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Abstract

Bipolar disorder (BD) is a severe mental condition characterized by episodes of elevated mood and
depression. Being a heritable condition, it features a complex genetic architecture, and it is not still clear
how genes contribute to the onset and course of the disease. In this paper we adopted an evolutionary-
genomic approach to this condition, focusing on changes occurring during human evolution as a source
of our distinctive cognitive and behavioral phenotype. We show clinical evidence that the BD phenotype
can be construed as an abnormal presentation of the human self-domestication phenotype. We further
demonstrate that candidate genes for BD significantly overlap with candidates for mammal
domestication, and that this common set of genes is enriched in functions that are important for the BD
phenotype, especially neurotransmitter homeostasis. Finally, we show that candidates for domestication
are differentially expressed in brain regions involved in BD pathology, particularly, the hippocampus
and the prefrontal cortex. Overall, this link between domestication and BD should facilitate a better
understanding of the BD etiopathology.
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Introduction

Bipolar disorder (BD) is a severe psychiatric condition characterized by recurrent episodes of elevated
mood (mania) and depression, together with changes in activity levels, with depression being usually
more common and longer lasting than mania (Judd et al., 2008; Anderson et al., 2012). BD is one of the
most heritable psychiatric conditions, but like similar diseases, it exhibits a complex genetic
architecture, with dozens of candidate genes and risk factors that overlap with the genetic determinants
of other high-prevalence cognitive conditions, especially schizophrenia (SZ) and major depression (see
Gordovez and McMahon, 2020 for a recent review). These findings are in line with the so-called
‘omnigenic’ theories of complex diseases, according to which they mostly result from changes in the
expression pattern of most of the genes expressed in the affected tissues, but not from the dysfunction
of single genes, with a strong effect on selected pathways that drive disease etiology (Boyle et al., 2017;
Peedicayil and Grayson, 2018a,b). Still, one can expect that certain regulatory pathways or biological
mechanisms are more affected than others and ultimately that intermediate, disease-specific phenotypes
can be identified with finite genetic determinants (Jakobson and Jarosz, 2019). As noted by Gordovez
and McMahon (2020), this would be also the case with BD, as some specific biological pathways are
expected to be differentially impaired in this condition.

One promising approach to make more tractable the genetic study of complex diseases like BD is
adopting an evolutionary perspective. A robust link exists between evolution and abnormal
development, with genes positively selected in our species being enriched in candidates for high-
prevalence, complex cognitive conditions like SZ (Srinivasan et al., 2016) or autism spectrum disorders
(ASD) (Polimanti and Gelernter, 2017). Even in conditions with a neat genetic origin, like Williams
syndrome (WS), abnormally expressed genes outside the WS region are enriched in protein-coding
genes that have been positively selected in modern humans compared to extinct hominins (Benitez-
Burraco, 2020a). This overlap between genes selected in humans (and seemingly accounting for the
evolution of the human brain, human cognition, and human behavior) and genes causing complex
cognitive conditions seems to be explained by the fact that recently evolved components of the human
phenotype are less resistant to gene mutations (and more generally, to developmental perturbations)
because they lack the robust compensatory mechanisms to damage commonly found in biological
functions shaped by selective pressures that have acted over longer periods of time (see Toro et al., 2010
for a useful discussion on ASD). Ultimately, recent changes in our genome might have uncovered (or
‘decanalized’) widespread cryptic variation, ultimately resulting in complex disease (see Gibson 2009
for details). As a consequence, genomic changes resulting in evolutionary advantages persist even if
they also cause diseases.

Overall, this is the evolutionary-genomic approach we have adopted in this paper to gain some insight
into the molecular etiopathogenesis of BD. Specifically, considering that BD impacts key aspects of our
species-specific distinctive cognitive and behavioral phenotype, we have built on a particular hypothesis
about the origins of our cognition and behavior, namely, the self-domestication account of human
evolution. Briefly stated, humans are hypothesized to have experienced a domestication process similar
to that underlying the evolution of domesticated strains of mammals, except that it was driven by intra-
species factors such as co-parenting, changes in human foraging ecology, or the rise of community
living (Hare et al., 2012; Pisor and Surbeck, 2019). This process of self-domestication is thought to
have facilitated the emergence of many of our species-specific biological, cognitive, and behavioral
features, including our sophisticated technology and culture (see Hare, 2017 for review). This
hypothesis is supported by findings in humans, compared to extant primates and extinct hominins, of
many features commonly exhibited by domesticates, including smaller skulls/brains, juvenile-like
faces, hairlessness, paedomorphic features, a prolonged juvenile period, less marked sexual
dimorphism, reduced reactive aggression, increased prosocial behavior, and increased play behavior,
among others (Shea, 1989; Leach, 2003; Somel et al., 2009; Zollikofer and Ponce de Leon, 2010;
Herrmann et al., 2011; Plavcan, 2012; Stringer, 2016; see Hare, 2017 for review). In further support of
this view, regions positively selected in modern humans compared to extinct hominins are enriched in
candidate genes for domestication in mammals (Theofanopoulou et al., 2017). Interestingly, complex
genetic conditions involving cognitive deficits, behavioral anomalies, and abnormal socialization
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patterns, like SZ and ASD, are characterized by abnormal presentations of traits associated with (self-
)domestication; moreover, candidate genes for domestication are overrepresented among the candidates
for these conditions and/or exhibit altered expression profiles in the brains of affected people (Benitez-
Burraco et al., 2016; Benitez-Burraco et al., 2017; Benitez-Burraco, 2020b). But the same pattern holds
in conditions with a neat molecular etiology, like WS, as genes outside the affected genomic region that
are differentially-expressed in patients are likewise enriched in candidates for domestication (Niego and
Benitez-Burraco, 2019). Overall, this supports the view that a deep link exists between cognitive disease
and self-domestication (as a crucial aspect of human evolution) and specifically, that examining the
presentation of (self-)domestication features in people with BD can help unravel the etiology of this
condition.

The paper is structured as follows. First, we provide a detailed characterization of features of self-
domestication in subjects with BD, with a focus on their distinctive physical, cognitive, and behavioral
clinical profile. Second, we examine the overlap between candidate genes for BD and domestication.
We provide a functional characterization of the common genes as well as some hints about their
expression pattern in the brains of affected people. We conclude with a discussion about the suitability
of construing BD as an abnormal ontogenetic itinerary for human cognition and behavior, resulting in
part from changes in genes involved in domestication.

