observed 
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similarities and differences at the phenotypic level. Common candidates for these conditions are 

expected to be involved in the features of HSD that appear to be more sensitive to the social 

environment. In a subsequent section of the paper we put the focus on the communication and 

language (dis)abilities of ‘feral’ children, and we compare them with children on the ASD 

spectrum and children with RAD, also vis-à-vis the hypothesized changes in human 

language/communication under the effects of HSD, but also the changes in communication 

patterns observed in feralized animals. We conclude with a discussion centered around the 

relevance of this line of inquiry for the study of language evolution and with suggestions for future 

research. 

2. ‘Feral’ children

For the reasons mentioned in the previous section, in order to achieve a better understanding of 

the effects of HSD on the emergence of modern languages, it is of interest to look into accounts of 

‘feral’ humans (all of them children), and what has been documented about their physical and 

behavioral features, and particularly, about their language. The term feral child refers to a child 

who has been deprived of human contact, either intentionally or through accidental circumstances, 

and whose development has suffered as a result. As a consequence, ‘feral’ children do not develop 

many of the typical human skills, particularly those necessary to become fully integrated into 

society, specifically, language; one reason for this is the existence of a critical period during 

childhood for acquiring most of these traits (Stendler,1952; Kapoor, 1973).  

A great deal of historical accounts of ‘feral’ children are of those said to have been raised by 

animals. For hundreds of years, society has had a fascination with these cases, from the so-called 
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‘wolf boy’ to ‘savage girls’ and even one ‘gazelle boy’ (Kapoor, 1973; Butler, 2003). Over fifty 

cases of such ‘feral’ children have been documented from all over the world, most from centuries 

past, although some surfaced as late as the 1950’s. Most accounts are quite similar: after their 

rescue from the wild, the children initially exhibit ‘animal behaviors’ such as growling like wolves, 

running on all fours, or smelling food before eating it, but all of them exhibit, specifically, severe 

deficits in language skills (Kapoor, 1973; Steeves, 2011). A typical case is that of Kamala and 

Amala, known as the ‘wolf children of Midnapore’. These two girls, aged 8 and 1 ½, were found 

in the company of wolves on the outskirts of a small village in India, and it was assumed from 

their condition that they had spent most of their young lives being raised by wolves (Butler, 2003). 

After being taken to an orphanage, observers reported that the girls acted like wolves; they chewed 

on bones, walked on all fours, howled, stayed awake all night, ate raw meat, and snarled or growled 

at other children who approached (Gesell, 1942). Although Kamala lived for 9 years at an 

orphanage after her removal from the wild, she was only able to develop a vocabulary of 45 words 

and understand basic verbal instructions (Gesell, 1942). Some speculate that Kamala never 

actually learned to speak, but instead learned to signal, much like an animal would (Butler, 2003). 

Similar accounts exist for many other ‘feral’ children; in fact, of the nearly 50 documented cases 

of ‘feral’ children, the most successful ‘recovery’ of speech was Kamala; many of the other 

children remained mute, or never progressed past a drastically limited vocabulary (McNeil et al., 

1984). They were never able to fully integrate into society either, exhibiting increased aggression, 

severe deficits in social cognition, and behavior that ultimately isolated them socially (Bettelheim, 

1959).  
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Although many of these cases of ‘feral’ children involve them growing up alone or being raised 

by wild animals, the term ‘feral’ also applies to children who have suffered abuse or extreme 

neglect that interferes with normal social and cognitive development. One such case, perhaps the 

most famous one, is that of Genie, a girl who was locked in a room for most of her young life. 

When she was found at the age of 13, Genie was unable to speak and exhibited many ‘feral’ 

characteristics: she was highly antisocial, displayed high levels of reactive aggression, and avoided 

touch and eye contact (Curtiss et al., 1974). Sadly, Genie was never able to fully integrate into 

society, and never learned to speak past a rudimentary stage, prompting many linguists to claim 

her story as evidence for a distinct critical window for language (e.g. Fromkin et al., 1974). A 

similar case is that of Victor of Aveyron, a child in 16th century France who was born to alcoholic 

parents and severely neglected for most of his childhood (Lane, 1976). Known as ‘the Savage of 

Aveyron’, Victor displayed some typical behavior of ‘feral’ children in that he didn’t speak, and 

only learned rudimentary language, ate raw meat, had no social skills, and avoided human contact, 

seemingly more comfortable with living alone in the wild (Lane, 1976). It should be noted that in 

the case of both Genie and Victor of Aveyron, some researchers who studied the cases indicated 

that the cognitive and social deficits were the result of undiagnosed conditions: intellectual 

disability in the case of Genie (Rymer, 1994) and ASD in the case of Victor (Bettelheim, 1959). 

One more modern case study supports this idea; Swain and colleagues (2005) reviewed a case of 

an adolescent boy described as having ‘feral child syndrome’; they explained that his symptoms 

most likely stemmed from a condition called ‘reactive attachment disorder’(RAD), which will be 

discussed in more detail in a subsequent section. This child’s symptoms were typical of those 

described in ‘feral’ children: ‘wolf-like’ aggressive behaviors, walking on all fours, and grunting 

instead of speaking. The doctors who eventually diagnosed the boy pointed to his traumatic early 
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life events and ‘pathological caregiving’--that is, a mother who was mentally unstable and unable 

to form a typical attachment to the son. It is easy to see that, had the child been diagnosed a century 

earlier, the diagnosis would most likely have been ‘feral’.  

The previous case studies point to the crux of the problem in cases of ‘feral’ children: it is 

frequently difficult to discern whether ‘feral’ traits in children came as a result of isolation from 

humans per se, from the trauma involved in these cases (as in most cases the isolation was also 

accompanied by neglect or abuse from caregivers), or from some underlying condition favoring 

isolation, such as ASD, intellectual disability, RAD, or any number of other developmental 

disabilities. To further complicate matters, many of these cases were documented before the fields 

of psychology or clinical linguistics were prepared to identify symptoms as cognitive, 

psychological or language impairments. Still, as early as 1959, Bettelheim wrote that 

‘{Feralization} seems to be the result of some persons’-usually their parents’-inhumanity and not 

the result, as was assumed, of animals’-particularly, wolves'-humanity. He also notoriously noted 

that, in his opinion, many cases of so-called ‘feral’ children were most likely undiagnosed cases 

of severely autistic or cognitively impaired children. The parallels between past accounts of ‘feral’ 

children and modern descriptions of children with ASD are remarkable, e.g. children tearing up 

food with their hands and/or teeth, growling, little to no use of language, avoidance of human 

contact, irritability, aggression, social anxiety, and a host of others. Because, as noted in the 

introduction, ASD has been hypothesized to entail attenuated features of HSD, and because 

individuals with ASD exhibit notorious language and communicative deficits (Tager-Flusberg et 

al. 2005, Tager-Flusberg 2006, Eigsti et al. 2007, Bourguignon et al. 2012), in the next section we 

will consider ASD together with cases of ‘feral humans’ in our discussion of a putative reversion 
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of the HSD phenotype and its effects on language. For the reasons exposed above, we will also 

consider RAD, which is admittedly a less known and less diagnosed disorder.  

Finally, it is important to note that in most cases ‘feral’ children experienced extreme isolation that 

does not properly parallel what we find in feralized animals, who still maintain social contact with 

conspecifics, and what we can infer for archaic humans (exhibiting attenuated features of HSD), 

who maintained some sort of social networks, albeit less complex than those of present-day 

humans (Sikora et al., 2017). This circumstance is worth taking into account when comparing the 

‘feral’ phenotype of these children with the traits observed in feralized animals, and particularly, 

when hypothesizing about the HSD phenotype in the past from what we can observe in these 

children.  

3. ‘Feral’ children, ASD, RAD and HSD vis-a-vis

In this section we will explore the parallels and differences between ‘feral’ children and children 

with ASD or RAD, through the framework of the HSD hypothesis and with the process of animal 

feralization in mind. As noted in the introduction, HSD is hypothesized to have entailed some 

genetic selection in several genes that contributed to fixing physical and behavioral (and perhaps 

cognitive) features, resulting in a new social environment that favored the cultural evolution of 

languages, among other features. Feralization is also purported to entail some genetic changes that 

contribute to the readjustment to the wild environment (with only some overlap of the involved 

genes with genes involved in domestication) (see Niego and Benítez-Burraco, 2021, for a detailed 

discussion). ‘Feral’ children are not expected to have suffered any kind of genetic change that 

accounts for their condition, which is therefore only due to the extreme environment in which they 
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grew up. This ‘feral’ phenotype is thus expected to result mostly from physiological and 

developmental changes. Nonetheless, the famous farm-fox experiment, involving selection for 

tameness in wild foxes, suggests that domestication can be achieved relatively quickly (Trut et al., 

2009), and the same has been shown in feralization: in some feral pigs, feral traits such as hairiness, 

aggression, and tusk length were seen to revert to a wilder phenotype in as little as a generation 

(Bach, 2007). Finally, ASD is known to result from both genetic and environmental causes (Bölte 

et al., 2019; Bhandari et al., 2020; Manoli and States, 2021), but in general, children with ASD are 

reared in a normal environment (although some adaptations to their condition are expected). By 

contrast, RAD is generally diagnosed in children who experience extreme social adversity in early 

childhood, although it has been claimed to have some genetic basis too (Spangler et al., 2009; 

Corval et al., 2020). To put this differently, we can regard i) neurotypical individuals as those with 

HSD cognition/behavior who have been raised in a HSD environment; ii) ‘feral’ children and 

children with RAD as those with HSD cognition/behavior, who have been raised in a non-HSD 

environment; iii) children with ASD as those with non-HSD cognition/behavior, but who have 

been raised in a HSD-environment; iv) feralized animals, as the closest proxy to truly ‘feral 

humans’ (or archaic humans), that is, humans with non-HSD cognition/behavior that are also 

raised, as a consequence, in a non-HSD environment.  

With all these qualifications in mind, we now compare these four phenotypes (‘feral’ children, 

children with ASD, children with RAD, and feralized animals) with the main features of the 

domesticated/HSD phenotype. In doing so, we first compiled a comprehensive set of 29 features 

of domestication in animals, relying on the existing literature on domestication, specifically, the 

domestication syndrome in animals (see Wilkins et al., 2014; Sánchez-Villagra et al., 2016), as 
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well as publications describing the HSD hypothesis (see Cieri et al., 2014; Hare, 2017; Thomas 

and Kirby, 2018, among others). We then conducted a literature search of the PubMed database 

(https://pubmed.ncbi.nlm.nih.gov/) to discover the presentation of these 29 domestication-related 

traits in the four phenotypes under scrutiny. The search strategy included ‘ASD’, ‘feral animals’, 

‘RAD’ or ‘feral children’ and keywords likely to capture publications reporting on the salient traits. 

Our findings are summarized in Table 1. In the next section, we will focus on communicative 

abilities (summarized in Table 3). 

Features of 

domestication/

HSD 

Feralized 

animals 

ASD ‘Feral’ children RAD 

Head/Brain 

Reduced head 

circumference, 

reduced total 

brain volumes  

-/+ - - - 

Relative increase 

of specific brain 

areas 

(particularly, the 

-/+ + n/a -/+ 
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hippocampus, 

the thalamus, 

and the striatum) 

Relative 

decrease of 

specific brain 

areas 

(particularly, the 

amygdala) 

+/- - n/a + 

Ear size and 

shape 

Reduced ear 

size/changes in 

ear shape 

- + - - 

Orofacial 

region 

Smaller and 

retrusive jaws 

- - - - 

Shorter nose - - - - 
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Flatter 

face/mouth 

region 

- + - - 

Dentition 

Reduced tooth 

size/length 

-/+ - - - 

Behaviour 

Reduced anxious 

response to non-

social and social 

aspects of life 

- - - - 

Enhanced 

attentiveness and 

sensitivity to eye 

or facial 

movements or 

gestures 

- - - - 

Increased 

sociability 

- - - - 

Enhanced - - - - 
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playing behavior 

Reduced 

aggressive 

behavior 

- - - - 

Neuroendocrine 

system 

Decreased levels 

of 

glucocorticoids 

n/a - n/a + 

Decreased levels 

of basal 

adrenocorticotro

pic hormone in 

plasma 

n/a - n/a - 

Decreased stress 

response of the 

HPA axis 

- - n/a - 

Increased basal 

levels of 

oxytocin (and 

n/a - n/a -
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more marked 

release patterns) 

Increased basal 

levels of 

vasopressin (and 

more marked 

release patterns) 

n/a - n/a - 

Skin, related 

features 

Hypopigmentati

on (skin, eyes) 

- + - - 

Higher levels of 

vitamin D in 

blood 

n/a - n/a n/a 

Presence of skin 

folds 

n/a n/a - - 

Hypotrichosis - - - 

Vital cycle 

General - - -
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undergrowth 

Neoteny - - - - 

Reproductive 

cycle 

Reduced levels 

of androgens 

(with a focus on 

testosterone) 

n/a - n/a n/a 

Earlier age of 

menarche  

- - n/a n/a 

Shorter 

menstrual cycles 

- + n/a n/a 

Table 1. Presentation of features of domestication/HSD in the four conditions under scrutiny in 

the paper. 

Head/Brain 

Of the traits that distinguish domesticated animals from their wild counterparts, a large majority 

of them are related to the head and/or brain: domesticates exhibit smaller brain size and relative 

changes of specific brain areas, mostly, reductions in the hippocampus, thalamus, striatum, or the 

orbitofrontal cortex, usually as a consequence of an even marker reduction of the forebrain (Kruska 
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1988, 2005), but also a relative increase of the amygdala (Kruska, 1988, 2005, 2014; Welniak-

Kaminska et al., 2019). However, findings are not uniform. Mehlhorn and Rehkämper (2009) 

found that domestic pigeons showed larger hippocampal volumes compared to wild counterparts, 

and increased neurogenesis (which leads to enlargement) was found in the hippocampus of 

domesticated foxes (Huang et al., 2015). Research by Brusini and colleagues (2018) found a 

notable reduction in amygdala size in domesticated rabbits when compared to their domestic 

counterparts, similarly to what is observed in Bengalese finches relative to white-rumped munia 

(Suzuki et al. 2014). Work on bonobos—a species thought, as noted, to have been self-

domesticated—shows that they exhibit larger amygdalar volume compared to their wild 

counterparts, the chimpanzee (Rilling et al., 2012). 

When looking at the four phenotypes investigated in terms of the aforementioned features, research 

on ASD generally concludes that individuals in the spectrum have a larger head circumference 

and/or brain size than TD subjects (Aldridge et al., 2011, Sacco et al., 2015). In terms of changes 

in the relative size of specific brain areas, hippocampal volumes are relatively greater in children 

on the spectrum after adjusting for hemisphere volume, this being suggestive of an atypical 

coupling between hippocampal volumes and brain size (Reinhardt et al. 2020). Likewise, people 

with ASD have larger amygdalas than typically developing (TD) (Mosconi et al., 2009; Murphy 

et al., 2012). A deeper look shows that although early overgrowth may be common, structural 

volumes of the amygdala can be quite variable over time; a child with ASD may exhibit a larger 

amygdala as a child and a smaller amygdala as an adult (Courchesne et al., 2011; Schumann 2004). 

Overall, these findings are congruent with the less marked features of HSD observed in this 

condition. In feralized animals, research points, by contrast, to the fact that head circumference 
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does not seem to revert to a pre-domesticated size, even after numerous generations of living in a 

feral state (Kruska and Röhrs, 1974; Birks and Kitchener, 1999; Röhrs and Ebinger, 1999). One 

exception, however, can be seen in the dingo, who shows a larger, more wild-type cranium than 

their domesticated counterparts (Smith et al., 2018). Since dingoes are one of the oldest feral 

animals on record, and because they are isolated geographically and thus do not experience genetic 

admixture with domesticated relatives, this may be seen as evidence that skull/brain size can 

indeed revert, although this reversion requires a great deal of time. More research is necessary to 

draw firm conclusions, however. Research on feral pigs shows that they have a larger hippocampus 

than their domestic counterparts (Kruska and Rohrs, 1974). Regarding the amygdala of feralized 

animals, there is evidence of a higher density in certain areas in feralize (Kruska and Rohrs 1974). 

That being said, subsequent research on feral cats, dogs, pigs, goats, and donkeys showed no 

changes in brain size or weight between feral and domestic forms (Röhrs and Ebinger, 1999, Smith 

et al. 2018). In RAD, MRI studies have shown decreased size in both the hippocampus and the 

amygdala in adults with this condition, most likely due to the abusive nature of their upbringing 

(Teicher, 2002; Corbin, 2007). Takiguchi and colleagues (2015) also found a significant decrease 

of activity in the striatum, associated with neural reward activity, which is suggestive of 

irregularities in the dopaminergic function which could account for some of the behavioral aspects 

of RAD. In a diffusion tensor imaging study, Makita and colleagues (2020) found that people with 

RAD had greater fiber density, axonal diameter, and myelination in white matter in the projection 

and thalamic pathways. Jung and colleagues (2020) found that children with RAD had a larger 

volume in the right thalamus as well as increased fractional anisotropy in anterior thalamic 

radiations.  
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The amygdala and the hippocampus are components of the limbic system, a group of brain 

structures involved in the regulation of emotion, but also of functions like motivation and memory 

(Rolls, 2015 for review). Specifically, the hippocampus has been argued to support our notable 

episodic memory that allows us to mental travel both forward and backward in time and that 

according to Corballis (2018, 2019) also supports some core features of human language, including 

recursion and displacement. Regarding the thalamus, changes in the thalamus have been 

hypothesized to contribute to the emergence of our species-specific ability for learning and using 

languages (Boeckx and Benitez-Burraco, 2014).  

Ear size and shape 

Reduced ear size and abnormal ear shape (particularly, floppy ears) are both hallmarks of the 

domestication process. Individuals with ASD have been reported to have abnormal ear shape, 

(Manouilenko et al., 2014). For feralized animals, the evidence is too varied to draw any significant 

conclusion. Still, it is worth mentioning that dingoes exhibit wolf-like prominent ears, contrary to 

most dog breeds (Smith et al., 2019), with the morphology of the inner ear showing intermediate 

characteristics between both species, that are suggestive of an incomplete return to the ancestral 

features (Schweizer et al., 2017).  

Orofacial region 

Changes in the orofacial region are also typically observed in domesticated animals. Individuals 

in the ASD spectrum have been found to have significant differences in facial morphology 

compared to TD counterparts, including (in some cases) a flatter nose bridge (Aldridge et al., 

2011). In feralized animals, it seems that some species retain shorter snouts, typical of 
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domestication, after going feral (Physical Characteristics of Feral Hogs, 2019), while other species 

seem to revert to a longer, more wild type snout as a result of ferality (Kruska and Röhrs,1974; 

Smith et al., 2018; Ballard and Wilson, 2019). 

Dentition 

Domestication typically results in reduced tooth size and/or length. Individuals with ASD have 

been found to have a number of tooth irregularities including missing teeth and diastemas 

(Luppanapornlarp et al., 2010). Research on the teeth of feralized animals has yielded varying 

results; feral pigs were shown to have smaller teeth than their wild counterparts, but with a very 

similar ‘wild-type’ morphology (Evin et al., 2015). Research on dingoes and dogs has shown that 

the former exhibit larger carnassial teeth and longer canine teeth (Smith and Litchfield, 2010), 

which seems to point to a reversion towards wild type morphology in the case of dentition. 

Behavior 

Changes in behavior are perhaps the most noticeable aspect of domesticated animals and, 

according to a great deal of research, the source of domestication in the first place. The reason is 

that domestication first and foremost demands selection for tameness. Typically, domestication 

results in decreased reactive aggression, increased prosocial behavior, increased attentive 

behavior, and less risk-taking and exploratory behaviors, although this enhanced sociability is not 

expressed evenly across all species (see Deacon, 2009; Wobber and Hare, 2009; or Hare, 2017 for 

discussion). 
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Contrary to what is commonly observed in domesticated animals, the four conditions in question 

(‘feral’ children, feralized animals, people on the ASD spectrum, and people with RAD) exhibit 

increased reactive aggression and reduced prosocial behavior. As noted in the previous section, in 

over 50 historical accounts of ‘feral’ children, aggression and avoidance of human contact are 

prevalent when describing their behavior: many accounts report so-called ‘feral’ children growling 

or attacking others who tried to interact with them, or snarling instead of reciprocating normal 

human interaction (Butler, 2003). In feralized animals, increased levels of aggression and 

avoidance of humans have been reported in cats (Owens et al., 2017), roosters (Rose et al., 1985), 

and dingoes (Johnston et al., 2017). The behavior of individuals with ASD shows some similarities 

with reports of ‘feral’ children, as well as correlations with feralized animals. For one, aggressive 

behaviors are common in children with ASD--particularly reactive aggression, as well as 

irritability (Farmer et al., 2015, Mikita et al., 2015). This increased reactive aggression in ASD has 

been correlated with lower cognitive outcomes (see Hill et al, 2014; Farmer et al., 2015). The 

behavioral profile of RAD also bears a striking resemblance to that of ASD--in fact, ASD is often 

listed as a comorbidity of RAD (Hong et al., 2018). Typical behaviors attested in people with RAD 

include a muted positive response to socially stimulating situations, episodes of aggression and/or 

irritability, unexplained fearful reactions during non-threatening interactions with caregivers, and 

general social dysfunction (Ellis et al., 2020). It should be noted that RAD can manifest in distinct 

ways; there are those who have ‘inhibited’ RAD, who tend to be unresponsive to outside stimuli, 

and those with ‘uninhibited’ RAD, who show ‘indiscriminate friendliness’ (Sadiq et al., 2012). 

The latter group seems to show what has been described as a ‘superficial’ or ‘shallow’ interest 

towards certain strangers, although it has been stressed that this does not aid in forming friendships 

(O’Connor et al., 1999; Rutter et al., 2007).  
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Enhanced play behavior is another outcome of domestication, seemingly resulting from the 

neotenic features brought about by domestication, but also from the reduced levels of reactive 

aggression (Case, 1999; Himmler, 2013). Enhanced play is not a characteristic of any accounts of 

people with ASD, ‘feral’ children/animals, or individuals with RAD; for instance, a common 

observation of children with ASD is that they lack the typical ‘pretend play’ behavior of their peers  

(Bettelheim, 1959; Naber et al., 2008; Cuyvers et al., 2020; Ellis et al., 2020). 

