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ABSTRACT The way genes contribute to behavior is complicated. Although there are some single genes with large contributions, most
behavioral differences are due to small effects from many interacting genes. This makes it hard to identify the genes that cause
behavioral differences. Mutagenesis screens in model organisms, selective breeding experiments in animals, comparisons between
related populations with different behaviors, and genome-wide association studies in humans are promising and complementary
approaches to understanding the heritable aspects of complex behaviors. To connect genes to behaviors requires measuring behavioral
differences, locating correlated genetic changes, determining when, where, and how these candidate genes act, and designing
causative confirmatory experiments. This area of research has implications from basic discovery science to human mental health.
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IN their article “Anterior Pituitary Transcriptome Suggests
Differences in ACTH Release in Tame and Aggressive

Foxes,” Hekman et al. (2018) use RNA sequencing to mea-
sure differences in gene expression in the anterior pituitary (a
brain region that secretes hormones) of tame and aggressive
foxes to identify candidate genes underlying the selected be-
havioral differences.

This paper is suitable for a range of teaching contexts. It
illustrates the complicated contributions of genes to complex
behavioral traits. It provides a venue for discussing the scien-
tific process of question and discovery, hypothesis generation,
data collection, validation, analysis, and experimental confir-
mation. Their methodology, RNA transcriptome sequencing,
can be compared to recent genome sequencing analysis on
these foxes and to new single-cell RNA profilingmethods that
have not yet been applied. Candidate genes show differential
expression, variations in splicing, and encode proteins with a
range of possible functions, providing an opportunity to re-
inforce concepts from the central dogma (DNA / RNA /
protein) and molecular genetics. The RNA sequences ob-
tained from foxes were aligned to the dog genome, which
can lead to discussion of canid evolution or the challenges
of genome annotation. A recent publication (Lord et al. 2019)
on how the origin of starting fox population affects potential
inferences about domestication allows introduction of con-
cepts from population genetics and how open scientific de-
bate leads to stronger conclusions. Most importantly, this
paper is a gateway to a fascinating scientific detective story
where the ending is not yet written, showing students that
even in the age of rapid DNA sequencing, good experimental
design remains critical, and there are many open challenges
for the next generation to solve.

Background

In the 1950s, a fox breeding program was initiated in Siberia
(Figure 1). Scientists Belyaev and Trut selected the tamest
foxes from fur farms and interbred them. Then they selected
the tamest foxes from the next generation and bred those
together. Overmany generations, they obtained a higher frac-
tion of tame foxes, and the tame foxes were even tamer than
their parents. In parallel, they selected the most aggressive
foxes and bred those as well. Inbreeding was minimized to

maintain effective population sizes so that predominant ge-
netic differences relate to behaviors (Kukekova et al. 2004;
Trut et al. 2012; Johnson et al. 2015). Today, .50 genera-
tions later, the two populations of foxes are distinctly dif-
ferent, behaviorally and genetically. Researchers recently
collected genomic DNA from the tame and aggressive strains,
and total messenger RNA (mRNA) from specific areas of their
brains. Measurements of circulating hormone levels showed
that the tame foxes have less adrenocorticotropic hormone
(ACTH) in their blood. Since ACTH is produced in the pitu-
itary, this finding focused attention on that brain area. ACTH
is made by enzymatic cleavage of a precursor protein en-
coded by the proopiomelanocortin (POMC) gene. While
POMC is very highly expressed in the pituitary, this gene does
not show a difference in expression in the tame and aggres-
sive foxes. Therefore, the authors of this paper searched for
differences in expression of other genes that could explain
the change in circulating ACTH, such as those regulating its
exocytosis (secretion) or degradation.