2. Domestication features in BD

As noted in the previous section, domestication results in a set of morphological, neuroendocrine, and
behavioral traits that usually co-occur. This is the ‘domestication syndrome’, hypothesized as stemming
from a selection for reduced stress/reactivity (‘tameness’) leading to, in effect, mild loss-of-function of
the neural crest (Wilkins et al., 2014; but see Sanchez-Villagra et al., 2016 for a critical view). Features
include reduction in brain/cranial capacity, floppy ears, smaller teeth, docile/juvenile behavior, shorter
muzzles, and altered reproductive cycles, as well as underlying neural crest and HPA axis changes,
when comparing domesticated animals to their wild counterparts (Wilkins et al., 2014). As we discussed
in the previous section, many of these traits are also found in modern humans compared to extinct
hominins and most extant primates. As we show below, most of these features are also found altered in
patients with BD, with some of them being attenuated, while others appear augmented (Figure 1).
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Figure 1. Domestication features in subjects with BD. Features found exacerbated are colored in red, whereas
traits found attenuated are highlighted in blue. 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).

Minor physical anomalies

Minor physical anomalies (MPAs) are more common in those with neurodevelopmental disorders and
are considered to reflect altered brain development given the common neuroectodermal origin of the
brain and skin, with shared sensitivity to genetic and/or environmental perturbation during
embryogenesis (Myers et al., 2017). Evidence surrounding MPAs in BD is mixed (Tényi et al., 2009),
with some studies showing no significant difference in total MPA rate compared to SZ, others showing
no significant difference compared to healthy controls (Sanches et al., 2008), and some indicating
increased MPA rate within specific body regions (Akabaliev et al., 2011; Berecz et al., 2017). When
comparing patients with affective psychosis to those with non-affective psychosis and healthy controls,
no significant differences in total MPA scores were found by McGrath et al. (2002), but those with
affective psychosis (including BD) were found to have wider skulls, shorter lower thirds of the face,
and more brachycephalic skulls, reminiscent of the domestication syndrome. Significant increases in
dermatoglyphic malformations such as ridge dissociation have also been reported (Gutiérrez et al.,
1998) (though the evidence in this area is also mixed; see Vonk et al., 2014) and were associated with
carlier age of onset of BD. Increased dermatoglyphic malformations and genetic correlations led Vonk
et al. (2014) to conclude that smaller brain volumes in those at risk for BD are related to abnormal
development of fetal ectoderm, from which both brain and skin tissue are derived, between the tenth
and fifteenth weeks of gestation. Specific examples or areas of statistically significantly increased MPA
in BD include furrowed tongue, enlarged gap between toes I and II, high or steepled palate, and lowered
eye fissures, with abnormal ear size/shape/attachment, flat occiput, and other MPAs shared with SZ
patients (Trixler et al., 2001; Lloyd et al., 2008; Akabaliev et al., 2011; Berecz et al., 2017). Surface
imaging of BD patients compared with SZ patients and controls by 3D laser describes anomalies found
in male and female patients with BD including widening of the nose and face overall, narrowing of the
mouth, and chin displacement upward, as well as sex-specific changes in nose length (shorter in
females, longer in males) (Hennessy et al., 2010). Compared to controls and patients with SZ, the jaws
of patients with BD were wider (in males) and upwardly displaced (in females). Additionally, patients
with BD and SZ were found to share common, especially frontonasal dysmorphology, such as mouth
narrowing. In a study demonstrating significant differences between the three groups, a pattern emerges
with decreasing levels of (especially cephalofacial) MPAs from SZ, to BD, to normal controls,
suggesting ‘a continuum of neurodevelopmental adversity’ to match the clinical spectrum of psychotic
disorders (Akabaliev et al., 2014).

Brain and cognition

In BD and SZ, total cerebral volume is decreased, suggesting a shared neurodevelopmental etiology
(Nasrallah, 1991); this finding is significantly associated with BD duration (Hallahan et al., 2011). The
brain in patients with BD is also notable for increased amygdala volume (Altshuler et al., 1998, 2000;
Strakowski et al., 1999; Hallahan et al., 2011), decreased hippocampus volume (Hajek et al., 2012; Han
et al., 2019) (though increased with lithium treatment according to Hallahan et al., 2011), increased
ventricle:brain ratio (Post et al., 2003), enlarged caudate nuclei (Noga et al., 2001), and increased right
putamen volumes (Hallahan et al., 2011). As noted, the brain of domesticated animals is smaller than
the brain of their wild conspecific. Contrary to people with BD, some domesticated animals like
domesticated rats exhibit reduced volumes of the striatal regions (Kruska and Schott, 1977). By
contrast, and like subjects with BD, many domesticated mammals (laboratory rats, pigs, sheep, poodles
and llamas) exhibit reduced hippocampal volumes (and seemingly, hippocampal function) as well as
increased amygdala volumes (Kruska, 1988, 2005). Additionally, bonobos—another species thought to
have self-domesticated—have a larger amygdala compared to chimpanzees (Rilling et al., 2012). The
amygdala and the hippocampus are part of the limbic system, which regulates important behavioral and
cognitive functions such as emotion, motivation, and long-term memory (see Rolls, 2015 for review).

Evidence as to impairment of social cognition in BD is mixed: on one measure of social cognition
(MSCEIT), patients with SZ evidenced social cognition deficits compared to controls, while those with
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BD did not—even separately assessing BD with and without psychotic features (Nitzburg et al., 2015).
On the other hand, theory of mind deficits as assessed with the MASC tool have been found in patients
with BD and their first-degree relatives (Santos et al., 2017). Interestingly, theory of mind deficits in
BD are most severe during the manic phase, especially if psychotic symptoms are present (Hawken et
al., 2016). Furthermore, one aspect of social cognition—facial emotion recognition (FER)—has been
found to be a moderate, stable deficit in BD in a quantitative review by Kohler et al. (2011). This deficit
can be seen across mood states in both adults and children with BD as well as children with first-degree
relatives with BD (Brotman et al., 2008; Van Rheenen and Rossell, 2014). As assessed with fMRI,
patients with BD displayed greater amygdalar activation, compared to healthy controls, when
processing fearful facial expressions (Yurgelun-Todd et al., 2000). Empathic responses by self-report in
BD have been shown to be decreased relative to controls (and higher relative to patients with SZ),
though actual performance on empathy behavioral tasks was similar to that of controls (Derntl et al.,
2012; Seidel et al., 2012), consistent with previous findings of reduced cognitive empathy (perspective
taking) and increased personal distress at others’ negative experiences in BD (Cusi et al., 2010). Another
aspect of social cognition, theory of mind, has been reported to be impaired in BD—in symptomatic
(both depressed and manic) patients (Kerr et al., 2003), as well as in euthymic and remitted patients
(Bora et al., 2005), with greater impairment seen in cognitive than emotional theory of mind (Barrera
et al., 2013). Contrary to people with BD, domesticated animals (dogs vs. wolves, domestic vs. wild
foxes, and bonobos vs. chimpanzees) show more sensitivity and attentiveness to human social cues, like
eye or facial movements (Hare, 2017).