With regards to the increased attentiveness and sensitivity to eye or facial movements and gestures 

exhibited by domesticated animals, these features also contrast greatly with findings of feralized 

animals, ‘feral’ children, people on the ASD spectrum, and individuals with RAD. Specifically, 

studies of both individuals with ASD and feral canids show that eye contact is avoided by both 

groups (Park et al., 2016; Johnston et al., 2017). Historical accounts of ‘feral’ children include 

mention of them avoiding human contact, including eye contact (Butler, 2003). Similarly, 

individuals with RAD are documented as having minimal response to social and emotional stimuli, 

as well as avoiding eye contact (Miellet et al., 2014; Ellis et al., 2020).  

Finally, concerning anxiety levels and exploratory behavior, domestic animals exhibit more 

anxiety-like and less risk-taking and exploratory behavior than their wild conspecifics and they 

show typically lower endocrine stress responsiveness (more on this below) (Kaiser et al., 2015). 

Increased anxiety is usually observed in subjects with ASD (Benitez-Burraco, 2016; Park et al., 

2016). General (both social and non-social) anxiety is often reported in accounts of ‘feral’ children 

(Bettelheim, 1959; Butler, 2003) as well as children with RAD (Hinshaw, 1999; Cuyvers, 2020).  
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Neuroendocrine system 

Changes in the neuroendocrine system (particularly, the hypothalamic-pituitary-adrenal system, 

aka the HPA axis) are the basis of many of the observed changes in domesticated animals (see 

Wilkins et al., 2014 for discussion). Decreased levels of glucocorticoids, as well as decreased 

levels of basal adrenocorticotropic hormone in plasma have been found in many domesticates, like 

silver foxes reared in captivity (Naumenko and Belyaev, 1980; Oskina 1996; Trut et al., 2009). 

This contrasts with results found in individuals in the ASD spectrum, where higher levels of these 

hormones have been reported (Hamza et al., 2010; Spratt et al., 2012; Hollocks et al., 2014). 

Decreased stress response of the HPA axis and reduced adrenal response leading to decreased 

cortisol is  also commonly observed in domesticated animals, like domesticated foxes, 

domesticated rats and guinea pigs (Kruska 1988; Kunzl and Sachser, 1999; Trut et al., 2009). 

Again, findings in ASD research are quite different: higher serum cortisol responses are common 

in children with ASD (Spratt et al., 2012), as well as disrupted patterns of cortisol levels (Tomarken 

et al., 2015). In turn, higher cortisol levels may correlate with reported levels of higher anxiety 

(Bitsika et al., 2015). The HPA axis in people on the ASD spectrum has been found to be hyper-

responsive in certain benign social environments (Taylor and Corbett, 2014), but to respond more 

slowly in situations of social threat (Spratt et al., 2012; Jacobson, 2014). Some research has linked 

the heightened defense responses to predators exhibited by feralized animals, as e.g. by feralized 

guppies (Swaney et al., 2015), to changes in the HPA axis. In children with RAD, lower levels of 

cortisol have been reported compared to their TD peers, although their secretion profiles were 

typical (Kočovská et al., 2013). Research supports the idea that neglect, abuse, and disrupted 

attachment in childhood causes HPA axis hyperreactivity in response to stress (see Kemph and 
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Voeller, 2008 for discussion). Animal research (e.g. Liu et al., 1997; Winslow, 2005) shows that 

healthy attachment and attention from primary caregivers is directly related to lower levels of 

adrenocorticotropic hormone as well as corticosterone responses to stress, while the opposite effect 

holds true for cases of parental neglect and/or abuse (Kemph and Voeller, 2008).  

Also of interest, because of their involvement in domestication, are two hormones synthesized by 

the hypothalamus: oxytocin and vasopressin. These hormones show increased basal levels, as well 

as more marked release patterns, in domesticated animals; studies have yet to find correlations of 

this in feralized animals, and the accounts of ‘feral’ children do not include information on basal 

levels of these hormones. In contrast, both oxytocin and vasopressin have been linked to certain 

characteristics of ASD (Cataldo et al., 2018), although there is conflicting evidence as to whether 

basal levels are indeed different from those of TD people (Freeman et al., 2018). Oxytocin plays a 

key role in various processes, among them social bonding, reproduction, and childbirth (Chiras, 

2012). More specifically, oxytocin is known to inhibit the HPA axis’ stress triggered activity 

(Neumann, 2002) and has been purported to be involved in human-animal interactions, 

particularly, those entailing eye-gazing and eye contact (see Beetz et al., 2021 for review). 

Domesticated animals show higher densities of oxytocin cells (Ruan and Zhang, 2016). In RAD, 

disruptions of oxytocin are to be expected, since this hormone is  so instrumental with bonding 

and attachment (Scatliffe et al., 2019). Indeed, studies have shown that children who experience 

maltreatment and lack attachment with their primary caregiver show atypical oxytocin secretion 

patterns (Fries et al., 2005). Suzuki and colleagues (2020) found that children who were exposed 

to maltreatment (a key feature of RAD) had lower salivary oxytocin levels than TD children. 

Vasopressin has also been linked to disturbed attachment (Carter, 2008), and atypical functions of 
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the oxytocin/vasopressin system are considered to be important in cases of disturbed attachment 

(Carter, 2008; Buchheim et al., 2009). Moreover, the early stress experienced by the great majority 

of individuals with RAD is thought to interfere with receptor binding of both oxytocin and 

vasopressin, which further contributes to disrupted attachment (Carter, 2003; Carter et al., 2008; 

Heinrichs et al., 2009). Further evidence of this can be found in a study done by Fries and 

colleagues (2005); the results indicated that children who had experienced less physical and 

emotional contact in their early lives (again, a hallmark of RAD) had significantly lower basal 

levels of plasma vasopressin (Fries et al., 2005).  

Skin and associated features 

Hypopigmentation of the skin and eyes is a common trait observed in domesticated animals. 

Interestingly, many hypomelanotic diseases present autistic symptoms (Akefeldt and Gillberg, 

1991; von Aster et al., 1997; Gómez-Lado et al., 2004). In feralized animals, a great deal of 

variation in pigmentation is present, and the research generally concludes that certain colorations 

are conserved when they prove to be advantageous in the feral environment (Roulin, 2004; 

Anderson et al., 2009; Derelle et al., 2013; Feulner et al., 2013; Linderholm et al., 2016; Gering et 

al., 2019).  

Vital Cycle 

General undergrowth, reduced weight of selected body parts, and/or disproportionate dwarfism are 

all classic features in domestication, thus it is significant that people with ASD tend towards an 

opposite trend, with general overgrowth reported during childhood (Chawarska et al., 2011; 

Campbell et al., 2014). Such a clear trend does not exist across the board for feralized animals, 
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although certain feral canids and pigs tend to be larger than their closest domesticated relatives 

(Kruska and Röhrs, 1974; Smith et al., 2018; Gering et al., 2019). Neoteny, that is, the retention 

of juvenile traits (particularly behavior) into adulthood, is also a key trait observed in domesticates. 

People on the ASD spectrum do not generally exhibit neotenous features since they usually have 

increased body size, higher levels of androgens, and earlier puberty than TD subjects (Chawarska 

et al., 2011; Campbell et al., 2014; El-Baz et al., 2014). No specific instances of neoteny in 

feralized animals has been noted among the research.  

Reproductive Cycle 

Domestication typically results in more frequent oestrus cycles, reduced levels of sexual 

hormones, particularly androgens, and an earlier age of menarche. This contrasts starkly with the 

ASD phenotype. People in the ASD spectrum are found to have higher levels of androgens (El-

Baz et al., 2014; Hauth et al., 2000), which can be seen as support for the theory that elevated 

levels of testosterone during prenatal development could contribute to the development of ASD 

(Hauth et al. 2014). Although further research is necessary to draw any conclusions in this area 

concerning RAD, studies on disorders such as Oppositional Defiance Disorder or ODD (which, 

like RAD, is linked to high stress early in life) found higher levels of androgens in individuals with 

this condition (Hauth et al., 2000). These findings led to the speculation that early stress during 

development causes disrupted HPA axis function, as noted, which in turn can cause higher 

androgen levels (Goozen et al., 2000). Also in contrast to what is commonly observed in 

domesticated animals, women on the ASD spectrum usually exhibit a general delay in the age of 

menarche (Knickmeyer et al., 2006). Studies also show that women with this condition report more 

irregular menstrual cycles and dysmenorrhea (Ingudomnukul et al., 2007; Hamilton et al., 2011). 
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In a similar vein, some studies show that feralized animals show a delayed onset of sexual 

maturation as well (e.g. Abbott et al., 1997; Lord et al., 2013).  

Genetics 

Domestication has been hypothesized to result from changes in several genes involved in the 

development and function of different body parts. Wilkins and colleagues (2014) have highlighted 

a set of core candidate genes for domestication in mammals, whereas Niego and Benítez-Burraco 

(2019) have compiled an expanded list based on several recent analyses of the signatures of 

domestication in selected domesticates (see Supplemental file 1; column A).That said, as noted by 

Jensen (2006) or Wilkins and colleagues (2014), domestication can be expected to also result in 

part from pre-existing genetic variation, and even from epigenetic changes. The genetic scenario 

for feralization is pretty similar, but with the additional circumstance that some genetic differences 

between feralized and domesticated animals can be due to interbreeding with wild populations, 

and not to feralization per se (see Zhang et al., 2020 for discussion). Niego and Benítez-Burraco 

(2021) have likewise compiled an enlarged list of candidates for feralization relying on available 

data from a variety of studies (see Supplemental file 1; column B). An important conclusion of 

Zhang and colleagues’ study is that the overlap between the genetic signatures of domestication 

and feralization is not as complete and one could expect, this suggesting that the (partial) reversion 

of the traits of domestication is achieved in feralized animals through modifications in genes not 

involved in domestication; at the same time, some common candidates can be found between 

conditions, which can be expected to account for the reversion of specific domesticated traits found 

in feralized animals. Genetic studies on ‘feral’ children have not been done. Regarding the genetic 

basis of RAD, there is evidence that it is genetically influenced (Minnis et al., 2007). Several 
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studies point to the involvement of genes related to dopaminergic and serotonergic activity in 

abnormal changes in attachment behavior by children (Lakatos et al., 2000; Bakermans-

Kranenburg and van Ijzendoorn, 2007; Caspers et al., 2009; Spangler et al., 2009; Luijk et al., 

2011; Wazana et al., 2015). Animal models suggest that changes in receptors for oxytocin and 

endogenous opioid could also result in RAD (Winslow and Insel, 2002; Moles et al., 2004). 

However, our knowledge about the genes that might predispose RAD is more limited than in the 

case of ASD, domestication, or even feralization. In spite of these limitations, some insights can 

be gained from what we know of genes implicated in ASD, feralization, and/or RAD. In particular, 

common candidates for ASD and feralization (summarized in Table 2) are expected to account, at 

least in part, for the shared features observed in the domains of social cognition and behavior, and 

ultimately, communication (dis)abilities, to which we dedicate the last section of the paper. These 

common candidates also emerge as promising candidates for explaining, at least in part, the 

changes in social cognition, behavior, and language which occurred during our evolution under 

the forces of HSD.  

One interesting candidate is TRHDE, which encodes the thyrotropin releasing hormone degrading 

enzyme. This is a candidate for stress-response differences observed between feralized animals 

and their domesticated counterparts (Nillni et al., 1999). Children with ASD exhibit dismissed 

responses of thyroid-stimulating hormone to thyrotropin-releasing hormone (TRH), which in turns 

point to enhanced dopaminergic and/or reduced serotonergic activity, together with hypothalamic 

dysfunction (Hashimoto et al., 1991). Glutamatergic neurons co-expressing thyrotropin releasing 

hormone are one of the three neuronal phenotypes encompassing the area of the hypothalamus 

involved in attack behavior (Hrabovszky et al. 2005). Another interesting candidate is OXTR, the 
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gene encoding the receptor for oxytocin. As discussed above, oxytocin plays a key role in diverse 

processes related to socialization, and specifically, in the regulation of the HPA axis’ response to 

stress. OXTR is hypermethylated (and thus, less active) in subjects on the ASD spectrum, with this 

hypermethylation correlating to degree of abnormal interconnection patterns of areas relevant for 

the ASD pathogenesis, as well as to the severity of social cognitive deficits (Andari et al., 2020; 

see Maud et al., 2018 for review). Specifically, increased hypermethylation correlates to a reduced 

attention to social information (Puglia et al., 2018). Likewise, polymorphisms of the gene OXT, 

which encodes the oxytocin/neurophysin I prepropeptide, a protein precursor for oxytocin, have 

been associated with ASD (Chakrabarti et al., 2009; Francis et al., 2016), as well as to ASD-like 

traits in the neurotypical population (Hovey et al., 2014). This gene is a candidate for feralization 

too (Pan et al., 2018). 

Also of interest is MAOA, which encodes the monoamine oxidase A, an enzyme involved in the 

degradation of amine neurotransmitters. Some alleles of the gene have been associated with 

increased severity of ASD (Cohen et al., 2003; Yoo et al., 2009; Cohen et al., 2011), but also with 

IQ levels, adaptive skills, and language skills of people on the ASD spectrum (Cohen et al., 2003; 

Cohen et al., 2011). Caspi and colleagues (2002) found that a polymorphism in this gene seems to 

moderate the detrimental effects of childhood abuse. Accordingly, children with a genotype 

resulting in high levels of MAOA were found to be less likely to develop problems in the social 

arena, including disrupted attachment. Marquez and colleagues (2013) shed some light on why 

this might be with a study on the functions of MAOA in animals that had undergone exposure to 

high levels of stress during their early development. They highlighted that rats who underwent 

stressful, fear-inducing experiences during peripuberty exhibited high rates of aggression, an 
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increased testosterone/corticosterone ratio, hyperactivity in the amygdala and hypoactivation of 

the medial orbitofrontal (MO) cortex, seemingly as a consequence of changes in the serotonergic 

system, mostly in the prefrontal cortex, that ultimately boil down to epigenetic modifications of 

the MAOA gene.  

Another gene of interest, also implicated in increased aggression and antisocial behaviors, is 5HTT. 

This gene encodes a serotonin transporter, involved in serotonergic neurotransmission. Several 

studies have found an association between 5HTT and ASD, with people of the spectrum exhibiting 

increased levels of serotonin as a result of lower 5-HTT availability in several brain areas, although 

the mechanism probably involves other genes interacting with 5-HTT (Coutinho et al., 2004; 

Veenstra-VanderWeele et al. 2012; Andersson et al., 2021). Reif and colleagues (2007) also found 

a significant correlation between a specific allele on 5HTT and the relationship between 

maltreatment, stress, and adversity in childhood and violent/aggressive behavior later in life, 

suggesting that this gene has an impact as well on how childhood maltreatment affects adults. In 

animals, a polymorphism in the 5'-flanking region of 5HTT has been associated to fear response 

(but not to social behaviour) in hens (Krause et al., 2019). Serotonin is known to be involved in a 

wide array of relevant defensive behaviors in animals (Blanchard et al., 1998). Experimentally, 

enhancement of brain serotonin activity inhibits predatory aggression in animals of different 

species via the low tonus of the system activating predatory response (Nikulina, 1991).  

Two last candidates we wish to highlight are DRD4 and TH, related to dopamine homeostasis: 

whereas the former encodes a dopamine receptor, the latter encodes a tyrosine hydrolase involved 

in the conversion of tyrosine to dopamine. TH has been implicated in the physiology of adrenergic 
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neurons, and is thought to affect behavior and temperament in cattle (Lourencou-Jaramillo et al., 

2012). Studies on attachment (e.g. Bakermans-Kranenburg and van Ijzendoorn, 2007; Spangler et 

al., 2009) have linked a polymorphism in DRD4 to disordered attachment such as that found in 

RAD. In animals, variants in DRD4 have been shown to correlate with quick changes in levels of 

aggression linked to domestication, as observed in chickens (Komiyama et al., 2014). Likewise, 

polymorphisms of the gene have been related to behavioral differences among horse breeds (Hori 

et al., 2013).  

To finish, we wish to highlight the notable overlap that exists between feralization and ASD. 

Among the candidate genes for feralization (see supplemental file 1; column B for an updated list) 

one finds many candidates or risk factors for ASD. Our findings are summarized in Table 2. 

Although the genes discussed in this section (and the genes shown in the table) are by no means a 

comprehensive list of the genes implicated in feralization, RAD, and/or ASD, they emerge as 

promising candidates for the changes in human behavior under (self-)domestication forces. Further 

research is undoubtedly needed in order to draw conclusions about the genetic basis of 

‘feralization’ in humans, but the genes reviewed above, mostly related to neurotransmitter 

function, point, as noted, in a useful direction.  

GENE PROTEIN 

NAME 

PROTEIN 

FUNCTION 

RELATION TO 

FERALIZATIO

N 

RELATION TO 

ASD 

CACNA1A Calcium 

Voltage-Gated 

Encodes the 

alpha 1C 

subunit of the 

Cav1.2 

voltage-

Candidate for 

feralization 

(Pan et al., 

2018) 

Linked to a 

complex 

condition 

entailing 

intellectual 
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Channel 

Subunit Alpha1 

A 

dependent L-

type calcium 

channel, which 

contributes to 

the production 

of β and γ 

waves during 

wakefulness 

and REM sleep 

(Kumar et al. 

2015).  

disability, 

executive 

dysfunction, 

Attention-

Deficit/Hypera

ctivity 

Disorder 

(ADHD) 

and/or ASD, 

co-occurring 

with 

childhood-

onset epilepsy 

(Damaj et al. 

2015); risk 

alleles of 

CACNA1C also 

correlate to 

lower 

performance in 

semantic tasks 

in people with 

schizophrenia 

(Krug et al. 

2010). 

FABP4 Fatty Acid 

binding protein 

4 

Encodes a fatty 

acid binding 

protein 

involved in 

fatty acid 

uptake, 

transport, and 

metabolism 

(Furuhashi, 

2019). 

Candidate for 

feralization 

(Pan et al., 

2018) 

FABP4 levels 

are 

significantly 

lower in 

children on the 

ASD spectrum 

(Maekawa et 

al., 2020). 

Mice bearing 

defective 

copies of 

Fabp4 show 

ASD-like 

features, 

including 

abnormal 

behavior and 

abnormal 

morphology of 

pyramidal 
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neurons 

(Maekawa et 

al., 2020). 

KIT KIT Proto-

Oncogene, 

Receptor 

Tyrosine 

Kinase 

The protein 

encoded by 

KIT influences 

the 

proliferation, 

differentiation, 

migration and 

apoptosis of 

various cell 

types, playing 

a key role in 

hematopoiesis, 

stem cell 

maintenance, 

gametogenesis, 

melanogenesis, 

and in mast 

cell 

development, 

migration and 

function, 

among other 

things 

(Naumann et 

al., 2021). 

A strong 

candidate for 

domestication 

due to its 

connection 

with the neural 

crest (Wilkins 

et al., 2014), 

and also linked 

to feralization 

(Pan et al., 

2018) 

Involved in 

symptoms of 

ASD, possibly 

due to its 

connection 

with the neural 

crest 

(Rothschild et 

al., 2003; 

Kilsby et al., 

2013)  

MBD4 Methyl-CpG 

Binding 

Domain 4, 

DNA 

Glycosylase 

Encodes a 

protein that 

binds to 

methylated 

DNA and that 

plays a role in 

the epigenetic 

regulation of 

gene 

expression and 

DNA repair 

(Bellacosa et 

al., 1999). 

Candidate for 

feralization 

(Pan et al., 

2018) 

There is 

evidence of an 

association of 

the gene to 

some cohorts 

of people with 

ASD (Cukier 

et al., 2010). 

MFRP Membrane 

Frizzled-

Encodes a 

protein 

Candidate for 

feralization 

Strongly 

enriched for 
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Related Protein associated to 

certain retinal 

conditions 

(Katoh, 2001) 

(Pan et al., 

2018). 

variants likely 

to affect ASD 

risk (Sanders et 

al., 2015) 

MIB1 MIB E3 

Ubiquitin 

Protein Ligase 

1 

Encodes an 

ubiquitin-

protein ligase 

that regulates 

apoptosis (Itoh 

et al., 2003). 

Candidate for 

feralization 

(not 

domestication) 

(Zhang et al., 

2020) 

Strongly 

enriched for 

variants likely 

to affect ASD 

risk (De 

Rubeis et al., 

2014). 

MITF Melanocyte 

Inducing 

Transcription 

Factor 

Encodes a 

melanocyte 

inducing 

transcription 

factor, 

responsible for 

pigment cell 

specific 

transcription of 

the 

melanogenesis 

enzyme genes. 

Mutations of 

MITF result in 

auditory-

pigmentary 

syndromes, 

such as 

Waardenburg 

syndrome type 

2 and Tietz 

syndrome 

(Goding and 

Arnheiter, 

2019).  

Found among 

candidates for 

feralization in 

sheep (Pan et 

al., 2018), and 

it is one core 

candidate as 

well for 

domestication 

processes 

(Wilkins et al., 

2014). 

Associated to 

gastrointestinal 

problems 

commonly 

found in 

people with 

ASD 

(Rodríguez-

Fontenla and 

Carracedo, 

2021). 

NCOR1 Nuclear 

Receptor 

Corepressor 1 

Involved in 

chromatin 

condensation 

and 

specifically 

regulates 

transcription 

It is found 

among Zhang 

et al. (2020)’s 

candidates for 

feralization 

Candidate for 

Mitochondrial 

Complex III 

Deficiency, 

Nuclear Type 

2, a condition 

which features 
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repression of 

thyroid-

hormone and 

retinoic acid 

receptors 

(Zhou et al., 

2019). 

motor 

problems, 

including 

apraxia and 

dysarthria, as 

well as 

cognitive 

impairment 

(Ghezzi et al., 

2011); it is also 

a candidate for 

Rett 

Syndrome, 

which is 

characterized 

by loss of 

acquired motor 

and language 

skills, 

stereotypic 

movements, 

and ASD-like 

features 

(Sharma, 2009; 

Lyst et al., 

2013). 