Nurture and nature

How much of fox behavior toward humans is controlled by
their genes? Some aspects of animal behavior can certainly be
modifiedby training, especially early, reward-basedexposure:
imagine typical advice for civilizing anewpuppy. But there are
limits to how much an animal’s behavior can be shaped. Ex-
periments to raise wolf cubs like puppies did not end well
(Coppinger and Coppinger 2002; Hall et al. 2015). This sug-
gests canids (the genus that includes dogs, wolves, and foxes)
have different potential to cohabitate with humans, and that
this potential is heritable—controlled by their genes—rather
than solely a product of environment (nurture). Although
dogs and wolves descended from a common (now extinct)
ancestor (Larson et al. 2012; Freedman et al. 2014; Botigue
et al. 2017), the current differences in their genomes influ-
ence their behavioral repertoires. The search to identify the
genetic bases of these behavioral changes is ongoing.

Tameness or aggressiveness in foxes is highly heritable.
The fox researchers established that there was a genetic basis
for tameness by cross-fostering. They switched kits from tame
mothers into the litters of aggressive mothers, and vice versa.
(A baby fox is called a kit, pup, or cub; a female fox is a vixen, a
male fox—confusingly—is called a dog; and a group of foxes
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is called a skulk!) They found that the kits’ behavior corre-
lated with that of their genetic parents, rather than that of
their foster mother (Trut 1980; Trut 2001; Trut and Dugatkin
2017). This suggests that nurture has less influence on fox
kits’ tameness or aggression than does their genetic make-up.
Thus, tameness is a highly heritable trait, and it is reasonable
to search for the genes that underlie it.

What is in the genome

The whole fox genome has been sequenced and assembled;
comparisons of genomic DNA from tame and aggressive foxes
showmany differences. To identify the ones that are relevant
for the behavioral changes, researchers used techniques from
genome analysis (genome-wide association studies, quanti-
tative trait loci, and single nucleotide polymorphisms), aswell
as tracking allele frequencies in populations and profiling
differences in gene expression in the basal forebrain and
prefrontal cortex. Candidate “tameness” genes are involved
in neuron function, neurotransmitter biosynthesis and re-
lease, and neural crest cell migration (Kukekova et al. 2018;
Wang et al. 2018).

Hypothalamic-pituitary-adrenal axis

The researchers in this paper (Hekman et al. 2018) chose to
focus on gene expression changes in the anterior pituitary
because it is a part of the brain that secretes hormones asso-
ciated with stress. The hypothalamic-pituitary-adrenal axis
controls the release of ACTH (see Figure 2A). ACTH stimu-
lates release of glucocorticoids from the adrenal glands
(well-known as the source of adrenaline, the “fight-or-flight”

trigger). The endocrine system is activated in emergencies
and its sensitivity, both likelihood of release of stress hor-
mones and availability of receptors to receive them, can be
tuned to set animals’ resistance to stress (Rodrigues et al.
2009). Previous experiments comparing tame and aggressive
foxes showed differences in circulating stress hormone levels
(Gulevich et al. 2004), suggesting that these hormones might
contribute to their behavior.

This clue, that tame and aggressive foxes showed different
amounts of circulating ACTH, led the researcher to look for
changes in gene expression in the gland that releases it. There
are many candidates. Any gene encoding a protein that alters
the production, release, or degradation of ACTH could con-
tribute. ACTH is made in response to corticotropin-releasing
hormone (CRH) made by the hypothalamus, generated by
cleavage of proopiomelanocortin (POMC; Figure 2B), and
degraded into two smaller peptides. The enzymes that pro-
duce CRH, the CRH receptors, the enzymes that make ACTH,
and even the developmental genes that govern how many
ACTH-producing cells are made, were all candidate causes
for the reduced stress response in tamer foxes, but the finding
that expression of POMC itself is unchanged focused atten-
tion on proteins that contribute to the release of ACTH.

Unpacking the Study

Measuring differences in gene expression by total
RNA sequencing

Although all the cells in the fox have the same chromosomes
and genomic DNA, different tissues will express different
subsets of their common genomic repertoire. To look for
potential changes in gene expression between the tame and
aggressive foxes, the authors collected total mRNA from the
anterior pituitaries, reverse transcribed it into complementary
DNA (cDNA), made that into libraries, and then sequenced.
Each of their “reads” is a short sequence that can be matched
to a predicted gene on an annotated genome. The presence of
a read indicates that the gene is expressed, and the number of
reads indicates how highly.