Finally, regarding language (dis)abilities, it should be noted that human self-domestication has been
proposed as a key facilitator of language evolution (Benitez-Burraco and Kempe, 2018; Thomas and
Kirby, 2018). Language impairment is a central if overlooked component of BD, with meta-analysis
indicating verbal fluency as moderately impaired, with significantly greater impairment in euthymic
than manic patients (Raucher-Chéné et al., 2017). Language differences in BD also include impaired
accuracy when emotionally labeling ‘happy intonations’ in males (Van Rheenen and Rossell, 2013) and
abnormal prefrontal activation during language tasks (Curtis et al., 2007).

Behavioral traits and neuroendocrine impairments

The hypothalamic—pituitary—adrenal (HPA) axis, which regulates a great number of body functions and
is thought to underlie stress reactivity changes in domestication, has been shown to be hyperactive in
patients with BD, with hypersecretion of cortisol compared to controls (Cervantes et al., 2001; Girshkin
et al., 2014). HPA axis dysfunction has been suggested as a trait abnormality in BD given enhanced
cortisol response in the dexamethasone/corticotropin-releasing hormone test relative to healthy
controls, without significant difference between remitted and non-remitted patients (Watson et al.,
2004). Basal plasma adrenocorticotropic hormone (ACTH) levels are also elevated in BD, according to
a 2016 meta-analysis (Belvederi Murri et al.), and glucocorticoid receptor responsiveness is reduced
(Fries et al., 2014). This HPA axis dysfunction has been hypothesized to underlie the cyclicity of BD
mood phases by Daban et al. (2005), who suggest that increases in ACTH and cortisol precede manic
states, while depressive states may be caused by chronically elevated cortisol levels. In support of this,
HPA axis hyperactivity in BD appears to be most pronounced during mania (Belvederi Murri et al.,
2016). HPA axis dysfunction also appears to factor into the illness progression of BD, as post-
dexamethasone cortisol levels—elevated in patients with BD compared to controls overall—positively
correlate with total number of mood episodes experienced (Fries et al., 2014). By contrast, in
domesticated animals the function of the HPA axis is significantly reduced compared to wild
conspecifics, resulting in decreased levels of glutocorticoids, basal plasma ACTH levels, and adrenal
response to stress, as well as less pronounced cortisol response to novelties (Naumenko and Belyaev,
1980; Kruska 1988; Kunzl and Sachser, 1999; Trut et al., 2009; Zipser et al., 2014; Kaiser et al., 2015).

Relatedly, oxytocin (OT) and vasopressin (AVP; also known as antidiuretic hormone, ADH) have been
proposed as factors in the etiology of BD as well as, in different ways, SZ, WS, and ASD (Dai et al.,
2012; Perez-Rodriguez et al., 2015; Iovino et al., 2018). OT has been described as a driver of social
cognition and mentalization (Striepens et al., 2011; Wojciak et al., 2012; Crespi, 2016), including the
multimodality that characterizes higher-order linguistic abilities (Theofanopoulou 2016). Specifically,
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OT inhibits the HPA axis’ stress triggered activity (Neumann, 2002). While Rutigliano et al. (2016)
found insufficient evidence for use of peripheral OT/AVP levels as biomarkers of psychiatric disorders,
OT has been found to be elevated in BD II compared to MDD and controls, pre- and post-treatment
(Lien et al., 2017). This is consistent with the findings of Turan et al. (2013) in a study that also found
serum OT to be highest in currently manic BD patients, compared to depressed and remitted BD patients
(as well as healthy controls). Domesticated animals exhibit higher densities of both OT and AVP cells
(Ruan and Zhang, 2016). Oxytocin has been associated to human-animal interactions, especially when
eye contact is involved in communicative settings (see Beetz et al., 2012 for review).

Inasmuch as domestication entails a selection for hypersociality and low reactivity—in effect, tameness,
the basis of selection in the famous fox farm experiment (Trut, 1999)—personality traits such
extraversion and openness are worth noting. For instance, WS has been proposed as a condition of
hyperdomestication and is characterized by hypersociability (Niego and Benitez-Burraco, 2019), with
the genetic locus involved being correlated with hypersociability in dogs compared to wolves (vonHoldt
et al., 2017). Perhaps not surprisingly, in subjects with WS, basal OT and AVP levels are increased, and
the increase correlates with the tendency to approach strangers and emotionality (Dai et al., 2012).
Reflecting the gregariousness associated with the manic state, trait extraversion and openness have been
associated with hypomanic personality traits (Meyer, 2002; Durbin et al., 2009). Mania has also been
correlated with trait extraversion, as well as neuroticism and negatively, agreeableness (Quilty et al.,
2009). Finally, playful thinking has been associated with mania, compared to SZ, as measured on the
Thought Disorder Index (Daniels et al., 1988). According to Kisko et al. (2018), CACNAI1C-
haploinsufficient rats exhibit deficits in prosocial 50-kHz ultrasonic vocalizations famously thought to
reflect laughter due to association with play (Panksepp, 2005). This deficit was thought to reflect the
derivation of less reward from social play from the haploinsufficient animals. Domestication is known
to increase play behavior in animals (Hart, 1985; Himmler et al., 2013; Kaiser et al., 2015).