Pathogenic 

variants of 

NCOR1 have 

been found in 

people on the 

ASD spectrum 

(Iossifov et al., 

2012; Wang et 

al., 2016). 

NF1 Neurofibromin Encodes a 

GTPase 

involved in the 

negative 

regulation of 

cell 

proliferation 

(Sabbagh et al., 

2013) 

Related to 

altitude 

adaptation and 

response to 

hypoxia by 

feralized sheep 

(Pan et al., 

2018) 

Occasionally 

associated with 

ASD (Marui et 

al., 2004; 

Sanders et al., 

2012). 
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NUP155 Nucleoporin Encodes a 

protein related 

to the 

transportation 

of 

macromolecule

s across the 

nuclear 

envelope, 

which has been 

related to 

cardiac 

physiology 

(Zhang et al., 

1999). 

Associated 

with dog 

feralization, 

but not 

domestication 

(Zhang et al., 

2020) 

Protein-

truncating 

variants in this 

gene have been 

found in 

people with 

ASD 

(Satterstrom et 

al., 2020). 

PACS1 Phosphofurin 

Acidic Cluster 

Sorting Protein 

Encodes a 

protein 

involved in the 

localization of 

trans-Golgi 

network (TGN) 

membrane 

proteins 

(Hinners et al., 

2003) 

It is found 

among Pan et 

al. (2018)’s 

candidates for 

feralization 

Related to a 

syndromic 

form of 

intellectual 

disability also 

encompassing 

ASD features 

(Schuurs-

Hoeijmakers et 

al., 2016).  

PRKCA Protein Kinase 

C Alpha 

Encodes a 

protein kinase 

involved in cell 

proliferation, 

differentiation, 

migration and 

adhesion 

(Haughian and 

Bradford, 

2009). 

It is found 

among Pan et 

al. (2018)’s 

candidates for 

feralization 

Variants of the 

gene have been 

identified in 

three ASD 

probands (De 

Rubeis et al., 

2014; Iossifov 

et al., 2014).  

PSMD12 Proteasome 

26S Subunit, 

Non-ATPase 

12 

Encodes a 

component of a 

proteasome 

involved 

peptide 

cleavage (Saito 

et al., 1997).  

It is found 

among Pan et 

al. (2018)’s 

candidates for 

feralization 

Deletions and 

loss-of-

function point 

mutations in 

this gene have 

been identified 

in people with 

a syndromic 
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neurodevelopm

ental disorder 

characterized 

by intellectual 

disability and 

ASD features 

(Kury et al., 

2017). 

ROBO2 Roundabout 

Guidance 

Receptor 2 

Encodes a 

protein 

involved in 

axonogenesis 

and which 

plays a key 

role in many 

aspects of 

neurodevelopm

ent and 

cognition 

(Kidd et al., 

1998; Brose et 

al., 1999) 

A candidate for 

feralization in 

animals, it has 

also been 

related to the 

olfactory 

system and 

food seeking 

(Bates et al., 

2011; Zhang et 

al. 2020). 

Candidate for 

ASD (Suda et 

al., 2011; 

Prasad et al., 

2012), as well 

as dyslexia 

(Fisher et al., 

2002), speech-

sound disorder 

(Stein et al., 

2004), and 

expressive 

vocabulary 

growth in the 

normal 

population (St 

Pourcain et al. 

2014) 

SLC25A27 Solute Carrier 

Family 25 

Member 27 

Encodes a 

component of 

an ion 

transporter 

across the 

mitochondrial 

membrane 

(Anitha et al., 

2012). 

Associated to 

feralization, 

but not 

domestication 

(Zhang et al., 

2020). 

Downregulated 

in various 

brain regions 

of subjects on 

the ASD 

spectrum 

(Anitha et al., 

2012). 

SOX6 SRY-Box 

Transcription 

Factor 6 

Encodes a 

transcription 

factor involved 

in the 

regulation of 

many body 

functions 

(Cantu et al., 

Affects both 

feralization and 

domestication 

due to its 

association 

with the Wnt 

signalling 

pathway, 

Mutations have 

been associated 

to a complex 

condition 

encompassing 

neurodevelopm

ental problems 

and behavioral 
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2011). which plays a 

key role in 

initial neural 

crest cell 

differentiation 

(Wang et al., 

2018). 

abnormalities, 

including 

ADHD and/or 

ASD features 

(Tolchin et al., 

2020). 

TTN Connectin Encodes 

connectin, a 

protein 

important for 

muscle 

elasticity 

(Saladin, 2015) 

It is found 

among Pan et 

al. (2018)’s 

candidates for 

feralization 

Rare mutations 

in this gene 

have been 

identified in 

people with 

ASD (O'Roak 

et al., 2011; 

O'Roak et al., 

2012). 

Table 2. Structural and functional features of common candidates for ASD and feralization. 

4. Human ‘feralization’ and the evolution of language 

In the last section we have shown that phenotypes like ASD and RAD, as well as those exhibited 

by ‘feral’ children can be certainly construed as hypodomesticated human phenotypes resulting 

from changes in genes involved in HSD. This provides support to the use of these ‘feral’ 

phenotypes in humans as confident proxies for previous stages in the evolution of human 

language(s), certainly under the umbrella of the HSD hypothesis. As we advanced in the 

introduction, the HSD hypothesis of language evolution has been proven to be a promising view 

of how the features exhibited by present-day human languages might have emerged. In brief, the 

behavioral (but also cognitive and physical) changes brought about by HSD would have favoured 

the creation of the niche that enabled the complexification of language through a cultural 

mechanism; in turn these increasingly sophisticated forms of language would have favored HSD, 

as they enabled the replacement of physical confrontation with verbal confrontation (Progovac and 

Benítez-Burraco, 2019; Benítez-Burraco and Progovac, 2020). That said, HSD can be expected to  
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have also favored the emergence of modern uses of language (pragmatics), via this feedback loop 

between the control of aggression and language sophistication. Accordingly, the reduction in 

reactive aggression brought about by HSD would have also enabled the full exploitation of our 

cognitive and interactional potential as it applied to linguistic exchanges, and ultimately, to the 

evolution of a specific form of communication governed by persuasive reciprocity, with this trend 

also being favoured by the parallel evolution of more sophisticated forms of language, well suited 

for persuasive reciprocity (see Benítez-Burraco et al., 2021 for details). In this section we review 

the language deficits exhibited by people with ASD and RAD, as well as those exhibited by ‘feral’ 

children (summarized in Table 3), vis-a-vis the changes in communication patterns observed in 

feralized animals compared to their domesticated conspecifics. Our aim is to provide a broad 

characterization of the linguistic and interactional profiles of people with these conditions. We 

further show that these differences can be explained, to a certain extent, as an erosion of the 

changes brought about by (self) domestication, with feralized animals, humans with conditions 

like ASD and RAD and ‘feral’ children exhibiting much less communicative prowess than their 

counterparts, ultimately, qualifying these ‘feral’ phenotypes in humans as informative of, or 

windows to previous stages in the evolution of languages.  
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Domains ASD RAD ‘FERAL’ 

CHILDREN 

Phonology +/- n/a + 

Syntax + n/a + 

Pragmatics + + + 

Communicative uses 

of language in a 

social setting 

+ + + 

Language acquisition + + + 

Table 3. Problems with language in the three human conditions under scrutiny in the paper. 

Communication deficits in ASD, RAD, and ‘feral’ children 

With regards to ‘feral’ children, as mentioned earlier, the most common trait observed in historical 

accounts of these children is their lack of language skills (Kapoor, 1973; Fromkin et al., 1974; 

McNeil et al., 1984; Vyshedskiy et al., 2017). As also observed previously, very few ‘feral’ 

children have recovered language skills, and although some progress was noted in certain cases 

(see Rymer, 1994), most of them ended up with serious deficits, including drastically reduced 

vocabularies, and little to no syntactic ability (Bettelheim, 1959; Kapoor, 1973; McNeil, 1984, 

Vyshedskiy et al, 2017). Because many accounts of ‘feral’ children were written when the fields 

of clinical linguistics and cognitive sciences were in their infancy, solid evidence is scarce. Much 

of the data referred to here (summarized in Table 3) was gleaned from the in- depth linguistic 

analysis of Genie, briefly discussed in section 2 above, which is to date the most detailed account 

of language in ‘feral’ children that exists (Fromkin et al., 1974). Additional data on language 

development in ‘feral’ children has been collected from accounts children raised in physical 
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isolation because of neglect, adverse circumstances, or abuse. Overall, parallels with ASD and 

RAD are notable, as we show below.  

In the domain of phonology, some authors (e.g. Wolk and Edwards, 1993; Lindgren et al., 2009; 

Wolk et al., 2016) support the view that the language of people on the ASD spectrum exhibits 

phonetic and phonological deficits, including consonant deletions, cluster reductions, changes in 

voicing, and syllable coalescence (but see Bartolucci et al., 1976; Kjelgaard and Tager-Flusberg, 

2001; or McCann et al., 2007 for an opposite view). Many of these features correlate to findings 

on ‘feral’ children (Curtiss et al., 1974; Vyshedskiy et al., 2017). Problems with prosody have also 

been documented in both populations, particularly with regards to paralinguistic uses of prosody.  

Regarding the domain of syntax, the general consensus from studies of ‘feral’ children is that they 

experience marked difficulties in grasping many types of syntactic constructions, like passives, 

wh-questions, or movement transformations, but also other simpler aspects like constructions 

involving spatial prepositions (Curtiss et al., 1974; Rymer, 1994; Vyshedskiy et al., 2017). 

Research on ASD shows related problems with structural aspects of language (see Tager-Flusberg 

et al., 2005 and 2006 for discussion), including difficulties with binding, relative clauses, wh-

questions, raising and passives (Perovic and Janke, 2013; Wada, 2015; see Benítez-Burraco and 

Murphy, 2016 for review). Regarding RAD, a study by Raaska and colleagues (2013) showed that 

children with this condition also exhibit marked difficulties with language compared to their TD 

peers-- most notably in expressive language skills, communication, and comprehension, and 

hypothesized that delays in language acquisition commonly observed in RAD most likely stem 

from the deprived social environment that most children with RAD experience early in life, similar 
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to what has been suggested for ‘feral’ children (see also Zangl and Mills, 2007). A further 

explanation for poor language performance in RAD is that neurodevelopmental deficits such as 

impulsiveness and poor executive function, both associated with this condition, most likely have 

implications for acquiring language (Gleason et al., 2011; Raaska et al., 2013). 

As one would imagine, pragmatics is an area that poses a great deal of difficulty for ‘feral’ children, 

people on the ASD spectrum, and people with RAD. In the domain of prosody, people with ASD 

and ‘feral’ children have shown difficulty inferring meaning from changes in voice inflection, as 

well as producing appropriate pitch/prosodic inflection with their utterances or to match their 

interlocutor (Fromkin, et al., 1974; Curtiss et al., 1974; Fusaroli et al., 2017; Vyshedskiy et al., 

2017). Other pragmatic deficits commonly found in people on the ASD spectrum include problems 

with understanding figurative use of language, including metaphor, irony, jokes, and sense of 

humor (see Baron-Cohen 1988, 1997; Kissine, 2012). Additionally, individuals with ASD show 

impairments in conversational skills. For instance, individuals on the spectrum generally exhibit 

difficulty taking turns in conversation, detecting faux pas such as interruptions, or constructing a 

coherent narrative discourse (Baron-Cohen 2000, 1999; Kaland et al., 2002; Kisine, 2012; Lord 

and Paul, 1997; Surian et al., 1996; Tager-Flusberg 1992, 1993, 2000; Happé 1993). Similar results 

have been found for individuals with RAD and for ‘feral’ children. Children with RAD show 

significant deficits when asked to interpret social cues, or to understand social hierarchies, on par 

with difficulties reported in ASD (Green and Goldwyn, 2002; Bennett et al., 2009). According to 

Sadiq and colleagues’ (2012) study, appropriate use of expressive language also proves to be a 

difficulty for those with RAD (Smyke et al., 2002), which is in line with their failure to develop 

relevant social relationships (Rutter et al., 2009). In fact, Sadiq and colleagues found that children 
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with RAD had more difficulty with pragmatics than their counterparts with ASD, demonstrating 

lower scores in areas such as use of context, social relationships, and rapport. Vyshedskiy (2017) 

performed an analysis of language structure and function on linguistically deprived individuals, 

including so-called ‘feral’ children, and found significant deficits in the category of mental 

synthesis, which is a prerequisite for pragmatic functions. Further research on children who have 

been subject to neglect by parents or caregivers corroborates the idea that pragmatic language is 

one of the most dramatically affected aspects of language in these cases. For example, Di Sante 

and colleagues (2019) found that nearly half (44.4%) of neglected children in their study presented 

pragmatic problems in their language, from simple tasks such as asking for help to more complex 

ones like adapting the conversation towards one’s speaking partner. In a more recent study, Di 

Sante and colleagues (2020) found a significant link between parental neglect and children’s 

pragmatic abilities in areas like responsiveness, conversation support, and affect. In his work about 

the famous ‘feral’ child Victor of Aveyron, Lebrun (1980) pointed out that many so called ‘feral’ 

children, as well as those who experience speech deprivation due to neglect or other factors, have 

noted difficulty with pragmatic aspects of language such as turn taking, interpersonal turn taking, 

and understanding inference. 

Since humans necessitate social interaction during formative years for language to develop, it has 

been suggested that the communicative deficits displayed by ‘feral’ children are the result of this 

missed window of opportunity to interact with their conspecifics (Curtiss et al., 1974; Rymer, 

1994), although, as noted above, the high instance of abuse and neglect as well as the high 

probability of undiagnosed conditions makes it difficult to exclude other possible causes. In the 

case of ASD, the pragmatic deficits of people on the spectrum have been also attributed to deficient 
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socialization patterns (Bailey et al., 1996). In turn, these difficulties have been related to a general 

deficit with mindreading, since research has shown that autistic individuals show difficulties with 

the classic ‘false belief’ task, where the participant is required to imagine the mental state of 

another (see Baron-Cohen 2000, Happé, 1993, for overview). A well-known hypothesis supports 

the view that problems with pragmatics could stem, more specifically, from deficits in the Theory 

of Mind system (ToM) (Happé, 1995). ToM grants us the ability to mentalize and carry out tasks 

such as inferring meaning, imagining mental states of others, and interpreting communicative 

intentions of our interlocutors. The brain regions supporting ToM (the bilateral temporal-parietal 

junction, the posterior superior temporal sulcus, and the medial prefrontal cortex) have been shown 

to have atypical activation patterns in people on the ASD spectrum (Castelli et al., 2002; Schultz 

et al., 2003; Wang et al., 2006; Wang et al., 2007; Colich et al., 2012). Similar findings have been 

observed for children with RAD (and potentially, for ‘feral’ children). Research by Teicher and 

Samson (2016) found that childhood neglect (a common element in both conditions) results in 

atypical size, density, and function of the prefrontal cortex (see also Baker et al., 2013; Heim et 

al., 2013; Gupta et al, 2015).  

Another key element for accounting for pragmatic abilities is the capacity to project backwards 

and forwards in time. As noted in the previous section, this ‘mental time travel’ (MTT) ability 

depends on our episodic memory and also supports some core structural features of human 

language. As also noted, it is made possible in part by the hippocampus. In ASD, difficulties in 

MTT have been linked to hippocampal abnormalities (Cooper et al 2019), and studies on childhood 

neglect have also shown that lack of a caregiver affects the structure of the hippocampus by 

slowing down or altering synaptic development (Andersen and Teicher, 2004; Pickering et al., 
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2006). When looking at all these areas implicated in the pragmatic deficits of these groups, it 

should be noted that they have been hypothesized to have been modified throughout the process 

of HSD (see Benítez-Burraco et al., 2021 for details), thus qualifying these conditions under 

scrutiny also as proxies for the evolution of pragmatics under HSD forces. 

Given the similar behavioral profiles of people with ASD, RAD, and ‘feral’ children, in the domain 

of language structure and use, we end this section with an examination of the effects of feralization 

in the communicative behavior of domesticated animals. Our aim is discussing whether it is 

possible to attribute the sub-par language profiles of these conditions to a process of feralization 

or, more properly, to an attenuation of HSD features resulting from increased levels of reactive 

aggression. 

Communication in feralized animals compared to wild and domestic animals 

Animals are routinely used as a model for language evolution, because of the strong continuity 

found between human language and animal cognition/communication/socialization (as language 

fulfills so many different functions, many domains need to be explored) (Okanoya et al., 2017; 

Vernes et al., 2017; Tyack, 2020). The putative effects of HSD on our language abilities are not 

an exception, because, as noted in the Introduction, animal communication becomes more complex 

because of the relaxation of selective pressure brought about by the domestic environment. As also 

noted, the study of animal feralization has proven to be useful for illuminating aspects of the 

domestication process (see Niego and Benítez-Burraco, 2021 for details). Accordingly, it seems 

worth examining the effects of feralization on animal communication, particularly because this 

should provide some additional evidence for inferring and discussing the putative effects of HSD 
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on language evolution, particularly through the consideration of language deficits in conditions 

featuring attenuated signs of HSD, like ASD or RAD.  

Naturally, dogs provide an interesting testing ground. The reason is that, like modern humans, they 

exhibit almost the whole suite of features associated with domestication (Sanchez-Villagra et al., 

2016), seemingly because they were domesticated almost entirely based on selection against 

aggression and not on other traits of interest. In dogs, the effects of domestication on 

communication abilities resemble, in spite of the natural differences resulting from the 

evolutionary distance, what we can infer for humans, as studies show that domestication resulted 

in, or reinforced, cognitive abilities which support the acquisition and use of sophisticated 

communication devices, such as joint attention (Nagasawa et al., 2015), gaze following (Kaminski 

and Nitzschner, 2013; Range and Viranyi, 2013), over-imitation (Huber et al., 2020), or the ability 

to solve problems by relying on social cues (Hernádi et al., 2012; Udell, 2015). On the genetic 

level, research shows that humans and dogs share common genetic determinants that are associated 

with key physiological processes involved in domestication (see Benítez-Burraco et al., 2020 for 

review). Specifically, signals of selection of specific changes in cis-regulatory regions of the 

oxytocin receptor gene, OXTR, have been found both in dogs (Oliva et al., 2016; vonHoldt et al., 

2017; Shilton et al., 2020) and humans (Schaschl et al., 2015). In both species, the genetic variation 

of OXTR is further associated with differences in social behaviour (Eales, 1989; Pfenning et al., 

2014; Shilton et al., 2020). More generally, the genes that have been positively selected in humans 

compared to Neanderthals are enriched in candidates for mammal domestication, particularly, dog 

domestication (Theofanopoulou et al., 2017). Benítez-Burraco and colleagues (2020) have 

hypothesized a positive feedback loop between dog domestication and HSD, through the reduction 
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of reactive aggression, contributing, albeit tangentially, to aspects of language evolution. 

Accordingly, feral dogs provide interesting evidence of the effects of feralization on these 

components and evolutionary processes. Specifically, dingoes are an ideal subject of study due to 

their isolation and lack of genetic admixture with other dogs, but also due to the fact that they are 

thought to have gone feral as long as 5000 years ago (Smith and Litchfield, 2010; Shipman, 2021). 

From the evidence gathered, it seems that dingoes fall somewhere between domesticated and wild 

canids in both phenotypic terms and in terms of their ability to communicate with humans (Smith 

and Litchfield, 2010). Thus, dingoes are able to read human cues, such as pointing, tapping, and 

gazing, to reach an object---usually more successfully than wolves---displaying some skills that 

were more on par with domestic dogs (Smith and Litchfield, 2010). However, when it comes to 

more nuanced tasks such as following only the experimenter’s gaze to find food or following a 

signal from an incorrect location, it seems that dingoes underperform domesticated dogs (Hare and 

Tomasello; 1999; Bräuer et al. 2006; Udell et al. 2008; Virányi et al. 2008). Additionally, Smith 

and Litchfield (2010) found that dingoes needed to be familiar with an experimenter before being 

able to carry out the tasks in the experiment. This was in contrast to domestic dogs, who could 

follow cues from any human.  

Parallels can be seen in research on ASD and historical accounts of ‘feral’ children. For instance, 

Watkins and colleagues (2013) found that children with ASD performed significantly better on 

standardized tests when they were familiar with the examiner, as opposed to when the examiner 

was a stranger (Watkins et al., 2013). When looking at aspects like joint attention, and/or gaze 

following, various studies on ASD (e.g. Volkmar and Chawarska, 2005; Wetherby et al., 2007; 

Paul et al., 2008) show that individuals on the spectrum exhibit abnormal gaze patterns, and lower 

frequencies of joint attention, similar to the results found in feral canids. Additionally, accounts of  
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‘feral’ children describe avoidance of eye contact as a common trait, especially during initial 

exposure (Butler, 2003). These results indicate that domestication does seem to mark a difference 

in canids in terms of certain precursors to language (and particularly, to language use), like joint 

attention, or the use of  social cues to solve problems, and that these components are particularly 

impaired in conditions like ASD or ‘feral’ phenotypes in humans.  