The first analysis shows that 18,940 different genes are
expressed in the pituitary, which is a high fraction of the fox’s
predicted total of 21,418 protein-coding genes (Kukekova
et al. 2018). Eleven of the most highly expressed genes (the
ones with the most reads) are shown in the authors’ Figure 1.
Themost highly expressed gene in the pituitary is POMC, and
it is not shown on the plot because it is so highly enriched that
it disrupts the scale. Other genes are also over-represented in
the pituitary, but as we see later, most of these genes are not
differentially expressed between tame and aggressive brain
samples.

The “normalized gene counts” on the y-axis represent the
number of copies of a particular gene’s transcript that were
present in the collection of cDNA sequences; this helps com-
pare expression levels between genes of different sizes. Each
read covers only part of a gene, so without normalization, a

Figure 1 Illustration of a tame fox by Carla Ladd based on a photograph
from Irina Pivovarova. See cover image of the March issue of G3 (https://
www.g3journal.org/content/8/3.cover-expansion).
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big gene with low expression and a small gene with high
expression might produce the same number of counts.

Note that the genes are annotated bymapping the fox RNA
sequence reads to the dog genome (Canis familiaris). This
works if the two genes are clear orthologs (homologous gene
sequences found in different species related by linear de-
scent) but may introduce some counting errors if the dog or
the fox have different paralogs (similar gene sequences that
arrives from a duplication within the species). This possibility
is discussed later in the paper in relation to the AVP gene and
its close relative OXT. Why did the researchers use the dog
genome for alignment if the fox genome has been sequenced,
too? Because the dog genome has been more extensively
annotated, and the genes and transcripts identified and la-
beled by homology.

After considering the genes most highly expressed in the
pituitary, the authors search for those that are differently
expressed between tame and aggressive foxes. In the authors’
Figure 2, the differentially expressed genes (DEGs) are visu-
alized on a volcano plot. A volcano plot is a scatterplot useful
for visualizing large data sets where both increases and de-
creases can occur, and identifying the most significant data
points. The magnitude of change is plotted on the x-axis and
the significance of that change (P-value) is plotted on the
y-axis. (Here, a high P-value is more significant, because it is
on a negative log scale.) The plot uses a log scale to show fold
change rather than absolute transcript differences: this al-
lows genes with both low and high expression levels to be
displayed at once, emphasizing their change relative to their
own baseline. (For example, gene a might show a twofold
change of 5–10 arbitrary units, and gene b might also show
a twofold change but be 200–400 units.) The volcano plot
can display both an increase or decrease from the normal
value; it is not mirror symmetric. Of the 346 DEGs, 191 are
increased in the aggressive foxes (the left side) and 155 are
expressed more highly in the tame ones (on the right side).
The green dots label the genes that are the most likely to be

really important because they are statistically significantly
different and because they show a larger fold change.

False discovery rate (FDR) is a method of quantifying the
rate of type 1 errors (false positives) in null hypothesis testing
when conducting multiple comparisons. Here, the null hy-
pothesis would be that the expression levels of this gene are
not different in the two samples, so a false discovery would
happen when you call a gene differentially expressed by
mistake. FDR-controlling procedures select the acceptable
proportion of discoveries that are false (Krzywinski and
Altman 2014), obviously hoping to keep them to a mini-
mum. Note that the thresholds for FDR and P-values are set
by the researchers, based on how stringent or confident
they want to be that the genes they follow are biologically
different. They could choose lower thresholds and test
more candidates, or they could choose more strict ones
and only conduct further tests on those with the very highest
values.

If you want to explore ways to display different kinds of
data like the volcano plot, check out theNatureMethods series
“VisualizingData” (http://blogs.nature.com/methagora/2013/
07/data-visualization-points-of-view.html), and if you want a
more in-depth explanation of the statistics used in biology, see
the collected “Points of Significance” series (https://www.na-
ture.com/collections/qghhqm).