Other features

With neoteny a classic feature in the domestication syndrome, it is notable that small head
circumference (less than 32 cm at birth) has been found to correlate with later diagnosis of BD by
Pugliese et al. (2019); inadequate maternal weight gain was inversely associated with BD (while
positively associated with SZ). Considering another aspect of neoteny, evidence is mixed as to whether
age at menarche is delayed (Bisaga et al., 2002) or not significantly different (Dunjic-Kostic et al., 2016)
in women with BD compared to healthy controls (Williams et al., 2007; Tondo et al., 2017). (Further
complicating the picture, girls with early menarche experience higher rates of BD and other psychiatric
conditions (Platt et al., 2017).) Age of menarche in women with BD appears to indicate the course of
the disorder, with being strongly correlated with irritable temperament scores and inversely correlated
with depressive and cyclothymic scores as well as duration of depressive episodes (Kesebir et al., 2013).
Age at menarche has also been negatively associated with number of depressive episodes (Dunjic-
Kostic et al., 2016)

Looking to the reproductive cycle in BD more broadly, the impact of menstruation on mood in BD is
instructive. A systematic review by Teatero et al. (2014) found that 64 to 68 percent of women with BD
in retrospective studies reported mood changes with menses, as well as considerable diagnostic overlap
with (DSM-4) premenstrual syndrome and premenstrual dysphoric disorder. In a study by Perich et al.
(2017), 77 percent of women with BD reported increased mood symptoms during peri/menstrual and
postnatal periods which—relative to women who did not report reproductive cycle-related changes in
symptoms—was correlated with more severe BD course, including earlier age of onset with mood
episodes and increased likelihood of rapid cycling and mixed mood states. Menorrhagia,
polymenorrhea, oligomenorrhea, and amenorrhea are among the many reproductive cycle abnormalities
reported among women with BD (Rasgon et al., 2003, 2005b; Williams et al., 2007; Barron et al., 2008).
Indeed, women with BD experience menstrual dysfunction (irregularity or abnormally
increased/decreased length of menstrual cycles) prior to the onset of psychiatric illness at a significantly
higher rate relative to women with unipolar depression and healthy controls (Joffe et al., 2006), and
women with unipolar depression were not significantly likelier to experience such dysfunction than
healthy controls. This serves to highlight the centrality of mania in BD and the potentially explanatory
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role of oxytocin in the disorder, as discussed by Crespi's (2016) examination of the ‘symmetrical’
comorbidities of ASD and polycystic ovarian syndrome (PCOS) on the one hand and BD and
endometriosis on the other, proposed to be the results of decreased and increased oxytocin levels,
respectively (though PCOS comorbidity with BD has also been reported by Qadri et al., 2018).
Menstrual psychosis is also thought to be a manifestation of BD pathology (Abe and Ohta, 1995;
Brockington, 2005, 2011), and menses can trigger exacerbation of psychosis in BD and other psychotic
disorders (Reilly et al., 2019).

In line with this and with the reduction of androgen levels seen in domestication, BD is associated with
decreased testosterone levels among untreated first-episode patients (Feng et al., 2019) and remitted
male patients (Keshri et al., 2018). Interestingly, in BD patients in a current depressive episode,
testosterone levels were significantly decreased among male patients compared to healthy male controls
and significantly increased among female patients compared to healthy female controls (Wooderson et
al., 2015), consistent with findings of hyperandrogenemia in women with BD (Rasgon et al., 2005a;
Zerouni et al., 2013). In both males and females with BD (and controlling for sex), testosterone levels
positively correlated with number of manic episodes as well as number of suicide attempts (with no
correlation found between testosterone levels and aggression) (Sher et al., 2012). Among females with
BD, a positive correlation was found between testosterone levels and number of past major depressive
episodes and number of suicide attempts (Sher et al., 2014). At follow-up, elevated baseline testosterone
levels predicted suicide attempts such that a 10 ng/dl increase in testosterone translated to a 16.9-times
increased probability of suicide attempt. While it should be noted that one study found no significant
differences in salivary testosterone levels either between BD-I patients and healthy controls or between
euthymic, depressed, and manic BD patients (Mousavizadegan and Maroufi, 2018), there are reports of
hypomania (Freinhar and Alvarez, 1985) and mania (Elboga and Sayiner, 2018) induced by androgen
administration, as well as homicide after a man with BD was administered testosterone for
hypogonadism (Sher and Landers, 2014). In a case with comorbid Klinefelter syndrome, however,
testosterone therapy has been reported to effectively treat a pattern of frequent manic episodes refractory
to treatment with mood stabilizers and second-generation antipsychotics (Kawahara et al., 2015). (Of
note, testosterone therapy in early childhood has been shown to improve neurodevelopmental outcomes
including language and intellectual ability in Klinefelter syndrome (47, XXY) patients, compared to
untreated controls (Samango-Sprouse et al., 2013).)

3. Genetic signatures of domestication and the genetics of BD

As noted in the introduction, BD has a strong genetic background. With the aim of testing whether our
hypothesis is supported by available molecular evidence, we assessed whether genes that have been
related to BD are overrepresented among candidates for domestication and neural crest (NC)
development and function. To achieve this, we compiled an extended, updated list of BD-associated
genes from two different curated databases: the Genetic Database for Bipolar Disorder (BDgene)
(http://bdgene.psych.ac.cn/) and the Psychiatric disorders Gene association NETwork (PsyGeNet)
(www.psygenet.org/). The BDgene database contains candidates resulting from different
methodological approaches: genome-wide association analyses (GWAs), candidate-gene association
studies, linkage studies, mutational studies, copy number variation (CNV) analyses, and meta-analyses
for association or linkage studies. Candidates result from literature review via PubMed followed by
manual curation. Candidate genes may bear pathogenic SNPs, be associated to pathological haplotypes
or CNVs, be found mutated in familial forms of the disease, result from candidate gene approaches and
functional studies, result from linkage studies, association studies, or GWAs, be part of pathways
associated to the disecase, or interact with known candidates for BD (see
http://bdgene.psych.ac.cn/data.do for details). Of the 1192 genes discussed in the BD database, we
considered only 599 genes categorized as positive, for which at least one significant study has been
found under the significance criteria used by the database’s authors (see
http://bdgene.psych.ac.cn/data.do#tsummary, table 3). Regarding the PsyGeNet database, it has been
developed by automatic extraction of information from PubMed abstracts using the text mining tool
BeFree (http://ibi.imim.es/befree/), followed by curation by experts in the domain (see Gutiérrez-
Sacristan et al., 2015 for details). The number of genes associated to BD and related disorders in the
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PsyGeNet database is 514. However, we considered only the genes for which the evidence index was 1
(n = 374), implying that all of the evidence reviewed by the experts supports the existence of an
association between the gene and the disease (for each gene, experts validate a maximum of five
publications, selected among the most recent ones). The entire list of candidate genes for BD considered
in our study resulted from merging these two lists (599 plus 374 genes) and removing the overlapping
genes (see Supplemental file 1).