Another area of interest are the changes in vocal communication brought about by feralization, 

that can be gleaned from studies on feral cats and dogs as well. Yeon and colleagues (2011) found 

that feral cats generally used antagonistic vocalizations such as the growl and hiss much more than 

communicative ones (i.e. meow), but they did meow in response to a variety of interactions--both 

human and non-human. In contrast, domestic cats reserved the meow exclusively for the approach 

of a human, indicating a more communicative intent for the vocalization (Yeon et al., 2011). These 

findings concur with other research, for example, in domestic cats, the meow was heard much 

more frequently during cat-human interaction and much more rarely during cat-cat interactions 

(Brown, 1993; Bradshaw and Cameron Beaumont, 2000). Yeon and colleagues (2011) also found 

that feral cats generally produced longer vocalizations at a lower frequency (pitch) when in contact 

with humans, and tended to use agonistic vocalizations such as growling and hissing during 

encounters with humans, while domestic cats were more vocal in social situations, and less likely 

to use agonistic vocalizations. These findings parallel those of Nicastro (2004), who compared 

domestic cat vocalizations with those of wild cats, finding that in general domestic cats produce 

calls of a shorter duration and a higher pitch frequency than wild cats. Domestic cats are also 

known to produce vocalizations typical of kittens, such as purring and chirping, which was not the 

case in feral cats (Bradshaw and Cameron‐Beaumont, 2000), which is in line with the neotenic 
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features typically associated to domestication. Regarding dogs and dingoes, Smith and Litchfield 

(2010) found in their research that, similarly to wolves, dingoes were found to howl and whimper 

more than domestic dogs, and bark less. Moreover, their barks tend to be shorter than their 

domestic counterparts, and used almost exclusively for giving warnings. In contrast, domestic 

dogs’ bark is more versatile, and used in a variety of social situations (Corbett, 2004). Studies on 

domestic and feral pigs show that they have a wide and varied repertoire that differs in some 

respects--for example, the ‘trumpeting’ sound produced by non-domesticates has not been 

recorded in domestic pigs (Tallet et al., 2013; Garcia et al., 2016). Evidence on pigs is difficult to 

interpret, however, given the blurred lines that exist between ‘feral’ pigs and ‘wild’ pigs; since a 

great deal of admixture  takes place between the types of swine, it is hard to attribute changes to 

feralization (Garcia et al., 2016). Although the vocal communication of mammals is more relevant 

to our research because of their phylogenetic proximity, patterns from bird species can also 

contribute to our knowledge of changes conferred through feralization, particularly because of the 

abundant research on the notable effects of domestication on birdsongs. Gering and colleagues 

(2015) found that feral chickens on Kauai had more extreme calls, and exhibited much more 

variation in their song, than either wild jungle fowl or domestic chickens that shared their habitat. 

More research is necessary to see whether this change in vocalization complexity is a result of 

genetic admixture, environment, or a host of other epigenetic factors (Gering et al., 2015). 

The vocal behavior in ASD seems to mirror some of the characteristics of feral animals in the 

sense that it doesn’t follow the normal patterns of TD groups. Vocalizations made by individuals 

with ASD are often described as ‘different’ (Ricks and Wing, 1976). Wallace and colleagues 

(2008) found that toddlers with ASD tended to produce a larger range of syllables with atypical 

pronunciation than their TD peers. Schoen and colleagues (2011) found that toddlers with ASD 
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produced more atypical vocalizations than language-matched peers, with high pitched squeals 

being much more common in the ASD group. Kent and Murray (1982) also found that children on 

the ASD spectrum produced much more irregular and complex pitch patterns within the same 

breath than typically developing counterparts. Problems with prosody and pitch shifting are also 

reported by Russo and colleagues (2008), who speculated that problems with the auditory-motor 

pathway are to blame. As Russo et al. (2008) mention, much of what we know about audio-vocal 

interaction stems from studies on birdsong (Margoliash 2002; Prather et al., 2008); birds first rely 

on the auditory imprint of a sound which it reproduces and compares to the songs of surrounding 

birds to modify and perfect. Some research (e.g. Marler and Sherman 1983; Volman and Khanna 

1995) suggests that human speech follows much the same pattern, so any disruptions in perception 

of sound/speech at any level may affect the final outcome of speech, and the ultimate language 

deficits that the individual will display. This idea fits logically with the aforementioned idea of the 

role of a feedback loop in language development: language exists within a social framework that 

in turn enriches and encourages further language development. Thus, it stands to reason that 

changes in the environment (including changes brought about by (self-)domestication), as well as 

internal changes affecting perception of speech, would alter this outcome and produce irregular or 

deficient language. Accounts of ‘feral’ children can be seen as also support for this view, since 

similar characteristics (e.g. inappropriate control of pitch and intonation) are often observed in 

historical accounts (Lebrun, 1980).  

Conclusion 

From our review of the literature on the physical, behavioral, and cognitive features exhibited by 

feralized animals, ‘feral’ children, and people with ASD and RAD, it can be concluded that some 
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informative parallels exist regarding the effects of (self-)domestication on 

communication/language abilities. The difficulties that individuals with ASD experience with 

language, and the underlying causes of these, can also be found in accounts of feral humans as 

well as research on feralized animals. This indicates that, in some sense, the difficulties related to 

language that both conditions exhibit are a result of a differential domestication---more properly 

‘hypo-domestication’, resulting from some genetic differences, in the case of ASD, or from 

abnormal patterns of socialization, in the case of ‘feral’ children or people with RAD. Our results 

qualify these present-day phenotypes as useful proxies for studying the effects of HSD on our 

language abilities in the past. Clearly, much more study is needed. Nonetheless, in our opinion, 

the specific details that our proposal provides offer fertile ground for hypothesis generation and 

experimental testing. This includes, first and foremost, genetic studies aimed at enlarging the set 

of common genetic determinants for ASD and RAD, and feralization. It would be interesting to 

know whether these common genes have been subject to recent selection in human populations. 

Likewise, comparative neuroimaging research between feralized animals and people with ASD or 

RAD during communication/language processing tasks (particularly, in the domains that are most 

affected in them) should facilitate a better understanding of the brain areas with a role in language 

processing that are more sensitive to HSD processes. Finally, because core aspects of human 

languages seem to result from cultural transmission, and because the conditions examined in the 

paper feature abnormal socialization patterns, it would be interesting to conduct experiments with 

artificial languages aimed at knowing which aspects of their grammars are more sensitive to the 

abnormal transmission patterns resulting from the abnormal socialization profile of these 

conditions. Parallels with communication patterns/learning of feralized animals would further 

enrich these comparisons. 

217



References 

Abbott, D.H., Dumesic, D.A., Eisner, J.R., Kemnitz, J.W., Goy, R. (1997) The prenatally 

androgenized female rhesus monkey as a model for PCOS. In: Azziz R, Nestler JE, Dewailly D, 

editors. Androgen Excess Disorders in Women. Philadelphia: Lippincott–Raven. 369–382. 

Akefeldt, A., & Gillberg, C. (1991). Hypomelanosis of Ito in three cases with autism and autistic-

like conditions. Developmental medicine and child neurology, 33(8), 737–743. 

Aldridge, K., George, I. D., Cole, K. K., Austin, J. R., Takahashi, T. N., Duan, Y., & Miles, J. H. 

(2011). Facial phenotypes in subgroups of prepubertal boys with autism spectrum disorders are 

correlated with clinical phenotypes. Molecular autism, 2(1), 15. 

Andari, E., Nishitani, S., Kaundinya, G., Caceres, G. A., Morrier, M. J., Ousley, O., Smith, A. K., 

Cubells, J. F., & Young, L. J. (2020). Epigenetic modification of the oxytocin receptor gene: 

implications for autism symptom severity and brain functional 

connectivity. Neuropsychopharmacology : official publication of the American College of 

Neuropsychopharmacology, 45(7), 1150–1158. 

Andersen, S. L., & Teicher, M. H. (2004). Delayed effects of early stress on hippocampal 

development. Neuropsychopharmacology : official publication of the American College of 

Neuropsychopharmacology, 29(11), 1988–1993. 

218



Anderson, T. M., vonHoldt, B. M., Candille, S. I., Musiani, M., Greco, C., Stahler, D. R., Smith, 

D. W., Padhukasahasram, B., Randi, E., Leonard, J. A., Bustamante, C. D., Ostrander, E. A., Tang,

H., Wayne, R. K., & Barsh, G. S. (2009). Molecular and evolutionary history of melanism in North 

American gray wolves. Science (New York, N.Y.), 323(5919), 1339–1343. 

Andersson, M., Tangen, Ä., Farde, L., Bölte, S., Halldin, C., Borg, J., & Lundberg, J. (2021). 

Serotonin transporter availability in adults with autism-a positron emission tomography 

study. Molecular psychiatry, 26(5), 1647–1658. 

Anitha, A., Nakamura, K., Thanseem, I., Yamada, K., Iwayama, Y., Toyota, T., Matsuzaki, H., 

Miyachi, T., Yamada, S., Tsujii, M., Tsuchiya, K. J., Matsumoto, K., Iwata, Y., Suzuki, K., 

Ichikawa, H., Sugiyama, T., Yoshikawa, T., & Mori, N. (2012). Brain region-specific altered 

expression and association of mitochondria-related genes in autism. Molecular autism, 3(1), 12. 

Bach, M. (November 28, 2007) Domestic pigs quickly revert to wild roots. Retrieved from 

https://www.mlive.com/flintjournal/outdoors/2007/11/domestic_pigs_quickly_revert_t.html 

Bailey, A., Phillips, W., & Rutter, M. (1996). Autism: towards an integration of clinical, genetic, 

neuropsychological, and neurobiological perspectives. Journal of child psychology and 

psychiatry, and allied disciplines, 37(1), 89–126. 

219



Baker, L. M., Williams, L. M., Korgaonkar, M. S., Cohen, R. A., Heaps, J. M., & Paul, R. H. 

(2013). Impact of early vs. late childhood early life stress on brain morphometrics. Brain imaging 

and behavior, 7(2), 196–203. 

Bakermans-Kranenburg, M. J., & Van Ijzendoorn, M. H. (2004). No association of the dopamine 

D4 receptor (DRD4) and -521 C/T promoter polymorphisms with infant attachment 

disorganization. Attachment & human development, 6(3), 211–222. 

Bakermans-Kranenburg, M. J., & van Ijzendoorn, M. H. (2007). Research Review: genetic 

vulnerability or differential susceptibility in child development: the case of attachment. Journal of 

child psychology and psychiatry, and allied disciplines, 48(12), 1160–1173. 

Ballard, J., & Wilson, L. (2019). The Australian dingo: untamed or feral?. Frontiers in zoology, 16, 

2. 

Baron-Cohen S. (1988). Social and pragmatic deficits in autism: cognitive or affective?. Journal 

of autism and developmental disorders, 18(3), 379–402. 

Baron-Cohen S. (1997). Hey! It was just a joke! Understanding propositions and propositional 

attitudes by normally developing children and children with autism. The Israel journal of 

psychiatry and related sciences, 34(3), 174–178. 

220



Baron-Cohen, S., O'Riordan, M., Stone, V., Jones, R., & Plaisted, K. (1999). Recognition of faux 

pas by normally developing children and children with Asperger syndrome or high-functioning 

autism. Journal of autism and developmental disorders, 29(5), 407–418. 

Baron-Cohen, S. (2000). Theory of mind and autism: A fifteen year review. In S. Baron-Cohen, 

H. Tager-Flusberg, & D. J. Cohen (Eds.), Understanding other minds: Perspectives from

developmental cognitive neuroscience (pp. 3–20). Oxford University Press. 

Bartolucci, G., Pierce, S., Streiner, D., & Eppel, P. T. (1976). Phonological investigation of verbal 

autistic and mentally retarded subjects. Journal of autism and childhood schizophrenia, 6(4), 303–

316. 

Bates, T. C., Luciano, M., Medland, S. E., Montgomery, G. W., Wright, M. J., & Martin, N. G. 

(2011). Genetic variance in a component of the language acquisition device: ROBO1 

polymorphisms associated with phonological buffer deficits. Behavior genetics, 41(1), 50–57. 

Beetz, A., Uvnäs-Moberg, K., Julius, H., & Kotrschal, K. (2012). Psychosocial and 

psychophysiological effects of human-animal interactions: the possible role of oxytocin. Frontiers 

in psychology, 3, 234. 

Bellacosa, A., Cicchillitti, L., Schepis, F., Riccio, A., Yeung, A. T., Matsumoto, Y., Golemis, E. 

A., Genuardi, M., & Neri, G. (1999). MED1, a novel human methyl-CpG-binding endonuclease, 

221



interacts with DNA mismatch repair protein MLH1. Proceedings of the National Academy of 

Sciences of the United States of America, 96(7), 3969–3974. 

Benítez-Burraco, A., Ferretti, F., & Progovac, L. (2021). Human Self-Domestication and the 

Evolution of Pragmatics. Cognitive science, 45(6), e12987. 

Benítez-Burraco, A., Lattanzi, W., & Murphy, E. (2016). Language Impairments in ASD Resulting 

from a Failed Domestication of the Human Brain. Frontiers in neuroscience, 10, 373. 

Benítez-Burraco, A., & Murphy, E. (2016). The Oscillopathic Nature of Language Deficits in 

Autism: From Genes to Language Evolution. Frontiers in human neuroscience, 10, 120. 

Benítez-Burraco, A., Pörtl, .D, Jung, C.A.. (In press) Feedback Loop Between Human Self-

Domestication and Dog Domestication Contributing to Language Evolution? Preprint. 

Benítez-Burraco, A., Progovac, L. (2020) A four-stage model for language evolution under the 

effects of human self-domestication. Language and Communication, 73, 1–17. 

Benítez-Burraco, A., Theofanopoulou, C., Boeckx, C. (2016) Globularization and domestication. 

Topoi, 37, 265–278. 

Benítez-Burraco A. (2017). Figurative Language, Language Disorders, and Language(s) 

Evolution. Frontiers in psychology, 8, 1713. 

222



Bennett, J., Espie, C., Duncan, B., & Minnis, H. (2009). A qualitative exploration of children's 

understanding of indiscriminate friendliness. Clinical child psychology and psychiatry, 14(4), 

595–618. 

Bettelheim, B. (1959) Feral Children and Autistic Children. American Journal of Sociology. 64, 

5, 455-467.  

Bhandari, R., Paliwal, J. K., & Kuhad, A. (2020). Neuropsychopathology of Autism Spectrum 

Disorder: Complex Interplay of Genetic, Epigenetic, and Environmental Factors. Advances in 

neurobiology, 24, 97–141. 

Birks, J.D.S.,  Kitchener, A.C., eds. (1999) Ecology of the Polecat in Lowland England. In: J.D.S. 

Birks and A.C. Kitchener, eds. The distribution and status of the polecat Mustela putorius in Britain 

in the 1990s. The Vincent Wildlife Trust, London, 111–130.  

Bitsika, V., Sharpley, C. F., Andronicos, N. M., & Agnew, L. L. (2015). Hypothalamus-pituitary-

adrenal axis daily fluctuation, anxiety and age interact to predict cortisol concentrations in boys 

with an autism spectrum disorder. Physiology & behavior, 138, 200–207. 

Blanchard, D. C., Griebel, G., Rodgers, R. J., & Blanchard, R. J. (1998). Benzodiazepine and 

serotonergic modulation of antipredator and conspecific defense. Neuroscience and biobehavioral 

reviews, 22(5), 597–612. 

223



Boeckx, C., & Benítez-Burraco, A. (2014). The shape of the human language-ready 

brain. Frontiers in psychology, 5, 282. 

Bölte, S., Mahdi, S., de Vries, P. J., Granlund, M., Robison, J. E., Shulman, C., Swedo, S., Tonge, 

B., Wong, V., Zwaigenbaum, L., Segerer, W., & Selb, M. (2019). The Gestalt of functioning in 

autism spectrum disorder: Results of the international conference to develop final consensus 

International Classification of Functioning, Disability and Health core sets. Autism : the 

international journal of research and practice, 23(2), 449–467. 

Bourguignon, N., Nadig, A., Valois, D. (2012) The biolinguistics of autism: emergent 

perspectives. Biolinguistics, 6, 124–165. 

Bradshaw, J.W.S., Cameron‐Beaumont, C.L. (2000) The signalling repertoire of the domestic cat 

and its undomesticated relatives. In: The Domestic Cat: The Biology of Its Behaviour (Turner, D. 

C. & Bateson, P. P. G., eds) Cambridge University Press, New York, NY, 68—93.

Bräuer, J., Kaminski, J., Riedel, J., Call, J., & Tomasello, M. (2006). Making inferences about the 

location of hidden food: social dog, causal ape. Journal of comparative psychology (Washington, 

D.C. : 1983), 120(1), 38–47.

224



Brose, K., Bland, K. S., Wang, K. H., Arnott, D., Henzel, W., Goodman, C. S., Tessier-Lavigne, 

M., & Kidd, T. (1999). Slit proteins bind Robo receptors and have an evolutionarily conserved 

role in repulsive axon guidance. Cell, 96(6), 795–806. 

Brown, S.L. (1993) The social behaviour of neutered domestic cats. Unpublished doctoral 

dissertation. University of Southhampton, United Kingdom. 

Brusini, I., Carneiro, M., Wang, C., Rubin, C. J., Ring, H., Afonso, S., Blanco-Aguiar, J. A., 

Ferrand, N., Rafati, N., Villafuerte, R., Smedby, Ö., Damberg, P., Hallböök, F., Fredrikson, M., & 

Andersson, L. (2018). Changes in brain architecture are consistent with altered fear processing in 

domestic rabbits. Proceedings of the National Academy of Sciences of the United States of 

America, 115(28), 7380–7385. 

Buchheim, A., Heinrichs, M., George, C., Pokorny, D., Koops, E., Henningsen, P., O'Connor, M. 

F., & Gündel, H. (2009). Oxytocin enhances the experience of attachment 

security. Psychoneuroendocrinology, 34(9), 1417–1422. 

Burnside, K., Wright, K., & Poulin-Dubois, D. (2017). Social motivation and implicit theory of 

mind in children with autism spectrum disorder. Autism research : official journal of the 

International Society for Autism Research, 10(11), 1834–1844. 

Butler, T. (2003) Language and consciousness: what can we learn about feral children? Masters 

thesis, Memorial University of Newfoundland. 

225



Campbell, D. J., Chang, J., & Chawarska, K. (2014). Early generalized overgrowth in autism 

spectrum disorder: prevalence rates, gender effects, and clinical outcomes. Journal of the 

American Academy of Child and Adolescent Psychiatry, 53(10), 1063–73.e5. 

Cantù, C., Ierardi, R., Alborelli, I., Fugazza, C., Cassinelli, L., Piconese, S., Bosè, F., Ottolenghi, 

S., Ferrari, G., & Ronchi, A. (2011). Sox6 enhances erythroid differentiation in human erythroid 

progenitors. Blood, 117(13), 3669–3679. 

Carter, C. S., Grippo, A. J., Pournajafi-Nazarloo, H., Ruscio, M. G., & Porges, S. W. (2008). 

Oxytocin, vasopressin and sociality. Progress in brain research, 170, 331–336. 

Carter, C.S. (2003) Developmental consequences of oxytocin. Physiology of Behavior, 79 (3), 

383-97.

Case, L. (1999) The Dog: Its Behavior, Nutrition, and Health. Wiley-Blackwell. 

Caspers, K. M., Paradiso, S., Yucuis, R., Troutman, B., Arndt, S., & Philibert, R. (2009). 

Association between the serotonin transporter promoter polymorphism (5-HTTLPR) and adult 

unresolved attachment. Developmental psychology, 45(1), 64–76. 

226



Caspi, A., McClay, J., Moffitt, T. E., Mill, J., Martin, J., Craig, I. W., Taylor, A., & Poulton, R. 

(2002). Role of genotype in the cycle of violence in maltreated children. Science (New York, 

N.Y.), 297(5582), 851–854.

Castelli, F., Frith, C., Happé, F., & Frith, U. (2002). Autism, Asperger syndrome and brain 

mechanisms for the attribution of mental states to animated shapes. Brain : a journal of 

neurology, 125(Pt 8), 1839–1849. 

Cataldo, I., Azhari, A., & Esposito, G. (2018). A Review of Oxytocin and Arginine-Vasopressin 

Receptors and Their Modulation of Autism Spectrum Disorder. Frontiers in molecular 

neuroscience, 11, 27. 

Chakrabarti, B., Dudbridge, F., Kent, L., Wheelwright, S., Hill-Cawthorne, G., Allison, C., 

Banerjee-Basu, S., & Baron-Cohen, S. (2009). Genes related to sex steroids, neural growth, and 

social-emotional behavior are associated with autistic traits, empathy, and Asperger 

syndrome. Autism research : official journal of the International Society for Autism 

Research, 2(3), 157–177. 

Chawarska, K., Campbell, D., Chen, L., Shic, F., Klin, A., & Chang, J. (2011). Early generalized 

overgrowth in boys with autism. Archives of general psychiatry, 68(10), 1021–1031. 

Chiras, D.D. (2012) Human Biology (7th ed.) Sudbury, MA, Jones & Bartlett Learning, 262. 

227



Cieri, R., Churchill, S., Franciscus, R., Tan, J., Hare, B. (2014) Craniofacial Feminization, Social 

Tolerance, and the Origins of Behavioral Modernity. Current Anthropology, 55, 419-443.  

Cohen, I. L., Liu, X., Lewis, M. E., Chudley, A., Forster-Gibson, C., Gonzalez, M., Jenkins, E. C., 

Brown, W. T., & Holden, J. J. (2011). Autism severity is associated with child and maternal 

MAOA genotypes. Clinical genetics, 79(4), 355–362. 

Cohen, I. L., Liu, X., Schutz, C., White, B. N., Jenkins, E. C., Brown, W. T., & Holden, J. J. 

(2003). Association of autism severity with a monoamine oxidase A functional 

polymorphism. Clinical genetics, 64(3), 190–197. 

Colich, N. L., Wang, A. T., Rudie, J. D., Hernandez, L. M., Bookheimer, S. Y., & Dapretto, M. 

(2012). Atypical Neural Processing of Ironic and Sincere Remarks in Children and Adolescents 

with Autism Spectrum Disorders. Metaphor and symbol, 27(1), 70–92. 

Cooper, R. A., & Ritchey, M. (2019). Cortico-hippocampal network connections support the 

multidimensional quality of episodic memory. eLife, 8, e45591. 

Corballis M. C. (2019). Language, Memory, and Mental Time Travel: An Evolutionary 

Perspective. Frontiers in human neuroscience, 13, 217. 

Corballis M. C. (2018). Space, time, and language. Cognitive processing, 19(Suppl 1), 89–92. 

228



Corbett, L. (2004) Dingo. In Claudio Sillero-Zubiri; Michael Hoffmann; David W. Macdonald 

(eds.) Canids: Foxes, Wolves, Jackals and Dogs. International Union for Conservation of Nature 

and Natural Resources. 

Corbin, J. (2007) Reactive Attachment Disorder: A Biopsychosocial Disturbance of Attachment. 

Child and Adolescent Social Work Journal, 24, 539-552.  

Corval, R., Mesquita, A., & Soares, I. (2020). Links Between Reactive Attachment Disorder, 

Caregiving and Temperament: A Differential Susceptibility Perspective. The Journal of genetic 

psychology, 181(5), 405–412. 