Their initial choice of total transcriptome RNA sequencing
allowed the authors to get amore global and unbiased view of
what genes might contribute to this behavioral difference,
with the potential to discover new and unexpected leads.
From the analysis shown in the volcano plot, nine candidate
genes were selected for validation by quantitative reverse-
transcriptase polymerase chain reaction (qRT-PCR). Valida-
tionmeansusingan independentandmaybemore specific test
to address the same research question: it confirms the data,
not the interpretation. In this case, the independent test used
transcript-specific primers to convertmRNAto cDNAand then
amplify the coding portion of each of the nine genes. By
extracting samples during the exponential amplification pro-
cess, researchers can estimate levels of gene expression com-
pared to controls or between samples. Eight genes identified
by transcript profiling also showed differential expression in
qRT-PCR.Theauthors couldhaveusedanalternativemethod,
in situ hybridization, that might also confirm that these genes
are expressed in the anterior pituitary but it would probably
not indicate expression levels. The RNA transcriptome se-
quencing and qRT-PCR represent the data collection parts
of the paper, and then the authors move on to data analysis.

Characterizing candidate genes

Some of the DEGs have known functions or have been impli-
cated in biological processes in other research. These possible
functions are indicatedbyGeneOntology (GO) terms. TheGO
project (http://geneontology.org) uses a controlled vocabu-
lary to annotate genes based on reports about their func-
tion in the scientific literature. For example, the GO term
exocytosis is defined as “a process of secretion by a cell that

Figure 2 (A) The anatomical pathway and hormonal messengers contrib-
uting to the stress response; red arrow indicates anterior pituitary.
Adapted from https://mplsimc.com/2017/11/16/tired-burnt-out-need-
a-sabbatical-the-science-of-adrenal-fatigue/. (B) Synthesis and degrada-
tion of stress hormones. Adapted from https://commons.wikimedia.org/
wiki/File:POMC.png.
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results in the release of intracellular molecules (e.g. hor-
mones, matrix proteins) contained within a membrane-
bounded vesicle” (https://www.ebi.ac.uk/QuickGO/term/
GO:0006887). Exocytosis has been used to annotate
92,000 gene or protein sequences. Example genes include
VAMP1 and synaptotagmin, encoding components of protein
complexes that drive vesicle fusion for neurotransmitter re-
lease. Exocytosis is also a key regulated step in hormone
secretion. The 2013 Nobel Prize in medicine was awarded
for research revealing mechanisms for vesicle trafficking, and
a more extensive description of exocytosis can be found here:
https://www.nobelprize.org/prizes/medicine/2013/prize-
announcement/.

While the value of GO term enrichment depends on the
validity of the annotations, the identification of many genes
with the sameGOterms suggests that thosebiological process-
es might be involved in the phenotype. Here, the DEGs in the
tame and aggressive fox pituitaries show enrichment for GO
terms like Jak-Stat signaling, cell differentiation, POMC reg-
ulation, and exocytosis. Table 1 lists some of the GO terms
that are over-represented, and Table 2 shows DEGs with
shared GO terms.

In another attempt to aggregate different pieces of data to
reveal a common cause, the authors used an algorithm to
identifygroupsofgeneswhoseexpressionchanges in thesame
way. These coregulated networks of genes may have more
predictive power than single DEGs (Table 3).

mRNA is formed by splicing introns out of primary tran-
scripts, and some genes undergo alternative splicing, where
different exons are included in the final transcript. The tame
and aggressive foxes splice some transcripts differently (Table
4). Although alternative splicing occurred in different genes
than those identified in the total RNA sequencing experi-
ments, they do share some enriched GO terms.

A subsequent studyexaminedDEGs in thehypothalamusof
tame and aggressive foxes as well but identified different
candidate genes and GO terms (Rosenfeld et al. 2019). This
might be expected, since the pituitary and hypothalamus
are different brain regions, with their own gene expression
profiles and influences on behavior. Further work will be
required to determine whether the enriched GO terms have
provided useful clues to common processes underlying
tameness.

Extensions and Connections

A common path to domestication?