Regarding candidates for domestication, we compiled a comprehensive, updated list of candidates by
merging the list compiled by Benitez-Burraco and collaborators (2017) in their paper on domestication
features in schizophrenia with the list compiled by Theofanopoulou and collaborators (2017) in their
work on signs of positive selection of candidates for domestication in humans. The merged list
encompasses 764 genes (see Supplemental file 1). Because of the purported involvement, as noted, of
the NC in the domestication syndrome (Wilkins et al., 2014), we have also considered candidate genes
for NC development and function in our study. For this, we have used the list compiled by Benitez-
Burraco and collaegues (2017) in their work on domestication features in schizophrenia, which
comprises 89 genes gathered following pathogenic and functional criteria: neurocristopathy-associated
genes annotated in the OMIM database (http://omim.org/), 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 Supplemental file 1).

We then conducted a Fisher's exact test to determine the significance of the overlapping between these
lists, using protein-coding genes obtained from the Ensembl BioMart (GRCh38.p12) as background.
We found a significant overlap (p = 3.37¢-07) between candidates for BD and candidates for
domestication. By contrast, the overlapping between candidates for BD and candidates for NC
development and function was not significant (p = 0.168). Figure 2 displays the list of 62 common
candidates for BD and domestication.
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Figure 2. Candidates for BD that are also candidates for animal domestication. A. List of genes that are cited as
candidate for BD and that show signals of positive selection in domesticated animals. B. Functional interactions
among the genes that are candidates for BD and for domestication. The diagram shows the network of known
functional interactions among the proteins encoded by the genes. The networks were drawn with String (version
11.0; 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 kinds 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 .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 must 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 BD
(see the text and the Supplemental file 2 for further details).

Functional characterization of genes of interest

GO analyses

We expected that the 62 genes we highlight here as part of the shared signature of domestication and
BD play roles at the molecular and cellular levels, and/or map to biological processes, regulatory
pathways, cell types, or aspects of brain development and function, of interest not only for BD
etiopathogenesis, but also for human cognitive evolution. For this reason, we conducted gene ontology
analyses (GO) of the set of common candidates for BD and domestication. Functional enrichment
analyses were performed with Enrichr (amp.pharm.mssm.edu/Enrichr; Chen et al., 2013; Kuleshov et
al., 2016). We considered biological processes, molecular functions, cellular components, or human
pathological phenotypes with associated p-values < 0.05 as enriched. We found that these genes are
significantly related to processes, functions, cellular components, and pathological phenotypes of
interest for the BD phenotype (Figure 3). Specifically, we found that this set of genes is significantly
enriched in aspects of neurotransmitter homeostasis and function, mostly dopaminergic (GO:0042420;
G0:0042417;, GO:0001963) and glutamatergic transmission (G0:0035249; GO:0008066;
G0:0004970; GO:0008328), but also indolamine (i.e. serotonin) (GO:0006586) and catecholamine
transmission (GO:0042424), and mostly impacting on postsynaptic potential (GO:2000463;
G0:0099529; GO:1904315). These genes are also predicted to be significantly involved in dendrite
development (GO:2000171) and axonal growth (GO:0044295). Not surprisingly, these genes are
enriched in proteins related to ion channel activity (GO:0022824, GO:0008331, GO:0005237,
G0:1990454, GO:0034706, GO:0034705). Also of interest is their association to insulin receptor
signaling pathway (GO:0046628), insulin-like growth factor receptor binding (GO:0005159), and low-
density lipoprotein receptor activity (GO:0005041).
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Figure 3. Functional enrichment analysis according to Enrichr of the set of genes that are candidates for BD and
for domestication. The graphs show the enrichment in biological processes, molecular function, cellular
components, and human pathological phenotypes (from top to bottom). Only the top 10 functions have been
included, and only then 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 = In(p-value) * z-score). The z-score is computed using
a modification of Fisher's exact test and assesses the deviation from the expected rank. The Combined Score
provides a compromise between both methods and 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.

Alterations in dopamine homeostasis have been claimed to contribute significantly to the BD
phenotype, with high levels of dopamine underlying the manic phase of the disease and reduced
dopamine levels accounting for depressive symptoms (Berk et al., 2007). Recent neurobiological and
pharmacological findings (reviewed by Ashok et al., 2017) support the view that increased dopamine
receptor availability underlies mania, whereas increased dopamine transporter levels may account for
depression. Evolutionary changes in dopaminergic innervation have been proposed to account for
human-specific cognitive abilities, like language. Specifically, changes in dopaminergic afferents of the
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striatum have been argued to underlie aspects of speech and language evolution (Raghanti et al., 2016).
Interestingly, dopamine is involved in social behavior in animal species, with the level of dopaminergic
system activity influencing social support between individual via diverse cognitive functions (Lin et al.,
2011). According to Yamaguchi and colleagues (2015), evolutionary changes of dopamine signaling
and associated genetic variants might yield advantages at the group level even if they result in
disadvantages at the individual level. Domesticated foxes exhibit increased dopamine levels in the left
half of the striatum compared to aggressive foxes, which may be related to reduced function of the
pituitary-adrenal system (Trut et al., 2000). Interestingly, changes in dopaminergic and other
neuromodulatory systems have been suggested to be related to the emergence of human-distinctive
traits via self-domestication (Calvey, 2019). Likewise, glutamatergic neurotransmission is involved in
excitatory activity of the brain, and patients with BD exhibit abnormally increased glutamate levels in
the frontal areas, compared to neurotypical controls, as well as evidence of abnormal glutamatergic
neurotransmission (Hashimoto et al. 2007; Eastwood and Harrison, 2010; Gigante et al., 2012;
Gottschalk et al., 2015). Genes involved in glutamate metabolism have been subject to strong selection
in many domesticated strains of mammals, including dog, pig, and fox, seemingly contributing to their
increased tameness and distinctive social cognitive capabilities (Li et al., 2014; Moon et al., 2015; Wang
et al., 2018; O'Rourke and Boeckx, 2020). Interestingly, modern humans also show changes in
glutamate (most notably, kainate and metabotropic) receptor genes compared to extinct hominins,
reinforcing the view that human self-domestication resulted in changes in hypothalamic-pituitary-
adrenal axis excitation—and ultimately, the attenuation of the stress response—via changes in
glutamatergic innervation (O'Rourke and Boeckx, 2020).