Courchesne, E., Campbell, K., & Solso, S. (2011). Brain growth across the life span in autism: 

age-specific changes in anatomical pathology. Brain research, 1380, 138–145. 

Coutinho, A. M., Oliveira, G., Morgadinho, T., Fesel, C., Macedo, T. R., Bento, C., Marques, C., 

Ataíde, A., Miguel, T., Borges, L., & Vicente, A. M. (2004). Variants of the serotonin transporter 

gene (SLC6A4) significantly contribute to hyperserotonemia in autism. Molecular 

psychiatry, 9(3), 264–271. 

Cukier, H. N., Rabionet, R., Konidari, I., Rayner-Evans, M. Y., Baltos, M. L., Wright, H. H., 

Abramson, R. K., Martin, E. R., Cuccaro, M. L., Pericak-Vance, M. A., & Gilbert, J. R. (2010). 

Novel variants identified in methyl-CpG-binding domain genes in autistic 

individuals. Neurogenetics, 11(3), 291–303. 

229



Curtiss, S., Fromkin, V., Krashen, S., Rigler, M., Rigler, D. (1974) The linguistic development of 

Genie. Language, 50, 528-554. 

Cuyvers, B., Vervoort, E., & Bosmans, G. (2020). Reactive attachment disorder symptoms and 

prosocial behavior in middle childhood: the role of Secure Base Script knowledge. BMC 

psychiatry, 20(1), 524. 

Damaj, L., Lupien-Meilleur, A., Lortie, A., Riou, É., Ospina, L. H., Gagnon, L., Vanasse, C., & 

Rossignol, E. (2015). CACNA1A haploinsufficiency causes cognitive impairment, autism and 

epileptic encephalopathy with mild cerebellar symptoms. European journal of human genetics : 

EJHG, 23(11), 1505–1512. 

Daniels, T. J., & Bekoff, M. (1989). Feralization: The making of wild domestic 

animals. Behavioural processes, 19(1-3), 79–94. 

De Rubeis, S., He, X., Goldberg, A. P., Poultney, C. S., Samocha, K., Cicek, A. E., Kou, Y., Liu, 

L., Fromer, M., Walker, S., Singh, T., Klei, L., Kosmicki, J., Shih-Chen, F., Aleksic, B., Biscaldi, 

M., Bolton, P. F., Brownfeld, J. M., Cai, J., Campbell, N. G., … Buxbaum, J. D. (2014). Synaptic, 

transcriptional and chromatin genes disrupted in autism. Nature, 515(7526), 209–215. 

230



Deacon, T.W. (2009) Relaxed selection and the role of epigenesis in the evolution of language. Iin 

Oxford Handbook of Developmental Behavioral Neuroscience, eds Blumberg, M., Freeman, J., 

Robinson, S. (New York, NY: Oxford University Press). 

Derelle, R., Kondrashov, F. A., Arkhipov, V. Y., Corbel, H., Frantz, A., Gasparini, J., Jacquin, L., 

Jacob, G., Thibault, S., & Baudry, E. (2013). Color differences among feral pigeons (Columba 

livia) are not attributable to sequence variation in the coding region of the melanocortin-1 receptor 

gene (MC1R). BMC research notes, 6, 310. 

Di Sante, M., Sylvestre, A., Bouchard, C., & Leblond, J. (2019). The Pragmatic Language Skills 

of Severely Neglected 42-Month-Old Children: Results of the ELLAN Study. Child 

maltreatment, 24(3), 244–253. 

Di Sante, M., Sylvestre, A., Bouchard, C., & Leblond, J. (2020). Parental behaviors associated 

with the level of pragmatic language ability among 42-month-old neglected children. Child abuse 

& neglect, 104, 104482. 

Eales, L.A. (1989) The influences of visual and vocal interaction on song learning in zebra finches. 

Animal Behavior, 37, 507–520. 

Eigsti, I. M., Bennetto, L., & Dadlani, M. B. (2007). Beyond pragmatics: morphosyntactic 

development in autism. Journal of autism and developmental disorders, 37(6), 1007–1023. 

231



El-Baz, F., Hamza, R. T., Ayad, M. S., & Mahmoud, N. H. (2014). Hyperandrogenemia in male 

autistic children and adolescents: relation to disease severity. International journal of adolescent 

medicine and health, 26(1), 79–84. 

Ellis, E. E., Yilanli, M., & Saadabadi, A. (2021). Reactive Attachment Disorder. In StatPearls. 

StatPearls Publishing. 

Evin, A., Dobney, K., Schafberg, R., Owen, J., Vidarsdottir, U. S., Larson, G., & Cucchi, T. (2015). 

Phenotype and animal domestication: A study of dental variation between domestic, wild, captive, 

hybrid and insular Sus scrofa. BMC evolutionary biology, 15(1), 6. 

Farmer, C., Butter, E., Mazurek, M. O., Cowan, C., Lainhart, J., Cook, E. H., DeWitt, M. B., & 

Aman, M. (2015). Aggression in children with autism spectrum disorders and a clinic-referred 

comparison group. Autism : the international journal of research and practice, 19(3), 281–291. 

Feulner, P., Gratten, J., Kijas, J. W., Visscher, P. M., Pemberton, J. M., & Slate, J. (2013). 

Introgression and the fate of domesticated genes in a wild mammal population. Molecular 

ecology, 22(16), 4210–4221. 

Fisher, S. E., Francks, C., Marlow, A. J., MacPhie, I. L., Newbury, D. F., Cardon, L. R., Ishikawa-

Brush, Y., Richardson, A. J., Talcott, J. B., Gayán, J., Olson, R. K., Pennington, B. F., Smith, S. 

D., DeFries, J. C., Stein, J. F., & Monaco, A. P. (2002). Independent genome-wide scans identify 

a chromosome 18 quantitative-trait locus influencing dyslexia. Nature genetics, 30(1), 86–91. 

232



Francis, S. M., Kistner-Griffin, E., Yan, Z., Guter, S., Cook, E. H., & Jacob, S. (2016). Variants in 

Adjacent Oxytocin/Vasopressin Gene Region and Associations with ASD Diagnosis and Other 

Autism Related Endophenotypes. Frontiers in neuroscience, 10, 195. 

Freeman, S. M., Palumbo, M. C., Lawrence, R. H., Smith, A. L., Goodman, M. M., & Bales, K. 

L. (2018). Effect of age and autism spectrum disorder on oxytocin receptor density in the human

basal forebrain and midbrain. Translational psychiatry, 8(1), 257. 

Fries, A. B., Ziegler, T. E., Kurian, J. R., Jacoris, S., & Pollak, S. D. (2005). Early experience in 

humans is associated with changes in neuropeptides critical for regulating social 

behavior. Proceedings of the National Academy of Sciences of the United States of 

America, 102(47), 17237–17240. 

Fromkin, V., Krashen, S., Curtiss, S., Rigler, D., Rigler, M. (1974) The Development of Language 

in Genie: a Case of Language Acquisition beyond the ‘Critical Period’. Brain and Language, 1, 

81-107.

Fujisawa, T. X., Shimada, K., Takiguchi, S., Mizushima, S., Kosaka, H., Teicher, M. H., & 

Tomoda, A. (2018). Type and timing of childhood maltreatment and reduced visual cortex volume 

in children and adolescents with reactive attachment disorder. NeuroImage. Clinical, 20, 216–221. 

233



Fukase, H., Kondo, O., & Ishida, H. (2015). Size and placement of developing anterior teeth in 

immature Neanderthal mandibles from Dederiyeh Cave, Syria: implications for emergence of the 

modern human chin. American journal of physical anthropology, 156(3), 482–488. 

Furuhashi M. (2019). Fatty Acid-Binding Protein 4 in Cardiovascular and Metabolic 

Diseases. Journal of atherosclerosis and thrombosis, 26(3), 216–232. 

Fusaroli, R., Lambrechts, A., Bang, D., Bowler, D. M., & Gaigg, S. B. (2017). "Is voice a marker 

for Autism spectrum disorder? A systematic review and meta-analysis". Autism research : official 

journal of the International Society for Autism Research, 10(3), 384–407. 

Garcia, M., Gingras, B., Bowling, D. L., Herbst, C. T., Boeckle, M., Locatelli, Y., & Fitch, W. T. 

(2016). Structural Classification of Wild Boar (Sus scrofa) Vocalizations. Ethology : formerly 

Zeitschrift fur Tierpsychologie, 122(4), 329–342. 

Gering, E., Incorvaia, D., Henriksen, R., Conner, J., Getty, T., & Wright, D. (2019). Getting Back 

to Nature: Feralization in Animals and Plants. Trends in ecology & evolution, 34(12), 1137–1151. 

Gering, E., Johnsson, M., Willis, P., Getty, T., & Wright, D. (2015). Mixed ancestry and admixture 

in Kauai's feral chickens: invasion of domestic genes into ancient Red Junglefowl 

reservoirs. Molecular ecology, 24(9), 2112–2124. 

Gesell, A. (1942) Wolf Child and Human Child. London, The Scientific Book Club. 

234



Ghezzi, D., Antognazza, M. R., Dal Maschio, M., Lanzarini, E., Benfenati, F., & Lanzani, G. 

(2011). A hybrid bioorganic interface for neuronal photoactivation. Nature communications, 2, 

166. 

Gleason, M. M., Fox, N. A., Drury, S., Smyke, A., Egger, H. L., Nelson, C. A., 3rd, Gregas, M. 

C., & Zeanah, C. H. (2011). Validity of evidence-derived criteria for reactive attachment disorder: 

indiscriminately social/disinhibited and emotionally withdrawn/inhibited types. Journal of the 

American Academy of Child and Adolescent Psychiatry, 50(3), 216–231.e3. 

Gleeson, B. T., & Kushnick, G. (2018). Female status, food security, and stature sexual 

dimorphism: Testing mate choice as a mechanism in human self-domestication. American journal 

of physical anthropology, 167(3), 458–469. 

Goding, C. R., & Arnheiter, H. (2019). MITF-the first 25 years. Genes & development, 33(15-16), 

983–1007. 

Gómez-Lado, C., Eirís-Puñal, J., Blanco-Barca, O., del Río-Latorre, E., Fernández-Redondo, V., 

& Castro-Gago, M. (2004). Hipomelanosis de Ito. Un síndrome neurocutáneo heterogéneo y 

posiblemente infradiagnosticado [Hypomelanosis of Ito. A possibly under-diagnosed 

heterogeneous neurocutaneous syndrome]. Revista de neurologia, 38(3), 223–228. 

235



Goozen, S. H., van den Ban, E., Matthys, W., Cohen-Kettenis, P. T., Thijssen, J. H., & van 

Engeland, H. (2000). Increased adrenal androgen functioning in children with oppositional defiant 

disorder: a comparison with psychiatric and normal controls. Journal of the American Academy of 

Child and Adolescent Psychiatry, 39(11), 1446–1451. 

Green, J., & Goldwyn, R. (2002). Annotation: attachment disorganisation and psychopathology: 

new findings in attachment research and their potential implications for developmental 

psychopathology in childhood. Journal of child psychology and psychiatry, and allied 

disciplines, 43(7), 835–846. 

Gupta, A., Labus, J., Kilpatrick, L. A., Bonyadi, M., Ashe-McNalley, C., Heendeniya, N., Bradesi, 

S., Chang, L., & Mayer, E. A. (2016). Interactions of early adversity with stress-related gene 

polymorphisms impact regional brain structure in females. Brain structure & function, 221(3), 

1667–1679. 

Hamilton, A., Marshal, M. P., & Murray, P. J. (2011). Autism spectrum disorders and 

menstruation. The Journal of adolescent health : official publication of the Society for Adolescent 

Medicine, 49(4), 443–445. 

Hamza, R. T., Hewedi, D. H., & Ismail, M. A. (2010). Basal and adrenocorticotropic hormone 

stimulated plasma cortisol levels among Egyptian autistic children: relation to disease 

severity. Italian journal of pediatrics, 36, 71. 

236



Happé F. G. (1995). The role of age and verbal ability in the theory of mind task performance of 

subjects with autism. Child development, 66(3), 843–855. 

Happé F. G. (1993). Communicative competence and theory of mind in autism: a test of relevance 

theory. Cognition, 48(2), 101–119. 

Hare, B., Tomasello, M. (1999) Domestic dogs (Canis familiaris) use human and conspecific social 

cues to locate hidden food. Journal of Comprehensive Psychology, 113, 173–177.  

Hare, B., Wobber, V., Wrangham, R.W. (2012) The self-domestication hypothesis: bonobos 

evolved due to selection against male aggression. Animal Behavior, 83, 573–585. 

Hare B. (2017). Survival of the Friendliest: Homo sapiens Evolved via Selection for 

Prosociality. Annual review of psychology, 68, 155–186. 

Hashimoto, T., Aihara, R., Tayama, M., Miyazaki, M., Shirakawa, Y., & Kuroda, Y. (1991). 

Reduced thyroid-stimulating hormone response to thyrotropin-releasing hormone in autistic 

boys. Developmental medicine and child neurology, 33(4), 313–319. 

Haughian, J. M., & Bradford, A. P. (2009). Protein kinase C alpha (PKCalpha) regulates growth 

and invasion of endometrial cancer cells. Journal of cellular physiology, 220(1), 112–118. 

237



Hauth, I., de Bruijn, Y. G., Staal, W., Buitelaar, J. K., & Rommelse, N. N. (2014). Testing the 

extreme male brain theory of autism spectrum disorder in a familial design. Autism research : 

official journal of the International Society for Autism Research, 7(4), 491–500. 

Heim, C. M., Mayberg, H. S., Mletzko, T., Nemeroff, C. B., & Pruessner, J. C. (2013). Decreased 

cortical representation of genital somatosensory field after childhood sexual abuse. The American 

journal of psychiatry, 170(6), 616–623. 

Heinrichs, M., von Dawans, B., & Domes, G. (2009). Oxytocin, vasopressin, and human social 

behavior. Frontiers in neuroendocrinology, 30(4), 548–557. 

Hernádi, A., Kis, A., Turcsán, B., & Topál, J. (2012). Man's underground best friend: domestic 

ferrets, unlike the wild forms, show evidence of dog-like social-cognitive skills. PloS one, 7(8), 

e43267. 

Herrmann, E., Hare, B., Cissewski, J., & Tomasello, M. (2011). A comparison of temperament in 

nonhuman apes and human infants. Developmental science, 14(6), 1393–1405. 

Hill, A. P., Zuckerman, K. E., Hagen, A. D., Kriz, D. J., Duvall, S. W., van Santen, J., Nigg, J., 

Fair, D., & Fombonne, E. (2014). Aggressive Behavior Problems in Children with Autism 

Spectrum Disorders: Prevalence and Correlates in a Large Clinical Sample. Research in autism 

spectrum disorders, 8(9), 1121–1133. 

238



Himmler, B. T., Stryjek, R., Modlinska, K., Derksen, S. M., Pisula, W., & Pellis, S. M. (2013). 

How domestication modulates play behavior: a comparative analysis between wild rats and a 

laboratory strain of Rattus norvegicus. Journal of comparative psychology (Washington, D.C. : 

1983), 127(4), 453–464. 

Hinners, I., Wendler, F., Fei, H., Thomas, L., Thomas, G., & Tooze, S. A. (2003). AP-1 recruitment 

to VAMP4 is modulated by phosphorylation-dependent binding of PACS-1. EMBO reports, 4(12), 

1182–1189. 

Heller, S. S., Boris, N. W., Fuselier, S. H., Page, T., Koren-Karie, N., & Miron, D. (2006). Reactive 

attachment disorder in maltreated twins follow-up: from 18 months to 8 years. Attachment & 

human development, 8(1), 63–86. 

Hollocks, M. J., Howlin, P., Papadopoulos, A. S., Khondoker, M., & Simonoff, E. (2014). 

Differences in HPA-axis and heart rate responsiveness to psychosocial stress in children with 

autism spectrum disorders with and without co-morbid anxiety. Psychoneuroendocrinology, 46, 

32–45. 

Hong, M., Moon, D. S., Chang, H., Lee, S. Y., Cho, S. W., Lee, K. S., Park, J. A., Lee, S. M., & 

Bahn, G. H. (2018). Incidence and Comorbidity of Reactive Attachment Disorder: Based on 

National Health Insurance Claims Data, 2010-2012 in Korea. Psychiatry investigation, 15(2), 

118–123. 

239



Hori, Y., Ozaki, T., Yamada, Y., Tozaki, T., Kim, H. S., Takimoto, A., Endo, M., Manabe, N., 

Inoue-Murayama, M., & Fujita, K. (2013). Breed Differences in Dopamine Receptor D4 Gene 

(DRD4) in Horses. Journal of equine science, 24(3), 31–36. 

Hovey, D., Zettergren, A., Jonsson, L., Melke, J., Anckarsäter, H., Lichtenstein, P., & Westberg, 

L. (2014). Associations between oxytocin-related genes and autistic-like traits. Social

neuroscience, 9(4), 378–386. 

Hrabovszky, E., Halász, J., Meelis, W., Kruk, M. R., Liposits, Z., & Haller, J. (2005). 

Neurochemical characterization of hypothalamic neurons involved in attack behavior: 

glutamatergic dominance and co-expression of thyrotropin-releasing hormone in a subset of 

glutamatergic neurons. Neuroscience, 133(3), 657–666. 

Huang, S., Slomianka, L., Farmer, A. J., Kharlamova, A. V., Gulevich, R. G., Herbeck, Y. E., Trut, 

L. N., Wolfer, D. P., & Amrein, I. (2015). Selection for tameness, a key behavioral trait of

domestication, increases adult hippocampal neurogenesis in foxes. Hippocampus, 25(8), 963–975. 

Huber, L., Salobir, K., Mundry, R., Cimarelli, G. Selective overimitation in dogs. (2020) Learning 

Behavior, 48, 113-123.  

Ingudomnukul, E., Baron-Cohen, S., Wheelwright, S., & Knickmeyer, R. (2007). Elevated rates 

of testosterone-related disorders in women with autism spectrum conditions. Hormones and 

behavior, 51(5), 597–604. 

240



Iossifov, I., O'Roak, B. J., Sanders, S. J., Ronemus, M., Krumm, N., Levy, D., Stessman, H. A., 

Witherspoon, K. T., Vives, L., Patterson, K. E., Smith, J. D., Paeper, B., Nickerson, D. A., Dea, 

J., Dong, S., Gonzalez, L. E., Mandell, J. D., Mane, S. M., Murtha, M. T., Sullivan, C. A., … 

Wigler, M. (2014). The contribution of de novo coding mutations to autism spectrum 

disorder. Nature, 515(7526), 216–221. 

Iossifov, I., Ronemus, M., Levy, D., Wang, Z., Hakker, I., Rosenbaum, J., Yamrom, B., Lee, Y. 

H., Narzisi, G., Leotta, A., Kendall, J., Grabowska, E., Ma, B., Marks, S., Rodgers, L., Stepansky, 

A., Troge, J., Andrews, P., Bekritsky, M., Pradhan, K., … Wigler, M. (2012). De novo gene 

disruptions in children on the autistic spectrum. Neuron, 74(2), 285–299. 

Itoh, M., Kim, C. H., Palardy, G., Oda, T., Jiang, Y. J., Maust, D., Yeo, S. Y., Lorick, K., Wright, 

G. J., Ariza-McNaughton, L., Weissman, A. M., Lewis, J., Chandrasekharappa, S. C., & Chitnis,

A. B. (2003). Mind bomb is a ubiquitin ligase that is essential for efficient activation of Notch 

signaling by Delta. Developmental cell, 4(1), 67–82. 

Jacobson L. (2014). Hypothalamic-pituitary-adrenocortical axis: neuropsychiatric 

aspects. Comprehensive Physiology, 4(2), 715–738. 

Johnston, A.M., Turrin, C., Watson, L., Arre, A.M., Santos, L.R. (2017) Uncovering the origins 

of dog-human eye contact: dingoes establish eye contact more than wolves, but less than dogs. 

Animal Behavior, 133, 123–9. 

241



Jung, M., Takiguchi, S., Hamamura, S., Mizuno, Y., Kosaka, H., & Tomoda, A. (2020). Thalamic 

Volume Is Related to Increased Anterior Thalamic Radiations in Children with Reactive 

Attachment Disorder. Cerebral cortex (New York, N.Y. : 1991), 30(7), 4238–4245. 

Kaiser, S., Hennessy, M. B., & Sachser, N. (2015). Domestication affects the structure, 

development and stability of biobehavioural profiles. Frontiers in zoology, 12(Suppl 1), S19. 

Kaland, N., Møller-Nielsen, A., Callesen, K., Mortensen, E. L., Gottlieb, D., & Smith, L. (2002). 

A new 'advanced' test of theory of mind: evidence from children and adolescents with Asperger 

syndrome. Journal of child psychology and psychiatry, and allied disciplines, 43(4), 517–528. 

Kaminski, J,. Nitzschner, M. (2013) Do dogs get the point? A review of dog–human 

communication ability. Learning and Motivation, 44, 294–302. 

Kapoor, S. (1973) Socialization and Feral Children. Revista Internacional de Sociología, 31,195. 

Katoh M. (2001). Molecular cloning and characterization of MFRP, a novel gene encoding a 

membrane-type Frizzled-related protein. Biochemical and biophysical research 

communications, 282(1), 116–123. 

Kemph, J., Voeller, K. (2008) Reactive attachment disorder in adolescence. Adolescent Psychiatry 

(United States), 30, 159-178. 

242



Kent, R. D., & Murray, A. D. (1982). Acoustic features of infant vocalic utterances at 3, 6, and 9 

months. The Journal of the Acoustical Society of America, 72(2), 353–365. 

Kidd, T., Brose, K., Mitchell, K. J., Fetter, R. D., Tessier-Lavigne, M., Goodman, C. S., & Tear, 

G. (1998). Roundabout controls axon crossing of the CNS midline and defines a novel subfamily

of evolutionarily conserved guidance receptors. Cell, 92(2), 205–215. 

Kilsby, A. J., Cruwys, M., Kukendrajah, C., Russell-Eggitt, I., Raglan, E., Rajput, K., Lohse, P., 

& Brady, A. F. (2013). Homozygosity for piebaldism with a proven KIT mutation resulting in 

depigmentation of the skin and hair, deafness, developmental delay and autism spectrum 

disorder. Clinical dysmorphology, 22(2), 64–67. 