Many animals and birds have been bred and selected to live
closely with humans in mutually beneficial arrangements.
Reduced fear is a common feature of domesticated species
(Price 2008) and the hypothalamic-pituitary-adrenal axis in
though to play an important role in this (Künzl et al. 2003;
Ericsson et al. 2014). Domesticated animals may exhibit
physical and reproductive changes in addition to their behav-
ioral traits. Are there common mechanisms controlling these

different aspects of domestication, and are thosemechanisms
shared among different species? The suite of changes accom-
panying domestication were originally observed by Charles
Darwin, but we still do not have clear answers.While the idea
of a “domestication syndrome” is certainly appealing, the
measurable hallmarks vary and the evidence for it is prob-
lematic (Lord et al. 2019).

The farmed foxexperiment is oftenpresentedasanattempt
to reproduce domestication to better understand the process
that might have occurred naturally over thousands of years.
Selection on tamenessmay also produce foxeswith correlated
morphological traits; both kinds of change occur rapidly, in
only a few generations. Recent detective work—and mito-
chondrial DNA sequencing—show that the Russian farmed
foxes had ancestors in Canada (Statham et al. 2011; Lord
et al. 2019)! Foxes from Prince Edward Island that had both
beautiful fur and the ability to reproduce in captivity contrib-
uted to the Russian fur industry, from which the founders for
the Belyaev selection experiments were drawn. A founder
affect may have contributed to the coappearance of certain
physical and behavioral traits.

Several other hypotheses have been proposed for how
behavior and appearance could change together. Researchers
noticed that the tamer foxes also displayed shorter snouts,
curly tails, andwhite spots. Changes in vocalizationswere also
reported (Gogoleva et al. 2013). In general, the tamer foxes
were more kit-like (and dog-like) in appearance. The neural
crest hypothesis (Wilkins et al. 2014) is one theory that
would explain both the behavioral and morphological
changes. Neural crest cells form during development and
travel along the axis of the body, contributing to different
tissues including the brain and spinal cord, ear cartilage,
and pigment cells in skin. This hypothesis is also consistent
with the rapid acquisition of tameness and puppy-like ap-
pearance, and the fact that two animals with intermediate
phenotypes can produce offspring with stronger manifesta-
tions: there are many different genes contributing to neural
crest cell migration and phenotypes can be additive.

Two alternative hypotheses have also been proposed to
explain the concordance of behavioral and morphological
changes in domestication (Lord et al. 2019). In one, changes
in thyroid hormone levels contribute to the panoply of pleio-
tropic effects (Crockford 2006), and in another, neoteny (de-
lays in development or maturation) produces adults with
behavioral and physical characteristics more like juveniles
(Coppinger et al. 1987). A prolonged juvenile phase could
also give the foxes longer to adapt to the presence of humans.
This is an exciting time because the new genome sequencing
and RNA transcript profiling of tame and aggressive fox
strains may support one of these hypotheses, or suggest
something completely different.

There is some evidence that selection for tameness also
alters social cognitive traits, including the unusual ability to
communicate with another species—humans! For more ex-
tensive discussions of the connection between tameness and
cognition in the foxes, see Hare et al. (2005), and for an
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alternative perspective comparing wolves and dog, see
Miklósi et al. (2003) and Gácsi et al. (2009).

The selection of tame and aggressive foxes over 50 years
should be considered different from domestication, a process
that takes thousands of years. The authors are careful to
describe their research as “experimental domestication.” A
similar tame/aggressive selection was performed in rats
(Heyne et al. 2014). In experiments designed to identify gene
variants that contribute to behavioral differences, the authors
of this study (which include Dr. Trut), bred rats and selected
for ones that were tame or aggressive toward humans. After
64 generations of selection, the authors examined quantita-
tive trait loci and sequenced brain mRNA to identify differ-
ences in gene expression. The four strongest candidates
include a transcription factor and a neurotransmitter trans-
porter but do not overlap with candidates found in the fox
study.

An alternative to experimental domestication experiments
relies on comparisons between domesticated animals and
their wild ancestors. This approach has been taken in guinea
pigs, and in chickens, where the pituitarymight be important,
too. Comparing pituitary transcriptomes from domesticated
White Leghorn chicken and wild Red Junglefowl showed
differences in gene expression, but not in the same genes as
foxes. (Fallahshahroudi et al. 2019) The authors did find
support for the stress reduction hypothesis: domesticated
birds had higher expression of the corticotropin hormone re-
ceptor CRHR2, an inhibitor of the stress response pathway, so
perhaps different genetic changes affecting the same biolog-
ical process are at work in different species.