Enrichment in genes related to the insulin-like growth factor 1 is also of interest, given the diverse
physiological activities played by this factor, from growth hormone regulation to heart development,
genitourinary development, and musculoskeletal development (see Puche and Castilla-Cortazar, 2012
for review). Within the brain, the insulin-like growth factor 1 contributes to brain development and
plasticity as well as myelinization and synapse formation (see Puche and Castilla-Cortazar, 2012 for
review). This circumstance might account for some of the developmental features found in people with
BD, including altered growth and reproductive cycle, as reviewed in the previous section. Abnormally
high levels of insulin-like growth factor 1 have been found in the blood of patients with BD (Da Silva
et al. 2017). It has been suggested that these increased levels correlate with manic episodes and might
constitute a compensatory mechanism against excitotoxicity (Ferensztajn-Rochowiak et al., 2019).
Finally, the enrichment in genes related to lipoproteins is also of interest in view of claims that mood
disorders and cardiometabolic disease might share biological mechanisms, including candidate genes
(Amare et al., 2017). Specifically, patients with BD suffer higher mortality due to circulatory-related
problems such as heart attacks (Hayes et al., 2015). Pharmacotherapy for BD has been claimed to
potentially increase susceptibility for type 2 diabetes mellitus and dyslipidemia, which are known
cardiovascular risk factors (Correll et al., 2015), and insulin resistance is more prevalent relative to
controls even among psychotropic-naive BD patients (Guha et al., 2014). As noted, our set of genes is
also enriched in genes involved in insulin signaling.

Finally, genes that are candidates for both domestication and BD are significantly associated to human
pathological phenotypes impacting the renin-angiotensin system (HP:0003351, HP:0000847,
HP:0000841, HP:0000848), which is mostly involved in the regulation of blood pressure and electrolyte
balance, as well as vascular resistance, but which has been also linked to mood disorders (Mohite et al.,
2019). Patients with BD show higher plasma renin activity compared to controls (Barbosa et al., 2020).
In animals, the inhibition of selected components of the renin-angiotensin system reverses the
hypertension and cognitive deficits associated with mood disorders (Mohite et al. 2019). This
circumstance is seemingly related to the cardiovascular problems observed in people with BD noted
above. Interestingly, our set of genes are also significantly associated to motor problems, including
diminished movement (HP:0002374), dystonia (HP:0002451), and hypokinesia (HP:0002375). Patients
with BD have been shown to exhibit impaired motor sequencing (Negash et al., 2004), as well as
impaired fine motor skills associated to depressive phases (Malhi et al., 2007). Abnormal rhythm is
more prevalent in mood disorders than in schizophrenia (Boks et al. 2000). Psychomotor disturbances
commonly found in major depressive disorders can result not only in reduced mobility, but also in in
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decreased speech production. Interestingly, this can result from reduced coupling between cortical and
striatal regions (Liberg et al., 2014). Finally, it is also of interest that these genes are significantly related
to cortical dysplasia (HP:0002539) considering that BD entails decreases in anterior cortical volumes
over time, including gray matter contraction and reduced white matter expansion (Najt et al., 2016),
and that epilepsy (a common outcome of cortical dysplasia) and BD frequently co-occur and share a
similar pathophysiology (Knott et al., 2015).

A detailed functional characterization of these 62 common candidates for BD and domestication is
provided in Supplemental file 2, including connections with the etiopathogenesis of BD and related
conditions.

Network analyses

Additionally, we expected that some of these shared genes between the BD and domestication signatures
are functionally interconnected. In order to check these possibilities, we used String 11.0 (www.string-
db.org), a license-free software that predicts direct/physical and indirect/functional associations
between proteins derived from several sources (high-throughput experiments, conserved coexpression,
genomic context, and knowledge previously gained from text mining) (Szklarczyk et al. 2015). As
shown in Figure 2, String 11.0 points to quite robust functional links among several of these genes,
particularly, ADRB2, CRH, CTTN, HTR4, MC2R, and MCHR?2, which are mostly involved in the
interactions between the noradrenergic system and the hormonal system responsible for the response to
stress, which, as discussed in sections 1 and 2 above, are altered in both BD and domestication. The
core component of this network is ADRB2, which encodes the beta-2-adrenergic receptor, which has a
high binding affinity for epinephrine, but which also activates the receptors of the corticotropin
releasing hormone (CRH) (Vranjkovic et al., 2014), important for stress response and
adrenocorticotropic hormone (ACTH) release and function (Sapolsky et al., 2000; Keller-Wood, 2015).
One of the proteins involved in the recycling of the beta-2-adrenergic receptor is cortactin, a cell-
adhesion protein encoded by CTTN (Vistein and Puthenveedu, 2014). CRH is secreted by the
paraventricular nucleus of the hypothalamus in response to stress and stimulates the production and
secretion of ACTH by the anterior pituitary, which then acts on the adrenal cortex to stimulate the
synthesis and release of glucocorticoids, which are crucial for a normal response to stressful
perturbations (Sapolsky et al., 2000; Keller-Wood, 2015). Interestingly, glutamate receptors, which are
subject to selection in domesticates, mediate CRH release and thereby modulate the HPA axis response
to stress (see O’Rourke and Boeckx, 2020 for details). Glucocorticoid receptors have a negative
feedback effect on both CRH neurons in the hypothalamus and CRH expression in the hypothalamus,
but also downregulate POMC in the pituitary (Keller-Wood, 2015). POMC contributes to the
homeostasis of up to ten biologically active peptides, including ACTH, melanocyte-stimulating
hormone (MSH), and the opioid-receptor ligand beta-endorphin (Smith and Funder, 1988). As noted in
the previous section, subjects with BD exhibit increased levels of cortisol and ACTH, but not of CRH,
with cortisol levels positively correlating with the manic phase (Belvederi Murri et al. 2015).
Interestingly, variants of most of the genes related to the HPA axis seem to be associated not with a
direct risk of suffering BD, but with different clinical presentations. Specifically, two CRH
polymorphisms have been associated with the severity of psychotic symptoms in BD (Leszczynska-
Rodziewicz et al., 2012; Leszczynska-Rodziewicz et al., 2013). Likewise, although first genetic
analyses did not find molecular variation in POMC in bipolar illness (e.g. Feder et al., 1985), increased
levels of pro-opiomelanocortin have been found in BD patients (Stelzhammer et al., 2015), and subtle
alterations in pro-opiomelanocortin processing have been suggested to occur in BD (Berrettini et al.,
1985). In mammals both POMC and CRH are upregulated after stress in the hypothalamus (Lightman
and Young, 1988, Givalois et al., 2000, Lee et al., 2005). Two other important components of the
network are MC2R and HTR4, encoding, respectively, one of the receptors for ACTH (Detera-Wadleigh
et al., 1995; Bickeboller et al., 1997) and a serotonin receptor (Ohtsuki et al., 2002). See Supplemental
file 2 for a detailed characterization of these genes.