Kissine, M. (2012) Pragmatics, cognitive flexibility and autism spectrum disorders. Mind and 

Language, 27, 1–28. 

Kjelgaard, M. M., & Tager-Flusberg, H. (2001). An Investigation of Language Impairment in 

Autism: Implications for Genetic Subgroups. Language and cognitive processes, 16(2-3), 287–

308. 

Knickmeyer, R. C., Wheelwright, S., Hoekstra, R., & Baron-Cohen, S. (2006). Age of menarche 

in females with autism spectrum conditions. Developmental medicine and child neurology, 48(12), 

1007–1008. 

243



Kočovská, E., Wilson, P., Young, D., Wallace, A. M., Gorski, C., Follan, M., Smillie, M., 

Puckering, C., Barnes, J., Gillberg, C., & Minnis, H. (2013). Cortisol secretion in children with 

symptoms of reactive attachment disorder. Psychiatry research, 209(1), 74–77. 

Komiyama, T., Iwama, H., Osada, N., Nakamura, Y., Kobayashi, H., Tateno, Y., & Gojobori, T. 

(2014). Dopamine receptor genes and evolutionary differentiation in the domestication of fighting 

cocks and long-crowing chickens. PloS one, 9(7), e101778. 

Krause, E. T., Kjaer, J. B., Dudde, A., Schrader, L., & Phi-van, L. (2019). Fear but not social 

behaviour is affected by a polymorphism in the 5'-flanking region of the serotonin transporter (5-

HTT) gene in adult hens. Behavioural brain research, 361, 50–53. 

Krug, A., Nieratschker, V., Markov, V., Krach, S., Jansen, A., Zerres, K., Eggermann, T., Stöcker, 

T., Shah, N. J., Treutlein, J., Mühleisen, T. W., & Kircher, T. (2010). Effect of CACNA1C 

rs1006737 on neural correlates of verbal fluency in healthy individuals. NeuroImage, 49(2), 1831–

1836. 

Kruska D. C. (1988). The brain of the basking shark (Cetorhinus maximus). Brain, behavior and 

evolution, 32(6), 353–363. 

244



Kruska D. C. (2005). On the evolutionary significance of encephalization in some eutherian 

mammals: effects of adaptive radiation, domestication, and feralization. Brain, behavior and 

evolution, 65(2), 73–108. 

Kruska, D.C.T. (2014) Comparative quantitative investigations on brains of wild cavies (Cavia 

aperea) and guinea pigs (Cavia aperea f. porcellus) A contribution to size changes of CNS 

structures due to domestication. Mammalian Biology—Zeitschrift für Säugetierkunde, 79, 230–9. 

Kruska, D., & Röhrs, M. (1974). Comparative--quantitative investigations on brains of feral pigs 

from the Galapagos Islands and of European domestic pigs. Zeitschrift fur Anatomie und 

Entwicklungsgeschichte, 144(1), 61–73. 

Kumar, D., Koyanagi, I., Carrier-Ruiz, A., Vergara, P., Srinivasan, S., Sugaya, Y., Kasuya, M., 

Yu, T. S., Vogt, K. E., Muratani, M., Ohnishi, T., Singh, S., Teixeira, C. M., Chérasse, Y., Naoi, 

T., Wang, S. H., Nondhalee, P., Osman, B., Kaneko, N., Sawamoto, K., … Sakaguchi, M. (2020). 

Sparse Activity of Hippocampal Adult-Born Neurons during REM Sleep Is Necessary for Memory 

Consolidation. Neuron, 107(3), 552–565.e10. 

Künzl, C., & Sachser, N. (1999). The behavioral endocrinology of domestication: A comparison 

between the domestic guinea pig (Cavia aperea f. porcellus) and its wild ancestor, the cavy (Cavia 

aperea). Hormones and behavior, 35(1), 28–37. 

245



Küry, S., Besnard, T., Ebstein, F., Khan, T. N., Gambin, T., Douglas, J., Bacino, C. A., Craigen, 

W. J., Sanders, S. J., Lehmann, A., Latypova, X., Khan, K., Pacault, M., Sacharow, S., Glaser, K.,

Bieth, E., Perrin-Sabourin, L., Jacquemont, M. L., Cho, M. T., Roeder, E., … Isidor, B. (2017). 

De Novo Disruption of the Proteasome Regulatory Subunit PSMD12 Causes a Syndromic 

Neurodevelopmental Disorder. American journal of human genetics, 100(2), 352–363. 

Lakatos, K., Toth, I., Nemoda, Z., Ney, K., Sasvari-Szekely, M., & Gervai, J. (2000). Dopamine 

D4 receptor (DRD4) gene polymorphism is associated with attachment disorganization in 

infants. Molecular psychiatry, 5(6), 633–637. 

Lane, H. (1976) The Wild Boy of Aveyron. Cambridge, Harvard University Press. 

Langley, S. A., Miga, K. H., Karpen, G. H., & Langley, C. H. (2019). Haplotypes spanning 

centromeric regions reveal persistence of large blocks of archaic DNA. eLife, 8, e42989. 

Leach, H.M. (2003) Human domestication reconsidered. Current Anthropology, 44, 349–368. 

Linderholm, A., Spencer, D., Battista, V., Frantz, L., Barnett, R., Fleischer, R. C., James, H. F., 

Duffy, D., Sparks, J. P., Clements, D. R., Andersson, L., Dobney, K., Leonard, J. A., & Larson, 

G. (2016). A novel MC1R allele for black coat colour reveals the Polynesian ancestry and

hybridization patterns of Hawaiian feral pigs. Royal Society open science, 3(9), 160304. 

246



Lindgren, K. A., Folstein, S. E., Tomblin, J. B., & Tager-Flusberg, H. (2009). Language and 

reading abilities of children with autism spectrum disorders and specific language impairment and 

their first-degree relatives. Autism research : official journal of the International Society for 

Autism Research, 2(1), 22–38. 

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A., Sharma, S., Pearson, 

D., Plotsky, P. M., & Meaney, M. J. (1997). Maternal care, hippocampal glucocorticoid receptors, 

and hypothalamic-pituitary-adrenal responses to stress. Science (New York, N.Y.), 277(5332), 

1659–1662. 

Lord, K., Feinstein, M., Smith, B., & Coppinger, R. (2013). Variation in reproductive traits of 

members of the genus Canis with special attention to the domestic dog (Canis 

familiaris). Behavioural processes, 92, 131–142. 

Lord, C., Paul, R. (1997) Language and communication in autism. In D. J. Cohen and F. R. 

Volkmar (eds), Handbook of Autism and Pervasive Developmental Disorders, 2nd edn. New York, 

Wiley, 195–225. 

Lourenco-Jaramillo, D. L., Sifuentes-Rincón, A. M., Parra-Bracamonte, G. M., de la Rosa-Reyna, 

X. F., Segura-Cabrera, A., & Arellano-Vera, W. (2012). Genetic diversity of tyrosine hydroxylase

(TH) and dopamine β-hydroxylase (DBH) genes in cattle breeds. Genetics and molecular 

biology, 35(2), 435–440. 

247



Luijk, M. P., Roisman, G. I., Haltigan, J. D., Tiemeier, H., Booth-Laforce, C., van Ijzendoorn, M. 

H., Belsky, J., Uitterlinden, A. G., Jaddoe, V. W., Hofman, A., Verhulst, F. C., Tharner, A., & 

Bakermans-Kranenburg, M. J. (2011). Dopaminergic, serotonergic, and oxytonergic candidate 

genes associated with infant attachment security and disorganization? In search of main and 

interaction effects. Journal of child psychology and psychiatry, and allied disciplines, 52(12), 

1295–1307. 

Luppanapornlarp, S., Leelataweewud, P., Putongkam, P., & Ketanont, S. (2010). Periodontal 

status and orthodontic treatment need of autistic children. World journal of orthodontics, 11(3), 

256–261. 

Lyst, M. J., Ekiert, R., Ebert, D. H., Merusi, C., Nowak, J., Selfridge, J., Guy, J., Kastan, N. R., 

Robinson, N. D., de Lima Alves, F., Rappsilber, J., Greenberg, M. E., & Bird, A. (2013). Rett 

syndrome mutations abolish the interaction of MeCP2 with the NCoR/SMRT co-repressor. Nature 

neuroscience, 16(7), 898–902. 

Lyst, M. J., Ekiert, R., Ebert, D. H., Merusi, C., Nowak, J., Selfridge, J., Guy, J., Kastan, N. R., 

Robinson, N. D., de Lima Alves, F., Rappsilber, J., Greenberg, M. E., & Bird, A. (2013). Rett 

syndrome mutations abolish the interaction of MeCP2 with the NCoR/SMRT co-repressor. Nature 

neuroscience, 16(7), 898–902. 

Maekawa M, Ohnishi T, Toyoshima M, Shimamoto-Mitsuyama C, Hamazaki K, Balan S, Wada 

Y, Esaki K, Takagai S, Tsuchiya KJ, Nakamura K, Iwata Y, Nara T, Iwayama Y, Toyota T, Nozaki 

248



Y, Ohba H, Watanabe A, Hisano Y, Matsuoka S, Tsujii M, Mori N, Maekawa, M., Ohnishi, T., 

Toyoshima, M., Shimamoto-Mitsuyama, C., Hamazaki, K., Balan, S., Wada, Y., Esaki, K., 

Takagai, S., Tsuchiya, K. J., Nakamura, K., Iwata, Y., Nara, T., Iwayama, Y., Toyota, T., Nozaki, 

Y., Ohba, H., Watanabe, A., Hisano, Y., Matsuoka, S., … Yoshikawa, T. (2020). A potential role 

of fatty acid binding protein 4 in the pathophysiology of autism spectrum disorder. Brain 

communications, 2(2), fcaa145. 

Makita, K., Takiguchi, S., Naruse, H., Shimada, K., Morioka, S., Fujisawa, T. X., Shimoji, K., & 

Tomoda, A. (2020). White matter changes in children and adolescents with reactive attachment 

disorder: A diffusion tensor imaging study. Psychiatry research. Neuroimaging, 303, 111129. 

Manoli, D. S., & State, M. W. (2021). Autism Spectrum Disorder Genetics and the Search for 

Pathological Mechanisms. The American journal of psychiatry, 178(1), 30–38. 

Manouilenko, I., Eriksson, J. M., Humble, M. B., & Bejerot, S. (2014). Minor physical anomalies 

in adults with autism spectrum disorder and healthy controls. Autism research and 

treatment, 2014, 743482. 

Margoliash D. (2002). Evaluating theories of bird song learning: implications for future 

directions. Journal of comparative physiology. A, Neuroethology, sensory, neural, and behavioral 

physiology, 188(11-12), 851–866. 

249



Marler, P., & Sherman, V. (1983). Song structure without auditory feedback: emendations of the 

auditory template hypothesis. The Journal of neuroscience : the official journal of the Society for 

Neuroscience, 3(3), 517–531. 

Márquez, C., Poirier, G. L., Cordero, M. I., Larsen, M. H., Groner, A., Marquis, J., Magistretti, P. 

J., Trono, D., & Sandi, C. (2013). Peripuberty stress leads to abnormal aggression, altered 

amygdala and orbitofrontal reactivity and increased prefrontal MAOA gene 

expression. Translational psychiatry, 3(1), e216. 

Márquez, S., Pagano, A. S., Delson, E., Lawson, W., & Laitman, J. T. (2014). The nasal complex 

of Neanderthals: an entry portal to their place in human ancestry. Anatomical record (Hoboken, 

N.J. : 2007), 297(11), 2121–2137. 

Marui, T., Hashimoto, O., Nanba, E., Kato, C., Tochigi, M., Umekage, T., Ishijima, M., Kohda, 

K., Kato, N., & Sasaki, T. (2004). Association between the neurofibromatosis-1 (NF1) locus and 

autism in the Japanese population. American journal of medical genetics. Part B, Neuropsychiatric 

genetics : the official publication of the International Society of Psychiatric Genetics, 131B(1), 

43–47. 

Maud, C., Ryan, J., McIntosh, J. E., & Olsson, C. A. (2018). The role of oxytocin receptor gene 

(OXTR) DNA methylation (DNAm) in human social and emotional functioning: a systematic 

narrative review. BMC psychiatry, 18(1), 154. 

250



McCann, J., Peppé, S., Gibbon, F. E., O'Hare, A., & Rutherford, M. (2007). Prosody and its 

relationship to language in school-aged children with high-functioning autism. International 

journal of language & communication disorders, 42(6), 682–702. 

McNeil, M., Polloway, E., Smith, D. (1984) Feral and isolated children: historical review and 

analysis. Education and training of the mentally retarded, 19, 70-79.  

Mehlhorn, J., & Rehkämper, G. (2009). Neurobiology of the homing pigeon--a review. Die 

Naturwissenschaften, 96(9), 1011–1025. 

Miellet, S., Caldara, R., Gillberg, C., Raju, M., & Minnis, H. (2014). Disinhibited reactive 

attachment disorder symptoms impair social judgements from faces. Psychiatry research, 215(3), 

747–752. 

Mikita, N., Hollocks, M. J., Papadopoulos, A. S., Aslani, A., Harrison, S., Leibenluft, E., Simonoff, 

E., & Stringaris, A. (2015). Irritability in boys with autism spectrum disorders: an investigation of 

physiological reactivity. Journal of child psychology and psychiatry, and allied 

disciplines, 56(10), 1118–1126. 

Minnis, H., Reekie, J., Young, D., O'Connor, T., Ronald, A., Gray, A., & Plomin, R. (2007). 

Genetic, environmental and gender influences on attachment disorder behaviours. The British 

journal of psychiatry : the journal of mental science, 190, 490–495. 

251



Moles, A., Kieffer, B. L., & D'Amato, F. R. (2004). Deficit in attachment behavior in mice lacking 

the mu-opioid receptor gene. Science (New York, N.Y.), 304(5679), 1983–1986. 

Mosconi, M. W., Cody-Hazlett, H., Poe, M. D., Gerig, G., Gimpel-Smith, R., & Piven, J. (2009). 

Longitudinal study of amygdala volume and joint attention in 2- to 4-year-old children with 

autism. Archives of general psychiatry, 66(5), 509–516. 

Murphy, C. M., Deeley, Q., Daly, E. M., Ecker, C., O'Brien, F. M., Hallahan, B., Loth, E., Toal, 

F., Reed, S., Hales, S., Robertson, D. M., Craig, M. C., Mullins, D., Barker, G. J., Lavender, T., 

Johnston, P., Murphy, K. C., & Murphy, D. G. (2012). Anatomy and aging of the amygdala and 

hippocampus in autism spectrum disorder: an in vivo magnetic resonance imaging study of 

Asperger syndrome. Autism research : official journal of the International Society for Autism 

Research, 5(1), 3–12. 

Naber, F. B., Bakermans-Kranenburg, M. J., van Ijzendoorn, M. H., Swinkels, S. H., Buitelaar, J. 

K., Dietz, C., van Daalen, E., & van Engeland, H. (2008). Play behavior and attachment in toddlers 

with autism. Journal of autism and developmental disorders, 38(5), 857–866. 

Nagasawa, M., Mitsui, S., En, S., Ohtani, N., Ohta, M., Sakuma, Y., Onaka, T., Mogi, K., & 

Kikusui, T. (2015). Social evolution. Oxytocin-gaze positive loop and the coevolution of human-

dog bonds. Science (New York, N.Y.), 348(6232), 333–336. 

252



Naumann, N., Lübke, J., Shomali, W., Reiter, L., Horny, H. P., Jawhar, M., Dangelo, V., Fabarius, 

A., Metzgeroth, G., Kreil, S., Sotlar, K., Oni, C., Harrison, C., Hofmann, W. K., Cross, N., Valent, 

P., Radia, D., Gotlib, J., Reiter, A., & Schwaab, J. (2021). Clinical and histopathological features 

of myeloid neoplasms with concurrent Janus kinase 2 (JAK2) V617F and KIT proto-oncogene, 

receptor tyrosine kinase (KIT) D816V mutations. British journal of haematology, 

10.1111/bjh.17567. Advance online publication. 

Naumenko, E.V., Belyaev, D.K. (1980) Neuroendocrine mechanisms in animal domestication. In: 

Belyaev DK, editor. Problems in general genetics. Proceedings XIY International Congress of 

Genetics, 2, 12–24. 

Neumann I. D. (2002). Involvement of the brain oxytocin system in stress coping: interactions 

with the hypothalamo-pituitary-adrenal axis. Progress in brain research, 139, 147–162. 

Nicastro N. (2004). Perceptual and acoustic evidence for species-level differences in meow 

vocalizations by domestic cats (Felis catus) and African wild cats (Felis silvestris lybica). Journal 

of comparative psychology (Washington, D.C. : 1983), 118(3), 287–296. 

Niego, A., & Benítez-Burraco, A. (2019). Williams Syndrome, Human Self-Domestication, and 

Language Evolution. Frontiers in psychology, 10, 521. 

Niego, A., Benitez-Burraco, A. (in press) Domestication and Feralization. Submitted 2021. 

253



Nikulina E. M. (1991). Neural control of predatory aggression in wild and domesticated 

animals. Neuroscience and biobehavioral reviews, 15(4), 545–547. 

Nillni, E. A., & Sevarino, K. A. (1999). The biology of pro-thyrotropin-releasing hormone-derived 

peptides. Endocrine reviews, 20(5), 599–648. 

O’Connor, T., Bredenkamp, D., Rutter, M. (1999) Attachment disturbances and disorders in 

children exposed to severe early deprivation. Infant Mental Health Journal, 20, 10–29. 

Okanoya K. (2017). Sexual communication and domestication may give rise to the signal 

complexity necessary for the emergence of language: An indication from songbird 

studies. Psychonomic bulletin & review, 24(1), 106–110. 

Oliva, J. L., Rault, J. L., Appleton, B., & Lill, A. (2015). Oxytocin enhances the appropriate use 

of human social cues by the domestic dog (Canis familiaris) in an object choice task. Animal 

cognition, 18(3), 767–775. 

O'Roak, B. J., Deriziotis, P., Lee, C., Vives, L., Schwartz, J. J., Girirajan, S., Karakoc, E., 

Mackenzie, A. P., Ng, S. B., Baker, C., Rieder, M. J., Nickerson, D. A., Bernier, R., Fisher, S. E., 

Shendure, J., & Eichler, E. E. (2011). Exome sequencing in sporadic autism spectrum disorders 

identifies severe de novo mutations. Nature genetics, 43(6), 585–589. 

254



O'Roak, B. J., Vives, L., Girirajan, S., Karakoc, E., Krumm, N., Coe, B. P., Levy, R., Ko, A., Lee, 

C., Smith, J. D., Turner, E. H., Stanaway, I. B., Vernot, B., Malig, M., Baker, C., Reilly, B., Akey, 

J. M., Borenstein, E., Rieder, M. J., Nickerson, D. A., … Eichler, E. E. (2012). Sporadic autism

exomes reveal a highly interconnected protein network of de novo mutations. Nature, 485(7397), 

246–250. 

Oskina, I.N. (1996) Analysis of the functional state of the pituitary-adrenal axis during posnatal 

development of domesticated silver foxes (Vulpes vulpes) Scientifur, 20, 159–167. 

Owens, J. L., Olsen, M., Fontaine, A., Kloth, C., Kershenbaum, A., & Waller, S. (2017). Visual 

classification of feral cat Felis silvestris catus vocalizations. Current zoology, 63(3), 331–339. 

Pan, Z., Li, S., Liu, Q., Wang, Z., Zhou, Z., Di, R., Miao, B., Hu, W., Wang, X., Hu, X., Xu, Z., 

Wei, D., He, X., Yuan, L., Guo, X., Liang, B., Wang, R., Li, X., Cao, X., Dong, X., … Li, Y. 

(2018). Whole-genome sequences of 89 Chinese sheep suggest role of RXFP2 in the development 

of unique horn phenotype as response to semi-feralization. GigaScience, 7(4), giy019. 

Park, H. R., Lee, J. M., Moon, H. E., Lee, D. S., Kim, B. N., Kim, J., Kim, D. G., & Paek, S. H. 

(2016). A Short Review on the Current Understanding of Autism Spectrum 

Disorders. Experimental neurobiology, 25(1), 1–13. 

255



Paul, R., Bianchi, N., Augustyn, A., Klin, A., & Volkmar, F. (2008). Production of Syllable Stress 

in Speakers with Autism Spectrum Disorders. Research in autism spectrum disorders, 2(1), 110–

124. 

Per, Jensen P. (2006) Domestication—From behaviour to genes and back again. Applied Animal 

Behaviour Science, 97, 3-15. 

Perovic, A., Janke, V. (2013) Issues in the acquisition of binding and control in high-functioning 

children with autism. UCL Working Papers in Linguistics, 25, 131-143. 

Pfenning, A. R., Hara, E., Whitney, O., Rivas, M. V., Wang, R., Roulhac, P. L., Howard, J. T., 

Wirthlin, M., Lovell, P. V., Ganapathy, G., Mouncastle, J., Moseley, M. A., Thompson, J. W., 

Soderblom, E. J., Iriki, A., Kato, M., Gilbert, M. T., Zhang, G., Bakken, T., Bongaarts, A., … 

Jarvis, E. D. (2014). Convergent transcriptional specializations in the brains of humans and song-

learning birds. Science (New York, N.Y.), 346(6215), 1256846. 

Physical Characteristics of Feral Hogs. (2019, August 28) Feral Hogs. 

https://feralhogs.extension.org/physical-characteristics-of-feral-hogs/ 

Pickering, C., Gustafsson, L., Cebere, A., Nylander, I., & Liljequist, S. (2006). Repeated maternal 

separation of male Wistar rats alters glutamate receptor expression in the hippocampus but not the 

prefrontal cortex. Brain research, 1099(1), 101–108. 

256



Plavcan J. M. (2012). Sexual size dimorphism, canine dimorphism, and male-male competition in 

primates: where do humans fit in?. Human nature (Hawthorne, N.Y.), 23(1), 45–67. 