Intraspecies variability

Dogs, foxes, and modern wolves share a common ancestor.
One look at theWestminster Dog Showwill demonstrate that
there can be enormous physical and behavioral diversity
within a species. All these dogs can and have been interbred,
so they clearly have reproductively compatible genomes, but
they display a huge range of appearance and behavior. Where
does this variability come from andwhy have breeds diverged
so quickly? Large initial diversity, strong selective pressure,
and few genes with big effects on some traits. In most cases,
dog behavior is influenced by many genes (MacLean et al.
2019), but occasionally one stands out, such as this paper
(vonHoldt et al. 2017), where specific changes were linked
to hyper-sociability. Dogs are also models for a variety of
human conditions: POMC mutations affect obesity in Labra-
dors (Raffan et al. 2016), while hypocretin mutations cause
narcolepsy in Dobermans (Lin et al. 1999). Note the differ-
ence between these studies, where single genes have large
effect sizes, and the fox behavioral selection experiments,
where the behavioral changes seem to be due to many genes.
If you want to know more about the dog genome/phenome
projects, papers by Ostrander (Kim et al. 2018) or Karlsson
are good places to start. These websites have links to their
projects: https://research.nhgri.nih.gov/dog_genome/ and
http://karlssonlab.org/about/our-research/.

The finding that the AVP gene, which encodes vasopressin,
is upregulated in the tame foxes is intriguing. Vasopressin has
been implicated in vole pair bonding (Winslow et al. 1993),
monogamy and paternal care in mice (Bendesky et al. 2017),
and other prosocial behaviors. Perhaps it contributes to tame-
ness in foxes as well. The authors suggest that the differential
expression they observe may be artifactual: similarities be-
tween the vasopressin and oxytocin gene sequences mean
that transcripts of both fox genes may have been assigned
as matches to the vasopressin gene in the dog genome. Since
the genomic data for both fox and dog is publicly available,
and the transcript sequences are provided in the supplemen-
tary data for this paper, students could test this possibility as a
challenging bioinformatics exercise. Phylogenetic trees and
sequence alignments of these genes in foxes, wolves, and
dogs could be constructed, illustrating the often-confusing
difference between paralogs and orthologs.

Science in the USSR

It was challenging to do genetic research in the USSR in the
Soviet era. Lysenko was very influential and believed that
plants or animals could be trained to have desirable proper-
ties. His view was similar to Lamarck’s ideas about how gi-
raffes acquired long necks to reach high leaves and that these
acquired traits could be inherited by their offspring. These
views are discredited now: from the Modern Synthesis of
Darwin and Mendel, we know that selection acts on preexist-
ing variation and that traits are inherited as alleles of genes.
But in Russia in the 1960s, scientists who conducted experi-
ments that supported different conclusions from Lysenko
faced possible exile, imprisonment, and even execution.
The Siberian Fox experiments represent an act of scientific
courage. For more on the history of genetics in Russia, see
Dugatkin and Trut (2017) and this Genetics article (Borinskaya
et al. 2019).

Connections to Genetics Concepts

From the Genetics Society of America’s CORE concepts and
competencies in genetics (https://genetics-gsa.org/education/
genetics-learning-framework/), this paper addresses:

Transmission/Patterns of Inheritance
Gene Expression and Regulation
Genetic Variation
Evolution and Population Genetics
Techniques and Methods

Suggestions for Classroom Use

This paper is an accessible and appealing example of primary
literature appropriate for undergraduate and graduate genet-
ics classes. It was selected as one of the G3 Spotlight articles
for 2018. Since it uses several methods (behavioral tests,
RNA sequencing, and data analysis), connects to analysis
of whole genome sequencing, and addresses fascinating
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questions (the genetic contribution to behavior and the bases
of domestication), it should help students engage with re-
search. The paper generates new questions and hypotheses,
rather than settles the debate, which is also useful to illus-
trate how science usually progresses. As described in the
Abstract, there are many different directions to extend out-
ward from this paper depending on the purpose of the class
and the interests of its students.