The remaining candidate genes appear isolated and are not suggested to be functionally interconnected
with the genes we have previously highlighted under the stringent conditions we have employed (we
have only relied on curated databases of molecular interactions and on experimentally determined
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interactions between proteins, and used a confidence value of 0.04, indicating a 40 percent probability
that a predicted link exists between two proteins in the same map in the KEGG database:
http://www.genome.jp/kegg/pathway.html). Nonetheless, most of these genes play relevant roles in
cognitive functions affected in patients with BD, as we show in Supplemental file 2.

Gene expression patterns

Finally, we investigated the expression profiles of the genes that are candidates for both BD and
domestication. A heat map of the expression levels of these genes in the samples of the Human tissue
compendium (Novartis) (Su et al., 2004), as generated by Gene Set Enrichment Analysis (GSEA)
software (http://software.broadinstitute.org/gsea/index.jsp), is shown in Figure 4. According to the
Human Gene Atlas (Su et al., 2004), genes that are candidates for BD and domestication are predicted
to be preferentially expressed in several areas of the brain, particularly, the amygdala (p = 0.0006878;
Enrichr combined score = 40.85), parietal lobe (p = 0.07760; Enrichr combined score = 31.71), and
prefrontal cortex (p = 0.02257; Enrichr combined score = 11.74). Outside the brain, they are
preferentially expressed in body regions involved in domestication, particularly, the adrenal cortex (p =
0.04283; Enrichr combined score = 19.18). As noted in section 2 above, the amygdala is found enlarged
in subjects with BD, as well as in domesticated strains of animals. Regarding the temporal lobe, meta-
analyses of the available data suggest that BD entails significant dysfunction of the temporal lobe
impacting executive function, verbal memory, and emotion regulation (Whalley et al., 2012; Bostock
et al., 2017), as well as structural anomalies in this region, mostly decreased cortical thickness and
reduced grey matter (Selvaraj et al., 2012; Hanford et al., 2016). Likewise, abnormal activation patterns
in neural networks including the prefrontal cortex have been observed in people with BD compared to
other mood and cognitive disorders, like unipolar depression (Han et al., 2019). In a similar vein,
morphometric studies have found volume reduction as well as decreased grey matter in the prefrontal
cortex (Selvaraj et al., 2012; Roda et al., 2015; Hanford et al., 2016).

INEAGE

HE
i)

St}

Figure 4. Heat maps of the expression levels of the set of genes that are candidates for both BD and domestication.
The heat map was generated by the Gene Set Enrichment Analysis (GSEA) software using the samples of the
Human tissue compendium (Novartis) (Su et al., 2004). GSEA is a computational method that determines whether
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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 probe identifier, gene symbol, description, and gene family. See
http://software.broadinstitute.org/gsea/index.jsp for details.

Given that BD is primarily a cognitive condition and that our set of genes is predicted to be significantly
expressed in brain areas of interest for BD pathogenesis, we interrogated whether candidates for
domestication are differentially expressed in vivo in selected areas of the brain of patients. For this, we
relied on available datasets of differentially expressed genes (DEGs) as found in the GEO repository
(https://www.ncbi.nlm.nih.gov/gds). Specifically, we made use of recent data produced by Lanz and
colleagues (2019) (GSE53987; supplemental table 5), who analyzed DEGs in postmortem samples of
the prefrontal cortex (PFC), the hippocampus (HIP), and the striatum (STR) of people with BD. We
considered only DEGs with expression p-values < 0.01 (see Supplemental file 3). We then conducted a
Fisher’s Exact Test (95 percent confidence interval), to check whether these three sets of genes overlap
significantly with candidates for domestication. To calculate this, we considered (i) the number of
overlapping genes, (ii) the number of DEGs in the brain of patients, (iii) the number of domestication
genes, and (iv) the total number of genes present in the microarray (Supplemental file 3). We found that
candidates for domestication are significantly dysregulated in the PFC (p = 0.00249) and HIP (p =
0.001806), but not in the STR (p = 0.2729); these brain regions are not only involved in the
pathophysiology of BD, as noted, but are also affected by domestication processes. Figure 5 shows the
domestication candidates that are significantly downregulated and upregulated in the prefrontal cortex
and hippocampus of patients.
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Figure 5. Changes in the expression levels of candidates for domestication in the prefrontal cortex (top) and the
hippocampus (bottom) of subjects with BD compared to neurotypical controls. Only DEGs with expression p-
values < 0.01 have been considered (see Supplemental files 3 and 4 for details).

We conducted GO analyses of these two set of genes with Enrichr. As previously, we considered
biological processes, molecular functions, cellular components, or human pathological phenotypes as
enriched if their p < 0.05. We found that candidates for domestication that are differentially expressed
in the prefrontal cortex of people with BD are significantly involved in neurodevelopment
(GO:0048484) and the regulation of catecholamine secretion (GO:0033605), as well as in the regulation
of gene expression, via satellite DNA binding (GO:0003696), enhancer sequence-specific DNA binding
(GO:0001158), methyl-CpG binding (GO:0008327), and miRNA binding (GO:0035198). Likewise,
they are significantly associated to human pathological phenotypes impacting brain development and
function, particularly, cortical dysplasia (HP:0002539) (see Supplemental file 4 for further details).
Regarding candidates for domestication that are differentially expressed in the hippocampus of subjects
with BD, they are significantly involved in gene expression regulation (including histone H2A
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ubiquitination (GO:0033522), DNA binding (GO:2000679), histone-serine phosphorylation
(GO:0035404), histone methyltransferase activity (GO:0046975), and AT DNA binding
(GO:0003680)), as well as dendrite extension (GO:0097484), and regulation of the activity of the
insulin-like growth factor (GO:0005159) and glucocorticoids (GO:0035259). Similar to genes that are
differentially expressed in the prefrontal cortex, these genes are significantly associated to human
pathological phenotypes impacting on brain development and function, like progressive microcephaly
(HP:0000253) and cortical dysplasia (HP:0002539) (see Supplemental file 4 for further details).