Prasad, A., Merico, D., Thiruvahindrapuram, B., Wei, J., Lionel, A. C., Sato, D., Rickaby, J., Lu, 

C., Szatmari, P., Roberts, W., Fernandez, B. A., Marshall, C. R., Hatchwell, E., Eis, P. S., & 

Scherer, S. W. (2012). A discovery resource of rare copy number variations in individuals with 

autism spectrum disorder. G3 (Bethesda, Md.), 2(12), 1665–1685. 

Prather, J. F., Peters, S., Nowicki, S., & Mooney, R. (2008). Precise auditory-vocal mirroring in 

neurons for learned vocal communication. Nature, 451(7176), 305–310. 

Progovac, L., & Benítez-Burraco, A. (2019). From Physical Aggression to Verbal Behavior: 

Language Evolution and Self-Domestication Feedback Loop. Frontiers in psychology, 10, 2807. 

Puglia, M. H., Connelly, J. J., & Morris, J. P. (2018). Epigenetic regulation of the oxytocin receptor 

is associated with neural response during selective social attention. Translational psychiatry, 8(1), 

116. 

Raaska, H., Lapinleimu, H., Sinkkonen, J., Salmivalli, C., Matomäki, J., Mäkipää, S., & Elovainio, 

M. (2012). Experiences of school bullying among internationally adopted children: results from

the Finnish Adoption (FINADO) Study. Child psychiatry and human development, 43(4), 592–

611.

257



Range, F., & Virányi, Z. (2013). Social learning from humans or conspecifics: differences and 

similarities between wolves and dogs. Frontiers in psychology, 4, 868. 

Reif, A., Rösler, M., Freitag, C. M., Schneider, M., Eujen, A., Kissling, C., Wenzler, D., Jacob, C. 

P., Retz-Junginger, P., Thome, J., Lesch, K. P., & Retz, W. (2007). Nature and nurture predispose 

to violent behavior: serotonergic genes and adverse childhood 

environment. Neuropsychopharmacology : official publication of the American College of 

Neuropsychopharmacology, 32(11), 2375–2383. 

Reinhardt, V. P., Iosif, A. M., Libero, L., Heath, B., Rogers, S. J., Ferrer, E., Nordahl, C., Ghetti, 

S., Amaral, D., & Solomon, M. (2020). Understanding Hippocampal Development in Young 

Children With Autism Spectrum Disorder. Journal of the American Academy of Child and 

Adolescent Psychiatry, 59(9), 1069–1079. 

Ricks, D.M., Wing, L. (1976) Language, communication and use of symbols. In: Wing L, editor. 

Early childhood autism. Oxford, Pergamon, 93–134.  

Rilling, J. K., Scholz, J., Preuss, T. M., Glasser, M. F., Errangi, B. K., & Behrens, T. E. (2012). 

Differences between chimpanzees and bonobos in neural systems supporting social 

cognition. Social cognitive and affective neuroscience, 7(4), 369–379. 

258



Rodriguez-Fontenla, C., & Carracedo, A. (2021). UTMOST, a single and cross-tissue TWAS 

(Transcriptome Wide Association Study), reveals new ASD (Autism Spectrum Disorder) 

associated genes. Translational psychiatry, 11(1), 256. 

Röhrs, M., & Ebinger, P. (1999). Verwildert ist nicht gleich wild: Die Hirngewichte verwilderter 

Haussäugetiere [Wild is not really wild: brain weight of wild domestic mammals]. Berliner und 

Munchener tierarztliche Wochenschrift, 112(6-7), 234–238. 

Rolls E. T. (2015). Limbic systems for emotion and for memory, but no single limbic 

system. Cortex; a journal devoted to the study of the nervous system and behavior, 62, 119–157. 

Rose, K.M., Wodzicka-Tomaszewska, M., Cumming, R.B. (1985) Agonistic behaviour, responses 

to a novel object and some aspects of maintenance behaviour in feral-strain and domestic chickens. 

Applied Animal Behavioral Science, 13, 283-294. 

Rothschild, G., Sottas, C. M., Kissel, H., Agosti, V., Manova, K., Hardy, M. P., & Besmer, P. 

(2003). A role for kit receptor signaling in Leydig cell steroidogenesis. Biology of 

reproduction, 69(3), 925–932. 

Roulin A. (2004). The evolution, maintenance and adaptive function of genetic colour 

polymorphism in birds. Biological reviews of the Cambridge Philosophical Society, 79(4), 815–

848.

259



Ruan, C., & Zhang, Z. (2016). Laboratory domestication changed the expression patterns of 

oxytocin and vasopressin in brains of rats and mice. Anatomical science international, 91(4), 358–

370. 

Russo, N., Larson, C., & Kraus, N. (2008). Audio-vocal system regulation in children with autism 

spectrum disorders. Experimental brain research, 188(1), 111–124. 

Rutter, M., Colvert, E., Kreppner, J., Beckett, C., Castle, J., Groothues, C., Hawkins, A., O'Connor, 

T. G., Stevens, S. E., & Sonuga-Barke, E. J. (2007). Early adolescent outcomes for institutionally-

deprived and non-deprived adoptees. I: disinhibited attachment. Journal of child psychology and 

psychiatry, and allied disciplines, 48(1), 17–30. 

Rutter, M., Kreppner, J., & Sonuga-Barke, E. (2009). Emanuel Miller Lecture: Attachment 

insecurity, disinhibited attachment, and attachment disorders: where do research findings leave the 

concepts?. Journal of child psychology and psychiatry, and allied disciplines, 50(5), 529–543. 

Rymer, R. (1994) Genie: A Scientific Tragedy (2 ed.). New York, NY: Harper Perennial. 

Sabbagh, A., Pasmant, E., Imbard, A., Luscan, A., Soares, M., Blanché, H., Laurendeau, I., Ferkal, 

S., Vidaud, M., Pinson, S., Bellanné-Chantelot, C., Vidaud, D., Parfait, B., & Wolkenstein, P. 

(2013). NF1 molecular characterization and neurofibromatosis type I genotype-phenotype 

correlation: the French experience. Human mutation, 34(11), 1510–1518. 

260



Sacco, R., Gabriele, S., & Persico, A. M. (2015). Head circumference and brain size in autism 

spectrum disorder: A systematic review and meta-analysis. Psychiatry research, 234(2), 239–251. 

Sadiq, F. A., Slator, L., Skuse, D., Law, J., Gillberg, C., & Minnis, H. (2012). Social use of 

language in children with reactive attachment disorder and autism spectrum disorders. European 

child & adolescent psychiatry, 21(5), 267–276. 

Saito, A., Watanabe, T. K., Shimada, Y., Fujiwara, T., Slaughter, C. A., DeMartino, G. N., 

Tanahashi, N., & Tanaka, K. (1997). cDNA cloning and functional analysis of p44.5 and p55, two 

regulatory subunits of the 26S proteasome. Gene, 203(2), 241–250. 

Saladin, K.S., Gan, C.A., Cushman, H.N. (2015) Anatomy & Physiology: the Unity of Form and 

Function, 8th edn. New York, NY, McGraw-Hill Education.  

Sánchez-Villagra, M. R., Geiger, M., & Schneider, R. A. (2016). The taming of the neural crest: a 

developmental perspective on the origins of morphological covariation in domesticated 

mammals. Royal Society open science, 3(6), 160107. 

Sanders, S. J., He, X., Willsey, A. J., Ercan-Sencicek, A. G., Samocha, K. E., Cicek, A. E., Murtha, 

M. T., Bal, V. H., Bishop, S. L., Dong, S., Goldberg, A. P., Jinlu, C., Keaney, J. F., 3rd, Klei, L.,

Mandell, J. D., Moreno-De-Luca, D., Poultney, C. S., Robinson, E. B., Smith, L., Solli-Nowlan, 

T., … State, M. W. (2015). Insights into Autism Spectrum Disorder Genomic Architecture and 

Biology from 71 Risk Loci. Neuron, 87(6), 1215–1233. 

261



Sanders, S. J., Murtha, M. T., Gupta, A. R., Murdoch, J. D., Raubeson, M. J., Willsey, A. J., Ercan-

Sencicek, A. G., DiLullo, N. M., Parikshak, N. N., Stein, J. L., Walker, M. F., Ober, G. T., Teran, 

N. A., Song, Y., El-Fishawy, P., Murtha, R. C., Choi, M., Overton, J. D., Bjornson, R. D., Carriero,

N. J., … State, M. W. (2012). De novo mutations revealed by whole-exome sequencing are

strongly associated with autism. Nature, 485(7397), 237–241. 

Satterstrom, F. K., Kosmicki, J. A., Wang, J., Breen, M. S., De Rubeis, S., An, J. Y., Peng, M., 

Collins, R., Grove, J., Klei, L., Stevens, C., Reichert, J., Mulhern, M. S., Artomov, M., Gerges, S., 

Sheppard, B., Xu, X., Bhaduri, A., Norman, U., Brand, H., … Buxbaum, J. D. (2020). Large-Scale 

Exome Sequencing Study Implicates Both Developmental and Functional Changes in the 

Neurobiology of Autism. Cell, 180(3), 568–584.e23. 

Scatliffe, N., Casavant, S., Vittner, D., & Cong, X. (2019). Oxytocin and early parent-infant 

interactions: A systematic review. International journal of nursing sciences, 6(4), 445–453. 

Schaschl, H., Huber, S., Schaefer, K., Windhager, S., Wallner, B., & Fieder, M. (2015). Signatures 

of positive selection in the cis-regulatory sequences of the human oxytocin receptor (OXTR) and 

arginine vasopressin receptor 1a (AVPR1A) genes. BMC evolutionary biology, 15, 85. 

Schoen, E., Paul, R., & Chawarska, K. (2011). Phonology and vocal behavior in toddlers with 

autism spectrum disorders. Autism research : official journal of the International Society for 

Autism Research, 4(3), 177–188. 

262



Schultz, R. T., Grelotti, D. J., Klin, A., Kleinman, J., Van der Gaag, C., Marois, R., & Skudlarski, 

P. (2003). The role of the fusiform face area in social cognition: implications for the pathobiology

of autism. Philosophical transactions of the Royal Society of London. Series B, Biological 

sciences, 358(1430), 415–427. 

Schumann, C. M., Hamstra, J., Goodlin-Jones, B. L., Lotspeich, L. J., Kwon, H., Buonocore, M. 

H., Lammers, C. R., Reiss, A. L., & Amaral, D. G. (2004). The amygdala is enlarged in children 

but not adolescents with autism; the hippocampus is enlarged at all ages. The Journal of 

neuroscience : the official journal of the Society for Neuroscience, 24(28), 6392–6401. 

Schuurs-Hoeijmakers, J. H., Landsverk, M. L., Foulds, N., Kukolich, M. K., Gavrilova, R. H., 

Greville-Heygate, S., Hanson-Kahn, A., Bernstein, J. A., Glass, J., Chitayat, D., Burrow, T. A., 

Husami, A., Collins, K., Wusik, K., van der Aa, N., Kooy, F., Brown, K. T., Gadzicki, D., Kini, 

U., Alvarez, S., … DDD study (2016). Clinical delineation of the PACS1-related syndrome--

Report on 19 patients. American journal of medical genetics. Part A, 170(3), 670–675. 

Schweizer, A. V., Lebrun, R., Wilson, L., Costeur, L., Schmelzle, T., & Sánchez-Villagra, M. R. 

(2017). Size Variation under Domestication: Conservatism in the inner ear shape of wolves, dogs 

and dingoes. Scientific reports, 7(1), 13330. 

Sharma, N. (2009) Rett Syndrome. Encyclopedia of Neuroscience. 

263



Shea, B. (1989) Heterochrony in human evolution: the case for neoteny reconsidered. American 

Journal of Physical Anthropology, 32, 69–102. 

Shilton, D., Breski, M., Dor, D., & Jablonka, E. (2020). Human Social Evolution: Self-

Domestication or Self-Control?. Frontiers in psychology, 11, 134. 

Shipman P. (2021). What the dingo says about dog domestication. Anatomical record (Hoboken, 

N.J. : 2007), 304(1), 19–30. 

Sikora, M., Seguin-Orlando, A., Sousa, V. C., Albrechtsen, A., Korneliussen, T., Ko, A., 

Rasmussen, S., Dupanloup, I., Nigst, P. R., Bosch, M. D., Renaud, G., Allentoft, M. E., Margaryan, 

A., Vasilyev, S. V., Veselovskaya, E. V., Borutskaya, S. B., Deviese, T., Comeskey, D., Higham, 

T., Manica, A., … Willerslev, E. (2017). Ancient genomes show social and reproductive behavior 

of early Upper Paleolithic foragers. Science (New York, N.Y.), 358(6363), 659–662. 

Smith, B. P., Cairns, K. M., Adams, J. W., Newsome, T. M., Fillios, M., Déaux, E. C., Parr, W., 

Letnic, M., VAN Eeden, L. M., Appleby, R. G., Bradshaw, C., Savolainen, P., Ritchie, E. G., 

Nimmo, D. G., Archer-Lean, C., Greenville, A. C., Dickman, C. R., Watson, L., Moseby, K. E., 

Doherty, T. S., … Crowther, M. S. (2019). Taxonomic status of the Australian dingo: the case for 

Canis dingo Meyer, 1793. Zootaxa, 4564(1), zootaxa.4564.1.6. 

Smith, B. P., & Litchfield, C. A. (2010). Dingoes (Canis dingo) can use human social cues to locate 

hidden food. Animal cognition, 13(2), 367–376. 

264



Smith, B.P., Lucas, T.A., Norris, R.M., Henneberg, M. (2018) Brain size/body weight in the dingo 

(Canis dingo): comparisons with domestic and wild canids.  Australian Journal of Zoology. 65(5): 

292-301.

Smyke, A. T., Dumitrescu, A., & Zeanah, C. H. (2002). Attachment disturbances in young 

children. I: The continuum of caretaking casualty. Journal of the American Academy of Child and 

Adolescent Psychiatry, 41(8), 972–982. 

Somel, M., Franz, H., Yan, Z., Lorenc, A., Guo, S., Giger, T., Kelso, J., Nickel, B., Dannemann, 

M., Bahn, S., Webster, M. J., Weickert, C. S., Lachmann, M., Pääbo, S., & Khaitovich, P. (2009). 

Transcriptional neoteny in the human brain. Proceedings of the National Academy of Sciences of 

the United States of America, 106(14), 5743–5748. 

Spangler G, Johann M, Ronai Z, Zimmermann P. Genetic and environmental influence on 

attachment disorganization. J Child Psychol Psychiatry. 2009 Aug;50(8):952-61. 

Spratt, E. G., Nicholas, J. S., Brady, K. T., Carpenter, L. A., Hatcher, C. R., Meekins, K. A., 

Furlanetto, R. W., & Charles, J. M. (2012). Enhanced cortisol response to stress in children in 

autism. Journal of autism and developmental disorders, 42(1), 75–81. 

St Pourcain, B., Cents, R. A., Whitehouse, A. J., Haworth, C. M., Davis, O. S., O'Reilly, P. F., 

Roulstone, S., Wren, Y., Ang, Q. W., Velders, F. P., Evans, D. M., Kemp, J. P., Warrington, N. 

265



M., Miller, L., Timpson, N. J., Ring, S. M., Verhulst, F. C., Hofman, A., Rivadeneira, F., Meaburn, 

E. L., … Davey Smith, G. (2014). Common variation near ROBO2 is associated with expressive

vocabulary in infancy. Nature communications, 5, 4831. 

Steeves, Peter H. (2011) Humans and animals at the divide: the case of feral children. Between the 

species, 13, 3-7. 

Stein, C. M., Schick, J. H., Gerry Taylor, H., Shriberg, L. D., Millard, C., Kundtz-Kluge, A., Russo, 

K., Minich, N., Hansen, A., Freebairn, L. A., Elston, R. C., Lewis, B. A., & Iyengar, S. K. (2004). 

Pleiotropic effects of a chromosome 3 locus on speech-sound disorder and reading. American 

journal of human genetics, 74(2), 283–297. 

Stendler, C. (1952) Critical Periods in Socialization and Overdependency. Child Developent, 23, 

3-12.

Stringer C. (2016). The origin and evolution of Homo sapiens. Philosophical transactions of the 

Royal Society of London. Series B, Biological sciences, 371(1698), 20150237. 

Suda, S., Iwata, K., Shimmura, C., Kameno, Y., Anitha, A., Thanseem, I., Nakamura, K., 

Matsuzaki, H., Tsuchiya, K. J., Sugihara, G., Iwata, Y., Suzuki, K., Koizumi, K., Higashida, H., 

Takei, N., & Mori, N. (2011). Decreased expression of axon-guidance receptors in the anterior 

cingulate cortex in autism. Molecular autism, 2(1), 14. 

266



Surian, L., Baron-Cohen, S., & Van der Lely, H. (1996). Are children with autism deaf to gricean 

maxims?. Cognitive neuropsychiatry, 1(1), 55–72. 

Suzuki, K., Ikebuchi, M., Bischof, H. J., & Okanoya, K. (2014). Behavioral and neural trade-offs 

between song complexity and stress reaction in a wild and a domesticated finch 

strain. Neuroscience and biobehavioral reviews, 46 Pt 4, 547–556. 

Suzuki, S., Fujisawa, T. X., Sakakibara, N., Fujioka, T., Takiguchi, S., & Tomoda, A. (2020). 

Development of Social Attention and Oxytocin Levels in Maltreated Children. Scientific 

reports, 10(1), 7407. 

Swain, J. E., Leckman, J. F., & Volkmar, F. R. (2005). The wolf boy: reactive attachment disorder 

in an adolescent boy. Psychiatry (Edgmont (Pa. : Township)), 2(11), 55–61. 

Swaney, W. T., Cabrera-Álvarez, M. J., & Reader, S. M. (2015). Behavioural responses of feral 

and domestic guppies (Poecilia reticulata) to predators and their cues. Behavioural processes, 118, 

42–46. 

Syal, S., & Finlay, B. L. (2011). Thinking outside the cortex: social motivation in the evolution 

and development of language. Developmental science, 14(2), 417–430. 

267



Losh, M., & Gordon, P. C. (2014). Quantifying narrative ability in autism spectrum disorder: a 

computational linguistic analysis of narrative coherence. Journal of autism and developmental 

disorders, 44(12), 3016–3025. 

Tager-Flusberg, H. (2006) Defining language phenotypes in autism. Clinical Neuroscience 

Research, 6, 219–224. 

Tager-Flusberg H. (1992). Autistic children's talk about psychological states: deficits in the early 

acquisition of a theory of mind. Child development, 63(1), 161–172. 

Tager-Flusberg H. (1993) What language reveals about the understanding of minds in children 

with autism. In S. Baron-Cohen, H. Tager-Flusberg and D. J. Cohen (eds), Understanding other 

Minds. Perspectives from Autism, Oxford, Oxford University Press, 138–57.  

Tager-Flusberg, H. 2000. Language and the understanding minds: connections in autism. In S. 

Baron-Cohen, H. Tager-Flusberg and D. J. Cohen (eds), Understanding Other Minds. Perspectives 

from Developmental Cognitive Science, 2nd edn. Oxford: Oxford University Press, 124–149.  

Takiguchi, S., Fujisawa, T. X., Mizushima, S., Saito, D. N., Okamoto, Y., Shimada, K., Koizumi, 

M., Kumazaki, H., Jung, M., Kosaka, H., Hiratani, M., Ohshima, Y., Teicher, M. H., & Tomoda, 

A. (2015). Ventral striatum dysfunction in children and adolescents with reactive attachment

disorder: functional MRI study. BJPsych open, 1(2), 121–128. 

268



Tallet, C., Linhart, P., Policht, R., Hammerschmidt, K., Šimeček, P., Kratinova, P., & Špinka, M. 

(2013). Encoding of situations in the vocal repertoire of piglets (Sus scrofa): a comparison of 

discrete and graded classifications. PloS one, 8(8), e71841. 

aylor, J. L., & Corbett, B. A. (2014). A review of rhythm and responsiveness of cortisol in 

individuals with autism spectrum disorders. Psychoneuroendocrinology, 49, 207–228. 

Teicher, M. H., & Samson, J. A. (2016). Annual Research Review: Enduring neurobiological 

effects of childhood abuse and neglect. Journal of child psychology and psychiatry, and allied 

disciplines, 57(3), 241–266. 

Teicher M. H. (2002). Scars that won't heal: the neurobiology of child abuse. Scientific 

American, 286(3), 68–75. 

Theofanopoulou, C., Gastaldon, S., O'Rourke, T., Samuels, B. D., Martins, P. T., Delogu, F., 

Alamri, S., & Boeckx, C. (2017). Self-domestication in Homo sapiens: Insights from comparative 

genomics. PloS one, 12(10), e0185306. 

Thomas,, J., Kirby S. (2018) Self domestication and the evolution of language. Biological 

Philosophy, 33, 9. 

Tolchin, D., Yeager, J. P., Prasad, P., Dorrani, N., Russi, A. S., Martinez-Agosto, J. A., Haseeb, 

A., Angelozzi, M., Santen, G., Ruivenkamp, C., Mercimek-Andrews, S., Depienne, C., Kuechler, 

269



A., Mikat, B., Ludecke, H. J., Bilan, F., Le Guyader, G., Gilbert-Dussardier, B., Keren, B., Heide, 

S., … Le Caignec, C. (2020). De Novo SOX6 Variants Cause a Neurodevelopmental Syndrome 

Associated with ADHD, Craniosynostosis, and Osteochondromas. American journal of human 

genetics, 106(6), 830–845. 

Tomarken, A. J., Han, G. T., & Corbett, B. A. (2015). Temporal patterns, heterogeneity, and 

stability of diurnal cortisol rhythms in children with autism spectrum 

disorder. Psychoneuroendocrinology, 62, 217–226. 

Tomasello, M., Hare, B., Lehmann, H., & Call, J. (2007). Reliance on head versus eyes in the gaze 

following of great apes and human infants: the cooperative eye hypothesis. Journal of human 

evolution, 52(3), 314–320. 

Trut, L., Oskina, I., & Kharlamova, A. (2009). Animal evolution during domestication: the 

domesticated fox as a model. BioEssays : news and reviews in molecular, cellular and 

developmental biology, 31(3), 349–360. 

Tyack P. L. (2020). A taxonomy for vocal learning. Philosophical transactions of the Royal 

Society of London. Series B, Biological sciences, 375(1789), 20180406. 