Assigning a short Reading Response due before class pro-
motes a good discussion by ensuring that everyone has read
and thought about thepaperbeforehand.Here is one template
with the following prompts:

Name, date, and student identification number.
Paper citation in correct bibliographic format.
State the main hypothesis or question.
Explain a figure.
What was the primary finding or result?
Describe how this finding fits into a larger research field.
Have any papers cited this one?
What did you like and dislike about this paper?
Pose a question to be addressed in class.
What else do you know about this topic?
How does this work fit into the Genetics concepts addressed

in lecture?

Limiting responses to one page minimizes workload for
students and graders, while encouraging practice in writing
concise summaries and information synthesis. Writing exer-
cises improve retention of complex ideas (Reynolds et al.
2012), peer review can help correct misconceptions (Halim
et al. 2018), and connections to students’ prior knowledge or
interests can promote engagement (Canning et al. 2018). In
literature seminars or journal clubs that cover multiple pa-
pers, reading responses can also serve as notes for the stu-
dents to remember the primary points of different articles. In
managing discussions, it is useful to explicitly consider both
the flaws and the contributions of a paper so that conversa-
tions do not generate into negative feedback loops. There are
good guides for students learning to read scientific literature,
such as Science’s “How to (seriously) Read a Scientific Paper”
(https://www.sciencemag.org/careers/2016/03/how-seriously-
read-scientific-paper). SeeGlass (2010) for a thought-provoking
discussion of the differences and relativemerits of question-based
vs. hypothesis-based experiments.

Discussion questions: molecular genetics

1. Why did the authors sequence the mRNA (the transcrip-
tome) rather than the genomes of the tame and aggressive
foxes?
Note that although which genes are transcribed will dif-

fer between cell types, all cells in the fox share a com-
mon genome. This is a common misconception reported
in genetics courses (Smith and Knight 2012).

The authors extracted total mRNA from the whole ante-
rior pituitary. If there are multiple cell types present,
their different gene expression profiles would be

averaged. A new alternative method is single-cell
RNA sequencing, where the partial transcriptomes
from many individual cells can be obtained (Macosko
et al. 2015). What might be the advantages and disad-
vantages of using this method here?

2. Howmany foxes and cells were sequenced? How big were
the tame and aggressive populations? Is sample size
important?

3. If we examined the genomic data, would we expect to find
candidate mutations in regulatory DNA (enhancers, re-
pressors, promotors) or protein coding regions?

4. How do you get differences in gene expression levels (reg-
ulatory mutations, codon usage, epigenetic effects. . .)?

5. If we have the genomes and the transcriptomes, what are
we missing?
Consider epigenetic regulation (chromatin landscapes),

post-translational modifications (protein phosphoryla-
tion, degradation, etc.), cell-specific effects.

6. Where did the mutations or variant alleles come from?
Note that the origin of variation/mutations and whether

mutations are intrinsically deleterious/beneficial are
also often difficult concepts for genetics students
(Smith and Knight 2012).

The gene variants (alleles) were probably preexisting in
the starting population. This may also explain why
foxes keep getting tamer in subsequent generations:
different alleles in different genes contributing to
tameness were brought together. Tameness is a mul-
tigenic trait with each gene variant contributing a
small effect.

Discussion questions: evolution and population genetics

7. Turbo-taming: By the sixth generation, the fox breeders
had some significantly tamer foxes. How can a trait
change so quickly?
Many genetic pathways and many different genes can

contribute to this behavior; strong selective pressure.
8. How does evidence that these fox breeding experiments

were probably started with a limited number of founders
brought from Canadian farms affect the potential and
conclusions of this research?
The mapping between changes in gene expression or

genome sequence and measurable behavior differ-
ences is unaffected, but the bottlenecks and founder
effects may have reduced the starting diversity upon
which the strong experimental selection can act. If the
founders were partially tame to begin with, the speed
of behavioral change is now harder to measure: the
aggressive foxes may actually show how quickly tame-
ness can be undone. And it remains difficult to elimi-
nate human experimenter bias in selection to ensure
that behavior only, not appearance, contributed to the
choice of breeding pairs.
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Is there a way to assess population sizes from the genetic
data?