Discussion and conclusions

Overall, our findings suggest that the complex phenotype exhibited by people with BD can be construed
as a combination of hypo- and hyperdomesticated features. This is in line with the mixed nature of this
disorder, entailing both schizophrenia-like features (with SZ being in turn a hyperdomesticated human
phenotype; see Benitez-Burraco et al., 2017 for discussion) and ASD-like features (with ASD being in
turn a hypodomesticated human phenotype; see Benitez-Burraco et al., 2016 for discussion). This is
also in line with previous accounts of BD as an intermediate phenotype within the continuum of human
social cognition (Crespi and Badcock, 2008). Such a view emphasizes the role of genomic imprinting
in the etiology of SZ and ASD—with relative biases toward maternal expression in SZ and paternal
expression in ASD—and interprets features in SZ and ASD in light of the interaction of sex differences
and imprinting effects. Like SZ, BD is associated with DNA methylation changes, including of
glutamate receptor and neurodevelopment genes (Mill et al., 2008). Accordingly, future work could
investigate sex differences in BD—especially those relating to domestication-relevant characteristics,
as described in section 2—in connection with imprinting effects. At present, available data are very
scarce. Still, we found 3 of our common candidates for domestication and BD (DDC, GABRAS, and
TH) in the Geneimprint database (http://www.geneimprint.com/), with at least one of them (GABRAS)
showing robust evidence of a paternal expression effect (data not shown).

Further study of the role of imprinting effects, sex differences, and their interaction may also illuminate
a conundrum that unfolds in the application of the self-domestication hypothesis to human
psychiatric/neurodevelopmental disorders: why is it that human disorders able to be construed as
hyperdomesticated phenotypes are characterized by hypersociability (as in the case of WS; see Niego
and Benitez-Burraco, 2019) or hypermentalization (as in the case of SZ; see Benitez-Burraco et al.,
2017), but rarely both? Psychosis, for example, is rarely seen in WS (though has been reported in a
female patient by Salgado and Martins-Correia, 2014), and SZ is characterized by persistent and severe
social deficits despite (or perhaps in part because of) hypermentalization (Savla et al, 2013). BD,
especially considering the manic phase, might have been thought to be a hyperdomesticated state with
both hypersociable and hypermentalizing (e.g., psychotic) features, but as we have seen, the condition
is characterized by deficits in social cognition and other hypo- and hyperdomesticated features.

A key pair of imprinting disorders that Crespi and Badcock (2008) cite in support of their hypothesis is
Angelman syndrome—the paternally-biased condition characterized by sociability and ASD-like
features—and Prader-Willi syndrome—the maternally-biased condition characterized by infantile
undergrowth and, often, psychosis, commonly as part of atypical bipolar or schizoaffective disorder
(Singh et al., 2019). Somewhat similarly, mutations in MECP2 lead to Rett syndrome in females and
are typically lethal in males, but surviving males exhibit psychosis, usually as part of atypical BD, as
well as impaired language development and pyramidal/parkinsonian signs (termed PPMX syndrome,
OMIM 300055) (Lambert et al., 2016).

Among neurodevelopmental disorders and neurocristopathies characterized by a happy/sociable
demeanor and other traits that could suggest an altered (possibly hyper-)domestication phenotype—
including Pitt-Hopkins syndrome (OMIM 610954), Mowat-Wilson syndrome (OMIM 235730),
Cornelia de Lange syndrome 5 (OMIM 300882), Glass syndrome (OMIM 612313), Christianson
syndrome (OMIM 300243), Skraban-Deardorff syndrome (OMIM 617616), Nablus mask-like facial
syndrome (608156), NDAGSCW (OMIM 617807), NEDMAGA (OMIM 617865), and pontocerebellar
hypoplasia type 11 (OMIM 617695)—none are characterized by psychosis. An important exception to
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this rule is Down syndrome (DS), commonly characterized by a happy, sociable demeanor as well as
comorbidities—e.g., Hirschsprung disease—and other features possibly suggestive of an underlying
neurocristopathy (see DSCAM in Supplemental file 2). DS has been found by Dykens and colleagues
(2015) to be unique among intellectual disabilities for higher rates of psychosis (43 percent compared
to 13 percent in a pooled group of those with other IDs), and 81 percent of DS patients with psychosis
were female (p < .001, with no significant sex difference among those with psychosis in the pooled
group). Further study of the interaction of sex differences and any imprinting effects, then, might be
crucial to understanding the varied manifestations of hyperdomestication in humans.

Overall, because of the relevance of the self-domestication hypothesis for explaining human evolution,
and because of the strong link that exists between evolutionary novelties and complex disease, the genes
highlighted in this paper should be considered as potentially relevant etiological factors of the bipolar
condition.
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Supplemental data
Supplemental file 1. List of candidates for BD and for domestication.

Supplemental file 2. Functional characterization of genes that are candidates for both domestication and
BD.

Supplemental file 3. DEGs in the prefrontal cortex, the hippocampus and the striatum of patients with
BD and overlapping with candidate genes for domestication. DEGs have been gathered from Lanz and
colleagues’ 2019 supplemental table 5. Only DEGs with expression p-values < 0.01 have been
considered. The list of candidates for domestication is the one included in Supplemental file 1. A Venn
diagram (right, top) shows in each case the relation between the set of DEGs and the set of candidates
for domestication. The diagram was drawn with the webtool designed by the bioinformatics
evolutionary genomics group at the University of Gent, Belgium
(http://bioinformatics.psb.ugent.be/webtools/Venn/). The list of overlapping genes is displayed below,
together with the data used for the Fisher’s exact test (at bottom). DEGs in the prefrontal cortex are
highlighted in green, DEGs in the hippocampus are highlighted in blue, and DEGs in the striatum are
highlighted in brown.

Supplemental file 4. Functional enrichment analysis according to Enrichr of the set of genes that are
differentially expressed in the prefrontal cortex (left) and the hippocampus (right) of patients with BD
and that are also candidates for BD. The graphs show the enrichment in biological processes, molecular
function, cellular components, and human pathological phenotypes (from top to bottom). Only the top
10 functions have been included and 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
= In(p-value) * z-score). The z-score is computed using a modification of Fisher's exact test and assesses
the deviation from the expected rank. The Combined Score provides a compromise between both
methods and 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.


https://doi.org/10.1101/2020.04.28.065581