Udell, M., Dorey, N., Wynne, C. (2008) Wolves outperform dogs in following human social cues. 

Animal Behavior, 76, 1767–1773.  

270



Udell M. A. (2015). When dogs look back: inhibition of independent problem-solving behaviour 

in domestic dogs (Canis lupus familiaris) compared with wolves (Canis lupus). Biology 

letters, 11(9), 20150489. 

Veenstra-VanderWeele, J., Muller, C. L., Iwamoto, H., Sauer, J. E., Owens, W. A., Shah, C. R., 

Cohen, J., Mannangatti, P., Jessen, T., Thompson, B. J., Ye, R., Kerr, T. M., Carneiro, A. M., 

Crawley, J. N., Sanders-Bush, E., McMahon, D. G., Ramamoorthy, S., Daws, L. C., Sutcliffe, J. 

S., & Blakely, R. D. (2012). Autism gene variant causes hyperserotonemia, serotonin receptor 

hypersensitivity, social impairment and repetitive behavior. Proceedings of the National Academy 

of Sciences of the United States of America, 109(14), 5469–5474. 

Vernes S. C. (2017). What bats have to say about speech and language. Psychonomic bulletin & 

review, 24(1), 111–117. 

Virányi, Z., Gácsi, M., Kubinyi, E., Topál, J., Belényi, B., Ujfalussy, D., & Miklósi, A. (2008). 

Comprehension of human pointing gestures in young human-reared wolves (Canis lupus) and dogs 

(Canis familiaris). Animal cognition, 11(3), 373–387. 

Volkmar, F., Chawarska, K., & Klin, A. (2005). Autism in infancy and early childhood. Annual 

review of psychology, 56, 315–336. 

271



Volman, S. F., & Khanna, H. (1995). Convergence of untutored song in group-reared zebra finches 

(Taeniopygia guttata). Journal of comparative psychology (Washington, D.C. : 1983), 109(3), 

211–221. 

von Aster, M., Zachmann, M., Brandeis, D., Wohlrab, G., Richner, M., & Steinhausen, H. C. 

(1997). Psychiatric, neuropediatric, and neuropsychological symptoms in a case of hypomelanosis 

of Ito. European child & adolescent psychiatry, 6(4), 227–233. 

vonHoldt, B. M., Shuldiner, E., Koch, I. J., Kartzinel, R. Y., Hogan, A., Brubaker, L., Wanser, S., 

Stahler, D., Wynne, C., Ostrander, E. A., Sinsheimer, J. S., & Udell, M. (2017). Structural variants 

in genes associated with human Williams-Beuren syndrome underlie stereotypical 

hypersociability in domestic dogs. Science advances, 3(7), e1700398. 

Vyshedskiy, A., Mahapatra, S., Dunn, R. (2017) Linguistically deprived children: meta-analysis 

of published research underlines the importance of early syntactic language use for normal brain 

development. Research Ideas and Outcomes, 3:e20696. 

Wada, M., Suzuki, M., Takaki, A., Miyao, M., Spence, C., & Kansaku, K. (2014). Spatio-temporal 

processing of tactile stimuli in autistic children. Scientific reports, 4, 5985. 

Wallace, M., Cleary, J., Buder, E., Oller, D., Sheinkopf, S., Mundy, P. (2008)  An acoustic 

inspection of vocalizations in young children with ASD. Poster presented at the International 

Meeting for Autism Research; London. 

272



Wang, A. T., Lee, S. S., Sigman, M., & Dapretto, M. (2006). Neural basis of irony comprehension 

in children with autism: the role of prosody and context. Brain : a journal of neurology, 129(Pt 4), 

932–943. 

Wang, A. T., Lee, S. S., Sigman, M., & Dapretto, M. (2007). Reading affect in the face and voice: 

neural correlates of interpreting communicative intent in children and adolescents with autism 

spectrum disorders. Archives of general psychiatry, 64(6), 698–708. 

Wang, T., Guo, H., Xiong, B., Stessman, H. A., Wu, H., Coe, B. P., Turner, T. N., Liu, Y., Zhao, 

W., Hoekzema, K., Vives, L., Xia, L., Tang, M., Ou, J., Chen, B., Shen, Y., Xun, G., Long, M., 

Lin, J., Kronenberg, Z. N., … Eichler, E. E. (2016). De novo genic mutations among a Chinese 

autism spectrum disorder cohort. Nature communications, 7, 13316. 

Wang, Z., Li, J., Li, K., & Xu, J. (2018). SOX6 is downregulated in osteosarcoma and suppresses 

the migration, invasion and epithelial-mesenchymal transition via TWIST1 regulation. Molecular 

medicine reports, 17(5), 6803–6811. 

Watkins, M., Szarko, J., Brown, A. (2013) Examiner familiarity effects for children with autism 

spectrum disorders. Journal of Applied School of Psychology, 29, 37-51.  

Wazana, A., Moss, E., Jolicoeur-Martineau, A., Graffi, J., Tsabari, G., Lecompte, V., Pascuzzo, 

K., Babineau, V., Gordon-Green, C., Mileva, V., Atkinson, L., Minde, K., Bouvette-Turcot, A. A., 

273



Sassi, R., St-André, M., Carrey, N., Matthews, S., Sokolowski, M., Lydon, J., Gaudreau, H., … 

Meaney, M. J. (2015). The interplay of birth weight, dopamine receptor D4 gene (DRD4), and 

early maternal care in the prediction of disorganized attachment at 36 months of age. Development 

and psychopathology, 27(4 Pt 1), 1145–1161. 

Welniak-Kaminska, M., Fiedorowicz, M., Orzel, J., Bogorodzki, P., Modlinska, K., Stryjek, R., 

Chrzanowska, A., Pisula, W., & Grieb, P. (2019). Volumes of brain structures in captive wild-type 

and laboratory rats: 7T magnetic resonance in vivo automatic atlas-based study. PloS one, 14(4), 

e0215348. 

Wetherby, A. M., Watt, N., Morgan, L., & Shumway, S. (2007). Social communication profiles of 

children with autism spectrum disorders late in the second year of life. Journal of autism and 

developmental disorders, 37(5), 960–975. 

Wilkins, A. S., Wrangham, R. W., & Fitch, W. T. (2014). The "domestication syndrome" in 

mammals: a unified explanation based on neural crest cell behavior and genetics. Genetics, 197(3), 

795–808. 

Winslow J. T. (2005). Neuropeptides and non-human primate social deficits associated with 

pathogenic rearing experience. International journal of developmental neuroscience : the official 

journal of the International Society for Developmental Neuroscience, 23(2-3), 245–251. 

274



Winslow, J. T., & Insel, T. R. (2002). The social deficits of the oxytocin knockout 

mouse. Neuropeptides, 36(2-3), 221–229. 

Wobber, V., & Hare, B. (2009). Testing the social dog hypothesis: are dogs also more skilled than 

chimpanzees in non-communicative social tasks?. Behavioural processes, 81(3), 423–428. 

Wolk, L., Edwards, M., Brennan, C. (2016) Phonological difficulties in children with autism: An 

overview. Speech, Language and Hearing, 19, 160204020132009.  

Wolk, L., & Edwards, M. L. (1993). The emerging phonological system of an autistic 

child. Journal of communication disorders, 26(3), 161–177. 

Yeon, S. C., Kim, Y. K., Park, S. J., Lee, S. S., Lee, S. Y., Suh, E. H., Houpt, K. A., Chang, H. H., 

Lee, H. C., Yang, B. G., & Lee, H. J. (2011). Differences between vocalization evoked by social 

stimuli in feral cats and house cats. Behavioural processes, 87(2), 183–189. 

Yoo, H. J., Lee, S. K., Park, M., Cho, I. H., Hyun, S. H., Lee, J. C., Yang, S. Y., & Kim, S. A. 

(2009). Family- and population-based association studies of monoamine oxidase A and autism 

spectrum disorders in Korean. Neuroscience research, 63(3), 172–176. 

Yvan, L. (1980) Victor of Aveyron: A reappraisal in light of more recent cases of feral speech. 

Language Science, 2, 32-43.  

275



Zangl, R., Mills, D.L. (2007) Increased Brain Activity to Infant-Directed Speech in 6- and 13-

Month-Old Infants. Infancy, 11, 31-62. 

Zhang, S. J., Wang, G. D., Ma, P., Zhang, L. L., Yin, T. T., Liu, Y. H., Otecko, N. O., Wang, M., 

Ma, Y. P., Wang, L., Mao, B., Savolainen, P., & Zhang, Y. P. (2020). Genomic regions under 

selection in the feralization of the dingoes. Nature communications, 11(1), 671. 

Zhang, X., Yang, H., Corydon, M. J., Zhang, X., Pedersen, S., Korenberg, J. R., Chen, X. N., 

Laporte, J., Gregersen, N., Niebuhr, E., Liu, G., & Bolund, L. (1999). Localization of a human 

nucleoporin 155 gene (NUP155) to the 5p13 region and cloning of its cDNA. Genomics, 57(1), 

144–151. 

Zhou, W., He, Y., Rehman, A. U., Kong, Y., Hong, S., Ding, G., Yalamanchili, H. K., Wan, Y. 

W., Paul, B., Wang, C., Gong, Y., Zhou, W., Liu, H., Dean, J., Scalais, E., O'Driscoll, M., Morton, 

J., DDD study, Hou, X., Wu, Q., … Sun, Z. (2019). Loss of function of NCOR1 and NCOR2 

impairs memory through a novel GABAergic hypothalamus-CA3 projection. Nature 

neuroscience, 22(2), 205–217. 

Zollikofer, C. P., & Ponce de León, M. S. (2010). The evolution of hominin ontogenies. Seminars 

in cell & developmental biology, 21(4), 441–452. 

Zufferey, S. (2015) Acquiring pragmatics. Social and cognitive perspectives. Routledge: London 

and New York. 

276



8. Results and Conclusions

This thesis represents a piece of a very large (and thus far, incomplete) puzzle, and aims to shed 

light on how language evolved through the process of self-domestication in humans. In this 

section, the results of each article and the implications of these will be discussed. 

Article One (Niego and Benítez-Burraco, 2019) focused on WS, and yielded two main results. 

First, it concluded that, as initially hypothesized, many characteristics associated with 

domestication in mammals (physical, physiological, sociocognitive, and behavioral) are indeed 

exaggerated in WS. What’s more, Article One found these exaggerated characteristics to be 

accompanied by changes in the brain which have also been linked to domestication in mammals 

such as the amygdala, the hippocampus, and the limbic system. The second main conclusion was 

that various genes from the WS deletion region are also candidates for domestication, or 

functionally interact with candidates for domestication in mammals. Specifically, String 10.53 

points to attested functional interactions between nearly one third of the genes deleted in WS and 

more than 20 candidates for domestication (see Niego and Benítez-Burraco, 2019, Figure 2A, in 

Chapter One). Furthermore, genes related to (among other aspects) hormonal homeostasis, lipid 

metabolism, and craniofacial morphology were found to be significantly dysregulated in the blood 

of subjects with WS compared to neurotypical controls. Specifically, GTF2I has been related to 

cognitive problems and craniofacial abnormalities in WS, BAZ1B has been found to be involved in 

neurogenesis and neural differentiation, PAX3 has been related to neuronal development, and 

MSRB3 has been related to the regulation of hippocampal volume (Morris et al., 2003; Tassabehji 

et al., 2005). Interestingly, these genes are also implicated in many different pathways related to 

domestication, as detailed in the Introduction. These results indicate that deleted genes in WS 

interact in a complex way with genes involved in domestication, the neural crest, and lastly 

language, contributing to the characteristic phenotype of this disorder (including the exaggeration 

of domesticated traits), even though they themselves are not direct candidates for these processes. 

These findings confirm the need for adopting a holistic approach when it comes to dissecting the 

genetic causes of neurodevelopmental disorders. Keeping in mind the close relationship between 

WS and self-domestication, an important conclusion of this article is the need to consider the 

evolutionary process of self-domestication when unraveling the etiopathology of developmental 

disorders, and in particular, problems with language that typically arise from such disorders. At 

the same time, given the close relationship between evolution and development (see Benítez-

Burraco and Boeckx, 2014), it is necessary to consider disorders such as WS as an important focus 
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when attempting to analyze the trajectory of language evolution. Article Two (Niego y Benítez-

Burraco, 2020) made extensive use of the existing literature on the sociocognitive profiles of WS 

and ASD to explore hypotheses about their neurobiology. Although both disorders have commonly 

been characterized as opposite in terms of social behavior, it is undeniable that substantial 

similarities also exist at the neurocognitive and neurobiological level. At the neurocognitive level, 

both ASD and WS are characterized by difficulties with attention, altered theory of mind, 

problems with inhibition, language delay, atypical pragmatic abilities, atypical social behavior and 

high levels of anxiety. At the cerebral level, both disorders are characterized by irregular patterns 

of neuronal activation, patterns of reduced connectivity in areas specific to the social brain, an 

alteration of basic brain function, and atypical volume of brain areas implicated in socialization. 

That said, the key differences found between WS and ASD, both at the neurocognitive and 

neurobiological levels, can account for the differences observed in people with both disorders at 

the behavioral level. The research shows that, in general, individuals with ASD have greater 

intellectual disability, more difficulties with socialization, and increased problems with language. 

These cognitive differences could be the result of certain differences at the cerebral level, for 

example, a different reaction of the amygdala to certain stimuli, or atypical structure and 

connectivity in the prefrontal cortex. The evidence that brain functions in WS and ASD seem to 

exhibit tradeoffs in terms of social and nonsocial domains fits with the ‘diametric brain 

hypothesis’ (Crespi and Badcock, 2008), which states that human evolution resulted in both social 

and non-social brain adaptations, which tend to exhibit tradeoffs. In terms of WS, this hypothesis 

would hold that the overdeveloped social brain would implicate an underdeveloped non-social 

brain, and vice versa with ASD. In previous research, this view has been extended to the self-

domestication hypothesis; accordingly, it can be posited that humans evolved many of the 

distinctive traits found in domesticated mammals as a result of selection for reduced aggression 

(Hare, 2017). As the results of Article Two find, features of human self-domestication are 

attenuated in ASD and exaggerated in WS; thus it can be posited that, because self-domestication 

seemingly resulted from changes in the activity of the HPA axis impacting on our brain and 

behavior, altered features of self-domestication in these two conditions are expected to account for 

their differences (and similarities) in the domains of social cognition and social behavior. In sum, 

if we want to understand the deficits (and strong points) exhibited by people with ASD or WS, it is 

necessary to move from simplistic views of these conditions as opposite to each other, and adopt 

instead a systems- biology approach, aimed at exploring the connections between all levels 

involved. Particularly, the results of Article Two support the idea that abnormal phenotypes found 

within the human species can provide valuable information about the evolution of cognition, 
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behavior, and ultimately language in humans. 

Article Three (Niego y Benítez-Burraco, 2021a), which focused primarily on the genetic level, 

found that, just as overlaps were observed at the behavioral and neurobiological levels in ASD and 

WS, genetic overlap also occurs. The majority of these overlapping genes were found to exhibit 

the same pattern of dysregulation in both disorders, although most were more dysregulated in 

individuals with WS, which can be seen as a plausible explanation of why WS and ASD can 

present as opposite conditions in specific areas. GO analyses of these dysregulated genes revealed 

that they are implicated in aspects of development and brain function, particularly in 

dendritogenesis, and are expressed in brain areas such as the cerebellum, thalamus, and the 

striatum, which are areas of relevance in the pathogenesis of both ASD and WS. These brain areas 

are also highly implicated in language processing, which is relevant to language deficits (and/or 

strengths) observed in these two conditions. Overall, the genes revealed through the research 

emerge as promising candidates to explain some of the similarities and differences between the 

socio-cognitive profiles of individuals with ASD and WS. The next step in the research should 

focus on testing these genes in an experimental setting, to strengthen the connections between 

them to specific cognitive functions. As research consistently shows, genes cannot be mapped to 

behavior, cognition, language, or any other function in a direct, one- to- one way: they simply 

don’t work like that. However, more experimental research can shed more light on the processes 

that each gene/gene network affects, and how this might happen. 

Articles Four and Five focused on the relationship between domestication and feralization, using 

domesticated animals, feral animals, and various profiles of humans with sociocognitive disorders. 

The rationale for doing so was that, since domesticated animals have provided valuable evidence 

for the human self-domestication theory, as well as an ideal model for testing the predictions of 

said hypothesis, a thorough review of research on feral animals might be able to do the same. 

Feralization represents a return to pre-domesticated conditions; given that a disorder such as ASD 

represents diminished features of self-domestication, it stands to reason that feral animals could 

serve as an adequate model to study the behavioral, cognitive, and finally, communicative 

alterations that are associated with human self-domestication. In exploring this link, one can also 

better understand the pathology of complicated disorders such as ASD or RAD. In order to do this, 

it is necessary to better understand the relationship between domestication and feralization. Thus, 

Article Four (Niego y Benítez-Burraco, 2021b) is an exhaustive literature review which focuses on 

the physical, cognitive, behavioral, and genetic profiles of domesticated and feral animals, with 
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particular focus on communicative abilities. The primary conclusion of Article Four was that 

feralization does not represent a complete reversal of the domestication process, and does not 

result in a return to a wild state. This is most likely due to the fact that feral animals continuously 

adapt to new environmental conditions, as well as the fact that certain features of domestication 

prove to be advantageous in certain wild environments. That being said, certain characteristics of 

domestication, such as the regulation of reactive aggression, do seem to revert when an animal 

returns to a feral state, possibly because feralization brings about selective pressures similar to 

those experienced by wild animals. However, at the genetic level, this reversion does not take 

place via the same routes as domestication but instead seems to exploit underlying genetic 

variation to bring about such changes. The characteristics that have been found to revert as a result 

of feralization are of special interest, because they seem to present a greater sensitivity to 

environmental factors which played such a large role in human evolution. Accordingly, the genes 

implicated in these processes are promising candidates when it comes to explaining the sensitivity 

of (self) domestication to environmental conditions. In future research, it would be useful to 

analyze the genes compiled in this article in comparison with ancient DNA from past populations 

at different stages of domestication or feralization. This type of study could help to shed light on 

the effects of changes in these genes on the domesticated and feralized phenotype. Research of this 

type would be especially helpful when applied to self- domesticated species such as bonobos and 

humans; because domestication and feralization both affect behavior and socialization, this 

research is a plausible way to provide a more detailed understanding of how social species emerge, 

interacting and changing their social environments. In summary, in response to the question 

motivating this paper, one could say that feralization cannot be regarded as a truly mirror 

condition to domestication, but that both processes share some features and mechanisms that are 

worth studying in detail to gain a more accurate view of how organisms interact with their social 

environments.  

After investigating the complex relationship between feralization and domestication, Article Five 

(Niego and Benítez-Burraco, 2021c) aimed to clarify the extent to which certain sociocognitive 

characteristics (results, in part, of human self-domestication) are expected to reverse under genetic 

or environmental changes. If ASD can be considered a reversion of human self-domestication, and 

if characterizing it as such allows for a better understanding of the language difficulties associated 

with this disorder, then it is of interest to find similar parallels in other, similar conditions. 

Although environmental factors contribute to some extent, ASD is thought to be a primarily 

genetic disorder. Thus, RAD was introduced in order to explore the role that environmental factors 
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play in (self) domestication. The most significant finding in this article is the existence of a 

significant parallel between ASD, RAD, feral animals, and so-called ‘feral’ children in terms of 

behavior and language ability. Individuals in these four profiles exhibit a variety of difficulties in 

the sociocognitive domain, as well as with language. Specifically, language acquisition and certain 

pragmatic functions are impaired in individuals with RAD and ASD and so-called ‘feral’ children, 

while feral animals (primarily dogs and cats) show a reduction in vocal production and use of 

communicative signals in their interactions with humans. This finding suggests that atypical self-

domestication caused either by genetic factors (ASD) or environmental factors (RAD) can affect 

language acquisition by causing a negative impact on processes of socialization, instead of the 

favorable impact that the self- domesticated phenotype typically produces. All in all, the atypical 

phenotypes reviewed in Article Five provide solid evidence that can be used in the future to better 

understand the changes that human language underwent in the past, as our social environment 

increased in complexity. 

The research conducted for this thesis, and the articles which make it up, represent an important 

contribution to the current literature on the effects of human self-domestication as they relate to 

language evolution, from both neurobiological and genetic perspectives. Starting with a list of 

genes related to domestication in mammals, the research led to the identification of strong genetic 

candidates for the alterations caused by (self) domestication in both humans and animals. More 

generally, these five articles offer a new perspective on cognitive, behavioral, and linguistic 

alterations that are found in neurodevelopmental disorders such as WS, ASD, and RAD. For one, 

it strengthens the evidence for the idea that neurodevelopmental disorders provide a unique 

window into how the language-ready brain, and ultimately language, could have come about in 

humans. This is due to a fact often referred to in this thesis: the most recent systems to evolve are 

most susceptible to ontological damage (Toro et al., 2010). An important conclusion to draw here 

is that, when it comes to understanding the deficits and strengths that characterize 

neurodevelopmental disorders, a global, systems biology approach is much more useful than more 

simplistic models of ‘fixed’ disorders with specific genetic or causal determinants. In order to 

fully explore the connections between the complex and dynamic biological systems involved, a 

broader, evo-devo approach is helpful and necessary. Given the deep link between evolution and 

(atypical) development, this type of approach can characterize the emergence of the disorders 

discussed in this thesis (and a host of other sociocognitive disorders that remain to be studied) as 

the result of ontogenetic damage in certain regulatory mechanisms responsible for recently 

evolved developmental features. When a deeper look is taken, evidence arises for the fact that the 
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genes and gene networks influencing these cognitive systems are intertwined with those 

implicated in domestication, globularity, the neural crest, and overall, language evolution. It is 

important to note that this research allows for a better understanding of the inherent variation in 

the behavioral and cognitive phenotypes of humans, both in present and ancestral populations. 

Taken together, the results obtained from these five articles support the idea that human self-

domestication, through its impact on our socialization and cultural environment, played a crucial 

role in the evolution of language. The research also provides a new context in which to study and 

understand the etiology of neurodevelopmental disorders; that is, in terms of social cognition, such 

disorders are not static but rather exist on a cognitive spectrum that includes neurotypical 

individuals. 
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