9. In a paper comparing genomic DNA of tame and aggres-
sive rats (Heyne et al. 2014), the authors say, “Many
causative alleles were not driven to fixation by the selec-
tion.” What does this mean? Are there different challenges
when comparing genomes between closely related (same
species) and distantly related (different species) animals?
What about comparing the genomes of dogs and wolves?
Both practical experimental issues and data analysis prob-
lems can be considered.

Discussion questions: methods, techniques, and
experimental design

An instructor might ask students to consider how they would
approach identifying the cause of tameness and aggressive-
ness in the foxes before introducing the paper.

10. What are the right controls? What mRNA transcriptomes
should be compared?
Aggressive: unselected: tame. There will certainly be dif-

ferences among the tame animals, but places where all
tame animals have one variant and all aggressive an-
imals have a different one become the most likely
candidates.

For the GO term analysis, scrambled samples containing
both tame and aggressive data could be generated
synthetically and assessed for spurious or artifactual
enrichment.

11. Once the authors identify genes and alleles they hypoth-
esize might contribute to tameness, what additional
steps could they take to test them?
Discuss the difference between correlation and causa-
tion, and proximate causes vs. secondary consequences:
If you observe a change in gene expression levels or
splicing, how can you tell whether this change is at the
top of the cascade or a downstream, secondary conse-
quence of some more causative change? What if being
tamer makes foxes sleepy and then all the other changes
in gene expression you see are actually due to less exer-
cise? What if these gene changes just make foxes stupid?
Or smarter?

There are challenges to working in atypical model organ-
isms and on traits such as behavior, which are likely
to have many contributing genes with small effect
sizes. One experimental path would be to make the
analogous mutations in mice and measure their be-
havioral effects. This approach was taken in analy-
sis of horse gaits: the genes were identified by
comparing genomes of horses with unusual gaits
and then functionally tested in mice.(Andersson
et al. 2012).

If you were a new graduate student in this laboratory,
which of these gene candidates (or GO processes)
would you pick to work on? Why?

What does the GRK7 transcript encode? How many
members of this protein family are there in foxes or
dogs?

12. Tinbergen’s four questions: There are different levels at
which behavior can be analyzed (Bateson and Laland
2013). What levels do you think are represented in this
work?

I. Proximate: causation (mechanism)
II. Proximate: ontogeny (development)
III. Ultimate: evolution (phylogeny)
IV. Ultimate: survival value (adaptive significance or cur-

rent utility).

This paper can lead to an expanded discussion of genetic
contributions to behavior, from laboratory experiments in
model organisms (Benzer 1973; Baker et al. 2001) to citizen
science efforts using existing variation in dogs (MacLean et al.
2019). Comparisons between identical and fraternal twins,
using genome-wide association studies and quantitative trait
loci analyses, examine the contributions of genes to human
behaviors from psychological disorders (schizophrenia and
autism) to educational attainment (Lee et al. 2018) and sex-
ual preferences (Ganna et al. 2019). It is particularly impor-
tant to consider that while genes certainly influence behavior,
it is usuallymany genes with small effect sizes acting together
to control a change.

Perspective

This paper is a hypothesis generator: the authors get some
ideas about what processes might be worth further investi-
gation, but there is no smoking gun. The causes of tameness
and aggression might not be in the pituitary at all, or might
require lots of small changes in gene expression, or protein
function through post-translational effects. In the parlance of
the central dogma, DNA/ RNA/ protein, this paper sits at
RNA. Further research could explore DNA contributions with
whole genome comparisons (Kukekova et al. 2018; Wang
et al. 2018), single-cell RNA sequencing, or proteomic anal-
yses. Even with all of these modern experimental methods, it
is not at all easy to sort out the underlying causes of complex
behavioral traits!
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